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1.

A QUANTUM PERSPECTIVE

This website is guided by three principles: 1) a duty of inquiry, 2) the weight of authority and 3) the limits of inference. If you
have simply arrived at this page based on a search for information about quantum theory, it would not be unreasonable, or
unwise, to question the weight of authority surrounding the following discussion of quantum theory, as in truth it claims none.
In one of his lectures, in 1965, Richard Feynman is quoted as saying:
“I think I can safely say that nobody understands quantum mechanics.”

Therefore, in the context of this quote, it is probably safe to say that this website

Albert Einstein

cannot, and does not, pretend to carry any weight of authority regarding this

I can't accept quantum mechanics

subject; although it does try to carry out an honest duty of inquiry, as far as such

because I like to think the moon is there

matters can be understood by somebody in general. The scope of the following

even if I am not looking at it."

discussion is broken down into two sections:


Part-1: The Pre-War Years



Part-2: The Post-War Years

While this divided might be said to align to the transitional development of quantum mechanics into quantum field theory, it
nd

could also be said to represent two distinct ‘worldviews’ of science, which existed prior to, and after, the 2 World War.
However, this idea of a change in the collective worldview encompasses, not only science, but the culture of society in which
science is carried out. The start of pre-war development of quantum theory might be precisely timed as beginning at 5pm on
Friday 14 December 1900 and continuing for the next 30+ years. It will be a period of profound change in science, as the
determinism of Newtonian physics is challenged and seemingly overturned, first by relativity within the macroscopic universe,
and then quantum mechanics with the microscopic universe. What emerges from this period is a scientific worldview that many
scientists could not initially accept, and possibly, some still reject.
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Note: These pre-war years might also be said to reflect a change in
scientific methodology, which had previously been founded on the
principle of empirical verification, but which was now becoming
increasingly dependent on mathematical consistency, as the ability of
science to empirically verify its assumption disappeared into quantum
uncertainty.

Werner Heisenberg
The atoms or elementary particles
themselves are not real; they form a
world of potentialities or possibilities
rather than one of things or facts.

We might also accurately time the start of the post-war era of science to the

Niels Bohr

testing of the first atomic bomb, which occurred at 05:29:45, local time, on July

Anyone

16, 1945, in the desert about 35 miles from Socorro, New Mexico. While often

mechanics has not yet understood it.

not shocked

by

quantum

described in terms of the atomic age, it will also represent the start of another phase of developments within quantum theory.
1.1

Part-1: The Pre-War Years

The start of the quantum physics is often linked to a formulated description of blackbody radiation by Max Planck. If so, the
time might be precisely recorded as 5pm on Friday 14 December 1900, when Planck began a presentation of his paper to the
Physics Institute at the Berlin University. With this said, it is probably fair to say that nobody in the audience, including Planck
himself, actually appreciated the full significance of this event. Therefore, other people may consider Einstein’s paper on the
photoelectric effect, in 1905, to be more representative of the transition from classical to quantum physics. Either way, within
little over 25 years, developments in quantum theory would lead Einstein to express his fundamental concerns in the form of
the following quote:
"God does not play dice with the universe"
Einstein to Born
You believe in the God who plays dice, and I in
complete law and order in a world which
objectively exists, and which I, in a wildly
speculative way, am trying to capture. I hope that
someone will discover a more realistic way, or
rather a more tangible basis than it has been my
lot to find. Even the great initial success of the
Quantum Theory does not make me believe in the
fundamental dice-game, although I am well aware
that our younger colleagues interpret this as a
consequence of senility. No doubt the day will
come when we will see whose instinctive attitude
was the correct one.
While later discussions will return to the sequence of events that led to Einstein’s concerns, history shows us that quantum
th

theory continued its development throughout the 20 century. Possibly, more than any other branch of science, the
development of quantum theory needs to be reviewed in terms of a series of historical milestones. Although the full history
involves possibly thousands of contributors and associated discoveries, it might be argued that the path to what we how
understand to be quantum theory was influenced by the acceptance of just a handful of key ideas. Initially, some of the earliest

8 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
ideas were little more than conceptual pointers, which over time led to the formalization of two opposing hypothetical
frameworks that were subject to as much philosophical debate as scientific scrutiny.
Blackbody Radiation
Photoelectric Effect
Basic Concepts

