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1.

FOUNDATION PRINCIPLES

This document is one of a series of PDF files that correspond to the Mysearch website section on ‘Science’. An explanation of
the structure of the overall discussion of science is provided in an overview document that outlines the scope of 3 sections, i.e.
foundation principles, accepted theory and speculative direction. Within this overall structure, this document is only meant to
provide a brief introduction to basic mathematics, classical physics, atomic model, wave mechanics and electromagnetism.
However, the discussion(s) of science primarily reflect my own learning curve rather any pretentious attempt to teach others
and should therefore be seen within the context of the website as a whole, which previously discusses the development of
various worldviews and evolution of life extending to past, present and future.
1.1

A Mathematical Perspective

Of all the branches of modern science, mathematics has been the common
denominator to progress and it is an appropriate starting point for our journey into
science discovery. However, it will be argued that there is a key distinction between a
mathematical proof and a physical proof, because mathematics may only be correct
within the assumptions of an original model. So, as science has moved ever further

Johann von Neumann"
In

mathematics,

you

don't

understand things. You just get
used to them."

beyond the realm of human experience, the nature of empirical verification has
become increasingly problematic and increasingly dependent on mathematical proof.
Therefore, we need to initially reflect on this aspect of mathematics and, in part,
consider the philosophical implications of how and why mathematics has come to
underpin modern scientific models.
The Greek philosopher, Plato, was one of the first to articulate the relationship
between mathematics and the underlying order of the universe, when he wrote of
his Doctrine of Forms`. Euclid had proved that there are only five solid shapes that can
be made from simple polygons, but it was Plato who went on to speculated that there
were, in fact, two different universes:


A physical universe of everyday objects.



A mathematical universe of perfect forms.

Plato argued that there were mathematical laws governing all of nature and, as such,
mathematics was not an invention of humanity, but rather the discovery of its
independent existence. In fact, the corollary of Plato's argument suggests that the deeper we try to examine physical reality,
the more we will become aware of a larger reality comprised of mathematical truth. Of course, at this point, you might be
thinking that this idea is simply reflective of the general philosophy of the ancient Greeks. However, it seems to be idea
supported by modern mathematicians and physicists, such as Roger Penrose, Professor of Mathematics at Oxford University,
and Max Tegmark, a physicist at MIT. In fact, Max Tegmark is the author of a theory called the 'Mathematical Universe
Hypothesis (MUH)' in which he claims that mathematical entities actually exist, which is an extension of Platonism that merely
suggests that mathematical objects exist in another reality. Without recourse to too much detail, Tegmark suggestion is based
on a modern scientific interpretation of physical reality:
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"If we assume that reality exists independently of humans, then for a
description to be complete, it must also be well-defined according to non-

Bertrand Russell
“Mathematics may be defined as the

human entities - aliens or supercomputers, say - that lack any

subject in which we never know what

understanding of human concepts. Put differently, such a description must

we are talking about, nor whether

be expressible in a form that is devoid of any human baggage like 'particle',

what we are saying is true.”

'observation' or other English words."
As such, he concludes that a universe of pure mathematics, free of human baggage, would be a likely contender for the basis of
our reality:
"A description of objects in this external reality and the relations between them would have to be completely abstract,
forcing any words or symbols to be mere labels with no preconceived meanings whatsoever."
Of course, there are other schools of thought, which hold to a more pragmatic
notion that mathematical concepts, like musical scores, are simply an extension of
human thought. However, no matter how you align to these philosophical
arguments, it is clear that any understanding of scientific development requires

E.T. Bell
"Obvious is the most dangerous word
in mathematics."

some complementary understanding of developments within mathematics, which is now the focus of the rest of the section
1.1.1

History of Mathematics

Today, mathematics is recognised as one of the foundation stones of science and
represents a specific body of knowledge. However, the word 'mathematics` has its
origins in the Greek language and is generally interpreted as meaning `fond of
learning`. However, aspects of mathematics predates the Greek civilisation with the
oldest texts dating back several thousand years `Before Common Era (BCE)`. While, in
general, we have covered some of the historical development of science, there was
little specific discussion of the key developments in mathematics. So for continuity of
the overall mathematical perspective, the history of mathematics is now presented as
a precursor to the introduction of some of the foundation ideas that underpin modern
mathematics.
1.1.1.1

S. Gudder

Prehistoric: 70,000 BCE

The essence of mathematics is
There is some evidence that basic mathematical knowledge existed long before even the

not to make simple things

earliest written texts, in the form of cave drawings that have been dated to around

complicated,

70,000 BCE. As such, it suggests that humanity has had the ability to formulate an

complicated things simple.

but

to

make

extended view of the world for most of its existence. In its earliest form, mathematics
may have been little more than a way of representing the spatial geometry between hunter and prey, i.e. crude relational
maps, which did not directly encompass any concept of numerical distance. However, it is clear that the ability to communicate
distance beyond some immediate frame of reference would have been a useful development within any hunter-gather culture.
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1.1.1.2

Ancient India: 3000-2600 BCE

As the hunter-gather cultures gave way to more agricultural based communities,

Dean Schlicter

mathematics grew to encompass the requirements for a system of uniform weights and

Go down deep enough into

measures. Archaeology has shown us that these communities were building streets and

anything and you will find

houses that used bricks with define ratios with the streets laid out at right angles to

mathematics.

each other, which then grew to include a range of designs of increasing geometric
complexity. In addition, mathematical instruments have been discovered, such as rulers and simple compasses for measuring
angles. There is other evidence that suggests this civilisation used a base 8 numeral system and possessed knowledge of pi (π),
which links the ratio of the length of the circumference of the circle to its diameter.
1.1.1.3

Ancient Egyptian: 1850-600 BCE

The oldest mathematical text yet discovered is an Egyptian papyrus. It apparently addresses a method for finding the volume of
a truncated pyramid. The Rhind papyrus is another major Egyptian mathematical text describing arithmetic and geometry,
which addresses area formulas and methods for multiplication, division and working with unit fractions. It also suggests
knowledge of prime numbers, arithmetic and geometric averages plus a method solving first order linear equations.
1.1.1.4

Ancient Babylonian: 1800-550 BCE

Our knowledge of Babylonian mathematics is derived from more than 400 clay tablets written in Cuneiform script. The majority
of the recovered clay tablets date from 1800 to 1600 BCE and cover topics which include fractions, algebra, quadratic and cubic
equations. The tablets also show the use of multiplication and trigonometry tables plus methods for solving linear and
quadratic equations with one giving an approximation to an accuracy to five decimal places.
1.1.1.5

Ancient Chinese: 1300 BCE-200CE

Some of the earliest examples of Chinese mathematics were numbers scratched on tortoise shells. However, these numbers
use a decimal system. Ffor example, the number 152 would be written 1 followed by the symbol for a hundred, then 5 followed
by the symbol for ten, then the number 2. At this time, it would have been the most advanced number system in the world and
would have allowed calculations to be carried out on an abacus.
1.1.1.6

Ancient Indian: 900 BC-AD 200

During this period, mathematics was being studied as an intellectual pursuit and as a
consequence this culture was the first to develop transfinite numbers, set theory,
logarithms, fundamental laws of indices, cubic and quadratic equations, sequences
and progressions, permutations and combinations, squaring and extracting square

Charles R. Darwin
Mathematics seems to endow one
with something like a new sense.

roots plus finite and infinite powers. Accurate computations for irrational numbers have been found that include computing
square roots of numbers, as large as a million, to at least 11 decimal places.
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1.1.1.7

The Greeks: 550 BCE-300CE

Greek mathematics grew to become much more sophisticated than the mathematics of
earlier cultures, such as the Egyptians and Babylonians. The sophistication lay in the use
of deductive reasoning to solve a specific problem, after which a general solution was
produced. Greek mathematics is thought to have begun with Thales (624-546 BCE) and

Sir Arthur Eddington
The mathematics is not there
till we put it there.

Pythagoras (582-507 BCE) based on ideas imported from Egypt, Mesopotamia and India. Pythagoras is best known for
Pythagoras' theorem, a trigonometric method relating the squaring the sides of a right-angle triangle. From these roots, the
golden age of Greek mathematics and philosophy would flourish. Greek mathematicians were the first to provide a proof of
irrational numbers; replaced ad hoc methods for constructing circles and ellipses with a comprehensive theory of conics plus
developed general formulas for areas and volumes. Possibly of even more importance, the Greeks developed abstract proofs
based on logic that were recorded by Aristotle and Euclid; with Euclid's text entitled `The Elements` remaining a major
mathematical reference throughout the developing world for the next 2000 years.
1.1.1.8

India: 400-1600 CE

As early as 400 CE, Indian mathematicians had developed the trigonometric functions of sine, cosine and inverse sine, plus laid
down rules to determine the true motions of the heavenly bodies, which conforms to their actual positions in the sky. The
sidereal year of 365.2563627 days was calculated, which deviated from the modern value by only 1.4 seconds. In 499, the value
of pi (π) was calculated to four decimal places.
1.1.1.9

Arabic: 700-1600 CE

Omar Khayyam, the 12th century poet, was also a mathematician, and wrote a book that highlighted problems in Euclid's
Elements. He also gave a geometric solution to cubic equations and was influential in calendar reform. By 15th century, Arabic
mathematicians had calculated the value of pi (π) to the 16 decimal places.
1.1.1.10

Europe: 1200-1600 CE

By this time, the mathematics of addition, subtraction, multiplication, division and geometry was being taught to those wealthy
enough to receive an education. However, the notation was still very cumbersome, consisting of Roman numerals and words
without the use of the plus [+] or equal [=] sign and no concept of [x] as an unknown quantity. Only later, through the Latin
translations of Arabic texts, did knowledge of the Hindu-Arabic numerals and other important developments of Islamic and
Indian mathematics become known in Europe. In the 13th century, Fibonacci was responsible for possibly the first significant
development in mathematics since the time of the Greeks. However, from this point on, mathematical developments
proceeded at an ever-quicker pace, which was to have an equally dramatic impact on the physical sciences.
1.1.1.11

Europe: 1600-1700 CE

Mathematics, especially in the form of trigonometry, was now being driven by the demands of navigation and the expansion of
empires. By the 17th century, there was an unprecedented explosion of mathematical and scientific developments across
Europe. Galileo had observed the moons of Jupiter; Tycho Brahe had gathered an enormous quantity of mathematical data
describing the positions of the planets in the sky and his student, Johannes Kepler, would use this data to formulate his laws of
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planetary motion and Lord Napier would begin his development of natural logarithms. René Descartes devised the system of
Cartesian coordinates and Isaac Newton would discovered the laws of physics that explained Kepler's Laws and helped develop
the concepts we now known as calculus. Pascal and Fermat had started to investigate probability theory via discussions of
games and gambling.
1.1.1.12

Europe: 1700-1800 CE

By this time, the development of mathematics had grown to include various number
systems. Originally, numbers probably started out representing positive qualities in
the physical world, but had been expanded to negative and fractional qualities, plus
the more abstract concepts of zero and the square root. Although the Chinese had
the basis of a decimal system some 2000 year earlier, it is John Napier that is often
accredited with its development and led him to define a new constant, which
Leonhard Euler named [e]. Euler would be also very influential in the standardization
of mathematical notations as it was he that define the symbol [i] for the square root
of (-1) and popularised the use of the Greek letter pi (π). He would also derive one of
the most remarkable formulas in all of mathematics:
1.1.1.13

Ian Stewart
One of the biggest problems of
mathematics is to explain to
everyone else what it is all about.
The technical trappings of the
subject,

its

symbolism

and

formality, its baffling terminology,
its apparent delight in lengthy
calculations: these tend to obscure
its real nature. A musician would
be horrified if his art were to be

Europe: 1800-1900 CE

summed up as “a lot of tadpoles

From this point on, mathematics would become increasingly abstract. Carl Friedrich
Gauss is considered by many as one of the greatest mathematicians to have ever
lived. During his life, he would not only make major contributions to science, in
general, but did groundbreaking work on functions of complex variables, convergence
of series and provide the first satisfactory proofs of the fundamental theorem of
algebra. The Russian mathematician Nikolai Lobachevsky developed hyperbolic

drawn on a row of lines”; but
that’s all that the untrained eye
can see in a page of sheet music…
In the same way, the symbolism of
mathematics is merely its coded
form, not its substance.

geometry, which differed from traditional Euclidean geometry in that it rejected Euclid's fifth postulate that parallel lines go on
to infinity and never intersect. Although this idea was not initially well received, it was to eventually to become very important
to a certain young scientist called Albert Einstein and his theory of relativity. In addition to all the new developments, the
foundations of more traditional mathematics was strengthen, especially through the work Augustin-Louis Cauchy and Karl
Weierstrass in the field of calculus. Another development that would eventually grow to have importance was Boolean algebra
developed by George Boole. This development of the binary system would eventually come to underpin the workings of the
modern computers.
1.1.2

Mathematical Premise

For much of history, the occupation of mathematicians had essentially been a pastime of the wealthy or the naturally gifted
individual with a wealthy patron. This would change over the course of the 20th century. Today, hundreds of new doctorates in
mathematics are awarded every year and mathematical developments continue to grow at a seemingly exponential rate. As
such, there are too many 20th century developments to list, but there is one development, which is relevant to our overall
discussion. By the late 19th century, mathematics was developing evermore powerful methods, which may have reached its
philosophical zenith in a school of thought called `formalism` and characterised by the following quote:

11 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
"Mathematics is a game, devoid of meaning, in which one plays with
symbols, devoid of meaning, according to formal rules, which are agreed
upon in advance. It is therefore an autonomous activity of thought".
In 1920, the mathematician, David Hilbert, proposed a project in which
mathematics would be used to formulate a solid and complete logical foundation
based on the following assumptions:


Mathematics can be reduced to a finite system of axioms



The axioms of this systems can be proved.

In a sense, Hilbert was reflecting a type of `scientific determinism` that had
prevailed since the time of Newton, which suggested that the world, and possibly

The Logical Premise

even the way we think about the world, could be reduced to a concept of

In logic, an argument is a set of

deterministic cause and effect. However, Hilbert's attempt to banish theoretical

declarative sentences known as the

uncertainties would end in failure, when a young mathematician called Kurt

premises

Gödel (1906-1978) demonstrated that any non-contradictory formal system could

declarative sentence known as the

not demonstrate its completeness by way of its own axioms. There is also a possibly

conclusion. Aristotle held that any

deeper subliminal message in Gödel's work that suggests that human thinking

logical argument could be reduced

cannot be reduced to a finite set of algorithms and therefore reality can never be

to two premises and a conclusion.

reduce to a mathematical description alone.

Premises

along

are

with

another

sometimes

left

unstated in which case they are
As indicated, at the start of the 20th century, one of the big mathematical goals was

called

to reduce all number theory to a formal axiomatic system. It was hoped that such a

"Socrates is mortal". It is implicitly

system would start off with a few simple axioms that were almost indisputable, and

understood that Socrates is a man

would then go on to provide a mechanical way of deriving more complex theorems

and therefore mortal. However, the

from the more fundamental axioms. The idea being that this system would

fully expressed reasoning is "Since

eventually represent every statement you could possibly make about natural

all men are mortal and Socrates is a

numbers. However, Gödel's theorem was to put pay to this idea by showing that

man, it follows that Socrates is

the goal, in its entirety, cannot be achieved. Specifically, Gödel's theorem shows

mortal". In this example, the first

that for any formal axiomatic system, there is always a statement about natural

two independent clauses are the

numbers which is true, but which cannot be proven within the system. In other

premises, while "Socrates is mortal"

words, the rigor of mathematics may always have a little fuzziness around its edges,

is the conclusion. The proof of a

possibly just like human thinking. While there will be no attempt to explain the

conclusion depends on both the

details of Gödel's Theorem, it is possibly worth trying to outline a few aspects in

truth of the premises and the

terms of the analogous logic of the `Liar's Paradox`, in which a liar states: `I am

validity of the argument.

missing

premises

as

in

lying`. In part, the only reason for describing Gödel's theorem is because our
scientific worldview is now essentially based on mathematics, but this system is not without its own paradoxes. In the Liar's
Paradox, we have two pieces of data:


I am a liar; therefore all my statements are lies.



I am lying, which by the previous bullet we might assume is a lie.
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These statements appear to create an insurmountable logical contradiction. However, our everyday experience tells us that a
liar doesn't always lie and by this line of reasoning we resolve the logical contradiction into another form, i.e. what is the
probability that the man is lying in this specific case. At which point, classical determinism evaporates and we are left to
consider the implications on a purely deterministic worldview. However, despite the apparent implications of Godel's theorem,
the practical reality is that many mathematics principles and methods have become automated processes, especially through
computerised mathematical systems. These models, like their counterparts in the physical sciences, have been subject to much
empirical verification and there is no reason to doubt them. However, Godel's theorem does highlight an inherent danger with
automatic assumptions, especially when coupled with the limitation of the human capacity to assimilate the exponential
growth of information. As such, we are running the risk of losing sight of the scope of mathematical abstractions, and the
assumptions, on which we are building our perception of scientific reality.
1.1.3

Numbers

From a historical perspective we might surmise that the concept of a number
began as a method of counting real objects, as such, the quantity would have
been a whole positive number. It is possible that the concept of a fractional
numbers could naturally followed by the need to share out food. However, in this
practical context, the concept of negative numbers and zero are more abstract

Nicholas Eberstadt
Although

he

may

not

always

recognize his bondage, modern man
lives under a tyranny of numbers.

and may have only developed in-line with the need for basic arithmetic i.e. subtraction.
1.1.3.1

Arithmetic Numbers

The most basic type of number are called `natural` numbers, e.g. 1, 2, 3, 4, 5 etc.
The next type are called the `whole` numbers, which are essentially natural
numbers plus zero, e.g. 0, 1, 2, 3 etc. Then there are `integer` numbers, which
extend whole numbers to include the negatives of the naturals, e.g. -3, -2, -1, 0, 1,
2, 3. The final type in this initial classification are known as a `rational`
or `fractional` numbers, which result from the ratio of one integer to another, e.g. 1
divided by 2 = ½. It can be seen that each new type of number evolves as an
extension of the previous type. This set of number types supports our most basic
concept of arithmetic.
1.1.3.2

Number Bases

Most people are now accustomed to writing numbers in the decimal system, i.e. base 10, which uses the symbols 0, 1, 2, 3, 4, 5,
6, 7, 8, and 9 to represent any number. We intuitively recognise that the number 123 represents 1 unit of 100, 2 units of ten
and 3 units of 1. Of course, there is nothing preventing a number system using a different base and anybody with some
computer knowledge may well have some experience of binary (0,1), octal (0-7) and hexadecimal (0-F). While these latter
systems are convenient for some computer representations, decimal notation has the advantage of simplicity when it comes to
humans. However, there are bases, such as exponential [e], which have proved extraordinarily useful when describing the
growth of systems.
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1.1.3.3

Irrational Numbers

Once you have established the decimal system, i.e. base-10, fractional numbers can be written in decimal form, e.g. ½ = 0.5.
However, this leads to a specific type of number called an `irrational` number because, in decimal notation, the number is nonterminating e.g.


1/3 = 0.3333….



√2 = 1.4142135….

1.1.3.4

The Reality of Numbers
James C. Maxwell

So far, we have only given a brief outline of some of the most basic types of

All the mathematical sciences are

numbers. However, these numbers already have the power to represent quantities

founded

from minus to plus infinity [∞] and, as such, already transcend the obvious
requirements of physical reality. For example, in physics, Planck's constant [h] can

the determination of quantities by

least, in terms that are accessible or understood by humanity.
-35

between

reduce the problems of nature to

theory suggests that any semblance of the physical universe ceases to exist, at

3

relations

so that the aim of exact science is to

be used to define the smallest quantum of time and space, below which quantum

Planck Length [lp] = √(hG/2πc ) = 1.6*10

on

physical laws and laws of numbers,

operations with numbers.

metres

Where [G] corresponds to the gravitational constant and [c] the speed of light. In a similar fashion, Planck time is defined as the
time taken to travel the Planck length at the speed of light:
Planck Time = lp/c = 5.39*10

-44

seconds

In physics, there are two famous equations related to energy [E]:
Einstein's E = mc

2

Planck's E = hf
If you substitute frequency [f=c/λ] for wavelength [λ] into the Planck's equation and equate the result to Einstein's equation,
you arrive at Compton's wavelength equation. If you then equate mass [m] to the mass of an electron it gives you the following
value:
Wavelength of an electron [λe] = h/mc = 2.42*10

-12

metre

The electron is probably the smallest stable particle in the universe, but it is some 23 orders of magnitude greater than the
Planck length. At the other end of the scale, the Big Bang theory of cosmology suggests that our universe has been expanding
for the last 10-15 billion years. If we ignore the possible effects of an inflationary universe and assume that the rate of
26

expansion equates to the speed of light, our universe would have a diameter of ~10 metres and is estimated to contain of the
80

order of 10 particles.
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So what point is being made here?
In the context of the physical universe, we have tried to illustrate some of the boundaries of number requirements, but these
physical boundaries do not apply in the mathematical domain. The concept of ± infinity is conceived, if possibly not really
comprehended, and the number 10

1000

as readily included as 1. As such, there is an aspect of mathematics, which Plato

suggested transcended the physical universe. However, at the same time, there is also an aspect of mathematics that appears
to be intimately involved in the order we perceive in the universe. As mathematics developed, mathematicians have come to
recognise that certain numbers seemed to have some very special properties and while some appeared connected to physical
processes, others appears to transcend our notion of physical reality, e.g.


[π] = 3.14159265....



[i] = square root of minus 1.



[e] = 2.71828183..

The following sub-headings will simply try to introduce a few examples to illustrate the underlying nature of some of these
numbers:
1.1.3.5

Pi [π]

Pi is the ratio of the circumference of a circle to its diameter. Approximations of the value of Pi have been around since
antiquity, but its value was of particular importance to the Greek given that aspects of geometry underpinned much of their
philosophy. Archimedes of Syracuse calculated its value by considering the perimeters of 96-sided polygons inscribing a circle as
being between 223/71 and 22/7, i.e. ~3.1419. We will see later that simple harmonic motion can be modelled as a circular
motion, while the geometry of a 3-D sphere represents a minimum surface area for a given volume. For these reasons, and
others, we see Pi appearing in many equations describing physical systems.
1.1.3.6

Complex Numbers

The definition of a complex number usually takes the form [a+bi], where [a] and [b] are real numbers and [i], the imaginary unit,
is a number whose square is [-1]. However, this explanation gives no insight as to why they were invented. The development of
complex numbers evolved over a period of some 300 years, starting with Jerome Cardan, in 1545, and the publication of a book
called `Ars Magna`. In part, this work applied the conceptual square root of a minus number to help solve a quadratic equation,
but was initially seen as little more than a mathematical trick. While others consolidated this original work, it was Euler who
later gave [√-1] the symbol [i]. However, it was Gauss who published the first correct proof of the fundamental theorem of
algebra in 1797, although he still claimed that the meaning of [i] was `elusive`. By 1831, Gauss had overcome some of his initial
uncertainty about complex numbers and published his work on the geometric representation of complex numbers as points in
the plane, i.e. an Argand diagram. Complex numbers have continued to evolve, and today, they have become an integral part of
quantum wave mechanics. So what was once perceived as an abstract, or possibly fictitious entity, has now assumed a 'reality'
within a modern scientific perspective.
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1.1.3.7

Exponential [e]

Possibly one of the first references to the constant [e] was published in 1618 in a book of logarithms by John Napier, although it
was only named [e] by Euler at a later date. One of the first applications of [e] was recognised by Jacob Bernoulli (1654-1705),
when he was trying to find the limit of the expression:
limit n → ∞ (1 + 1/n)

n

W.W.R. Ball
De Morgan was explaining to an

Bernoulli discovered the constant in connection with compound interest. By way of

actuary what was the chance that a

example, an account with $1 paying 100% interest, once a year, yields $2. However, if

certain proportion of some group of

an account pay interest twice a year it would yield $2.25 and an account paying

people would at the end of a given

interest 4 times a year would yield $2.613. If you continue this process to its logical

time be alive; and quoted the

conclusion, i.e. interval = 1/n, the yield converges to an ‘irrational’ value [e=

actuarial formula, involving p [π],

2.71828…]. However, it was Euler who, yet again, constructed one of the most

which, in answer to a question, he

important formulas in mathematics:

explained stood for the ratio of the
circumference of a circle to its

ix

e = cos x + i sin x

diameter. His acquaintance, who
had

so

far

listened

to

the

with

interest,

A special case with x = π is known as Euler's identity and leads to possibly one of the

explanation

most famous and succinct equations in mathematics:

interrupted him and exclaimed,

πi

'"My dear friend, that must be a

πi

e = -1 or e + 1 = 0

delusion, what can a circle have to
do with the number of people alive

The latter form is preferred by some because it includes the other great abstraction of

at a given time?"

mathematics, i.e. zero. As we will see later in further discussions on wave and
quantum physics, a derivative of this equation is often used in the description of a wave function. For this reason, there is a
more detailed explanation provided: see Euler's Theorem.

1.1.4

Geometry

As explained, much of Greek philosophy was based on geometry. Therefore, the cornerstone of Greek mathematics was a
geometry linked to the five solid shapes that can be constructed from more simple polygons. However, in the context of our
current discussion, we will reduce the key geometric shapes of interest to just 2, the cube and sphere, as they can be used to
illustrate the properties of two of the most important coordinate systems, i.e. Cartesian and polar coordinates.
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1.1.4.1

Cartesian Coordinates

Most of us are introduced to Cartesian coordinates in school, i.e. a point in space
can be described by defining its [x,y,z] coordinates plus time [t]. From this cubic
geometry we define:
x

= length = metres

xy

= area

xyz

= volume = metres

= metres

2
3

The offset of point [P] from the origin [O] can be calculated as an extension of
Pythagoras’ basic theorem:
2

2

2

OP = √(x + y + z )
1.1.4.2

Spherical Coordinates

In a system using spherical coordinates, the [x,y,z] components of the Cartesian
system are converted into radial, azimuth and polar coordinates. There is often
some confusion in this terminology as, strictly speaking, the definition of azimuth
corresponds to what is called the polar angle. To avoid this confusion, it can be seen
from the diagram that [θ] corresponds to an angle of latitude, i.e. north to south,
and therefore has a range between [0-π], while [φ] corresponds to an angle of
longitude, i.e. east to west, and therefore has a range encompassing the
circumference of a sphere, i.e. [0-2π]. The radius [r] simply corresponds to the
radius of the sphere and is the vector sum of its [x,y,z] components:
2

2

2

r = √(x + y + z )
1.1.4.3

Trigonometry

Trigonometry was originally created by the Greeks to aid in the study of astronomy.
Hipparchus of Bithynia (190-120 BCE) tabulated trigonometric ratios that enable the
calculation of planetary positions. The essence of basic trigonometry can be summarised in
terms of the definition of the sine, cosine and tangent functions, which reflect the ratios of
the sides of a right-angled triangle:
SIN θ

= Side Opposite/Hypotenuse

COS θ = Side Adjacent/Hypotenuse
TAN θ

= Side Opposite/Side Adjacent
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However, the following diagram possibly illustrates better the important relationship between the trigonometric functions, i.e.
sine, cosine and tangent, with the geometry of a circle. The amplitude of the familiar curves of the sine and cosine waves, on
the right, corresponds to a point travelling, at constant speed, on the circumference of a circle, shown left. For this reason, we
have shown the correspondence between an angle in degrees and the ratio [π].

Most trigonometric tables only provide values between 0-90°, which corresponds to only the first quadrant of the circle. To
determine the values between 90-360° requires some understanding of how the amplitude of the curve changes on an
equivalent rotation around the entire (2π) circle. It can be seen that the amplitudes of the various curves oscillate between
positive to negative values.
1.1.5

Algebra

Algebra has probably been around in a basic form for many thousands of years; however

K. Dewdney

Diophantus of Alexandria is often cited with writing one of the first treatises on algebra in the

"The most powerful single

rd

3 century CE. The term apparently derives from the Arabic `al-jabr` meaning `reunion of

idea in mathematics is the

broken parts`. However, Islamic mathematics did not, at that time, consider negative

notion of a variable."

2

numbers, hence the modern form of the quadratic equation, e.g. ax +bx+c, could not be
solved for negative roots, which was only addressed by Jerome Cardan in 1545. As such, the
modern solution to the quadratic equation was not a single instance of discovery, but rather
a culmination of ideas over several thousand years:

From a classical perspective, algebra related to tangible objects, but its development would
come to encompass both real and imaginary numbers, which in some way appears to have
become increasingly abstracted in terms of the physical world. Today, abstract algebra is a
field of mathematics that studies algebraic structures, such as groups, rings, fields, vector
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spaces. As such, classical algebra may often be described only in terms of the basic rules for manipulating formulas and
algebraic expressions involving real and complex numbers, and unknowns. Over the
last 100 years, mathematical physicists have made intensive use of abstract algebra,
such as algebraic number theory, algebraic topology, and algebraic geometry, which
now forms the basis of many theoretical models of the real world.

William Clifford
We may always depend on it that
algebra, which cannot be translated
into

For simplicity we may divide algebra into 'classical' and 'abstract' forms, although in

good

English

and

sound

common sense, is bad algebra.

practice there are many fields of algebra. However, continuing with this broad division, classical algebra was essentially
developed to solve problems that involved finding the value of an unknown quantity [x]. In contrast, modern or abstract
algebra has 'evolved' to encompass the expansion of more complex mathematical concepts over the last 200 years, e.g.
complex numbers. The following sub-section is only intend to give a practical example of how an algebraic problem, in the form
of a simultaneous equation with 2 or more unknown quantities, can be solved by a classical substitution or by a more
abstracted approach in the form of determinants.
1.1.5.1

Determinants

So, as indicated, this section will only try to provide a favour of the scope of algebra and how the solution to more complex
equations can overlap and utilise other ideas in mathematics. As such, we shall describe determinants as a subdivision of
algebra in that they can be used to find the solution to more complex linear simultaneous equations. However, we shall first
start by outlining a classical approach of eliminating one of the unknowns by substitution:

Oliver Heaviside
As to the need of improvement there can

[1]

be no question whilst the reign of Euclid

The first equation is multiplied by (b2) and the second by (-b1) to create a
common term of (y)

continues. My own idea of a useful course
is to begin with arithmetic, and then not
Euclid but algebra. Next, not Euclid, but
practical geometry, solid as well as plane;
not

demonstration,

acquaintance.

[2]

elementary

Then
vectors,

but
not

to
Euclid,

conjoined

make
but
with

We can now create equivalent expressions of (b1b2y) and equate them and

algebra, and applied to geometry. Addition

solve for (x)

first; then the scalar product. Elementary
calculus should go on simultaneously, and
come into vector algebraic geometry after
a bit. Euclid might be an extra course for
learned men, like Homer. But Euclid for
children is barbarous.

[3]
By a similar process, we can derive an equation for [y], although it is not repeated:
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[4]
It can be seen that the solution for both [x] & [y] have a common denominator, but the connection between the numerators is
less obvious. While the previous approach can be expanded to larger equations, the derivation becomes increasingly involved
without necessarily adding anything to our understanding of the basic mathematical principle. Therefore, we shall consider an
alternative method known as Cramer’s Rule to show an application of determinants to solve larger forms of simultaneous
equations:

While we shall not provide a full derivation, each unknown in the equation above, i.e. x, y z, corresponds to the result of a
division, i.e. a quotient, of two determinants. The form of the determinants takes a common form in the denominator, which
reflects the coefficient values of [xyz] in the equation above. The numerator to calculated [x] or [y] or [z] replaces the
coefficients of [x] or [y] or [z] with the value on the right-hand side of the equation above. However, this process might be more
easily understood by the following example below, which highlights the substitution in the numerator in red:

So, in principle, we can now calculate the value of x, y and z in the simultaneous equation as a ratio of their respective
determinant numerators divided by the common determinant denominator, e.g. [x=Dx/D]. Of course there is still the problem
of how the value of a determinant is calculated. While the method is not that complicated, different people prefer different
methods and the actual description can make it seem more complicated than necessary. If the following description does not
work for you, there are many excellent websites, which elaborate the method in far more detail, but here goes:

This is our template matrix, where the letters are simply used as a unique positional identification. The value of the
determinant is calculated using the following equation, which essentially involves multiplying and subtracting different sets of
diagonals:
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[ 5]
If you want to cross reference the method with the previous example, the value of the denominator determinant is [3], which
allows the equation to be solved as follows:
Dx = 3

x = 3/3 = 1

Dy = -6

y = -6/3 = -2

Dz = 9

z = 9/3 = 3

At this stage, understanding the method is not the main issue, but it shows how the development of determinants was applied
to other branches of mathematics to solve evermore complex algebraic equations. Often just recognising this fact, and not
being intimidated by the apparent complexity, is half the battle, of course, the other half is still getting the right answer.
1.1.6

Calculus

Historically, there is some controversy as to whether it was Newton or Leibniz
who first `invented` calculus. However, a closer examination of history might
suggest that neither can really claim to have invented calculus independently,
as there is much evidence that the concepts that underpinned calculus had
been evolving since the time of the Greeks. Equally, while Newton and Leibniz
th

undoubtedly contributed to the formulation of calculus in the 17 century,
from a modern perspective, calculus was not fully developed until the
th

19 century. Within the limitations of a simple introduction, we might describe
calculus as a branch of mathematics that has two distinct parts known as
`differentiation` and `integration. The basic details of both will be expanded via

Bertrand Russell

basic examples in the following sub-sections:

"Calculus

required

continuity,

and

continuity was supposed to require the


Differentiation

infinitely little; but nobody could discover



Integration

what the infinitely little might be."

The first part, differentiation, basically deals with calculating the rate of change, while the second part, integration, can resolve
the area or volume under a curve. However, as a starting point, we might consider a more intuitive example involving a
distance [x] and a velocity [v]. From basic classical physics, a velocity can be described by the simple equation:

[1]
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However, while we often talk of a distance [x], in practice, this is actually a measure between 2 point [x1] and [x2]. Likewise, the
time taken to travel between these 2 points is the difference between 2 times [t 1] and [t2]. As such, this might be described as
the delta change in [x] and [t] written as:

[2]
As such, velocity [v] is the rate of change of [x] with respect to [t], therefore the process of differentiating [x] with respect to [t]
results in [v]. By the same token, it would seem that there should be a reciprocal process that could be applied to [2], which
indeed there is:

[3]
The 'integral' form on the right hand side of [3] might be thought of as a

Alan Turing

rearrangement of [2] and is the basic notation implying the integration of [v] with

“Science is a differential equation.

respect to [t] to get [x]. However, it should be recognised that the actual form of [2]

Religion is a boundary condition.”

and [3] still depends on the basic relationship defined in [1], i.e. the base function
x=vt, which can differ depending on the problem. The following subsections will now try to expand on both differentiation and
integration in terms of some practical examples.
1.1.6.1

Differentiation

The difficulty often associated with mathematics, at a higher level, is
that proofs and derivations often appear very abstracted from our
everyday experience. However, as we are only attempting to provide
a basic introduction, the following examples will try to remain focused
on physical quantities that may be readily understood. For example,
we typically have an intuitive understanding of the concept of
distance, velocity and acceleration, because we have experience of
these concepts in the everyday world. However, velocity [v] and
acceleration [a] are not fundamental units of physics because they
can only be described in terms of a change of distance [x] with respect
to time [t]. Expressing distance in terms of [x] is essentially a shorthand way of implying the use of the Cartesian [xyz]
coordinates, but there is nothing to stop this process being expressed in spherical coordinates, and many applications will
require it. However, because Cartesian coordinates are more intuitive, to most people, we will focus the examples on this
system. So let us provide an immediate example of the differentiation process by expressing velocity and acceleration as a rate
of change of [x] with respect to time [t]:


x = distance or offset in [xyz] space



v = velocity = distance/time = dx/dt



a = acceleration = velocity/time = dv/dt = d x/dt

2

2
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Mathematically, velocity [v] is equivalent to a first order differentiation [dx/dt],
2

2

while acceleration [a] is equivalent to a second order differentiation [d x/dt ].
These quantities are also referred to as the 1st and 2nd derivatives. Many of
the quantities of physics are derivatives of a rate of change of just one of four
fundamental quantities:

The

emperor's

horse

is

about

to

participate in the international race in
three months. The emperor summons his
best nutritionist, best trainer, and best
mathematician, and orders them to
prepare the horse for the race. A week



length [x]



time [t]



charge [e]



says, "I have fed it the most excellent

mass [m]

mixture of herbs and cereals, it will give it

before the race, the emperor demands a
report on their progress. The nutritionist

speed and courage." The trainer says, "I
For example, force [F] can be defined in terms of a rate of change with respect

trained it to skip any obstacle, and take

to time [t] or distance [x], e.g.

turns

without

slowing

down."

The

mathematician says, "I solved the case of
[1]

Force [F] = m*a = m*dv/dt

[2]

Force [F] = dE/dx

a 2-dimensional horse."

In equation [1], force [F] is expressed in term of a rate of change with respect to time [dt], while in equation [2] force is
expressed in terms of a rate of change with respect to distance [dx]. These examples provide us with some insights to what
differentiation is about, but we have not really introduced the process itself. While mathematical texts generally normalise the
discussion of differentiation in terms of the gradient of curve described in generic terms, e.g. dx/dy, we will try to maintain the
physical association with our velocity example and use dx/dt, e.g. the rate of change of distance [x] with time [t]:

The graphs in the figure show two completely different functions of distance [x] against time [t], which shall be addressed in
order to illustrate how increased complexity can be accommodated by the idea of calculus. We will start with the graph on the

23 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
left that corresponds to a straight-line, which is normally written in the form [y=mx+c], but for our example we need to
transpose this general equation to better reflect the physical quantities in our example:
[3]

[x=st+c]

Now [x] is distance, [t] is time, [s] is the gradient of the slope and [c] is an initial offset. However, this graph is only illustrative of
a constant velocity [v], while the graph on the right reflects a power function of time:
[4]

2

[x=t ]

This alternative function suggests that some form of acceleration [a] may also be involved. However, one of the key benefits of
differentiation is that it allows both cases to be handled in a similar fashion. In its basic form, differentiation is simply a method
of determining the point gradient of a curve, if we know the function, i.e. [3] or [4], which describes the curve in question.
Given that this is only a discussion of the general method and not a proof, we can jump to the answer and work backwards to
understand the principle and provide some interpretation of the results. If we know the function of a curve is of the generic
form:
[5]

n

y=x

We can ‘differentiate` the gradient using a standard rule:
[6]

(n-1)

dy/dx = nx

or dx/dt = nt

(n-1)

Both these forms are equivalent, the first is the generic form where [y] changes with respect to [x], while the second better
reflects our example of [x] changing with respect to [t]. If we apply this rule to our two curves, we can derive the point gradient.
Again, the nomenclature is simply changed from dy/dx to dx/dt in our velocity example:
when x = st+c
when x = t

2

then

dx/dt = s

then

dx/dt = 2t

In the case of the straight-line curve, the point gradient of the slope is a constant [s], which can be derived by basic geometry
via the ratio of [x/t] over any portion of the line and the figure above suggests the following sample:
Sophus Lie

dx/dt = (x2 – x1)/ (t2 – t1) = (2.5 – 2)/(3 – 2) = 0.5

"Among all of the mathematical
However, if we try to apply this method to the second power [t ] curve, the results do

disciplines the theory of differential

not appear to immediately align with the result given by differentiation, which

equations is the most important... It

suggests that the point gradient is always twice the value of [t]:

furnishes the explanation of all

2

those elementary manifestations of
nature which involve time."

dx3/dt = (25-16)/(5-4) = 9/1 = 9
dx2/dt = (16-9)/(4-3) = 7/1 = 7
dx1/dt = (9-4)/(3-2) = 5/1 = 5
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2

The problem arises because the gradient is constantly changing value at every single point along the [t ] curve, therefore the
geometric method will only approach the differentiated results as the sample dx/dt approaches zero. Therefore, we should get
a better approximation, if we reduce our sample around a given point, e.g. 5:
2

2

dx/dt = (5.1 -4.9 )/(5.1-4.9) = 2.01/0.2 = 10.05
For the point value [t=5], our approximation is now approaching [2t]. If we continued to take smaller and smaller samples, the
results would converge towards differentiation. It needs to be highlighted that the example uses the most basic differentiation
rule as given in [6]. Fortunately, there are a number of standard rules to handle most types of differentiation problems:
Rule

y = f(x)

dy/dx

n

(n-1)

Standard

y=x

dy/dx = nx

Sum

y = u(x) + v(x)

dy/dx = du/dx + dv/dx

Product

y = u(x) * v(x)

dy/dx = u(x)*dv/dx + v(x)*du/dx

Quotient

y = u(x) / v(x)

dy/dx = [v(x)*du/dx – u(x)*dv/dx] / [v(x)]

Chain

y=u ;u=x

Power

y = [u(x)]

Sine

y = sin x

dy/dx = cos x

Cosine

y = cos x

dy/dx = -(sin x)

Logarithm

y = ln(x)

dy/dx = 1/x

Exponential

n

n

n

x

y=e

2

dy/dx = dy/du*du/dx
n-1

dy/dx = n[u(x)] *du/dx

x

dy/dx = e

So what do these results tell us about our physical example involving distance [x] and time [t]?
As indicated earlier, although we have an intuitive understanding of velocity [v] from our everyday experience, velocity is not a
fundamental quantity, it is simply the result of averaging distance travelled over a given time period. As such, this method can
only give us an average velocity, which only matches the instantaneous velocity when travelling at a constant velocity.
2

However, this was not the case in the second example, when x=t , which reflects the notion of acceleration [a] that in
nd

nd

mathematical terms is the 2 order differentiation of distance or 2 derivative.
Description

Quantity

Straight-Line

Curve

Distance = metres

=x

= st + c

=t

Velocity = metres/sec

= dx/dt

=s

= 2t

Acceleration = metres/sec2

= dx /dt

=0

=2

2
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The table reflects how distance [x] changes with respect to time [t] according to 2 different functions. In the straight-line
st

nd

function, the 1 derivative is velocity that is constant and equal to the slope [s] of the line at any point; the 2 derivative is
2

st

acceleration, but has a zero value in the constant velocity case. In the [t ] function, the 1 derivative is again velocity, but is
nd

now also a function of time [2t] that reflects a 2 derivative, i.e. acceleration, with a value of [2].
Note: If [x] depends on more than one variable, e.g. x=f(t,z). The rate of change of [x] with respect to [t], holding [z]
constant, is called a partial derivative of [x] denoted by a slightly different notation:

Obviously, the subject of differentiation can become very complex when associated with more complex applications as
later pages within the science section will illustrate. Still, no matter how complex these applications become, the basic
principles remain the same, although this may not always be that obvious
due to the introduction of evermore esoteric quantities.

Isaac Asimov
"After years of finding mathematics

1.1.6.2

Integration

easy, I finally reached integral
calculus and came up against a

To help get a more intuitive understanding of differentiation, it was expressed as a

barrier. I realized that this was as far

rate of change of one quantity to another. We also used the example of velocity [v]

as I could go, and to this day I have

being the rate of change of distance [x] against time [t], i.e. v = dx/dt. In contrast,

never successfully gone beyond it in

integration is often described as the mathematical reversing of differentiation, but

any but the most superficial way."

we shall now try to describe the process of integration using the same physical
2

quantities. Let us first address the graph on the left, which corresponds to our previous differentiation example, where x=t , but
now the dotted line is the value of [x] plotted against time [t] and the straight line is increasing velocity [v] against time [t]:
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In this example, i.e. left graph, velocity [v] is subject to acceleration [a] and therefore [v]

Frederick Douglass

increases with time [t] as shown by the solid straight line. So, as proved by differentiation when

"If there's no struggle,

2

[x=t ], the velocity curve will follow a straight-line corresponding to a linear increase in velocity

there's no progress."

with time, i.e. v=2t. So, if integration is analogous to the reverse of differentiation, this process
2

should return us to the x=t function. The general rule for integration is given by the following equation:

[1]
As before, the generic form is orientated to [dy/dx] that expresses a rate of change of [y] with respect to [x]. To align to our
physical example, we need to change the variables to reflect a rate of change of [x] with respect to time [t], where [2t] is
equivalent to [2t

(n=1)

]

[2]
2

The solution, in accordance to [1], does indeed return to t , although integration implies the possibility of some unknown
constant [C]. However, in practice, this constant cancels out if we apply the solution between two values of [t], e.g. 1 and 4, as
indicated on the diagram above.

[3]
Therefore, integration of velocity, in our example, returns the distance travelled between two given points on the velocity
curve. It also corresponds to the area under this curve, which in the case of a straight line can be cross-checked by using the
geometric equation for the area of a trapezium:
Area = ½ * width (v1 + v2) = ½ * 3(2 + 8) = 15
However, turning our attention to the graph on the right suggests a more complex example where the increase in velocity is not
linear, i.e. it is constantly accelerating. Now trying to determine the area under the curve from [t=1 to 4] would be more
difficult if calculated using a succession of trapeziums with ever-smaller widths to approximate the curve. The equation for the
2

nd

velocity curve in this example is v=t /2. If we differentiate this equation we get the 2 derivate of acceleration, i.e. 2t/2=t,
st

2

which implies that acceleration is linearly increasing with time [t]. On the other hand, if we integrate the 1 derivate, i.e. v=t /2,
we should get an expression that corresponds to the distance [x] travelled between 2 selected points:

[4]
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Again, we can apply this solution between two values of [t], e.g. 1 and 4, which we can
interpret not only as the area under the curve but the distance [x] covered.

John von Neumann
"The

calculus

achievement

was

the

of

first

modern

mathematics and it is difficult to
overestimate its importance. I
think

[5]

it

defines

more

unequivocally than anything else
In practice, the applications for differentiation and integration can be many and varied,

the

but hopefully the velocity example outlines the basic concepts in a way that can be

mathematics; and the system of

inception

of

modern

cross-checked with an intuitive understanding of the quantities involved and other

mathematical analysis, which is its

geometric methods.

logical

development,

still

constitutes the greatest technical
Note: Like differentiation, there are tables of standard integration rules that

advance in exact thinking."

extend the generic solution given in [1] for more complex equations. These tables
can be found on any number of good maths website on the Internet or standard textbook on calculus.
1.1.7

Vectors

Again, we can start the introduction of vectors by using velocity as a practical example. In
the context of calculus, we talked about the velocity [v] being associated with rate of
change of distance [dx] with time [dt]:

R. Drabek
Math is like love -- a simple idea
but it can get complicated.

However, the quantity expressed in metres per second is only the
speed of an object to which we need to add the direction of the object,
if we are to describe velocity [v] as a vector, i.e. speed and direction.
As such, we might define the basic difference between a ‘scalar’ and a
‘vector’:


A scalar is a quantity that only has magnitude



A vector is a quantity that has both magnitude and direction

While the definition of a ‘quantity’ can be quite abstract, it is possibly
more helpful to discuss these concepts in more tangible terms. For
example, a scalar is a value that can be attached to a point in space, such as the temperature T(x,y,z). Of course, this example
might still reflect a degree of mathematical abstraction as, at the microscopic scale, temperature might more accurately
described as a property assigned to the net kinetic energy of particles in collisions and, as such, temperature does not really
exist at any infinitesimally small point in physical space. The reason for raising this issue is not to be pedantic, but to simply
highlight the separation of a description of physical reality as opposed to a mathematical model of this reality. While the scope
of physical reality has been touched on, topics within quantum physics will also highlight that mathematics may only represent
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an approximate model of reality. With this said, the concept of a vector is still a very important mathematical tool that is used
to describe many physical concepts, e.g. displacement, velocity, acceleration, force and energy, to name but a few.
So what is the basic idea and how are they used?
The caption on the figure below suggests the resultant vector R is the vector sum of two other vectors A & B. The use of bold
type is used simply to highlight the vector nature of the quantities in question.
Vector Addition R = A + B

What the diagram is trying to illustrate is that, any vector can be broken down
into its Cartesian components, i.e. x, y & z. In this case, vector A and
vector B can both be described in terms of two component vectors,
i.e. Ax and Ay plus Bx and By, as we have initially restricted the example to just 2
dimensions. Many people might recognise that we might be able to use basic
geometry in the form of Pythagoras’ theorem to resolve the magnitude plus
basic trigonometry to determine the angular direction. The diagram on the right
is simply a numeric clarification of the actual process implied by vector addition,
which is the method use to determine both the resultant magnitude of
vector R and its direction. As most people will have had some exposure to these
ideas; plus there are many excellent websites which cover this material in
detail; we will continue with the general introduction of vector notation, which
leads to the more powerful ideas that lies behind both vector maths and its
extension into vector calculus. In this context, we might introduce the idea of a
unit vector, which is used specify the direction of a vector quantity,
e.g. i, j and k, while x, y and z represents the magnitudes:
r = xi + yj + zk
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may flatter themselves that they possess
new ideas which mere human language
is as yet unable to express. Let them
make the effort to express these ideas in
appropriate words without the aid of
symbols, and if they succeed they will
not only lay us laymen under a lasting
obligation, but, we venture to say, they
will

find

themselves

very

much

enlightened during the process, and will
even be doubtful whether the ideas as
expressed in symbols had ever quite
found their way out of the equations
into their minds.

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
The importance of this notation will become more apparent when we discuss some of the concepts behind vector calculus,
which as the name implies, merges the mathematical concepts associated with calculus and vector arithmetic. However, before
moving to this topic, we need to introduce the idea of both a scalar (dot) product and a vector (cross) product, which are two
ways of multiplying vectors that often find applications in physics.



Scalar Product:
The scalar product of two vectors can be constructed by taking the component of
one vector, e.g. A, mapped onto B, and then multiplying it by the magnitude of the
other vector, e.g. B. This can be expressed in the form:
A.B = (A.cos θ)B or A.B cos θ



Vector Product:
While the scalar product of two vectors is a scalar, the vector product of two vectors
is another vector that is always perpendicular to A and B. The magnitude of this
vector corresponds to the area of a parallelogram described by A & B:
Area = ½ * B.sin θ * (A+A) = AB.sin θ

While this may seem to be a ludicrously brief introduction to vectors, even by present standards, the goal has only been to
outline those essential concepts needed to take the next step, which is vector calculus.
Note: This introduction has implicitly assumed the geometry of normal Cartesian space. However, some fields of
mathematics and physics do not make this assumption. There are extensions to vector maths that accommodate these
ideas, which are beyond the scope of the present discussion, but are touched upon within the discussion of General
Relativity
1.1.8

Vector Calculus

As previously indicated, many quantities of interest to physicists can be described

Jules Henri Poincare

as vectors having both magnitude and direction. However, some of these quantities can

Mathematics is the art of

also have a continuous range of values, which then often requires the additional

giving the same name to

methodology of calculus to be applied. The key vector calculus operations are:

different things.



The gradient of a scalar function



The divergence of a vector function



The curl of a vector function

At this point, the mathematical notation required to describe these functions can become a little daunting, but the basic
principles previously described still apply. The gradient, divergence and curl of scalar and vector fields are defined by partial
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differentiation summarised in terms of the [∇] operator, which is really just a
shorthand way of writing the rate of change occurring in three dimensions,
i.e. x, y, z:

[1]

The symbols i, j & k are the unit vectors associated with the scalar magnitude
in each direction, i.e. x, y & z, while ∂/∂n is simply the rate of change of
magnitude written as a partial derivative. The mathematical concept of
gradient, divergence and curl then use this basic [∇] operator to describe
different functions. Unfortunately, it is not so easy to come up with an
intuitive example against which to describe these concepts. However, it might be useful to introduce the concept of a 'flux' by
way of an example within vector calculus, as it will also be needed when we discuss Maxwell's electromagnetic equations in a
later section. So, in this context, we shall describe a 'flux' as a measure of a flow, e.g. magnetism, passing through a given
surface, which requires the following definitions:


The source of the flux in terms of strength and direction.



The shape, size and orientation of the surface

In the context of this definition, we might define a flux (or flow) in terms of an integral that sums field strength [F] over the total
surface area [A]:

[2]
The total flux also depends on the size and orientation of the surface integrated. Only when this surface is perpendicular to the
vector field lines will it capture the maximum flux per unit area. However, this facet can be expressed in a geometric form of
the flux equation:

[3]
R. Schank
For now [F] can be considered as a generic vector field, where the angle [θ] exists

"Many very smart people are

between the surface and the field lines. As such, the size depends on the orientation and

lousy at mathematics and never

is analogous to the `shadow` of the surface being projected onto a plane perpendicular

quite get over their failure at

to the field lines. We will see later how this facet corresponds to the definition of a `dot

something so important".

product` in vector calculus.
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1.1.8.1

Gradient

The gradient is a vector operation that produces a vector, whose magnitude is the maximum rate of change and points in the
direction of the maximum rate of change, e.g. we could define a temperature gradient as:

[4]
As such, the gradient is simply the rate of change of a function. It is a
vector that:


Points in the direction of greatest increase of a function



Is zero at a local maximum or local minimum

A single derivative function, such as dF/dx, tells us how much the field [F]
changes for a given change in [x], but a multiple variable field [F],
involving x, y & z, will have multiple derivatives, i.e. dF/dx, dF/dy & dF/dz. Thus, the gradient of a multi-variable function has a
component for each direction, which collectively point in the direction of greatest rate of change. The following is just an
example function of the field [F] that we can be differentiate to find the maximum rate of change:

Therefore, in this 3-dimensional example, we could use Cartesian coordinates to specify an initial values of x, y, z = 2, 3, 4. If we
substitute these values into the solution of the gradient derivatives, we get the gradient to be (1, 6, 48), i.e. it is a location in 3D
space that points in the direction of greatest increase of the function for the initial
location specified. However, it should be noted that this gradient may only lead to a
localise maxima, analogous to a hilltop from which you can see higher mountains.
1.1.8.2

Divergence

The divergence is an operator that measures the magnitude of a vector field at a given
point; although this might be either a source or a sink point. The divergence of a
vector field is a signed scalar, which results from the dot products of two vectors, i.e.
Del [∇] and the vector field in question. Remember that the Del [∇] operator is really
just a shorthand way of writing the rate of change occurring in three dimensions, i.e.
x, y, z, which itself has the vector properties of magnitude and direction. As such,
divergence, being a dot product, tells us the magnitude of the flux going in or out of
an infinitesimally small volume:
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[5]
As such, divergence can be thought of as the rate of expansion or contraction at a given point, but as a scalar it has magnitude,
but no direction. By way of an example to illustrate the mathematical principle, let:

In this example, F(x,y) is a vector that can be described in two-dimensions, i.e. x & y, where i & j represent the unit directional
vectors and the expressions, in brackets, corresponds to the magnitude. Therefore, by substituting into the previous general
equation for divergence, reduced to two-dimensions, we get:

So, the divergence is `flux density` or more simply the amount of flux entering or leaving a point. In this specific example above,
divergence depends only on the value of [x], so at a point associated with [x=2), divergence has a magnitude of 14.
1.1.8.3

Curl Operator

In mathematical terms, the curl of a vector function is the vector or cross product of the del [∇] operator with another vector
function. As such, the result must be another vector that is perpendicular to the input vectors. In this context, a curl is
described as a vector operator that shows a vector field's rate of rotation, i.e. both the direction of the axis of rotation and the
magnitude of the rotation. It is also sometimes described as the 'circulation density'. So, in the current context, circulation is
being caused by a vector field, e.g. a 'force' field, which pushes along a closed boundary or path, e.g. a circle. The Curl operator
is describing the circulation per unit area or rate of rotation at a single point. To illustrate by example, a whirlpool clearly has
rotation and therefore some force must be the source of that rotation. However, if the whirlpool reduces in size, while the
force remains constant, there must be a higher concentration of rotation around the central point, i.e. it has a higher curl. If the
whirlpool widens, it would have a smaller curl. As indicated, a curl is the cross product
of two vectors, which gives rise to a resultant vector, i.e. the curl, which has both
magnitude and direction.

[6]
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The tabular form on the right is essentially just a shorthand way of writing an expression, which can be expanded using the
rules of determinants to give:

[7]
Where F(x,y,z) represents the magnitude of the rotational force in three-dimensions at a given point and [∇] represents the rate
of change or gradient of the field. As a cross product, the curl must be perpendicular to both input vectors. In respect to our
whirlpool example, the rotation when viewed from above is constrained to two-dimensions, i.e. [x,y], the force vector acts
along the line of a circular path, while the gradient changes along the radius from a central point. As such, in this specific case,
the direction of the curl must be perpendicular to both x-y axes, i.e. it is rotating around the z-axis. Again, let us do another
example just to get familiar with the mathematical manipulation:

[8]

[9]
At this point, we will defer putting too much physical interpretation on

C.N. Yang

the meaning of curl until we come to discuss Maxwell's electromagnetic

"There are only two kinds of math books. Those

equations. However, anybody who has played with a magnetic field

you cannot read beyond the first sentence, and

produced by an electric current passing through a wire will know the

those you cannot read beyond the first page."

magnetic field is both circular and perpendicular to this current.
1.1.9

Euler Theorem

As indicated earlier when discussing the scope of numbers, Euler’s identity is very special example of an algebraic equation
encompassing exponential, complex and negative numbers with some important geometric and trigonometric implications.

[1]
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However, while many texts on electromagnetism and wave theory use a notation that stems from this equation, there is often
little explanation of the mathematical rationale (and shorthand) adopted as a result of this theorem. Many discussion of wave
theory represent the superposition of a sinusoidal wave via one of the following function:
Keith Devlin
[2]

Like a Shakespearean sonnet
that captures the very essence

Both these equations can be expanded as follows:

of love, or a painting that brings
out the beauty of the human
form that is far more than just
skin

deep,

Euler's

equation

reaches down into the very

[3]

depths of existence.
However, the expansion and manipulation of these functions can be both cumbersome
and tedious. It is for this reason that mathematicians have devised an equivalent approach using complex numbers and, in this
context, we could view the introduction of complex numbers, as many before, as a useful mathematical trick without any
debate of the perceived philosophical implications associated with complex numbers. The correlation of Euler’s identity with
the trigonometric functions begins with the generalised exponential series expansion:
[4]

e = 1 + 1/1! + 1/2! + … 1/n!

[5]

e = 1 + x /1! + x /2! + …x /n!

x

1

2

» 2.718

n

Similar expansions exist for sine and cosine:
[6]
[7]

2

4

3

5

n

cos x = 1 – x /2! + x /4! - …x /n!
n

sin x = x – x /3! + x /5! - … x /n!

It is tempting to compare equation [6] and [7] with [5], but we can see that the sign of some components differ, but if we
introduce the complex number [i] into equation [5], we get:
[8]

ix

1

2

n

e = 1 + ( ix) /1! + (ix) /2! + …(ix) /n!
2

However, by definition (i) = -1, which means we can arrive at Euler’s formula by sorting [8] into the form of [6] and [7]:
[9]

ix

2

4

1

3

e = [1 - (x) /2! + (x) /4! -...] + [ ( ix) /1! - ( ix) /1! +…]

We can now substitute [6] and [7] into [9] to get:

[10]
Although there are requirements for complex angles, there are generally more applications involving a wave function of the
form A.cos(x+θ). We can therefore use the basic form of equation [10] to represent this wave function as follows:
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[11]
Where Re{} simply implies that only the real part of the expression is being used and in most cases this aspect of the notation is
often dropped, which is often a fact that is not always realised, but which leads to:

[12]
When dealing with complex numbers, it is often convenient to transform between Cartesian and polar coordinates. Using
iθ

Euler’s formula it is possible to transform a complex number, [a+ib], into the form [re ], where a, b, r and θ are all real
numbers. Note, in this example, we have constrained the discussion to 2
dimensions, rather than 3 dimensions, as it still retains the essence of the
argument, while making diagrams a lot easier to draw:
iθ

[13] re = r.cosθ + ir.sinθ = a + ib
From the diagram, in conjunction with the basic equations of trigonometry, we
can define the transforms as:
a = r.Cosθ
b = r.Sinθ
2

2

r = √(a + b )
Note: The trigonometric value of [θ] depends on the sign of [a] and [b], which can place [a+ib] in any of the four
quadrants.
Finally, it is worth just introducing the concept of the complex conjugate, which essentially amounts to changing the sign of the
imaginary part of the complex number:
z = a + ib

complex number

z* = a – ib

its complex conjugate

Again, the use of the complex conjugate can be seen as simply another mathematical trick that eliminates the imaginary
component of a complex number, but leaves the real component, which can lead to a simplification of complex equations, e.g.

So, no matter how complicated the equation, the complex conjugate is obtained simply by negating the sign in front of the
imaginary component of the complex number. However, this trick also leads to a general method of obtaining the real part of a
complex expression, i.e. add the complex conjugate and divide by 2:
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[14] Re{z} = ( z + z* )/2

Benjamin Peirce
Gentlemen, that is surely true, it is

If we apply this method to Euler’s formula itself, we get:

absolutely

paradoxical;

we

cannot

understand it, and we don't know what
it means. But we have proved it, and
therefore we know it must be the truth.