Quantized Atomic Orbits
Wave-Particle Duality
The Quantum Model
Lagrange Mechanics
Hamilton Mechanics

Mathematical Framework

Wave Mechanics
Quantum Notation
Heisenberg’s Matrix Mechanics

Formulation of Quantum Mechanics

Schrodinger’s Wave Mechanics
Dirac’s Equation
Quantum Mechanics
Heisenberg’s Uncertainty Principle
The Double Slit Experiment
The Quantum Superposition

Philosophical Implications

Quantum Wave Interpretation
Time Evolution of a Matter Wave
The Copenhagen Interpretation
Quantum Entanglement

By and large, the issues highlighted above form the basis of the development of quantum theory in the pre-war years, prior to
nd

the start of 2 World War in 1939. As a broad generalization, it might also be said that much of the debate, over this period, is
based on the formulation and philosophical interpretation of quantum theory driven by just two men, i.e. Albert Einstein and
Niels Bohr.
1.1.1

Pre-War Timeline

For those interested, Manjit Kumar’s book entitled ‘Quantum’ is an excellent account of the historical issues that surrounded
th

quantum theory, especially in the early years of the 20 century up until the
2 World War. As such, the following abbreviated timeline is only intended

Max Planck

to be representative of just a few key milestones.

Briefly summarised, what I did can be

nd

described as simply an act of desperation


1900: Max Planck
In an attempt to explain black body radiation, Planck suggests that electromagnetic energy can only be emitted in
quantized bundles, which align to multiples of an elementary unit [E=hf], where [h] is Planck's constant and [f] is the
frequency of the radiation.
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1905: Albert Einstein
While the photoelectric effect had been discovered by
Heinrich Hertz in 1887, it was Einstein who forwarded the
idea, based on Planck’s quantum hypothesis, that light
itself consists of individual quantum particles, i.e. photons.



1913: Niels Bohr
Bohr outlines the first meaningful model of the atom in
which negatively charged electrons revolve around a
positively charged nucleus at certain fixed radii determined
by quantized momentum. These orbits are also special in
the sense that the electrons are now assumed not to
radiate while in these defined energy levels and any
transition between levels requires the emission or
absorption of quantized energy, i.e. photons.



Albert Einstein
It was as if the ground had been pulled out from under
one, with no firm foundation to be seen anywhere,
upon which one could have built.
Niels Bohr

1916: Arnold Sommerfeld
The initial Bohr model of the atom, based on circular orbits,
could not explain the spectral lines linked to the Zeeman

Every sentence I utter must be understood not as an
affirmation, but as a question.

Effect caused by a magnetic field. In response, Sommerfeld introduces the idea of elliptical orbits in addition to circular
orbits.


1922: Arthur Compton
The Compton effect, or Compton scattering, results when high-energy photons collide with a target, which can then free
loosely bound electrons from the outer shell of the surface atom. The scattered radiation experiences a wavelength shift
that cannot be explained in terms of classical wave theory and was to add considerable weight to Einstein's photon
theory.
Louis-Victor de Broglie





1923: Louis De Broglie

Vulnerable, like all men, to the temptations of

Forwarded the idea that electron particles also have an

arrogance, of which intellectual pride is the worst, he,

associated wavelength given by Planck’s constant [h]

the scientist, must nevertheless remain sincere and

divided by it momentum [ρ],

i.e. λ=h/mv. Such a

modest, if only because his studies constantly bring

suggestion would now reverse the normal wave-particle

home to him that, compared with the gigantic aims of

duality debate to include particles as waves, as well as

science, his own contribution, no matter how

waves as particles.

important, is only a drop in the ocean of truth.

1925: George Uhlenbeck and Samuel Goudsmit
Forwarded the idea of electron spin, which like Sommerfeld’s extension of the basic Bohr models helped to further explain
the splitting of atomic spectral lines.



1925: Werner Heisenberg
Develops matrix mechanics formulation of quantum mechanics with the help of Max Born.
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1925: Wolfgang Pauli
Outlines the ‘Pauli exclusion principle’ that states that no two identical fermions may simultaneously occupy the same
quantum state.



1926: Erwin Schrödinger
Expands on De Broglie’s electron wave model and develops a wave equation, which is initially thought to represent the
distribution of the electron’s charge in space.



1927: Werner Heisenberg
Forwards the idea of the quantum uncertainty principle



1927: Max Born
Forwards the idea of the probabilistic nature associated with a wave function.



1927: Paul Dirac
Dirac develops a relativistic electron quantum wave equation in which the principle of special relativity is linked to
quantum electrodynamics. This work leads to the suggested existence of the positron.



1930: Wolfgang Pauli
Pauli suggests that, in addition to electrons and protons, atoms also contained a neutral particle, which he calls
the ‘neutron’.



1932: James Chadwick
Performs a series of experiments that leads to the discovery of the neutron.

1.1.2

Basic Concepts

In the first quarter of the 20th century, the established classical paradigm of
physics was increasingly being challenged because it had started to fail to
explain a number of new phenomena:


Blackbody Radiation



Photoelectric Effect



Quantized Atomic Orbits



Wave-Particle Duality

Each of these topics will be discussed separately in the following pages, as
they provide an important insight for anybody wishing to understand how
scientists were compelled to abandon the determinism of classical physics for
the probability that became known as the ‘quantum weirdness’ . By way of a
th

historical backdrop, in the first decade of the 20 century, a picture of the
internal structure of atoms was beginning to emerge. This picture largely
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comprised of empty space; in which each atom consisted of a small positively charged nucleus ‘orbited’ by one or more
negatively charged electrons, analogous to planets orbiting a star. However, it was known that such an arrangement was
problematic, as a rotating negative electron would radiate energy and collapse into the nucleus. Shortly after, in 1913, Bohr
proposed that Planck's constant could be applied to electrons orbiting within the atoms. According to the Bohr model, the
electron was constrained to certain orbits by the quantization of angular momentum. However, this was just the beginning of a
paradigm shift towards quantum theory that would take place over the next 20-30 years. However, while a model of the
quantum universe would ultimately emerge, it was a model that even science itself would struggle to accept. For it seemed that
this model of the micro-universe contradicted all human perception and intuitive understanding of the universe, as well as
challenging the every foundations of accepted science. In this context, the following discussions will only attempt to summarise
of some of the key issues that led to the branch of physics known as quantum mechanics. From a historical perspective, it might
be suggested that the breakdown of classical physics started with Planck’s outline of the quantization of energy, which then
found application in Einstein’s examination of the photoelectric effect and Bohr’s atomic model, which required the
quantization of electron momentum. In combination, these ideas would profoundly affect the way in which the emerging
th

science of the 20 century would come to consider the underlying nature of matter.


In classical or Newtonian mechanics, a particle can
acquire energy or speed over a continuous range. In
quantum mechanics, a particle can only have discrete
or quantum values of energy and momentum.



Erwin Schrodinger
What we observe as material bodies and forces are
nothing but shapes and variations in the structure of
space.

Classical physics allows the exact location and velocity
of a particle to be determined. In contrast, one of the
central axioms of quantum mechanics is known as
'Heisenberg Uncertainty Principle', which would deny
access to classical determinism within the quantum

Particles

are

just

schaumkommen,

i.e.

appearances. The world is given to me only once, not
one existing and one perceived. Subject and object are
only one. The barrier between them cannot be said to
have broken down as a result of recent experience in
the physical sciences, for this barrier does not exist.

universe.
However, it should be noted that the level at which Heisenberg’s uncertainty principle applies is so microscopically small, its
effects are normally only apparent within the quantum universe. For this reason, the effects of quantum uncertainty are far
from obvious within the realm of human experience. So, step by step, fundamental principles of classical science were being
subject to radical revision, as the study of the universe began to extend ever further beyond all previous human and intuitive
experience. As such, it might be argued that scientific verification became, and has remained, increasingly dependent on
mathematical proof rather than empirical verification. So while most of us can follow the logic of Newton's laws of motion, and
some may follow the convolutions of Einstein's space-time, but it is said that there are few who truly understand quantum
mechanics. In 1965, Richard Feynman, considered by many as the greatest physicist of his generation, wrote something along
the following lines:
"There was a time when the newspapers said that only twelve men understood the theory of relativity. I do not believe
that there ever was such a time. On the other hand I think I can safely say that nobody understands quantum
mechanics."