[15]

In the context of this discussion, Euler’s formula and complex numbers are just seen as a convenient method of finding the real
component of a wave function. As such, there is a case that the final presentation of any conclusion should also be descriptive
and not predicated solely on the mathematical methodology used to derive the conclusion. However, this point may be
strengthened by quoting Clerk Maxwell:
Mathematicians may flatter themselves that they possess new ideas which mere human language is as yet unable to
express. Let them make the effort to express these ideas in appropriate words without the aid of symbols, and if they
succeed they will not only lay us laymen under a lasting obligation, but, we venture to say, they will find themselves very
much enlightened during the process, and will even be doubtful whether the ideas as expressed in symbols had ever
quite found their way out of the equations into their minds.
1.1.10

Summary of Mathematics

Obviously, this section was never intended to be a tutorial on mathematics, simply an introductory overview of some of the
'basic' concepts now required by today's scientific theories to be discussed in later sections. As such, it continues the discussion
in earlier sections related to ‘Worldview’ and ‘Evolution’ by considering the historical developments of mathematics from a
practical requirement to divide crops and design buildings through to the more abstract requirements of modern physics.
Believe it or not, "What do you
get when you multiply six by
nine?" is the ultimate question of
life, the universe and everything.
As explained in Douglas Adams'
book, The Hitchhiker's Guide to
the Galaxy , the answer to this
question explains the purpose of
life. Incidentally, the answer is
42, at least in Douglas Adam’s
universe.
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However, in many ways, the mathematical perspective is simply a reflection of the desire to search for answers to questions
that have puzzled humanity since the dawn of our sentience. However, at times, it seems that the net result of everything we
have learnt is simply the realisation of how much more there is to learn. So the question being tabled at this point is:
What certainty does the mathematical perspective provide us?
Many see Galileo, as one of the great figures in the history of scientific development, not only for his achievements, but
because he was led to his conclusions by the rationale of mathematics in the face of social conformity. We may possibly sum up
Galileo’s scientific philosophy by a paraphrasing of one of the quotes attributed to him:
`The book of the Universe cannot be understood unless one first learns to comprehend the language and interpret the
characters in which it is written. It is written in the language of mathematics without which it is humanly impossible to
understand a single word`
While greatly admiring Galileo’s achievements, one could be contentious and debate some of the implications of the quote
above. Certainly, mathematics is possibly one of the single most important achievements, which has come to underpin our
scientific perspective, but it can be argued that human understanding is not predicated on mathematics alone. There are a
number of threads to this argument, expanded on throughout this website, but summarised below:


Ultimately, our judgment of physical reality still requires human understanding, which is often biased by human
sensory perceptions and cultural up-bring.



However, mathematics has come to underpin human understanding by providing a logical foundation, which often
runs contrary to our intuition or what we would like to believe.



This said, mathematics alone cannot guarantee a truthful answer, as it can only point to a logical one within the
limitation of its assumptions.



It would seem that truthful inquiry of the physical world still requires some form of empirical verification process,



However, if we cannot always trust our senses and logic is limited by its assumptions, factual ‘certainty’ may be a
much rarer commodity than we are often led to believe.
Charles Babbage

Without intending to be too frivolous, we might again cite Douglas Adams’ cult SF book `The

On two occasions I have

Hitchhiker's Guide to the Galaxy` to characterise the search for truth. In his book, a race of

been asked by members of

intelligent beings seek the answer to the ultimate question of `Life, the Universe and

Parliament,

Everything` by constructing the second greatest computer in all of time and space. This

Babbage, if you put into the

computer was called `Deep Thought` and after some 7.5 million years it produces the answer:

machine wrong figures, will

42. The book records the reaction to this answer as follows:

the right answers come out?'

'Pray,

Mr.

I am not able rightly to
Forty-two, yelled Loonquawl. Is that all you've got to show for seven and a half million

comprehend the kind of

years' work?

confusion of ideas that could
provoke such a question.
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I checked it very thoroughly, said the computer, and that quite definitely is the answer. I think the problem, to be quite
honest with you, is that you've never actually known what the question is.
Today, leading edge science is increasingly based on advanced, and in some cases, esoteric mathematics. Equally, much of the
proof is now dependent on computer computation and simulations, which are, in-turn, predicated on yet more assumptions.
See discussion of the Higgs boson ‘discovery’ at CERN by way of a possible example. At the end of this process, a hypothesis or
theory is either supported or refuted, but not necessarily proved.
So how do we prove any scientific hypothesis?

Woody Allen
Standard

mathematics

It is argued that at some point, mathematical hypothesis has to be put to the test in

recently

been

the physical universe, i.e. it needs to be empirically verified. However, within the realm

obsolete by the discovery that

of the quantum or cosmic universe, this can be extremely difficult, if not impossible.

for years we have been writing

Therefore we are still left to consider the questions implied by Clifford, in his essay `The

the numeral five backward.

Ethics of Belief `

This has led to re-evaluation of
counting as a

has

rendered

method of

Has science completed its duty of inquiry?

getting

Is the current weight of scientific authority beyond dispute?

Students

Does science always operate within the limits of inference?

advanced concepts in Boolean
algebra,

from

one

are
and

now

to

ten.

taught
formerly

In many ways, only if we can answer ‘yes’ to all these questions, associated any given

unsolvable equations are dealt

theory, may it be forwarded to the next level of factual truth, and even then, certainty

with by threats of reprisals.

may never really be guaranteed. While this may seem a somewhat restricted position,
which you may rightly suggest would have condemned humanity to using stone tools and living in caves, it is not the principle
argument at issue here. We need to remember that Galileo was condemned, by men, who simply believed that their
perspective was the `gospel truth` without recourse to doubt or verification. Therefore, it is not being suggested that science
can only proceed based on 100% certainty, only that science should not repeat the mistakes of the past by `preaching its own
gospel` as absolute truth, while there is still room for some alternative interpretation.
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1.2

A Classical Perspective

Again, this section is not intended to be a physics tutorial, but rather a review of
the classical perspective of physics. While there are aspects of the classical model
that are still relevant today, it is possibly true to say that this model is more
reflective of scientific thinking prior to the 20

th

century. At this time, the Church

was still a powerful social institution, which undoubtedly influenced many areas of
scientific thinking. Even so, by this time, science had essentially embraced what
might be called a deterministic philosophy, which is sometimes referred to as the
`clockwork universe`. This idea embodied a model of the universe that essentially
ran by a process of `cause and effect` as described by Newton’s laws of motion.
However, we shall start this discussion with the premise that everything in science,
and the rest of the universe, can be described in terms of 4 basic quantities:


Length



Time

Max Born



Charge

The ultimate origin of the difficulty



Mass

lies in the fact (or philosophical
principle) that we are compelled to

In a wider context, we might recognise that our understanding of these quantities

use the words of common language

reflects our experience of the world, which in-turn reflects the sensory and

when

intellectual evolution of

homosapien, as a species. As such, the initial

phenomenon, not by logical or

understanding of the real nature of these quantities is often intuitive, subjective

mathematical analysis, but by a

and wrong. Therefore, we will start this aspect of the discussion by introducing

picture appealing to the imagination.

these basic quantities in a little more details, first within the constraint of a classical

Common language has grown by

model, but then followed by latter day notes in italics suggesting a possibly

everyday experience and can never

different nature. However, in some respects, many of the arguments in modern

surpass these limits. Classical physics

science today still relate to conflicts between our interpretation of the physical and

has restricted itself to the use of

mathematical reality of these quantities:

concepts of this kind; by analysing

we

wish

to

describe

a

visible motions it has developed two


Length:

ways

We normally perceive length as a comparative measure, i.e. x=1 metre. The

elementary

of

representing

concept of length is one that natural selection has evolved to help us

particles and waves. There is no other

intuitively understand distance, albeit in the limited scope of length extending

way of giving a pictorial description of

in 3 perpendicular directions, i.e. essentially a Cartesian model involving xyz

motions—we have to apply it even in

directions. As a consequence, the concept of area, i.e. xy, and volume, i.e. xyz,

the region of atomic processes,

are also intuitively understood based on the same caveat.

where classical physics breaks down.

processes;

them

by

moving

Note: While we might feel that we have a good grasp of these various manifestations of length, science has come to
challenge some of these intuitive perceptions when considering the true nature of space between sub-atomic particles or
the light-year distances between galaxies. However, for the moment, we shall simply flag this complexity for later
discussion.
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Time:
The concept of time is possibly less tangible than length, simply because it cannot be sensed directly, although it could be
argued that we do have some in-built sense of the passage of time. However, without any concise definition of the
mechanism of time, we might simple define time as a fourth dimension through which objects in xyz space can passed
from one second to the next.
Note: Again, we might flag that subsequent ideas, such as special relativity, suggest a far more profound relationship
between space and time, but again, we are trying not run too far ahead of the classical model at this point. However, the
following discussion related to the idea of time might provide some food for thought for those interested in this aspect.



Charge:
In evolutionary terms, we probably have had little need for an intuitive understanding of the concept of charge, although
we may have observed static charge effects, e.g. lighting storms and static charge on a cat’s fur. However, the notion of
charge has come to be described as a fundamental property of some particles, such as protons and electrons, which is
-

expressed in multiple units of the elementary charge [e] on an electron. Electrons are said to have a charge of [e ], while
+

protons have the opposite charge of [e ]. Normally, the charge of a macroscopic object is typically zero, as the number of
electrons in every atom is typically equal to the number of the protons, so their charge cancels out.
Note: It is possibly important to make a couple of clarifications so as not to lose sight of the current scientific model. During
the 20th century, the particle model divided the structure of a proton into quarks, which were considered to have a
fractional charge of −1/3 or +2/3, but which can be combined to form either the positively charged proton, i.e. 2/3+2/31/3=+1, or the neutron, i.e. 2/3-1/3-1/3=0. Also, there is a sense that describing a single particle, in isolation, as having a
charge may be essentially meaningless, because charge is said to only exist between two charged particles. There is also a
fundamental relationship between an accelerating charge and electromagnetic radiation, which is encrypted into
Maxwell’s equations. Again, more speculative ideas on the idea of charge will be deferred to subsequent sections.


Mass:
Our intuitive understanding of mass is normally considered in terms of the weight of an object, which is specific to the
force of gravity on the surface of Earth, but mass is not weight. This situation is compounded because the units of mass
and weight are both measured in kilograms [kg]. In space, where the effects of gravity are minimal, a mass would have no
apparent weight, but still require a force [F=ma] to overcome its inertial mass. This complexity is linked to what really
amounts to two different definitions of mass, i.e. gravitational and inertial.
2

Note: Today, Einstein’s famous equation E=m0c suggests the rest mass [m0] is proportional to energy divided by the speed
2

2

of light squared [c ]. This equation can also be combined with Planck’s equation E=hf to give m 0c =hf, where [h] and [c] are
constants. On this basis, it would also appear that mass is a manifestation of energy, which in-turn is related to frequency,
but more on this aspect in a later section entitled the idea of energy.

So while these quantities are still considered to be fundamental units within a basic particle model; the subsequent
development of quantum theory might suggest that all notions of particles must ultimately disappear into a probability wave
function. In fact, there are number of alternative theories that suggest that matter is only a manifestation of scale and that the
fundamental units, as described, are only an emergence property of the underlying wave structure of matter. However,
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irrespective of whether this is the case, or not, developments in science have always proceeded by making models that allow
behavioural predictions to be made, which have then been subsequently proved to be only an approximation of reality.
Although, in many respects, the classical model has stood the test of time, and empirical verification, better than most.
1.2.1

Fundamental Concepts

While the opening discussion of fundamental quantities provides a useful starting point, the scope of the classical perspective
requires a wider definition of some additional concepts and ideas. Again, each will only be introduced briefly to provide a frame
of reference for further discussions throughout the science section:
1.2.1.1

Particles

Historically, an atom was originally thought to be an indivisible particle that
was both tangible and presumably solid in some way. However, by the end
th

of the 19 century, it was realised that the atom must have some form of
sub-structure, which was initially thought to be analogous to a microscopic
planetary system held together by electromagnetic forces rather the
gravity. However, physicists soon realised that this model had some very
basic flaws as the orbiting electrons would quickly lose energy and collapse
into the nucleus. So, the idea grew that as the macroscopic world of
humanity disappeared into the microscopic world of sub-atomic particles,
the concept of a solid object like a ‘ball-bearing’ would also disappear and
assume an altogether different structure that had to be bound together by strong and weak nuclear forces. Today, a sub-atomic
particle is often described as something far less tangible in that it cannot seen or touched or even its exact location specified, at
least, not when we know its momentum.
1.2.1.2

Waves

A wave might be better described as a process or mechanism, rather than an

H. Bauer

object, by which energy is transferred or moves from one point to another

It is not uncommon for engineers to accept

th

without any transference of matter. Of course, from the 20 century
2

perspective of Einstein’s equation E=mc , any movement of energy carries
2

the reality of phenomena that are not yet
understood, as it is very common for

along with it, the inference of mass m=E/c . Typically, we might generalise

physicists to disbelieve the reality of

our initial description of a wave to be a deformation or variation in a given

phenomena

quantity, e.g. pressure, energy or temperature. However, there is a lot more

contemporary beliefs of physics.

that

seem

to

contradict

to be understood about waves, especially in the sub-atomic world.
1.2.1.3

Forces

A force can change the state of rest or motion of a body and is defined as the product of mass times acceleration, i.e. F=ma.
There are said to be four fundamental forces, the relative strength of which is shown in the table below with respect to a unity
value assigned to the strong nuclear force.
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Force

Strength

Strong Nuclear

1

Binds protons and neutrons within the nucleus

/137

Associated with radioactive decay

Weak Nuclear

1

Electromagnetism

10

-6

-39

Gravity

Description

10

Binds atoms and molecules
Acts on planetary masses over huge distances
th

Strictly speaking, the strong and weak nuclear forces were not known until the 20 century, as such, the classical perspective
only included gravity and electromagnetism. While the force of gravity seems impossibly weak in comparison to all the other
forces, it is the only one that generally scales beyond the microscopic universe and, as such, this relatively weak force is left to
become the major force within the macroscopic cosmos, although the speculative idea of a plasma model of cosmology might
question this statement.
1.2.1.4

Fields

A field is a collective set of measurable quantities, which are distributed in space-time. The value of the field at any point in
space-time is known as its field strength. Fields can represent scalar or vector quantities, For example, a gravitational field is a
measure of the strength and direction of gravity at any point, while temperature distribution could be cited as a scalar field
having magnitude, but no direction. However, the role of fields in quantum physics has now assumed a position of central
importance in the current description of the sub-atomic universe.
1.2.1.5

Composite Quantities

At this point, some further quantities are introduced, which are 'composites` of the fundamental quantities or concepts
introduced above:



Quantity

Components

Units

Velocity [v]

= length / time

= m/s

Acceleration [a]

= velocity / time

= m/s

Gravity [g]

= acceleration

= m/s

Force [F]

= mass * acceleration

= kg. m/s

Energy [E]

= force * length

= kg. m /s

Power [P]

= energy * time

= kg. m /s

2
2
2

2

2

2

3

Motion:
Each of these quantities relates to a rate of change of one quantity with respect to another, typically time, although this is
st

nd

th

not always the case. Mathematically, this rate of change is described in terms of the 1 , 2 or n derivative. The basic
concept of a derivative arising from the process of differentiation and integration is outlined in the earlier discussion
of calculus, which uses velocity and acceleration as specific examples.
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Gravity:
As can be seen from the table, gravity has the same units as acceleration and this suggests that gravity and acceleration
must be very similar in nature. However, we will really only start to address the nature of this similarity when we come to
discuss General Relativity and the equivalence principle in a later section.



Force:
nd

Is defined by Newton’s 2 law of motion in terms of an acceleration of a mass being directly proportional to the force
acting on the mass. However, this definition is only providing a description of the effect and is not really telling us anything
about the nature of the force itself. Possibly the definition of force [F] = dE/dx tells us that a force is related to a change in
energy [E] with distance [x], but more on this idea later. Clearly, we can visualise a force in terms of 2 billiard balls
physically colliding, but the underlying force of gravity between 2 masses, separated by millions of miles of near vacuum is
more problematic. In this context, the physics of particles and kinetic energy is replaced by fields and potential energy. At
this point, it might be a good point to table a question for consideration:
At the most fundamental level, do all interactions between mass particles have to be described in terms of wave physics?


Energy & Power:
While we can describe power as the rate of change of energy with time, it is not so easy to give such as precise definition
2/ 2

of energy other than to restate the specification of its fundamental units, i.e. kg.m s . However, the idea of energy is
clearly critical to any understanding of the workings of the universe, so we need to try to give a more descriptive
definition. For the moment, we might describe energy as reflecting the current state of a system and therefore more of a
process that can change the subsequent state of that system. Within this definition, a system has length, typically in the
form of volume [xyz], which has an associated energy density that can change with time [t]. While there are many
perceived forms of energy, in terms of physics, all might be reduced to just kinetic and potential energy. However, if the
flow of energy is a manifestation of the difference between 2 energy states, then all matter and motion must be the result
of an energy differential. We will need to consider this implications further when considering a systems as a construct of
particles or alternatively as a construct of waves. We will also need to consider the effects of relativity, when discussed in a
later section, which suggests that the measure of any of these quantities will depend on the relative motion of the frame
of reference from which measurements are taken. For now, within the constraints of a classical model, we might simply
say that energy makes things happen.

1.2.1.6

The Classical Model
th

Prior to the 20 century, only two forces were known, i.e. the gravitational and
electromagnetic forces. As such, any classical model of the universe would have been
based on just these 2 forces and combined with a somewhat vague notion of the
structure of an atom. However, it has been suggested that everything in the universe
can be described in terms of 4 basic quantities, i.e. length, time, charge and mass;
therefore, we might wish to try and create an initial model of a universe, e.g.


The quantities length and time define the ‘stage’ of space-time



While mass and charge define the ‘actors’ on this stage.
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Of course, this fundamental unit-based model fails to give any reason as to how or why any of the ‘actors’ move, and possibly
more importantly, why they exist. At this point, we will defer discussion of the second question and rely on Newtonian physics,
i.e. the three laws of motion plus universal gravitations, to explain why our actor move around the stage of space-time. As
such, the goal of this model is simply to provide an initial framework in which we can start to raise some fundamental questions
without having to introduce all the complexity of modern science, at least, at this early stage.
1.2.2

Zeno's Paradoxes

So far, there has been an attempt to outline some of the key fundamental
units and concepts, which came to underpin classical scientific thinking,
albeit with some annotation based on present-day understanding. However,
it might be useful to reflect a little further on some of the problems that
have puzzled people since antiquity, because they might highlight some
secondary issues that can arise when following a line of mathematical logic
based on a false model assumption. Zeno's paradoxes were a set of
paradoxes devised by Zeno of Elea to support the idea that motion is nothing
but an illusion. One of the best known of Zeno’s paradoxes is that of the
`Tortoise and Achilles`:
Achilles, a Greek hero, and a tortoise are matched to race each other.
Achilles, in his confidence, allows the tortoise a head start, let us say
100 metres. The race begins and although Achilles runs the first 100
metres very quickly, the tortoise has time to `run` an additional distance, albeit short, and therefore is still ahead. Again,
it doesn’t take Achilles long to cover this additional distance, but even so, the tortoise has had time to move ahead by
another short distance. As a consequence, Zeno’s argument is that this process can be repeatedly infinitely and so
Achilles will never overtake the tortoise.
We intuitively understand that Zeno has to be wrong; but even so, examination of some of the issues behind the paradox can
still be useful because it makes us question fundamental principle as a `duty of inquiry`.
By what means can an abstract proof contradict common sense?
Are there any insights to our physical perception of time and space?
Let us begin by retelling the paradox in a more mathematical, albeit less interesting form, so that we can be a little more
concise about the salient principles:
A heavy ball is thrown at a thin sheet of glass and, for simplicity; we will assume the ball travels at a constant velocity.
The sheet of glass is at a fixed distance and so the ball eventually covers 1/2 the distance, so 1/2 remains. The ball then
covers 1/2 of the remaining 1/2, which means there is still 1/4 remaining. The ball then covers 1/2 of the remaining 1/4,
so there is still 1/8 remaining and so on. If this process can be repeated infinitely, the implication is that the ball will
never smash through the glass.
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Based on practical experience, few probably doubt the ball has to hit the glass.
However, there are two ways of coming at this paradox. From a practical perspective,
we know from classical physics that velocity = distance/time. Therefore, if we assume
the ball has a constant velocity of 10 metre per second and starts 10 metres from the
glass, it should take 1 second for the ball to reach the glass, without any apparent
paradox.

Zeno was born in about 490 B.C.E.
in Elea, now Velia, in southern
Italy; and he died in about 430
B.C.E. He was a friend and student
of Parmenides, who was also from
Elea. There is little additional,
reliable information about Zeno’s

So what is the problem?

life, but Zeno is said to have been

Well, the most obvious problem is that we have not actually explained the paradox
apparently linked to the description of an infinite series of steps; hence the possible
assumption that an infinity of steps will require infinite time to complete.

arrested for taking weapons to
rebels opposed to the tyrant who
ruled Elea. When asked about his
accomplices, Zeno said he wished
to whisper something privately to

So where is the flaw in the logic of the paradox?

the tyrant. When the tyrant came

Well, a mathematician might highlight that there was an incorrect assumption about
the sum of an infinite series. In the telling of the `Tortoise and Achilles`, and the
alternative version, we end up with an infinite series:

near, Zeno bit him, and would not
let go until he was stabbed.
However, it was Diogenes Laërtius
who told this story seven hundred
years after Zeno’s death.

As

always, it can be difficult to
[1]

separate fact from fiction.

However, although the series is infinite, the sum is not; the answer in this case is 1. Each element of the series gets increasing
smaller and so the series converges to a finite value. The confusion that Zeno raised in people’s mind is that a sequence
that `last forever` must 'take forever' to complete. This is not so, at least, in this case.
So problem solved?
Well, not quite, if we consider this series in the context of the ball travelling at constant velocity, it means the series relates to
increasingly small distances being covered in a correspondingly smaller interval of time. If we do not refute that the ball passes
through an infinite number of increasingly small increments, we are possibly still left will some philosophical questions about
the true nature of time and space. By the normal rules of mathematics, the final element cannot actually become zero, as in the
realm of modern physics, we would disappear below the Planck length and Planck time. In physics, Planck’s constant [h] can be
used to define the smallest quantum of time and space, below which quantum theory suggests that any semblance of the
physical universe ceases to exist, at least, in terms that are accessible or understood by humanity.

[2]
Note: [G] corresponds to the gravitational constant and [c] the speed of light. In a similar fashion, Planck time is defined as the
time taken to travel the Planck length at the speed of light:
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[3]
However, while we may still raise a few slightly esoteric questions about the Zeno’s

Galileo Galilei

paradox, classical physics and overwhelming experimental evidence should convinced

By denying scientific principles,

us that, contrary to Zeno’s ideas, objects do in fact move. Therefore, with our

one may maintain any paradox.

confidence still intact, now let us apply the logic of infinity and infinitesimals to
another paradox in light of the Plank limits to space and time.
A fly travelling due east hits a train travelling due west. At the very moment the fly hits the train it must cease to travel
east and, in fact must stop, and then travel west with the train. Now, if at the moment the fly hits the train it has to stop
with respect to the ground, is the train effectively stopped for an instance as well?
While this is the common form of this paradox, it tends to lead to all sorts of thinking about how the fly gets squashed on the
train’s windscreen. So let us change the fly into a small spherical ball and the train into a much larger spherical ball. We will also
make the initial assumption that these spherical balls are made of a material so strong that no deformation of their prefect
spherical shape can occur during the collision. As such, we can make an initial model based on the assumptions of a classical
elastic billiard ball collision in which the law of the conservation of momentum must be taken into account.
Paradox

Analogy

Mass [mx]

Velocity [vx]

Train

Big Sphere

1,000,000

100

Fly

Small Sphere

1

10

To make this model analogous to the fly and the train, the mass and velocity of one sphere is much larger than the other, but
the actual values chosen are only to allow easier comparison between the `before` and `after` results. The conservation of
momentum requires:

[4]
The letter subscript denotes either `big` or `small` sphere, while the numeric subscript denotes before and after collision.
However, because we are also assuming an elastic collision, energy as well as momentum must be conserved, so:

[5]
Since the ½ factor is common to all the terms, it can be cancelled out, and on the assumption of a head-on collision, we can
calculate the final velocities as follows:
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[6]
If we examine the table below, we can see that the much heavier and faster sphere, i.e. the train, is virtually, but not
completely, unaffected by the collision. In contrast, the small loss of momentum/energy by the larger sphere has been
converted into a large change in the velocity of the lighter sphere.
Big [b] Sphere

Before

After

Small [s] Sphere

Mb =

1,000,000

Ms =

1

Vb1 =

100

Vs1 =

10

mv1 =

100,000,000

mv1 =

10

Vb2 =

99.99982

Vs2 =

190

mv2 =

99,999,820

mv2 =

190

While the two spheres are now travelling in the same direction, the small sphere, unlike the fly, does not `stick` to the larger
sphere’s `windscreen`. Given some intuitive experience of billiard ball collisions, this estimate seems fairly sensible, but has it
really answered the paradox, i.e.
If the small sphere has had to reverse direction, whilst in contact with the larger sphere, did the larger sphere also have to stop?
While common sense, and the conservation of momentum, tells us that the train, nor
its larger sphere analogy, can come to a dead stop, it may still seem difficult to
‘square the circle’ in this case. To paraphrase the issue, we known that the fly, and its
small sphere analogy, must reverse direction and in so doing, must stop at some
point; so the logical conclusion is that the train or larger sphere must also be halted.

Mason Cooley
When a paradox is widely believed,
it is no longer recognized as a
paradox.

However, before we get too lost in logical contradictions, maybe we re-examine the assumptions of our analogous model. This
model changed the train and the fly into large and small solid spheres, which would suffer no deformation during the collision,
allowing us to calculate the effects of a perfect elastic collision. However, in this theoretical world of mathematical geometry,
the collision between two perfect spheres would take place between two infinitesimally small points on the circumference of
each sphere and the duration of this collision would also be infinitesimally small.
So how does this change the main issue?
Well, if we continue to use classical physics, we could calculate the force, or more accurately, the impulse and pressure at the
point of collision:
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[7]
What becomes more obvious from these equations is that the impulse force at the point of collision must approach infinity, if
the duration of the collision is infinitesimally small. Equally, the pressure at the point of collision must also approach infinity, if
the area of the collision is infinitesimally small. Clearly, there is some suggestion that the assumptions of our initial analogous
model must not reflect the ‘real’ world. If the impulse and the pressure cannot physically approach infinity, then we must
assume that some deformation of the spheres must have occurred. Equally, we know that the spheres are not, in fact, solid as
they have an underlying atomic structure, i.e. mostly empty space, in which comparatively enormous electrostatic forces hold
the fundamental particles in position. As such, the physics of the collision was never between two macroscopic spheres, but
rather it must have ultimately been between atomic particles. If we follow this line of thought, it is not so difficult to imagine a
deformation occurring at the atomic scale over a finite area and in a finite amount of time. If so, might the answer to the
paradox be as follows:
When the fly hit the train, some microscopically small aspect of the train did stop for a finite amount of time. However,
at the macroscopic level, this deformation of a miniscule component of the atomic structure of the train would not be
seen or felt. Of course, the effects on the fly were rather more obvious and drastic.
As you may have guessed, the purpose of this specific discussion was never really about the paradoxes themselves, but rather
the process by which we seek the truth. In the first paradox, the mathematics of infinite series led to confusion, i.e. something
that mathematically goes on forever does not physically take forever. In the second, even when there is no ambiguity or error
in the mathematics, an incorrect model will only result in an incorrect answer.
1.2.3

Particles, Space and Time

Of course, there is nothing wrong with making assumptions and developing models to
see how things might work, as long as we do not get to adamant about the validity of
our results. Remember, at this stage, the purpose of highlighting different types of
classical models, based on conflicting assumptions, is simply to help highlight issues
for further consideration. Let us start with an assumption, often used in cosmology,
that about 90% of all atoms in the universe appear to be hydrogen with the remaining
10% helium. All other elements will be considered as essentially insignificant, at least,
from a numbers perspective. We will also assume that, on a cosmic scale, these atoms
are uniformly distributed, i.e. the universe is homogeneous. Within the scope of our
initial model, we will also work on the assumption that the charge associated with
protons and electrons are cancelled out within the boundary of an atom and, as such,

Erwin Schrodinger
A careful analysis of the process of
observation in atomic physics has
shown that the subatomic particles
have no meaning as isolated
entities,

but

can

only

be

understood as interconnections
between the preparation of an
experiment and the subsequent
measurement.

all particles, i.e. atoms, within the universe are charge neutral. Therefore, the position of an atomic particle, at any point in
space-time, may essentially be the net result of the force of gravity between it and all the other particles in the universe.
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[1]
This is essentially Newton’s law of gravity applied between the mass [m] of our
arbitrary particle and the sum of all other mass particles [M] and radii [r] in the
universe. Although the force of gravity falls as an inverse square law, it will never
completely ceases to exert some residual force, at least, in theory. If we add to our list
of assumptions that nothing can travel faster than the speed of light, then some of the
net gravitational force must derived from particles that existed in the past. For
example, the gravitational force from a particle one million light years away must
have taken 1 million years to arrive. If so, it is entirely possible that this particle may
not exist anymore and it is almost certain that the distance between the particles,
which defines one of the components of the `here-and-now` net force, will have changed. As such, particles would be held in a
gravitational mesh that extends in both space and time. Although this is hardly a sophisticated model, and not one to be taken
too seriously, it does lead to some interesting questions about the universe:
If gravity is the only effective force at work at the macroscopic level, why has the universe not collapsed under this force?
How we might address this issue depends on what assumptions we wish to make

Carlo Rovelli

about the nature of the universe, e.g.

Einstein’s 1905 paper came out
and suddenly changed people’s

Is the universe infinite, i.e. in both space and time?

thinking about space-time. We’re

Alternatively, is the universe of finite age and therefore in size?

again [2007] in the middle of
something like that. When the dust

Today, it is the consensus of many cosmologists that we live in an expanding

settles, time—whatever it may

universe and if we reverse the estimated rate of expansion in time, we come to the

be—could turn out to be even

conclusion that the universe must have a finite age. However, we are also told that

stranger and more illusory than

the nature of this expansion should not be perceived as an explosion-like process,

even Einstein could imagine

where particles are projected outwards into pre-existing space-time, but rather the
very `fabric` of space expands and, as a result, each particle perceives all its neighbours to be retreating away from its own
stationary position. As a consequence, the contracting force of gravity is competing against an essentially unknown force, which
is literally driving the expansion of the universe. The net effect of this model is that potential energy, in the form of gravity,
must be increasing throughout the universe. If so, it does not seem unreasonable to ask:
Where is this increase in potential energy coming from?
However, before we get too absorbed in this line of thinking, let us also consider the possibility of another model, which
assumes that the universe may be infinite in both space and time.
If so, how do we answer the original problem that suggested that such a universe would simply collapse under the force of
gravity?
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When Newton was developing his law of universal gravitation, he was concerned as to whether the force of gravity acted on
the centre of mass or the surface of an object. We can see from equation [1] that the force depends on the radial distance [r]
between two objects:
But is that distance measured between the surfaces or centre of mass?
The solution devised by Newton has become known as `Newton’s Shells ` and its derivation can be referenced in a later section.
However, an interesting spin-off of this derivation is the idea that an object inside a perfect sphere of uniform thickness would
be subject to no gravitational force. The reason is that the net force at any point within the sphere is cancelled out. If we now
make the rather large speculative jump to a universe that is both infinite and homogeneous we might need to ask the next
question:
Should we assume that any particle in an infinite universe is essentially within a sphere of uniform, albeit infinite, thickness?
If so, the net gravitational force on our arbitrary particle due to the rest of a homogeneously density universe would essentially
cancel itself out. Therefore, the ability of gravity to form solar systems and galaxies would then be explained away as a purely
local perturbation within the very large-scale of an infinite, homogeneous universe.
Why does a particle `hang` in space?
While this made seem an almost `silly` question, the idea of space is an issue that has
vexed both philosophers and scientists for millennium. The issue is whether space
itself has any underlying structure or whether space is simply a vacuum, i.e. nothing?
Of course, if space is nothing and there is no net force on any given particle, the
question as to how a particle `hangs` in space is possibly not so silly? This question

Douglas Adams
The whole fabric of the space-time
continuum is not merely curved, it
is in fact totally bent.

might also trigger another line of speculative thought. For example, if matter had some sort of wave structure, which
propagated on the very fabric of space, it might immediately begin to address the previous question. As such, the matter
particles that eventually emerge out of such a wave model would be implicitly `tied` to the fabric of space. Up until the
th

beginning of the 20 century, there was a general consensus that light, as a wave, must indeed propagate through space via a
media called Ether. However, the failure of the Michelson-Morley experiment to measure any variation in the propagation
velocity of light, with respect to the Earth’s circular orbit through the Ether, would eventually lead Einstein to propose his
theory of special relativity and the rejection of any form of Ether. Einstein’s position was, in part, supported by Maxwell’s
equations because they appear to provide an explanation of how an electromagnetic wave could self-propagate, at the speed
of light, through a vacuum. However, while this issue is one of central interests within our overall discussion, it is one that we
must also defer until after we have discussed some of the basic concepts of the classical model in more detail. For now, we will
just conclude by tabling a few more speculative questions to consider along the way:
What is a sub-atomic particle, like an electron, made of?
Does the idea of a solid particle make any real sense?
If not, what structure can replace the solid particle?
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1.2.4

Gravitational Potential

In the previous discussion of ‘Particles, Space and Time’ we introduced Newton’s
definition of gravitational force [F] between two masses [M] and [m]:

[1]
However, a stable orbit between objects of mass [M] and [m] requires a balance
between the inward force of gravitation and an outward `centrifugal force`. Note,
we shall ignore the issue of elliptical orbits as defined by Kepler’s laws and just
focus of circular orbits. We should also note that a centrifugal force is essentially
a conceptual idea that stems from a centripetal force.

Isaac Newton
[2]

I have not been able to discover the
cause of those properties of gravity

If we re-arrange [2], we see that a given orbital velocity [vo] will maintain a stable

from phenomena, and I frame no

orbit of radius [r] around mass [M]:

hypotheses;

for

whatever

is

not

deduced from the phenomena is to be
called a hypothesis, and hypotheses,
whether metaphysical or physical,

[3]

whether

of

occult

The diagram below right might be useful in highlighting that we are actually

mechanical,

dealing with 3 conceptual vector velocities, which are being held in balance when

experimental philosophy.

combined to maintain a stable circular orbit. For the diagram shows that in
addition to an orbital velocity [vo], a small mass [m] can move on a radial path
with respect to the larger central mass [M], which would then give rise to the
resultant vector velocity [v] of a trajectory rather than an orbit. However, the
inference of [3] is that any increase in the orbital velocity [vo] must also result in
an increase in the radius [r], which then implies a radial velocity [vr=dr/dt]. The
resultant velocity [v] being defined by:

[4]
Now, at this point, we might now translate [4] into the following energy equation:

[5]
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We can also introduce the potential energy associated with the gravitational force by integrating [1] with respect to distance [r]
to define the potential energy associated with this force:

[6]
As such, we may now formulate an equation that reflects the total energy of mass [m]
with respect to mass [M] in terms the kinetic and potential energy:

Ambrose Bierce
Newtonian, adj. Pertaining to a
philosophy
invented

of
by

the

universe,

Newton,

who

discovered that an apple will fall to
the ground, but was unable to say
[7]

why. His successors and disciples
have advanced so far as to be able

However, we might wish to rationalise [7] as follows:

to say when.

[8]
We might then proceed by substituting the expression for the orbital velocity [vo], as given in [3], and recognising that the radial
velocity [vr] would be zero for a stable orbit, such that [8] could be rationalise as follows:

[9]
While the term [GMm/2r] might be equivalent to the kinetic energy [E K] of the mass [m] orbiting at velocity [vo], it can be seen
from [9] that this energy has now been related to half the potential energy [E p], such that both the kinetic and total energy can
be quantified in terms of the overall gravitational potential:

[10]
The inference of [10] is that the energy of a stable or bounded orbit is negative. At first, this result may seem a little strange,
but remember that a mass [m] on the surface of a larger mass [M], with no orbital velocity, would only possess negative
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potential energy. As such, the positive kinetic energy associated with an orbital velocity only partial lifts mass [m] out of the
negative energy well associated with the gravitational mass [M].

The diagram above tries to give some initial visualisation of orbits at different radii [r] sitting within the ‘negative’ potential
gravitation well of a central mass [M]. As the radius [r] is reduced, the negative potential increases and has to be offset by a
higher orbital velocity [vo].
Richard P. Feynman: It is simple to state the principles completely and not have left any vagueness for anybody to
change the ideas of the law. It is simple, and therefore it is beautiful. It is simple in its pattern. I do not mean it is simple
in its action—the motions of the various planets and the perturbations of one on the other can be quite complicated to
work out, and to follow how all those stars in a globular cluster move is quite beyond our ability. It is complicated in its
actions, but the basic pattern or the system beneath the whole thing is simple. This is common to all our laws; they all
turn out to be simple things, although complex in their actual actions.
1.2.5

Paradigms: Beyond Newton

In the context of the history of scientific developments, the word
‘paradigm’ is often used in to describe a new model of how things
work, e.g. Copernicus’ idea that the Earth was not the centre of the
universe. In much the same way, Newton’s laws of motion and
universal gravitation also created a paradigm of a deterministic
universe driven from cause to effect. However, at the beginning of
th

the 20 century, a new paradigm was starting to emerge, first in the
form of relativity, and then quantum theory. While these topics are
the subject of the next section of this website: Accepted Science,
there may be some value in some initial reflection of the change that was about to overtake Newtonian mechanics and the very
notion of space and time. In essence, the complexity of Einstein’s spacetime lies in trying to understand the implications
of Lorentz Transforms:
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What is a Paradigm?
The

[1]

dictionary

definition

of

a

paradigm is a "philosophical and

However, it should be noted that Newton’s laws are still generally valid when the
effects of relativity are negligible, i.e. when [v] is small in comparison to the speed of
light [c] and the density of mass [M] is not usually large. Therefore, we can still begin
in the familiarity and general validity of Newton’s laws of motion and gravitation.

theoretical framework of a scientific
school or discipline within which
theories, laws, and generalizations
and the experiments performed in
support of them are formulated;
broadly:

a

philosophical

or

theoretical framework of any kind."
[2]
nd

We can combine Newton’s 2 law and the equation for gravitational attraction because of the equivalence of inertial and
gravitational mass, which then leads to the suggestion of an equivalence between acceleration and gravity:

[3]
Classical physics also allows us to extrapolate the relationship between an inertial and gravitational force [F] to include energy
[E] by virtue of its definition being related to force per unit distance [x].

[4]
The solution of the final integral in [4] leads to the classical concept of kinetic energy [E k]:

[5]
We can follow a similar line of reasoning with the expression on the right-hand side of equation [2], although the energy in this
case is now related to the potential energy [Ep] of gravitation:

[6]
We might wish to illustrate, by example, how we might equate [5] and [6] when an object of mass [m] is directed away from a
planet, e.g. Earth, such that the kinetic energy [Ek] just equals the potential energy [Ep] of gravitation:
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Scientific Revolution
In 1962, Thomas Kuhn wrote 'The Structure

[7]

of Scientific Revolution' in which he
If we re-arrange [7], we arrive at an equation that expresses the escape

developed the concept of a 'paradigm shift'.

velocity [ve] of an object from the gravitational pull of a planet:

Kuhn argued that scientific advancement is
not evolutionary, but rather is a 'series of
peaceful

interludes

punctuated

by

intellectually violent revolutions', and in
[8]

those revolutions 'one conceptual world
view is replaced by another'.

It is worth highlighting that although [8] is often defined as the escape
velocity, it is also the velocity of an object that falls from infinity to a radius [r] with respect to a central gravitational mass [M].
As such, it represents the conversion of potential energy into kinetic energy, while the escape velocity is more representative of
kinetic energy being converted back into potential energy. To determine the escape velocity for an object launched from the
24

surface of the Earth, ignoring air resistance, we just need to insert the mass of the Earth [M=5.98*10 kg] and its radius
6

[r=6.37*10 metres] into [8], which approximates to 11,192 metres /second or 25,183 miles/hour. Of course, if we were to do
the same experiment at the conceptual `horizon` where the Earth’s atmosphere becomes space, the escape velocity would be
smaller, due to the change in radius [r]. We can also combine equations [3] and [8], allowing us to show a relationship between
the escape velocity [ve] and gravitational acceleration [g]:

[9]
At this point, we might wish to make some initial speculation as to what this might mean in terms of some correspondence
between special and general relativity. Much of special relativity is based on the implications of the Lorentz transform given in
[1], while general relativity is based on the basic assumption of the equivalence between acceleration and gravity. In principle,
we have an equation that might replace the velocity [v] in the Lorentz transform with what might `appear` to be an equivalent
form based on equations [8] or [9]:

[10]
In the context of special relativity, it will be shown that [10] leads to time dilation and space contraction, when the velocity [v]
approaches [c]. However, the secondary expressions in [10] also appear to suggest that acceleration and gravity could lead to
similar effects. However, the departure from Newtonian mechanics starts with the postulate of special relativity, which
assumes the speed of light [c] is not only constant in all frames of reference, but also represents the upper limit of any relative
motion. So let us consider the effect of substituting [c] for [v] in [8] and [9]:

[11]
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It should be noted that [11] is derived from the basic assumption that kinetic energy

Paradigm Shifts

[Ek] can equal the gravitational potential energy [Ep] based on a given velocity [v] and

A paradigm shift is the process of

radius [r]. As such, [11] is also the equation of the escape velocity [ve=c]. However, if

changing from one paradigm to

we re-arrange this equation in terms of [r], we arrive at what has become known as

another. It may be a popular or

the Schwarzschild radius [Rs] of a black hole:

unpopular shift in the general
perception of world. While its
scope can be local, it is typically a
more

[12]

profound

change

in

worldview of a large group of

While this equation has only been derived from classical physics, the Schwarzschild

people.

radius [Rs] really requires general relativity to provide a full description of the effects at the event horizon of a black hole, which
occurs when [r=Rs]. However, it may be useful to continue with the classical perspective and derive some reference points with
respect to the free-fall velocity of a body along a radial path and a number of associated energy interpretations. We can start by
substituting equation [12] into [8]:

[13]
The root of this equation is based on the assumption in [7], i.e. the kinetic energy [E k] associated with a free-falling object,
falling from an infinite radius [r], corresponds to the gravitational potential energy [E p] between infinity and radius [r]. In
practice, it is quite easy to determine this value because, by definition, [E p] equals zero at an infinite radius [r]. Therefore, by
subtracting the value of [Ep], at any given radius [r], from zero results in the amount of potential energy given up to kinetic
energy for a free-falling object between infinity and [r]:

[14]
As such, we can present an expression of the total energy [ET] associated with a unit mass [m=1] free-falling from infinity
towards a central mass [M] in terms of its rest energy [ER], its kinetic energy [Ek] and potential [EP]:

[15]
However, the main point being highlighted, at this stage, is that the energy per unit mass associated with a free falling object
remains constant at all values of radius [r]. The relevance of this statement will be expanded when we come to consider the
implications of the Schwarzschild metric solved from the perspective of different observers.
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1.2.6

Force and Energy

While it may be argued that a model can be constructed based on only four
fundamental quantities, i.e. length, time, charge and mass, which allow us to
define the dimensions of space and time plus the basic nature of the
particles within it, this model does not necessarily explain the process by
which particles interact. Within the context of our initial classical model, an
interaction manifests itself through forces, which also appear to come in one
of four basic favours:


Strong Nuclear: Binds protons and neutrons within the nucleus



Weak Nuclear: Associated with radioactive decay



Electromagnetism: Binds atoms and molecules



Gravity: Acts on planetary masses over huge distances

Richard Feynman
'Energy is not something perceptible, but a

In order to describe how a force can invoke change in a system we will also

quantity that is calculated using a set of

need to link it with the idea of energy. However, the idea of a force [F] is

rules. The concept of energy remains open

possibly a more intuitive concept which we might start to describe in terms

to future modification and, in effect, I can't
say what energy is, I simply know how to

st

of Newton’s 1 law of motion:

calculate it effects`.
A mass [m] in a state of uniform motion, i.e. constant velocity [v],
remains in that state unless acted on by a force [F].
nd

To change the state of uniform motion requires a force and is expressed in Newton’s 2 law:
A force [F] is equal to the change in momentum [mv] over time [t]. For a constant mass [m], this force equals the mass
multiplied by acceleration [a].
We can express this a little more succinctly in mathematical form:

[1]
2

2

2

The units of force are measured in kg.m/s and given that the units of energy are measured in kg.m /s , we might again draw
the conclusion that force is related to a rate of change of energy [E] with respect to distance [x], i.e.

[2]
Clearly, [2] is now pointing to a relationship between force and energy. In fact, in simple terms, it suggests that a force is the
flow of energy into or out of a given system.
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So what is energy?
While the concept of energy is something that we may believe we have some intuitive understanding, human experience is
normally based on the perception of energy in one of many different forms, e.g. heat, chemical, biological, nuclear, electrical
etc. However, in practice, all these apparently diverse forms of energy can all be described in the context of just two basic
forms of energy, i.e.


Potential Energy [Ep]
At this point, we will simply define this form of energy as being proportional to some position [x1] in space with
respect to another [x2]



Kinetic Energy [Ek]
By the same token, we will simply define this form of energy as being proportional to some relative velocity [v] in
space, which also implies a change in position [x] with time [t].

So, in very general terms, we have 2 form of energy, one is dependent on its position in space, while the other is dependent on
its rate of change in space with time. However, before proceeding, let us try to consider the scope of these ideas on our
simplistic classical model. This model constructs a simple universe consisting of just 3 fundamental forms of mass, i.e.
protons(+), neutrons(0) and electrons(-), each with its own attribute of charge as indicated. While these particles can interact
through the 4 fundamental forces outlined above, we shall exclude discussion of the strong and weak nuclear forces on the
grounds that the range of these forces is confined within the atomic nucleus. As such, we are left with just the forces of gravity
th

and electromagnetism that were known to classical physics prior to the 20 century. Within the limitations of this model, it can
be argued that these two forces must be responsible for virtually all the macroscopic structure of the universe. However,
although the force of gravity is negligible in comparison to electric charge, by some 33 orders of magnitude, most matter above
the scale of the atom is often assumed to be charge neutral, which then leads to the assumption that only gravity scales to the
level of the human and cosmic universe - see plasma model for an alternative perspective. However, on the basis that force is
the rate of change of energy with respect to position [x], i.e. dE/dx, the previous assumptions suggest that the macroscopic
universe is essentially driven by gravitational forces, which in-turn must also require a gravitational energy source.
So what is the energy source of all the gravitational forces in the universe?
Let us just table this question for a moment, because we need to also introduce another form of energy, which we have not
really addressed, but is implied by Einstein’s most famous equation:

[3]
This equation suggests that the rest mass of a particle is equivalent to energy, but there is no obvious suggestion that this
energy would change, either by virtue of its position [x] or the rate of change of its position with time, i.e. its velocity [v]. If so,
this energy does not conform to either of our basic energy definitions above. At this point, we might also consider another
famous equation, forwarded by Max Planck in 1900, to describe the energy associated with the idea of a photon:
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[4]
Where [h] is a constant and [f] is the frequency of the photon, which has a particle-like nature as well as a wave-like nature.
Note, the wave-particle duality issue is the subject of other section in this website. Given an inference of equality in [3] and [4],
we might try to combine these two equations as follows:

[5]
However, given that [h] and [c] might be considered as constants, there is a suggestion that the mass [m] of an object is not
only associated with energy [E], but may have some sort of fundamental frequency [f]. If so, the correlation between mass and
energy may be slightly more complex than initially suggested by Einstein’s equation [3] in isolation.
Form

Type

m0

mk

Frequency
-44

3.00*10

-36

6.00*10

28

3.00*10

Wave

Radio

0

2.21*10

Wave

Light

0

4.42*10

Wave

Gamma

0

2.21*10-

Particle

Electron

9.11*10

Particle

Proton

1.67*10

+06
+14
+22

-31

0

1.24*10

+20

-27

0

2.27*10

+23

The table above simply highlights the possible implications, in [5], that quanta of EM radiation, i.e. photons, have some sort of
effective or kinetic mass, while matter particles may also have an underlying frequency. The waves selected span the
electromagnetic spectrum from relatively low frequency radio waves, through to visible light and up to very high frequency
gamma rays. However, according to equation [5], these EM waves also have an equivalent kinetic mass [m k]. While, in contrast,
our two fundamental sub-atomic particles, i.e. the electron and proton, while having an expected rest mass [m0], also appear to
have the wave attribute of frequency. While it might be premature to read too much into the table above, it is interesting to
note how the relative frequencies appear to reflect a process in which a wave acquires increased energy by virtue of its
frequency, which then appears to reach a transition point between a gamma ray and an electron, where the distinction
between a wave and particle might seem to become increasingly ambiguous. In fact, the effective mass of a gamma wave can
exceed the rest mass of an electron.
So what is difference between a wave and a particle?
If the structure of electron particle has a frequency, we might question whether the concept of rest mass really applies, at least,
in the sub-atomic realm. The reason for this line of thought goes back to an earlier question:
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Is rest mass a separate form of energy?
It was suggested that this might be the case, because a particle has rest mass while it is stationary, i.e. excludes kinetic energy,
and this energy does not change by virtue of position, i.e. excludes potential energy. However, even in the confines of what
might still be called the classical model, we might start to perceive some of the issues that scientists at the start of the
th

20 century were beginning to contemplate. On this note, let us now try to expand the definitions energy to include the
concept of work and power that underpins the classical model, which is still taught in most schools today.


Energy is the capacity to do work.



Work is the energy of movement in the direction of the force.



Power is the rate of doing work or the rate of using energy as a function of time.

On the basis of the simple definitions above, the following equation can be considered as a variation of [2], but now associates
the work-energy to force.

[6]

The note on the right of the equation above is just highlighting that a force is the product of mass [m] multiplied by acceleration
[a], which is the differential of velocity [v] against time [t]. Therefore, we are also describing the differential of a change in
position [x] with respect to time [t], i.e. work-energy movement. As such, we can expand the definition within [6] based on the
velocity at positions [A] and [B]:

[7]
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2

The generic term [½mv ] represents the energy associated with the motion of an object at any point in time, which is essentially
the definition of kinetic energy [Ek]. As such, the work done, between A & B, is equal to the change in kinetic energy. This
concept of work requires an object to be subject to a change in position, i.e. it has a velocity [v] in the direction of the force.
However, it has also been suggested that outside the atomic nucleus, only two fundamental forces exist in the form of:

Richard P. Feynman

[8]

For those who want some proof
While, neither of these equations contained any explicit reference to velocity [v], we

that physicists are human, the

can still integrate the expressions in [8] with respect to distance [r], e.g.

proof is in the idiocy of all the
different units which they use for
measuring energy.

[9]
As such, we can substitute this generic result for both expressions in [8]:

[10]
In the case of 2 charged particles, as shown in the
diagram right, the rate of change of the radius
[dr/dt]

separating

two

mass-charge

particles

corresponds to a velocity [v] along the axial radius
[r] in the direction of the force. As such, potential
energy [Ep] is converted into kinetic energy [Ek] and
work done. However, it is highlighted that potential
energy is negative and therefore its maximum value
at an infinite radius [r] is zero. The left-hand side of
the diagram above tries to illustrate the basic concept of kinetic and potential energy associated with an electron, as it moves
along the radial axis under the force of charge attraction. This could equally be a mass [m] moving towards mass [M] under
gravitational attraction. However, the right-hand side highlights that a charge force, unlike gravity, can be both attractive and
repulsive. It is also highlighted that in this conceptual example, there is no rotational movement of the electron around the
proton, i.e. it is simply a free electron moving directly towards the proton and therefore the velocity [v] of the electron is just
the rate of change of radius, i.e. dr/dt. Within the classical model, dr/dt can be continuous, but [9] suggests that integrating

62 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
2

either of the 2 fundamental forces under consideration, i.e. gravity and charge, with respect to distance, i.e. 1/r , results in
potential energy having a negative value.
So how might we physically interpret this result?
Initially, this can be confusing, as [8] appears to suggest the existence of a stronger force as the

Wolfgang Pauli

2

electron approaches the proton, i.e. [1/r ] increase as [r] decreases. The integration of force

"This isn't right.

reduces the sensitivity to distance, but still suggest that potential energy, as defined in [10],

This isn't even wrong."

should increase as the electron approaches the proton, i.e. [1/r] still increases as [r] decreases.

However, the integration, as shown in [9], also introduced the negative sign and, as such, the conceptual range of potential
energy now goes from zero to minus infinity, as the radial distance [r] is reduced from infinity to zero. In-line with normal
numeric weighting, zero is larger than a minus quantity of any magnitude and therefore potential energy can be considered to
increases from a large negative quantity towards zero as the radial separation [r] between the electron and proton is increased.
In an isolated system, as shown in the diagram above, the negatively charged electron is initially considered at rest and
positioned at a large radial distance [r] from the positively charged proton and would therefore have near-zero potential and
kinetic energy. However, in the absence of any other force, the electron at any finite distance would still start to move towards
the proton, albeit very slowly at first. However, as the velocity of the electron starts to increase, it must also acquire kinetic
energy even though the conservation of energy does not allow energy to be created from nothing. This apparent violation of
energy conservation in the positive growth in kinetic energy is apparently offset by the equal and negative growth in potential
energy. In fact, if we accept this interpretation, we might simply want to say that the potential energy is being converted to
kinetic energy, although this view might still be problematic. Within our conceptual and isolated system, the initial energy state
was thought to be essentially zero, but then appears to expand in terms of both positive kinetic and negative potential energy,
which is said to preserve the conservation of energy law:

[11]
While this approach might balance the energy ledger, it is unclear as to whether it provides

Rocky Kolb

any rationale as to how a system with essentially no energy, when the charged particles were

Somehow, the energy is

infinite far apart, then acquires energy that does work, i.e. if a change in kinetic energy

extracted

constitutes work. Just for referenced, within the simplicity of our 2 particle model, let us
assume that electron falls from near infinity towards the radius of a hydrogen atom, e.g.
-11

the

particles.

the Bohr radius. This radius is associated with the ground state of hydrogen and can be
calculated to be of the order of 10

from

vacuum and turned into

metres, at which point, the electron in our conceptual model would have acquired

-17

2.31*10 units of positive kinetic energy seemingly offset by an equal amount of negative potential energy. Of course, this
energy account has ignored the rest mass energy of the particles themselves:
Electron

Proton
-31

Mass [me]= 9.11*10
2

kg

Energy = mc = 8.20*10

-14

Mass [mp] = 1.67*10
2

2

kg. m /s

2

-27

Energy = mc = 1.50*10
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If we jump out of the classical timeline and reflect on a gravity model in which the mass of the particles causes space to curve,
we can still apply the basic logic of the previous diagram above and the equations relating to gravity to come to the same
approximation. However, at this stage, we shall simply table some questions for further consideration:
Does the manifestation of potential and kinetic energy have any correlation to the rest mass energy?
How does rest mass energy affect the geometry of space, i.e. what is the structure of space that allows it to be curved?
If the idea of any particle being solid proves to be unsustainable, are we forced to consider the wave nature of matter?
What are the implications of replacing the classical model of particles with an equivalent wave model ?
OK, that is probably enough unanswered questions for now.
1.2.7

Classical Summary

This section addressing the classical perspective of science is part of what has
been described as a ‘duty of inquiry’. However, today, the teaching of physics
often starts with the expectation that students must first accept the

Bugs Bunny
I know that this defies the law of gravity,
but, you see, I never studied law.

established principles, often by rote, before being exposed to any of the questions raised in this section. While this is
understandable in some ways, it is not always clear whether honest inquiry gets dulled by this approach.

In many ways, one of the purposes behind this section was to deliberately restrict some of the discussion to the science of the
th

classical model; so that we might get a better perspective of the issues, as perceived, at the start of the 20 century. History
th

shows us that the beginning of the 20 century was a time of radical inquiry, i.e. not just acceptance of the status quo, which
then led to a fundamental shift of the scientific paradigm. Of course, the other purpose was to simply to raise questions that
may not have any obvious answer, at least, within the comparative confines of the classical model of science.
In the opening page: A Classical Perspective , the idea of 4 fundamental units, i.e. length, time, mass and charge, was explored.
The subsequent discussions then expanded this perspective by outlining a number of general concepts, i.e. particles, waves,
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forces and fields, plus the idea of composite quantities that typically correspond to the rate of change of one or more
fundamental units with respect to time. However, while many of these composite quantities are relatively intuitive, e.g.
velocity, others have proved more difficult, e.g. energy, to describe in any concise way. As such, a very simple classical model
was outlined in terms of length and time providing the stage on which particles with mass and charge existed. Having
established this basic framework, other discussions went on to address a few apparent paradoxes, e.g. Zeno’s. However, the
primary goal of discussing these paradoxes was to simply highlight some important points about conceptual models in general,
i.e.


Intuition is not always right, e.g. something that goes on forever does not have to take forever.



Even when the mathematics is right, it can be wrong, e.g. an incorrect model will only result in an incorrect answer.

Having made the point about the validity of models, it then seemed an appropriate point to try to introduce a very simple
model of the universe. One of the points that had been highlighted in earlier pages was the apparent fact that out of all the
known particle forces, only gravity scaled beyond the microscopic world. Of
course, this appeared to lead to some interesting questions about the
universe, i.e.

Eugene Wigner
Physics is becoming so unbelievably
complex that it is taking longer and longer
to train a physicist. It is taking so long, in

Why doesn’t the universe collapse under gravity?

fact, to train a physicist to the place where

Today, you might well point to the details within the Big-Bang Model in
response to this question, but it has to be recognised that this idea is a
th

relatively new theory of the 20 century, where the scope of empirical

he understands the nature of physical
problems that he is already too old to
solve them

verification remains limited. While, in contrast, Newton’s law of universal gravitation has been around since 5 July 1687, i.e.
th

when ‘The Principia’ was first published. In this context, it might be appropriate to highlight that, up until the 20 century, it
was generally assumed that the universe was essentially a static system, infinite in time and space. Of course, given the
assumption that the universe was infinite in space, we may also used the classic argument of Newton’s Shells to explain why the
universe might not collapse under gravity. However, even today, modern cosmology still seems to be somewhat vague on the
actual size of the universe, but this is another detail for later discussions. However, our macroscopic models of a universe,
bound together by only gravity, also raises other equally profound questions about the true nature of matter particles.
How do particles hang in space?
From a classical perspective, i.e. up to the time of the Michelson-Morley experiment (1887) and Einstein’s theory of special
relativity (1905), there was a general acceptance that space was a medium, i.e. the Ether, which supported the transmission of
waves. Of course, there were always a few problems with this theory, i.e. on one hand the ether appeared so ethereal that
nobody could detect it, while in almost complete contradiction, it was required to be extremely ‘rigid’ in order to support the
wavelength and the propagation speed of light. However, the description of space as a vacuum, i.e. nothingness, did not really
explain how solid particles maintain any positional stability in space. So, having tabled a few questions for modern physics to
answer, the classical perspective finally turned its attention to the issue of energy, which Richard Feynman, one of the great
th

minds of 20 century physics, tried to put into perspective with the following quote:
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`Energy is not something perceptible, but a quantity that is calculated using a set of rules. The concept of energy remains
open to future modification and, in effect, I can't say what energy is, I simply know how to calculate it effects`.
So, while we may have a perception of many forms of energy, all can be transformed to one of two basic forms, i.e. potential
and kinetic. However, another classical model, albeit a very simple one, was created to try to illustrate the interchange of
energy between potential and kinetic forms. This model consisted of a universe with only 2 particles with virtually no energy,
neither potential nor kinetic, if we ignore the rest mass energy of the particle. Within the confines of the simple model, the
particles were initially positioned at a great distance from each other, then very slowly get pulled together by gravity, such that
kinetic energy increases in-line with the velocity of the particles. However, in the context of the conservation of energy, energy
cannot be created or destroyed, only converted:
So how is the growing amount of kinetic energy explained?
Well, it appears that potential energy is negative and so, at an infinite distance,
potential energy is zero, but grows negatively as the 2 particles approach each other.
The growth in negative potential energy matches the positive growth in kinetic energy.
While this concept does indeed seem to balance the energy ledger in terms of its

David Hilbert
Physics

is

becoming

too

difficult for the physicists.

conservation, the issue of ‘nothing before, something afterwards’ still seems to persist as a nagging doubt. However, the goal of
this section, as a whole, has simply been to raise some questions that hopefully successive sections, which generally progress
along the timeline of science, will be able to address in more detail, if not totally answer.
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1.3

A Particle Perspective

First and foremost it should be clarified that the main focus of this section is the initial classical perspective of the particle
model prior to the establishment of the current particle model anchored in quantum field theory. However, no matter how you
approach this subject, it should be recognised that the scope and details of the standard particle model has occupied some of
the best minds on our planet for over 100 years, which in many respects expands to include the molecular and organic
extensions to the basic atomic model.