12 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
One implication of Feynman’s statement is that the full scope of the universe is becoming increasingly complex and nonintuitive in respect to human experience. Of course, whether we have reached the point where even the brightest individuals of
our society now struggle to fully comprehend the extent of this complexity may still be debated. From this perspective, it may
be presumptuous to assume that we have reached the stage where science can say it fully understands the true nature of the
matter even here on Earth, let alone within the complexity of the Universe as a whole. If this point is accepted, it would seem
that science should remain open-minded to new ideas, while still demanding the highest level of empirical verification possible.
1.1.2.1

Blackbody Radiation

From a historical perspective, blackbody radiation was a key topic of interest at the end of
th

19 century, because it was linked to the important development of the electric light bulb,
which required an understanding of the underlying physics. While much scientific progress
th

had been made throughout the 19 century, there was still a very fundamental question
to resolve at this time:
Just how do heated bodies radiate?
th

At the end of the 19 century, the concept of heat was known to be linked to the atoms of
a solid vibrating and that atoms appeared to be some sort of configuration of charge
particles. Equally, following the publication of Maxwell’s equations, in 1864, it was
believed that an oscillating charge would emit electromagnetic radiation. From Maxwell’s
equations, it was also predicted that this radiation would travel at the speed of light and
that both light, and infrared heat radiation, could be characterized in terms of an
electromagnetic wave. As such, it was assumed that when a body was heated, the
microscopic structures, i.e. atoms, would increase in vibration and that the associated
oscillating charges would radiate, leading to radiation of heat and light.

Max Planck
Born April 23, 1858
Died October 4, 1947
Planck

So what is meant by the phrase ‘blackbody’ radiation?

physicist

To some extent, the radiation from any given heated body depends on the specific material
being heated. For example, while some transparent materials like glass absorb very little
light, opaque materials like reflective metals, also absorb little light. In contrast, a material
like black soot will absorb most of the heat and light that falls on it. Although we have not

was

a

who

German
is

often

regarded as the founder of
quantum theory, for which
he received the Nobel Prize
in Physics in 1918.

really addressed the question above, it is logical to raise another question at this point:
How is the material behaviour outlined above explained in terms of an electromagnetic wave interacting with charges in the
material?
Although it was not initially realized, it is said that the question above can only be fully addressed in terms of quantum theory,
th

which did not exist at the end of the 19 century. However, by experimentation, it was clear that a material like soot could
absorb radiation and transform that energy into heat. In 1859, Gustav Kirchhoff had defined the law of thermal radiation, which
then led to the idea of a perfect blackbody:
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“At thermal equilibrium, the emissivity of a body equals its absorptivity.”
As such, an object at some given, non-zero temperature will
radiate electromagnetic energy. If it is a perfect ‘blackbody’, it
will absorb all the light falling on it, and will radiate energy
according to some given formula. So, in this context, any object
at any temperature above absolute zero will radiate to some
extent, where the intensity and frequency distribution of the
radiation depends on the material of the object. Therefore, in
order to be specific in the formulation of any law, the nature of
the material had to be compared with a perfect absorber and
emitter, i.e. aligning to Kirchhoff’s law above, which is
described as a ‘blackbody’. Of course, it was realized that a

Kirchhoff's Problem
Planck first turned his attention to the problem of blackbody radiation in 1894. He had been commissioned by
an electric company to consider the issue of how to
create maximum light from a light bulb, while requiring
the minimum energy. This problem had originally been
outlined by Kirchhoff, in 1859, in terms of the intensity
of the electromagnetic radiation emitted by a black body
radiator, but which was also linked to the frequency of
the radiation and the temperature of the body.