Baseline Physics
In many ways, the goal of the
particle model is to provide the
framework in which other
physical

processes

can

be

explained, e.g. inertial mass,
relativistic mass, mass/energy
equivalence, Newton’s law of
motion,

gravity,

conservation,

energy

particle-wave

duality. However, whether it
truly provides this framework
might still be a matter of
further debate.
As such, it might seem more than a little provocative to start this section with the following question:
Could the foundations of this accepted model be wrong?
Before you cry 'blasphemy', let me quickly explain the context behind this question. This section is one of a number of
foundation sciences being described as a ‘duty of inquiry’ rather than the rote acceptance of the particle model, as such, some
attempt is being made to look into the assumptions that underpin this model. History might also forgive the impertinence of
the question, for it seems that almost every generation has come to challenge and
eventually overturned scientific models that were previously considered as a foundation
stone of established fact, before subsequently being overturned by another model. Of
course, this has not always meant the previous models were wrong, simply incomplete.
For example, Newtonian mechanics is not necessarily incorrect, but is said not to fully
account for the effects of relativistic velocities and gravitational proximity. In much the
same way, the particle model may only be a convenient approximation of the true
nature of matter. As in other discussions, we will start by reviewing the historical
development of the particle model before making any other assumptions, as history
often provides a useful perspective, which sometimes reminds us how entrenched
unsubstantiated ideas can become. As such, the scope of this initial section will only try
to outline the most salient issues within the following inter-related models:
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Werner Heisenberg
The solution of the difficulty is
that the two mental pictures
which experiment lead us to
form - the one of the particles,
the other of the waves - are
both incomplete and have only
the validity of analogies which
are accurate only in limiting
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The Atomic Model



The Molecular Model



The Organic Model

Enrico Fermi
If I could remember the names of all
these particles, I'd be a botanist.

Based on this outline, it is hoped that an initial baseline of understanding can be established against which some questions can
be tabled, which may then be addressed as we progress towards the complexity of today’s scientific hypotheses and theories.
1.3.1

History of Particle Model

Some of the first ideas about the nature of matter originated from an early school

Democritus: 460BCE

of Greek philosophy from around 580 BCE. Anaximander, a pupil of Thales,

By convention there is colour, By

proposed that all things evolved from an intangible, invisible substance called

convention sweetness, By convention

`Apeiron`. Over the next 250 years, this idea would develop into the philosophy of

bitterness, But in reality there are

Aristotle, who defined all matter to be a construct of four basic elements, i.e.

atoms and space"

Earth, Fire, Air and Water. This model was to endure, essentially unchallenged, for
the next 2000 years. Often, credit is given to the early Greek philosophers for the idea that matter was composed of atoms, but
in truth, the science of chemistry had to wait until 1661, when Robert Boyle published a book called `The Sceptical Chymist `
that then superseded Aristotle's four-elements theory. Only later, in 1803, did John Dalton begin to outline the terms of
reference of modern atomic theory by way of 6 attributes:


All matter is composed of atoms



Atoms cannot be made or destroyed



All atoms of the same element are identical



Different elements have different types of atoms



Chemical reactions occur when atoms are rearranged



Compounds are formed from atoms of the constituent
elements.

Elements such as gold, silver, tin, copper, lead and mercury have
been known since antiquity, but phosphorus was the first
element to be truly discovered in 1649. In the space of the next 20 years, the number of elements had increased to about 60
and an emerging pattern of properties was being recognised. In 1863, John Newlands wrote a paper classifying the 56
established elements into 11 groups, based on similar physical properties. However, the development of the periodic table is
normally attributed to Dmitri Mendeleev (1869) and Lothar Meyer (1870). The earliest tables consisted of about half of the
known elements, listed in order of their atomic weight.
It is worth stopping to reflect on the fact that the atom was, at this time, still considered to be an indivisible particle,
which was presumably visualised as an infinitesimal small particle made of the element it constituted. If not, it might
have been necessary to ask what the atoms themselves were made of?
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However, the conceptual model of an indivisible atom was to come under
th

increasing pressure in the latter half of the 19 century. The first cathode ray
tube was made in 1854, although it was not until 1885 that Eugene Goldstein
found evidence of a positively charged particle using a cathode tube filled with
hydrogen gas. This particle was subsequently called the proton. In 1897, J.J.
Thomson placed a cathode tube within a magnetic field and found evidence of
negatively charged particles, later, to be called electrons. Subsequently, the
mass of the electron was estimated to be some 2000 times smaller than the
mass of the lightest known atom, i.e. hydrogen, which led to the possibility
that atoms had some form of sub-structure. Given that an atom was known to
be electrically neutral, it was a reasonable assumption that the atom must also
contain an equal number of positively charged particles that also accounted for
most of the mass. However, Thompson’s initial model was more of an
amorphous sphere in which both the protons and electrons were evenly

Dmitri Mendeleev
Is best known for his work on the
periodic table; arranging the 63 known
elements into a Periodic Table based on
atomic mass, which he published in
Principles of Chemistry in 1869. His first
Periodic Table was compiled on the basis
of arranging the elements in ascending
order of atomic weight and grouping
them by similarity of properties.

He

predicted the existence and properties of
new elements and pointed out accepted
atomic weights that were in error.

distributed.
Of course, at this point, researchers might have had no option but to start asking what substance is a proton or an
electron made of?
Ernest Rutherford, a student of J.J. Thompson, was to take the next step in the development of the atomic model in 1911.
When Rutherford fired alpha particles, i.e. an ionised helium nucleus, at atoms in a thin sheet of tin foil with the expectation
that given an even distribution of mass in the Thompson model, the alpha particle would mainly pass through the tin foil.
However, this was not the case and a significant number of alpha particles were scattered or reflected. This led Rutherford,
along with his assistant Niels Bohr, to develop an alternative model in which the majority of the mass of an atom was
concentrated in a central structure that Rutherford called the nucleus. As such, we have nearly arrived at the basic planetary
model of the atom in which negatively charged electrons were thought to orbit a central and positively charged nucleus. The
subsequent identification of a composite nucleus comprising of positive charged protons and the neutrons had to wait until
1932 and the discovery of the neutron by James Chadwick.
At this point, the particle structure of matter had evolved whereby the atomic elements could be shown to grow
progressively in terms of the number of protons and neutrons within an atomic nucleus; with the positive charge of the
proton being offset by an equal number of `orbiting` electrons.
However, let us just step back a little to the start of the 20th century, when the atom was considered to be little more than a
diffused cloud of negatively charged electrons and positively charged protons without any coherent structure. In 1900, while
working on the physics of blackbody radiation, Max Planck had shown a relationship between energy and frequency, i.e. E=hf.
In fact, this work led to the term `quanta` that eventually became the keyword of quantum theory. Subsequently, in 1905, while
working on the photoelectric effect, Einstein linked Planck’s relationship (E=hf) to his concept of a photon. In the same year,
2

Einstein publishes his special theory of relativity in which the now famous relationship E=mc is introduced.
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Note: In effect, Einstein was renewing the debate that light had a particle nature. Some 20 years later deBroglie would
show that particles also had a wave nature. While it may not have been realised at the time, these ideas would create a
st

schism that would affect scientific thinking into the 21 century.
While Rutherford was developing his ideas about the atomic structure consisting of a central nucleus, chemists were actively
doing spectral analysis of different elements. This work showed that each element, when excited in its gaseous state, produced
a unique set of spectral lines. In 1911, Rutherford first announced his atomic model, but there were problems from the outset
in trying to resolve the way in which the electrons were thought to orbit the nucleus. As a starting hypothesis, it was not
unreasonable to consider the atom as being analogous to the planetary model, in which the electrons orbited a sun-like
nucleus. However, this model had several obvious difficulties:


The loss of energy associated with the charged electron moving through an electric field associated with the protons
would result in the electron radiating energy and spiralling into the nucleus almost immediately.



The planetary model also failed to explain the discrete, rather than continuous, spectral lines emitted by excited
atoms.

In 1913, Niels Bohr proposed an initial modification to the atomic model in an

Niels Bohr

attempt to address both of the problems outlined above. As a first step, Bohr

Everything we call real is made of things

realised that for the hydrogen atom to exist, it must support electron orbits in

that cannot be regarded as real.

which energy was not emitted. Here the idea of a photon or quanta of
radiation proved to be a key idea, because it only allows energy to be emitted
in discrete bundles. If the energy levels associated with an electrons orbit
corresponded to a photon, i.e. E=hf, then this might also explain why the
electron orbit could not collapse below a minimum energy orbit, while also
aligning to the empirical evidence in which discrete set of spectral lines are
emitted and absorbed by various atomic elements. While there are known
problems with this model, which became known as the Bohr Model when the
number of electrons is greater than 1, it was still useful for gaining some
visualisation of an atom, plus it provides a transition point into the complexity
of quantum mechanics.

1.3.2

The Atomic Model

Today, many scientists simply dismiss the classical view of the atom as little
more than a footnote in history, superseded by the

development

within quantum mechanics; even though the basic particle model is still part of

Atoms are round balls of wood invented

the foundation science taught in most schools. However, just ignoring history

by Dr. Dalton. Answer given by a pupil to

can lead to a lack of perspective concerning the overall development of the

a question on atomic theory, as reported

particle model and the sequence of assumptions that still often underpin our

by Sir Henry Enfield Roscoe.

visualisation of the sub-atomic world.
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It has been said, and not without some justification, that few, if any, have ever fully

John Dalton

understood the theory behind quantum physics. May be, for this reason, the particle

Chemical analysis and synthesis

model persists because its satisfies the preference for some form of visual model of the

go no farther than to the

atomic structure, irrespective of its actual physical reality. So while the reality of

separation of particles one from

quantum universe, based on wave probability, may be now be the accepted view, it is

another, and to their reunion.

not the starting point for this discussion. At this point, we shall continue with the more

No new creation or destruction

classical model of the atom as it may yet provide some insights to the general workings

of matter is within the reach of

of an atom, which may still useful when atoms are combined into molecular and organic

chemical agency. We might as

compounds. Our previous historical introduction left the story of the development of the

well attempt to introduce a new

atomic model in 1932, when James Chadwick discovered the neutron. However, this was

planet into the solar system, or

really just the beginning of a model growing in complexity, which by 1968, had

to annihilate one already in

introduced the idea of the proton and neutron also having sub-structure. The

existence,

charm quark was proposed in 1974, followed by the bottom quark in 1977 and finally the

destroy a particle of hydrogen.

as

to

create

or

top quark in 1995. Over the years, an ever-growing number of exotic particles have been
‘discovered’ and the following list is simply an illustration, albeit a possibly bewildering
one, of the complexity of the current particle model:

Jacob Bronowski
John Dalton was a man of
regular habits. For fifty-seven



Fermions have ½, odd spin, e.g. protons, neutrons, electrons.



Fermions are closely associated with particles of matter.



Bosons have integral spin, e.g. photons.



Bosons are closely associated with particles of force.



Fermions obey Pauli Exclusion Principle, bosons do not



Electrons have small mass and negative charge=0.511MeV



The nucleus comprises of protons and neutrons.



nothing whatever came. But of

Hadrons are heavy particles made of 3 quarks, e.g. protons & neutrons



the

Quarks come in several difference variants



childlike question about the

Up quarks (charge = +2/3) Down quarks (charge = -1/3)



weights

Protons are ~1830x larger than electron.

construction of these simple



Protons have a positive charge=938.3MeV

molecules—out of that came



Proton charge = 2U+1D quark = 2/3 + 2/3 - 1/3 = 1

modern atomic theory. That is



Neutrons are similar in size to proton, but have no charge=939.6MeV

the essence of science: ask an



Neutron charge = 1U+2D quark = 2/3 - 1/3 - 1/3 = 0

impertinent question, and you



Baryons are hadrons with the property of fermions

are on the way to the pertinent



Leptons are light fermions, e.g. electrons, neutrinos

answer.

years

he

Manchester
measured

walked

out

every

day;

the

temperature,

rainfall,
a

of
he
the

singularly

monotonous enterprise in this
climate. Of all that mass of data,
one

searching,
that

enter

almost
the

However, in contrast to all the apparent complexity of the terminology above, most of the basic workings of the universe can
still be outlined using only 3 kinds of particles:


Protons



Neutrons



Electrons
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These particles, when combined with four fundamental forces, appear to be adequate to describe the basic workings of
universe, at least, at the human and cosmic levels, if not the quantum level.


Gravity acts on planetary masses over huge distances



Electromagnetism binds atoms and molecules



Weak Nuclear associated with radioactive decay



Strong Nuclear binds protons and neutrons within the nucleus of an atom

However, even today, particle physicists are still actively researching the mechanisms by which these forces can be described in
terms of particle interactions:

Force

Particle

Configuration

Gravity

Graviton

Attractive Mass-to-Mass

Relative
Strength
-39

6 * 10

Attractive: Charge [+} to [-]
Electro-Magnetic

Photon

Repulsive: Charge [-} to [-]

1/137

Repulsive: Charge [+} to [+]
Strong Nuclear

Gluon

Attractive: binds nucleus

Weak Nuclear

Boson

Neutrino interaction

1
-6

10

There is one further introductory aspect associated with the weak nuclear force
called beta decay. This process describes a process in which a neutron can decay
into a proton, electron and anti-neutrino. While this process will occur for a free
neutron in approximately 10 minutes, the neutron will remain stable, whilst held
in the configuration of an atomic nucleus. If a neutron is made up of 1[Up] and 2
[Down] quarks, the formation of a proton requires one of the [Down] quarks to
transition into an [Up] quark in order to create the positively charged proton offset
by a negatively charged electron in order to comply with the conservation of
charge. However, intuitively this seems to be indicative of further sub-structure

Range

Attributes

Infinite

Mass=0

2

1/r

Spin=2

Infinite

Mass=0

2

1/r

-15

10

-18

10

Spin=1
Mass=?
Spin=?
Mass>80Gev
Spin=1

Niels Bohr
The present state of atomic theory is
characterized by the fact that we not
only believe the existence of atoms
to be proved beyond a doubt, but
also we even believe that we have an
intimate

knowledge

of

the

constituents of the individual atoms.

mechanisms that are not really explained or well understood within the classical context of a particle. However, we shall start
our examination of this complexity by first considering the assumptions that went into the development of the Bohr model of
the hydrogen atom, introduced by Niels Bohr in 1913.
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1.3.3

The Bohr Model

Bohr’s model is essentially restricted to a hydrogen atom, consisting of only 1

Niels Bohr: 1885–1962

proton and 1 electron and the intention of this discussion is only to provide some

Was a Danish physicist who made

additional level of description of the rationale behind the development of the

fundamental

atomic model. It is highlighted from the start that this is a description of a model

understanding atomic structure and

rather than the actual structure of the hydrogen atom as subsequent application of

subsequently quantum mechanics,

this model to more complex atoms failed to explain all observations and pointed to

for which he received the Nobel Prize

its limitations. However, the Bohr model is an important step in the transition

in Physics in 1922. He was part of a

between classical to quantum physics. In this perspective, the Bohr model is

team of physicists working on the

essentially a hybrid model that still depends on classical physics for much of its

Manhattan Project. Bohr married

derivation, but introduces the key element of quantized momentum. However, the

Margrethe Nørlund in 1912, and one

Bohr model possibly raises more questions than answers in the sense that the

of their sons, Aage Bohr, grew up to

structure of the electron becomes increasingly ambiguous as the wave-particle

be an important physicist who in

duality appears to emerge. Equally, while it defies classical physics by describing a

1975 also received the Nobel prize.

stable electron orbit in terms of quantized angular momentum, it does not explain

Bohr has been described as one of

why the charged electron ceases to radiate energy as it orbits the proton.

the most influential physicists of the

While quantum theory has gone on to provide an additional mathematical rationale

20th century

contributions

to

that has proved successful in predicting the outcome of many experiments, for
many, this quantum model has still failed to provide an adequate description of the `real` physical structure and processes
within the atom.
1.3.3.1

Model Introduction

In the following text, the energy equation for the ground state orbit of the
hydrogen atom is derived and shown to be dependent on the principle quantum
2

number [n]. The common form of this result is given as 13.6/n eV, where
-19

1eV=1.60*10

Joules. Often, the general explanation of this quantized effect and

the discrete spectral emission lines is often linked directly to Planck’s equation
E=hf, where [h=6.63*10

-34

Js] and [f] is frequency. However, this provides no real

explanation of the ground state energy level, being some 15 orders of magnitude
greater than [h] when multiplied by a frequency of 1. Clearly, E=hf does not
provide any explanation of quantized energy levels within the hydrogen atom, if
the frequency of a photon can range continuously over the entire electromagnetic
4

22

spectrum from AM radio to Gamma rays, i.e. 10 – 10 Hz. In order to have a
quantized orbit, there must be some associated parameter, which is directly proportional to the Planck Constant [h] and the
principle quantum number [n]. This parameter turns out to be angular momentum [L] and therefore the derivation will
highlight the importance of this step in the process.
1.3.3.2

Classical Assumptions

The classical requirement for a stable orbit demands that the outward force be matched by an equal and opposite inward force.
The outward force is analogous to a centrifugal force and can be described by the following Newtonian equation:
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[1]

2

Fout = mv /r = 6.79*10

-6

when n=1

Where [m] is mass of the electron, [v] is the tangential velocity at a radius [r]. In contrast, the inward force, in this specific case,
corresponds to Coulomb’s Law derived in 1785:
[2]

2

Fin = k(q1*q2)/r = 6.79*10

-6

when n=1
-45

There is an additional inward force of gravity between the proton and electron, but the magnitude of this force is 2.95*10 ,
which is so small in comparison to the electrostatic force that it can be neglected for the purpose of this initial analysis. The
parameter [k] is a constant equal to [1/4πe], the parameters [q1*q2] correspond to the attractive charges of the electron and
2

proton can be reduced to [e ] and [r] is the orbital radius. So combining [1] and [2] becomes:
2

2

2

mv /r = ke /r
[3]

2

r = ke /mv

rationalising to

2

However, both [r] and [v] were originally unknown, so an alternative line of reasoning was required. Bohr’s idea was linked to
the possibility that the momentum of the electron, within the atom, was quantitised along with its energy, in-line with the
thinking of Planck and Einstein. If so, the electron orbits would only be stable for certain values of momentum. However, the
process of derivation can again start with a classical equation for angular momentum [L]:
[4]

L = I*ω

Where [I] is the moment of inertia and [ω] is angular velocity. However, we can translate these terms back into linear
parameters [v] and [r] just to follow the general logic:
2

[5] I = mr

ω = 2πf

where frequency [f] = v/λ (wavelength)

ω = 2π v/λ

where wavelength [λ] = 2πr

[6] ω = v/r
[7]

2

L = I*ω = (mr ) * (v/r) = mvr
Note, today, these equations are typically presented in vector form, but the essential principles can still be seen
in algebraic form without having to introduce the complexity of vector maths.

1.3.3.3

The Quantum Transition

At this point, most derivations seem to simply introduce the concept of quantized

Niels Bohr

angular velocity without necessarily explaining its fundamental importance to the

Einstein, stop telling God what to do!

entire proof, i.e. atomic orbits proceed in discrete jumps. It can be seen, in [8]
below, that angular momentum [L] is directly proportional to the orbit number [n] and is therefore the parameter that
determines the quantized energy levels of the atom:
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[8]

L = n*h/2π

where [n] is integer orbit number

While many sources use [8], they give little explanation of its derivation. The following steps are actually based on the later
assumptions of Compton (1922) and deBroglie (1923), but hopefully help to highlight a number of key issues. Compton’s
wavelength can be derived directly from both Planck’s and Einstein’s energy equations:
[9]

2

E = hf = mc = hc/λ
Note, the relationship between frequency [f] and wavelength [λ] is based on a dispersion relationship, which can be
generalised as [f=v/λ] that depends on the media of propagation. However, when the media is a vacuum and the wave is
a photon, this relationship becomes [f=c/λ].

1.3.3.4

The Compton and deBroglie Wavelengths
2

While the equivalence of [hf=mc ] is used in this discussion, there is reservation
about the way the energy of a quantum of electromagnetic energy, associated
with a discrete wave frequency [hf], is often simply equated to the mass energy
of even macroscopic objects. However, this issue is deferred to a later discussion
addressing the particle nature of photons.
[10]

λ = h/mc

Compton’s wavelength

2

[11] f = mc /h

substitute f = c/λ in vacuum

[12]

effective mass of a photon?

m = h/λc

Equation [10] is the normal form associated with Compton’s wavelength, but it skips some important steps that may be
relevant to any wider discussion concerning the underlying nature of matter. For a start, while we all probably recognise
2

Einstein’s famous equation E=mc , the scope of the mass [m] has not been clearly defined. Physicists define two distinct types
of mass called invariant and relativistic mass, which we can simplify to rest mass [m0 when v=0] and the relativistic or kinetic
mass [mk when v≠0].

[13]
The term [γ] defines the effect of special relativity and leads to an expanded form of Einstein’s equation:
[14]

2

2 4

2 4

2

2

E = mk c = m0 c / (1-v /c )
2 4

2 2 2

2 4

mk c - m k c v = m 0 c
[15]

E

2=

2 4
m0 c +

2 2

[mk v ]c

2
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Where [mk] now reflects the relativistic or kinetic mass associated with a velocity [v], rather than [m0], which reflects the rest
2 2

2

mass. As such, the [mk v ] term is normally replaced by momentum [ρ ] based on the argument that the only real form of mass
is rest mass. However, we will continue with the expanded form, highlighted by [mk], so as not to lose sight of the specific
components of mass when applied to 3 situations:


Photon with zero rest mass where v=c



Electron with zero velocity



Electron with non-zero velocity approaching [c]
Note: Before actually discussing each case, it should be highlighted that this aspect of the discussion has implications
that go well beyond the scope of the Bohr model. We are discussing what are known as the Compton and deBroglie
wavelengths and, as will be shown, both can be derived from [15] when combined with the assumption often referred to
2

as the Planck-Einstein Relationship, i.e. E=mc =hf. While there appears to be some debate about the validity of this
assignment, without it, the following derivations that lead to the definition Compton and deBroglie wavelengths would
be undermined. Personally, I think the relationship is valid and is telling us something quite profound about the true
nature of fundamental particles. However, this aspect of the discussion will be deferred to the page entitled:
Interpretations and Speculations.
1.3.3.5

Photon with zero rest mass where v=c:

In this case, equation [15] reduces to the following form based on [m0=0] and [v=c]:
2

[16] E = mkc = hf = hc/λ
2

2

mk = E/c = hf/c = h/λc
[17] λ = h/mkc
Note: This compares directly with Compton’s wavelength given in [10]. In this case, we can justify the equality of
2

[mc =hf] by the assumption that a photon is a quantum of energy with a discrete frequency and wavelength, which has
the attribute of a kinetic mass [mk] and velocity [v=c], even though it has no rest mass [m0]. However, it should be
highlighted that the structure of a photon is still an issue of debate.
1.3.3.6

Electron with rest mass [m0] but zero velocity:

In this case, equation [15] reduces to the following form because [v=0]:
[18] E = m0c

2

And if directly equated to hf = hc/λ leads to:
[19] λ = h/m0c

note: f = c/λ
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Note: Again, the form of [19] appears to be analogous to Compton’s wavelength as per [10], but we have to now justify
2

the assumption that [m0c =hf]. By definition, we have said that the electron has no apparent velocity [v=0], but in order
to proceed with the wave-particle duality assumption; we must assign a wavelength to the electron of mass [m 0=me]. If
-12

we plug the figures into equation [19], we get a wavelength [λ=2.42*10 ] and on the basis that [f=c/λ], the electron has
20

a frequency [f=1.24*10 ], even though there is no obvious associated velocity [v=c] other than via association to the
2

value of [c] in E=mc . However, on first exposure, many may be left wondering as to whether a vague comment
about wave-particle duality is an adequate explanation of the wave structure within the electron?
1.3.3.7

Electron with rest mass [m0] and kinetic mass [mk] as [v→c]:

In this case, equation [15] does not immediately reduce, but as [v] approaches [c], the second term become dominant, where it
might appear that the situation becomes analogous to [17], but let us do the substitutions for clarity:
E → mkvc

only as [v] approaches [c]

However, [mk] corresponds to kinetic mass, where [mk=γm0], plus we can also substitute for E=hc/λ :
hc/λ = γm0vc
[20] λ = hγ/m0 v = h/mkv
The form of equation [20] does differs from [17] and [19] because unlike a photon, there is a rest mass [m 0] being subjected to
relativistic effects. So while the substitution starts with the assumption that [v] is approaching [c] to the extent that it has
become the dominant terms in [15] due to [mk>>m0], by virtue of [13], the variable [v] has to be retained. Just as a reminder,
we started this detour at equation [8] in order to justify the quantization of angular momentum [L]. This is based on the
hypothesis that the deBroglie wavelength can be assigned to a particle with velocity [v]:
[21] λ = h/mv

deBroglie’s wavelength

However, we needed to justify the equality of [20] and [21] for the case of an electron particle with velocity [v], which hopefully
the previous rationale has gone someway to explaining. The caveat on this equality being that the particle velocity [v] must be
sufficiently relativistic so as to justify the assumption that [m>>m0]. We might also wish to rearrange [21] to provide an
expression for the velocity [v]:
[22] v = h/ mk*λ
Note: While we have provided some rationale for the derivation for a wavelength to be associated with an electron
particle, we have not really explain how the apparent wave properties of an electron is associated with two different
wavelengths, i.e. when [v=0] and [v≠0]. Again, see `speculations & assumptions` for some further thoughts on this issue.
1.3.3.8

Electron Radius and Velocity

Niels Bohr
When it comes to atoms, language can

We still have some work to do to justify equation [8], but based on equation [7]

be used only as in poetry. The poet, too,
is
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[23]

L = mvr

[24]

L = hr/λ

substituting equation [22] into [23]

However, we might now make a general substitution that links wavelength to
circular rotation, i.e. λ=2πr. As such:
L = hr/2πr = h/2π
[25] L = n * h/2π

where n = atomic orbit number

On this basis, [25] now aligns with the assumption given in [8], which underpins the
quantization of atomic orbits based on angular momentum [L] and we can now
return to the main thrust of Bohr’s model by combining equations [7] and [8]:
L = n * h/2π = mvr
[26] v = nh/2π*mr
Remembering equation [3] as a starting point followed by some messy substituting for [v] as given in [22]:
2

r = ke /mv
2

2

2

rv = ke /m
2

2

r(nh / 2π*mr) = ke /m
2 2

2

2* 2

2

rn h /( 2π) m r = ke /m
2 2

2

2*

2

n h / (2π) m r = ke /m
Finally, we arrive at the Bohr radius for each atomic orbit [n]:
2

2

2

[27] r = n ( h / 4mk*(πe) )
First, it might be sensible to clarify that the atomic orbit number [n] is equivalent to what is now called the 'principle quantum
number'. Also, given its unwieldy nature, we can rationalise equation [28] by substituting for the known values of:
Term

Value
-34

h

6.62*10

e

1.602*10

m

9.11*10

-19

-31

Unit

Description

Js

Planck constant

C

electric charge

Kg

electron mass

-12

C2 N m

+9

N m C-

ε

8.85*10

k

8.99*10

-1

2

-2

2

The rationalised form of equation [27] is:

78 of 253

electric permittivity
1/(4πε)

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________

2

[28] r = n * 5.28*10

-11

metres

Of course, we can now substitute the value of [r] back into equation [26] that allows the calculation of both radius [r] and
velocity [v] to be expressed independently of each other:
Niels Bohr

v = (nh/2π*m) * 1/r
2

2

No, no, you're not thinking;

2

v = (nh/2π*m) * (4mk*( πe) /n h )
[29]

you're just being logical.

2

v = (1/n)*(2π ke /h)

Again, all the values in the term on the right can be substituted, which allows the orbital velocity [v] within the Bohr model to
also be expressed as a function of the principle quantum number [n]. In line with our classical understanding of angular velocity,
the speed of rotation falls as a function of radius:
6

[30] v = (1/n)*2.19*10 m/s

Note: this is ~1% of [c]

In the next page, we will consider the energy levels associated with this model.
1.3.4

Atomic Energy Levels

Based on the assumption outlined in the Bohr Model, we can specify the radius [r] and velocity [v] of an electron orbiting a
central nucleus as follows:
[1]
[2]

2

2

2

2

r = n * ( h / 4mk*(πe) ) = n * 5.28*10
2

-11

metres

6

v = (1/n)*(2π ke /h) = (1/n)*2.19*10 m/s

Therefore, we are now in a position to consider the energy states
of the Bohr atom in terms of its collective potential [Ep] and kinetic
[Ek] energy. While we have dismissed the planetary model, this
quasi-classical approach still requires a stable orbit provided by an
outward force matched by an equal and opposite inward force, i.e.
[3]
[4]

2

Fout = mv /r
2

2

Fin = ke /r

Where [m] is mass of the electron, [v] is the tangential velocity at the radius [r] and [e] is the unit charge on both electron and
proton. However, these equations can be transposed into an equivalent energy format by multiplying both sides by [r/2]:
2

2

2

(mv /r) * r/2 = -(ke /r ) * r/2
which can be rationalised to
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2

2

½mv = -½ke /r
[5]

Ek = -Ep/2

The result in [5] can be compared with the results of stable gravity orbits, as previous discussed, because both are based on an
inverse square law function. However, in this case, the electron is considered to be in a stable orbit due to its angular
momentum. As the orbital radius [r] is increased, the velocity [v] falls and therefore so does the kinetic energy; but [5] tells us
that the system always has twice the amount of potential energy as kinetic energy. However, while the total energy of any
given orbital is still the sum of its potential and kinetic energy, we can rationalise the number of terms as follows:
E = Ek + Ep
E = Ek + (-2Ek)
2

E = -Ek = - mv /2
However, we can also substitute for [v] based
on [2]:
2

E = - m/2 * [(1/n)*(2π ke /h)]
[6]

2

2

2 4

2

2

E = - (1/n )*((2π) *m*k e /h )

Again, this messy equation can be simplified by
calculating all known terms on the right:
[7]
[8]

2

E = - (1/n )* 2.18*10

-18

Joules

2

E = - (1/n )* 13.6 eV
1eV = 1.60*10

-19

Joules

Within the limitations of the Bohr model and
the assumptions made, we can now justify the
assertion of quantum orbitals based on
quantized angular momentum [L]. More importantly, the energy level of each orbital [n] can be calculated and empirically
verified against observed spectral emissions for hydrogen. The diagram above tries to summarise the salient facts that have
emerged from the Bohr atom and allude to a process of quantum energy transfer, which allows the electron to jump between
different energy levels or excited states of the atom. Based on equations [7] & [8], the energy level of the first orbital [n=1] of
hydrogen corresponds to 2.18*10

-18

Joules or 13.6eV. Using table below as a reference, the outer orbits are said to be at a

higher energy level, by virtue of having a lower negative potential, and the transition to any higher orbit requires the absorption
of a photon with the appropriate energy, i.e. frequency.
n

1/n

2

Joules

1

1.00

-2.19*10

2

0.25

-5.46*10

3

0.11

eV
-18

-13.64

-19

-3.41

-19

-1.52

-2.43*10
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4

0.06

-19

-1.37*10

By the reversal of the argument above, transitions from the outer to
inner energy levels require the emission of a photon of a given
frequency, i.e. energy=hf. Transitions to the n=1 orbit are known as the
Lyman Series and correspond to the spectral lines in the ultraviolet and
therefore beyond the visible spectrum. It is the transition to the n=2
orbit from higher levels, known as the Balmer Series, which are best
associated with the visible spectral lines of hydrogen. The table above
also suggests that orbits can extend out towards an infinite radius, while

-0.85

J. Robert Oppenheimer
If atomic bombs are to be added as new
weapons to the arsenals of a warring world, or
to the arsenals of nations preparing for war,
then the time will come when mankind will
curse the names of Los Alamos and Hiroshima.
The people must unite, or they will perish.

still never quite reaching a point of zero potential energy, i.e. charge
attraction. However, in practice, an orbiting electron can acquire greater

Hideki Yukawa

energy in excess 13.6eV, via higher energy collisions, and therefore

Inscribed, in the handwriting of Yukawa, on the

become an essentially free electron. As such, the Bohr model has

surface of the bell inside the Children's Peace

provided us with a basic visual model of the structure of an atom, plus an

Monument at Hiroshima, Japan. The crane is a

ability to calculate its energy levels and derive both the orbital velocity

symbol of longevity and happiness in Japan. The

and radius of an electron, i.e.

monument to mourn all the children whose
death was caused by the atomic bomb was

6

inspired by 12-year-old Sadako Sasaki, who

v = 1/n * 2.19*10 m/s
2

r = n * 5.28*10

-11

believed that if she could fold 1000 paper

m

cranes she would be cured of the leukaemia
From this information, we could also proceed to calculate the orbital

that resulted from her exposure to the radiation

path of the electron in the n=1 orbital based on a basic circular

of the atomic bomb when two years old. She

-10

geometry, i.e. 2πr = 3.32*10 m and also determine the period of
rotation based on its velocity, i.e. 2π r/v = 1.5*10

-16

died before completing them.

sec. To get some idea

of the comparative sizes and distance between 'particles' in the sub-atomic domain - see 'The MIcroscopic Calculator'.

Note-1: Of course, there is only one problem; this model is known not to really reflect the 'true' nature of an atom,
although it results have been verified as a good approximation in the case of a 1-electron hydrogen atom. Again, this
might tell us something about the scope of mathematic models.

Note-2: While outside the scope of this discussion, it is worth noting that quantized photons are only produced by
electron transitions within the atom structure and, as such, may be described as an energy transfer mechanism
intrinsically tied to the structure of an atom. In contrast, a free charged electron subject to any form of wave motion
would be undergoing constant angular acceleration and therefore presumably continuously emitting an electromagnetic
wave, not quantized photons, even though all EM radiation is said to be composed of photons. However, this is an issue
to be address further by the discussion of EM wave theory.
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1.3.5

A Microscopic Calculator

While a model of an atom had begun to emerge by the start of the 20th century, it was
predicated on a structure that was initially thought to be analogous to miniature
planetary system in which electrons 'orbited' a central and much larger nucleus. We
might characterize some aspects of this structure in terms of the Bohr model, first
published in 1913, and considered by many to have been a major milestone in the
development of quantum mechanics. However, within the ongoing development of
quantum theory, the idea of any obvious visual model of an atom slowly disappeared into
an essentially mathematical model known as Quantum Field Theory (QFT). As such, the
idea of any sort of physical substance associated with a sub-atomic particle becomes
subsumed into a description of energy densities that move in an abstracted concept of
space-time. possibly as some sort of wave structure; the exact nature of which appears to
still be much debated. However, for most practical visualizations, Bohr's original model of

Other Calculators

an electron 'orbiting' a central nucleus might still provide a comparative measure of the

If you like playing with numbers,

size of the fundamental 'particles' within the basic atomic model. Therefore, in the

you might be interested in the

current context, we might continue to visualise the electron and nucleus as an analogous,

'Macroscopic Calculator' or the

but microscopic, planetary system that replaces gravity with electromagnetic forces, but

'Cosmic Calculator'

ignores the complexity of an emerging 'quantum reality' that was to follow.
So how might we scale such a microscopic model?
On the basis of the planetary analogy, we might wish to define the distance between an 'orbiting' electron and the central
nucleus in terms of a microscopic astronomical unit and, in so doing, make a cross-reference to the 'macroscopic calculator'.
One of the comparative models within the macroscopic calculator sets the distance between the Earth and the Sun to one inch,
which then leads to the scaled distance to the nearest star being over 4 miles away. However, this default within the current
model results in the scaled sizes of the electron and proton remaining firmly within the microscopic domain, outside normal
human experience. Therefore, it is possibly more informative to use the 'Calculate-2' option, which by default sets the diameter
of a proton equal to our Sun. The following table shows the actual and scaled sizes of the central proton and an ‘orbiting’
electron that is consistent with the diagram above of a basic hydrogen atom as described within the Bohr model. It should also
be highlighted that the physical diameter of both a proton and an electron is a somewhat classical concept and estimates from
different sources can range over several orders of magnitude. As such, these diameters, not radii, sizes should only be seen a
basic comparative benchmark.
Particles sizes

Actual Metres

Scaled Metres

Proton

1.76e-15

8.47e-7

Electron

2.00e-18

9.62e-10

Scale
Factor
4.81e8

The following table complements the information in the table above by showing the actual and scaled value of the Bohr Radius
and an approximate estimate of the separation of hydrogen atoms in deep interstellar space, although the assumptions
underpinning this approximation needs some qualification. For example, the particle density of space varies depending on the
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definition and composition of intra and interstellar space, which might range from between 1 to 1,000,000 atoms per cubic
21

centimetre, but possibly best seen in comparison to the approximate 10 atoms in each cubic centimetre of air here on Earth.
However, if we were to use a somewhat arbitrary figure of 8 atoms per cubic centimetre of interstellar space, we might
approximate each atoms sitting on the corner of a cube separated by about 1 centimetre.
Distances

Actual Metres

Scaled Metres

Scaled Lightyears

Bohr Radius

5.28e-11

2.54e-2

2.68e-18

Interstellar Distance

1.00e-2

4.81e6

5.08e-10

Scale
Factor
4.81e8

As indicated above, the default values of the microscopic calculator are predicated on an analogous comparison of the Bohr
Radius (BR) to an astronomical unit (AU), which in the macroscopic calculator was set to 1 inch or 2.54 centimetres by default.


Example-1:
The default scaled model is probably less useful in the current context because the scaled values of the proton and
electron 'particles' remain in the microscopic domain. In this scaled model, the electron 'orbits' the central proton nucleus
at a radius of 2.54 centimetres, i.e. 1 inch, while the proton diameter is less than a thousandth of a millimetres and the
electron diameter is reduced to a millionth of millimetre. However, although these sizes seem incredibly small on the
human scale, it is worth noting that the scale factor suggests these 'particles' are some 481 million times smaller.



Example-2:
The default value linked to the 'Calculate-2' option sets the size of a proton to that of the Sun, which then allows us to
make a direct comparison of the structural separation within the Bohr hydrogen model to its planetary analogy. On this
scale, an electron would be some 1580 kilometres in diameter, somewhat smaller than the Earth at 12,742 kilometres, but
in the same basic ballpark. However, the scaled Bohr orbit radius would be nearly a thousand times larger than the
comparative Earth orbit coming in at some 41 billion kilometres. Of course, the atomic planetary analogy is now governed
39

by the forces of electromagnetism, not gravity, which differ by some 10 orders of magnitude. However, possibly more
surprisingly is that the nearest atom, in interstellar space, would be 835,000 lightyears away, which differs from the 4.3
lightyears to the nearest star. However, it should be recognised that particle density of interstellar space assumed is
possibly far too low and could easily be increased by a factor 1000+ in many regions of space.
As stated on several occasions, the actual sizes assumed in this model should not be taken too seriously as they are only
intended to provide a very basic comparative model, which is superseded by quantum theory. However, the conclusions of
both the microscopic and macroscopic calculators is that it is essentially impossible to draw a scaled model of either an atom or
a planetary system on a single sheet of A4 paper without the sizes of the 'proton-electron' or 'Sun-Earth' components
disappearing to dots on the page. Again, we may need to re-evaluate or redefine our definition of 'empty space' as it might
appear that the 'tangible substance' of both the macroscopic and microscopic universes is a negligible component when seen in
comparison to its spatial volume.
Matter is mostly empty space, 99.9999999999999% empty space to be a little more exact. If you could take away the
empty space then all the subatomic particles in all the six billion people on planet earth would pack into a volume only a
little larger than a grain of rice. Sir Arthur Eddington

83 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
1.3.6

Interpretation and Speculation

This page predates the section on Speculative Science, which attempts
to segregate the discussion of foundation and accepted science from
more speculative ideas that mainstream science might reject.
However, in many respects, there is nothing wrong with going beyond
the limits of inference, as long as you don’t promote speculation as
fact. Therefore, the following discussion is being highlighted because
certain aspects go well beyond the ‘limits of inference’ into pure
speculation when trying to interpret some of the implications that fall
out of the Planck-Einstein relationship:
2

[1]

E = mc = hf

To some extent all models are a simplification of physical reality and, in the wider context of trying to understand the structure
th

of the atom, we are also struggling to understand the very nature of matter. The 20 century was a time of transition between
the classical and quantum worldviews. However, the quantum model has itself been subjected to major revisions, which are
worth listing:


1900: Max Planck introduced the idea that energy is quantized.



1905: Einstein explained photoelectricity in terms of light quanta called photons.



1913: Bohr explained the spectral lines of the hydrogen atom using quantized orbits.



1924: de Broglie predicts matter waves that underline the wave-particle duality.



1925: Heisenberg and Born developed matrix mechanics



1926: Schrödinger develops wave mechanics and the non-relativistic equation.



1927: Heisenberg formulated his uncertainty principle.



1928: Copenhagen interpretation is established.



1928: Dirac proposes his theory of the electron.



1930: von Neumann formulates a mathematical basis for quantum mechanics.



1940+: Quantum ElectroDynamics (QED) formulated by Feynman et al.



1960+: Quantum ChromoDynamics (QCD) formulated by Politzer, Gross and Wilzcek

So surely, given all the developments listed, science must be getting pretty close to understanding the very nature of matter.
Certainly some believe this to be the case and can cite numerous developments and experiments, which appear to support this
assertion. So much so that it would probably take a brave, and possibly foolhardy, person to even suggest that there might
be problems with our current model or, at least, some of the interpretations put upon it. One of the key issues not addressed by
the Bohr model, and to some extent by all later models is linked to the question:
Why does the electron stop radiating when in a stable orbit?
In many respects this was the very reason why the original planetary model of the atom was abandoned in favour of Bohr’s
model. While Bohr’s model provided some sort of rationale behind the quantization of atomic orbits, it provides no real
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explanation as to why an electron, subject to acceleration by virtue of a circular orbit, ceases to radiate electromagnetic energy.
This issue has recently been taken up by a model called Classical Quantum Mechanics (CQM), which while it may contain fatal
weaknesses, does highlight a number of limitations concerning all quantum models to-date. It is claimed that both the
Schrödinger and Dirac equations are not accurate, because they do not account for spin, ignore the Lamb shift, the fine
structure, and the hyperfine structure completely, plus are not stable to radiation. It is also claimed that later models, such
as quantum electrodynamics (QED) do not fully explain:


Why electrons bound in an atom do not radiate.



The inconsistencies between special relativity and the classical electron radius.



Some solutions require negative rest mass and negative kinetic energy.



Infinite kinetic energy and infinite electron mass for the interaction of the electron



And predict zero-point field fluctuations

These issues go well beyond the scope of our present discussion, but are worth noting for future reference. However, there
was an element of the wave-particle duality issue, which has been touched on and therefore we may venture to speculate a
little further on this specific issue as it seems to be a prerequisite of quantum wave mechanics to follow.
1.3.6.1

Wave-Particle Duality

In the derivation of the Bohr model, three different cases were highlighted in connection with the Compton and deBrogle
wavelengths. Wave-particle duality suggests that these wavelengths are associated with all fundamental particles, although we
only examined 3 fundamental cases:
2



Photon: no rest mass [m0], but kinetic mass [mk] via mc =hf



Electron: rest mass [m0], but no kinetic mass [mk] when [v=0]



Electron: rest mass [m0] plus kinetic mass [mk] when [v→c]

It was shown that the derivation of the Compton and deBroglie wavelengths were both linked to the following relativistic
energy equation [2] and the Planck-Einstein relationship given in [1] above:
[2]

E

2=

2 4

2 2 2

m0 c + m k v c

However, the associated values of [m0] and [v] in each case led to the following solutions, as original outlined by the Bohr
model:
Case (1): v=c

Case (2): v=0
2

[a]

E = hc/λ

E = m0c

[b]

λ1= h/mkc

λ2 = h/m0 c

Case (3): v→c
E » mkvc
λ3 = h/mkv

Case (1) corresponds to a photon with no rest mass [m0] but velocity [v=c], while cases (2) and (3) related to an electron with
rest mass [m0], but reflects 2 variants where velocity [v=0] and [v→c]. However, the derivations associated with cases (1) and
(2) both lead to an associated wavelength that conforms to the definition of the Compton wavelength, while case (3) leads to
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the form of the deBroglie’s wavelength. The variable [m=mk] is used to highlight the predominance of kinetic mass as opposed
to rest mass [m0].
But how should we interpret the inference of each wavelength?
Well the first implication seems to be that wave-like properties, e.g. frequency, can be associated with fundamental particles
like electrons. By the same token, it also seems to suggest that particle-like properties, e.g. kinetic mass, can be associated with
the fundamental component of an EM wave, i.e. photon. While many references seem to suggest that the Compton and
deBroglie wavelengths can be applied to large composite particles, it is believe that the derivation discussed in this section are
only applicable to fundamental particles within the sub-atomic domain:
So what is a fundamental particle?
To avoid addressing the possibility that protons and neutrons have a ‘particle-like’ sub-structure in the form of quarks, we
might for the purposes of this discussion just stick with a simpler model involving just 2 fundamental particle-waves:


Electrons



Photons

In this context, the speculation is that these 2 fundamental elements cannot maintain a particle description simply because, at
some point, the solid nature of a particle becomes meaningless in the sense that we cannot even put a name to the substance
from which the particle-like quality might be said to emerge. If so, we might need to adopt a different vocabulary to describe
these fundamental elements and, in the absence of anything else, it would seem that a wave structure is the most likely
candidate for the next model.
But what physical interpretation can be put on the Compton and deBroglie wavelengths?
From a wave structure perspective, we need to understand what these wavelengths might be reflecting in each case. One of
the first issues to consider is the relationship between wavelength [λ] and frequency [f], which we might introduce by the
following equation that expresses the propagation velocity [v] of an associated wave:
[3]

v = fλ

When discussing EM photon travelling in a vacuum, it is generally assumed that the propagation media, i.e. the vacuum, is nondispersive such the following relationship maintains the speed of light [c]:
[4]

c = fλ

It is highlighted that if [c] is a constant and frequency [f] is a function of energy [E=hf], then wavelength is just a resultant
property arising from the propagated distance [x] in one frequency cycle. However, there is some obvious ambiguity in how we
might translate both the Compton wavelength for a stationary electron and the deBroglie wavelength for an electron moving at
relativistic speeds [v]. First, if we assume the electron always exists in the effective vacuum of the sub-atomic domain, we might
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also assume a non-dispersive media analogous to the vacuum; although in the case of a stationary electron [v=0] we cannot
apply [3]. As such, the speculation is that a stationary electron must translate its Compton wavelength via [4] such that its
frequency corresponds to:
[5]

2

f = m0c /h

It might be recognised that this equation is just a rearrangement of the Planck-Einstein relationship in [1]. However, if we are to
pursue the speculative idea that an electron has a internal wave structure, then this wave needs some sort of propagation
velocity [c] to exist according to [4], while at the particle level it remains stationary, at least, relative to an observer.
How can this contradiction be resolved?
Let us just table this question for the moment and consider the case of an electron moving at a relativistic speed [v], which has
an associated deBroglie wavelength, which according to [3], has a corresponding frequency given by:
[6]

2

f = mkv /h

Again, we are making an implicit assumption that because the particle reflects an underlying wave structure; its velocity [v]
must somehow reflect the propagation velocity of a wave, which is yet to be described. Let us just stop to rationalising a few of
the issues outlined so far:


The speculation is that wave-particle duality associated with photons and electrons ultimately has to be described in terms
of some sort of fundamental wave structure.



Both photons and electrons can be described as fundamental quanta of energy, which is somehow supported by an
internal wave structure, where frequency is proportional to energy, but also accounts for the emergence of mass and the
perception of a localised particle.



In some ways, the photon appears to be a special case that has no rest mass [m 0]. As such, the idea of a photon may only
be a by-product of a transfer of energy.



2

A stationary electron has an associated rest mass [m0] and energy [E=mc ] plus a frequency associated with the Planck2

Einstein relationship m0c =hf. However, to support a frequency it requires a propagation velocity [v=c]. It would appear
that this wave frequency must somehow be supported within its own internal structure.


A moving electron has both an associated rest mass [m0] and kinetic mass [mk]. As a consequence, it is unclear whether a
moving electron has two associated frequencies or one variable frequency. In the former case, there would be a frequency
associated with it rest mass [m0], i.e. Compton, plus another associated with its kinetic mass [mk], i.e. deBroglie.

Given that the only purpose of this section was simply to outline some speculative ideas within the context of a ‘duty of
inquiry’ into foundation science, there is possibly little point in pursuing these ideas too much further at this stage. However, it
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might be useful, at least from a visualisation perspective, to outline just one further line of thought in regarding to the last
bullet above:
How could two frequencies ever be associated with one particle at the same time?
Without actually forwarding the idea in direct response to the question above, we might still like to reflect on the known
physics of standing waves and beats. A standing wave can be produced by the superposition of two waves travelling in opposite
directions. The propagation velocity of the travelling waves is generally given as the product of the wave frequencies and the
associated wavelengths connected to the propagation velocities of the component waves, i.e. v 1= λf1 and v2= λf2. If you change
the frequency of one of the component travelling waves, the standing wave persists, but drifts in the direction of the higher
frequency wave with a secondary velocity [v2]. A beat wave can also be produced by two waves travelling in opposite directions
with different frequencies, but with the same propagation velocity. What is important about the beat wave to our discussion is
that a waveform with two wavelengths is produced, i.e. the fundamental carrier frequency [f a] plus the modulated frequency
[fb]. As such, the ability of a standing wave to drift with velocity [v 2] and the beat wave to support two frequencies at the same
time seems, at least, to offer some general possibilities in response to the previous question.

The picture above is reflective of a 2-dimensional beat wave, while the electron wave analogy would have to exist in 3dimensions, i.e. it would require a spherical standing wave. There would also have to be some mechanism that explained its
finite dimensions as a particle and any associated attributes, such as mass and charge with the strength of the charge field
being a function of the classical inverse square law.
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1.3.7

The Molecular Model

Clearly, we have left the discussion of the structure of the atom with
some seemingly key questions unanswered. In part, these questions will
require an introduction to quantum theory that was to develop after
Bohr introduced his initial model in 1913. However, history shows that
Bohr himself was to become a major contributor to quantum theory
along with many others, i.e. deBroglie, Heisenberg, Schrodinger, Dirac,
which led to what has become known, by the end of the 1930’s, as the
`Copenhagen Interpretation'. However, this interpretation was not
without its own ambiguities, which will also need to be considered, but
for now, there is some possible advantage in progressing up the
dimension scale towards the molecular and organic models.
As already suggested, the transition from alchemy to the science of
molecular chemistry can be linked to the publication of Boyle’s work

History

in 1661. However, it can also be argued that without any real

The history of chemistry might be traced back to

understanding of the composition of the atomic elements, as

as early as 3,000 B.C in Egypt. Although, at that

suggested by the periodic table, the science of chemistry remained in

time, chemistry was possibly more of an art than a

th

its infancy until the late 19 century. By this time, some 60 elements

science. Records might even suggest that the first

were known, but by the 1930’s, this number was converging towards

chemists

the 92 elements that were known to exist in nature. However, in the

perfumes from

light of subsequent developments in nuclear physics, science is now

Egyptians also produced chemical compounds

much more circumspect about the exact number of elements that can

used in the process of mummification. By 1000

be created. Today, web sites such as Web-Elements list 118 elements,

B.C, chemistry had developed to the point that it

although some of these may only have transitory and somewhat

included the smelting of metals and the making of

artificial existence.

drugs, dyes, iron, and bronze. The physical

were

women

who

manufactured

various substances.

Ancient

properties of some metals. such as copper, zinc,
1.3.7.1

Atomic Shells

silver, and gold were beginning to be understood.
As such, the history of chemistry is based on the

The aggregation of sub-atomic particles into specific elements and

contributions of many cultures, e.g. Egyptians,

their subsequent combination into molecules continues the transition

Greeks, Hebrews, Chinese, and Indians.

from the sub-atomic universe. Within this process, the ambiguity of
matter particles solidifies, literally, first into molecular particles and finally into tangible objects visible in human domain.
Therefore, even some basic insight of this transition process may be useful to the general understanding of the structure of
matter. Traditionally, chemistry defines the atom as the smallest particle that can take part in a chemical reaction, but
recognises that the key to understanding these reactions lies within its sub-atomic structure. In this context, our initial starting
point was Bohr’s model, as it provides a frame of reference in which to introduce some of the basic ideas that ultimately
signalled the transition from the classical particle model to the quantum wave model. However, the diagram above reflects the
more classical idea of fundamental particles to describe the basic make-up of a carbon atom, i.e. a central nucleus of 6
positively charged protons and 6 neutrons being 'orbited' by negatively charged electrons. Classically, the electron orbits were
assigned to shells K, L, M, N, O, P and Q, although subsequently referenced by numbers, i.e. 1, 2, 3, 4, 5, 6 and 7.
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In addition, each shell can have a number of sub-shells, denoted as s,

What is a chemical?

p, d and f, but now also referenced numerically. One of the main

A chemical is a substance that an organic chemist

issues with the Bohr model is that its continues to suggest that the

turns into a foul odour. An analytical chemist turns

electron exists as a distinct particle with a definite radius and velocity,

into a procedure. A physical chemist turns into a

whereas it is possibly more accurate, but not necessarily absolutely

straight line. A biochemist turns into a helix; and a

correct, to described the nucleus of an atom as surrounded by a

chemical engineer turns into a profit!

`cloud of electrons`. Within quantum theory, this cloud is organised
into separate probability distributions, each of which can contain up to two electrons. These probability distributions are still
referred to as orbitals, which broadly align to the concept of shells and subshells. The orbitals are grouped into sets by their
symmetry and there are 4 known sets of orbitals, which are called s, p, d, and f. The number of orbitals increases for each type,
so while there is only one `s` orbital per shell, there is seven `f` orbitals. Each orbital holds 2 electrons.
s orbital

1 per shell

sharp

p orbital

3 per shell

principal

d orbital

5 per shell

diffuse

f orbital

7 per shell

fundamental

The letters come from names given to the appearance of spectral lines from the orbitals. There are shells of orbitals that
increase in energy at the higher shells. Shell 1 only contains an `s` orbital and each shell adds to the next orbital type, so shell 2
has `s` and `p` orbitals etc. The energies of the shells overlap so that eventually the 4s shell has a lower energy than the 3d
shell. The actual filling is shown below.
1s

2 electrons

2 total

2s

2p

8 electrons

10 total

3s

3p

8 electrons

18 total

4s

3d

4p

18 electrons

36 total

5s

4d

5p

18 electrons

54 total

6s

4f

5d

6p

32 electrons

86 total

7s

5f

6d

7p

32 electrons

118 total

This filling order, while generally correct, does have slight irregularities due to the closeness (energy-wise) of certain orbital
groups during partial filling. At this point, it is worth just mentioning the `Aufbau Principle` that describes the rules for filling
orbitals:


Lower-energy orbitals fill first.



An orbital can hold only 2 electrons with opposite spins in-line with the Pauli Exclusion Principle.



If there are 2 or more degenerate orbitals, i.e. have the same energy level, 1 electron goes in each, until all are halffull. This is also known as Hund's Rule.
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Theoretically, electrons in the same shell possess the same energy, but this is not really true for multi-electron atoms due to a
process called shielding. Shielding results from repulsion of electrons either in the same shell or inner shell. While we have
barely begun to scratch the surface of this model, it is clear that the visual aspect of this model is quickly losing its value.
1.3.7.2

The Periodic Table

While much of the sub-structure of the atom is still ambiguous, in terms of chemistry, it is clear that it is the ability of the outer
electrons to interact with other atomic structures that determines the general properties of an element. In this context, the
shells and orbitals can be used to explain the order of the elements and the size of the various rows in the periodic table.
The name 'periodic table' became about as it was recognised that many properties of the elements are periodic functions of
their atomic number, i.e. the number of protons within the element's atomic nucleus. Therefore, the periodic table is an
arrangement of the chemical elements, ordered by atomic number in columns or groups against rows so as to emphasize their
periodic properties. Again, there are already many websites that explain the detailed classification of the elements.
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1.3.7.3

Chemical Bonding

As indicated, a chemical bond between atoms is typically based on an interaction of the outer electrons of the respective
elements. Within the context of this general introduction, we shall describe two basic types of bonds: Ionic & Covalent.


Ionic Bonds
These bonds arise when elements with almost empty outer shells react with elements with near full outer shells.
Typically, within this type of bonding, one atom loses an electron, while another gains an electron and therefore the
charge neutrality of the original atoms is converted to either a negative or positive ion. Thus the new compound is
bonded via charge attraction, although the new molecules, as a whole, can still remain charge neutral. Table salt, i.e.
sodium chloride, is a good example, where sodium gives up its one outer shell electron to chlorine, which needs only
one electron to fill its shell.



Covalent Bonds
These bonds involve a sharing of electrons and occur between atoms that have partially filled outer shells. A diamond
is a well-known example of a molecular structure, which involves a network of covalent bonds between carbon
atoms.

So, it is through such processes, that sub-atomic structures combine to form molecules, which eventually aids the transition
from the quantum world into the `touch and see` world of humanity. So, to summarise:


An atom is the smallest particle that can take part in a chemical reaction.



Chemistry requires energy to create interaction between atoms.



Too much energy, i.e. as in stars, tears apart molecular bonds.



Too little energy, i.e. near zero temperature of space, prevents interaction.

As such, planets may provide an important, and possibly unique, environment for molecular
chemistry to take place, which is a prerequisite of organic chemistry, which is the topic of the
next page.
1.3.8

The Organic Model

The line between inorganic and organic chemistry is an important one in the evolution of life
on Earth, and possibly on other planets. However, it is division that is not really understood –
nd

see `The Beginnings of Life`. However, the 2 Law of Thermodynamics states that energy tends
not to remain in high energy levels within an atom and must eventually disperse to as many
nd

lower energy levels as possible. As a consequence, the 2 law is closely associated with the
concept of entropy, sometime referred to as the `law of disorder`, which would seem to
prohibit the formation of more complex structures by pure chance. As a result, one might
naturally assume that complex molecules cannot spontaneously form from simple ones, which
some have characterized by the saying:
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`A watch must have a watchmaker`
While this may seem to be a requirement of most chemical compounds that exist in the cosmos, we might need to take a closer
look at the dynamics of the energy equation associated with the formation of molecules to verify whether this is actually the
case. The chemical potential energy, i.e. the enthalpy of formation, which is bound up in most of the 20,000,000 known kinds of
molecules, is less than that of their elements. Thus, energetically, the second law says that the majority of compounds known
could spontaneously form from the corresponding elements. So, with reference to the watchmaker analogy above, if watches
are not lower in thermodynamic energy than the total energy of their individual components, the second law is suggesting that
it is simply inappropriate to compare a watch with the behaviour of chemical compounds and elements.
Typically, atoms in a gas can be moving at a few hundred to several thousand miles an hour at
ordinary temperatures. Therefore, hydrogen and many other atoms behave in a way that is
impossible for watch parts. With the increase of kinetic energy of the atoms, due to
temperature, atoms can spontaneously `bond` when they collide and, in so doing, can form
new arrangements. These new arrangements can create molecules that are so stable even
temperatures of thousands of degrees cannot tear them apart again. However, molecules are
not random arrangements, so when three or more atoms join to form a molecule, they are

Mike Adams
Organic chemistry is the
chemistry

of

carbon

compounds. Biochemistry
is the study of carbon
compounds that crawl.

arranged in a precise order, normally unchanging over time, and with a relatively fixed geometric relationship. By the same
token, different types of molecules can collide so violently that they produce totally new types of molecules, i.e. other more
complex formations of ordered structures.
Amino acids when simply melted with other amino acids, i.e. when energy is added to make them move more rapidly; form
huge new compounds. Although these compounds are not true proteins, they still utilize hundreds to thousands of amino acids
using the same kind of bonds that hold proteins together. Another example of the spontaneous behaviour of elements is the
reaction of hydrogen gas with oxygen. Hydrogen atoms have such an inherent tendency to form strong bonds with oxygen that
nd

even a small amount of activation energy cause the two substances to react. This process still obeys the 2 law, which requires
the energy in hydrogen and oxygen to spread out, when lower energy formations are possible, i.e. water. Yet, water is a far
more complex formation than its constituent elements.
As such, there are millions of compounds that have less energy in them than the elements of which they are composed.
This sentence is highlighted because is suggests a mechanism in which complexity and order can increase without violating the
nd

2 Law of thermodynamics. This would appear to be critical to any incremental process that ultimately leads to the building
blocks of life. In fact, the 2nd law actually favours the formation of the majority of complex chemical compounds directly from
nd

their simpler elements. Thus, contrary to a wide spread belief, the 2 law does not dictate a decrease of ordered structure; it
only demands that energy diffuse when lower energy formations are possible.
In the context of the discussion of Life, organisms produce some of the most complex compounds known. For example, by
photosynthesis, plants make sugars, cellulose and chlorophyll plus hundreds of other compounds. They use energy from
sunlight to synthesize the complex higher-energy substances from lower-energy compounds like carbon dioxide and water.
nd

However, the 2 law states that these higher-energy compounds cannot spontaneously form from lower-energy elements,
which they do not, as they derive the additional energy to `swim against entropy’s tide` from the sun in the form of high-energy
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nd

photons. The 2 law does not prevent the entropy of a local system being reversed through the input of external energy, as in
the case of heating a gas, as longer as the system as a whole doesn't disobey the 2nd law.
So, to recap at this point, there are both spontaneous and non-spontaneous processes, which can lead to the formation
nd

of more complex compounds. Spontaneous processes can be directly attributed to the 2 law, where molecules are
formed because they are in a lower-energy state. A non-spontaneous process requires external energy to reverse
entropy, but can then form stable molecules. Again, in the context of our wider discussion, there appears to be no reason
why these processes do not take place throughout the universe.
Hydrogen and carbon are both prevalent in the universe along with oxygen and nitrogen, albeit in much smaller quantities.
Organic compounds are substances that contain carbon and the simplest organic compounds are called alkanes. Alkanes are
composed of one carbon atom bonded to two or three hydrogen atoms. All alkanes have less energy than their elements and
nd

the 2 law would suggest they would form spontaneously whenever carbon and hydrogen were present. Therefore, it is not so
surprising that there is spectroscopic evidence showing that these alkane compounds do exist naturally in the wider universe.
However, far more complicated types of compounds called `Polycyclic Aromatic Hydrocarbons (PAH)` have also been detected
in space. If oxygen is present in the PAH it would have less energy than its elements and could therefore form spontaneously in
nd

accordance to the 2 law. If PAH is composed only of carbon and hydrogen it will contain more energy than its elements and,
as a consequence could only form via a non-spontaneous process. However, this type of PAH is also detected in space, but
could also have been formed, without intervention, given sufficient energy being provided from stellar sources, i.e. radiation.
So while accepting that we still have much to learn in this area, there does appear to be evidence of processes, based on the
laws of chemistry and thermodynamics, which support the automatic formation of complex compounds.
To conclude this aspect of our discussion, we know that biological life on Earth is based on the element carbon. We also know
that very early in the formation of the Earth, carbon was made available as volcanoes spewed out many key elements into the
Earth's atmosphere. As a consequence, various chemical reactions began to take place, which would have resulted in the
creation of new and more complex compounds. Our discussion has suggested that one of these compounds could have been
the amino acids. In 1953, Stanley Miller and Harold Urey showed that basic amino acids could be formed, when an electrical
field was applied to a certain mixture of gases, similar in proportion to Earth’s early atmosphere.
However, in-line with Clifford’s warning about the limits of inference, it should be noted that some have likened the
Miller-Urey experiment to creating a few words that, by chance, appear in a Shakespeare play.
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1.3.9

Summary of Particle Model

In many respect, the purpose of this section, as a whole, was to provide a
brief overview of the development of the particle model from the early
Greek idea of an indivisible atom to the complexity of today’s sub-atomic
model. This latter model now underpins both molecular and organic
chemistry and collectively they provide a working model of almost
everything in the universe from the microscopic domain of atoms through
to the macroscopic domain of galaxies. However, some specific focus was
put on the Bohr model because it highlights the beginning of a transition
from the classical view of the particle model to the quantum model, which
th

was to develop within the first half of the 20 century. The quantum model,
to be discussed in a later section, is built on the assumptions of wave
mechanics rather than Newtonian mechanics. However, while describing
the outcome of certain seemingly inexplicably sequences of events, the
quantum model does not always explain the reason why they occur, at least,
to everybody’s satisfaction. However, with the benefit of this hindsight, the
section started by asking as somewhat provocative question:
Are the foundations of the particle model wrong?
Hopefully, if you have followed some of the arguments through the various
pages in this section, you might have a better understanding of the reasoning
behind this question. While the historic outline suggested that the basic idea of
an indivisible particle, i.e. the atom, was first conceived by the Greek
philosophers; it is probably true to say that this idea has no direct correlation
with the modern concept of an atom. However, the idea of building block
particles is a powerful and intuitive one at the macroscopic level of everyday
life and, in many ways, still provides a valid model of the working of the

Louis-Victor de Broglie
After long reflection in solitude and
meditation, I suddenly had the idea,
during the year 1923, that the discovery
made by Einstein in 1905 should be
generalised by extending it to all material
particles and notably to electrons.

universe in terms of Newtonian mechanics.
So what is the problem?
Newton published his great work ‘The Principia’ in 1687 in which he outlined the classical laws of motion and the universal law
of gravitation. In 1900, some 200 years later, Planck published an equation that defined energy in the form [E=hf] followed, in
2

1905, by Einstein’s equation [E=mc ]. Today, some 100 years later, what has been described as the Planck-Einstein relation, i.e.
2

[mc =hf], appears to remain as one of the foundation stones of our interpretation of both energy and mass.
But what do these equations really tell us about the true nature of mass and energy?
While the scope of this section has tried not to run too far ahead of the timeline implied by the classical model, many will point
to quantum mechanics has a model that has now resolved the wave-particle conundrum. However, as to be discussed, it is
unclear whether quantum theory really added anything to the fundamental description of mass or energy. So, returning to the
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classical timeline for now, the ‘wrongness of the particle model’ might best be described in terms of an intuitive logic, i.e. if we
cannot describe the material substance of a fundamental particle, we cannot describe its internal structure in terms of a
particle model. So the obvious question to table at this point is:
What might be the premise of any alternative model?
The section entitled ‘Interpretations and Speculations’ was not really intended to be taken too seriously, as it deliberately tried
to limit the scope of speculation within the constraints of the Bohr model. However, it is believe that this is still a relevant
perspective, because it provides an insight into the issues faced by Niels Bohr, and others, who then went on from this point in
time to develop quantum theory. However, before we can follow this logic progress, we first need to consider the classical
development of wave physics and then some of the complexity of electromagnetic wave theory, as embodied in Maxwell’s
equations. Finally, with some understanding of the scope of the problems associated with modern science, we might indulge in
some more ‘speculative science’ and ultimately question the underlying structure of matter.
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1.4

A Wave Perspective

Katsushika Hokusai created his enduring image of `The Great Wave` around 1832. The inscription translates to ‘Under a Wave
off Kanagawa` and depicts two boats struggling against the power of a great wave with Mount Fuji in the background.
However, while Hokusai’s image is the more beautiful illustration of the power or energy of a wave, we need to turn to science
to better explain the underlying nature of waves.

Therefore, we will start by providing some sort of definition of a mechanical wave, which is the class of wave associated with a
physical medium like water:
A mechanical wave travels through a medium by means of a `mechanical` interaction between adjacent or neighbouring
particles within that medium.
However, we should clarify from the start that a wave is a mechanism that transports
energy independent of matter. As such, there is no wholesale movement of the
particles in the medium, although mechanical waves do depend on these particles
`vibrating` in some manner, such that the energy of the wave can be transferred.
Therefore, we might generalised the previous definition of a wave to:
A wave is a mechanism that transports energy `independent` of matter

Albert Einstein
“It would be possible to describe
everything scientifically, but it
would make no sense; it would be
without

meaning,

as

if

you

described a Beethoven symphony
as a variation of wave pressure.”

This definition is subject to certain caveats that will be highlighted in a number of examples as we progress the discussion of
mechanical waves. However, while it is not the subject of this section, we should possibly make some reference
to electromagnetic waves travelling through a vacuum. In the case of an electromagnetic wave, the energy transfer is
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considered totally independent of any mechanical interactions between any neighbouring particles. Therefore, these waves are
subject to a different description and, for this reason, the discussion of electromagnetic waves is deferred until after we have
established some of the basic principles associated with mechanical waves. The discussion of mechanical waves will be subdivided into 3 broad sections.


Introduction of waves in 1, 2 and 3 dimensions



The basic physics of simple harmonic motion (SHM).



The nature of waves in terms of superposition, harmonics, energy & velocity.

In an attempt to help the visualisation of some of these concepts, a number of
programs have been written to help produce a number of animated GIFs. However,
given the general level of discussion, the programming details behind these

Lord Byron
Nothing, save the waves and I.

animations will not be expanded within the description itself, but might eventually be detailed in a separate discussion within
the 'Technology' section of Website-2 – see Wave Simulator and Wave Simulations.
1.4.1

Introduction

In this introductory section, the goal is simply to provide some examples of mechanical
waves that propagate in 1, 2 and 3-dimensions. While we live in a 3-D world, we
probably have a better intuitive understanding of the idea of 2-D waves as seen
expanding out across the surface of a pond. However, 1-D and 3-D waves also highlight
important concepts that we will need to reference in later sections. So, to start, we

It

is

highlighted

description

of

that

the

electromagnetic

and mechanical have fundamental
differences

shall repeat the basic definition of a mechanical wave:
A mechanical wave is a mechanism that transports energy ‘independent` of matter
However, this somewhat general definition needs to be clarified because while there
is no wholesale movement of the particles in the medium, a mechanical wave still
depends on localised vibration of particles, such that the energy of the wave can be
transferred. As a consequence of this dependency on the vibration of particles within
a given media, there are many forms of mechanical waves:


1, 2 and 3-dimensional configurations



Traverse and longitudinal waves



Travelling or standing waves

We might initially start with a visual image of a surface wave moving across the ocean
and crashing on some distant shore. However, it is not so obvious how the energy has
been transported without the wholesale movement of the ocean or even the water
within the wave. Equally, we need to recognise that this example of the movement of
a mechanical wave is essentially restricted just 2-dimensions. Therefore, we should try to quickly extend this visualisation to
encompass examples covering all 3 dimensions, e.g.
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A 1D wave on a guitar string

Because



A 2D wave caused by dropping a pebble in a pond

depend on the media through



A 3D wave radiating a sound wave in all directions

which they are propagating, they

mechanical

waves

can exist in many difference forms
While this might provide some initial visual examples of waves moving spatially in 1, 2

subject to the characteristic of the

or 3-dimensions, with respect to time, we might also like to note the additional

material media.

complexity of theses waves moving in different modes, i.e.


Traverse Waves:
In this mode, the amplitude of the wave is perpendicular to the direction of wave propagation.



Longitudinal Waves:
In this mode, the amplitude of the wave is parallel to the direction of wave propagation.

We could also add to this complexity by saying that waves can be a composite of both transverse and longitudinal forms of
propagation, which may be inwards or outwards from a nodal centre. Waves can also be confined within a bounded system,
e.g. a finite length of a guitar string, or essentially unbounded, e.g. an ocean wave. As such, there is much scope for visualising
an almost infinite number of examples of mechanical waves. However, for the purposes of this introduction, we shall have to
restrict the scope to a limited number of examples of waves moving spatially in 1, 2 and 3-dimensions with time.
1.4.1.1

Difference between EM and Mechanical Waves

This sub-section tries to summary some key differences between EM waves and

The physics of mechanical waves

mechanical waves. Earlier discussions of waves have been primarily focused on the

is characterised by the following

wave-particle duality of photons, but it is important to realise that most EM wave

basic attributes: Energy [E] is

descriptions do not apply to mechanical waves:

proportional to the square of the
amplitude.

1.

Frequency

[f]

is

The energy equation for the photon [E=hf] is not subject to any decay with

described in terms of its own

distance, which is not the case for mechanical waves that can fade like the

function of energy. Velocity [v] is a

ripples on a pond. The exact reasons will be addressed in the next section.

function of the propagating media
Wavelength [λ] equals velocity

2.

The equation [E=hf] also suggests that frequency [f] is directly proportional

divided by frequency.

to the energy of the wave. While this is true for an EM wave, this direct
equivalence does not necessarily apply to mechanical waves.
3.

We have assumed that the propagation velocity [v] for a photon is always [c], at least in vacuum, from which we can
calculate the wavelength [λ=v/f]. Again, caveats apply to mechanical waves.

4.

While [λ=v/f] can be transposed to the form [v=fλ], it doesn't explain the physical dependencies between these
parameters for reasons outlined below.
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Having established these points of difference between EM and mechanical waves, let us try to first summarise some of the key
parameters in connection with mechanical waves:
1.

Energy [E] is proportional to the square of the amplitude.

2.

Frequency [f] is described in terms of its own function of energy.

3.

Velocity [v] is a function of the propagating media

4.

Wavelength [λ] equals velocity divided by frequency

As indicated, the energy of a mechanical wave is a function of its amplitude squared. While the frequency [f] of the mechanical
wave may still be linked to the energy, the exact relationship is dependent on the nature of the wave, i.e. it cannot be
expressed in terms of E=hf. Likewise, the velocity [v] of a mechanical wave depends on the physical characteristics of the media
through which it is propagating, i.e. a wave on a piece of string depends on the string, while a water wave depends on the
water. Therefore, the wavelength always results from the determination of frequency [f=1/t] and velocity [v=x/t] such that:

[1]
Therefore, wavelength is simply the result of the distance [x] traversed in one cycle at a given frequency, while propagating at
velocity [v], as determined by the media. Again, the specific details associated with these generalisations will be discussed
further in the context of specific examples to be outlined throughout this section.
1.4.1.2

1-Dimensional Waves

The diagram attempts to represent a 1-dimensional
transverse wave, e.g. a string in vibration. However, we
need to qualify the nature of this wave as
being ‘bounded’ by the end nodes [A & B], which will
require the concept of a travelling wave and a standing
wave to be introduced. But first, we can see the
diagram shows 2 example waves, where the lower wave
appears to be vibrating twice as fast as the upper wave.
We might describe this vibration either in terms of the
wave frequency, i.e. the oscillations per second, or the
wavelength, i.e. the distance of one cycle. However,
each of the waves shown is actually the resulting standing wave associated with 2 travelling waves that are not obvious from
the diagram. We shall define a travelling wave as one that moves in both time and space with a propagation velocity [v], which
gives rise to a specific wavelength [λ] when associated with the frequency [f] of oscillation.
[1]

Wavelength [λ] = v/f
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Of course, we might question this definition in connection with
the resulting standing wave, as its name would seem to imply it
has no velocity [v]. For the moment, we will initially try to resolve
this confusion by saying that standing waves are not really waves,
in the conventional sense, but rather the resulting interference
pattern between 2 travelling waves, which do have propagation
velocities [v1 & v2]. This interference will be described in more
detail in terms of what is called wave superposition , but for now,
we are just trying to introduce the nature of the 2 unseen
travelling waves that generate the observed standing wave. We
will use the basic animation to the right as an illustration of how 2
travelling waves, i.e. the blue and black waves, moving in opposite directions, create the superposition or resultant waves
shown in red as they pass each other. While the underlying travelling waves may be generated in a number of ways, we shall
assume a process that best helps visualise the process we are trying to describe. To do this, we shall assume that the [B] node in
first diagram above is firmly fixed to a brick wall, while the [A] node is free to vibrate at a given rate to induce one of the
observed standing waves. Vibrating the [A] node causes a travelling wave to move from [A] to [B], but when it reaches [B], the
incoming travelling wave is inverted and reflected back towards [A]. Now assume that,
at the point of reflection at [B], a second wave is generated at [A] such that we now
have 2 travelling waves moving towards each other. For simplicity, just visualise the
travelling waves as sine waves with the usual positive (+) and a negative (-) cycles, so
that as the 2 travelling wave ‘pass` each other, the various combinations of the (+/-)
wave amplitudes are added together to created the standing wave superposition.

1D String Waves:
If you pluck a guitar string, its
musical pitch corresponds to its
resonant frequency, which is inturn determined by the length,
mass, and tension of the string.
The basic relationship for our 1-

So what else can be said about these travelling waves?

dimensional example is defined

As outlined in the introduction, the propagation velocity [v], in this case, is determined

in equation [2].

by the physical characteristics of the string, e.g.

[2]
What we might realise is that the propagation velocity is also important to the timing of the interaction between the `incident`
and `reflected` travelling waves, as outlined above, on any given length of string. As such, the physical characteristics of the
string determined the perceived wavelength of any resulting standing wave observed.
But what are the implications associated with the wave frequency [f] in this case?
Equation [2b] only reflects the fundamental frequency of the standing wave, while in practice, string vibration can also
contains harmonic multiples of the fundamental, but this topic is deferred to a later discussion. However, it illustrates that
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frequency [f] can be defined in a manner that differs from the apparent simplicity
of an EM wave, i.e. f=E/h. However, in general, frequency [f] can still be associated
with a function of the energy, but we shall also defer on this detail until we discuss
the concept of Simple Harmonic Motion (SHM). We might also recognise some
ambiguity arising out of the concept of a standing wave in that it does not
transport energy itself, as in many respects this wave is simply the resulting
inference pattern of 2 travelling waves. It is only the travelling waves that transport
energy. As such, we can still state that the energy [E] of a mechanical wave is
proportional to the square of its amplitude [A] and in the ‘ real world’ this

Standing Wave Definition:
A wave that oscillates in place,
without transmitting energy along its
extent. Standing waves tend to have
stable points, called nodes, where
there is no oscillation. Examples of
standing waves include the vibration
of a string, e.g. guitar.

amplitude can be subject to energy loss in the form of heat or friction as in any other `mechanical` systems. However, there is
another reason that will cause the amplitude of a mechanical wave to decay, but it is easier to explain this issue in the context
of the following 2-dimensional wave example.
1.4.1.3

2-Dimensional Waves

We might recognise that the examples chosen for the previous 1D and
this 2D description correspond to traverse waves. In these examples, the
amplitude of the wave is perpendicular to the direction of motion.
However, we should also recognise from the animation that the 2D
example chosen is essentially boundless, as it illustrates a wave expanding
‘forever’ outwards over a surface from a central displacement. This
displacement is the source of energy that powers the propagation of the
2D wave. As such, this wave is not a standing wave as we are directly
observing a travelling wave with a propagation velocity [v]. Of course, the
general concept of a 2D standing wave is still possible in a bounded 2D
system, but the example chosen is one we might more easily associated
with our own intuitive experience of dropping pebbles in a pond. So, to
quickly reiterate our starting premise, a wave is a mechanism by which
energy is transported from one place to another and the energy
associated with a mechanical wave, at any point, is proportional to the
square of the amplitude of the wave. At this stage, we can just assume
that the animation does indeed represent a pebble being dropped into a
pond, where an initial volume of water is displaced downwards by the

The animation is based on a program written
in FreeBasic. This program first creates the
required 1D waveform function, i.e. amplitude
versus

radius.

It

then

transposes

this

waveform into 2D by mapping r2=x2+y2
where each location hold the potential offset.
Finally, the 2D matrix is mapped to the
inclined perspective shown. Unfortunately,
the size of the GIF file restricts the quality of
the actual output of the program.

falling pebble. However, it should be noted that the amplitude of the wave in the animation is actually representing the
potential energy of the wave, at any given point, and not its actual height in the physical world. So, again, there is an indication
of the relationship between the physical amplitude [A] of a wave and its associated energy [E] plus the inference that the
energy, as imparted by the falling pebble, is somehow distributed by the subsequent wave. So the first question to consider
might be:
Why does the amplitude of the 2D wave diminish as it radiates outwards?
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In practice, any mechanical system will tend to lose energy to heat or friction; therefore we might initially assume that the
reduction in wave amplitude is also associated with such processes. However, in this case, even a lossless system would see the
amplitude of the 2D wave reduce and it is instructive to understand why. As the circular wave radiates outwards, the
circumference [2πr] increases linearly with radius [r] and therefore the energy of the wave must be distributed across the
increased circumference, which is then reflected in the reduction of amplitude of the wave:

[1]
As such, the reduction in energy [E], as implied by [1a], does not reflect any energy loss, due to fiction or heat loss, simply the
2

distribution of the original energy over a greater circumference. The relationship [E ∝ A ] will be substantiated in a later
section, when we discuss Simple Harmonic Motion (SHM), but if we just accept this relationship, we can see that the energy of
our 2D wave, as shown in the animation, reduces by the reciprocal of [r], while the amplitude would reduce by the reciprocal of
[√r].
But is the animation telling us something more about the distribution of energy?
While [1a] is a valid statement, it does not imply that all the energy associated
with the initial wave propagates outwards in one go. In practice, the centre of
the 2D wave continues to oscillate while other sections of the wave radiates
outwards. This suggests that part of the initial energy [E0] is retained at the
centre, while only some fractional energy [E r] is radiated. As such, there must be
another relationship that associates [E0] to [Er], which depends on the attributes
of the media. While, we will not go into the details, at this stage, a 2D water

A tsunami wave in deep water may
only have a height of 1 metre, but a
wavelength measured in kilometres,
e.g. 100. Such waves represent a huge
amount of energy that can travel at a
speed approaching the speed of sound.

wave is also dependent on the physical attributes of the system as a whole. In practice, these systems can be very complex,
which can be highlighted by quickly presenting a generalised solution of the propagation velocity of an ocean wave as a
function of the ocean depth [d], the wavelength [λ] and the acceleration due to gravity [g]:

[2]
For the simplicity of this introduction, we can reduce the complexity by only considering the solutions for deep and shallow
water:

[3]
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From which it is easier to see that the propagation of an ocean wave is dependent on the acceleration due to gravity [g] as the
potential energy [Ep=mgh] is related to the effects of gravity here on Earth. So, this far, we have really only defined the concept
of wave energy in purely abstract terms, i.e. the square of the amplitude of the wave; while, in practice, wave energy requires
some better understanding of the ‘bigger picture ’. For example, the amplitude of a tsunami wave is relatively small in the deep
ocean, e.g. 1 metre, although its wavelength can be so long, e.g. 10-100km, that [3b] becomes a better approximation of [2]
when the wavelength [λ] is so much great than the ocean depth [d]. It is also interesting to note that the implication of [3b]
suggests that tsunami waves can travel at speeds approaching the speed of sound. So, while the inference of [1b] is still true,
the huge energy-volume of a tsunami wave appears to be primarily associated with it long wavelength, although this energy is
still the product of its amplitude in conjunction with its wavelength. As such, we shall conclude this introduction by tabling a
couple of questions for later consideration:
What defines the relationship between energy [E] and amplitude [A]?
What defines the wave frequency [f] and propagation velocity [v]?
While this is only a brief introduction, it hopefully reflects some of complexity associated with mechanical wave systems, which
is why science has to so often resort to simplified models in order to describe the basic mechanisms at work.
1.4.1.4

3-Dimensional Waves

Our last example will try to represent a 3-dimensional outbound spherical wave,
i.e. one that is expanding in all 3 [x,y,z] directions. In the case of the previous 2D
traverse surface wave, the amplitude was considered to exist outside 2D [x,y]
space, i.e. the height of wave was represented in the [z] plane]. As such, it would
appear that any physical perception of amplitude associated with a 3D transverse
wave would have to exist in a higher dimension, which clearly presents a few
problems when it comes to illustrating such a wave. Therefore, the simpler option
has been taken to present the 3D example in terms of a longitudinal wave, which
also provides the opportunity to highlight the general mechanics associated with
longitudinal wave as opposed to transverse waves. So, the first animation
illustrates the basic expansion of a wavefront expanding in all 3 [x,y,z] planes.
While this could be described in terms of an explosion, it is possibly more intuitive
to initially consider the animation in terms of a sound wave expanding in all

The decibel (dB) is a logarithmic unit of

directions from its source. As such, the expanding sphere of sound might be

measurement, which expresses the

considered to be reducing in volume with radial distance [r], as this volume can be

magnitude of a physical quantity, such

2

related to the energy [E∝A ] associated with the wave at any point [x,y,z]. The

as power, relative to a given reference

actual energy at any point is dependent on 2 factors:

level. Since it expresses a ratio of two
quantities with the same unit, it is a



The ability of the mechanical media to transmit sound.

dimensionless unit.

Sound waves travel well in water, but poorly in something like cotton
wool. This aspect relates to the propagation velocity of the media, which can be generally expressed as:
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[1]


The decibel (dB) is also a measure of sound pressure

The distribution of energy as a function of radius [r].

level or loudness with reference to the threshold of

This issue is similar to the energy distribution issue

human hearing (0dB). The human ear is very

previously described for the 2D surface wave, although

sensitive to sound pressure waves.

the results are slightly different, as explained below.

We can assume that the sound wave was generated at the centre of the expanding sphere with an initial energy [E 0] and that
this energy has to be distributed over an increasing surface area corresponding to the surface area of the sphere of radius [r].
2

However, the area of this sphere increases based on the formula [4πr ] and therefore given that energy is proportional to the
square of the amplitude:

[2]
Again, the reduction in energy [E], as implied by [2a], does not
reflect any energy loss, due to fiction or heat loss, simply the
distribution of the original energy over a greater spherical surface
2

area. The proportional relationship [E∝A ] still stands, but the
2

energy of the 3D wave now reduces by the reciprocal of [r ], while
the amplitude would reduce by the reciprocal of [r]. So far, we
have not really said anything about the nature of a longitudinal
wave in comparison to a traverse wave. Hopefully, the second
animation above helps provide some initial visualisation of this
type of wave. The first point to clarify is that while this animation

In terms of power, the sound of the jet engine is

may appear to be showing a traversing sine wave, this is only for

about a trillion (1012) times more powerful than the

comparative reference against which the vertical line are

smallest audible sound, which is why the logarithmic

oscillating backwards and forwards. As such, we might visualise a

dB scale is used. So, near total silence is 0 dB, while a

sound wave as a longitudinal motion of the particles in the air, i.e.

sound 10 times as powerful is 10 dB. A sound 100

the vertical lines, comprising of regions where the air particles are

times as powerful

compressed together and other regions where the air particles are

conversation is about 60-70db.

is 20 dB and so on. Human

spread apart, i.e. as illustrated in the bottom section of the
animation. These regions are known as compressions and rarefactions, where compressions correspond to regions of high
pressure and rarefactions are regions of low pressure. As such, the wavelength of a longitudinal wave is the distance of one
complete wave cycle of compression and rarefaction, as indicated by the sine wave propagating outwards. The second point to
note is that this animation is not showing any decay in amplitude, as it is primarily focused on the propagation mechanics
within a longitudinal wave. However, to correlate the two animations, imagine that the second animation exists within a cone

105 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
with its apex at the centre of the previous expanding sphere, where the energy at the apex gets spread across the expanding
area of the base of the cone.
1.4.2

Basic Wave Physics

Hopefully, the previous examples of 1, 2 and 3-dimensional waves have
illustrated that waves can come in many forms. However, while these
examples cover all 3 dimensions and introduce the variants of standing and

Louis de Broglie
"All of nature is a great wave phenomenon"

travelling waves plus traverse and longitudinal waves, all appeared to have an associated sinusoidal wave attribute. Therefore,
the idea of a sinusoidal waveform, which can be explained in terms of 'Simple Harmonic Motion (SHM)', seems to be an
appropriate starting point for this overview. As such, the goal is simply to introduce some of the basic concepts and the
attributes associated with sinusoidal waveforms.

When starting to review any text discussing wave physics, you quickly see the appearance of the mathematical symbols (π, 2π)
occurring in many wave equations. While, to many, this may be an obvious geometric association, the animation tries to show
how a sinusoidal wave motion can be linked to a circular motion, even though this motion does not physically exist in any of the
example waves discussed so far. This is because the link between sinusoidal waveforms and circular geometry is simply
reflecting a mathematical, rather than physical, relationship between angles and [π]; where angles can be expressed in degrees
[0..360] or radians and [π] helps define the ratio of the circumference of a circle to its radius [2πr]:

[1]
Alternatively, we can say that 1 radian equates to the angle subtended by an arc of length [r] on the circumference of a circle of
radius [r]. Therefore, as the trackerball rotates on the circumference of the circle it subtends an angle [θ] that can be expressed
in terms of degrees or [π], as illustrated by the x-axis of the graph. On this basis, we can also proceed to point out a number of
other basic relationships that extend out from these two different perspectives; but first, we need to define the propagation
velocity of the trackerball on the sinusoidal waveform:
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[2]
While equation [2] expresses the variation of the parameters that can be associated with
propagation velocity [v], this quantity still remains physically dependent on the media
through which the mechanical wave propagates. However, [2] also helps us to see that a
relationship exists between the linear propagation velocity [v] along the x-axis and the

Vladimir Nabokov
“The breaking of a wave
cannot explain the whole sea.”

idea of an angular velocity [ω] around the circle, which can be extended as follows:

[3]
In this expression, the wavelength [λ] corresponds to the circumference of the circle, i.e.
2πr or a 360° rotation, which then leads to the angular velocity [ω=2πf]. This expression
will also appear in many wave equations, even though there may appear to be little
evidence supporting the physical existence of any angular velocity. In most cases, such

Morrie Schwartz
No, you don't understand.
You're not a wave, you're part
of the ocean.

expressions appear to adopt [ω] as a matter of mathematical convenience in conjunction
with the conceptual model being outlined by the animation. One final point that might be useful to highlight is the division of
the sinusoidal graph into the ‘time domain’ and the ‘space domain’. These domains are making reference to the description of a
wave in terms of its frequency, i.e. time domain, or wavelength, i.e. space domain, where the two are connected via [2], which
will ultimately lead to an equation of the form:

[4]
At this stage, [a, b, d] can be considered as constants, while [A0, A] represent the initial amplitude of the wave plus its projected
amplitude at some point in space [x] or time [t]. As such, [4] is a generalised equation that expresses some form of sinusoidal
wave nature and, in the non-relativistic world of mechanical waves, we might assert that space and time remain distinct
concepts. As such, it is worth reflecting, in advance of the derivation of [4], as to the implication of the sine function being
dependent on both space [x] and time [t]. In practice, we can say that a wave either has a certain amplitude [A] at a given point
in space [x] or time [t]. Therefore, the inference of [x-t] in [4] is that if we know the amplitude A(x) at some position [x], then we
can calculate its amplitude A(x,t) at some time [t] before or after this point in space. Alternatively, if we know the amplitude
A(t) at some time [t], then we can calculate its amplitude A(t,x) at some offset [x] relative to this point in time. However, as we
shall see, it is possible to describe a waveform that could be said to only oscillate in time, not space. This waveform conforms to
the classical description of Simple Harmonic Motion (SHM), which can be described in terms of the up-down motion of a weight
on spring, which is the subject of the next discussion.
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Footnote: As a somewhat tangential point, the animation above shows the trackerball moving with constant velocity
around the circle. However, it is worth noting that to any point in space, the distance to the trackerball is changing at a
variable rate, i.e. it is subject to acceleration. This acceleration is reflected in the rate of change of position of the
trackerball on the sinusoidal curve. This implied acceleration is the reason why a charged electron was assumed to
radiate energy in the original atomic model and in many ways remains an issue of debate even today. In addition, this
type of acceleration to a fixed point in space may have some relevance in connection with the rotation of galaxies and
Mach's principle to be discussed in a later section.
1.4.2.1

Simple Harmonic Motion

In many ways, the scope of this discussion is attempting to expand on the general idea of a wave as a mechanism that
transports energy `independent` of matter to a more general description of an oscillatory ‘wave’ motion. In this context, Simple
Harmonic Motion (SHM) is not explicitly describing a physical wave, but rather a specific type of oscillating system, such as a
pendulum or a weight on a spring. By way of a visual reference, the animation is showing a weight on an oscillating spring,
which has a ‘resting or equilibrium point’ defined by the central y-axis from which the weight is displaced and initially held.

Any

system

that

undergoes SHM has two
key features. 1) When the
system is displaced from
equilibrium, a force [F]
acts to try and restore its
original equilibrium. 2) The
restoring force [F] must be
proportional

to

the

displacement [y].

As such, the weight has acquired potential energy, which is then released as the weight starts to oscillate around the resting
point. Clearly, as a physical system comprising of just a weight oscillating up and down, there is no mechanical wave
propagating in space [x] linked to this system. Yet, the graph on the right of the animation seems to be alluding to a cosine
wave that maps to the up-down oscillation with respect to time [t]. This graph directly represents the vertical displacement or
amplitude [A] of oscillation, which is a quantity that has already been related to the energy of a wave, i.e.
[1]

2

E∝A

For initial simplicity, this system is assumed to suffer no loss of energy [E] and so the cosine waveform in this conceptual model
will continue forever and, in-line with [1], suffers no loss of amplitude [A]. As such, we can mathematically predict the
amplitude [A] of this waveform at any point in time [t] as follows:
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[2]

A = -A0*cos(t)

The negative value of the initial amplitude [A0] simply represents the downward

If a frictional or damping force

displacement with respect to the central resting point. Of course, we might question the

is

use of time [t] within the cosine function, but in this context we can equate the period

present,

the

harmonic

oscillator is described as a

[P=tλ] to the time taken for one oscillation or wavelength [λ], even although there is no

damped oscillator. Depending

physical propagation through space [x], such that:

on the friction coefficient, the
system can 1) Oscillate with a
frequency smaller than in the

[3]

non-damped case, where the
amplitude

Therefore, time [t] may be considered to be directly proportional to the angular

decreases

with

time, i.e. under-damped. 2)

displacement along the x-axis and, as such, the value of [t], implied in [2], really

Decay exponentially to the

corresponds to the definition in [3]. So, having clarified some of the mathematical

equilibrium position, without

assumptions, we can now proceed to consider the mechanical implications of this

oscillations, i.e. over-damped.

system, which is described by Hooke’s Law. In the context of the spring example, Hooke's

law equates the force [F] exerted by a spring to the displacement [y] and a constant [k] that depends on the ‘elasticity’ of the
spring. While [k] is not the focus of the present discussion, we can say that it depends on the material and nature of the spring’s
construction and is assumed to remain constant while the spring operates within its ‘elastic limit ’. So, the force [F] required to
stretch the spring by distance [y] is defined by Hooke’s Law as:
[4]

F = -(ky)

In this case, the negative sign is explained in the sense that the force [F] always acts in the opposite direction of the
displacement [y], i.e. when a spring is stretched downwards, the force acts upwards. However, this force [F] can also be defined
as the rate of change of energy [E] with the distance [y], i.e. F= dE/dy, therefore the input energy of this system can be
determined by integrating force over its displacement range [0-y]:

[5]
2

2

This equation gives the initial potential energy [EP] of the system, where displacement [y ] is equivalent to amplitude [A ].
However, there is an inference in this equation that potential energy [E P] is always negative as the square of any oscillatory
displacement [±y] must always positive. At this point, we might also wish to consider the implications of the conservation of
energy by citing the equation:
[6]

ET(t) = EP(t) + EK(t)

What this equation is trying to state that the total energy [ET] at any time [t] must be equal to the sum of the potential energy
[EP] and the kinetic energy [EK] at the same point in time [t]. It is easy to see from the animation, the initial energy state of the
spring at time [t=0] reflect only potential energy [EP] as the weight is stationary at this point, i.e.

109 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________

[7]

ET(t0) = EP(t0) + 0

In practice, the mass of the

Likewise, the animation suggests that there must be a point, when displacement [y=0],
when [EP=0] and [6] becomes:
[8]

should be noted that not all of

ET(t0) = 0 + EK(t0)

the spring mass [m] moves at the

[EP] in terms of [5], we can simply combined [1] and [2] to define the potential energy
[EP] at any point in time [t] with the simplifying assumption that [A0=-1] and [k=1]:
2

suspended mass [M], can affect
the SHM cycle. However, it

Without necessarily getting involve in all the ancillary parameters required to define

[9]

spring [m] itself, as well as the

2

same velocity as the suspended
mass [M]. Therefore, the mass of
the spring [m] cannot be simply
added to the suspended mass.

2

E ∝ A = -k*[A0*cos(t)] ⇒ -cos (t)

By the same logic and assumption, we can define an equivalent oscillatory equation for kinetic energy [E K] as a function of time
[t]:
2

2

2

[10] E ∝ A = -k*[A0*sin(t)] ⇒ -sin (t)

Finally, [6] requires that the sum of [9] and [10], at any point in time [t], must reflect the constancy demanded by the
conservation of energy. However, it is often quite informative to see the implications of the equations [9] and [10] in graphical
form as shown in the diagram right. The black cosine curve is derived from [9] and corresponds to [EP], while the blue sine curve
is derived from [10] and corresponds to [Ek]. As indicated, the sum of these 2 curves, as represent by the dotted line along the
bottom must reflect the constancy as required by the conservation of energy. Finally, the larger red cosine curve corresponds to
the spring amplitude as shown in the animation. All the energy curves are associated with the scale on the right, while the
amplitude scale is on the left, with both normalised to unity.

110 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
So how do we explain the energy curves?
It would appear that the mathematics of the previous equations has led us to a picture in which both [E P] and [EK] have negative
values, while the rate of change seems to be twice that of the amplitude. Therefore, it might be useful to work through the
implications of the diagram in a stepwise manner using the reference points:


(1a)(1b): Are the starting points for [EP] and [EK] respectively. The energy [EP] corresponds to the work done in
displacing the weight to offset [-1] on the amplitude scale. Hooke’s law, as presented in [4], rationalised the
associated force [F] as a negative quantity because it always acted in the opposition to the direction of the
displacement [y]. However, the subsequent integration of [4] then led to [5] suggesting that [E P] must also be
negative, while [7] and [8] indicate that this energy must conserved by a lossless system and reflective in the
constancy of [ET]
Comment: While there are instances in physics when potential energy can be described in terms of a meaningful
negative value, e.g. gravitation potential, it is not clear that the negative value of both [E T,] [EP] and [EK] is really that
helpful in visualising the energy conservation in this case. Therefore, while the negative values are maintained in the
diagram in connection with the derivation of [5], the muscle power required to displace the weight to its initial offset
[y] is real enough that we shall ignore the mathematical implications of negative energy for now.



(2a)(2b): When the weight is released at (1), the force [F] acting through the spring causes the weight to accelerate
towards the equilibrium or resting point, i.e. [EP] is converted to [Ek]. At (2a), all [EP] has been converted to [EK],
therefore this is a turning point in the energy curve and although this is not directly reflected in the amplitude [A], it
can be seen that [A] does transition from negative to positive values. It is also useful to note that while the maximum
value of [EK] corresponds to a maximum velocity [v], it also corresponds to a point of zero acceleration because the
force on the weight at (2a) has also fallen to zero [F=ma].



(3a)(3b)(3c): Physically, when we observe this system, as reflected in the animation, we perceived (3c) as the primary
turning point in amplitude, although as stated, (2a) was just as real a turning point for energy, velocity and
acceleration, it just wasn’t so obvious from a casual observation. As such, we have explained what might have
appeared to be an anomalous doubling of the rate of change in the energy curves.



(4a)(4b): While (4a) might appear to be distinct from (2a) when observing offset amplitude (A), the energy conditions
are identical, i.e. max [EK], min [EP]. By [4b], the energy has again been converted back to [EP].



(5a)(5b): These points represent the completion of the amplitude cycle, but the second repetition of the energy cycle.

At this point we have only introduced the basic idea of Simple Harmonic Motion (SHM) by trying to highlight that while there is
no specific mechanical wave associated with this motion, it does have wave-like attributes. However, by the same token, the
conservation of energy implicit in the previous description of the wave-like nature of SHM might now be extrapolated to help
described the energy cycles within ‘real’ mechanical waves. The previous discussion has suggested that energy can cycle
between a maximum of potential energy to a maximum of kinetic energy. How this works in mechanical wave will be
considered in subsequent discussions; but for now we might initially assume that any mechanical wave has to be kick-started by
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acquiring potential energy from outside the wave systems itself. We might also assume that the energy ‘transported’ by
mechanical waves can be described by some cycle of [EP] to [EK] distributed across the entirety of the mechanical wave, which
unlike the SHM example described, exists in both time [t] and space [x]. Of course, we should also recognise that all practical
systems are subject to energy loss.
1.4.2.2

SHM Wave Function

This animation is initially attempting to show how all previous concepts can used to describe any given waveform, i.e.
sinusoidal, circular and SHM. As outlined, not all of these concepts are physically applicable to the wave under investigation,
but even so, they often provide a useful mathematical model, which is applicable to the overall description of any wave motion.
However, this discussion is still primarily an extension of the previous SHM spring example and, as such; it needs to be
recognised that this example involves no physical wave propagation in space [x], which is why some descriptive text in the
animation has been masked in grey.
On the basis that acceleration
[a] is being associated with the
rate of change in velocity of a
mass [m] on the end of the
oscillating spring, obeying SHM,
we can derive an equation for
acceleration [a] in terms of a
second order differentiation of
a wave equation.

This animation has also switched the orientation to a sine wave, rather than the original cosine function, simply to generalise
the process under discussion. Therefore, as a starting point, we might forward the following prototype wave function:
[1]

At = A0 * Sin(t)

Again, by way of clarification, the initial use of time [t] within the sine function can be thought of as shorthand for the following
angular displacement [θ], which the animation shows being mapped onto the horizontal
time axis of the graph:

Subsequently, we can prove
that angular velocity [ω] is
effectively a constant and the
wave

equation

of

an

oscillating mass [m], subject to

[2]

Hooke’s law, is a function of

However, the notion of angular velocity [ω] is often substituted at this point that might in
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some cases be transposed into a propagation velocity [v=fλ], where [f=ω/2π], which does not physically exist in this case. For
the moment [ω] is simply another measure of rotation per second, such that [θ=wt]. On this basis, we can update our wave
equation to:
[3]

At = A0 * Sin(2π*t/P) = A0 * Sin( 2πf*t) = A0 * Sin(ωt)

We can see that the various forms in [3] confirm the clarification in [2] and correct the initial generalisation in [1]. As such, we
now have an equation that reflects that the amplitude [A] as a function of the angular velocity [ω] and time [t], but we have not
really explained what determines the angular velocity [ω] within this specific system. However, we could start by considering
nd

equating Hooke’s law and Newton’s 2 law of motion, i.e.
[4]

F = -ky = ma

In the case of SHM, the acceleration [a] is associated with the rate of change in velocity of
the mass [m] on the end of the oscillating spring, which is in-turn, the rate of change of
the amplitude [y=At]. Therefore, we can derive an equation for acceleration [a] in terms of
a second order differentiation of the original equation given in [3]:

The

idea

oscillation

of
has

harmonic
implications

that go far beyond simple
mechanical system. In fact, it
has provided the foundation
for

the

understanding

complex modes of vibration in
large molecules, the motion of
atoms in a solid lattice and the
theory of heat capacity. In real

[5]

systems, the energy spacings

However, if we substitute [y = A0 Sin(ωt)] back into equation [5c], we can simplify to:
[6]

the lowest levels, therefore
the

2

a = -ω y

potential

is

a

good

approximation of the "mass

This allows us to substitute for acceleration [a] in [4] via [6]:
[7]

are approximately equal at

2

F = -ky = ma = m*(-ω y)

If we now rearrange in terms of [ω] we get:

[8]
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As such, [8a] shows that for the specific case of Hooke’s law, angular velocity [ω] is a constant product of the elasticity of the
spring [k] and the mass [m]. We have previously shown how the relationship [ω=2πf] is
determined, which then allows us to also correlate the period [P] of the wave motion in the
time domain. In fact, because [ω] is effectively a constant, we have essentially proved that
the wave equation of an oscillating mass [m], subject to Hooke’s law, is a function of time
only, as originally implied in equation [1]. As indicated, this is a special case in which the
wave motion might be said to only propagate in time. Therefore, we now need to turn our
attention to the more general case of a wave propagating in both time [t] and space [x],

Ovid
Neither shall the wave, which
has passed on, ever be
recalled; nor can the hour,
which has once fled by,
return again.

which makes it more applicable to mechanical waves.
1.4.2.3

Wave Propagation

The goal of this discussion is to continue the expansion of the SHM wave function to encompass a wave that propagates in both
time [t] and space [x]. In the previous discussion, simple harmonic motion was linked to an oscillating mass [m] on a spring,
which had an associated wave function with respect to time only. However, extending the wave function to a mechanical wave
that has a propagation velocity [v] in space, as well as time, needs some introduction, which it is hoped the first animation helps
to address. This animation is based on the same pebble-in-a-pond model previous used to describe a 2-dimensional
wave, which was initially rendered to a 3-D perspective. However, the current animation has reduced the horizontal scale so
that the origin of the graph is now set at the centre of the original expanding circular wave, effectively being viewed as a
vertical slice through the wave.

As such, the point the pebble entered the surface of the water is marked by the red trackerball, which remains stationary at the
centre of an expanding wave front. In this context, the stationary ball is trying to highlight that the wave propagation only
involves the transport of energy, not any wholesale shift of the water through which the wave propagates. The second
reference point, shown as black dot, simply marks an arbitrary point on the surface, which is effectively offset in both time [t]
and space [x] from the origin. What the animation is trying to show is that it takes a finite amount of time for the initial wave
displacement to propagate outwards as a mechanical wave. However, it can also be seen that the energy associated with the
amplitude of the original wave does not get propagated in just one wave cycle, as the centre continues to oscillate over a
number of wave cycles. Therefore, the following equations are only correct in terms of the definition of the amount of energy
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radiated per cycle [Er], which will be some fraction of the original potential energy [Ep] associated with the volume of water
displaced at the centre.

[1]
As such, the equations in [1] reflects a theoretical maximum energy dissipation over the expanding circumference of the
circular wave as the radius [r] increases. However, it does not account any damping effects due to the nature of the
propagating media. While it was felt important to start this discussion with some description of the actual complexity that can
exist, even in what appears to be a simple example, it does not serve the purpose of the overview of the basic wave physics to
overload the model with too much detail, as outlined, when deriving the basic equations. Therefore, the next animation
rationalises the model so that we see an infinite travelling wave moving from left to right with a propagation velocity [v], which
loses no energy due the effect of [1] or the damping effect of the media. As such, the model appears aligns to the earlier SHM
spring model except that we are now assuming that the wave propagates in both the time and space domains.

In order to be able to use the previous SHM model as a comparative source of reference for the wave functions to be
developed within this discussion, the cosine orientation of the first animation is switched to a sine function. Again, all 3
mathematical components are being shown as reference, i.e. circular rotation, SHM oscillation and sinusoidal propagation. Of
course, the main point now under investigation is in connection to the propagation of the sinusoidal wave form in space [x], as
well as time [t]. As such, we can start by defining 1 cycle of the wave in terms of its space wavelength [λ=x] or its time period or
frequency [P=1/f]. Clearly the sinusoidal oscillations in time and space have to be synchronised, as will be finally shown in [12],
but first we need to rationalise the relationship between time and space that links these two perspectives. This relationship can
be seen to be dependent on the propagation velocity [v] of the wave, which in-turn is linked to the rate of change of distance
[x] in time [t]:

[2]
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It is stated, yet again, that while the propagation velocity [v] is indeed a function of wavelength [λ] and frequency [f], as shown
in [2], it is the attributes of the media that actually determine the velocity of a mechanical wave through any given media.
Based on the premise that the sine wave is propagating in both time [t] and space [x], there is an implication that any prototype
sinusoidal wave function must also have 2 forms:
[3]

At = A0* sin(t)

[4]

Ax = A0 * sin(x)

Previously, we clarified sin(t) as shorthand for the angular displacement [θ], which in the time domain could be rationalised as
follows:

[5]
Therefore, when substituting [5] back into [3], we get a general wave function for the amplitude [A] in the time domain:
[6]

At = A0 * sin(wt)

Time Domain

Of course, all [5] is doing is specifying the conceptual angular rotation [θ] as a ratio of any given time [t] to the time period [P]
for one cycle. As such, we can so the same with distance [x] with respect to wavelength [λ], which is the distance of one cycle in
the space domain at a given propagating velocity [v]:

[7]
Comment: it is recognised that the definition of [k] might cause some confusion at this point because it might be thought
to be the elasticity constant [k] previously used in connection with Hooke’s Law. Unfortunately, the definition of [k] in [7]
is the accepted symbol referring to the angular wave number [k]. While all further references will be implicitly linked to
this new definition, the new definition will be highlighted in bold, i.e. [k], for the rest of this page.
If we substitute the result of [7] back into [4], we get a general wave function for the amplitude [A] in the space domain:
[8]

Ax= A0 sin(kx)

Space Domain
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st

nd

We have previously determined the 1 and 2 derivatives for [6], i.e. the time domain; therefore this result can simply be crossreferenced and presented for continuity within this discussion:

[9]
Of course, the same logic can be applied to [8]:

[10]
It can be seen that both [9] and [10] lead to a definition of [A] that can be equated to each other as follows:

[11]
On the basis of [5] and [6], we can substitute for both [k] and [ω], which allows [11] to be rationalised to the form in [12]:

[12]
Equation [12] is the 1-dimensional equation of wave motion for a plane wave, i.e. constant frequency, which allows the
transposition of wave motion in terms of both time [t] and space [x] via the propagation velocity [v]. As such, the wave
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equation is a partial differential equation that describes the evolution of a wave over
time, in a given medium, where the wave propagates at constant velocity [v]
independent of wavelength [λ] and amplitude [A]. However, we can rationalise [12]
back to the more simplistic form originally present in [2]:

Werner Heisenberg
Both matter and radiation possess
a remarkable duality of character,
as they sometimes exhibit the
properties of waves, at other times
those of particles. Now it is obvious
that a thing cannot be a form of
wave motion and composed of
particles at the same time - the two
concepts are too different.

[13]
However, the implication and interpretations of the various wave equations

William Shakespeare

developed, i.e. [6], [8] and [12], will discussed in the next section.

“Like as the waves make towards
the pebbled shore, so do our

1.4.3

Interpreting The Wave Equations

minutes, hasten to their end.”

In many ways, the picture to the right below seems to capture both the simplicity and complexity of mechanical waves. As such,
it should be recognised that the previous discussions have only served as an overview of the most basic wave physics via the
use of simple animated models, which only attempt to illustrate the most fundamental principles involved. However, while
accepting the simplicity of the approach, visualisation of such models is often an important prerequisite to understanding of the
abstractions inherent in more complex mathematical models. So, as the discussion has progressed from the initial introduction
of wave types through to the outline of some of the key wave equations, we have also developed a number of wave related
models, which show a connection to 3 distinct types of motion, i.e. circular, oscillatory and sinusoidal. Based on these
conceptual models, we have also shown how the amplitude [A] can be determined at
some point in time [t] or space [x] based on the limited assumption of these models:

[1]
Of course, along the way, it has been pointed out that the equations above are
idealistic in sense that they only assume one fundamental frequency and do not
accounted for any loss of energy [E] in propagation, due either to the expansion of the
wave, friction or heat loss. However, we could generalised the loss of energy, reflected in the amplitude, by simply introducing
a damping factor [Df] , which in practice acts as a damping force that is normally dependent upon the velocity [v], such that we
might generalise [1] as follows:

[2]
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From a mathematic perspective, the sine function only requires an angle, expressed in either degrees or radians, which the
models have then interpreted as an angular rotation, i.e. our circular model. Therefore, mathematically, the units of [kx] and
[wt] must both reduce to angular measure [θ] from which we can map an offset on the horizontal axis of the sinusoidal
waveform model. However, given the primary focus on basic principles, the oscillatory SHM motion of a mass on a spring was
initially used to illustrate the propagation of a wave-like motion in time [t] only, followed by the example of propagation in time
[t] and space [x] based on the pebble-in-the-pond model. In this context, [1a] is a time domain equation, while in contrast; [1b]
is a space domain equation, which raises the fairly obvious question:
Do we need to combine these equations for both time and space?
While the answer to this question is yes, as implied by [3] below, it is possibly useful to make some comments about what we
normally mean by propagation in both time and space:
[3]

A = A0 sin (kx – wt)

In earlier discussions, the horizontal axis of the sinusoidal waveform was said to either relate to the time domain or the space
domain; however, this was mainly to retain clarity of the principles and was essentially ignoring some of the practicalities of
what is really required to describe a mechanical wave in motion. In the ‘real-world’, a mechanical waves has, by definition, to
be moving in both time and space and therefore any reference point on this wave requires a coordinate specification that
positions it in both time and space. Mathematically, this specification can be described in terms of a number of coordination
systems that shall be outlined in the following sub-sections:


Cartesian Coordinates



Spherical or Polar Coordinates



Complex Coordinates

These sub-sections will also try to expand on the actual level of mathematical complexity, which can surround some of the
earlier examples. However, irrespective of which coordinate system is considered the most appropriate for the specific wave
under investigation; we can initially discuss the requirements and interpretations that lead from [3] in a simpler context. For
example, if we assume the wave exists in a non-relativistic world, i.e. where space and time might still be perceived as distinct
concepts, we often make statements about ‘position’ in terms of either time or space, e.g.


At this point ‘here’, the amplitude is A[x=here]



Ten second from ‘now’ the amplitude will be A[t=now+10]

Of course, while the use of the ‘here’ and ‘now’ is common language, any practical meaning inferred from these terms implicitly
carries some additional information that helps clarify the position in both time and space, which is highlighted by the actual
meaning derived from the previous statements:


At this point ‘here’, and ‘now’, the amplitude is A[x,t]



Ten second from ‘now’, at this point ‘here’, the amplitude will be A[t,x]
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Therefore, simply to illustrate the results produced by [3], we can normalise [k] and [ω] by setting the period, wavelength and
velocity of the wave to unity. As such, the following diagram shows one cycle, before and after some arbitrary datum point on
the horizontal axis, which we shall call ‘zero’. However, in order to define our relative position in time and space, the ‘zero’
point is said to correspond to [x=0=here] and [t=0=now]. Therefore, it is with respect to this frame of reference that we are
inserting values into equation [3] and where the amplitude [A] at the ‘zero’ point is also set to zero.

It is recognised that this description might seem a little pedantic, but often the wave equations are presented without
animation and it is easy to lose visual perspective of the results. Therefore, the following examples simply illustrate the results
of [3] when reference is made to only time [t] or space [t] then space [x] plus time [t] :


If [x] remains at zero, what is implied when [t] is changed to [0.1]?
In this case, what is being implied is the wave amplitude observed at [x] after a time [t=now+0.1]. If we account for
the left-to-right direction of propagation in the diagram, the future amplitude at [x] must still be [-0.1s] in the
negative time domain with respect to t=0=now; therefore [3] gives a result of [-0.59], which is then interpreted as the
pending amplitude at [x=0] after an elapsed time [t] of 0.1 seconds. In this case, we are focusing on the value of
amplitude [A] as a function of time.



If [t] remains at zero, what is implied when [x] is changed to [0.2]?
In this case, we are asking for the amplitude at an offset [x] at the present (now) time. For the example given, [3] can
be interpreted by reading the amplitude value of [0.95] at offset [x=0.2]. Therefore, by holding [t=0] constant and
changing [x] results in the wave amplitude [A] at various positions of [x] at [t=now=0] seconds. In this case, we are
focusing on the value of amplitude [A] as a function of space.



So how do we interpret [x=0.2] and [t=0.3]?
This case is essentially combining both previous examples in that it asking for the amplitude at offset [x=0.2] after
[t=0.3] seconds have elapsed. Again, the amplitude of this point currently lies [0.3s] in the past with respect to
[x=0.2], which gives the same result as the first example, i.e. [A= -0.59].

120 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
It is also worth noting that [3] does not always highlight the dependency of [x] on [t]

Ivern Ball

for a wave propagating outwards from a source, e.g. pebble-in-the-pond, at velocity

A politician is a person who can

[v=x/t]. For when no time has elapsed, the amplitude of the wave [A] at any distance

make waves and then make you

[x] is zero for the simple reason that the wave will not have had time to propagate any

think he's the only one who can

distance in space. Another point to note about many of the equations outlined, so far,

save the ship.

is that the dimension of space [x] has essentially been constrained to one dimension.
The following sub-sections will expand the discussion to include all 3 space dimensions within the discussion of Cartesian, Polar
and Complex coordinates, which affects the presentation of some the key wave equations and also suggests some wider
applications of waves in other fields of science.
1.4.3.1

Cartesian Coordinates

The scope of the 3 following coordinate outlines is primarily to provide some additional scope to the wave equations previously
introduced in terms of a range of coordinate systems, i.e. Cartesian, Polar and Complex, and the mathematical complexity of
describing mechanical waves in 3 dimensions. However, we begin with the
equations in [1], which are reflective of a generalised sinusoidal wave function that

Coordinate Definition

propagates with velocity [v] and amplitude [A] in both time [t] and space [x], but

Cartesian coordinates are rectilinear

just one dimension.

2D or 3D coordinates, which are
today a special case of curvilinear
coordinates that are also called
rectangular coordinates. The three
axes of 3D Cartesian coordinates,

[1]

conventionally denoted [xyz] are

In many respect, [1a] tells us that the amplitude [A] corresponds to a sine wave,
while [1b] suggests that this wave retains its sinusoidal shape as it propagates,
because [A] remains in the same relationship as a function of both time [t] and
distance [x]. However, the mathematical notation used is implying that this

chosen to be linear and mutually
perpendicular.

In

3D,

the

[xyz]

coordinates may lie anywhere in the
interval [±∞].

relationship is restricted to just one spatial dimension [x] and linked to the second derivative of [A] with respect to [x] and [t].
However, it is clear that any propagation in the real world will normally requires some consideration of all 3 dimensions [xyz]
and time [t]. Before, expanding [1] and introducing the notational symbol [∇], it might be useful to first clarify the use of partial
st

nd

derivatives and the meaning of the 1 and 2 order derivatives in terms of some examples that are initially more intuitive:

[2]
First of all, many descriptions of time and space default to the use Cartesian coordinates in which any point in space can be
defined in terms of its [x,y,z] offsets from some reference point. As such, the spatial reference [x] is implicitly making reference
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to the Cartesian system. However, the use of partial
derivatives is implied by changing the symbol [d] to [∂], which
indicates that spatial dimensions [y,z] are also to be
considered. Of course, in the case of the wave equation in
st

nd

[1b], the 1 and 2 derivatives relate to the amplitude [A] of
the wave with respect to both time [t] and space [x]. However,
while [∂A/∂t] might still imply a velocity, it is not the
propagation velocity [v], but rather the velocity of the wave
amplitude changing with respect to time, i.e. how fast it is
oscillating that is also reflected in the frequency [f] of the
2

2

wave. Likewise, [∂ A/∂t ] must also imply acceleration, but
again it relates to the acceleration of the wave amplitude.
Generally speaking, we often associate the definition
of velocity and acceleration as the change in distance with
st

nd

respect to time, e.g. 1 and 2 derivatives of [x] with respect
to [t]. However, strictly speaking, velocity is simply defined as
a rate of change of position and, as such, [∂A/∂x] also
complies to this definition, although the quantities are obviously different. Anyway, if we are to account for all 3 dimensions,
[1b] expands to become:

[3]

Coordinate Conversion
Conversion between Cartesian coordinates

Where [3b] simply introduces the Laplace operator [∇], which can be

and other systems, such as Spherical and

considered as a shorthand way of writing the rate of change of distance in

Complex coordinates will be addressed in

3-dimensional [x,y,z] space, i.e.

subsequent

pages

that

discuss

these

coordinate systems
[4]
Variations of this notation turn up in many other applications, which involve the the mathematics of vector calculus. For
example, this notation will appear in subsequent discussion related to electromagnetic wave theory and quantum mechanics,
even though the nature of these waves may be very different as implied by the quantity defined by the symbols used, e.g. [ψ].
However, first, the next section will expand the discussion to include spherical coordinates, which can be helpful in describing 3dimensional spherical wave as original discussion in the 3D introduction.
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1.4.3.2

Spherical Coordinates

Most of us are introduced to Cartesian coordinates in school, i.e. a point in
space can be described by defining its [x,y,z] coordinates plus time [t].
However, there are other coordinate systems, which can seem complicated
at first, but can be beneficial when considering more complex systems in 3dimensions. One system is called spherical coordinates, which as the name
implies can often be used when dealing spherical wave systems. The [x,y,z]
components of this systems are converted into radial [r], azimuth [φ] and
polar [θ] coordinates. There is often some confusion in the meaning and
the assignment of symbols to each of these quantities; so for the purposes
of this discussion, the diagram shows that [θ] corresponds to an angle of
latitude, i.e. north to south, and therefore has a range between [0-π], while
[φ] corresponds to an angle of longitude, i.e. east to west, and therefore
has a range encompassing the circumference of a sphere, i.e. [0-2π]. The radius [r] simply corresponds to the radius of the
sphere and is the vector sum of its [x,y,z] components. Therefore, the relationship between the two systems can be defined as
follows:

[1]
By way of an example, and an extension of our discussion of the mathematics in general, we may use spherical coordinates to
3

show how the volume of a sphere (4πr /3) can be proved by integration. While the following proof may not be trivial, it is worth
considering how complex it might be in Cartesian [xyz] coordinates. As such, the diagram right above is intended to represent
small section or ‘integral’ of the volume of a sphere to which we are going to apply the mathematical process of integration in
order to find the total volume of a sphere, i.e.

[2]
Again, the triple integral may look a bit daunting, but it can be broke into 3 simpler steps, which involves integration with
respect to each direction in our spatial model, i.e. [θ], [φ] and [r] respectively:
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st

1 Integral with respect to [θ]:
Circumference of a Circle:
C=2πr
Area of a Circle:

[3]

A=πr2
Surface of a Sphere:

nd

2 Integral with respect to [φ]:

A=4πr2
Volume of a Sphere:
V=(4/3)πr3

[4]
rd

3 Integral with respect to [r]

[5]
The application of the spherical system to our developing wave equation unfortunately results in a rather imposing form shown
in [6], even if we ignore its actual derivation. However, the apparent complexity of [6] can be readily broken down into more
understandable concepts:

[6]
However, we can arrive at a much simpler version of [6] if we make the reasonable assumption that our spherical wave
propagates out in a symmetrical manner, i.e. the amplitude of our quantity [A] changes by the same amount in all direction. If
this is the case, then we may pick a direction, where [θ] and [φ] are both zero, which allows [6] to be reduced to a form in [7]
that allows for an easier discussion of the essential elements:

[7]
Now the format of equation [7] may be more easily recognised as being compatible to the general wave equation derived in
Cartesian coordinate in just 1 dimension, i.e. as shown in [8]:

[8]
However, it is important to realise is that the amplitude [A] of the wave in [7] differs from [8] because the energy of the wave is
reduced as it is dissipated across the surface of an expanding sphere:
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[9]

A = A0/r * Cos(ωt)

where ω=2πf

[10] A = A0/r * Cos(kx)

where k=2π/λ

As such, equations [9] and [10] are more reflective of the basic starting assumption of a 3D spherical wave, which ultimately
leads to [7]. It can be seen that the amplitude [A] of the spherical 3-dimensional wave now decreases with radius [r],
2

irrespective of whether the system is lossless, because the original energy [E∝A ] has to be distributed over the increasing
surface area of an outward expanding sphere, as originally shown in the introduction to 3D waves:
2

2

[11] A = E/4πr

2

The energy of the wave corresponds to [A ] and if we assume 1 unit of energy and rationalise the basic relationship in terms of
[A] and [r]:
2

[12] A = √(1/r ) = 1/r
This equation is showing the relationship between the falling amplitude [A] of the wave with radius. The energy of the wave per
2

unit area falls at [1/r ]. Therefore, a 3D spherical wave can still be shown to propagate with velocity [v=fλ], but where the
2

amplitude decreases by a factor [1/r] and the energy by [1/r ] per unit area of the expanding sphere.
1.4.3.3

Complex Coordinates

In many respects, the introduction of complex coordinates is not a necessity at this stage, but for completeness it seems
appropriate to collect this information together at this point within a general wave discussion. For many, the idea of complex
numbers seems to be a very esoteric mathematical concept that has little to do with the ‘real’ world and it is possible that this
section will not change your mind on this point.
Complex Numbers
A complex number is expressed in the
form: [a+bi], where [a] and [b] are real
numbers and [i] is defined as the √-1.
Where value [i] is considered imaginary
in the sense that the square root of any
negative number is not a real number. As
such, complex numbers are not algebraic
expressions, they are numbers that
contain a real part [a] and the 'imaginary'
part [bi].