‘blackbody’ was essentially an ideal concept, but one that might be approximated by an insulated box with a small hole in it.
The basic idea being that any radiation that went through the hole would be trapped inside, where the energy of the radiation
would be absorbed inside the box with little chance of escaping back out through the hole. Equally, when this logic is reversed,
an oven with a tiny hole in the side would approximate a perfect emitter. In the spirit of empirical science of that age, the
challenge was then to use this idea to formulate a law that described the energy/frequency curve for a ‘blackbody’. In 1879,
Jožef Stefan forwarded what became known as Stefan’s law:

[1]
This equation states that the total power [P] radiated from one
square metre of a black surface, at temperature [T], follows
the fourth power of the absolute temperature. Five years
4

later, in 1884, Lugwig Boltzmann derived the [T ] relationship
from theory by applying classical thermodynamic reasoning to
a box filled with electromagnetic radiation, using Maxwell’s
equations to relate pressure to energy density. In 1895, Wien
and Lummer had carried out an experiment, which provided
an insight to the relationship of intensity versus wavelength
associated with a blackbody radiation. Wien also developed an
initial displacement law that suggested the wavelength
distribution of thermal radiation from a blackbody, at any
temperature, has essentially the same shape as the
distribution at any other temperature, except that each
wavelength is displaced, as shown in the graph right. As such,
the average thermal energy associated with each frequency-wavelength was expected to depend on the ratio of frequency with
temperature [f/T]. Originally, it was thought that Wien’s displacement law would be a description of the complete spectrum of
thermal radiation, but it was eventually showed to fail to accurately describe longer wavelength radiation, i.e. low frequency.
The first successful theoretical analysis of the data provided in the graph above was presented by Max Planck in 1900. In his
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analysis, Planck had modelled a blackbody radiator as a system of oscillating charges, which radiated heat inwards and when in
thermodynamic equilibrium, these oscillations were also driven by the radiated energy. However, Planck found that he could
only account for the observed curves, if the oscillators in the model did not radiate energy continuously, as expected by a
classical theory, but rather could only lose or gain energy in chunks. These ‘chunks’ of energy became known as quanta, defined
by the relationship [E=hf], where [f] corresponded to the frequency of the oscillation and [h] is known as Planck’s constant with
a value of [6.626*10

-34

joule.sec]. The formulation of Planck’s analysis can be presented in a number of forms:

[2]
The other constants introduced are the speed of light [c] and Boltzmann’s constant [k]. However, Planck's law is sometimes also
written in terms of the spectral energy density per unit volume:

[3]
While Planck’s formula agreed with the experimental evidence by introducing the idea of energy quantization, it is probably
true to say that nobody really understood the significance of this concept, which included Planck himself. In many ways,
Planck’s formula appeared to be based on a number of somewhat implausible and even contradictory assumptions, which
simply gave the correct result. The full mathematical derivation of Planck’s equations, based on the energy attributed to
conceptual oscillators is quite involved and is not necessarily helpful in gaining an initial perception of quantization, which is the
fundamental concept of interest in this discussion. Therefore, the following approach is not intended to be rigorous, but might
be more helpful in visualizing the basic concepts at work. If we start with the idea of just a ‘1-dimensional wave’, we might
visualize the basic relationship between energy [E] and frequency [f]. If you tie a rope at one end and hold the other in your
hand, you can set up a ‘standing wave’ by shaking the end of the rope up and down. If you do this slowly, i.e. less energetically,
you get a long wavelength, i.e. low frequency. However, if you shake the rope as fast as possible, i.e. more energetically, you
get a multiple standing waves of a shorter wavelength, i.e. higher frequency. As such, we are making a simple analogy in which
there appears to be direct and proportional relationship between energy [E] and frequency [f].
But what have standing waves got to do with blackbody radiation?
In 1900, some months before Planck’s discovery, Lord Rayleigh was taking a different approach to the problem of blackbody
radiation in which he assumed the radiation to be a collection of standing waves confined within a cubical enclosure. If we run
with this idea, we might realise that only wavelengths that were small enough to fit within the enclosure would be allowed. Of
course, this would still allow an almost infinite numbers of shorter wavelengths to conceptually exist within an enclosure of
some given size. However, in the context of classical physics, the idea of ‘equipartition’ of energy also requires that any system
in thermal equilibrium must assign equal energy to each degree of freedom, i.e. 1, 2 or 3 dimensional motion.
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Note: In Planck’s approach, the idea of equipartition is not mentioned. However, he does essentially address this issue
nd