If this is the case, then simply treat it as an exercise in mathematical manipulation of the equations associated with 2 travelling
waves that combine to form a standing wave, as described within the 1D introduction. In this context, complex coordinates are
based on what may seem to be a mathematical abstraction, i.e. a number linked to the square root of [–1], which is often
denoted by the letter [i]. However, before jumping into any description of this system, it is worth reflecting on the level of
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mathematical abstraction that has already been used to describe some of the previously defined wave functions. If we consider
the SHM example of a mass on a spring, it was not initially obvious as to how any wave function might be associated this
motion, let alone how it aligned to all 3 motions being illustrated in the previous animation. Certainly, transposing the
oscillating motion of the mass on the spring into a circular motion, which was then extended into the sinusoidal motion, was
really just a mathematical abstraction. However, it was one that subsequently proved to be very useful in defining the wave
functions associated with this system. However, it is also important not to lose sight of the fact that we have abstracted
physical reality and, as such, we are only discussing a mathematical model that helps us describe the real system. With this said,
iθ

we shall now try to introduce the basic idea of complex coordinates that can be linked to Euler’s identity [e =-1], which has
been discussed, but will be partially reproduced to underpin this specific discussion. As already indicated, many discussions that
involve the ‘superposition’ of 2 travelling waves are based on the function A.Sin(x+φ) or A.Cos(x+φ), which can be expanded as
follows:
[1]

A.sin(x+φ) = sin x. cos φ + sin x. cos φ

[2]

A.cos(x+φ) = cos x. cos φ + sin x. sin φ

However, the expansion and manipulation of these functions can be both awkward and, for this reason alone, an equivalent
approach using complex numbers is often adopted as a useful mathematical method:
[3]

e = 1 + 1/1! + 1/2! + … 1/n!

[4]

e = 1 + x /1! + x /2! + …x /n!

x

1

2

» 2.718

n

Euler's Identity
Is sometimes called Euler's equation

Similar expansions exist for sine and cosine:

or formula, which links several
important numbers in mathematics

2

4

n

[5]

cos x = 1 – x /2! + x /4! - …x /n!

[6]

sin x = x – x /3! 5 x /5! - … x /n!

3

5

in an unexpected way.

n

While there is a similarity of form between [5] and [6] with [4], we can see that the sign of some components differ and this is
where the mathematical ‘trick’ associated with the complex number [i] comes into play when applied to [4]:
[7]

ix

1

2

n

e = 1 + ( ix) /1! + (ix) /2! + …(ix) /n!
2

However, by definition (i) =-1, which means we can arrive at Euler’s formula by sorting [7] into the form of [5] and [6]:
[8]

ix

2

4

1

3

e = [1 - (x) /2! + (x) /4! -...] + [ ( ix) /1! - ( ix) /1! +…]

We can now substitute the sine and cosine equivalence in [5] and [6] into [8] to get:
[9]

iθ

e = cos θ + i.sin θ

The implication of this equation leads to the complex wave notation of the form:

126 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________

[10]
Where ℜ{} simply implies that only the real part of the expression is being used and, in most cases, this aspect of the notation is
often dropped, a fact sometimes not realised. When dealing with complex numbers, it is also convenient to transform between
Cartesian and spherical coordinates. Again, using Euler’s formula, it is possible to transform a complex number, [a+ib], into the
iθ

form [re ], where a, b, r and θ are all real numbers. The following example limits the discussion to 2 dimensions, rather than 3,
as it contains the essence of the argument, while making the example easier to visualise:
iθ

[11] re = r.cos θ + ir.sin θ = a + ib
From the diagram right, and the basic equations of trigonometry, we can define
the transforms as:

[12]
Having recapped the basic concepts associated with Euler’s theorem, the next sub-section focuses on how this idea is linked to
a complex wave function. It is recognise that many will not be interested in the step-by-step expansion of the mathematics
associated with this idea, but some like me, may find it a useful exercise to become re-acquainted with some of the
mathematical detail that most textbooks tend to skip over.
1.4.3.3.1

A Complex Wave

As outlined in the 1D introduction, a wave on a string is often perceived as the standing wave superposition of 2 travelling
waves. As such, we might begin by generalising this relationship as following
[13] A(x,t) = a(x,t) + b(x,t)
Of course, we might recognise that this is not a particular useful form of notation, therefore we might consider adopting a form
that is more align to that of a complex wave function. However, to do so, we are going to assume that the amplitudes of the
travelling wave components [a] and [b] are constants, although differing in phase as signified by the use of the sine and cosine
functions and by a factor denoted by the complex number [i], such that [b=ia] and [i=√-1]
[14] A = a.cos(kx-ωt) + ia.sin(kx-ωt)
Based on the previous logic derived from Euler theorem, and shown in [9], we can now write [14] in the form of a complex
x

exponential function, but adopting the non-superscripted form of [e ], which is exp(x).
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[15] A = a.exp i(kx-ωt)
However, as suggested earlier in [10], the physical properties of a mechanical wave will always correspond to the real
components in [15], and the adoption of the form in [15] is primarily driven by the mathematical simplification, which some
associate with the complex form, but which ultimately have to be converted back into ‘real’ quantities to be a meaningful
description of the physical wave.
1.4.3.3.2

A Damped Wave Function

However, the form of [14] and [15] are still incomplete in the sense that neither reflect any loss of wave energy. Of course, we
intuitive understand that if we pluck a guitar string it will not vibrate forever and eventually the sound decays. While this
section partly addresses this specific problem, it is primarily an exercise in the mathematics of the wave functions. For this
purpose we might reasonably start and proceed based on the one-dimensional wave equation:

[16]
nd

The form of [16] reflects the earlier discussion based on wave propagation in which the 2 order derivatives of amplitude [A]
were resolved in terms of the wave number [k] and the angular frequency [ω]. However, in the case of a traverse wave on a
string, the propagation velocity [v] can be proven to be a function of the tension [T] of the string and its linear mass [M] such
that:

[17]
Of course, the inclusion of this expression does not represent any loss of amplitude [A] due to mechanical fiction with the
media, which is normally considered as proportional to, and opposing, the velocity of the string, although it should be
recognised that this up-down velocity of the string is NOT the propagation velocity [v]. As such, we might present the
modification of [16a] as follows:

[18]
Here the symbol [γ] corresponds to the drag force, which is proportional and opposite to the string amplitude velocity. There is
also an inference in [16b] that we might substitute for the differential expressions in [18], but it is useful to understand how this
can be done by the partial differentiation of the form in [15] with respect to time [t] and space [x], albeit if it is a bit
longwinded:
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[19]
One of the key benefits of the exponential form is that differentiation does not change its form, unlike the toggling between
sine and cosine. The verification of the equations in [19] can be carried out using any of the many differentiation calculators
available on the Internet. As such, we can now substitute the appropriate expressions from [19] back into [18] to get the
function:

[20]
What we see in [20b] is simply the ability to cancel out the common exponential expressions that come with the complex form,
which then allows to the wave number [k] to be equated to the physical properties of the wave:

[21]
Clearly [21] is still quite a messy equation to handle, but we may simplify the form of this equation as follows:

[22]
Now we can substitute [22c] back into [15] to get an expression that replaces [k] with [k 0], but then leads to the additional
negative exponential term in [23e] that corresponds to the inclusion of the drag coefficient [g]
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[23]
Therefore, this complex exponential wave will decreases exponentially in magnitude as it propagates. The decay constant (k 0q)
is real and appears because we allowed the wave number [k] to be complex, which in turn required the wave function itself to
be a complex exponential. At this stage, there is no advantage in
showing the complexity of derivation of [p] and [q], other than to say
that both are real quantities as defined by [22c] and both are
functions of [γ, M, ω]. However, whether you prefer working in the
complex mode appears to be a matter of acquire taste, but one that
probably becomes easier and more informative with practice.
1.4.4

The Nature of Waves

In contrast to the simplicity of the framework that has been used to
outline some of the basic equations associated with a broad range of
mechanical waves, the real nature of waves can be very complex, as
indicated in the picture right. Therefore, it is obvious that a lot of
simplifying assumptions have been made about the nature of waves,
which do not always consist of a single frequency, i.e. a plane wave.
Equally, most waves do not conform to the simplicity of a sinusoidal
shape and, as such, we need to expand the discussion to include the

Barbara W. Tuchman

composition of waves in terms of superposition and harmonic waves.

“Books are the carriers of civilization. Without

We also need to be a little more explicit about how energy is

books, history is silent, literature dumb, science

associated with a mechanical wave and how it transports this energy

crippled, thought and speculation at a standstill.

without the wholesale movement of matter along with the wave.

They are engines of change, windows on the world,

However, let us start with a statement about energy and the general

lighthouses erected in the sea of time.”

nature of a mechanical wave in the form of a pulse:
“Putting a lot of energy into a transverse pulse will not affect the wavelength, the frequency or the speed of the pulse.
The energy imparted to a pulse will only affect the amplitude of that pulse"
One of the interesting things about wave mechanics is reconciling the theory to real-world examples. So far we have mainly
discussed the basic physics of mechanical waves in terms of Simple Harmonic Motion, but even so, we have still been able to
introduce the key ideas of wave physics in terms of the following basic wave attributes:
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Energy [E] and amplitude [A]



Frequency [f], wavelength [λ] and propagation velocity [v]

As such, we have developed the idea that a wave has a frequency and wavelength, which defines the propagation velocity of a
travelling wave in time [t] and space [xyz], i.e. [v= fλ]. We have also touched on the idea of energy, which in the case of a
mechanical waves is said to be always proportional to the square of its amplitude. However, we have not really considered
what determines these parameters in the physical world, i.e.
What defines the initial wave energy?
What is the compositional structure of a wave?
How does this affect frequency [f], wavelength [λ] and propagation velocity [v]?
And what is the importance of the propagating medium in all this?
In practice, mechanical waves can be very complex, because the nature of these waves is so heavily dependent on the media
through which they propagate. For example, the media can be as diverse as a length of string or the surface of a pond or a
volume of air and while we might align these examples to our earlier introduction; each may come in a number of
permutations:


The string can be made of elastic or wire,



The surface wave is associated with deep or shallow water



The spherical wave depends on the actual gas mixture.

In this respect, the nature of electromagnetic waves, e.g. light, can often appear to be much more straightforward in certain
respects, at least, initially. For example, a light wave in the form of a photon can be sourced by an atomic transition, i.e. Bohr
model, which imparts a defined quantum of energy [E]. This energy, unlike a mechanical wave, determines the frequency [f] via
the simple relationship [E=hf]. Equally, we known that the propagation velocity of light, in vacuum, is always denoted by the
value [c] and therefore we would seemingly have 2 out of the 3 parameters required by our basic wave equation [v=fλ]. We
could also be a little more technical and say that the propagation speed of light is actually determined by the permittivity and
permeability of the vacuum, but such details are the topic of another discussion. So, clearly, we still have a number of general
issues to try and resolve in respect to mechanical waves, but first we will try to introduce some more details regarding wave
superposition, as we have touched on it at several points, but have not, as yet, explained its real nature. In many ways, the
process of superposition is one of the most fundamental differences between the perceived nature of matter and waves.
1.4.4.1

Wave Superposition

The principle of superposition may be applied to two, or
more, waves travelling through the same medium at the
same time. While the waves pass through each other without
being disturbed, the net displacement of the medium, at any
point in space or time, is the sum of the displacements of the
component waves. This process can be applied to waves of a
finite length in the form of pulses or continuous sine waves.
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However, the form of the resultant superposition wave depends on a number of factors:


Angular Frequency: [ω=2πf]



Wave Number

[k=2π/λ]



Amplitudes:

[AS=A1+A2… An]



Wave Directions:

(++), (--), (-+),(+-)

One of the interesting facets of superposition is that two waves, travelling in

Principle of Superposition

the opposite directions, can result in a standing wave that has no

This principle asserts that the resultant

propagation velocity, which might suggest that superposition is really an

displacement, at a given point, is equal

interference pattern rather than a wave. For although the superposition

to the vector sum of the displacements

wave can appear to move, as shown by the red wave in the animation; its

of different waves at that point. If a

energy is really just the resultant of the 2 travelling waves at any point in

crest of a wave meets a crest of

time [t] and space [x]. However, the animation is also illustrating the process

another wave then the crests interfere

of superposition of 2 travelling waves, i.e. blue and green, travelling in the

constructively and the resultant wave

opposite directions in both the sinusoidal and circular models. The blue wave

amplitude is increased. If a crest of a

is travelling from left to right and has half the amplitude [A1] and half the

wave meets a trough of another wave

angular velocity [ω1] of the green wave travelling from right to left with

then they interfere destructively, and

amplitude [A2] and angular velocity [ω2]. However, both waves have the

the overall amplitude is decreased.

same wave number [k1=k2=2π/λ], which implies the wavelengths [λ1, λ2] of

Typically, this form of interference is

each wave are equal, but because [v=ω/k], the green wave has twice the

produced when a wave propagates

propagation velocity [v2] as the blue wave [v1]. From the circular model, we

from a source to a destination by two

can also see that as these two waves rotate in time; the phase relationship is

or more paths of different length.

constantly changing due to the differences in [ω1] and [ω2], which then
causes the resultant amplitude [AS] of the superposition wave to oscillate between a maximum and minimum due the vector
addition as implied by the parallelogram. In fact, we can calculate amplitude [AS] at any point in the time domain using the
principle of vector parallelograms, which in-turn uses the general equation of a triangle:

[1]
We may also express the amplitude of the superposition wave in terms of the two component wave functions:

[2]
However, from the perspective of general understanding, looking at the superposition of waves in the time domain can lead to
some unnecessarily complex mathematics. Therefore, we might wish to look at this problem in the space domain:
[3]

A1 = A0 Sin(k1x)

where t=0=now

[4]

A2 = A0 Sin(k2x)

where t=0=now
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By definition, the results of equations [3] and [4] give the respective
amplitudes of the two waves at the same value of [x], when [t=now],
and can therefore simply be added together:
[5]

AS = A1 + A2

This is essentially how the amplitude of all the waves is being
calculated within the first animation at the offset [x] corresponding to
the dotted vertical line. The parameters associated with the animation
right were primarily selected to help introduce and illustrate the basic
mechanism at work. However, selecting different arrangements of parameters can result in superposition waves of various
shapes and sizes. There is one form of superposition that is of general interest, because it introduces a number of features that
have not yet been discussed, which are sometimes referred to as a ‘beats’. To produce the waveform in the second animation,
the two component waves A1 and A2 are now travelling in the same direction and with the same amplitude, but with only
slightly different value of [k] and [ω]. The key to producing a good beat waveform is that both component waves have the same
propagation velocity [v], i.e. ω1/k1 = ω2/k2, even although the angular velocity [ω] is different. What is interesting about this
type of waveform is the appearance of a secondary wavelength associated with the oscillations of the superposition wave,
which also has its own propagation velocity [v2]. Up until this point, the term ‘propagation velocity’ has been used because it is
generally understood and appeared to be relatively unambiguous in the context of the single frequency plane waves being
discussed. However, the introduction of a secondary propagation velocity associated with the beat superposition, plus the ideas
of harmonics to be discussed, can create confusion with this terminology, which is addressed in wave physics by the terms
phase velocity [vp] and group velocity [vg].


Phase Velocity [vp]
This is the speed at which the phase or single frequency component

Interference

of a wave travels with respect to space [x] and [t]. In essence, it is

Involves the addition or superposition

equivalent to what we have been calling the propagation velocity

of two or more waves that results in a

and is defined by the expression [vp=ω/k].

new

wave

pattern.

However,

interference usually refers to the


Group Velocity [vg]

interaction of waves that are coherent,

This is the speed of our superposition beat wave or simply the

either because they come from the

overall shape of the wave's amplitudes, which is sometimes referred

same source or because they have the

to as the modulation or envelope of the wave. The group velocity is

same or nearly the same frequency.

defined by the expression [vg=∂ω/∂k]
So with reference to the second animation, we might consider our travelling waves, which are only represented in the circular
model as single frequency phase waves rotating at different angular frequencies [ω1, ω2], which loop in and out of phase
creating an undulating or modulated superposition or group wave. The red trackerball shows how the amplitude of the
superposition wave creates the ‘beat’ waveform as the two component waves rotate through multiple cycles.
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1.4.4.2

Wave Harmonics

In the previous page, we introduced the basic idea of wave superposition in which we described how two travelling waves can
interact to create a resultant wave. However, in practice, many mechanical waves can best be described in terms of a
composite or superposition of many harmonic waves. The term `harmonic wave` implies a wave whose frequency is an integral
multiple of some fundamental wave, which can be shown to be sinusoidal in form and it
was French mathematician, Fourier (1768-1830), who proved that any periodic wave
could be describe in terms of a Fourier series:
[1]

Harmonics
A harmonic is a component
frequency of a wave which is

f(t) = a0 + a1*cos(ωt)+….an*cos(nωt)+ b1*sin(ωt)+….bn*sin(nωt)

Where [ω] is the angular frequency of the fundamental wave and each subsequent term
[nω] represents a harmonic with an integral frequency. So, in the context of the present
discussion, we shall describe a Fourier series as an expansion of any given periodic-wave

an integer multiple of the
fundamental frequency. If the
fundamental frequency is [f],
the

harmonics

have

frequencies [f, 2f, 3f, 4f etc].

function in terms of a sum of sine and/or cosine functions. In a wider context, the computation and study of Fourier series is
known as `harmonic analysis` and allows for an arbitrary periodic function to be broken down into a set of simpler terms, which
can be solved individually and then recombined to obtain a solution for the original composite function. Equally, since the
principle of superposition is valid for any linear differential equation, if a solution can be found for a single sine/cosine function,
then a solution for the composite wave function can also be found. This is done by transposing the original function into its
Fourier series and then substituting for each of its sinusoidal components. While harmonic analysis can become very
mathematical in its treatment of a problem, this is not the goal of this discussion. Therefore, the diagrams below are only
intended to convey the essence of the idea by showing how a square wave can be resolved into a Fourier series of sine wave
components. The diagram only consists of a limited number of steps in which a sine wave (S 1) undergoes modification by a
process analogous to superposition into the square wave shown in red. The harmonic waves are shown as dotted black curves,
which when added together create the superposition wave shown as a solid black curve.


Step (1):
At this point, the sine wave (S1) is clearly only making a very
poor approximation of the required square wave.



Step (2):
Adds a harmonic (S2) to the fundamental sine wave (S1), which is
an odd integer multiple in terms of frequency. Then, in this
specific case, the same integer is reflected in a fractional
decrease in the amplitude of the harmonic.



Step (3):
Adds another harmonic (S3) to the composite now reflected by
the sum of the previous 2 steps, i.e. (S1+S2). Again, this harmonic
is also described in terms of an associated integer value, which
defines its frequency and amplitude.
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For practical reasons, the diagram only shows 3 steps of what
theoretically could be an infinite series, although it can hopefully be
seen that any subsequent steps would quickly converge to a fairly good
approximation of the required square wave in a finite number of
reiterations. In many respects, this is all we need say about harmonic
wave superposition, at this point, but it might also be worth highlighting
that in the real world, the harmonic components of a wave can

Fourier: 1768-1830
Fourier was a French mathematician and
physicist. He is possibly best known for proving
what has become known as the Fourier series.
Fourier is also generally credited with the
discovery of the greenhouse effect.

propagate at different speeds, i.e. they each have different phase velocities [vp], which are subject to different rates of
attenuation and dispersion.
1.4.4.3

Wave Energy

As implied by the picture, waves can be complex and somewhat messier
than the simplicity of our basic sinusoidal assumptions. However, while
this section does attempt to take a closer look at the nature of waves, it is
often counter-productive from a learning perspective to make the models
too representative of the actual complexity of nature. However, there is
still the possibility that the complexity of the real world might make
reference to one of the simplest models. Therefore, we will begin this
discussion with an example that fits nicely with theory; albeit that this
example is still somewhat conceptual in that we shall assume that this
system does not lose any energy. It is essentially the model of a weighton-a-spring that oscillates up and down as a lossless SHM pendulum, with its motion described by a sine wave. As we have
already outline the concept of Simple Harmonic Motion, we need not repeat all the supporting arguments, but will restate the
initial information known about this system:


Mass on the spring: [m]



Elasticity of the spring: [k]



Displacement of mass: [y]

Travelling Wave Energy
It is an axiom of a mechanical wave that its
energy is proportional to the square of its
amplitude. However, this is not really true,
because there is a point in time and space where

To start with we might note that the physical motion of the weight on
the end of the spring corresponds to the amplitude of the wave, i.e.
y=A. Therefore, in this case, we might recognise that the oscillating
motion does not propagate as a wave through space, only time. As such,
the oscillating motion does not have a propagation velocity [v=x/t], only
the up-down velocity [u] of the mass [m], which implies a corresponding
2

kinetic energy of [Ek= ½mu ]. Of course, in terms of the initial energy of

the wave has no amplitude. As such, the axiom is
only making reference to the potential energy,
which is zero when the amplitude is zero, but
this point coincides with the maximum and
equivalent amount of kinetic energy. In a lossless
wave system, the wave always has a constant
amount of energy [ET]

this system, there is no kinetic energy component as the weight is held, displaced by a distance [y], from its natural equilibrium
position [y=0]. Therefore, the initial energy of this wave is unambiguously described in terms of its potential energy only:

[1]
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However, [1] still reflects the axiom of all mechanical waves that the

Standing Wave Energy

2

energy is always proportional to the square of the amplitude, e.g. [y ],

The energy of the standing wave is the sum of

even though this wave does not propagate in space [x]. For when the

the energy of the component waves travelling in

weight is released, it accelerates under the force of the spring towards

opposite

its equilibrium point, i.e. y=0. By this process, the mass [m] acquires

but

combine

in

superposition to create the standing wave.

velocity [u] and, under the conservation of energy, the initial potential

However, it is interesting to realise that a

energy [Ep] is converted to kinetic energy [Ek] and back again. As such,

standing wave can have no energy at the nodes

energy is conserved between two maximum states of potential and

and a maximum at its antinodes. This would

kinetic energy:
[2]

directions,

suggest that standing waves are not waves in the
normal definition of the term.

ET = Ep + Ek

However, while [1] represents the potential energy [Ep] at any offset [y], it must also represent the total energy [E T], when [y] is
a maximum [y0]. Therefore, we can extend [2] as follows:

[3]
The last terms in [3] corresponds to the kinetic energy [EK], where [u] is the rate of change of the amplitude. We can re-arrange
[3] in terms of the mass velocity [u]:

[4]
As such, we can add [1] through [4] to the information in the following table, which was previously derived in the earlier
discussions relating to SHM wave functions.
Quantity

Symbol

Value

Angular Velocity

ω

= 2πf = √(k/m)

Amplitude

y

= y0sin(ωt)

Velocity

u

= -ωy0cos(ωt)

Acceleration

a

= -ω y0sin(ωt) = ω y

2

2

As such, we have a descriptive model of this system in terms of its wave-like properties, which all have roots in the following
time domain amplitude [y] equation:

[5]
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So to reiterate, the term `wave-like` is being used because there is no wave propagating in space since the wave amplitude [A]
now corresponds to the offset [y] of the mass [m] from its equilibrium point. As such, we might be describing the up-down
motion of a point in space with unit mass [m], subject to some form of elasticity [k] linked to the passage of a mechanical wave.
Therefore, it might be possible to apply some of the basic principles of the SHM model to the propagation of ‘real’ mechanical
waves passing through a physical medium in both time and space. So, this might
be a useful point to remind ourselves of the original definition of a mechanical

Mechanical Waves

wave.

An

alternative

definition

of

a

mechanical wave is that they are a
A mechanical wave is a wave that propagates through a medium by

mechanism for dissipating localised

means of a `mechanical interaction` between adjacent or neighbouring

excess energy so that the system can

particles within that medium.

return to a point of equilibrium
associated with the lowest energy state

As such, we might reflect on the fact that a `mechanical interaction` relates to

possible for the system.

oscillations that take place in a given medium, i.e. gas, liquid or solid. However,
let us try to be a little bit more precise about how the medium is oscillating by saying that individual particles, within the
medium, must also exhibit a periodic motion, e.g. move up and down about an average equilibrium position. As such, each
particle in the medium may be subject to its own SHM wave function and, in this context, our spring model might be considered
as a model for an individual particle within a given medium. So while there are possible problems with this assumption, we shall
pursue the idea for the moment:

Clearly, it is quite difficult to show all the real-time dynamics of an expanding surface wave in what amounts to a 2-dimensional
snapshot as illustrated above. However, to some extent, the animation that introduces 2D waves and another illustrating a
cross-section of the 2D wave propagation both reflect how the wave being described acts in real-time. These animations
correspond to a ‘pebble-in-the-pond’ model in which a volume of water is displaced that then generates a succession of
expanding circular waves that decay as the potential energy [Ep] of the original displacement is dissipated across the expanding
radius of a series of waves. However, with reference to the diagram above, point [P 0] corresponds to a small mass of water [m]
within a column of water, which has been lifted to a height [y=h] above the surface of the surrounding water. As such, this
column of water has potential energy [Ep] related to its height [h], mass [m] and the pull of gravity [g]. When this column of
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water 'falls', it collapses under gravity and, in so doing, creates an expanding circular wave. However, we need to make a
number of clarifications about the diagram above, because it can give a very misleading perception of how this mechanical
wave really dissipates the original potential energy represented by [Ep=mgh]. The first point is that the red sinusoidal curve,
shown in the diagram above, represents the peaks and troughs of a wave that only exists as a function of different points in
time, i.e.[ t1, t2..tn]. It is also assuming that all the original potential energy [Ep] is transported by a single expanding wave, which
has been proved not to be the case in the pebble-in-the-pond animations.

The picture above is essentially a single frame taken from the wave propagation animation, annotated with a point P(x,t) that
might be seen as corresponding to Pn in the earlier diagram. So what we need to clarify is that the energy [E p] does not
propagate out in one single wave, but rather as a series of waves, because the original energy imparts momentum to individual
volume-masses [m] within the media distributing the wave. Second, contrary to the impression that might have been given by
the first diagram, by the time the wave reaches point P(x,t), the amplitude at the centre has already changed. In this context, the
main purpose of the first diagram was only to highlight, via the inset diagrams associated with [P 1] and [Pn], that both of these
points might be initially considered as localised masses [m1, mn] that move up and down in accordance to a damped SHM
model.

At this point, let us stop to consider the energy implication at some arbitrary point [P n] based on the assumption that this
particle has initially neither potential nor kinetic energy. Clearly, in order to raise the particle [P n], the propagating wave must
transfer some of its energy to this particle, i.e. it gains kinetic energy by virtue of its upwards motion and potential energy by
virtue of its increased elevation [h]. At its peak amplitude, the energy of [P n] can be described solely in terms of potential
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energy, which is then converted back in to kinetic energy as [Pn] falls back towards the zero height represented by the water
surface. As such, there appears to be a parallel to our earlier SHM spring model, which oscillates continuously between
potential and kinetic energy, but with the exception that this energy system is no longer lossless, as previously assumed. While
the actual process of energy propagation between millions of water molecules is almost impossibly complex, we might intuitive
understand that some of the energy associated with the volume-mass [Pn] is transferred to its neighbours in the direction of the
waves propagation. As such, we are trying to generalise a model in which the surface of the pond can be approximated to a
series of oscillating point masses [m] with the decaying displacement described as a function of time, which in practice will
depend on the viscosity of the medium, e.g. water. However, at another level, we still need to consider the overall wave motion
of the medium, which maintains its shape as it propagates through the medium. Therefore, let us table a question:
What property of the medium maintains the wave shape during propagation?
The assumption of the wave models outlined has always been based on a sinusoidal shape propagating in space [x], which we
are now trying to consider collectively across a 2-dimensional surface [x,z] at some arbitrary point in time, which might be
thought of as ‘now’, which allows us to remove time [t] from the equation:

[6]
The symbol [γ] simply represents a ‘decay factor’ affecting the wave in propagation, although we are not trying to specify its
form at this point. Equally, in the generalised 1D wave equation, it was shown that the second derivative of amplitude [A] with
respect to space [x] was proportional to the second derivative of amplitude [A] with respect to time [t], i.e.

[7]
In the context of the SHM spring model, the acceleration of amplitude was linked to mass [m] attached to the spring. However,
in the case of a surface wave, the second order rate of change of amplitude [A] is associated with the up-down acceleration [a]
of any particle [Pn] along the path of the propagating wave. As such, the second derivative of a mass particle [m p] in time must
have a corresponding force [F] acting on it, which is proportional to the second derivative of [x], i.e. a small section of the
nd

medium. If so, we might combine [7] with Newton’s 2 law of motion:

[8]
We might wish to do a quick sanity check of [8] by comparing the units:

[9]
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Based on the perceived consistency of units in [9], it might be suggested that a wave has to maintain its shape in propagation
because it is the only way to balance the forces associated with the wave’s amplitude and propagation velocity [v]. This might
also be a useful point to introduce the basic idea of dispersion within a physical medium, for when the propagation velocity [v]
of a mechanical wave does not depend on the frequency of the disturbance, the propagation medium itself is said to be nondispersive. In a non-dispersive medium, the superposition of the different wave frequencies within a pulse-wave will travel
through the medium at the same velocity [v=fλ]. Therefore, in non-dispersive media, higher frequencies [f] have to result in
shorter wavelengths [λ] so as to maintain a constant propagation velocity [v] in any given medium. To illustrate this point, if air
were not a non-dispersive medium, music at the back of the hall would sound very different than that heard at the front of the
hall because sound of different frequencies would arrive at different times.
So how might we apply this insight to other mechanical waves?
While we have shown that reference can still be made to the SHM spring model, the energy and force associated with largescale mechanical waves cannot, in practice, be easily modelled by millions of individual particles [m p], although some
reasonable approximation might be made with this approach. Of course, we can still consider the physics of the aggregated
mass [m] of the water displaced by the wave as a whole. For example, let us consider a generalised model of a pebble being
dropped into a pond, but then scale this example to that of a relatively small meteor strike in the middle of the Pacific Ocean,
so that we might try to cross-reference some of the known wave physics of ocean and tsunami waves. While this undoubtedly
changes the complexity of the problem beyond the initial scope of this discussion, it also requires us to; at least, consider the
energy of this type of wave in a much wider context. For example,
Does the meteor create a central displacement of water that radiates outwards?
Does the cross-section of this wave look more like a pulse than a sine wave?
To address the last question first, a Fourier series might still allow the pulse-wave to be modelled as a fundamental sine wave in
superposition with its harmonic components. However, such a model might require us to consider the implications on the
propagation velocity of a wave comprised of harmonics of different frequencies. If so, we would need to understand whether
the medium in question is dispersive or non-dispersive. As indicated earlier, air as a medium is non-dispersive and therefore all
sound waves of different frequencies travel at the same propagation velocity. However, in general, water is a dispersive
medium, therefore waves of a different frequency, and even amplitude, travel at different propagation velocities, such that
long wavelength propagate faster than shorter wavelengths. This said, we will start by making some sort of estimate of the
initial potential energy of this type of wave in terms of the pulse-wave as a whole, i.e. it has height, depth and width.
On what assumption might we define the energy of a tsunami wave?
Like the SHM spring model, we could begin by assuming the energy of the wave is initially associated with the potential energy
of a volume of water displaced by the meteor. Subsequently, a wave propagates via a process involving the conversion of
potential energy to kinetic energy and back again.
So how does kinetic energy fit into the wave propagation description?
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With reference to the earlier diagrams and the SHM spring model, when
a point on the wave has zero potential energy, it has acquired maximum
kinetic energy and the associated momentum of a mass [m] moving with
velocity [u]. This momentum is then the effective source of energy that
pushes the SHM model into its next cycle of oscillation, i.e. the kinetic
energy is converted back into potential energy. Of course, if all the
energy was retained within this cycle, then there would be no energy to propagate within the wave itself. As such, we might
realise that some fraction of the energy is retained by the local oscillating system, while another fraction is imparted to its
neighbours within the media that ultimately contributes to the wave propagating outwards. In many ways, the animation
above is built on a model that assumes the wave medium consists of a series of SHM oscillators that retains some fraction of
the energy, linked to the viscosity of the medium, to maintain the next cycle of oscillation, albeit at a reduced offset, while still
imparting some of its energy to its neighbours. The net result being the somewhat idealised 2D sinusoidal wave radiating
outwards, which may not reflect the true nature of a tsunami wave. Therefore, it might be useful to complement this
conceptual model against some of the analysis done on tsunami waves before proceeding to draw any further conclusions. In a
paper in the American Journal of Applied Sciences (2005), some analysis was presented of the physics associated with the
tsunami wave that caused the disaster in the Indian Ocean in 2004. It is highlighted that this analysis was predicated on the fact
that most tsunami waves are caused by seismic events in which the wave generated was essentially aligned and orthogonal to
the direction of a seismic fault line. Waves of this nature do not necessarily lose energy within an ever-increasing circular wave,
as assumed by our earlier model and, for this reason, the energy of this wave was approximated to a volume of displaced water
using the following equation:

[10]
The shape of this wave is assumed to be a 3-dimensional [x,y,z] rectangular block called a `waterberg`. Where [a] corresponds
to the height of the wave, [λ] is the wavelength within the waterberg, [L] is the length or width of the wave, [ρ] is the density of
the sea-water and [g] is the acceleration due to gravity. However, this equation can still be reduced to the form [E p=mgh], if we
assume that [x=λ], [y=a] and [z=L]:

[11]
Clearly, basing the volume of water displaced on the cubic shape of the waterberg has to be a very rough approximation.
However, we might use a similar logic to construct another approximation of the potential energy of the initial central wave in
our animation. However, this wave would have to be closer to the volume of a cone with a base radius [r] with a centre of mass
at one-quarter the height [h] of the cone:
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[12]
Even so, we can see that [11] and [12] still reflect a potential energy that remains proportional to the square of the amplitude
or height of the wave, i.e. [a=h]. Although it is possibly more important to recognise that the energy of the wave, as a whole,
depends on the mass-volume of the water displaced, i.e.

[13]
So while it is true to say that the initial potential energy being put into this wave system is proportional to the square of the
amplitude, it is more instructive, in this case, to recognise the link to the basic equation [E p=mgh]. Given the circular nature of
our pebble-in-the-pond analogy, we may also predict the decay of the amplitude of the wave as a function of the expanding
radius [r], as previously discussed:

[14]
In essence, the initial potential energy input into the wave system, as a whole, represents the total energy [Et], which in the
case of a lossless system is dissipated over time by the expanding wave system. However, we might intuitively understand that
the initial central displacement of water cannot collapse and come to rest instantly and, as a consequence, a succession of eversmaller expanding waves may also be created. We might also recognise that this undulating motion must correspond to some
component of the total input energy [Et], which now exists as both kinetic energy [Ek] and potential energy [Ep] being
distributed over an ever-expanding area through a succession of waves over time. By way of a visualisation of the total energy
[Et] of the wave, the diagram below focuses on a single particle [Pn] that acquires both potential and kinetic energy from the
expanding wave:

For simplicity, the diagram above only shows a single lossless wave cycle at an arbitrary point [P n] that is lifted by the expanding
wave. At time [t=1], the particle [Pn] has maximum potential energy [Ep]. As the wave peak passes, the particle [Pn] falls back
down, but in so doing gains maximum kinetic energy [Ek] at [t=2]. As such, some fraction of the total energy is retained by
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particle [Pn] after the initial wave continues to propagate outwards. So while there is no net radial movement of water, the total
energy within any complete wave cycle exists as the sum of both potential [E p] and kinetic [Ek] energy. Therefore, the total
energy does not oscillate, as per its potential and kinetic components, although it will decay in any practical wave system. Each
successive wave, generated from the collective momentum imparted to the particle via its kinetic energy, will continue to carry
both potential and kinetic energy away from the initial centre until the water surface returns to a state of equilibrium, i.e. point
[Pn] has zero energy, as illustrated by the previous animation. The wider considerations of this energy model will be discussed in
the final page of this section.
Tsunami Fact
1.4.4.4

Tsunami is a Japanese word. "Tsu" translates to

Tsunami Waves

harbor and "nami" to wave. When a body of water
In this section, we will expand the previous discussion to illustrate

is rapidly displaced, a series of waves are created.

the potentially devastating nature of tsunami waves. The picture on

These series of waves are called "tsunami".

the right shows just a small region of coastline affected by the
tsunami wave in the Indian Ocean in 2004. As such, we will attempt
to use some of the data collected about this particular tsunami
within the context of a relatively simple mathematical model to see
what it might tell us about the nature of this type of wave. So let us
begin the discussion by generalising the propagation velocity [v]
associated with a tsunami wave as follows:

[1]
In this equation, [λ] corresponds to the tsunami wavelength, [d] is
the sea depth and [g] is gravitational acceleration. However, for
simplicity, [2] is often presented in one of 2 forms relating to the
solutions for deep and shallow water:

Tsunami Fact:
[2]

A tsunami’s trough, the low point beneath the
wave’s crest, often reaches shore first. When it

Clearly, to make use of either equation in [2], we have to understand

does, it produces a vacuum effect that sucks

a little more about the nature of tsunami waves. Satellite imagery

coastal water seaward and exposes harbour and

indicates that the wavelength of some tsunami waves can be up to

sea floors. This retreating of sea water is an

400km, but can have a wave height of less than 1 metre in the open

important warning sign of a tsunami, because the

ocean. However, to be slightly more specific, we might use the data

wave’s crest and its enormous volume of water

associated with the tsunami in the Indian Ocean in 2005 as the basis

typically hit shore five minutes or so later.

of our example:

Recognizing this phenomenon can save lives.
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Wavelength [λ]:



Length [L]:



Sea Depth [d]:



Gravity [g]:



Amplitude [a]:



Water density [ρ]: 1000 kg/m

150 km
1200 km
4 km
9.81 m/s

2

1.5 metres
3

From this data, we might estimate the initial potential energy associated with the ‘waterberg’ model introduced in the previous
discussion of wave energy :

[3]
Of course, we might also plug the example data into [2] in order to try and determine the theoretical propagation velocity of
this particular tsunami wave

[4]
On first inspection you might be forgiven for assuming that [4] must be in error because it is suggesting that the velocity of this
tsunami wave is comparable to that of a commercial jet. However, this is the correct answer, verified by distance covered in a
given time, while the wave is essentially in deep water. However, this statement does not lead to the conclusion that a tsunami
is a deep-water wave by nature. Therefore, it would seem that we have some more explaining to do and we might start by
pointing out the relative scale of the wave height [a], sea depth [d] and the wavelength [λ] of the tsunami by the following
relationship:
[5]
The implication of [5] suggests that a tsunami is essentially a shallow-water wave, because its wavelength [λ] is so much larger
than the sea depth [d], i.e. [λ/d=37.5], while [d/a=2666]. Therefore, we can test the assertion of [2b] by equating it to [1]
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[6]
So we can see that the approximation in [2b] is valid when [d<<λ] and
conforms to the idea that a tsunami acts as a shallow-water wave. Based
on the numeric verification of [2b] above, we might also realise that
because this equation only depends on the ocean depth [d], it may also
be acting as a non-dispersive medium for those wavelengths [λ] that
satisfy the condition [d<<λ]. Of course, in practice, a tsunami wave will be composed of a range of ‘harmonic’ components that
create the overall ‘superposition’ shape of the wave. However, referencing the full form of the tsunami model in [3] and [4]
suggests that the longest wavelength components will separate from the shorter wavelength components over time and will
therefore hit any coastline first and carry the most energy. For completeness, we may also calculate the period [P] of the
tsunami within the assumptions of this model:

[7]
From [6], we can also calculate the average rate of change of the wave amplitude [a], i.e. its average velocity [u]:

[8]
So, the picture that emerges out of this model is that a tsunami wave represents a huge mass of water, because although its
only has a relatively small amplitude, e.g. 1.5m, in deep water, it can also have a huge wavelength, e.g. λ=150km. So while a
tsunami might pass by completely unnoticed in the deep ocean, all the energy associated with this type of wave can still have
devastating consequences when it arrives at a coastline. This can possibly be illustrated by using Green’s law to correlate the
wave amplitude [a,ax] to the sea depth [d,dx]:

[9]
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In this context, [ax] is the amplitude of the wave at some point [x], where the sea depth is [dx]. The following example shows the
wave amplitude [ax] and velocity [vx] at 3 different sea depths, e.g. 4000m, 40m, 4m, as the tsunami propagates from the full
ocean depth assumed by our example towards the coastline:

[10]
The results in [10] show both the increasing amplitude [ax] and falling propagation velocity [vx] of the tsunami as it approaches
the shallow waters of a coastline. Ultimately, such a wave will crash over on itself, but the mass of water will still be pushed inland by the huge volume water backed up behind the leading edge of the wave, which was originally 150km in length and will
take 12.6 minutes to arrive. So while this may have only been a simplified model of the actual complexity of a tsunami wave, it
has hopefully provided some insight to the awesome nature of this specific type of mechanical waves.
1.4.5

Summary of Mechanical waves

There is an implicit sense of both beauty and power
associated with waves, as captured by the photograph right,
which was also reflected in the picture of ‘The Great Wave’ by
the Japanese artist Katsushika Hokusai at the start of this
section as a whole. We might also link Hokusai’s picture and
the last section addressing the nature of tsunami waves,
which have so often brought devastation to Japan’s
shorelines. However, before we become too mesmerised by
such images, the primary focus of this overview of mechanical
waves was to try to illustrate the diversity of form, while also
trying to outline some basic wave physics that helps describe
all these waves.
A Mechanical Wave?

So what is a mechanical wave?

Is a mechanism that allows a medium to restore itself to

While we might often visualise waves in the form of ocean
waves, the diversity was shown to range from traverse

its lowest energy configuration. It also represents the
lowest energy mechanism by which to do this.

waves on a 1-dimensional length of string or on a 2-dimensional surface through to 3-dimensional longitudinal waves. Some of
these waves were considered to be bounded to a finite length, which resulted in the formation of standing waves, while others
were essentially boundless within the scale of an entire ocean. It was also apparent that the physics underpinning all these
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different types of mechanical waves had to take into
consideration the nature of the medium in which these waves
propagated. It was therefore possibly surprising that the
idea of simple harmonic motion appeared to have relevance
in the mathematical description of so many wave types.

A Mechanical Wave?
Is a mechanism that allows a medium to restore itself to
its lowest energy configuration. It also represents the
lowest energy mechanism by which to do this.

However, what also became apparent from the mathematical models was the degree of abstraction that was possible in terms
of the number of different models, i.e. simple oscillation, circular rotation and sinusoidal motion. For example, the idea of
angular frequency [ω] and the geometrical constant [π] became common terms in many equations, even though there was no
obvious circular motion connected to the physical wave. This abstraction was further outlined in the discussion of SHM, as it
applied to the mass-on-a-spring model, which had an associated wave motion that only propagated in time [t], but not space
[x]. However, the scope of mathematical abstraction was possibly best illustrated by the exponential form of the wave
equation, which required the inclusion of the imaginary concept of the square root of [-1], denoted by the letter [i]. Of course,
while mathematics is invariably the foundation stone of any scientific description, waves are by nature, a dynamic concept and
for this reason it felt important not to lose sight of the need to visualise the wave propagation in both time and space, as
attempted in a number of animations.
So what is the nature of mechanical waves?
While we have use simple harmonic motion to help describe the nature of mechanical waves, the mass-on-a-spring model also
demonstrated that this is basically a description of oscillatory motion that only captures a specific aspect of a mechanical wave
by approximation. For example, it was suggested that the pebble-in-the-pond model was analogous to a series of SHM
oscillators that essentially move up and down, driven by the conversion of potential energy [Ep] to kinetic energy [Ek] and back
again. However, there was little actual explanation given as to how all these SHM oscillators were synchronised to create the
sinusoidal wave, as seen on the surface. Therefore, we might want to reflect, possibly even speculate, a little further on the 2
definitions of a mechanical wave given on the opening page of this section:


A mechanical wave travels through a medium by means of a `mechanical` interaction between adjacent or
neighbouring particles within that medium.



A wave is a mechanism that transports energy `independent` of matter.

While the second definition may seem to be more concise, at least, in terms of
brevity, it is not clear that it really describes a mechanical wave, because it makes
no reference to the energy exchanges that must take place between matter
particles within the medium, as suggested by the first definition. This also seems
to be the weakness of the SHM oscillatory model alluded to above, which only
describes the conservation of energy within an up-down oscillatory model without
really addressing the nature of the interaction between adjacent particles. Of
course, the nature of this interaction has to depend on the medium itself; so we
might want to further consider the example of waves travelling in the medium of
water. Without necessarily going too deeply into the complexity of the chemistry,
a H2O molecule is said to form a maximum of four hydrogen bonds because it can
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accept two and donate two hydrogen atoms. Therefore, water exists as a tetrahedral structure formed by the four hydrogen
bonds that also help create some of its unique 3-dimensional properties. The hydrogen bond itself results from the attractive
interaction of a hydrogen atom with an electronegative atom, like oxygen, in the case of water. While the H 2O molecule is
electrically neutral, the positive and negative charges within its structure are not evenly distributed, which means that a H2O
molecule acts as an charged dipole. As a consequence, a partially-positive hydrogen atom within a H2O water molecule is
attracted to the partially-negative oxygen with another neighbouring water molecule. To summarise:


H2O molecules attract each other through dipole-dipole interaction known as hydrogen bonding, which form a
tetrahedron structure.



However, this structure is subject to rapid thermal change on very small timescales, e.g. picoseconds, such that any
overall configuration is very brief.



These characteristics are reflected in the fluidity of water.

As such, we might initially imagine that the bonds binding the individual water molecules, as shown above, act like weak springs
that can snap any moment, but still exert a force on neighbouring molecules while they exist and reform. Therefore, within this
model, any net movement of a water molecule due to its initial gravitational potential energy [Ep=mgh] will cause a net change
in the equilibrium of forces on any neighbouring molecules. As such, there would be a distribution of kinetic and potential
energy within the medium, although the transfer of kinetic energy might be localised.
But does this model really reflect water as a wave medium?
Clearly, it seems of central importance to wave physics that we have some initial model that might help explain how localised
interactions within any medium contribute to the overall transport of energy. Therefore, we shall try to use the following
diagram to illustrate the possible forces acting on different points of the wave surface:
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The blue spheres are representative of water molecules sitting at different
positions along a single wavelength of a surface wave, loosely connected
via their hydrogen bond. Given that these bonds are relative weak, it is
possible that they have little real effect on the overall wave being
described, despite the inference that this bond acts like a weak spring
interconnecting all molecules. So, moving left to right, we shall attempt to
outline the general nature of the forces acting on each point in turn. The
first point sits at maximum amplitude [a], above the wave centre line, and
therefore the red arrow is representative of the maximum gravitational
force acting downwards. It should be noted that a gravitational force
always acts towards the centre of mass [M], e.g. of planet Earth, and
therefore should apply to all points subject to a different radius. However,
the red arrows are only shown on those points above the wave centre line

Wave Medium
A wave medium is anything that will support
the transmission of a wave. This transmission
media can be subject to classification; where
a bounded and unbounded media is either
considered finite or infinite, at least, in
comparison to the wavelength. In contrast, a
linear medium allows the amplitudes of
different waves to be added at any point;
while a homogeneous medium is unchanged
at any point and an isotropic medium is the
same in any direction.

because there must be an additional and stronger force that restores the water surface to some equilibrium level. As successive
point move down away from the position of maximum gravitational potential, they acquire kinetic energy of motion, which is at
its maximum at the wave centre line. As the subsequent wave positions fall below the wave centre, we need to try to explain
why there is a ‘restoring’ force that acts back up towards the wave centre. This force not only acts in opposition to the kinetic
energy of motion, but the gravitational energy that is still implicit in the radial distance from the centre of mass [M], even
though these points fall below the wave centre line. The following description is very general and is therefore singled out for
clarification:
Water is an incompressible substance; as such any molecule moving down has to push another water molecule out of its
way. As a consequence, any water surface has an equilibrium level, which depends on the volume of water contained in
a given shape, e.g. the ocean basin. Therefore, we might simply associate what has been called the ‘restoring’ force to
the ‘buoyancy’ force of water, which can also be described in terms of Archimedes' principle. Therefore, any point below
the wave centre is subject to an upward force that not only counteracts the kinetic force [mg], but the implicit
gravitational potential [mgr], where [r] is the radius of the Earth. However, if we assume the wave has sinusoidal
symmetry, this upward force can also be described in terms of a symmetrical gravitational potential [mga], where [±a] is
the amplitude of the wave with respect to the wave centre line.
As a result of this force, any point below the wave centre line loses kinetic energy due to this upwards force and comes to stop
at the maximum negative amplitude of the wave. At this point, the kinetic direction is reversed back up towards its maximum at
the wave centre line, where localised water molecules will have also gain maximum momentum, which means that these
molecules will continue move upwards to a point where the original potential energy is restored, assuming a lossless system.
So do the hydrogen bonds act like springs that bind clusters of molecules together?
While these bonds possibly play an important role in defining the unique nature of water as a wave medium, we might also
consider another model in which the water molecules are replaced by tiny ball-bearings, which act analogous to a liquid, but
have no binding mechanism between the particles.
Would the ball bearings in this pseudo-fluid also propagate waves?
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Presumably, this will depend of the ability of this pseudo-liquid to support an equilibrium level. If it can, then any upward
displacement would be subject to gravitational potential, as before, which would act to restore this equilibrium. While a similar,
albeit opposite, process would again act to restore any downward displacement. Of course, while the viscosity of this pseudoliquid might be very different from water, and affect the characteristics of any wave generated, it would still in theory
propagate a wave in order to dissipate the necessary energy to restore the pseudo-liquid to its lowest energy configuration
associated with any given equilibrium level. In fact, this last sentence might suggest an alternative definition of a mechanical
wave:
A mechanical wave is a mechanism that allows a medium to restore itself to its lowest energy configuration.
If so, it would seem that waves are generated when additional energy is input and localised within a small region of the system
in question. In many respects, this suggestion may only be reflecting the second law of thermodynamics, which implies that
energy will naturally dissipate when localised, i.e. it moves towards entropic uniformity. However, we might pursue this idea
one stage further:
Waves not only restore the system to the lowest equilibrium energy state possible, but also represent the lowest energy
mechanism by which to do this?
Clearly, there has been more than a degree of speculation in this discussion, but the suggestion is that waves propagate away
any localised energy, which is in excess of some equilibrium energy state of a given system, i.e.
[1]

Wave Energy = Localised Energy – Equilibrium Energy

Typically, an equilibrium state might normally imply the stasis of some level of potential energy held in balance to which we
might assign a relative value of zero, e.g. ocean level. Any disturbance of the system that inputs energy, e.g. a kinetic impact,
can then change the stasis of potential energy in a localised region. Based on the previous assumptions and the revised
definition, the resulting waves dissipate only the excess potential energy across the entirety of the system. So while the process
of wave propagation, required to transport the excess energy, involves the conversion of potential energy to kinetic energy and
back again, it does not involve the wholesale movement of mass within the medium. Therefore, kinetic energy is only a
localised by-product of the dissipation of the excess potential energy via the wave mechanism.
Can this principle be applied to all waves?
In the context of this website, this section might be seen as the precursor to the next section that tries to consider the nature of
an electromagnetic wave and the possible duality of this wave as a photon particle. EM waves, plus their alias photon form, also
raise the additional complexity associated with their ability to self-propagate through a vacuum, i.e. in the absence of any
physical medium.

Footnote: While the shape of an ocean wave is often depicted as a sine wave, experiments suggest the wave shape is
closer to 'trochoid'. A trochoid is the curve traced out by a point on a circle as the circle is rolled along a line. Within this
model, the propagation of a water wave causes small localised circulations within the water mass as the wave passes.
These circulation are largest near the surface and diminish with depth.
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1.5

A Light Perspective

Today, a science book may well describe light in terms of a transverse
electromagnetic wave operating within a certain frequency range, which
is visible to the human eye, but

exists within a much larger

electromagnetic spectrum that is not. However, in another book, light
may be described in terms of a stream of particle-like photons that
represent discrete quanta of energy at a specific frequency. However,
this apparent paradox, often referred to as the wave-particle duality of
light, is not the primary focus of this section, as this is a topic for
discussion under the heading of ‘Quantum Theory’. As such, this section
will focus on the description of light within the restrictions an
electromagnetic wave.
In 1678, Christiaan Huygens published a paper called ‘Traité de la
Lumiere’ in which he argued in favour of the wave nature of light.
Huygens stated that an expanding sphere of light behaves as if each point
on the wave front were a new source of radiation of the same frequency
and phase. Unfortunately for Huygens, Isaac Newton disagreed with him
and argued for what is known as the ‘corpuscular theory of light’ and
Newton's reputation was enough to sway most to accept his theory. As
such, the issue that has become known as the wave-particle duality within quantum physics, actually has a much longer history.
While Newton and Huygens disagreed on the nature of light, it is not often realised that both assumed that the wave and the
corpuscle required some form of ether through which to propagate. Within Newton’s theory, the existence of the ether was
required to transmit forces between the particles of light, while Huygens’ theory needed the ether to act as a propagation
medium.
In the previous section, we discussed the nature of mechanical waves that this section now
attempts to expand in order to identify the differences between a mechanical wave, which
depends on some form of physical medium, and light waves that appear to self-propagate
and are therefore capable of travelling vast distances through the vacuum of space. In order
to make this comparison, we need to discuss the subject of electrodynamics in the form of
Maxwell’s equations, which were first published in 1864, although not in the form we would
necessarily recognise today. In many ways these equations have come to represent the
transition from classical physics in the form of Newtonian laws of motion and gravitation into
what we might describe as modern science with all its mathematical abstractions. However,
we might start by simply listing some of the basic attributes of light waves:


The wave nature of light is often argued based on the observations of diffraction
and interference and its apparent transverse nature in respect to the effects of
polarization.
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Light is produced by one of two methods. Incandescence is the emission of light from hot matter, i.e. temperatures
greater than 800K, while luminescence is the emission of light when excited electrons fall to lower energy levels.



The speed of light in a vacuum is represented by the letter [c] coming from the Latin word ‘celeritas’ meaning
swiftness.



Measuring the speed of light was first, albeit unsuccessfully, attempted by Galileo based on 2 points less than 1 mile
apart. However, in 1676, Ole Christensen Rømer was observing the transits of Jupiter's moon ‘Io’ and determined that
the time between eclipses got shorter as the Earth approached Jupiter, and longer as Earth moved further away. He
hypothesized that this variation was due to the time it took light to travel the varying distance and estimated that the
time for light to travel the diameter of the Earth's orbit was 22 minutes.



Today, the speed of light in a vacuum is fixed at 299,792,458 m/s and is considered to be a universal constant in all
reference frames. However, the speed of light in a medium is always slower the speed of light in a vacuum and
depends on the characteristics of the medium.



The amplitude of a light wave is related to its intensity. Intensity is considered to be an absolute measure of a light
wave's power density, while its brightness is the relative intensity as perceived by the average human eye.



The frequency of a light wave determines its colour, although frequency is also directly proportional to its energy.
Visible light can be extended to include ‘ultraviolet light’ and ‘infrared light’, although even collectively, they
represent only a small fraction of the electromagnetic spectrum.



Phase differences between light waves can produce visible interference effects.

As indicated, in the context of the development timeline of foundation science, the focus
of this entire section will be orientated towards a description of light as an
electromagnetic wave. However, in terms of this opening introduction it might be worth
simply outlining some of the anomalies that may require further consideration when
eventually describing light, either as a wave or as a photon or both. One common
8

attribute shared by all these descriptions is the speed of light [c=3*10 m/s], although this
speed is specific to a vacuum, which can be reduced when passing through a transparent
medium, such as a gas or glass. However, while there is empirical agreement on this

The Idea of a Photon
This link points to a far more
speculative discussion of the
description of light, not as an
EM wave, but as a photon,
which

post-dates

Maxwell's

wave model.

speed, the mechanism by which this slow-down occurs appears to differ in the details of each model, i.e. wave or photon. For
example, within the photon model, it appears to be suggested that a photon always travels at [c], which can be delayed due to
collisions i.e. absorption and emission, within the atoms and molecules of the material. In these terms, it is assumed that the
idea of a photon slowing down due to the refractive index of the material must be a statistical average of the time for [n]
photons to pass through the material. In contrast, within the EM model, it appears to be suggested that the EM wave's
propagation velocity is slowed within a material due to the disturbance caused by the wave's own electrical field as it
propagates pass charged particles within the material on route. Typically, these particles will be electrons rather than protons
due to the large difference in mass-energy and this effect is sometimes described in terms of the electric susceptibility of the
medium. By a similar argument, the magnetic field of the EM wave also creates a disturbance proportional to the magnetic
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susceptibility of the medium. So, as the electromagnetic fields oscillate within the EM wave, charge particles in the material
also resonant at the same frequency. As such, there is a superposition of different oscillating fields with the same frequency,
but not necessarily the same phase. As a consequence, a resulting superposition wave may have the same frequency, but a
shorter wavelength, which results in slower phase velocity [vp=fλ]. At this stage, these differences are only being highlighted to
provide a back-drop to some of the wider implications extending beyond the scope of foundation science.
1.5.1

Introduction

If we simply look at Maxwell’s four equations, as shown in the differential form in the insets

Maxwell's 1st Equation

on the right, the scope of these equations may appear deceptively simple. However, as you

∇.E= ρ/ε0

may already know, these equations mask considerable mathematical complexity, which is

Maxwell's 2nd Equation

then compounded by any physical interpretation one tries to attach to them. In essence, the

∇.B=0

mathematical hieroglyphs of Maxwell’s equations are only a form of shorthand, which first

Maxwell's 3rd Equation

require translation and then understanding in terms of any physical description of how an EM

∇ xE=-∂B/∂t

wave self-propagates via a process of alternating electric [E] and magnetic [B] fields, as

Maxwell's 4th Equation

alluded by the animation. Although, at this stage, the animation should not be taken as a

∇xB=μ0J+μ0ε0∂E/∂t

literal representation of a propagating EM waves.
When Maxwell first published his equations, the world was primarily
understood in terms of Newtonian mechanics, although Newton’s ideas
about the corpuscle nature of light had largely been rejected in favour
of a wave theory. As indicated, Newton had been able to initially
counter the wave model of light forwarded by Christiaan Huygens,
mainly by weight of his reputation, but also by the argument that if light
were a wave it would be able to bend around corners, as in the case of
sound, instead of casting a sharp shadow. So while many scientists did
raise counter-arguments, Newton’s corpuscle theory remained the
generally accepted position for nearly a 100 years.
However, in 1801, Thomas Young showed the interference effects of light, which presented the first major challenge to
Newton's corpuscular theory. Young argued that if light were particulate, the slits through which light passed should emit two
distinct streams that would appear on the screen as just two bright lines. However, by experimentation, what Young observed
was a series of bright and dark lines, i.e. an interference pattern, typical of how waves would behave under similar conditions.
Next, Etienne-Louis Malus (1775-1826) and Augustin Jean Fresnel (1788-1827) would show that polarized light acted as a
transverse wave. Later, Joseph von Fraunhofer (1787-1826) examined the phenomenon of diffraction and demonstrated that
sunlight consisted of a spectrum of different wavelengths. Finally, in 1850, Jéan Foucault and Armand Fizeau, conducted
experiments to measure the speed of light as it travelled through both air and water. If light were particulate it should move
faster in water, but if it were a wave, it should move faster in air. Both Foucault and Fizeau observed that light travelled more
quickly through air and was slowed by water. Collectively, the evidence was slowly mounting against Newton’s corpuscular
theory of light.