via the idea of entropy and the 2 law of thermodynamics, which suggests that all components of any system will
collapse towards some state of thermal equilibrium. However, we might still be left wondering where the quantization of
energy fit into this picture?
With respect to the energy distribution shown in the graph above, we know that only a finite amount of energy [E] is being
input into heating the blackbody radiator to some given temperature. So we need a mechanism that will distribute the energy,
in accordance to the equipartition assumption outlined, while also aligning to the distribution showed in the graph. Without
some sort of quantization of energy being introduced, the potentially infinite number of high frequency standing waves would
share near-zero energy. However, if we now also put a restriction on the minimum energy, as defined by Planck’s energy
equation, we can reach a different conclusion, which then helps

Max Planck

explain the energy distribution of the graph.

A new scientific truth does not triumph by convincing
its opponents and making them see the light, but

[4]

rather because its opponents eventually die, and a
new generation grows up that is familiar with it.

In essence, the graph above is showing 5 different experiments,
where an oven is heated to a different temperature [T], which in-turn represents a different total energy input. This energy still
has to be evenly distributed across all allowable wavelengths, in accordance with equipartition, with one additional proviso.
Should the distributed energy fall below the threshold defined by [4], this wavelength-frequency cannot be supported. As such,
it is this restriction that limits the high frequency distribution to a finite number of higher frequency waves, which ultimately
explains the cut-off point on the shorter wavelength scale of the graph. As the temperature [T] is increased, corresponding to
an increase in energy, there is a higher proportion of this energy distributed across the higher frequency wavelengths. As such,
this explains why the peak of each curve is biased to the left and moves to the left with increased energy.
Note: Without wishing to undermine Planck’s role in the development of quantum theory, by his own admission, he did
not really understand the significance of quantization required to solve the problem of blackbody radiation. In fact,
nobody realized the importance of what Planck had done and his work was widely seen as just a clever technical fix,
which provided the right answer according to experimental results. However, this situation would start to change, in
1905 when Einstein released his paper of the Photoelectric Effect.

1.1.2.2

Photoelectric Effect

The ‘Annus Mirabilis’ papers, coming from the Latin meaning ‘extraordinary year’, refer
to the four papers of Albert Einstein published in 1905. Each of these papers was to
th

have a substantial influence on the development of physics in the 20 century.


Photoelectric effect



Brownian motion



Special relativity



Matter and energy equivalence
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While the latter 3 papers were to fundamentally change our perception of

Albert Einstein

space, time and matter; the first was potentially even more far reaching in

Born: March 4, 1879

that it was another step in the transition from classical to quantum physics.

Died: April 18, 1955
The annus mirabilis year of 1905 saw

The photoelectric effect describes how electrons are emitted from

Einstein submit 4 key papers that would

matter as a consequence of absorbing energy from electromagnetic

help establish his reputation. He received

radiation of a very short wavelength, such as visible or ultraviolet light.

his Ph.D. from Zurich University, in 1906,
and was promoted to technical expert

Einstein’s photoelectric paper was entitled "On a Heuristic Viewpoint

second class at the Swiss Patent Office in

Concerning the Production and Transformation of Light " and was published

1907, then lecturer at Bern University in

June 1905. In this paper, Einstein outlines the idea of energy quanta, which

1909. Later, he becomes an associated

would later become known as the photon, by extending the idea of quantized

professor at Zurich in 1910, and Prague in

energy as initially introduced by Max Planck, in 1900, linked to black body

1912. He publishes his general theory of

radiation. In the opening introduction of his paper, Einstein states:

relativity in 1915. Awarded Nobel Prize for
Physics in 1921. Einstein published more

“It seems to me that the observation associated with black body

than 300 scientific works and over 150

radiation, fluorescence, the photoelectric effect, and other related

non-scientific works and is considered, by

phenomena associated with the emission or transformation of light

many, to the father of modern physics.