153 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
By 1861, James Clerk Maxwell was beginning to forward the idea that waves, composed of electric and magnetic fields, could
propagate in a vacuum, independent of any medium. Later, Heinrich Rudolph Hertz proved this hypothesis by showing that
such waves would also obey all the laws of reflection, refraction, and diffraction. As such, it then became generally accepted
that light acted as an electromagnetic wave. However, with hindsight, we now know that the wave-particle duality problems
had not really disappeared and, in fact, it would be Hertz, who would first demonstrate the photoelectric effect in which certain
metals can produce an electrical potential when exposed to light. However, this photoelectric effect was eventually explained
by Albert Einstein, in 1905, using the embryonic idea of quantised energy, as defined by Max Planck in 1900. As such, Einstein
demonstrated that light was also quantized and was emitted in the form of little ‘bundles’ of energy, which we now call
‘photons’. This theory was further supported in 1923 by Arthur Compton, who showed that these bundles of light, or photons,
would sometimes strike electrons and scatter, causing their wavelengths to change. Compton then started to describe light
both in terms of a particle and a wave, depending upon the outcome of his tests. Of course, later, the whole wave-particle
duality debate would be subsumed into the growing acceptance of quantum physics, where it essentially remains to this day.
While this section does not pretend to be anything more than an overview of the subject of classical electrodynamics, it will
attempt to provide some discussion of the historical developments that led to our present-day understanding of electric and
magnetic fields. Ultimately, this understanding would be consolidated into the unified concept of electromagnetism, based on
Maxwell’s equations and trying to understand the physical implications of these equations will be one of the primary goals of
th

this section. However, in the broadest context, electromagnetism was to be the great discovery of the 19 century, as
electromagnetism was the second of the four fundamental forces of nature to be discovered. The first force being gravity was
th

initially described by Newton, while the strong and weak nuclear forces would remain hidden until the 20 century.
1.5.1.1

Historical Background

It is often the case that the timeline of scientific advancement only remembers those people associated with major discoveries,
which come to significantly change the course of science. In a sense, the winner takes all in terms of general recognition and, in
this context, James Clerk Maxwell (1831-1879) was the winner in the field of classical electromagnetism.
James Clerk Maxwell
Maxwell

was

a

Scottish

physicist, whose theory of
electromagnetism is generally
accepted as a foundation stone
of modern physics. This theory
outlines a set of equations,
known as Maxwell's equations,
which

demonstrated

electricity,
even

magnetism
light

are

that
and
all

manifestations of the same
phenomenon,

i.e.

electromagnetic field.
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Maxwell’s insights, now understood in the form of just 4 equations, possibly represented the greatest scientific step forward
since the time of Newton. However, without any intent to belittle the scope of Maxwell’s insight, it was in some sense a team
effort that can be traced back to other contributions in this field as early as 1630. As such, this discussion simply tries to outline
the wider scope of some of the interim contributions that helped Maxwell towards an initial publication in 1861, which was
then subsequently followed by a series of more formal publications and finally a book entitled: 'A Treatise on Electricity and
Magnetism' in 1873. While light underpins one of our most important senses, our understanding of the true nature of this
phenomenon has a long history, which might not yet be over. The following bullets simply outline some of the major ideas put
forward to explain a range of observations:


Galileo was one of the first to try and measure the speed of light [c] by measuring the time taken for light to travel
between two distance hilltops. While there was nothing wrong with the principle, i.e. c=distance/time, the time taken by
light to travel between the hilltops would have been in the order of nanoseconds and far too small to be measured by the
technology available to Galileo around 1630.



However, within just 40 years, the Danish astronomer Ole Roemer had made a very good estimate of [c] by measuring the
discrepancy in the position of one of Jupiter’s moon as perceived at different points in the Earth’s orbit around the Sun.



In a similar timeframe, two other great thinkers would make significant contribution to the theory of light. Christian
Huygens was born in 1629, while Isaac Newton was born in 1643. Despite Huygens achievements and contributions to
science, it would be Newton’s particle or corpuscle theory of light that was to initially win general acceptance in opposition
to Huygens’ theory of waves.



The work of Coulomb (1736–1806), Ampère (1775–1836), Oersted (1777-1851) and Gauss (1777–1855) all contributed to
one or more of Maxwell’s four equations. The details of which will be touched on in later sections.



Another major contributor was Thomas Young, born in 1773, who provided the evidence that seemed to contradict
Newton’s corpuscle theory and pushed the propagation of light back towards being viewed as a wave motion. Today,
Young is best remembered for his double-slit experiment, which demonstrated the effects of wave interference that would
also become a central point of debate in the establishment of quantum theory.



Michael Faraday, born in 1791, provided another major in-sight to the propagation of light. He proposed that electric and
magnetic effects are the results of fields produced by radiating sources. Therefore, instead of a mechanical substance that
transmits the waves, like air or water, he suggested that light propagation is the result of the vibrations of a field. This
insight is still considered true today, which applies not only to electromagnetic waves, but for other forces, such as gravity.



James Maxwell was born in 1831 and initially developed a set of equations that described the propagation of an
interacting electric-magnetic wave phenomenon. However, his initial equations also led to a physical constant that was
equivalent to [c], which in-turn caused Maxwell to wonder whether the underlying nature of light was that of an
electromagnetic wave. Given the importance of these equations, they are discussed in more detail in subsequent sections.
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It is also worth noting that, in 1884, Oliver Heaviside reformulated Maxwell's

Oliver Heaviside

20 original equations into four differential equations that we recognise

I remember my first look at the great

today using vector calculus.

treatise of Maxwell's when I was a
young man... I saw that it was great,

In many respects, the last bullet might be described as the pinnacle of classical

greater and greatest, with prodigious

electrodynamics; although it clearly did not end the debate about the true nature

possibilities in its power... I was

of light. By the start of the 20th century, many scientists believed that the case

determined to master the book and set

for light being a wave was overwhelming, but in many respect this situation was

to work. I was very ignorant. I had no

about change in quite a radical way:

knowledge of mathematical analysis





(having learned only school algebra and
In 1900, Max Planck introduced the concept of a ‘quantum’ in order to

trigonometry

explain the intensity of radiation from a blackbody radiator. While some

forgotten) and thus my work was laid

now claim this insight to have been the birth of quantum theory, in truth,

out for me. It took me several years

the concept did not initially attract much attention, as the idea was so out of

before I could understand as much as I

tune with the thinking of the day, plus nobody had found any empirical

possibly could. Then I set Maxwell aside

evidence to support the existence of the quantum.

and followed my own course. And I

which

I

had

largely

progressed much more quickly... It will
In 1905, the same year as Einstein published his Special Theory of Relativity,

be understood that I preach the gospel

he also published a paper on the photoelectric effect and its implication on

according to my interpretation of

the nature of light. It is in this paper that Einstein describes light as a stream

Maxwell.

of particles, which would become known as photons. It was also this paper,
not relativity, for which he was eventually awarded the Nobel Prize. The photoelectric effect was explained in terms of a
stream of photons, i.e. quanta of light, penetrating the metal and knocking electrons loose from atoms. Increasing the
intensity of the light increased the number of photons, but the energy of each individual photon remained the same, while
the frequency of the light remained constant. Therefore, increasing the intensity of the light would only increase the
number of photons produced, not the amount of energy imparted per photon.
The wave-particle duality of light is still the current position of science, although its interpretation, and much of the debate, is
now buried within quantum theory; an idea that was to subsequently emerge in the 1930’s. However, even today, many still
struggle and question whether we really understand the true nature of wave-particle duality. Therefore, the apparent
dichotomy of the duality of a photon as a particle and/or as an electromagnetic wave is still a central issue of discussion.
However, given that the wave nature of light explains so many of its observed characteristics and possibly leads more naturally
towards Maxwell’s equation of electromagnetism, in terms of fields and waves,
James Clerk Maxwell

our discussions will proceed from this perspective.

Every electromagnetic quantity may
1.5.1.2

be defined with reference to the

System(s) of Units

fundamental units of Length, Mass,
As a broad generalisation, we might describe physics as a system that builds more

and Time. Quote from 'A Treatise on

complex, composite quantities from the definition of just four fundamental units:

Electricity and Magnetism'

distance, time, mass and charge. As such, you might think that there is very little
scope for defining the same composite quantity in more than one way. Unfortunately, this is not the case and electrodynamics
is possibly one of the most confusing branches of science, when it comes to multiple definitions.
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Of course, on reflection, we might be assumed that differences might naturally arise due to the definition of the fundamental
units, e.g. miles verse kilometres. However, in the case of the two main unit systems to be discussed, known as the SI/MKS and
Gaussian/CGS, they both use the metric system, although the weightings in MKS units are normalised to metres-kilogramsseconds in comparison to CGS units that are normalised to centimetres-grams-seconds. However, the differences between the
SI and Gaussian systems, linked to the implicit numeric scaling of MKS versus CGS, can then be compounded by naming the
units that define the composite quantities by different names, e.g.
Quantity
Force

SI
Newton

MKS
2

kg.m/s

Gaussian

CGS

Dyne

cm-g-s

5

1 newton = 1*10 dynes
While naming units after famous scientists might be a nice way of honouring their memory, in practice, these name do not
usually convey any meaning until you convert them back into the base units, which then helps scale the implied weighting of
any result. However, the differences between the SI and Gaussian extend beyond the scaling issue of the example above, when
they lead to different definitions of physical constants, such as the electric and magnetic constants [ε,μ] associated with the
idea of permittivity and permeability. As the purpose of this discussion is only to highlight the differences, rather than detailing
all the differences, we will proceed on the basis of an example of how some key composite quantities have been defined and
why the absence of the magnetic constant [μ] in the Gaussian system can lead to fundamental differences in the presentation
of Maxwell’s equations, which are derived in subsequent sections. However, for the moment, we will begin by focusing on
some more fundamental ideas by making reference to Ampere’s force law:

[1]
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This equation above is an expression of the magnetic force between 2 wires of length [s] carrying currents [I 1] and [I2]
respectively and separated by a distance [r]. Often, this equation drops the variable [s] and simply quantifies the results in
terms of a force per unit length, but in this discussion, we want to take a closer look at all the units involved. At this point, we
will simply define [KB] as a constant that has to resolve the units on both sides of [1]. Now, the definition of current [I], in MKS
units, is defined in terms of charge per second, where the fundamental unit of charge is called the Coulomb [C]. As such, we
have a specification of all quantities in [1], except [KB], which we can now solve:

[2]
As general observation, we might note that the concept of mass is deeply rooted concept in the definition of units, which are
then used to define other composite quantities. In this context, we can see that the definition of force [F], derived from energy
[U] also becomes defined in terms of units of mass:

[3]
However, the fundamental units of [KB], in [2], do not really tells us much about the nature of this constant, so we will switch
the focus to Coulomb’s law, which expresses the electric force between charges [q1,q2]:

[4]
Again, we can initially define [KE] as a constant required to resolve the units on both sides of [4] as follows:

[5]
Like [KB], the fundamental units of [KE] do not tell us much about the nature of this constant, but clearly it is also required
within the SI system of units, although both of these constants are not usually presented as [K B, KE]:

[6]
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In SI units, as shown in [6], the electric constant [ε] is also described in terms of a concept called ‘permittivity’, while the
magnetic constant [μ] is described in terms of a concept called ‘permeability’
In electromagnetism, permittivity is described as a measure of the resistance that is encountered when forming an
electric field in a medium, while permeability is the measure of a material to support the formation of a magnetic field.
However, these description can also be extended to the vacuum of space, although we might eventually question how
these concepts are supported by a vacuum.
However, at this stage, we shall simply reflect on the fact that [1] and [4] appeared to be linked by the SI definition of current [I]
and charge [Q], where current equals charge/second. As such, assigning a value to one, must also define the other. The values
of all the variables and constants, in [1] and [4], were initially determined by experiments performed by Weber and Kohlrausch,
in 1856, which pointed to a relationship central to Maxwell’s equations, i.e. where [c] is the speed of light in a vacuum.

[7]
While we have define the magnetic force [FB] in [1] and the electric force [FE] in [4], they are combined in a more convenient
form in Lorentz force equation:

[8]
As such, we may use the components of [8] to define the units of the electric [E] field and magnetic [B] field in SI units.

[9]
In a similar fashion to [7], we might consider the ratio of the electric field [E] to the

James Clerk Maxwell

magnetic field [B], which again suggests a velocity, although this inference may

This

have to be considered further.

indicates

velocity,
the

electrostatic

therefore,
relation

and

which
between

electromagnetic

phenomena, is a natural quantity of
definite

magnitude,

and

the

measurement of this quantity is one

[10]

of the most important researches in

The SI/MKS units have been an international standard since the early 1960’s and
one generally used throughout this website. However, the Gaussian system dates

electricity. Quote from 'A Treatise on
Electricity and Magnetism'

back to 1881 and was the original de-facto standard adopted by pioneers, such as Hertz and Maxwell. Therefore, this means
that many original scientific papers were written in the Gaussian system and so cross-references to these papers still tend to
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make use both systems, which also raise some interesting questions about the definition of the electric [E] and magnetic [B]
fields and the meaning of the speed of light [c] in many equations. For the purposes of the following part of this discussion, it
might be useful to provide a comparison of some of the key units in both the SI and Gaussian systems in terms of just
fundamental units, i.e. length [m], time [s], mass [kg], charge [q]:
Quantity

Symbol

SI

Charge

q

q

Current

I

Electric Field

E

Permittivity

ε

Magnetic Field

B

Permeability

μ

Energy

U

Energy Density

η

Force

F

Gaussian

1

1

So, in the table above, we see the different definitions that arise in electromagnetism due to the more fundamental differences
in the definition of charge [q], i.e. the SI system defines charge in terms of the Coulomb, while the Gaussian system uses the
Statcoulomb. However, again, these names do not really tell us anything until presented in the base units of the MKS system.
However, it is useful to note that the Gaussian system, unlike the SI system, only defines charge in terms of the 3 base units, i.e.
MKS, which stems from the fact that the Gaussian system has no normalising constants related to permittivity [K E,ε] and
permeability [KB,μ].
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So how might these systems change the description of electromagnetism?
Clearly, the definition of charge [q] in these 2 systems leads to some fundamental differences, which will be outlined below.
However, what appears to be a fairly trivial aspect is the presence of [4π] in many electromagnetic equations, due the
definition of permittivity and permeability, which in the Gaussian system do not exist. In essence, these constants merge and
get replaced by the speed of light [c], as per the following relationship that seems to act as a conversion factor between the 2
systems, although it would not be unreasonable to assume that some physical cause must exist for this constant to appear in so
many equations of electromagnetism:

[11]
While the SI units could also use [11] to eliminate one of the three constants [ε,μ,c], this could not be done in a symmetrical
manner and therefore all three constants are retained in the SI system. Therefore, the description of permittivity and
permeability of ‘free space’ may only be misleading artefacts of the SI system of units rather than any fundamental physical
property of free space, although some might wish to question this statement. We might also rationalise the definition of charge
in the Gaussian system by the exclusion of these parameters in a reformulation of [4]:

[12]
What might also be noticed, in the earlier table above, is that the electric field [E] and the magnetic field [B] end up having the
same units in the Gaussian system, such that the ratio [E/B] originally presented in SI units in [10] no longer implies a velocity
[c], but possibly only a conversion factor between the 2 systems:

[13]
The form of [13] also affects the form of Maxwell’s time-dependent equations, to be covered in a subsequent discussion, when
presented in either SI and Gaussian units, as shown in a simplified free-space form below:
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[14]
Of course, while both the SI and Gaussian systems have to be consistent in their definition of any composite quantity, it seems
that the system of units adopted might come to change how we describe physical phenomena. For example, it might be
possible that mass [kg] is only a manifestation of energy, which might in-turn be described in terms of some sort of waveform. If
so, there may be some general link to Planck’s energy equation [E=hf], where [f] corresponds to the wave frequency. However,
it is clear from [14] that Maxwell’s equations of electromagnetism are making reference to EM waves, as opposed to photons,
such that we might question how the electric [E] and magnetic [B] field components of an EM wave might be related to energy.
So, in the context of [14], [E] and [B] generally comply to the description of an ‘amplitude’ of a wave, which in classical wave
mechanics might be associated with energy by the following proportional relationship:

[15]
So let us pursue a possible interpretation of the electric [E] and magnetic [B] field amplitudes, first in terms of their definition in
Gaussian units:

[16]
At first, there may not be any obvious interpretation of the units on the right until we cross-reference the units of energy
density in the table above. Given that [16] reflects the same units as energy density, it might be suggested that these fields also
reflect the energy within some volume of space. We can repeat [16] in SI units, although we now have to introduce the
permittivity and permeability constants required by the SI system:

[17]
While, in a wider context of the wave-particle duality debate, relating [E] and [B] to an energy density [η] might appear to be
more in-tune with the concept of photon, which Einstein originally described as ‘bundles’ of energy, the structural nature of a
photon is still open to questioning. However, we shall defer discussing such idea to the 'Speculative Direction' section of this
website.

162 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
1.5.1.3

Electricity

While most of this section will be focused on the
description

of

electromagnetism,

as

described

by

Maxwell’s equations, it might realised from the earlier
historic introduction that much of electromagnetism was
initially understood in terms of electricity based on
experiments involving passing a current through a wire. In
this context, the underlying nature of the charged
particles that supported the observed electrical current
was not fully understood, as it predated any significant
understanding of atomic theory. However, the work of
earlier researchers had gone some way to hint at the
nature of electric and magnetic fields. As such, the diagram
is

intended

to

straddle

the

understanding

of

Electricity

electromagnetism as simply a property of an electrical

Come from the Latin word 'electricus' meaning 'amber-like'.

current flowing in a wire and the deeper issue of the

Today, the word 'electricity' is used as a general term

atomic structure of the wire itself and the role of the

encompassing a variety of phenomena resulting from the

electric and magnetic fields. Today, we might realise that

flow of electric charge. Phenomena include lightning and

the physics of the current flowing in the copper wire has to

static electricity, which ultimately have to be explained in

make reference to the atomic structure of copper [Cu], as

terms of electromagnetic fields

shown on the right, in order to explain how charged
electrons flow in the wire. However, before proceeding with a basic description, let us table a question by way of general
knowledge:
How fast do you think the electrons travel in the wire?
While most might reflect on the fact that an electric light bulb comes on pretty quickly when we throw the switch, it may not
necessarily point us in the right direction when trying to answer the question above. So it might be a useful exercise to consider
some of the basic physics in this area. Today, we know that a copper atom has a central nucleus of 29 positively charged
protons and 35 neutrally charged neutrons surrounded by 29 negatively charged electrons. From a classical perspective, the
electrons were initially considered to ‘orbit’ around the central nucleus in incremental shells, which have to be populated with
given numbers of electrons. However, some atomic elements do not have enough electrons to fully populate their outer or
valence shell. The number of electrons in this outer or valence shell is often refer to as the 'valency' of an element to which
certain properties can be associated. For example, in the case of copper, its valence shell only has one electron, which does not
require too much energy to separate it from its nucleus and become a ‘free’ electron. This valency property of copper then
explained why copper is such a good conductor of electricity,
although the actual ‘mobility’ of the ‘free’ electron may be a
surprise. When the valence electron becomes separated or
freed from the central nucleus, it creates both a negative
charged electron and a positive ion, i.e. the remaining nucleus
or ion. Under the influence of an electric potential, i.e. a voltage,

The Volt
In 1792, Alessandro Volta showed that when moisture
comes between two different metals, electricity is
created. This led him to invent the first electric battery.
The unit of electrical potential is named after him.
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these charges will flow in opposite directions, which gives rise to
the idea of a flow of current, which is a measure of the charge
per second flowing through a wire. However, the following
figures show the different in the mass of a negative electron and
the positive proton of the nucleus and its neutral counterpart:
-31



Electron Mass [me] = 9.1*10



Proton Mass [mp] = 1.6726*10



Neutron Mass [mn] = 1.6749*10

Andre Ampere was a French mathematician who
studied both electricity and magnetism. He was the first
to explain electricity in the context of a electrodynamic
theory. In recognition, the unit of electric current is
named after him.

kg
-27

The Ampere

kg

-27

kg

The Ohm

Given that the positive ion is made up of 29 protons and 35
neutrons and the remaining 28 electrons, plus the fact that each
proton and neutron, in isolation, are both approximately 1836
times more massive than the electron; the collective mass of the
positive ion is over 100,000 larger than the negative electron. As

George Ohm was a German mathematician and
physicist. In 1827 he published, 'The galvanic Circuit
Investigated Mathematically'. Although his theories
were not initially well received, his name was given to
the unit of electrical resistance.

such, the negative electron is often described as being free to wander through the composite atomic structure, while the more
massive central nucleus remains essentially stationary within the overall atomic structure of the material.
1.5.1.3.1

Energy and Moving Electrons

The basic model of electricity often creates the idea of the phenomenon being similar to water flowing through a pipe.
However, this is not necessarily a good analogy as it tends to hide some important features.

The diagram above is simply trying to provide a frame of reference for estimating the number of ‘free’ electrons [x] passing
through a given cross-section [A] in time [t]. The movement of free electrons with charge [q] in time [t] defines the concept of
electrical current [I=q/t], but in this case, we need to consider the current density:

[1]
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At this point, we might wish to consider a specific example in which a current [I] of 1 ampere is flowing through the wire with a
2

cross-section [A] equal to 1mm . Now, as implied in [1], the unit of electric current corresponds to coulombs per second, where
18

a charge of 1 coulomb is equivalent to 6.2415*10 electrons, such that we can assign this number to our value of [x]. However,
the implication of [1] is that [x] charged electrons have to flow through the cross-section [A] in unit time; which suggests that
the free electrons within a preceding volume of the wire have to move with some given velocity [v]. However, to calculate the
velocity [v] will require some estimate of the free electron density [ρe] within a given unit volume of the wire.

[2]
In [2] above, the value of [y] is initially unknown, but must relate to the number of electrons in a given volume. So, at this point,
let us just divide the current density [J] by the free electron density [ρe] and then reflect on the implications:

[3]
If we examine the units of this equation, we realise that [x] and [y] are just numeric counts of the charged electrons within each
definition, while the remaining units cancel to metres per second. As such, [3] defines the velocity of the free electrons required
to flow through the cross-section [A] in time [t] to deliver a certain current [I]. However, having seen the associated logic, we
might wish to rationalise [3] to the form:

[4]
So, for a given current [I], the only unknown is the free electron density [ρ e], but this can be determined by knowing the wire is
made of copper. In the present context, we will simply define Avogadro's number [NA] as the number of atoms per mole; where
1 mole is the amount of a given substance that contains as many atoms as there are in 12 grams of carbon. As such, Avogadro's
23

number [NA] is a constant with a value of 6·0225*10 , which is then used in conjunction with the atomic weight [Ar] of a given
substance to determine the number [n] of atoms per unit mass. In our example, copper has an atomic weight of 63.54:

[5]
It is highlighted that the value of [n] in [5] corresponds to the number of atoms per gram; not the number of free electrons per
gram. In order to estimate [ne], we need to reference the general idea of valency introduced above, which is associated with
the number of electrons in the outer shell of an atom. In the case of copper, the atomic structure has 1 outer electron in the
valence shell that is only loosely bound to its nucleus, which is why copper is such a good conductor. So, assuming a valency of
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1, such that [ne=n*1], we only have one more factor to taken into consideration, which is the mass density [ρcu] of copper that
-3

3

can be referenced as 8.950*10 grams/mm . As such, we can now calculate the number of free electrons [y] within a unit
3

volume of 1mm .

[6]
We now have the values of [x] and [y] in term of millimetre units, which can be inserted into the logic of [3]:

[7]
This determination of the velocity of free electrons in copper required to deliver 1 ampere may initially seems incredibly low,
especially if converted into more everyday units, i.e. 0.00017mph or 0.00027kph.
These free electrons move slower than snails!
This conclusion can surprise many people, including myself, who often initially correlate the speed of electricity with some net
flow of electric charge, i.e. electrons. However, various sources confirm this result and therefore we need to understand why
the result in [7] does not correspond to the velocity of electrical signals or the energy transferred along a copper wire.
Wikipedia: The speed at which energy or signals travel down a cable is actually the speed of the electromagnetic wave,
not the movement of electrons. Electromagnetic wave propagation is fast and depends on the dielectric constant of the
material. In a vacuum the wave travels at the speed of light and almost that fast in air. Propagation speed is affected by
insulation, so that in an unshielded copper conductor ranges 95 to 97% that of the speed of light, while in a typical
coaxial cable it is about 66% of the speed of light.
Based on the note above, there is a suggestion that the EM wave propagates at near light speed in a copper wire and transports
energy, although it is not clear that this description is entirely accurate. For a one level, it may seem that the explanation of this
example lies in understanding the effect of an electrostatic field, not electromagnetic waves. However, a later discussion may
suggest that the energy normally associated with electricity in the wire is actually not propagated within the wire. By way of
another point of cross-reference, the opening introduction highlighted that modern theory now assumes that EM waves exist as
photons, which always travel at light speed [c] and carry no charge. However, having simply highlighted this point again, let us
start by first anchoring the following discussion in Ohm’s law, which defines a basic relationship between current, voltage and
resistance:

[8]
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For now, the electrical resistance [R] can simply be described in terms of some form of opposition to the passage of an electric
current [I] through the wire, analogous to friction. Likewise, because there has been little direct mention of voltage, which may
be a quantity central to the understanding of the previous example, let us try to define the general concept:
Voltage may be described as an electrical potential difference between two points, i.e. the ends of the copper wire. It
may also be described as the difference in electric potential energy of a unit test charge transported between two points.
So based on the introduction of [8], which is a basic axiom of electrical engineering, we might proceed to a formulation of
electric power:

[9]
So within the various formulation in [8] and [9], we see the various quantities used to define the ‘flow’ of energy as a function
of unit time in a copper wire. Now the example being considered has already quantified the current [I] to be 1 ampere, i.e.

[10]
In [10], we see the values used by the example, where 1 ampere equals 1 coulomb per second, i.e. [x] electron charges [e] in 1
second. However, at this point, it is not clear that we have really quantified the scope of the energy per coulomb or know how
to quantify what amounts to the definition of electric voltage. For example, do we need to consider the kinetic energy of the
electrons, e.g.

[11]
However, in order to do any comparison of [11] with [9] we need to specify some value of the voltage [V], which we might
simply set to unity for this purpose, such that energy per electron is a function of [x]:

[12]
As might be expected, the result in [12] shows that that the kinetic energy of the charged electrons does not appear to account
for the energy flow, i.e. power, in a copper wire. As consequence, we might deduce that the electric potential difference, i.e.
voltage, has to be the source of the energy flowing in the wire as a result of creating an electric field:
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[13]
We might initially define the potential energy [U] of this electric field [E] linked to the permittivity [ε], which we shall simply
equate to the resistance to the field in a given medium.

[14]
While some of the description used in this example has only been adopted for the purpose of a general introduction of issues,
which need to be considered in more detail as we progress, we might now return to the issue of the velocity of electricity.
When an electrical potential difference, i.e. voltage, is applied between the ends of the wire, the electric field [E] might be said
to propagate at the speed of light between the two ends points. As such, all the free electrons within the wire effectively start
to move at the same time and the net flow of these free electron constitutes the measured current [I] at any point along the
wire. So even though these electrons are moving ‘slower than snails’, the current [I] at any point only perceives a latency linked
to the initial 'propagation' of the electric field. Equally, the example used appears to be based on an electrostatic configuration
of the electric field, such that the earlier reference to EM wave model versus the photon model does not really apply. However,
this issue will be considered in more detail under the heading ‘Electromagnetic Waves’.
1.5.2

The Nature of Light

Today, we are aware of the paradox caused by the wave-particle duality description of light. However, in many ways, the
following table suggests that the characteristics of light might appear to align better to a wave nature rather than a particle
nature:
Effect

Wave

Particle

Reflection

Yes

Yes

Refraction

Yes

No

Interference

Yes

No

Diffraction

Yes

No

Polarization

Yes

No

Photoelectric

No

Yes

In this subsection, as a whole, we shall try to introduce some of the basic attributes and behaviour of electromagnetic waves.
As indicated, this discussion will be biased towards a wave description because this was the consensus of scientific opinion
th

within the timeline under consideration, i.e. 19 century classical physics. As such, the main discussion of light, as a photon
stream, will be deferred until the discussion of ‘Quantum Theory’, although some aspects of the particle nature will be touched
upon throughout this discussion.
So what is the nature of a light wave?
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For most of human history, the scope of the electromagnetic spectrum was
constrained to our physiological sense of sight, which only allowed us to
`see` the visible spectrum of light, i.e. red through violet. Initially, the early
Greeks had believed that everything was composed of four elements, i.e.

James Thurber
There are two kinds of light - the glow that
illumines, and the glare that obscures.

fire, air, earth and water, including the human eye. This idea led to the notion that there was a ‘fire’ element within the eye
that shone outwards and illuminated the world for that person. However, as early as 300 BC, Euclid had mathematically
postulated that light travelled in straight lines and outlined the basic laws of reflection in his work ‘Optica ’. He also indirectly
challenged the earlier idea that a light shone out of the eye by asking the following insightful question:
How can we immediately see light from the stars on opening our eyes?
Later, in ~60 AD, Heron is attributed with the observation that light reflected by a mirror appears to travel along a path of least
length. Some 80 years later, Ptolemy’s accurate measurement of star positions led him to realise that light was being refracted
by the atmosphere. However, between 1011-1021, the Arabic scholar al-Haytham's wrote 7 volumes on optics, which some
have ranked alongside Newton's ‘Principia’ as one of the most influential works in early physics. This work would eventually
trigger a revolution in optics, and the understanding of visual perception, based on the argument that sight was due, not to an
inner light, but rather to light entering the eye. He even used the basic idea of the pinhole camera to support his arguments. Of
course, today, we now understand that the nature of light has to be positioned, and described, within the much wider remit of
the electromagnetic spectrum.

Based on the diagram above, the human perception of light does not even account for 1 order of magnitude of the total
electromagnetic spectrum, which covers more than 18 orders of magnitude. However, we will begin, as we did for mechanical
waves, by first trying to outline some of the basic attributes of a wave that can be applied generally to all electromagnetic
waves. After this, we shall try to extend the discussion of the wave nature of light to cover some of the basic behaviours listed
in the previous table. While these observed behaviours will ultimately have to be discussed within the wider scope of the waveparticle duality debate, it can be seen from the table that 4 of the 6 behaviours can still be more easily described in terms of a
wave nature. Again, the issue of photoelectricity only became apparent after Einstein’s publication on this subject in 1905,
although aspects of the wave model can also be shown to be problematic, even within the confines of Maxwell’s equations.
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1.5.2.1

Basic Wave Attributes

The scope of this discussion is only intended as a general introduction to some
of the issues surrounding electromagnetic waves and, in part, might be seen as
an extension of the discussion of mechanical waves. Within the previous
discussion of mechanical waves, a wave was said to transport energy from one
point to another without the wholesale movement of matter. However, in the
case of mechanical waves, some caveats were placed on this definition because
the transport of wave energy was dependent on some localised movement of
particles within the propagation media. These caveats do not seem to apply to
electromagnetic waves, which are able to propagate through a vacuum without
any obvious media. While the total description of light, either as waves or as
particles is undoubtedly complex, it is often initially easier to explain how the
energy of an electromagnetic wave defines not only its frequency [f], but its
associated wavelength [λ] via the following equation:

While the propagation velocity of light is
often thought to be synonymous with the

[1]

c = fλ

symbol [c], the value associated with this
symbol only represents the specific case

For simplicity, we might start by considering the source of a light wave, in the

of an EM wave passing through a vacuum.

form of a photon, linked to an atomic transition, as described by the Bohr

When an electromagnetic wave passes

model, which also allows us to cross-reference the general idea of a quantum

through a `transparent` media, e.g. glass,

of energy. This energy, unlike a mechanical wave, directly determines the

its propagation velocity is dependent on

frequency [f] via the relationship established in Planck’s equation:

the index of the media. However, this
said, we shall generally refer to the

[2]

E=hf

where [h] = Planck’s constant

propagation speed of light via the symbol
[c] and cite any specific exceptions.

As implied, the propagation of light, in vacuum, is always denoted by the value
[c] and therefore we have 2 out of the 3 parameters in our basic wave attribute
given in [1]. As such, we can make some specific statements about all
electromagnetic waves:

Douglas Adams
Nothing travels faster than light, with the
possible exception of bad news, which
follows its own rules.



Energy [E] defines the wave frequency [f]



The vacuum ‘media’ defines the wave velocity [c]



The wavelength is a resultant attribute λ = c/f

Later, in this discussion, we will need to be a little more specific about the concept of permittivity and permeability associated
with the propagating media, even when that media is a vacuum. However, we will continue with the initial visualisation of an
electromagnetic wave as some form of traverse sine wave, where the propagation velocity corresponds to the phase velocity
[vp] of a single frequency:
[3]

vp = ω/k = (2πf) / (2π/λ) = f*λ

170 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
Again, the idea of angular velocity [ω] and the wave number [k] are often used, but can be translated back into frequency [f]
and wavelength [λ] - see basic wave physics for details. Given this initial analogy to a sine wave propagation model, we might
also make reference to the superposition of electromagnetic waves, which can give rise to a resultant waveform that moves at a
different velocity from its component waves. This velocity is called the group velocity [vg] given by the equation:
[4]

vg = (ω1 ± ω2) / (k1 ± k2)

So, as a broad generalisation, we have outlined some initial assumptions about the basic attributes of an electromagnetic wave
in terms of its energy defining its frequency and the ‘media’ defining its propagation velocity, which then helps define its
wavelength. However, while we are currently considering light in terms of a wave, we will not totally forget about the duality
issue as we proceed:
Which of the attributes of light can be best explained as a wave?
Which of the attributes of light can be best explained as a particle?
These questions are integral to the wave-particle duality debate that has rumbled on since the time of Newton. In general,
mainstream science may consider that these questions have already been answered, even though it is not always clear how
many people actually understand the answer - see QED model for some details. Therefore, we will continue with the review of
some of the observed attributes of light to see how they might be positioned within the duality debate. For example, light
incident upon a surface separating two media will normally be partially reflected and partially transmitted as a refracted wave.
The angle relationships for both reflection and refraction can be derived from Fermat's principle, i.e. light follows the path of
least time. However, given that the angle of incidence is equal to the angle of reflection, it is sometimes called the `law of
reflection`.
In the context of the wave-particle duality debate, one might argue that the law
of reflection can be equally applied to the ‘reflection’ within a billiard ball
collision, as such the law of reflection does not necessarily provide evidence of a
wave nature. However, while some may argue that refraction can also be
applied to a particle by invoking the argument of the `principle of least action';
there appears to be a general acceptance that particles and waves do, in fact,
behave differently and that refraction seems to be more easily explained based
on the attributes of a wave. So, in this context, light refraction is the bending of
the path of a wave as it transitions between two different media, e.g. air to
water. The amount of bending is dependent on the refractive index [n] of the
two media and is described quantitatively by Snell's Law:
[5]

n = v1/v2 = sinφb/sinφa

Of course, the opening page of this section has already highlight an issue related to variable speed of light because at the subatomic level, there may be no media to assign an refractive index. Typically, the refractive index is a measure of the speed of
light in vacuum [c=v] compared to other media, e.g.
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Medium

Index

Vacuum

1.0

Air

1.000277

Water

1.33

Glass

1.5-1.7

While the opening link cited above has only suggested how all electromagnetic
waves are perceived to travel at the speed of light [c] in vacuum or a media;
by combining equations [1], [2] & [5], we can 'predict' how a wave will pass
through a block of glass with index [n]. Equally, from the perspective of an
empirically test model, we might feel we can explain how it slows down and
then speeds up without violating the conservation of energy and momentum:
[6]

n = c/v

[7]

v = c/n

[8]

λ =c/nf

Jim Rohn
The difficulties you meet will resolve
themselves as you advance. Proceed, and
light will dawn, and shine with increasing
clearness on your path.

By showing frequency [f] to be a function of energy [E] and the propagation velocity [v] as a function of the refractive index [n],
we appear to show that it is the wavelength [λ] that changes in-line with the velocity, while the energy-frequency is conserved.
Clearly, this explanation is problematic from a classical particle perspective, as it would require the particle to first lose and then
2

re-gain energy as it passed through the glass; alternatively it would have to change its mass [m] by virtue of [E=½mv ].

1.5.2.2

Basic Wave Behaviour

Light is undoubtedly a complex phenomenon, but in many situations its
behaviour can be understood using a simple model based on rays and
wavefronts. We shall define a ray of light as a thin laser-like beam that
travels in a straight line, while a wavefront can be a line, it is not necessarily
straight, and can also be described as a 3-dimensional curved surface
connecting all the light that left a given source at the same time. For a
source like the Sun, rays radiate out in all directions, while a wavefront is
spherical centred on the Sun that departed at a given time. However, if the
source is a long way away, as in the case of the Sun, the wavefronts can be
treated as essentially parallel lines, sometimes referred to as plane waves.
Therefore, as a general statement, we can use the idea of rays and
wavefronts to model light interacting with objects that are much larger than
the wavelength of light, which is in the order of 500nm. As such, we can also
use the idea of rays and wavefronts to answer some basic questions about
light.
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Saturn's rings, the discovery of its moon
Titan and the invention of the pendulum
clock. Huygens is also remembered for his
argument that light consists of waves,
which led to the Huygens–Fresnel principle.
He is given credit for the discovery of the
centrifugal

force,
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laws
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the development of modern calculus.
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How does light interact with mirrors and lenses?
Let us proceed by first considering the basic concept of reflection and refraction before moving on to consider other behaviours
such as diffraction, interference, polarisation and dispersion.
1.5.2.2.1

Reflection

The basic property of reflection can be simply be summarised as follows:
The outgoing angle of a reflected wave equals the incoming angle of the incidence wave, i.e. θ 1 = θ2.
However, while this ability of light can be attributed to a wave, it can also be attributed to a particle in the form of billiard ball
collisions and is therefore not a distinctive attribute of a wave. So, within the context of the duality debate, we will not pursue
this characteristic any further at this point.
1.5.2.2.2

Refraction

At face value, it would appear that refraction does pose a few more fundamental problems within the general wave-particle
duality debate. As such, refraction may be an issue that we should take a closer look at. Refraction refers to the apparent
‘bending` of light as it passes between materials of different optical density. The `refractive index [n]`of a material can be
expressed as the ratio of the speed of light in vacuum to the speed of light in that material, although we may have to eventually
question how light changes its velocity:
[1]

n = c/v
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When v=c, the refractive index is unity [n=1] and corresponds to a vacuum, while in other materials, where [n>1], the speed of
light must be slower than in vacuum. However, the media speed of light [v] is still defined by the equation [v=fλ] and clearly, if
[v] changes, then so must either [f] of [λ]. Of course, if [f] changes, then by virtue of Planck’s equation [E=hf], then so must the
energy of the wave, which leads to problems associated with the conservation of energy as the beam re-emerges into a
vacuum. However, experimentation has shown that it is the wavelength of the light that changes, not the frequency, in
response to the change in velocity. This allows the refractive index to be expressed as:
[2]

n = λ1/λ2

Generally, the relationship is often referred to as Snell’s Law, the spelling of which tends to mask the national identity of a
Dutch mathematician named Willebrord Snellius:
[3] sinθ1/sinθ2 = v1/v 2 = n2/n1
So it would appear that the change in the speed of light causes the observed bending of a light beam as it passes from one
media to another. The following diagram tries to better illustrate why this happens and why refraction is a function of the angle
of incident.
A beam of red light at T1 has a width defined by [p1-p2],
so while it might be thin, it still has a finite width. As
such, p1-p2 also represents a wavefront at six equally
spaced time intervals, i.e. T1- T6. However, this beam,
which is now extended to a wavefront, must pass
through a media with a refractive index [n2=2].
The implication of equation [1] is the velocity of the light
beam will half as it traverses the block, which means
that the distance covered in a given time interval must
also half. It can be seen that one edge of the beamwavefront define by [p1] enters the block at [T2], while
[p2] enters the block at [T3].
Therefore, the beam edge defined by [p1] must change velocity before the beam edge defined by [p2], which results in the
skewed wavefront at [T3]. The analogy of this effect is often described in terms of a line of soldiers quick-marching in a straight
line towards a line marked on the parade ground, at which point, they must half the pace of their march. If the line of soldiers is
heading towards the line at an angle, the first soldier must change speed before the rest, then the second and so on. The net
effect is that the line of soldiers would be seen to skew as in the case of refraction. However, there is a difference between this
analogy and the apparent effect of light refraction, which is important to highlight in the context of the wave-particle duality
debate. Although a laser beam might appear to be emitting a pencil-thin beam of red coherent light, it still has a definite width
[p1-p2] and the beam is seen to refract as soon as it enters the block.

174 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
However, what would happen to single photon, which is often
described as an indivisible particle?
It could be argued that if each photon were like one of our
soldiers, a line of [p1-p2] photons would also skew as
described. However, each photon-solder would not refract, as
they would simply continue to travel in a straight line, only
the perceived line of [p1-p2] photons, i.e. the wavefront,
would be seen to skew. The following diagram tries to
illustrate this situation, which is empirically know not to be
the case, but raises another interesting issue within the waveparticle debate. It would appear that the only way, the first
photon-soldier would start to refract would be if the line of
soldiers were connected along the wavefront; although a
later discussion of quantum electrodynamics may refute this
statement.

1.5.2.2.3

Diffraction and Interference

Diffraction might be described as a wave interaction with matter,
which causes a wave to ‘bend’ around matter and spread out
when pasting through small apertures. Of course, according
to deBroglie, matter also has wave-like properties at the atomic
level; which suggests that the study of diffraction may extend
beyond this discussion into quantum mechanics. However, at a
general level, diffraction is often described as the bending of
light as it passes near the edge of an object and can possibly be
best visualised via Huygens' Principle.
Huygen’s Principle explains how light passing through an
aperture does do not continue as straight plane waves as shown
on the left of the diagram, but as spherical waves that spread
out. In fact, each aperture in the diagram on the right appears to
act as the source of a circular wave. When two or more waves
pass through separate apertures, the resulting waves overlap as
the waves spread outs and interference occurs.
The interference pattern shown above results as the single plane
wave on the left passes through the two apertures, which then,
due to Huygens’ Principle, act as the centre of 2 circular
expanding waves. The resultant interference wave can be
calculated using the principle of superposition previously
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discussed. However, there is no obvious way to explain this observed action in terms of a classical particle. However, the
implication of the wave-particle duality associated with the double-slit experiment of Thomas Young will need to be discussed
further in the context of quantum theory.
1.5.2.2.4

Polarisation

Light, when described as a transverse electromagnetic wave, is
generally assumed to be unpolarised, i.e. all planes of
propagation being equally probable. However, while there are
several forms of polarisation, linearly polarisation lends itself to
the easiest visual explanation:
When unpolarised light, as shown on the left of the diagram, is shone on the filter, it only allows light in one plane to pass
through. Thus, in the example shown, only the vertical polarised waves will be allowed to pass. Again, it is difficult to explain
this observed effect in terms of a classic particle.
1.5.2.2.5

Dispersion

In the discussion of mechanical waves, the issue of dispersion was raised in the context of air being a non-dispersive medium
for sound waves. This non-dispersive property ensures that sound of different wavelengths arrive at the same time at the front
and back of a auditorium because the propagation velocity is constant for all sound waves in air. However, in contrast, ocean
waves propagate in a dispersive medium and, as such, a wave comprising of harmonic components of different wavelengths
will eventually separate as a function of time during propagation.
So what about light waves?
Well, it has already be stated that all light, i.e. of different frequencies, propagate at a constant velocity [c] in vacuum. As such,
a vacuum is a non-dispersive ‘medium’.
Does this hold true when light passes through other media?
We have already highlighted that the propagation velocity of light changes based on the refractive index [n] of any given
material. i.e. [v=c/n]. However, while this equation might explain the general behaviour of refraction, as already discussed, it
does not directly explain dispersion as seen in the
form of spectral dispersion of white light through a
prism. As it would appear that the change in velocity
[n=c/v] would be constant for all colours of light, if
[n] were a constant.
So why does a prism cause white light to split into its
separate colours?
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At face value, the change in the propagation velocity [v=c/n] would only account for the refraction of a white light beam, if the
index [n] is constant. However, the refractive index of many materials, such as glass depends on the frequency of the light,
which means the light of different frequencies, i.e. colour, can have a different index [n] in the same material. As such, we have
an effect that we might call ‘frequency dispersion’ as well as ‘velocity dispersion’ . However, what is also an important
consideration is the involvement of the conservation of energy [E=hf] within such behaviour; for it implies that light of a given
colour has a defined energy, which is directly proportional to its frequency [f]. As such, we might say that an electromagnetic
wave also has to obey a ‘conservation of frequency’ by virtue of its relationship with energy [E,f], which also implies that [v=fλ]
becomes [v∝λ]. Therefore, the original relationship between the key attributes of an electromagnetic wave may require
modification as follows:


The energy [E] defines the wave frequency [f]



The vacuum ‘media’ defines the wave velocity [c]



The wave velocity in a medium of index [n] equals [v=c/n]



The value of the index [n] is not necessarily constant.



The wavelength is a resultant attribute λ = v/f

1.5.3

Electromagnetism
Electricity and magnetism were
originally perceived to be

Electromagnetic Theory

separate

forces.

2

However,

The study of electromagnetic theory is a very large subject, which this overview will

Maxwell's equations suggested

only attempt to summarise in the context of foundation science. Today, much of

that the interactions of positive

electromagnetic theory is still linked to Maxwell’s equations, which were first published

and

in 1864, which preceded the re-emergence of the wave-particle duality debate that

regulated by just one force, which

th

arose out of the following development in the early 20 century:

negative

became

charges

known

electromagnetic force.


Planck’s idea concerning quantum energy in 1900



Einstein’s 1905 paper on the photoelectric effect that led to the idea of the photon.



Structural development of the atomic model.



Emergence of quantum theory

So, although the wave-particle duality debate had existed since the time of Newton,
the publication of Maxwell’s theory took place in a time when light was general
perceived to be a wave. This wave-centric position had slowly strengthen in the 100
years following Newton’s death in 1727 and although the foundations of classical
electrodynamics had many contributors, Maxwell’s equations owe much to the work
of Coulomb, Ampere, Gauss and Faraday, who laid down many of the basic laws of
electromagnetism. These laws helped define and specify the nature of some of the
basic terms, which this subject now takes for granted, i.e. charge, force, field, voltage,
capacitance, inductance and flux.


In 1785, Coulomb published an equation relating the force [F] between two
charged particles as being proportional to the magnitude of the charges [q 1 & q2]
and inversely proportional to the square of the distance [r] between them, i.e.
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[1]


2

F = K(q1*q2)/r ;

where K = 1/(4πε).

The similarities between this equation and Newton’s gravitational equation [2]

Main Principles

is highlighted along with the fact that both forces depend on the relationship

- An electric charges attract or repel

between two particles, i.e. the force is not an attribute that can be assign to a

with a force subject to the inverse

single particle.

square law.

[2]

2

- Magnetic poles attract or repel in a

F=G(m1*m2)/r

similar way, but always exist in pairs.


However, it should also be highlighted that the gravitational force is always an

i.e. north-south dipoles.

`attractive` force, while charge can be both an `attractive` and `repulsive` force.
- An electric current in a wire creates


In 1835, Gauss presented an equation that related the total electric flux out of a

a circular magnetic field around the

closed surface to the charge enclosed divided by the permittivity, i.e. φ=Q/ε.

wire, its direction depending on that
of the current.





In 1820, Oersted discovered that an electric current could cause a compass
needle to deflect. Equally, a moving electric charge caused a magnetic field.

- A current is induced in a loop of

These observations were interpreted by Ampere and published in 1826 as

wire when a magnet is moved

Ampere’s law. This law relates the magnetic field in a closed loop to the electric

through it, the direction of current

current passing through the loop. It is the magnetic equivalent of Faraday's law

depending on the direction of the

of induction.

magnet.

In 1831, Faraday published his discovery that a changing magnetic field causes an electric voltage. If the magnetic flux
through a loop of wire changes, a voltage drop appears at a small break in the wire.

As such, we might begin to recognise the importance of this body work to Maxwell’s later insights. In fact, Maxwell’s equation
might be traced backed to the correction he made to Ampère's circuital law in his 1861 paper entitled ‘On Physical Lines of
Force’. Subsequently, in 1864, he published entitled ‘A Dynamical Theory of the Electromagnetic Field’ , although the original
form consisted of some 20 equations that essentially combined and corrected many previously laws:


A corrected version of Ampere's law.



Gauss' law for charge.



The relationship between total and displacement current densities.



The relationship between magnetic field and the vector potential.



Faraday’s relationship between electric field and the scalar and vector potentials.



The relationship between the electric and displacement fields



Ohm's law relating current density and electric field.



The continuity equation relating current density and charge density.

Finally, in 1884, Oliver Heaviside reformulated Maxwell's original system of equations into a differential format based on vector
calculus; although today Heaviside’s differential form have also been complemented by an integral form. This said, there are
essentially only 4 equations to be discussed, which we might sub-divided into 2 distinct classes that separate the time-
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independent and time-dependent nature of electromagnetic waves. The term ‘time- independent‘ essentially defines the scope
of 'electrostatics', while ‘time-dependent’ defines the scope of 'electrodynamics'
Electromagnetic Units
- ampere: current
- coulomb: charge
- farad: capacitance
- henry: inductance
- ohm: resistance
- volt: electric potential
- watt: power
- tesla: magnetic field
- weber: flux
The diagram above tries to initially illustrate the concept of a self-propagating, self-perpetuating EM wave moving through the
vacuum of space, i.e. with no direct reference to any supporting media. As such, we might initially visualise an EM wave as
some sort of transverse wave, analogous to the motion of simple harmonic oscillation, in which energy is somehow conserved
in propagation.
1.5.3.1

An Overview of EM Fields

Before attempting to introduce the concepts of electric and magnetic fields, it might be
worth just clarifying some of the most basic concepts that underpin electromagnetism,
i.e. charge, force, field, voltage, capacitance, inductance, and flux. Although stepping
outside the timeline, it is sensible to relate the definition of these terms in the context of
today’s units. As such, an elementary negative charge can be associated with the
electron and an elementary positive charge with the proton. The units of charge are the
18

Coulomb [C] that corresponds to 6.24 x 10 elementary charges, i.e. electrons or
protons. Like charges exert a repulsive force, while opposite charges exert an attractive
force that is defined by Coulomb’s law:
[1]

2

F = K(q1*q2)/R .

However, in order to explain this equation, we need to introduce the concept of an electric field, which will then allow us to
expand our vocabulary to include energy, work, voltage and capacitance.
1.5.3.1.1

Electric Fields

As indicated, the idea of charge is often initially considered to be a quantity associated with a single particle, e.g. an electron,
which can then be thought to be surrounded by an electric field [E]. However, in practise, the only way to measure this field is
to detect the force exerted on another charge in the form of a unit charge probe. The strength of this electric field is
proportional to the force at any point, which is defined by Coulomb’s Law, as per [1] above. In the context of [1], the constant
[K] is determined by the units used, which we will define in terms of present-day international (SI) units. As such, we can simply
expand the definition of [K] as follows:
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[2]

K = 1/4πε0

Note, for simplicity, this discussion will, by default, always assume that all charge interactions take place in a vacuum.
Therefore, [ε0] corresponds to the permittivity of a vacuum, which is also referred to as the ‘electric constant’ . While this
constant might not appear to bring any additional clarity to [1], it does have some significance in the development of Maxwell’s
equations, especially in terms of the propagation velocity [v=c] of an electromagnetic wave in vacuum. However, first, we might
want to just compare the similarity of [K] to the gravitational constant [G] in Newton’s equation:
[3]

F=G(m1*m2)/R

2

It is clear from [1] that the force [F] has to be proportional to the charge [q], which leads to the definition of an electric field [E]
being the force [F] per unit charge [q]:
[4]

E = F/q = Kq/R

2

To avoid confusing electric field strength [E] with energy, the inclusion of any energy parameters will carry a suffix denoting
total [ET], potential [EP] or kinetic [EK] energy in the context of this section. Given the similarity of [1] and [3], it is not so
surprising that the electric field [E] is also subject to the inverse square law, as per gravity. However, it might be useful to
consider the relative strength of the electric field in comparison to a gravitational field by taking the ratio of [1] and [3] and
substituting for the masses of a proton [mp] and electron [me] and the unit charge [e]:

[5]
Given this huge disparity in strength, it is clear that the atomic structure is dominated by the electric field strength and not by
gravitational field strength, as initially assumed by the earliest atomic models. However, while gravity is miniscule in
comparison to the electrostatic force, most atomic structures are charge neutral, which explains why on the macroscopic scale
gravity is assumed to dominates planetary and stellar motion; although some may debate this assumption - see Plasma Model.
Let us, at this point, also introduce some of the other terms of reference by considering the repulsive force acting between 2
equal signed charges. To bring like-charges together will require energy or more accurately work to be done, which we may
define in terms of:
[6]

Work [W] = Force [F] * distance [R]

We may now wish to consider the energy implications following on from [1] and [6], if we try to move an elementary charge [q]
from infinity towards a unit charge [Q] of 1 coulomb, where both charges have the same sign, such that the force is repulsive:

[7]
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Now we know all the units for the variables in [7] except for the constant [ε 0], given that work [W] has the units of energy. As
such, we can we can specify [ε0] by re-arranging [7] as follows:

[8]
We might also wish to use this example to compare the units of the variables that underline the nature of both voltage [V] and
capacitance [C]. At a basic level, the definition of voltage [V] is measured in terms of the energy per charge and we have already
defined a form of energy associated with moving charge [q]. However, in this context, energy is required to hold the charge [q]
in position [R] against the repulsive force [F]. As such, the work energy expended has been converted to potential energy and
therefore we might better describe voltage [V] as the potential energy per charge:

[9]
Let us also try to use this approach to provide some initial insight to the property called capacitance. Now different texts may
describe capacitance in one of several ways, e.g. it is the ability of a body to hold an electrical charge or that it is a measure of
the amount of electrical energy stored for a given electric potential. For the purposes of this initial definition, we shall simply
defined capacitance as the charge per voltage, which can then be correlated to the units of capacitance, i.e. the Farad:

[10]
1.5.3.1.2

Special Relativity

Magnetic Fields

In any given frame of reference, a charge
Let us now turn our attention to providing some basic introduction to

particle may be considered at rest and

magnetic fields. The first thing to understand is that a magnetic field is only

therefore have no associated magnetic

present when a charge-particle is moving with velocity [v1] and only acts on

field. However, the same particle in another

another charge particle that is moving with velocity [v2]. The use of two

frame of reference could be considered in

velocity values is simply highlighting that one moving charge particle is

motion and therefore must be producing a

required to generate a magnetic field, while another charge particle is being

magnetic field. As such, these effects have

affected by a magnetic field.

to be explained by the Lorentz transforms.

There is an interesting aspect to magnetic field in connection with special relativity. If [v1] and [v2] are relative, then in
some arbitrary frame of reference, one of these velocities could be considered as zero. In which case, the magnetic force
would not exist. Maxwell’s equations are invariant under Lorenz transformation and suggest a close relationship with
special relativity. However, further discussion of this aspect will be deferred to a following section entitled 'Relativistic
Electrodynamics'.
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The force on a charged particle due to a magnetic field is given by:
[11] F = qvB*sinθ = q(vxB)
The second form on the right is reflective of the cross product of
two vectors, which produces a perpendicular vector, e.g. force [F],
where [q] is the charge of the particle, [v] is its velocity vector, [B] is
the magnetic field vector and [θ] is the angle between the direction
of velocity and the magnetic field. The diagram shows that the
direction of the force is always perpendicular to both the direction
of velocity and the magnetic field and results in the charge particle
trying to move in a circular path of radius [r] around the direction
of the magnetic field due to the force [F]. We can determine this
radius [r] via the following equation:

[12]
On the basis that [ω=v/r], we can also express the angular velocity [ω] as follows:

[13]
In practice, the early pioneers experimented with the phenomenon of electromagnetism by passing an electric current [I]
through a wire. Of course, we can re-interpret this current as the movement of ‘N’ charged particles per second. In the context
of a conceptually infinitely long straight wire carrying a current [I]. The Biot-Savart formula in [14] defines the magnetic field [B]
at any point along this path:

Permanent Magnets
[14]

There appears to be an assumption that
magnetic fields emanate from permanent

As such, [14] has been used to shown the SI units of the magnetic field [B].

magnets as a static entity in the form of a

However, this equation also allows us to define another constant of

magnetic dipole. However, it would seem

electromagnetism, i.e. [μ0], which is described as the magnetic permeability

that permanent magnets result from the

of a vacuum. Again, knowing the units of all other variables within [14]

motion of charged particles within the

allows the units of [μ0] to be defined:

atomic structure of the permanent magnet.
As such, permanent magnetic are really only
a

special

case

of

an

electromagnets

operating at the atomic level of the material.

[15]
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From a more intuitive perspective, most of us will have experienced the effects of magnetism when playing with permanent
magnets. One of the things we quickly experience with permanent magnets is the ‘north-south’ polarity; so now might be a
good point to also introduce the issue of magnetic dipoles and monopoles. A dipole is the name given to the normal ‘northsouth’ pairing normally associated with a permanent magnet. However, while theoretical physics has predicted the possible
existence of magnetic monopoles, to date no evidence has been found to support this conjecture. At the atomic level, a
magnetic dipole can initially be thought to result from the orbital motion of a charged electron around a relatively static
nucleus, as suggested by the diagram on the left below. As such, this motion would essentially create a current loop,
surrounded by a magnetic field. However, quantum mechanics suggests that it is the stronger effect of quantum spin, which
actually leads to permanent magnets, even though quantum theory then goes on to state that electrons neither physically spin,
nor orbit the nucleus.

While the models above come with several caveats, they attempt to use the basic atomic model on the left as a building block,
first as an equivalent single dipole paring, which is then combined into larger configurations that can ultimately be scaled to the
macroscopic level of a permanent magnet. In part, if you have ever broken a magnet into 2 pieces, you will realise that you end
up with 2 smaller magnets which can be ‘stuck’ back together in another
composite north-south configuration, as illustrated. Based on the model
above, an atom might be thought to form a magnetic dipole, but which in
most material is orientated at random. However, in a permanent magnetic
material they align in the same direction. So, although this introduction to
magnetic fields may be very limited, and possibly technically inaccurate on
a number of points, it is really only trying to illustrate the interaction and
interdependency of a magnetic fields on the electric field.
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1.5.4

Maxwell's Equations

This page now begins the specific discussion of Maxwell’s equations, although this
first page of the discussion will only introduce the equations and some of the
mathematical notation and terminology in use. Subsequent pages will then try to
expand the discussion of each equation in-turn and the physical principles implied.
As indicated, there were originally 20 equations in Maxwell’s 1864 paper, which
were later rationalised by Oliver Heaviside in 1884 to just 4 differential equations.
Although the differential form is still in use today, they have in-turn been
complemented, and some would say replaced, by an equivalent integral form. On
first exposure to the equations, the question of format may initially seem to be a
matter of personal preference as the focus is usually on the more pressing matter of
what any of this mathematical shorthand is trying to tell you about
electromagnetism. However, while the differential form can sometimes appear
simpler, the following outline, of both forms, may change your mind.
1.5.4.1

Mathematical Notation

James Clerk Maxwell

The intention of this ‘prelude’ to the main discussion of each of Maxwell’s equations

What, then, is light according to the

is simply to outline some of the basic notation used in both the differential and

electromagnetic theory? It consists

integral forms. As such, the reader may wish to cross-reference the earlier discussion

of alternate and opposite rapidly

of Vector Calculus .

recurring

transverse

magnetic

disturbances, accompanied with
1.5.4.1.1

electric

Differential Form

direction

displacements,
of

the

the
electric

displacement being at the right

We will start with 2 examples from the differential form:

angles to the magnetic disturbance,


The implied divergence of 2 vectors, e.g. ∇.E

and both at right angles to the



The implied curl of 2 vectors, e.g. ∇xE

direction of the ray.

We will initially describe the symbol [∇] as a ‘vector differential operator’, although this description is not usually that helpful in
itself. So let us quickly expand this operator as follows:

The symbols i, j & k are the unit vectors associated with the scalar magnitude in each direction, i.e. x, y & z, and ∂/∂x signifies a
rate of change of magnitude of some unspecified quantity written as a partial derivative in Cartesian coordinates. However, the
Del [∇] symbol can also be interpreted as a separate vector linked to the partial derivative operators. Therefore, the
mathematical operations, implied by [∇.E] and [∇xE] are really defined in terms of the dot (.) and cross (x) products of 2 vectors.
With this very brief mathematical introduction out of the way, let us attempt to infer some initial meaning from the examples
shown above.
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∇.E: The Divergence of E
Here we are really determining the dot product of 2 vectors, i.e. ∇ and E, which

Ivan Tolstoy

is a mathematical operation that always results in a scalar value. It might be

Maxwell's

suggested that the magnitude, and the sign, of the scalar value corresponds to

history of scientific thought is

the flow into or out of a point in space:

comparable to Einstein's , whom

importance

in

the

he inspired, and to Newton's,
whose influence he curtailed.

In this case, the symbol [φE] represents the flow or the ‘flux’ associated with some vector, e.g. [E], flowing out of a unit
volume. The actual physical meaning will be discussed further against the appropriate Maxwell equation.


∇xE: The Curl of E:
The curl of a vector is described as a vector operator that shows the rate of
rotation of a vector field, i.e. both the direction of rotation and the magnitude of
the rotation. However, let us first expand the form of ∇xE, as shown below, and
then address the question mark (?) against what this may be equated to:

Albert Einstein
The work of James Clerk Maxwell
changed the world forever

The question mark (?) in this case has to equate to a quantity that would cause the vector [E] to circulate along a closed
path, e.g. a circle. Without getting into the actual description of Maxwell’s equations, we might realise from earlier
discussions that the electric field lines radiate directly out from a static charge and, as such, there can be no ‘curl’ in this
static configuration. However, electric field lines are known to circulate around a changing magnetic field. As such, this
may help to initially explain the use of ∇xE in Maxwell’s 3rd equation.
1.5.4.1.2

Integral Form

Now let us turn our attention to the integral form. Again, we will simply introduce 2

Richard Feynman

basic expressions used by Maxwell’s equations and then try to provide some initial

From a long view of the history of

interpretation of the mathematical notation in use:

mankind seen from, say, ten
thousand years from now, there



The closed line integral:



The closed surface integral:

can be little doubt that the most
significant event of the 19th
century

will

be

judged

as

Maxwell's discovery of the laws of
Let us start by first looking at the vector dot product within the integral by making

electrodynamics.

reference to an earlier discussion of vectors. The dot product of 2 vectors produces a scalar; the magnitude of which is defined
by [E.cosθ], where [θ] is the angle between the 2 vectors, i.e. [E and dl] or [E and ds]. We can see, by making reference to the
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diagram on the left below that while the vector dot
product of [E] and [dl] depends on the angle
between them, the angle [θ] has to be integrated
over the line or path A-B. As such, this process is
described as the line integral. In similar fashion,
referencing to the diagram on the right above
suggests that the surface integral of a vector field
[E] corresponding to the flux of [E] flowing through
the surface [ds] subject to the dot product
dependency on the angle [θ]. Specifically, we might
define the electric flux, written [φE], as the amount
of ‘flow’ of the electric field through an area [ds]. As such, the surface integral is the integral over all regions on the closed
surface.
Note: The additional circle superimposed on the integral [∫] symbol simply implies that the integral encompasses a
closed path with respect to the line integral or a closed surface with respect to the surface integral.
1.5.4.2

Maxwell’s Equations of Electromagnetism

So having introduced some of the mathematical notation used by Maxwell’s equations, we are hopefully in a better position to
reflect on the meaning of the four equations initially presented in both the differential and integral forms.


Equation [1] is based on Gauss’ law for electric [E] fields:

[1]


Equation [2] is based on Gauss law for magnetic [B] fields:
[2]



Equation [3] is based on Faraday’s law of induction:

[3]


Equation [4] is based on Ampere’s law:

[4]
Unfortunately, any understanding of how electric and magnetic fields are actually unified under Maxwell’s equations still
requires a fairly extensive understanding of an array of quantities that are deemed necessary to describe the various
electromagnetic processes involved. Therefore, we also need to provide an introduction of the primary variables in use.
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The electric field [E] also corresponds to force per charge. Basic units of measurement align to [volts/metre] or
2

[m.kg/C.s ].


The magnetic field [B] is sometimes referenced using several terms: magnetic induction, magnetic field density and
also the magnetic flux density. Basic units of a magnetic field are the [tesla] or [kg/C.s].



The magnetic flux [ΦB] represents the number of magnetic field lines that pass through a given surface. It has units of
[webers] or [m2.kg/C.s].



The charge density [ρ] , in this case, is the amount of electric charge in a given volume. It has units of
3

3

[coulombs/metre ] or [C/m ].


The current density [J] is a measure of the flow density of electric charge per unit area. It has units of
2

2

[amperes/metre ] or [A/m ], where [A=C/s]
2 2

3



The permittivity of free space [ε0] is also called the electric constant. It has units of [farads/metre] or [s C /kg.m ].



The permeability of free space [μ0] is also called the magnetic constant. It has units of [henry/metre] or [m.kg/c ]



The differential element [ds] corresponding to a surface area [S]. Its units are simply [metre ] or [m ]



The differential element [dl] corresponding to the length [L]. Its units are [metres].



The divergence operator [ ∇.] has units of 1/metre



The curl operator [ ∇x] has units of 1/metre

2

2

2

This amount of terminology is not only quite daunting on first exposure; it can also be quite meaningless unless accompanied
by some descriptive text that seeks to interpret some physical meaning from what is essentially a form of mathematical
shorthand. This process will take place in the following sub-sections, but we might begin the process of simplification by
reducing Maxwell’s equation to just the differential form for free space, where the charge density [ρ=0] and the current density
[J=0]:
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While, hopefully, these equations do not appear quite so daunting, each requires further explanation in order to provide some
physical interpretation of what they are really trying to tell us about electromagnetism. The issue ‘EM Propagation’ is also the
subject of another discussion, but we might also wish to just table a generic form of the EM wave equation for consideration in
advance of any explanation of how it is derived from Maxwell’s equations:

[5]
In [5a], the variable [A] can be substituted for the magnitude, i.e. amplitude, of either the electric or magnetic field at some
given point in space and time; while [5b] alludes to a relationship between the propagation velocity of an EM wave in vacuum
and the electric and magnetic constants of free space.
1.5.4.2.1

Maxwell's 1st equation

Carl Friedrich Gauss

Maxwell’s first law is based on Gauss’ law for electric fields, which was

Gauss (1777 - 1855) worked in a wide

formulated by Carl Friedrich Gauss in 1835, although not published until

variety of fields covering mathematics and

1867. This work could in turn be linked to Coulomb’s law defining the force

physics that included number theory,

[F] between two charges [q1,q2] published in 1785. At the root of all these

differential

equations is the idea of an electric field emanating outwards from a point

astronomy and optics. His work has had

charge, as illustrated in the diagram. It is worth noting that that while a

an immense influence in many areas.

geometry,

magnetism,

charge particle can exist in isolation, analogous to an electric monopole, the concept of an electric field can still only be
measured between 2 charge particles. However, we can conceptually
visualise an electric field emanating out from the charge particle [q] equally
in all direction. As such, we can also define the electric field [E] at any point
on the spherical Gaussian surface shown as [ds]:

[1]
We might recognise that the division of the charge [q] by surface area of a
2

sphere [4πr ] provides the definition of the electric field strength at any
point on the surface. We can also quickly explain the notation [ur] as the unit
vector reflecting the direction of the electric field vector [E]. However, having highlighted the vector requirements, this aspect
will not be always highlighted in subsequent equations.
But what is the physical meaning of [ε0]?
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This parameter represents permittivity [ε], which is said to be a measure of
how much resistance is encountered when forming an electric field in a
vacuum, i.e. it reflects how an electric field affects, and is affected by, a
dielectric medium. In the case of a vacuum, which is the primary focus of this
discussion, the permittivity of free space is a constant, represented by the
symbol [ε0], and has the value: 8.85*10

−12

F/m. On this basis, we can now

proceed to define the total electric flux [φE] through the Gaussian surface:

Gauss's Law
Maxwell's 1st equation is essentially
Gauss's law; whereby the electric flux
through a surface area is used to measure
the total amount of electric field going
through that surface. Physically, this
equation implies that the total electric
flux integrated over a surface that
encloses

a

volume

of

space

is

proportional to the total charge contained

[2]

in that volume of space. Furthermore this
In this case, we might recognise that the result simply multiplies [1] by the

equation implies that electric charges

surface area of the sphere, which leads to the result shown. However, we can

create electric fields.

also see that [2] no longer has any dependency on the radius [r] or for that
matter the shape of the Gaussian surface, i.e. it can be an irregular shape. It can also be shown, although not necessarily here,
that a series of charges [q=q1..qn] can be placed anywhere within an irregular Gaussian surface. As such, [2] essentially allows us
to directly define Gauss’ Law and Maxwell’s 1st law in its integral form:

[3]
Where [q] represents the net charge integrated over the Gaussian surface and, as such, [3] is essentially the mathematical
shorthand of the description of [2]. However, it is often quite useful to initially break these equations back down into the unit
parameters:

[4]
st

2

So Maxwell’s 1 equation, as presented in the integral form, is describing the electric flux [φ E=E.m ], i.e. the electric field [E]
2

over a given surface area [m ], as the charge [q] divided by the electric constant [ε0]. Today, one can question the physical
reality of the idea of an electric flux radiating through the conceptual surface enclosing the charge, but it is a logically consistent
working model.
But what about the differential form?
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The differential can often appear simpler in form, but tends to be more
awkward to prove, but hopefully the following derivation is sufficient to
provide the general idea. We have already generally proved that Gauss’
Law can be applied to any shape, such that we might define this shape
to be a small elementary volume (dx dy dz) in the [xyz] planes. From the
diagram, we can see the electric flux emerging from the surface
[ABCD=dy*dz] at an angle [θ], such that we can define [E] through this
surface as:

[5]
The substitution of [Ex] for [E.cosθ] is simply because this quantity is the
electric field in the [x] plane. We might recognise that the flux flowing
through the opposite surface [A’B’C’D’] must have a similar form, although carrying an opposite sign, i.e. [–Ex’ dy dz], such that
we might we define the total flux though both surfaces as:

[6]
However, because we are dealing with a very small differential volume, we can make the following substitution:

[7]
As such, we can now substitute [7] back into [6] to give an expression rationalised to the elementary volume [dv]:

[8]
We can repeat this logic for the other planes [y,z], which we might reasonably expect to produce similar results, such that we
end up with an expression for the total flux:

[9]
It is worth stopping at this point to understand that [9] is the logical equivalent of the integral form of Maxwell’s equation given
in [3] and [4]. However, the differential form of Maxwell’s equation usually rationalises [9] by recognising that [q/dv] effectively
represents the electric charge density [ρ] such that we end up with the following equation, which can be considered in terms of
the electric flux per volume:
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[10]
st

As such, [10] is the usual presentation of the differential form of Maxwell’s 1 equation. It can be seen that this equation is
time-independent, i.e. it represents a static configuration. However, with reference back to [1], we can still see that the electric
field [E] is directly proportional to the strength of the sum of the charges, contained within any Gaussian surface, and may be
initially be thought to ‘radiate’ outward to infinity, although with an ever-diminishing intensity based on an inverse square law.
Electric Displacement Field [D]:
The topic of electromagnetism comes with a plethora of symbols that relate to all kinds of quantities. To some extent, this
discussion has attempted to keep the number of quantities require to explain Maxwell’s equations to a minimum. However,
there may be some value in introducing the concept of the electric displacement field [D]. In a dielectric material, the presence
of an electric field [E] causes the bound charges in the atomic nuclei and their electrons to slightly separate, which induces a
local electric dipole moment defined by:
A Units of Measure
The gauss is the unit of magnetic field [B]
[11]

in gaussian-CGS units. However, the tesla

Again, the permittivity of free space [e0] has the value: 8.8544*10

1.5.4.2.2

−12

2

C /Nm

2

is the primary definition in SI units, where
4

one tesla is equal to 10 gauss.

Maxwell's 2nd equation

Maxwell’s second law is based on Gauss’ law for magnetic fields [B] and there
are some obvious parallels to the earlier discussion of Gauss’ law for electric
fields [E], although there are some equally important differences. When
introducing the subject of an electric field, it was highlighted that while an
electric charge can exist in isolation, e.g. protons and electrons, an electric
field really only exists between 2 charges. However, in the case of a magnetic
field, this caveat is more physical in the sense that no instance of a magnetic
monopole has ever been found in nature. As such, all magnetic fields exist in
the form of a north-south dipole, as the diagram is attempting to illustrate. As
a consequence, the lines of force emanating from the ‘north’ end of our magnet always terminate at the ‘south’ end of the
same magnetic. Therefore, unlike electric fields, all magnetic fields can be described as a closed field as illustrated by the
equality of the magnetic lines exiting and entering the enclosing boundary shown as a black circle in the diagram. As such, this
nd

statement pretty much leads directly to the integral form of Maxwell’s 2 law:
[1]
Again, we might wish to do a quick sanity check regarding the units of [1]:
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[2]
2

So Maxwell’s 2nd equation is describing the net magnetic flux [φB=B.m ], which is
2

the magnetic field [B] aggregated over a given surface area [m ]. It is also
2

highlighted that the units of the magnetic field [B=kg/Cs] and [ds=metres ]; also the
formal vector notation has been omitted in this case. We might also apply the same
logic used to derive the differential version of Maxwell’s 1st equation, but for now
we can simply jump straight to the form:

Magnetic Fields
The magnetic field of the human
brain corresponds to ~10

-8

gauss,

while the Earth's magnetic field is
~0.5 gauss. At the other of the
magnetic 'spectrum', the surface of
a neutron star may have a field in
the order of 10

13

gauss, while the

upper limit to a neutron star's is
thought to be in the order of 10

17

gauss. There is no object in the

[3]

universe that is thought to generate
While it is a matter of personal preference, the integral form often turns out to be

a stronger magnetic field than a

more intuitive from a physical perspective, notwithstanding the general issue of

neutron star.

inferring meaning to the mathematical hieroglyphs.

Auxiliary Magnetic Field [H]:
The auxiliary magnetic field [H] represents how a magnetic field [B] influences the organisation of magnetic dipoles in a given
medium. Today, the magnetic field [B] is now considered to be the fundamental quantity, while [H] is a derived field. As such,
[H] is defined as a modification of [B] due to magnetic fields produced by the material itself. We might express this relationship
as follows:

[4]
In this case, the vacuum permeability [μ0] is a constant derived from production of a magnetic field by an electric current or by
-6

2

a moving electric charge and has a value of 1.3566*10 m.kg/C .
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1.5.4.2.3

Maxwell's 3rd Equation
rd

We now turn to Maxwell’s 3 equation that is based on Faraday’s law of

Michael Faraday

induction, which was discovered independently by Michael Faraday and

Faraday (1791-1867) was the son of a

Joseph Henry in 1831, although it was Faraday who first published his results.

blacksmith, born in London. Faraday's

In words, this law might be expresses as follows:

primary contribution to science was in
the field of electricity. In 1821, he

The induced electromotive force (VE) in a closed loop equals the

demonstrated

negative of the rate of change of magnetic flux through the loop .

electrical energy into a motive force and

the

conversion

of

invented the electric motor. In 1831
Basically, moving the magnet shown in the diagram back and forth through the

Faraday discovered the induction of

wire loop causes a current, i.e. a flow of charge particles, in the wire [L]. In

electric currents and made the first

physics, the energy supplied to drive a unit charge around the circuit is defined

dynamo. In 1837 he demonstrated that

by the following unit of measurement:

electrostatic force consists of a field of
curved lines of force.

[1]
In this case, the difference in charge potential between two points in the
circuit is being created by the change in the magnetic field, i.e. the change
in magnetic flux [φB]. However, this difference in charge effectively gives
rise to an electrical potential energy, which is known as the electromotive
force, which is being denoted as [VE] on the basis that it is primarily
associated with the electric field [E]. As such, we may translate the
definition above to its mathematical counterpart:

[2]
If we look at the units in [1], we might wonder if the term ‘electromotive force’ is misleading as the process seems to involve
energy, not force, with respect to charge. In fact, [V E] corresponds to the work done, i.e. energy, associated with moving one
unit of charge around the circuit shown. We might also remember that the electric field [E] is equal to the force per unit charge,
as outlined in the earlier introduction of electric fields . As such, it is the closed line integral of the electric field [E] that
corresponds to the work done in moving a charge [q] around the circuit [L]:

[3]
However, before proceeding, it might yet again be useful to do a sanity check in terms of the units on both sides of [2]:
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Unit of Measure
The farad is the SI unit of capacitance named
after Michael Faraday. A one-farad capacitor
stores one coulomb of charge when a potential
[4]

of 1 volt is applied across the capacitor.

As such, we might feel reassured that the quantities on either side of [2] are comparable. Also, in the previous discussion of
nd

Maxwell’s 2 law, it was shown that the magnetic flux [φB] across any arbitrary surface is given by the integral form:

[5]
nd

However, unlike Maxwell’s 2 equation, the conceptual Gaussian surface being considered does not enclose the magnetic field
[B], it only circles it in the form of the wire loop [L], i.e. we are talking about a line integral not a surface integral. In fact, it might
be seen that we can combine [2], [3] and [5] into the form:

[6]
rd

As such, [6] can be rationalised to the integral form of Maxwell’s 3 equation in which the units of each parameter has been
expanded to check for equality:

[7]
As such, we can see that the units in [7] remain consistent with [4], but the integration with respect to [L] means that [7] is
accounting for all the charge movement in the loop. To obtain the differential form, Stokes’ theorem has to be applied to the
left-hand side, which may not really add any clarity to the physics, but a few steps are presented for general reference:
Scientific Morality?
The UK government recognized Faraday's
contribution to science by granting him a
pension and giving him a house in Hampton
Court. Even so, Faraday was still unwilling to use
his scientific knowledge to help military action
and, in 1853, refused to help develop poison
gases to be used in the Crimean War.
[8]
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However, this law may be better understood in terms of moving a permanent magnet through a loop of wire, i.e. moving the
magnet produces a changing magnetic field in time (dB/dt) when measured relative to the loop, which then induces an electric
field in the wire loop surrounding the moving magnet.

The significance of the negative sign (-) in both [6] and [8] can best be explained in terms of Lens Law, which states that the
electric field produced by the changing magnetic field causes a current to circulate in the wire loop, which in-turn produces
another magnetic field. This secondary magnetic field always opposes the original changing magnetic field and is linked to the
conservation of energy. Initially, in position-1, shown in the diagram above, the moving magnet produces no measurable flow
of current in the distant wire loop. However, as the magnet passes through the loop a small current is induced in the wire loop,
which in-turn generates a secondary magnetic field. The direction of the
secondary magnetic field opposes that of the primary magnetic field and

André Marie Ampère

so conserves the net energy of the system.

Ampère (1775-1836) made many important
contributions to the theory of electricity and

1.5.4.2.4

magnetism and his work was considered

Maxwell's 4th equation

fundamental to 19th century science.
th

Finally, we turn to Maxwell’s 4 equation, which is based on Ampere’s
Law. This law was developed by André-Marie Ampère in 1826 and related the magnetic field [B] associated with an electric
current passing through a wire, as illustrated in the diagram. In its original form, Ampere’s law was essentially a static solution,
i.e. time independent. Later, in 1861, Maxwell extended this law to account for a time-dependent factor. However, we will
begin by considering the geometry of a perfect circular path for the magnetic field [B] at any point [A] on this path:

[1]
We might realise that the sum of all points around this circular path [L=2πr]
becomes:

[2]
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Given that [2] is independent of geometry of the path, i.e. [r], we might reasonably assume, although not prove, that [2] holds
for any irregular path around the electric current [I]. However, we might also substitute for [I], at this point, by recognising that
it is equivalent to the flux of the current density [J] over any surface [S] bounded by [L]:

Unit of Measure

[3]

The ampere is the SI unit of electric
Note, we are no longer considering a closed surface integral, but rather the
surface [S] of the wire, which we may assume to be infinite in length, So, if we
now substitute [3] into [2] we get:

current

named

after

Ampère.

An

ampere is a measure of the amount of
electric charge passing a point per unit
time and corresponds to ~6.241*1018
electrons per second.

[4]
This is Ampere’s law, in its integral form, which it might be noted contains no rate of change with time, as it is essentially a
static solution. However, we might also consider that, by definition, the current [I] corresponds to the flow of charge [q] such
that [3] becomes:

[5]
st

However, we also have a definition that originates from Gauss’ law that was used to derive Maxwell’s 1 equation, i.e.

[6]
As such, we might differentiate the integral on the left with respect to time:

[7]
In effect, [7] is the totality of the current density accounting for the time independent component defined by Ampere’s law in
[4] plus the additional time-dependent component as reflected in [7], such that we may modify Ampere’s Law in [4] to become:
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[8]
th

On the basis of [5], we can change [8] to the integral form of Maxwell’s 4 equation plus carry out the usual sanity check of the
units implied:

[9]
rd

The units are a bit messy in the 3 term, but do resolve to provide equality of

James Clerk Maxwell

the equation, which can be viewed as the reciprocal process to Maxwell

"The

rd

experimental

investigation

by

3 equation. However, in this case, an electric current flowing along the length

which Ampere established the law of

of a wire induces a magnetic field [B] around the wire along the length [L]. The

the mechanical action between electric

derivation of the differential form follows a similar logic as described for the

currents is one of the most brilliant

st

differential solution of Maxwell’s 1 law. Although this logic is not repeated

achievements in science. The whole

here, the differential form is:

theory and experiment, seems as if it
had leaped, full grown and full armed,
from the brain of the 'Newton of
Electricity'. It is perfect in form, and

[10]

unassailable in accuracy, and it is
summed up in a formula from which all

Displacement Current:
It is recognise that the step that substituted [7] into [4] may appear to have
added an additional terms without really explaining its physical meaning. The
effect of considering a time-dependent electric field [E] was to add the term

the phenomena may be deduced, and
which must always remain the cardinal
formula of electrodynamics."

[ε0∂E/∂t]. Maxwell interpreted this additional current as the displacement current, which is a quantity associated with the rate
of change of the electric displacement field [D]. As such, this current has the units of electric current density and is associated
with the magnetic field [B]. However, this current is associated with moving charges, rather than a time-varying electric field.
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1.5.5

Electromagnetic Waves

By and large, the context of this discussion is being generally constrained within the timeline of Maxwell’s equations. As such,
we are talking about a period some 30-40 years before Max Planck’s ideas about quantum energy or Einstein’s ideas associated
with photoelectricity, which collectively would underpin the idea of a photon and eventually quantum physics. So within this
timeline focused on Maxwell’s equations, the weight of scientific opinion had swung away from Newton’s original corpuscular
theory of light towards a wave model. Therefore, with all these caveats in mind, let us now start to consider the implications of
an EM wave model as presented in the animation.

Wave Propagation
Maxwell's
electric

equations
and

suggest

magnetic

fields

that
can

propagate as waves in empty space,
based on the idea that the electric and
magnetic fields replace the need for any
displacement of matter particles, as
required by a mechanical wave. As such,
electromagnetic waves are said to
propagate through a vacuum without
any physical medium, although the
vacuum does still possess some medialike attributes, which defines the EM
wave propagation velocity [c].
In many respects, the animation is a bit of a 'montage' of ideas that this discussion will address under 3 subheadings: Propagation, Energy and Radiation. Without pre-empting these discussions too much, it will be suggested that the
animation is believed to be problematic in a number of respects, but let us first just outline some of the basic issues:
How are EM waves generated?
Previously, we have touched on the issue of photons being emitted and absorbed in connection with an electron orbital
transition, as described by the Bohr model, which is a description that starts to align to the particle model within the waveduality debate. However, even within the constraints of a wave model discussion, we might not be able completely ignore the
issue of energy quantisation. With this potential problem highlighted, we need to consider the other primary method of EM
wave generation, as alluded by the animation, which is trying to suggest that an oscillating charge will somehow emit an EM
wave, although some aspect of the animation needs to be examined with some caution. For example, there is the implication of
a composite wave, i.e. transverse electric and magnetic sine waves, which propagate outwards and in-phase, but perpendicular
to each other. In practice, the amplitude of these waves cannot be visualised as a displacement of some medium through which
the wave is propagating, but only as a measure of the field strength at some point in space. As such, any measurement is an
interpretation of the force on a charge probe, which reflects the electric [E] and magnetic [B] field strengths that are assumed
to be in-phase and synchronised in strength to the oscillating charge.
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What is the strength of the E-M fields as a function of distance [xyz]?
Before trying to answer this question, let us quickly make reference to another previous discussion of a mechanical wave that
propagates energy via a physical medium. In this context, the square of the height or amplitude [A] of the wave reflected the
wave energy at any given point. However, the energy of the wave was actually determined by the geometry of distribution. For
example, an expanding 3-dimensional mechanical wave was shown to dissipate energy based on the inverse square law,
2

because the initial energy was being distributed over the expanding surface of a sphere, i.e. 4πr . Clearly, in the case of an EM
wave, we are making no assumption about any medium, especially in the context of an EM wave propagating through a
vacuum. However, the issue of expanding geometry is still an issue of
Wave Energy

consideration, as is the transverse propagation mode.

Generally electric and magnetic fields
Does the energy propagation from the oscillating charge conform to a spherical

are said to exist in a vacuum without any

distribution?

material being present, but when these
fields change in time, a spatial change

There are a couple of issues implicit in this question. However, examination of

can be propagated as a wave, which

the animation suggests that the radiation profile associated with an oscillating

transports energy.

charge is not spherical, but more closely resembles a doughnut shape that is
symmetrical along the axis of the oscillating charge. Even so, we might still

Electromagnetic Radiation

expect that the energy radiated to be distributed over some an ever-expanding

We shall initially describe EM radiation

surface; whether this implies conformance to the inverse square law has not

as a process of energy transfer in

really been determine at this stage. If so, this raises a much wider issue that we

vacuum or in matter. However, EM

might characterise via the next question:

radiation

carries

momentum,
How does light-energy from the stars travel billions of light-years?

both

which

energy

may

and

therefore

interact with matter.

Let us quickly make reference to the idea of a photon that is characterised as a quantum package of energy that conforms to
Planck’s equation [E=hf]. Implicit in this description is the idea that a photon does not lose energy in propagation through a
vacuum. As such, a photon can address the question above, although it does not really explain how!
But what about the total energy distribution?
If we simply assume, for now, that the energy distribution is a function of the inverse square law, the energy of the photons
emitted by an oscillating charge would have to be statistically distributed over an expanded sphere, but would such a model
align with a continuously expanding wavefront. So let us now simply table a question for consideration as we discuss the issues
of propagation, energy and radiation within the confines of classical electrodynamics:
Do Maxwell’s equations explain how radiated energy from the stars reaches Earth as an EM wave?
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1.5.5.1

Electromagnetic Wave Propagation

In order to describe the propagation of an electromagnetic wave, we
need to tie the derivation of any ‘wave equation’ to Maxwell’s
equations. However, when discussing the propagation of EM waves in
vacuum, Maxwell’s equations can be simplified by the assumption that
the charge density [ρ] and the current density [J] can be set to zero. The
idea of a self-propagating EM wave will also require a departure from
the description of an electric field [E] being directly linked to a charge
particle [q], either stationary or in motion, which was then
complemented by a magnetic field [B] that only exists when the charge
moves with velocity [v].
Note: Newton’s 2nd law of motion implies that a charge particle moving with constant velocity cannot be subject to a
force [F]. Therefore, it is difficult to explain how either a static charge, or one moving with constant velocity, might
continuously radiate energy without any obvious energy being put into the system. Of course, a charge particle
undergoing acceleration [a] must be subject to a force [F=ma] and the displacement of the charge equates to work done
or energy being input into the system, such that it may subsequently radiate this energy in the form of EM waves.
From a classical perspective, we might initially make the assumption that the propagation of a continuous EM wave, which
radiates energy has to be linked to a charge subject to acceleration. As such, we might wish to tabulate some of the
assumptions implied in previous discussions:


A static charge only has an electric field.



A charge moving with velocity [v] has both an electric and magnetic field.



Only an accelerated charge radiates energy as an EM wave.

Of course, even if we simply accept 3) as the source of an EM wave, we still
have to reconcile the description of an EM wave conceptually propagating
indefinitely, and without loss, through the ‘vacuum’ of space. For example, if we
assume that a charge particle is subject to a short burst of input energy, such

Christiaan Huygens
"One may conceive light to spread
successively, by spherical waves."

that it accelerates and produces a corresponding burst of EM radiation, we might initially assume that the EM waves propagate
outwards in all directions. However, while this statement will need to be qualified in a following discussion addressing EM
radiation, we might initially assume that any energy radiated into the vacuum cannot be destroyed, although its density will
become dissipated over an ever expanding surface area, as in the case of any 3D outward wave. So while energy is not lost, and
its measurement will quickly fall with radial distance, conceptually this radiation is said to self-propagate outwards infinitely,
even thought the charge particle is assumed to stop radiating energy as soon as its acceleration stops. However, unlike a 3D
mechanical wave, there is no obvious media associated with the vacuum of space on which the EM wave can propagate
independent of the originally accelerating source charge.
So how do Maxwell equations explain self-propagation?
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Well, we might start by summarising the four Maxwell equations using the

James Clerk Maxwell

simplifying assumptions for a vacuum outlined at the start of the discussion:

"We

can

scarcely

avoid

the

inference that light consists in the
transverse undulations of the same
medium which is the cause of
electric and magnetic phenomena."

[1]
We can also introduce another simplification by proceeding on the basis of an EM plane wave solution, where the E-field and Bfield are perpendicular to each other, such that we can write the field strengths in terms of its Cartesian [xyz] components:

[2]
It is possibly worth clarifying an impression that the various diagrams and animations of propagating EM waves might create,
i.e. that the E-fields and B-fields extend into [yz] space. What [2] is implying is that the vector quantities, i.e. the [E] and [B]
fields, when measured at some specific point in [xyz] space, at time [t], act in the [y] and [z] directions respectively, while
propagating in the [x] direction at velocity [v=c]. Of course, having made this clarification, we still need to understand how
Maxwell’s equations explain this propagation. So using [1] and [2] as our frame of reference, we need to resolve the dot and
cross products of the [E] and [B] fields, where the dot product can be expanded into the following generic form with [A] being
replaced by either [E] or [B]:

[3]
As such, we can now simplify the form of Maxwell’s first two equations in [1], based on [3], plus the assumptions in [2]. The first
equation defines gauss’ law for the electric field [E] and reduces to:

[4]
The second equation defines Gauss’ law for the magnetic field and reduces to:

[5]
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As such, [4] and [5] define the time-independent description of the electric and magnetic

Introductory Physics

fields, which then leaves the time-dependent description predicated on the cross

“Maxwell's equations predict

products, which can be expanded using he following generic formulation, where [A] again

that an electromagnetic wave

represents either the [E] or [B] field in [xyz] space.

consists of oscillating electric
and

magnetic

fields.

The

changing fields induce each
other, which maintains the

[6]

propagation of the wave; a

We can now solve [6] for the [E] and [B] field based on the assumption in [2] plus
substitute for the reduced forms in [4] and [5]. The third equation defines Faraday’s law of
induction and becomes:

changing electric field induces
a

magnetic

changing

field,

and

magnetic

a

field

induces an electric field.”

[7]
Finally, the fourth equation based on Ampere’s law as modified by Maxwell becomes

[8]
Based on an initial examination of equations [7] and [8], we can see that any value of [E] or [B] will depend only [x] and [t], such
that we need only focus on Maxwell's time-dependent equations. However, before commenting on the solutions in [7] and [8],
we might continue by taking the 2nd derivate of [7] respect to [x] and [8] with [t]:

[9]
By noting the equivalence of the magnetic field terms in brackets leads to the wave equation for the electric field [E] in
isolation:

[10]
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nd

By reversing the order of the 2 derivatives applied to [7] and [8] leads to the wave equation for the magnetic field [B]:

[11]
st

So, to summarise, [7] and [8] reflect a 1 order rate of change of the [E] and [B] fields with respect to space [x] and time [t],
while [10] and [11] reflect an independent 2nd order rate of change of the [E] and then [B] fields with respect to space [x] and
time [t]. Now, at this point, it might be useful to, at least, cross-reference earlier discussions of the ‘propagation of mechanical
waves’ in order to consider both the similarities and differences with respect to EM wave propagation. Now, in the case of
mechanical waves, it was generally shown that wave propagation involved the transport of potential energy through an
exchange of potential and kinetic energy within a physical medium, which is difficult to reconcile with the description of inphase [E] and [B] fields propagating in a vacuum. We also have the issue as to whether ‘only an accelerated charge radiates
energy as an EM wave’ and how this energy might continue to self-propagate. Now, in many respects, the ‘idea of a charged
particle’ might be eventually challenged in later discussions by a 'speculative' suggestion that all particles are only a
manifestation of a localised energy density that moves through space-time as a wave. While we will not consider such
speculative ideas in any detail, at this stage, it may not be unreasonable to entertain the idea that [10] and [11] describe an
nd

accelerated rate of change of the [E] and [B] fields in the form of the 2 derivative with respect to space [x] and time [t]. If so,
the forward propagation of the [E] and [B] fields may linked to this ‘accelerated’ rate of change at any point in space [x] and
st

time [t]. We can also see that [7] implies that a 1 order rate of change of the [∂Ey] field, at a given region of space [∂x], will
st

st

cause a 1 order rate of change of the [∂Bz] field in time [∂t]. Likewise, [8] implies that a 1 order rate of change of the [∂Bz]
st

field, at a given region of space [∂x], will cause a 1 order rate of change of the [∂Ey] field in time [∂t]. Based on the assumption
in [2], the energy associated with the [Ey] and [Bz] fields cannot radiate out in all directions, but only propagate in the [x]
direction. However, this is only an arbitrary mathematical constraint as, in practice, the original source could equally radiate in
any direction, e.g.

[12]

In the case of [12], the propagation of the [Ex] and [By] fields would be
constrained to the [z] direction, while another permutations could
propagate in the [y] direction. However, while there is an implication
that [7], [8], [10] and [11] all conform to some form of wave description,
we have not really quantify what type of wave is involved. Therefore, in
order to progress towards some sort of wave based description of
propagation, we need to assign some form of waveform to the [E] and
st

nd

[B] fields, which is also a solution in terms of both the 1 and 2 derivatives, e.g. a sine/cosine function. However, it is
highlighted that any wave associated with the [E] and [B] fields does not have any physical amplitude that extends in space and
therefore the animation might be a better visualisation. Based on the animation above, the idea of a traverse sine wave
propagating through space might be misleading. For, in this case, the sine wave simply represents the change in the [E] or [B]
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field strength as a function of space or time as represented in the bottom section of the animation. With this clarification
highlighted, let us proceed to consider the implication of a sine wave function:

[13]
st

Now [7] and [8] must both provide an equivalent solution, such that we will need to determine the 1 derivatives of [13] in-line
rd

with Maxwell’s 3 equation, as per [7]:

Richard Feynman
"It is harder to understand the

[14]

electromagnetic

field

than

to

angels;

the

On the basis of [14], we can now re-arrange Maxwell’s 3 equation, as per [7], as

understand invisible

follows:

former requires a vivid imagination

rd

of a myriad of complex waves."

[15]
However, it can be seen that the cosine function on either side of [15] can be cancelled out, such that we can now physically
interpreted the implication of [k] and [ω]:

[16]
From a generic perspective, any wave with a frequency [f] and wavelength [λ] implies a propagation velocity [v], although we
have not yet quantified the value of [v]. Of course, the wave functions in [13] can also be solved as required by Maxwell’s
th

4 equation in [8]:

[17]
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th

On the basis of [17], we can now re-arrange Maxwell’s 4 equation, as per [8], as follows:

[18]
Again, the cosine functions in [18] can be cancelled out and the result re-arranged in terms of its fundamental physical
attributes:

[19]
At this point, we might make reference to an earlier discussion related to the ‘system of units’ in order to interpret the
implication associated with permittivity [ε0] and permeability [μ0] of free space.

[20]
We may now substitute the result in [20] back into [19]:

Albert Einstein
"All the fifty years of conscious brooding

[21]

have brought me no closer to answer the

Of course, if we are to reconcile the first result in [16] with [21], we are led to

question, 'What are light quanta?' Of

the following equivalence of velocity [v] and the speed of light [c]:

course today every rascal thinks he knows
the answer, but he is deluding himself. "

[22]
So, at one level, Maxwell’s equations appear to provide some sort of mathematical model that supports the propagation of
energy as an EM wave. However, while outside of the timeline of science being discussed, the idea of a photon would also
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th

develop and renew the wave-particle debate at the start of the 20 century and, as such, we may still have to question whether
the EM wave model or the photon model can both be true descriptions of the propagation of EM energy between 2 points in
rd

space and time. We may also want to make further reference to the system of units used to defined Maxwell’s 3 and
th

4 equations in Gaussian units rather than SI/MKS, i.e.

[23]
In many respects, the formulation in Gaussian units seems to reflect a more logical symmetry, although the ratio of [E/B] shown
in [22] then ceases to align to a velocity [c] and becomes just a numeric number. However, at this stage, we shall defer further
discussion until a few other aspects of the EM model have been reviewed.
1.5.5.2

Electromagnetic Energy

In the preceding pages, we have attempted to discuss the formulation
of Maxwell’s equations, which describe the classical nature of electric
and magnetic fields. From these equations, the idea of an EM
wave self-propagating through a vacuum with velocity [c] was
formulated. As such, Maxwell's equations are said to show how a
spatially-varying electric field generates a time-varying magnetic field
and vice versa. This statement is essentially supported by Maxwell’s
rd

th

3 and 4 equations as shown for a vacuum:

[1]
nd

By solving these equations in terms of the 2 derivatives also led to an EM wave equation, which has a generic form, as shown
below, where (A) can be substituted to reflect either the strength of the electric [E] or magnetic [B] fields in space [r] or time [t]:

[2]
However, the equations in [1] and [2] must also be linked to some further description of energy transfer, as this is obviously a
key aspect of this series of discussions, which needs to be addressed in more detail. Therefore, this discussion will focus the
general issues of electromagnetic energy by introducing the issues of intensity and momentum associated with electromagnetic
waves. However, the specific discussion of how electromagnetic energy is transported as radiation will be also be expanded in a
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separate discussion related to electromagnetic radiation. However, the equation that defines the power radiated by an
accelerated charge, where [v<<c], will be introduce at this point for general reference within this discussion, although its
derivation will be deferred to the next discussion, specific to radiation:

[3]
So, in this page, the discussion will return to the issue of the energy associated with electric and magnetic fields as sourced by a
charged particle in motion. However, we will start this discussion by simply reflecting on that fact that Maxwell’s
st

nd

1 and 2 equations are representative of a static or time-independent description of the electric and magnetic field
rd

th

respectively; while Maxwell’s 3 and 4 equation, as summarised in [1], reflect the time-dependency of electromagnetic fields.
However, with reference to an earlier introduction of electric and magnetic fields, we might also wish to show how the motion
of two charged particles is central to the discussion of electromagnetism:

[4]
The equation above is sometimes referred to as the 'Lorentz force equation' after the Dutch physicist Hendrik Antoon Lorentz
(1853–1928), who is possibly better known for the Lorentz transforms subsequently used by Einstein in his theory of Special
Relativity. We can see that [4] defines the force on a point charge [q] due to the combined effects of an electric field [E] and the
cross product of the point charge [q] moving with velocity [v] in a magnetic field [B]. So, in many respects, Maxwell's equations
describe how a charge can give rise to electric and magnetic fields, while the Lorentz force equation [4] describes the force
acting on a point charge [q] moving with velocity [v] in the presence of the electromagnetic fields. We might also remember
that force is related to a rate of change of energy with respect to distance.
1.5.5.2.1

Energy Fields

We will start by stating one of the conclusions derived in the previous
discussion related to the propagation of EM waves, as defined in SI/MKS units:

Energy Density
Normally, the most obvious association is
between the electric field [E] and force [F]
via

the

simple

relationship

[E=F/q].

2

However, the combination of [E ] with the

[5]

electric constant [ε0] is an equivalent

However, we might recognise that the electric [E] and magnetic [B] fields must
also have an associated energy, which we might described in terms of an
energy density (η). The rationale that supports this statement is often
presented using the example of a capacitor, which has a known ability to store
electric energy [U], i.e.

[6]
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In this context, [C] is defined as the capacitance and [V] is the potential or voltage drop across the capacitor. For a parallel plate
capacitor, we can state that:

[7]
We have already defined [ε0] as the electric permittivity of free space and [E] as the
electric field. In combination, the area of the plates [A] and the distance [d] between
them effectively defines the volume in which the electric field exists. Therefore, we
may substitute the expressions in [7] back into [6] to give:

[8]
However, we can define the electric energy density (ηE) as the energy (U) per unit
volume, which in this case simply means dividing by the volume [Ad]:

[9]
Therefore [9] represents the energy density associated with the electric field, which is
now decoupled from the specific geometry of a parallel plate capacitor and becomes
more reflective of the energy density at a point at some arbitrary distance from a
source of an EM wave, i.e. as being indicated by the animation. Anyway, referring
back to [9], we can also define an equivalent magnetic energy density (ηB) by
2

substituting for [E ] via the relationships in [5]:

The Idea of Energy
As a generalisation, energy takes 2
fundamental forms, i.e. potential
and kinetic. While both forms
share the same units, the nature of
each seems to be quite different. In
many

respects,

the

energy

associated with a static electric
field is more representative of
potential energy, analogous to
gravitational energy, in that they
both have the potential to move a
charge or mass particles. As such,
you may wish to question the

[10]

underlying nature of what is being
Combining [9] and [10] we naturally come back to [5] due to the earlier substitution:
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[11]
However, from [10], we not only see the expression for the magnetic energy, but it also highlights an equivalence between both
the magnetic and electric energy densities and therefore we might express the total energy density of the electric and magnetic
field to be:

[12]
As such, [12] might be said to define the electromagnetic field energy at any given point, although it does not explain how this
energy propagates from point to point. For example, we know that electromagnetic energy in a DC circuit may move from the
battery to a resistive component, where this energy is converted into thermal energy. As such, we may just assume that this
energy flows through the wires of the circuit, analogous to water in a pipe. However,
closer examination of the energy density in the wire shows that it is much too small
to account for the amount of energy in transit. In fact, nearly all of the energy that
arrives at the resistive component flows through the space around the wires, not
through the wire. As such, the wire only acts as a guide for the energy transfer and,
in the case of the flow of energy in an electromagnetic wave, the energy cannot be
guided by any wires, let alone carried by them. Therefore, we need to expand our
description of energy propagation.
1.5.5.2.2

Wave-Particle Duality
The field of electrodynamics is a
subfield of electromagnetism and
is a branch of physics that focuses
on the study of electromagnetic
energy. One open issue within the
study of electromagnetic energy is
the wave-particle duality. When
EM energy is analysed over long

Energy Propagation

periods of time, it is often easier to

In order to describe energy propagation, we might start by considering the energy

describe the effects in terms of an

per second, i.e. the power, crossing some given area perpendicular to the perceived

oscillating wave. However, over

flow of energy. This quantity is called intensity [I] and defined by the simple

short periods of time, EM energy

expression:

seems to have a number of
particle-like attributes. Within the
idea of a photon, EM energy seems

[13] I=ηv

to align more readily to an energy
Where [η] corresponds to the energy density, as defined in [12] and [v=c] is the

density,

speed of propagation in vacuum. Examination of [12] show that [ηE=ηB] and can be

volume of a photon is more than a

reduced to the form shown below:

little problematic.

[14]
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Therefore, we can combine [13] and [14] to give:

[15]
In 1884, John Henry Poynting first introduced the idea of a Poynting vector in connection with a statement about energy
2

conservation for electric and magnetic fields. Subsequently, the Poynting vector has come to define the energy flux, in W/m , of
an electromagnetic field:

[16]
As such, the Poynting vector [S] represents the flow of energy through a surface, where its direction is that of propagation and
its magnitude corresponds to the intensity [I]. The form of [16] represents the vector product of the electric [E] and magnetic
[B] fields, which are perpendicular to each other and the direction of propagation is defined by the Poynting vector. However,
the magnitude of [S] can be written in several forms:

[17]
We can now see in [17], the correspondence of the Poynting vector with intensity [I], as first introduced in [15]. However, if we
consider this process to be driven by a propagating sinusoidal electromagnetic plane wave, of a fixed frequency, the magnitude
of the Poynting vector [S] will also oscillate, while always pointing in the direction of propagation. However, the average of the
square of a sinusoidal function over a whole number of periods is one-half [1/2], such that [17] reduces to:

[18]
While [18] reflects the average energy through a unit cross-sectional area of some surface, the actual energy must reflect the
instantaneous energy of the electric field at some given distance from the source charge. As such, we might initially assume
that this energy must still correspond to Coulomb’s law, i.e. it is subject to the inverse square law, although the reader should
consider the arguments of the next page before accepting this assumption:

[19]
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If this electric field was initially sourced by an accelerating charge being driven by an alternating sinusoidal voltage, then we
might reasonably assume that the electric field [E] was also alternating, presumably at the same frequency. As such, there are a
number of implications that arise out of [17]:
1.

The first is that the total energy must fall off very rapidly with distance, consistent with any 3-dimensional geometry.
By way of clarification, this has nothing to do with the presence or non-presence of a physical media, but rather
simply reflects the geometry of an expanding spherical wavefront.

2.

While [17] rationalises the energy to just the electric field, the wave equation, derived from Maxwell’s equations,
describes both an electric and magnetic field propagating in-phase, such that there may appear to be a point in time
and space, where these fields are both zero. Now we might perceive a small problem due to the mathematical
relationship E/B=c, which would remain constant at all values except when E=B=0.

3.

The issues raised in the bullets above then leads to further issues concerning the structure of an EM wave. In a
mechanical wave, there is a point where the potential energy, reflected in the amplitude of the wave, goes to zero.
However, at this point, we recognise that all the potential energy has been converted into kinetic energy, which exists
in the movement of the wave’s mass at that point. However, this energy model does not seem to apply directly in the
case of the [E] and [B] fields, which can both be zero at the same point, unless the energy density associated with [E]
and [B] extends over some finite volume or possibly exists outside the description of these field?

4.

However, the previous bullet possibly needs to reflect on the previous wave propagation solutions, by referencing
equations [7] and [8]. These equations suggest that it is the rate of change that drives the propagation, which is a
maximum when the [E] and [B] fields are zero. Of course, this raises the question of the propagation of the EM wave
when the rate of change is zero, i.e. when the [E] and [B] fields are a maximum.

5.

While some of these issues might appear to question the continuous wavefront model of classical electrodynamics,
prior to the idea of the photon, the energy density of a photon might be equally problematic as nobody seems able to
assign any logical meaning to the volume of a photon.

Having essentially just tabled these issues, we will now turn our attention to the subject
of electromagnetic radiation and see whether this discussion might help clarify some of the
issues raised.
1.5.5.3

Electromagnetic Radiation
EMR is a phenomenon that
takes the form of selfpropagating

waves

in

a

vacuum or matter. It might

Electromagnetic Radiation

also be described as the

In some respects, this page is an extension of the previous discussion of electromagnetic
energy, but now the focus is on the specific issue of 'radiated' electromagnetic energy. As a
starting point, energy might be described as radiated once its propagation is independent
of the source - see EM propagation. However, in this discussion, we shall try to derive an
expression of the energy per second or the power radiated by an accelerated charge, which
corresponds to Larmor’s formula, when relativistic factors are ignored. This equation was
first derived by J. J. Larmor, in 1897, and along with Maxwell’s equation and the Lorentz
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force equation, might be thought to underpin the classical theory of light. However, before tackling the derivation of this
formula, we need to provide some background to this particular discussion. It has been shown that the wave equation, as
presented in [1] below, is a solution of Maxwell’s equations based on resolving either the 1st or 2nd derivative with respect to
time and space. In the generic form shown below, (A) can be substituted to reflect either the strength of the electric [E] or
magnetic [B] fields in space [r] or time [t]:

[1]
As such, [1] might suggest that the amplitude of the electric [E] and magnetic [B] fields must correspond to some form of
acceleration in time and space. If so, the charged particle, being the source of both the electric and magnetic fields, might not
only have to be moving with a given velocity, but also subject to an
acceleration in order for an EM wave to be initially propagated. While we will
proceed based on this assumption, it is one that we may eventually have to
challenge.
1.5.5.3.1

Dipole Model

It has been suggested that EM wave propagation might be predicated on a
charge particle being subject to acceleration. While the actual mechanism of
how a charged particle might be accelerated is not really the subject of this
discussion, it may be informative to provide some sort of visualisation of how
a charged particle may be caused to oscillate up and down with simple
harmonic motion (SHM) under the influence of an alternating sinusoidal voltage [V]. In addition, this approach may also allow
us to draw some parallels with the previous discussion of SHM in connection with mechanical waves and the associated wave
equation, which has a form very similar in nature to [1]. The diagram right tries to illustrate the electric and magnetic fields
about a short vertical antenna driven by a sinusoidal current. This concept seems to parallel the description of an
electromagnetic wave originating from an accelerated electric charge, at least, when applying an alternating voltage that causes
the charged electrons to accelerate up and down within the dipole antenna. The acceleration of the electrons associated with
the up-down oscillation within the antenna could then be considered to be acting as the source of an electromagnetic wave,
which radiates sideways out of the antenna at the same frequency as the alternating voltage applied to it. In the context of free
space, the diagram only shows the upper half of the electric (E) and magnetic (B) fields that extend symmetrically along the
whole length of the antenna. The magnetic field is circular about the antenna, which has to also be perpendicular, at every
point, to the electric field, and proportional in intensity to the magnitude of the electric field, as in a plane wave. The diagram
also reflects that the projection of the electric [E] and magnetic [B] fields that only extend outwards in axial symmetry, i.e. the
fields fall to zero in the direction of the oscillating motion.
1.5.5.3.2

Radiated Energy

While there are still some open issues regarding how the energy associated with the EM wave can be radiated into space by an
accelerated charge. Observation and experimentation has shown that a static charge particle only has a spherical electric field
[E], i.e. there is no magnetic field associated with a charge particle at rest, as illustrated on the left below. On the other hand, a
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charge particle moving with velocity [v] will have both an electric [E] and magnetic [B] field, as show on the right below,
although it is said not to radiate EM wave energy.

Therefore, we need to consider a mechanism that might help us visualize how an accelerated charged particle might also
generate an EM wave that can radiate energy in the form of a self-propagating wave. So let us start by considering a stationary
charge at rest at time [t=0], emanating electric field lines, as shown above on the left, but which is then subject to an
acceleration for a period [t], but viewed at some later time [T], as reflected in the diagram below.

Outside of the sphere of radius [R=cT], the electric field lines still point towards the original position of the charge, i.e. the small
grey shell, because the information about the acceleration has not yet moved farther out than [R]. In contrast, inside of this
sphere the field lines point towards the location the charge had after the acceleration, i.e. the small red sphere, although any
subsequent drift due the implied velocity after acceleration is being ignored within this general presentation of the primary
concept. Since the electric field lines inside and outside the sphere of propagation have to be connected, there must also be a
small region of width [ct] in which the electric field [E] has a non-radial component [ET] as shown in the inset above. This
process will assume a constant acceleration [a], which can be defined by the simply relationship:

[2]

213 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
From the diagram above, it can be seen that it represents the situation at the
time [T], after the period of acceleration [t], which defines the radius of the
sphere [R=cT], where [c] again represents the propagation speed of the electric
field emanating from the charge at the speed of light. However, it can also be
seen that this expanding sphere will have an implied thickness, which
corresponds to the period of acceleration [ct]. For the purposes of this
derivation, the focus is on just 1 electric field line and, at this stage; no mention
of the magnetic field need be introduced, although it will be shown to be an
equal component of the energy propagated by the accelerated charge. So,
returning the focus to the electric field line shown within the expanded inset, we
see that the electric field [E] within the spherical shell region must have two
components associated with the radial [ER] and transverse [ET] vector
components of [E]. From the information shown in the diagram, we can express
the ratio of these two components as follows:

What's in a word
A glass tube containing rarefied air
connected to a high voltage will allow an
electrical current to flow and emit a faint
glow.

In

1895,

Konrad

Roentgen

discovered the tube was also emitting
something that fogged photographic
plates. It was assumed to be some form
of radiation, which he named X-rays,
where 'X' stood for unknown. In the
same year, Henri Becquerel found that
uranium compounds also emitted a form
of

'radiation'

that

also

fogged

photographic materials. Eventually, Xrays were found to be part of the
electromagnetic
'radiation'

[3]

spectrum,

emitted

by

while

radioactive

materials came in a number of forms.
However, if we substitute [2] into [3], we get an expression that includes the

The 1st form was gamma-rays, which are

acceleration [a], which is an important focus of this discussion:

similar to X-rays, but with higher
frequency and therefore higher energy.
The other two are fast particles, which
unlike electromagnetic radiation have

[4]

mass. Strictly speaking, radiation is a
wave phenomenon and therefore these

We might realise that the radial component [ER] conforms to an electric field as

particles should not really have been

described by Coulomb’s law, which we have already shown to be:

called 'radiation'.

[5]
As such, we may now substitute [5] back into [4], while highlighting the radius to be [r=R] and [T=R/c]:

[6]
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Equations [5] and [6] now appear to lead to some key insights about the relative strengths of the electric field [E] component
2

vectors, i.e. the radial component [ER] is proportional to [1/R ], while the transverse component [ET] is proportional to [1/R].
We might also note that the strength of the transverse electric field [E T] is directly proportional to the acceleration [a] of the
charged particle. However, the possibly bigger implication of the
proportionality shown in [5] and [6] is that as time passes, and the radius
[R] of the spherical shell increases, the transverse electric field [E T]
becomes much stronger than the radial electric field [ER]. Ultimately, as [R]
continues to increase, the effects of the radial component [ER] becomes
increasingly small, such that it can be dropped all together. At which point,
we are left with only the transverse component [ET], which is dependent on
its angle of propagation away from the accelerating charge, as illustrated
right. When the angle [θ] is at right angles to the accelerating charge, the
transverse component [ET] will be at a maximum, but when the angle [θ] is
parallel to the accelerating charge, the transverse component [ET] falls to
zero. Therefore, it suggests that there is no EM propagation along the axis
of charge motion, which reflects the axially symmetry of the EM field shown in the earlier diagram connected with a dipole
antenna. At this point, we shall make a cross-reference to an earlier discussion concerning the energy density [η] of an EM wave
in terms of its energy per unit volume:

[7]
Based on the equivalence between the electric field [E] and the magnetic field [B] in [7a], we can relate the entire energy
density [η] in terms of just the electric field [E], which based on earlier arguments reduces to [E T] as the radius [R] increases. As
such, we may now substitute [6] into [7]:

[8]
As such, this transverse electric field seems to correspond to a pulse of
radiation, which travels at the speed of light [c] and carries energy away
from the accelerating charge. At this point, we might recognise from the
diagrams that the total energy density must be associated with the sum
total of the transverse field energy residing within the volume of a
spherical shell of radius [R=cT] and thickness [ct]. However, before we can
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use the result in [8], we need to obtain an average energy density aggregated over all values of [θ]. While the actual distribution
of energy is reflective of the axial symmetry shown in the previous diagram, we can calculate an equivalent average of this
energy, which allows the sine function to be eliminated. We can proceed to do this by using the implicit symmetry of sphere in
Cartesian coordinates [x,y,z]:

[9]
In order to take advantage of this symmetry, we simply have to position our
Cartesian coordinate system such that the origin of the sphere aligns to the
charge particle moving along the x-axis. Now we can define the angle [θ] in
terms of basic trigonometry and introduce a standard trigonometric function:

Irradiance
The power, measured in watt per square
metre, incident on a surface and
sometimes called 'intensity.

[10]
However [9] also allows us to substitute for [x] in [10] such that we get:

[11]
We are now in a position to express the total energy density for all values of [θ] aggregated over the volume of the spherical
2

shell, which is the product of the surface area of the shell [4πR ] multiply by its thickness [ct]

[12]
Radiance
We can normalise [12] to unit time, which is essentially an expression of the

The power per unit solid angle per unit

energy per second or the power radiated by an accelerated charge, which is the

projected source area and also called

common form of Larmor’s formula:

intensity in some fields of study.
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[13]
For clarity, we should remember that we have already accounted for the magnetic field component of the accelerated charge in
[7], which highlights that both the electric and magnetic fields contribute to Larmor’s formula based on the caveat that the
velocity of the accelerated charged particle is always much less that the speed of light [c].
So have we explained all the open questions within the constraints of classical electrodynamics?

Although the main discussion surrounding the last question will be deferred to the summary, the next animation attempts to
provide some initial context to the remaining issues. We might imagine that the animation represents a charged particle being
switched up and down in a very strong electric field, such that the shape being traced out in time aligns to an approximate
square wave. The ovals reference lines drawn to the left and right of the
charge correspond to a cross-section through the doughnut toroid, as
illustrated in the previous diagram. Based on the criteria of the Larmor
formula, when a charge is subject to acceleration [a], i.e. during the transition
positions, it radiates power, as per [13], but reference to [8] also suggests that
the energy density [η] is also subject to the angle [θ] with respect to the axis of
charge motion. As such, the energy density is reflected by the depth of the
yellow shading, symmetrical about the axis of motion. However, the intention
of left-right sides of the animation is to be somewhat illustrative of waveparticle duality in that the left reflects the electric field lines, while the right
reflects the streams of photons being emitted by the charge. The field lines or
photon streams are shown at different angles, e.g. 0, 30 and 60 degrees, from
the maximum, which is always perpendicular to the axis. Finally, the oscillating
red lines on left reflect the total electric field [E=ER+ET] as a function of distance based on [5] and [6]. So what you see is the
2

effects of [ER] reducing by [1/R ], while [ET] only reduces by [1/R] and so quickly becomes the dominate field as the radius from
the charge increases. In this respect, the left-hand side of the animation is broadly supportive of the basic assumptions that led
to the Larmor formula; although you might question the existence of [ET] in the photon stream model.
What about the effects of maximum and minimum acceleration?
Actually, an animation based on a square-wave is not best suited to discuss this question, which is why the previous animation
is replaced in the summary discussion with a sine wave motion. However, according [13], no power is radiated when [a=0],
which corresponds to a maximum velocity [v], and the magnetic field being a maximum. In this context, the photon stream
model might be thought to better reflect this situation in the sense that there are no photons emitted when [a=0]. While this
overview of this subject is not in a position to talk with any authority on the complexity of electromagnetism, it is in its remit to
highlight a number of issues that appear questionable or confusing, which the reader may wish to research further for
themselves. Therefore, let us raise the question, which many may assumed is already answered by classical electrodynamics:
Do accelerated charges radiate?
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You might rightly think that the derivation of Larmor’s formula has already answered this question positively. In fact, we might
cite equation [13] as proof, which we arrived at by substituting the expression for the transverse electric field into the general
energy density expression, as shown in [6] & [7]. As such, equation [8] clearly suggests that the energy per unit volume is
proportional to the square of the acceleration [a] of the charge and the inverse square of the radius [R]. In the final form of the
Larmor formula, as shown in [13], the inverse square dependency on the radius [R] disappears because it aggregates the total
2

power radiated to an expanding spherical shell, which is itself proportional to the surface area of a sphere, i.e. 4πR . However,
further consideration of this result may be needed. For example:


2

A charged particle at rest on the Earth’s surface is also subject to a gravitational acceleration of 9.81 m/s . However,
direct observation from a collocated position on the Earth’s surface would suggest that this apparently stationary
charged particle does not radiate energy.



A charge electron is required to lose energy when entering a magnetic field, which is orientated normal to its
trajectory and would follow a circular path. However, this circular path is also subject to a centripetal acceleration [a],
which will require the electron to radiate energy and, as a consequence, the electron would actually follow a decaying
spiral trajectory and slow as it loses kinetic energy. This process is called ‘radiation damping’ and was cited in the
context of the Bohr atomic model, which led to the conclusion that electrons in atomic orbits do not radiate energy.



Historically, X-rays were generated by firing electrons, at high speed, into a metal target and it was initially believed
that the radiation was generated by the sudden deceleration of electrons as they struck the metal target. However, at
this time, the atomic model was more of an amorphous sphere in which both the protons and electrons were evenly
distributed, which was only later revised by Ernest Rutherford, in 1911, showing that most of the volume of an atom
is essentially empty. Today, the description of X-ray generation is considered more in terms of an interaction between
the charge particle and the intense fields inside an atom.



There is an outstanding issue as to whether an electric [E] field has an implicit propagation velocity [c] in respect to
'action-at-a-distance'. If so, changes in the E-field strength must still propagate into the surrounding space, even
when subject to only constant velocity.

Many of the details for and against the issues raised go beyond the scope of this discussion. Therefore, no conclusion is being
drawn at this stage as to whether, or not, it is the acceleration of the charge that causes energy to be radiated. However, for
those interested in learning more about the details of this debate, then the following link may be of interest: Does A Uniformly
Accelerating Charge Radiate?
1.5.6

Relativistic Electrodynamics
Historical Background:

While the subject of relativity is outside the timeline of foundation science, as

In 1905, Albert Einstein published

defined by this website, it makes sense to introduce an aspect of electrodynamics,

the theory of special relativity,

which requires some ‘relative’ explanation of magnetic fields. However, the scope

which attempted to explain how the

of this discussion will be essentially constrained to only a few basic concepts of

measurement of space and time

relativity:

would be affective with respect to
different reference frames.
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Lorentz transforms



The invariance of [c]

In 1895, Lorentz try to explain the unexpected results of Michelson-Morley experiment by proposing that moving bodies
contracted in the direction of motion, i.e. length contraction. However, Lorentz was also working on a description of
electromagnetic phenomena in reference frames that were moving relative to each other.

In order to simplify the transposition between different reference frames, Lorentz introduced a new time variable, which he
initially called ‘local time’, although he initially gave no physical interpretation of its meaning. Later, in 1900, Henri Poincaré
showed that clocks in a moving frame of references could be synchronized using light signals, as per the light clock, provided
that the speed of light was invariant in all reference frames. Subsequently, Lorentz added the concept of ‘time dilation’ to what
became known as the ‘Lorentz transforms’. In much the same way as Maxwell had unified the ideas of many earlier
contributions to electromagnetism, Einstein would later, in 1905, incorporate the idea of Lorentz transforms into the theory of
special relativity. Therefore, in this section, we will begin by considering some of the basic implications of relativity on
electrodynamic systems, with reference to just the 2 bullets above, but divide the discussion into 4 parts:


Basic Principles



Frames of Motion



Field Lines of a Moving Charge?



Relativistic Models

1st Postulate of Relativity:
The laws of physics do not change
for objects moving in inertial, i.e.
constant speed, frames of reference.

The first part of this discussion attempts to outline how the basic equations of electrostatics are extended by the velocity of a
charge to produce a magnetic field and then modified due to relativistic effects as the velocity of the charge approaches the
propagation velocity [c] of light. In so doing, we must consider the question:
How and why does the magnetic field disappear in a relative frame of reference, when considered to be at rest?
The next part of the discussion builds on the earlier discussion of field lines to consider the implications of relativistic motion of
the propagation of field lines. For example, in a static configuration of charges, the propagation delay of the field goes
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essentially unnoticed. However, when the charges move with a relativistic velocity [v], the propagation delay based on the
propagation velocity [c] might raise questions that need further consideration, e.g.
Can you really draw the field lines of a charge in motion?
Finally, in the last part, we shall consider two relativistic model of

2nd Postulate of Relativity:

electromagnetism. The first was originally pioneered by Edward Purcell, in 1965,

The speed of light is the same for all

and suggests that magnetic fields result from the relativistic effects on space and

observers, regardless of their motion

time when viewed as a moving frame of reference. The second model extends the

relative to the light source.

issues of the field lines associated with moving charges to consider the implications
of finite field propagation.
1.5.6.1

The Principle of Relativity

The diagram below is attempting to show 2 reference frames [O] and [O’], which are also denoted by the black and red lines.
Within this scheme there are 2 charges [Q, q], which as the red colour suggests are moving at the same velocity [v] with respect
to [O]. As such, these charges are stationary with respect to [Q’],
but moving with velocity [v] with respect to [O]. With reference
to the earlier introduction of magnetic fields, it should again be
remembered that a magnetic field is only present when a charge
particle is moving with velocity [v1] and only exerts a force on
another charge particle that is moving with velocity [v2]. We
might wish to clarify this situation by initially specifying the
following equations with respect to [v1, v2] rather than just [v], as
shown in the diagram. First, the strength of the magnetic field [B]
produced by the charge [Q] moving with velocity [v1]:

[1]
The magnetic force [FB] is felt by a charge [q] moving with velocity [v2] moving through a magnetic field [B]; where the direction
of this force depends on the sign of [q], such that if [q] is negative, the left hand rule applies, while if [q] is positive, the right
hand rule applies, see Field and Force Vectors for clarification:

[2]
We might also define the electric [E=F/q] field as Coulomb’s force per charge:

[3]
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If we divide [B] by [E] we gain another insight to the general relationship between
these 2 fields:

History of Lorentz Transforms
The transforms were first published
by Joseph Larmor, in 1897, although
Woldemar Voigt had also published
a slightly different version of them in
1887. In 1905, Henri Poincaré
named the equations after the
Dutch physicist and mathematician

[4]

Hendrik

Antoon

Lorentz

(1853-

1928), who published an initial
Having clarified these initial points, the discussion now proceeds on the simplifying

version in the 1890s and revised

assumption that [v=v1=v2]. This assumption allows an observer collocated with [O’]

versions in 1899 and 1904.

to perceive both charges [Q, q] to be stationary; where neither [1] nor [2] apply. In
contrast, an observer in [O] would perceive both [Q, q] to be in motion with velocity [v] and so [1] and [2] both apply. So, within
the [O’] frame, there is no measurable magnetic [B] field or magnetic force [FB], while both exist in the [O] reference frame.
Clearly, we require some form of explanation to resolve the different observation within [O] and [O’], so let us start by
considering the net force [F], with respect to each [xyz] axis, needed to explain the motion of [q] in either [O] or [O’].

[5]
In order to see the specific force components of [B] with respect [xyz], we need to expand the cross product of [vxB]; this can
be done by evaluating the determinant:

[6]
As such, we may now revise [5] to the [xyz] components for both [O] and [O’], noting that even [V x] is zero in the [O’] reference
frame:

[7]
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The derivation of Lorentz transform of force [F] is quite involved, but can be referenced via many sources on the Internet such
that we might simply specify the results:

[8]
However, on the basis that [E=F/q], we may substitute [7] into [8] to get the equivalent transforms for the component electric
[E] fields:

[9]
We may reverse the transform in [9] simply by reversing the sign of [v], since the [O] frame moves with a negative velocity with
respect to the [O’] frame:

[10]
However, for the example shown in the diagram above, there are no magnetic [B’] fields in the stationary [O’] reference frame.
As such, [10] reduces to the form:

[11]
Of course, a magnetic [B] field does exist in the [O] frame, where the charges have velocity [v]. We can proceed by making
reference to a generalised form of [4]:

[12]
In [12], only those values of [ExB] that point in the direction of motion, i.e. the x-axis, are valid, which are now reflected in the
component magnetic fields and resolved in [13]:
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[13]
Let us quickly take stock of the implications so far. An observer in [O] perceives the charges to be in motion, while an observer
in [O’] perceives the charges to be stationary. If these observers were to compare their measurements of the E-field component
parallel to the motion, i.e. along the x-axis, they would match; while according to
[11], any perpendicular components measured in [O] would appear larger than

Albert Einstein

those in [O’]. Conceptually, we might suggest that the existence of the magnetic [B]

“Since the mathematicians have

field depends on size and velocity of the charge [q1], i.e. [E] and [v1], as reflected in

invaded the theory of relativity, I do

[13]. However, the actual measurement of the B-field would depend on the velocity

not understand it myself anymore.”

[v2] of another unit charge [q2] through this B-field.
1.5.6.2

Frames in Motions

The diagram below attempts to reduce the previous model to just 2-dimensions, i.e. [x,y], in order to provide a simpler
comparison of the effects of relative motion by comparing the stationary [O’] frame, on the left, to the moving [O] frame, on
the right, with respect to point [P]. As such, the left-hand diagram reflects the stationary frame and the measurements of an
observer within [O’]. In contrast, the diagram on the right reflects an observer [O] of [O’] moving with velocity [v], such that
observer [O] perceives the effects of length contraction due to the motion along the x-axis.

223 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
Overall, we are attempting to find an expression that reflects the value of the
electric [E] field in the moving frame that we can compare with the static [O’] frame.
In the static frame, we know that the electric [E] field can be defined at any point in
space as follows:

Side Note:
While this derivation is pursued as a
logical extension of the previous
discussion, there is some concern
that this approach is misleading,
because it does not seem to account
for the field propagation delay

[1]

between [O’P’] or [OP] in either
To be consistent with our example, shown in the diagram above, we need to rewrite

frame of reference. However, this

[1] using the variables based on the static frame, but now applicable to the moving

aspect will be addressed further in

frame as well:

the subsequent discussions.

[2]
The purpose of the second expression on the right of [2] makes a little more sense when we come to write the equation for the
[xy] components of the E-field:

[3]
The next step in transposing [3] into the [O] frame is to switch [x’], which we know is subject to length contraction from the [O]
frame. However, before proceeding with the main thread of the derivation we seek; let us first provide a shorter version of the
relativistic factor:

[4]
It might also be useful to establish those variables subject to relativistic effects in the moving frame:

[5]
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At this point, we can proceed by substituting [5] into [3]:

Frames of Reference
An inertial frame of reference is one
in which an observers move without
the influence of any accelerating or
decelerating force. An inertial frame
of reference can be transformed by
a change of coordinates from one in

[6]

which an observers moves with
velocity [v] to one in which the

The resultant [E] field is the vector sum of [Ex] and [Ey]:

observer is considered stationary,
i.e. [v=0]. The transformation from
one inertial frame of reference to
another is done using Lorentz
transformations.

[7]
So now we need to transpose [r’] to [r] via the sum of the squares of [x’] and [y’] for which we already have the transforms in
[5]:

[8]
We can substitute for [y] using basic trigonometry:

[9]
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As you might imagine, substituting [9] into [7] does not exactly result in the most memorable equation:

[10]
The first thing we might realise about [10] is that it collapses back into the static form of [1] when [β=v/c] falls towards zero as
[v<<c]. As such, the expression on the right of [10] appears to be a relativistic factor [RF]:

[11]
As such, it might be useful to get some intuitive understanding of how the relativistic factor [R F] changes for given angles and
values of [β]:
Angle

b=0.1

b=0.5

b=0.9

0

0.990

0.750

0.190

30

0.994

0.826

0.269

60

1.001

1.024

0.773

90

1.005

1.155

2.290

Overall, these results suggest that the effects would only start to become significant as the charge velocity [v] approaches [c].
Within this caveat, the dependency of the value of [E] on the angle formed by the point [P] with respect to the x-axis would
suggest that the field line would no longer be spherical about the charge, but rather form an oval symmetry about the x-axis,
where the greatest field strength is perpendicular to the motion. We might also recognise that [11] is still bound by the inverse
square law, as there is no indication of acceleration within this equation and, as such, there is no implication of EM radiation.
Finally, it might be useful to translate [11] back into a form that can be directly compared to the Lorentz transforms discussed in
the previous page. In the process of doing this conversion, we might recognise that there is an inconsistency in the form of [11]

[12]
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We wish to determine the value of [EX] and [EY], which means aligning the value of [q] to the axis that run parallel and
perpendicular to the direction of the charge in motion, i.e. x and yz respectively. In the case of [x], the value of [θ] is zero, while
for [y or z], the value of [θ] is 90 degrees. As such, we can rationalise [12] to the following form:

[13]
At this point, let us remind ourselves of the Lorentz transforms, which were originally established in the previous discussion
addressing the principles of relativity in electrodynamics:

[14]
Clearly, we need to rationalise the form of [13] and [14] before we can make a direct comparison as the frame orientation
needs to be reversed, which can be done by simply changing the sign of [v], since the moving frame has a negative velocity with
respect to the stationary frame:

[15]
We might also realise that there can be no magnetic fields in the stationary (prime’) frame; therefore [15] can be reduced to
the form:

[16]
The implication of [16] is that we can just substitute the electrostatic equation for the electric E-field given in [1] back into [16],
which would give:

[17]
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However, to align [17] to the form in [13], we need to translate [x’, y’] back into [x, y], which requires us to consider the effects
of length contraction that applies to the x-axis only, such that [17] becomes:

[18]
While we appear to have consistency within the assumption of this derivation, as the side note pointed out at the beginning,
there is some concern that this derivation does not address the issue of field propagation. However, this point will be taken up
in the following discussions.
1.5.6.3

Field Lines of Moving Charges

It highlight that some aspects of this discussion cannot be reconcile with
other respected sources on the Internet. The scope of this discussion
concerns the strength of the E-field and the idea of electric field lines
associated with a charge moving with a relativistic velocity [v]. This initial
part of this discussion might be seen as an extension of the earlier
discussion entitled ‘Field Lines of Static Charges’ , while this later
discussions will focus more on the calculation of the electric and magnetic
fields and forces in relativistic systems. However, we will start with the
issue of electric field lines, the rules of which seem to be fundamentally
unchanged when applied to moving charges, i.e.
1.

Electric field lines start on positive charges and end on negative charges.

2.

The density of electric field lines indicates the strength of the E field in a particular region. The field is stronger where
the lines get closer together.

3.

Field-lines never cross and never merge.

4.

Field lines connect perpendicularly to the source and sink charges.

5.

The direction of the electric force at any point on the field line must form a tangent to the field line.

One respected source showing an animation of field lines associated with a charge moving with a relativistic velocity [v] can be
found at the California Institute of Technology (Caltech) website via the following link: Moving Charge Applet. By default, this
page presents an animation of a charge moving along the x-axis with a relativistic velocity [v=0.5c]. The relativistic effects on
space and time, at this speed, can be characterised by the following equation:
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[1]
As this is not an in-depth discussion of special relativity, the intention is to restrict the description to just the key effects that are
applicable to this discussion. We shall also adopt the notation used in previous pages to identify the stationary [O’] frame and
the moving [O] frames of reference. In these terms, an observer of the moving frame [O] perceives length contraction in the
direction of motion, e.g. the x-axis, plus time dilation. While the effects of length contraction can be readily understood, the
effect of time dilation can become a little confusing when switching between frames. One possible way to resolve this potential
confusion is to remember that velocity [c] remains invariant between the frames,
i.e. unchanged:

Side Note:
In terms of being able to apply the
Lorentz transforms to switch between
the stationary [O’] and moving [O]

[2]

frames, observer [O] perceived the
For [2] to be true, the observed length contraction of [x] by observer [O] must be

[O’] frame to be moving with velocity

countered by a comparable ‘time contraction’ rather than the implied ‘time

[v], while observer [O’] perceives the

dilation’ as suggested above.

same frame to be stationary.

So how is this contradiction resolved?
An observer of the moving frame [O] might see a clock in the moving
frame ‘tick’ one second, but in the observer’s own frame, which we can consider
to be stationary with respect to the moving frame, a clock would only ‘tick’ 0.866
seconds. As such, time as measured in the moving frame is dilated with respect to
the stationary frame of the observer. So when observer [O’] measures a velocity
based on [x’=1, t’=1], observer [O] measures [x=0.866, t=0.866]. With this issue of
orientation hopefully resolved, we are in a position to discuss the issues raised
when trying to draw the field lines of a moving charge. The following diagram is a
snapshot taken from the Caltech website for a charge moving with velocity
[v=0.95c] in order to initially accentuate the visual effects of length contraction
along the x-axis. In the diagram, the field lines are shown radiating out in all
directions in the same fashion as a static charge, although there is an implication
that the x-axis is now reflecting the effects of length contraction. Of course, for
length contraction to exist, an observer would have to be viewing the field lines
from the perspective of an observer that sees the charges moving, i.e. observer
[O]. However, from previous discussions of the Lorentz transforms and the E-field
of moving charges, we might try to represents the effects parallel to [x] and
perpendicular to [y], where the x-axis aligns to the direction of motion:
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[3]
The equations in [3] might initially suggest that the effect observed in the diagram above reflect the increase E-field strength
perpendicular to the moving charge rather than a reduction of the E-field parallel to the moving charge. However, the previous
derivation of [3] was based on the assumption that the root of this transform is predicated on length contraction.
But are there any effects due to time dilation?
Often there is little said about the propagation velocity [c] of electric and magnetic fields as this subject is often overtaken by
the topic of EM radiation, which earlier discussion suggested has to be predicted on the acceleration of the charge and not just
its uniform velocity. However, any movement of the charge must result in a change in the E-field vector, i.e. its magnitude and
direction, which requires time to propagate if constrained by the postulate of special relativity to an upper propagation velocity
[c] in vacuum. Now, in the case of a stationary frame, the propagation proceeds outwards from a fixed point in space so that
the vertical field line would always travel along the y-axis.
But what happens when the charge itself is in motion with a propagation velocity [v] approaching [c]?
Given that we are talking about frames in relative motion, we know that the perception in the moving frame can be resolved
back into a stationary frame by applying the Lorentz transforms, but this does not imply that the observer of the moving frame
will measure the same effects in the moving frame, as we have already acknowledged that the E-fields are subject to change.
On this note, let us examine the following diagram, which is believed to present the equivalent stationary and moving frames,
where [v=0.5c]:
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Let us start with the stationary frame, on the left, in which the field line is

Field Lines in a Moving Frame:

shown propagating from [Q] to [q]. As stated on several occasions, in any

What we need to consider is that nothing can

practical configuration, field lines only exist between 2 charges and if we

travel vertically along the y-axis, when views

are to comply to Rule-1: the field line must start on a positive charge [Q]

as a moving frame, because to do so would

and end on negative unit charge [q]. The position of [Q] in the 2-

imply a propagation velocity greater than [c].

dimensional space of the diagram is defined as [x=0, y=0], while the

Even if we ignore this issue and draw a

position of [q] is defined as [x=0, y=10]. While we might perceive [Q] and

conceptual vertical field line vertically, it is

[q] to occupy their positions in space at the same point in time, i.e. [t=0],

difficult to see how the direction of the E-

we must still recognise that on a scale where [c=1], the propagation delay

field vector, at any point, can be said to form

between [Q] and [q] is defined as [t1=y/c=10]. Of course, in the stationary

a tangent to this vertical field line and, if this

frame, the propagation delay between [Q] and [q] can extend to infinity

is the case, it cannot be said to be a field line.

without breaking Rule-5:
The direction of the E-field vector at any point on the field line must form a tangent to the field line.
Let us now turn our attention to the moving frame on the right of the diagram above. On the horizontal x-axis, the charge [Q] is
again position at [x=0] at a snapshot in time [t=0]. The unit charge [q] is also moving with a propagation velocity [v=0.5c] and
therefore, at [t=0] is position at [x=0], but offset by [y=10]. Note, unlike the x-axis, the y-axis is not subject to any length
contraction so that [y=y’]. Now, at [t=0], the E-field at [Q] will not have had time to propagate any distance towards [q];
therefore we might have to assume that the E-field force on [q] has to be the result from an earlier time-position of [Q] as it
propagated along the x-axis. We can calculate exactly where along the x-axis the E-field force on [q] at time [t=0] originated, but
to do so, we have to also account for time dilation in the moving frame:

[4]
Note that [4] is a measure of 1 second in the stationary frame to 1.1547 seconds in the moving frame due to time dilation, but
by the same token, 1 second in the moving frame is only 0.866 seconds in the observer’s frame. In the example given, we know
that it takes 10 seconds for the E-field to propagate from [Q] to [q] in the stationary frame. Therefore, due to time dilation, it
takes 11.547 seconds to cover the same distance in the moving frame, which implies the distance traversed changes from
[r’=10] to [r=11.547]. By definition, we know that in the same time, the charge must traverse [x’=vt], which at [v=0.5c]
corresponds to 5.774.
So can we draw a field line in the moving frame from [Q] to [q] that conforms to the rules?
What we might first realise is that nothing can travel vertically along the y-axis in the moving frame, because to do so would
imply a propagation velocity greater than [c]. Even if we ignore this issue and draw a conceptual vertical field line directly from
[Q] to [q] at t=0, it is difficult to see how the direction of the E-field vector, at any point, can be said to form a tangent to this
vertical field line and, if this is the case, it cannot be said to be a field line.
Is this just a problem at the extreme scale where [v] approaches [c]?
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While you might effectively ignore this issue when [v<<c], it would seem that there is still a fundamental argument that
suggests that you cannot really draw a vertical field line from a charge in motion. Within each snapshot, the direction of the Efield vector at offset [y] must be sourced by the position of [Q] offset back along the x-axis as a function of [v/c]. With this
comparative frame of reference established between the stationary and moving frame, we will now turn our attention to the
issue of the electric and magnetic fields and forces in different models.
1.5.6.4

Introduction to Relativistic Models

From historical perspective, magnetism was first understood in terms of permanent
magnets, which was later expanded to include electro-magnetism associated with a
current flowing in a wire. In 1820, Hans Christian Ørsted observed the deflection of a
magnetic compass needle when an electric current was switched on and off. This
observation then led Ampere to formulate the basic relationship that defined the
magnetic forces between 2 current-carrying conductors. Subsequently, the work of
Maxwell would be proclaimed as unifying the electric and magnetic fields into a
single concept that we now call electromagnetism. Of course, most of this work
predated any in-depth understanding of the atomic structure of matter, i.e. charged
electrons and protons, or the idea of special relativity. Today, we might prefer to
describe permanent magnets, not as an inherent property of a specific type of
material, but rather as an attribute of its atomic structure. At the atomic level, a
magnetic dipole is said to result from the orbital motion of a charged electron around
a relatively static nucleus. As such, the ‘motion’ of a negatively charged electron around a relatively static positively charged
nucleus is said to create a microscopic current loop, which in-turn creates a magnetic field. In the context of this simplistic
description, which has been superseded by quantum theory, a permanent magnetic is really just a special class of an
electromagnet. Of course, within the classical timeline, it was not possible to describe electromagnetic interactions in terms of
what are now called fundamental charged particles, in isolation, as their nature was not then fully understood. Therefore, many
classical descriptions had to be based on macroscopic observations associated with permanent magnets and electrical currents
flowing in wires.
So what is the nature of an electromagnetic field?
While there is an apparent claim that the electric and magnetic fields have been unified into a single electromagnetic field, it
might be a mistake to assume that this is a symmetrical relationship, where one cannot exist without the other. In the case of a
charge particle in a static frame of reference, only the electric field exists, i.e. there is no magnetic field. As previously
described, a magnetic field is only said to exist when a charge particle [Q] has a relative velocity [v 1] to an observer, although it
only exerts a measurable force when a second charged particle [q] moves through this field with velocity [v 2]. However, in
terms of special relativity, any frame of reference that is moving with constant velocity [v] can be transposed into stationary
frame via the Lorentz transforms. As such, the existence of a magnetic field in a moving frame can always be made
to ‘disappear’ by transposing all observations into a stationary frame of reference. Only the electric field has permanence in all
frames of reference.
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Unlike classical descriptions, which were obliged to use macroscopic models, we might try to expand our discussion to include a
microscopic model, in addition to a macroscopic model, where the electric and magnetic fields are attributed to a single moving
charge [Q]. So, on this note, let us first establish some of the fundamental relationships that link the electric and magnetic
fields:
Relativistic Models:
The discussion continues in the following
sub-pages by considering 2 models,
which provide an alternative perspective
of the relativistic effects of charges in
motion. The first model defines [Q] not
as a single point charge, but as a current
[I], while the second model is more
reflective of how the propagation delay
of the E and B fields affect the force
vectors when the charges are moving a
relativistic velocities.

[1]

The equations in [1] start with the static expression of the electric field followed by an expression for the magnetic field. Note:
this second expression differs from the normal form of Biot-Savart law, because it expresses the magnetic field of a single
moving charge and not an infinite stream as normally assumed in a current-carrying wire. In the final expression, we see the
basic relationship between the electric and magnetic field, which shows that [B] only exists when the charge [Q] propagates
with velocity [v]. The implication of the sine function is shown in the following diagram, i.e. it reduces as the point in space
nears the x-axis of propagation.

At this point, we are not considering relativistic velocity, so the diagram above does not have to make any substantive account
of length contraction in the direction of motion, i.e. x-axis. This said, the diagram on the left is representative of a charge [Q] in
a stationary frame, where [v=0], such that no magnetic field exists. In this case, the electric field propagates outwards with
spherical symmetry, i.e. all directions equally. In contrast, the composite diagrams on the right attempts to show the moving
frame in its [yz] and [xy] planes, where the charge [Q] propagates with velocity [v] along the x-axis. In the [yz] plane, the charge
[Q] can be thought to be moving into the page and we see the electric field propagating outwards with spherical symmetry in
just the [yz] direction. In addition, we can see that the magnetic field acts perpendicular to the electric field and the direction of
motion. Conceptually, the magnetic field at a given radius forms a circular path, as suggested by the dotted circle. In the [xy]
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plane, the electric field propagates outwards in the [xy] plane with a suggestion of the associated magnetic fields, again,
directed perpendicular to both the electric field and direction of motion [v]. Due to the sine function shown in [1], there in no
magnetic field along the x-axis itself, but the magnetic field grows as a function of [θ] as the angle is increased towards the
vertical away from the axis of motion.
Is a clarification of the use of the word ‘propagate’ required?
This question is raised simply to highlight a point that has been touched on before, but seems to be of some overall importance.
In the wider context of Maxwell’s equations, the issue of propagation is normally linked to EM waves or radiation, which the
Larmor formula suggested had to be associated with a charge moving under acceleration. Clearly, there is some logic
associated with this description, because a charge moving with constant velocity would appear to require no input of energy
and without energy being input into the system, it is difficult to explain how energy could be radiated without a loss of mass.
However, it is also clear that a charge moving with constant velocity is also changing the electric potential, linked to the electric
field, at all points in the surrounding space. This change is not instantaneous and special relativity requires the propagation
velocity of this change to be limited to [c] in vacuum.

Having made this general introduction, the discussion will now continue in the following sub-pages by considering 2 models,
which provide an alternative perspective of the relativistic effects of charges in motion.
The first model defines [Q] not as a single point charge, but as a current [I], while the second
model is more reflective of how the propagation delay of the E and B fields affect the force
vectors when the charges are moving a relativistic velocities.
1.5.6.4.1

Lorentz contraction and
current-carrying wires by
Paul van Kampen
"A straightforward Lorentz

Relativistic Model-1

transformation shows that

This discussion will be based on a model of the net force between a current-carrying wire and
a discrete charge [q], when considered from the relativistic perspective of a stationary and
moving frame of reference. While the definition of the stationary and moving frames will be
made with reference to charge [q], it also reflects the charge polarity of the current-carrying
wire. As such, we shall label these two frames, as the neutral and positive frames and use the
diagram below to describe each:
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The diagram on the left reflects the ‘neutral frame’ in which charge [q] moves with velocity [v] so that it matches the drift
velocity [v] of the flow of negatively-charged electrons. In this frame, the positively charged ions are considered to be stationary
and the overall charge density per unit length [λ] of the wire is assumed to be neutral.
Note: The reader may wish to cross-reference the discussion entitled ‘The Classical Model’ to review how a currentcarrying wire can be electrically neutral, while still maintaining a magnetic field. As this is an observed effect, which can
be measured, it has to be considered as a verified fact.
Based on the note above, the current-carrying wire will not extend an E-field into the surrounding space and, as such, the
negative charge [q] will not be subject to any electric force [F E]. However, the wire does extend a B-field towards [q], as shown,
and therefore the combination of the B-field of the wire and the velocity [v] of [q]
moving through this field results in a net force [FB], which would curve the

Magnetism, Radiation and Relativity

trajectory of [q] towards the wire.

by Daniel V. Schroeder

Note: It is not obvious how this model reconciles the issue of length

"I'd simply like to encourage you to

contraction between the negative electrons in the neutral frame, which

consider taking an approach to

becomes a key assumption in the positive frame. See ‘Model Issues’ at the

teaching electrodynamics that was

end of this page.

introduced in the 1960's by Edward
M. Purcell. Specifically, Purcell in his

With the above issue highlighted from the outset, a relativistic argument is now

book used relativity to essentially

applied to the model above. If we accept the neutrality of the charge density [λ] of

derive the existence of magnetic

the wire in the neutral frame, it implies that the charge density of the positive ions

forces

[λ+] and the negative electrons [λ-] must be equal, i.e. the distance [d] between

radiation. His approach brings these

ions and electrons is assumed equal. On this basis, the description of the positive

subjects to life in a way that doesn't

frame suggests that length contraction must be applied to the distance between

require a lot of math."

and

of

electromagnetic

the positive ions, now moving with velocity [v] with respect to [q], which is
stationary in the positive frame; such that the distance [d+] is less than [d] in the neutral frame. However, in addition to the
standard definition of length contraction, the logic of the charge neutrality in the neutral frame also suggests that the distance
between the electrons [d-] in the positive frame must be greater than [d] in the neutral frame.
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Note: As far as it is understood, the only way that [d-] in the positive frame might be thought to be greater than [d] in
the neutral frame is that [d] was somehow subject to length contraction, but this effect somehow maintained charge
neutrality.
At this point, let us try to consolidate this description into an expressions that shows the effects on the distances between the
respective charge flows in terms of charge density [λ]. However, before we can do this, we must first introduce the relativistic
factor [γ], which quantifies the relative effect of velocity [v] with respect to [c] on both distance and time in the frame under
observation:

[1]
As such, we can now quantify the effects on distances [d+, d-] as follows:

[2]
Of course, to proceed, we really need to quantify some form of relative expression
for the effect of charge density [λ] linked to the current-carrying wire in the
neutral and positive frames. For clarity, let us step back and define the
relationship between current [I] flowing in the wire and the charge density [λ]:

Relativistic Side-Effect of
ElectroStatics by Hans de Vries
"The

notion

of

magnetism

as

relativistic side effect of Electro
Statics can be derived from the work
of Lienard & Wiechert around 1900,
and the correct form of the Lorentz
transformations established a few
years later. 100 years later we are
now

[3]

teaching

this

concept

to

undergrad students with the help of a

While we will use the relationship between [I] and [λ] in later substitutions,
initially we need to establish some direct comparison of the charge density in the
neutral and positive frames:

[4]
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The first equation in [4] reflects that the charge density of the positive ions and negative electrons are equal in the neutral
frame, as denoted by [λ0]. The second set of equations in [4] shows the relativistic adjustment of the charge densities in the
positive frame as a consequence of the distances defined in [2]. As such, we can proceed to define the net charge density [λ’] of
positive frame:

[5]
However, in the context of this model, we might rationalise [5] further based
on the assumption that [v<<c], where [v] corresponds to the drift velocity of
the electrons in a current flow. Reference to an earlier discussion on
'Electricity’ will show that [v] is very, very small, such that we may effectively
simplify [5] to [6]:

How Relativity Connects Electric and
Magnetic Fields by Michael Fowler
"This purely electrical force is identical in
magnitude to the purely magnetic force
in the other frame! So observers in the
two frames will agree on the rate at
which the particle accelerates away from

[6]

the wire, but one will call the accelerating

At this point, it might be recognised that we need to try and reconcile the

force magnetic, the other electric. "

observations associated with both the neutral and positive frames. In both cases, we have an attractive force between the wire
and the charge [q]. However, from the perspective of the neutral frame, this force is associated with the magnetic [B] field,
while in the positive frame; this force is perceived to be associated with the electric [E] field. If these observations are to be
reconciled, then we need to prove some form of equality between these fields. Therefore, we will proceed by simply
referencing the classical solution for the electric force associated with an infinite long current-carrying wire, which is basically
solved by integrating the inverse square law of the separation [R] over [±] infinity:

[7]
In the context of the present discussion, [7] only applies to the positive frame and, as such, we might modify the general
nomenclature to reflect this frame:
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[8]
The next step requires us to make some sort of association between the electric and magnetic forces, which we might present
in the form of the Lorentz force equation:

[9]
Within the description of special relativity, Lorentz invariance describes a quantity that is unchanged when observed in
different frames. Such quantities are sometimes given the adjective ‘proper’ quantities. Now, in the context of the positive
frame, we know that there is no magnetic force [FB] and so [9] must reduce to the form [F E=qE] and it is known that the E-field
cannot be described as invariant and so [FE] cannot be invariant. As such, [1] has to be applied to [8] to transpose this force
between the positive and neutral frames:

[10]
If we are to reconcile the two expressions of the force acting on [q] in the neutral and positive frames, we need to show that
[10] is equivalent to the magnetic force [FB]. We might begin this process by quoting the Biot-Savart law, which defines the Bfield for an infinitely long current-carrying wire:

[11]
We can then convert [11] into an expression of the magnetic force [FB] via the definition in [9] and by the relationship [I=λv]
given in [3]:

[12]
At face value, we appear to have equality between [10] and [12], but it
is predicated on a number of assumptions that possibly need to
examine in more detail.
Model Issues:
If we consider the original diagram above in terms of a ‘rest frame’ in
which no current flows in the wire, it is not unreasonable to assume that the distance between both positive ions and negative
electrons would both be [d]. In this frame, the wire would not have an electric or magnetic field and therefore [q] would not be
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subject to any force. Under these circumstances, it is difficult to see how any subsequent flow of the negative electrons, as
previously associated with the neutral frame, would not be subject to a length contraction of the distance between the
electrons to [d-]. Of course, the explanation of electrical neutrality of the wire has already been made in 'The Classical
Model’ and, as such, we might simply accept the E-field does exist due to the length contraction of [d-], but is aligned to the
length of wire and only the perpendicular magnetic force extends out to [q].
So what changes this argument in the positive frame?
In order to justify the positive frame, where the positive ions have a velocity [v], we actually have to imagine an infinite length
of wire moving to the left rather than the flow of electrons within the wire moving to the right. As such, we might realise that
this is a conceptual rather than a practical model. By virtue of the conceptual velocity of the wire, the velocity of [q] is also zero,
which precludes the existence of a magnetic force within the positive frame. However, in order to justify the previous equality
shown in [10] and [12], not only must we assume length contraction of the distance between the positive ions [d+], but also the
an expansion of the original distance [d] between the negative electrons.
What about the scale of the relativistic effect associated with v/c?
If we make reference to an earlier discussion of ‘electricity’, the velocity of free electrons flowing in a 1mm square copper wire
-6

2

-26

carrying a current of 1 ampere was 79.9*10 m/s. As such, the ratio of the relativistic factor (v/c) is only 6*10 . However, to
put this extremely small factor into context, we have to consider the net value of all the other quantities in [12], as shown
below:

[13]
Obviously, the answer you get from the equation above depends on the values assumed for the various quantities. We can be
-19

quite specific about most of them and could even replace [q] with the charge on a single unit charge (1.6*10 ), which give us
some idea of the net charge density [λ0] required to produce a meaningful answer. If we use the previous example of from
22

which the drift velocity was calculated, then 1 metre of copper wire would contain approximate 10 free electrons, although it
is not clear how this figure would be resolved into the charge density associated with this model.
1.5.6.4.2

Relativistic Model-2

In the previous model, the relativistic effects were discussed in the context of the electric and magnetic forces on a charge [q]
that resulted from the electromagnetic fields of a current-carrying wire. At one level, this approach would have some practical
advantages, especially in a historical context, as a current can be more easily measured than the charge separation of
microscopic particles. However, the model also depends on a comparison to a conceptual frame of reference in which the
positive ions were said to be moving with velocity [v] rather than the negative electrons. Equally, there did not seem to be any
direct consideration of the propagation delay between the field source and the point of measurement, which may be justified
because the velocity [v] within this model was so small, as was the implied distance between [q] and the wire.
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In contrast, the diagram below is attempting to show the electric (E) and magnetic (B) forces associated with two charged
particles [Q] and [q] in both a stationary and moving frame. As indicated, the model assumes two charged particles moving with
a relativistic velocity, e.g. (v=0.5c), where (Q) and (q) are both positive charges that are conceptually tied together in order to
resist the repulsive (++) electrostatic force between them. The model assumes [Q] to
be the primary source of the [E] and [B] fields, while the relative velocity of [q]

Open Issue:

determines whether the B-field exerts a force on [q]. Finally, the model assumes an

It will be stated from the outset

inherent delay associated with a field propagating with the velocity [c], such that it

that it is assumed that there is a

takes (t) units of time for the E-field to propagate from (Q) and arrive at (q), where

flaw in the logic of the model to be

(r=ct).

described and therefore the main
reason in presenting it is to try and
clarify what assumptions are in
error. The model was intended to
present an alternative view to the
previous model based on the
relativistic effects on 2 charge
particles

moving

at

common

velocity [v=0.5c], rather than a
current flow. In this context, it was
felt that the propagation delay of
the electric and magnetic fields
would become a significant factor,
which the previous model did not
seem to take into consideration.
However, the net result of this
model is that the vector addition of
E and B forces in the moving frame
cannot

be

electrostatic

resolved
[E]

force

to

the

in

the

stationary frame. With this said,
So, in the stationary frame shown on the left, it takes a finite amount of time for the

the model will now be introduced.

[E] field to propagate from [Q] to [q], i.e. t=r/c. Normally, in any practical experiment,
this delay is insignificant and, to some extent irrelevant, when the position of [Q] and [q] are considered to be fixed in space. As
such, the direction of the E-field vector is not affected by the propagation delay. However, by the rule of special relativity, the
stationary frame can be transposed into a moving frame via the application of the Lorentz transforms. As the primary focus of
this discussion is not relativity, we will simply characterise the relativistic effects on space and time by the following equation:

[1]
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The effect of [1] leads to the concept of length contraction of space along the axis of motion plus time dilation within the
moving system being observed. However, possibly the easiest way to explain the scope of these effects is in terms of the
invariance of the speed of light [c], which is considered to be constant in all frames of reference, i.e.

[2]
In [2], the nomenclature [‘] identifies the stationary system in which a co-moving observer [O’] would measure [x’] and [t’], but
does not perceive any relativistic effects. In contrast, another observer [O] who perceives the [‘] system to be moving with
velocity [v] would measure [x] and [t], which are subject to length contraction and time dilation. However, observers [O] and
[O’] both calculate the velocity of [c] to be equal, which is a fundamental postulate of relativity. With this brief introduction of
the relativistic principles at work, we shall now try to justify the transposition of the stationary frame into a moving frame of
reference, as shown in the diagram on the right above. In the moving frame, it also takes a finite time (t’) for the E-field to
propagate between (Q) and (q), although the observed time [t’] is now subject to time dilation, which increases the path from
[r] to [r’=ct’]. As such, the shortest path between (Q) and (P’) is now defined by [r’], which according to Coulomb’s law implies
that the electric field [E’] is reduced at [P’], due to the increase in [r’] in the moving frame.

[3]
However, there is also an additional B-field in the moving frame due to the relative velocity [v] of (Q). The direction of the Bfield, as shown in the diagram, is defined by the polarity of [Q], its velocity (v) and the effective angle between (P’-Q) and the
axis of motion [x] - see Field and Force Vectors for clarification. The B-field will also be subject to the same propagation delay as
the E-field and can be characterised by the following equation:

[4]
So, with reference to the diagram above, at (t1’) in the moving frame, (q) arrives
at (P’). However, while (Q) will have also moved by a corresponding distance, as
[Q] and [q] have the same velocity [v], both the strength and direction of the E
and B field vectors at [P’] at time [t1’] appear to originate from [Q] when at [t0’].
As far as can be determined, [q] still approaches the B-field at [P’] at right-angles,
such that the magnetic force [FB] on [q] would point vertically downwards, as
shown, in accordance with the right-hand rule. In contrast, the electric force [FE]
on [q] would act at the angle [q], as shown in the diagram. As such, the net force
on [q] in the moving frame would have to be resolved via the vector addition of
[FE] and [FB], but it then seems difficult to resolve the resultant net force in the
moving frame to the electrostatic [E] force in the stationary frame.
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The diagram above tries to show the transposition of the geometry from the stationary to moving frame. Again, the stationary
frame is on the left and the moving frame is on the right. The vertical path [Q-q] in the stationary frame corresponds to a y-axis
offset, where [y=r=10], which is transposed into the moving frame as [r’] having a value of 11.547, which is calculated from the
time dilation of the propagation delay [ct] to [ct’]. The geometry of the field path in the moving frame suggests an angle [θ=60°]
with respect to the x-axis. As [Q] moves along the x-axis, the E-field continues to propagate its change in position, but any
subsequent change does not have time to reach [q] when [Q] arrives at zero [0.000]. In fact, it would appear that the vertical
path between [Q] and [q], along the y-axis, is no longer physical meaningful in the sense that it represents a path where the
propagation velocity would have to exceed [c]. At this point, it might be worth re-establishing some of the equations that were
derived in the discussion of ‘Frames in Motion’, but to orientate the format to the charges used in this model, i.e. [Q, q].

[5]
Of course, [5] would appear to be equally applicable to a stationary frame by simply setting [v=0] such that [β] goes to zero and
the equations collapse into the electrostatic form. However, we should also note that the measure of the distance between [Q]
and [q] is now based on [r’] not [r], which does not reflect the physical distance between [Q] and [q], but rather the propagation
distance of the field, which defines the magnitude and direction of the E-vector at [q].
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[6]
However, substituting the equations [6] into [5] does not seem to resolve the problem, as presented in the previous diagrams.
In fact, it seems to make the situation more problematic. Clearly, there is an error in the logic, but for now, the problem is
simply tabled to be resolved at a later date.
1.5.7

Summary

As highlighted on several occasions, this section on science
represents a personal learning process, which is why most pages are
presented as a discussion and not authoritative statements of facts.
However, as a learning process, electromagnetism can be fraught
with many difficulties that extend, not only out of the different
forms of mathematical notation, units and plethora of concepts, but
also from the fundamental ambiguity that is associated with idea of
a wave-particle duality.
So is the EM spectrum a science of wave or particle interactions?
Clearly, a number of pages in this section have tried to present a
visualisation of an EM wave in the form of a transverse sine wave,
which might be viewed as a composite of an electric [E] wave and a
magnetic [B] wave travelling in-phase, but perpendicular to each
other. Of course, this description of an EM wave seems to be predicated on an assumption that a source charge was originally
undergoing acceleration, although there is still the question of a degree of ambiguity surrounding the propagation of the
electric and magnetic fields, when the charge is only subject to constant velocity, e.g.
How do electric and magnetic fields associated with a moving charge propagate into the surround space?
Despite our apparent ability to ‘see’ EM waves in the form of light, we cannot actually see these waves in transit or for that
matter necessarily describe them with any certainty. Of course, if it is not a wave, then issue of the structure of a photon
seems to also be missing from most mainstream references. However, we might realise that trying to ‘visualise’ these waves in
3-dimensions, even if they exist, cannot be resolved in the form of a mechanical wave, as previous discussed. First, there is the
obvious problem of the propagation medium, when discussing EM waves in a vacuum, plus a more fundamental problem of
geometry. Previously, we have discussed the basic nature of a 3-D mechanical wave in the form of a sound wave, but with the
understanding that the underlying propagation mode was longitudinal, not transverse.
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Is it more logical to describe light as a wave or as a photon?
Today, we are aware of the wave-particle duality issues that subsequently arose
following the wider acceptance of the quantum model. However, at the time of
Maxwell and Larmor, the consensus had switched from Newton's corpuscular theory
to a general acceptance of a wave theory underpinning all electromagnetic
phenomena, inclusive of the propagation of light. Only after the work
th

of Planck and Einstein at the beginning of the 20 century would the particle analogy
begin to return in the form of a photon. However, from a more pragmatic

Sir Lawrence Bragg
God

runs

electromagnetics

on

Monday, Wednesday, and Friday by
the wave theory, and the devil runs
it by quantum theory on Tuesday,
Thursday, and Saturday.

perspective, we know that light from our own sun, and the stars beyond, must have
an ability to transport energy through the near vacuum of space and over its vast
distances. As such, a macroscopic model in which we know the sun radiates EM
energy in the form of light, in all directions, might serve as a good starting point for
this summary. Therefore, in order to help visualise the discussion, the following
animation is attempting to show the path of 6 EM waves-photons radiating along all
[±xyz] directions from a central radiating body, e.g. a star. Initially, we might
visualise each path as an EM wave being continuously sourced by an oscillating
charge or, alternatively, as a finite pulse of EM energy, i.e. a photon. As such, the 6
representative dots expanding in each direction are only illustrative of a line of
radiating energy that travels along every conceivable outward path from a
centralised star at the speed of light [c], not just the 6 shown. Equally, the boundary of the sphere only represents the
distribution of the energy waves/pulses over an expanding surface area, which increases in size with time. At this point, it might
be useful to present some actual figures associated with the ability of an EM wave-pulse to transport energy between the stars.
For this example, let us assume the source of EM light is a sun-like star that is 100 light-years from us, which has the same
properties as our own sun:
Parameter

Value

Units

Radius

6.96*10

08

Mass

1.99*10

30

kg

1.58*10

17

seconds

Age
Temperature
Luminosity

5777
3.84*10

metres

Kelvin
26

W or J/s

In the context of astronomy, the luminosity of an object, like the sun, corresponds to the amount of electromagnetic energy a
body radiates per unit of time. However, the temperature [T] and the luminosity [L] of the sun are linked together by the
following equation:

[1]

244 of 253

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
The value of luminosity in the table above has already been calculated from the known temperature of the sun and its radius
[R], where the symbol [σ] corresponds to the Stefan-Boltzmann constant. Now, on the basis of this description, the luminosity
defined in [1] corresponds to the electromagnetic energy radiated per second. As such, we might initially try to link this
equation to the Larmor formula as discussed in Electromagnetic Radiation:

[2]
However, without further information about [q] and [a] at the surface of the sun, it would seem that [2] cannot really be
progressed any further, at this stage. Of course, with a unit charge per particle of 1.6*10

-19

coulombs, there is the obvious

suggestion that a lot of charged particles must be involved, as well as some possibly phenomenal acceleration. Therefore, you
might wish to check whether anybody has ever verified the Larmor formula at the macroscopic scale or whether the
acceleration of the charge is actually a direct cause of the radiation predicted. This said, let us return to the main thread of the
example, as we now need to estimate the luminosity, i.e. the energy per second, arriving at a distance of 100 light-years from
the star in our example. In this case, the energy associated with the luminosity, as given in the table above, has to be averaged
over the surface area of an expanding sphere, which is 100 light-years in radius in this specific example. We shall call this flow of
EM radiation its flux [F]:

[3]
As we might expect, the flux or power passing through 1 square metre, at a distance of 100 light-years and subject to the
inverse square law is very small. However, it might be worth highlighting that equation [3] is also illustrative of why the EM
energy radiated aligns to the same inverse square law reduction as a 3-dimensional mechanical wave and why this has nothing
to do with the mechanism of energy transport, simply a correlation to the same geometry, i.e. the surface area of a sphere.
However, this geometry might also being suggesting that any single path of what we might call a ‘ray of light’ cannot lose any
energy in transit. At one level, we might reflect on the fact there is no obvious mechanical medium in the case of a vacuum in
which to lose energy, which can then be tied in with the basic assumption of energy conservation, i.e. energy cannot be created
or destroyed. However, it is not clear whether this model can be aligned with the classical image of the EM waves propagating
as in-phase sine waves with the practical reality of the near chaotic random motion of billions of charged particles near the
surface of a star. Again, if we make reference to the Larmor formula in [2], we can see that this sort of visualisation seems to be
a fairly impossible task at the macroscopic level.
So what about the pulsed energy/photon model?
If we step outside the timeline of classical electromagnetism, we know that the work of Planck and Bohr would lead to the idea
of quantised energy, such that the energy of an EM wave is now described in terms of a discrete quantity defined by the
equation [E=hf]. As such, we might realise that the model of a dipole antenna, subject to an alternating constant sine wave
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voltage, may not be applicable when considering the near random chaos of charge movements near the surface of a star. In this
context, the charged particles, which we are assuming are still the sourced of any EM wave-photons, would accelerate, collide
and change direction constantly and therefore be more likely to produce discrete pulses of energy radiating in all different
st

directions. However, within this generalised model, we might still make some 1 order approximation of the number energy
pulses/photons required to deliver the same energy per second per unit area as required by [3]. To do this, we need to make
the very broad assumption that the photons arriving from a distant star are all in the visible yellow light range of the
electromagnetic spectrum. If so, we can estimate the energy per photon via Planck’s equation [E=hf] and if we then divide this
figure into the value provided in [3], we will have an estimate of the number of photons arriving per second:

[4]
As an aside, it might be interesting to try to determine the total effect on the star’s mass given that it has been losing this
energy-mass in all directions over the age of the star, e.g. 5 billion years. We can do this by first converting the photon energy
2

to an equivalent mass by equating Einstein’s and Planck’s energy equations [mc =hf]

[5]
However, the figure given in [5] only accounts for the photon-mass lost per second per square metre at a distance of 100 lightyears. Therefore, we have to reverse the calculations to get the total mass lost at the surface of the star.

[6]
Finally, we have to multiply the result in [6] by the age of the star, which we have assumed to be 5 billion years and then
compare the result as a percentage of the total mass of the star, as given in the table above:
Woody Allen
"Photons have mass? I didn’t even
know they were Catholic."
[7]
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Of course, we do not really need the photon model to do this calculation, as we could have achieved the same result by
2

rearranging Einstein’s equation [m=E/c ], where the energy per second corresponds to the luminosity figure in the table and
the result again multiplied by the age of the star:

[8]
The result in [8] aligns with the result in [6]. So while the mass lost per second is large on a human scale, the total mass lost by
the star due to electromagnetic radiation in the visible spectrum only accounts for 0.03% of the star’s mass, even after 5 billion
years. However, while we now have some better idea of the scale of energy being transported within this example, we do not
necessarily have any clearer idea of how this energy is actually being propagated within the wave-pulse-photon model.
So what is in a wave?
In the case of a mechanical wave, a given model can describe the interaction between the potential and kinetic energy
associated with the displacement of the physical media. However, Maxwell’s equations support the conclusion that
electromagnetic wave are self-propagating in a vacuum, although we now also know that subsequent developments led back to
the duality of a wave-particle description. In the previous discussion of electromagnetic wave propagation, we showed that [9]
is a solution of Maxwell’s equation for a plane wave:

[9]
It was also shown that a sine wave is a possible solution to
[9] as it will provide the constant acceleration required by a
charge to radiate. Equally, we might recognise that this
solution aligns nicely to the model of an oscillating dipole
antenna being driven by an alternating sine wave voltage.
As such, the following animation supports the classical
image of an EM wave propagating outwards from a source
charge oscillating under acceleration in space. However,
we are now trying to decide whether this model is realistic
in the context of what must be the near chaotic random
motion of billions of charged particles at the surface of a
star.
So how might we perceive the nature of the energy propagation within such a large-scale electrodynamic system?
This might be another point where we might gain some additional perspective, if we step back from the specific issue of
electromagnetic waves in order to consider some slightly tangential issues. Normally, SI/MKS units are generally used to define
such quantities as the electric [E] field and the magnetic [B] field. However, there are other systems, such as the Gaussian/GCS
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units, which resolve the units of composites quantities, such as the [E] and [B] field, based on different assumptions. In fact,
rd

th

these unit systems can lead to 2 different presentations of Maxwell’s 3 and 4 equations:

[10]
As such, we might question the meaning of [c] in these equations and consider the suggestion that [c] is only being used as a
conversion factor for changing the unit of time to the unit of space in-line with the Lorentz transformation. Of course, this then
raises the wider issue of how we have come to think about composite quantities, such as energy, force, fields etc, and whether
we always realise how these composite quantities have been specified in the first place. So let us ask the previous question in
an extended form:
How might we perceive the nature of the energy propagation within such a large-scale electrodynamic system in terms of the
most fundamental units?
In this context, the fundamental units are length, time, mass and charge. Of course, some might argue that length and time are
not separate fundamental units, when viewed as spacetime. However, almost all basic physics still accepts/requires the
separation of these units. At one level, we might describe these units as the ‘stage’ on which the ‘actors’ perform; where the
‘actors’ in this case are the other 2 fundamental units, i.e. mass and charge. However, again, it is possible to question the
2

fundamental nature of these units, for example, if we equate E=mc =hf, it might be argued that [h] and [c] are both constants
and therefore the implication is that mass is somehow equivalent to frequency. On a slightly more philosophical note, we might
also question the very nature of a particle at the sub-atomic level, where we are unable to name the substance the ‘particle’ it
is made of. As such, frequency may yet be proved to be a more fundamental concept than mass. Still, at some level, we have
the tangible perception of ‘particles’ and therefore the concept of rest mass becomes a useful unit of containment, but not
when considering energy in the form of an EM wave, which has no rest mass. Of course, questioning the true nature of subatomic particles could also cause a problem when considering the fundamental idea of charge, which classical physics considers
being an attribute of a mass particle, i.e. electrons and protons. In addition, we may also wish to reflect further of the idea that
charge cannot really be said to exist in isolation, i.e. it is only a concept that exists between 2 charged ‘particles’. As such,
charge is an attribute of an electric field, and not a single particle, which in-turn has to be quantified in terms of a potential
energy that can change poistion in space and time. Of course, even if we accept the 4 fundamental units at face value, we still
2

2

2

need to introduce the concept of force, with units of m.kg/s , and energy, with units of m .kg/s , in order to describe how
‘action’ takes place. However, reverting to the fundamental units does not really seem to help describe these ' composite
quantities’ and it may be more physically meaningful to consider force as something that results from energy and energy as
something that ultimately exists in 1 of 2 basic forms, i.e. potential and kinetic. In this context, potential energy might simply
represent the state of a system that is not in energy equilibrium and kinetic energy is the manifestation of a system trying to
restore equilibrium, either via particle motion or wave motion. Of course, if the particle’s mass is related to frequency, then
there may be only one real mechanism at work. See 'Scope of Speculative Ideas' for a more expansive discussion of such issues.
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[11]
We can see from [11] that the force equations associated with gravity and the electric field share a very similar form based on
the inverse square law. Equally, if you integrate the force [F] with respect to distance [R], the implication is that gravity and the
electric charge fields both correspond to a form of potential energy. Now, within this classical model, we might consider a
system that consists of a large central and positively charged mass and a much smaller negatively charged mass falling radially
towards the centre from a great distance. At the start, it would seem that the negative charge can tap both gravitational and
electric field potential energy, but in doing so, it would acquire kinetic energy, i.e. velocity, and as such, a moving charge would
have a magnetic field that would surround the moving negative charge with an axial symmetry. However, the negative charge
would also be constantly accelerating under the influences of both gravitational and electrical forces. Therefore, according
standard texts, the accelerating negative charge must also be emitting EM radiation, which Maxwell’s classical equations
describe as a wave, but modern physics would prefer to describe as a stream of photons. While the mechanisms may be
debated, at a general level, we can stated that this system only started out with access to gravitational and electric field
potential energy, ignoring the rest mass energy, but ends up with kinetic energy of motion, a magnetic field that can exert a
force and therefore has an ability to do work, i.e. transfer energy, while also radiating EM wave-photon energy due to its
acceleration. However, despite the apparent complexity of this description, we might try to generalise this complexity to one
issue:
How does energy move in space and time?
While this question might generalise the problem, it does not necessarily make the answer any easier, but let us try to make
some attempt at an answer. It would seem that energy moves around either in the form of matter particles or waves, where
each form is subject to certain fundamental restrictions:


Matter cannot move at the velocity of light due to its rest mass.



While due to its light speed, EM waves cannot have rest mass.

While not wishing to run too far ahead of the timeline under discussion, relativity places some unusual conditions on our earlier
pulse/photon model. In later models, the idea of the [E] and [B] fields oscillating as 2 in-phase sine waves runs alongside the
general concept of pulse-photon of energy that can also propagate through the vacuum of space. As such, the energy
pulse/photon would represent an energy density moving between 2 points in space and time. Now, irrespective, of whether we
describe this energy as a wave, pulse or photon, there seems to be common agreement that this ‘thing’ must move at the
speed of light [c]. As such, it cannot have any rest mass, although it is allowed to have momentum via the relativistic energy
equation:

[12]
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Now with reference to our example above related to the energy radiated by a star, the first animation above along with the
subsequent description may have given a mental image of a photon being a very small, but finite particle-like ball of energy.
Equation [12] may also appear to allow a visualisation of a photon as a particle-like object and conclude that it might continue
to propagate in a straight line, through vacuum, solely by virtue of its momentum. However, appending Planck’s law [E=hf] to
[12] reminds us that the energy of a photon is still defined by its frequency and we are forced back towards some sort
consideration of the wave model. However, there does not seem to be any clear picture of how the electric and magnetic fields
of an EM wave ‘fit within’ the constraints of a particle-like photon model. For example, we might perceive the photon
corresponding to some integral number of wavelengths, e.g. 1, which in the case of yellow light would be in the order of
-9

600*10 metres. As such, we might perceive a photon as being very, very small, but this image falls apart within the long-wave
radio spectrum, which can have wavelengths measured in kilometres. At this point, we might ask the obvious question:
How big is a photon?
Well, certainly the idea of a radio photon being over a kilometre wide
is problematic to say the least. However, special relativity may
address this problem by suggesting that a photon has no physical
length in propagation, even though it would appear to represent
3

some form of energy density [joules/m ]. The argument being that
due to its implicit propagation velocity [c], the concept of length
contraction would result in the observer of a photon not being able to
measure any physical length, although it would presumably continue
to have width. To be honest, any discussion of EM waves and photons
seems to breakdown at this point and classical electrodynamics may
have to simply defer the problems to quantum physics. However,
before we leave the world according to classical physics, let us
consider once more the microscopic model of a single charge
oscillating under the influence of an alternating sine wave voltage.
The left side of the animation right shows the effect on the electric field lines, while the right shows an equivalent view based
on streams of photons being emitted by the charge. The field lines or photon streams are shown at different angles, e.g. 0, 30
and 60 degrees, from the maximum, which is always perpendicular to the axis. The oscillating red lines on the left reflects the
2

total electric field [E=ER+ET] as defined by the Larmor formula, such that you see the effects of [ER] reducing by [1/R ], while [ET]
only reduces by [1/R] and so the latter quickly becomes the dominate field as the radius from the charge increases. However,
the photon view on the right might better illustrate the situation as the charge passes through the centre of oscillation, i.e.
maximum velocity, minimum acceleration. Under this condition, i.e. a=0, the Larmor formula would suggest the charge should
not emit any photons due to zero acceleration. Of course, over an extended period of time, the statistical distribution of
photons will still conform to the radiated power predicted by the Larmor formula as suggested by the intensity of the yellow
shading. However, it is difficult to explain how the photon carries the electric and magnetic field components as it propagates,
especially in view of the fact that a photon’s trajectory is said to unaffected by the electric and magnetic fields of another
charge. In contrast, the wave-like view on the left of the animation suggests that the electric field is changing at every point in
space and time around the oscillating charge.
So what are Maxwell’s time-dependent equations really telling us?
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The following equations partially replicate the form of Maxwell’s time-dependent equations, as shown in [10], but use Gaussian
units and have been re-arranged with respect to the time derivate:

[13]
In isolation, the first equation in [13] suggests that any change in the E-field with respect to time causes a corresponding rate of
change in the magnetic field with respect to space with the suggestion that this equates to a propagation in space with a
velocity [c]. The second equation in [13] then implies a complementary relationship between the magnetic and electric fields.
Now the source of the equations in [13] are linked to Maxwell's time-dependent 3rd and 4th equations, which unlike the timeindependent 1st and 2nd equations, make no direct reference to the field strength being subject to an inverse square law with
distance. As such, we might assume that [13] describes a process of self-propagation that can continue indefinitely. In contrast,
the space surrounding a charge in motion with velocity [v], but no acceleration [a], would still presumably create a change in
the magnetic field [B] and we might still assume that the strength of the E-field would be linked on the electrostatic equation:

[14]
However, even in this case, there seems to be a suggestion that any change to the E-fields would still propagate outwards at
the speed of light [c]. This statement does not seem to be explicitly supported by Maxwell’s equations, but arises as a
consequence of relativity, which requires all action-at-a-distance forces to propagate within the restriction of [c]. Now based on
the following relationships between energy density [η] and the strength of the [E] and [B] fields, any propagation of a change to
the E-field would also lead to the suggestion of a propagation of potential energy:

[15]
At first, this suggestion would appear to contradict the Larmor formula, which requires the charge to be accelerating for energy
to be radiated. However, there may be some advantage in considering this situation in terms of the Gaussian system of units in
which [E] and [B] fields are both defined in terms of the same fundamental units. Although the fundamental units of [E] and [B]
2

2

in the Gaussian system do not immediately convey any obvious meaning; [E ] and [B ] both align to the units of energy density,
which possibly raises an interesting question about the photon model:
What is the energy density of a photon, which is said to carry energy [E=hf], but cannot specify its volume?
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At this stage, we will only table this question for another discussion, as we need to return to the implication that a moving
charge, subject only to constant velocity, propagates energy. Possibly the best way of resolving the apparent contradiction is to
2

simply look at the E-field strength and the associated energy density [η=ε 0E ] with respect to [ER] and [ET] as defined by
Larmor's formulation:

[16]
We know that (a) is derived from the time-independent form of Coulomb’s laws, which by itself does not account for the
measured power, in any practical system, due to its additional sensitivity to the radius [R]. In contrast, (b) can account for the
measured power, but is said to require the charge to be accelerating in order to generate [E T]. Let us try to put this situation
into some perspective in respect to our earlier example related to energy received from a sun-like star some 100 light-years
from Earth. In this example, the actual energy, calculated in [3] based on (b) above, would fall from 3.42*10
-47

3.83*10

-11

joules/second to

joules/second, if based solely on (a). In practice, we might also realise that the chaotic movement of charged

particles near the surface of a star would more closely approximate a model in which billions of charged particle are subject to
extreme acceleration and then collide and change direction. As such, the energy propagated by any charge moving with
constant velocity would be simply swamped by the energy propagated by all the other charged particles subject to acceleration.
However, this statement would probably hold true for almost any real world
system. Therefore, we might wish to look, yet again, at the Gaussian form of
Maxwell’s time-dependent equations for a more general description of how
the [E] and [B] fields interact in order to self-propagate.

Albert Einstein
The combination of the idea of a
continuous field with that of material
points discontinuous in space appears
inconsistent. Hence the material particle
has no place as a fundamental concept in
a field theory. Thus even apart from the
fact that gravitation is not included,

Within a plane-wave model, we might assume that the E-field oscillates in the

Maxwell's electrodynamics cannot be

y-plane, while the B-field oscillates perpendicularly in the z-plane, which leads

considered a complete theory.

to propagation in the x-plane. Therefore, as [EY] changes with time, it causes a
change in [BZ] along the x-axis. By the same token, any change to [BZ] along the x-axis must also be seen as a change of [BZ] with
respect to time and therefore causes a knock-on change to [EY] along the x-axis. Therefore, these rates of change are selfpropagating and must propagate perpendicular to [E] and [B] with velocity [c]. In the case of [E T] dominating, the direction of
energy propagation would be radial, as shown in the animation. However, we might realise that any energy propagation due to
[ER] would be subject to an additional inverse square factor and in a direction perpendicular to [E T]. As such, we might again be
describing a system that is seeking to restore its energy equilibrium by radiating away its excess potential energy. Whether the
process of energy radiation takes the form of an EM wave or photon remains a subject of further debate.
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Footnote: This section of work reflects an initial learning curve in which many questions were simply raised but not
necessarily resolved. However, whether these issues have been fully resolved by science is still a matter of debate to this
day, at least, in my opinion.
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