are more readily understood if one assumes that the energy of light is
discontinuously distributed in space. In accordance with the assumption to be considered here, the energy of a light ray
spreading out from a point is not continuously distributed over an increasing space, but consists of a finite number of
energy quanta which are localized at points in space, which move without dividing, and which can only be produced and
absorbed as complete units.”
In the main body of the paper, Einstein highlights that the photoelectric effect depends on the wavelength, and therefore the
frequency, of the light. At low frequencies, even intense light will not produce electrons, but at a certain frequency, even low
intensity light will produce electrons. In these statements, Einstein recognised the link to Planck's hypothesis, which suggested
that light could only be emitted in discrete packets, or quanta, of energy as defined by the equation [E=hf]. He then goes on to
postulate that light also propagates as quanta, the energy of which depends on the frequency, and therefore only light above a
certain frequency would have enough energy to liberate an electron from its position within the structure of the material.
However, even after empirical experiments had confirmed that Einstein's equations for the photoelectric effect were accurate,
his explanation was not universally accepted, even by those who would go on to pioneer quantum theory.
1.1.2.2.1

Historical Background

In 1887, Heinrich Hertz observed the photoelectric effect, while carrying out experiments to confirm Maxwell's theory of
electromagnetism. However, Hertz noticed that when he shone ultraviolet light onto the metal electrodes, the voltage needed
to make sparks hop between the electrodes was lowered. From this effect, he concluded that the light must be having some
electrical effect, but came to no specific conclusion as to the cause. Later, in 1899, J. J. Thomson suggested that the ultraviolet
light falling onto a metal surface might be triggering the emission of electrons. At this time, Thompson had only just
demonstrated that electrons were tiny charged particles, which he believed were a material component of atoms. Therefore,
the conjecture was that the photoelectric effect was linked to the electrons inside the atoms, of a given metal, being made to
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vibrate by the oscillating electric field associated with the light waves falling on the metal. As a consequence, some electrons
might be shaken so hard that they could be ejected from the metal’s surface.
The next step was taken by Philipp Lenard, in 1902, who
obtained

the

first

quantitative

measurements

of

the

photoelectric effect. Lenard used a carbon arc light to study
how the energy of the emitted electrons varied with the
intensity and frequency of the light. In the course of his
experiments he noted that by increasing the frequency of light
caused the electrons emitted to have more associated energy.
However, it was also noted that that simply increasing the
intensity of the light had no effect at all on the average energy
associated with each ejected electron. This was an unexpected
result as physicists, at this time, believed that the photoelectric
effect resulted from an interaction between electrons and
electromagnetic waves, such that a light with more intensity
should result in electrons being ejected with more energy. Then, in 1905, Einstein put together Lenard's observations of the
photoelectric effect and Planck's idea about energy quanta associated with blackbody radiation. His insight was to recognise
that light is also subject to an energy quantization in which light propagates in the form of a discrete energy quanta defined by
Planck’s equation [E=hf], where [f] is the frequency associated with the light source. As a consequence, Einstein speculated that
an incoming light quantum, i.e. photon, was colliding with an electron on the surface of the metal and transferring its energy to
the electron.
Einstein then went on to describe how a certain amount of energy, called the work function, would be needed to overcome the
force of attraction binding the electron within the metallic lattice before the electron could be ejected. This helped to explain
why there was no photoelectric effect until a certain threshold was reached, after which any ‘surplus’ energy would be
converted into the kinetic energy linked to the ejected electron. Within this model, simply increasing the intensity of radiation,
i.e. the number of light quanta per unit area, would have no effect as the process required the individual photon quantum,
which collided with an electron, to exceed a specific energy threshold. Accepting the energy-frequency relationship implied in
Planck’s equation [E=hf], then explained why increasing the frequency of the light source would result electrons being ejected
with ever greater energy. However, as indicated above, the idea of light quanta was not immediately accepted by the scientific
establishment of the day. In fact, it would take another 16 years before the idea received formal recognition, when Einstein was
awarded the Nobel Prize, in 1921, for his paper on the photoelectric effect. Possibly one of the greatest problems associated
with this work, when initially published, was that it raised the old ‘chestnut’ about the true nature of light:
Is light wave-like or particle-like?
It had taken nearly 200 years, i.e. 1670-1864, to overcome the view that light was particle-like. This particle-like position was
initially established on the basis of Newton’s work, and reputation, and although it had been seriously challenged by many,
th

especially by Thomas Young in the early 19 century, it was only the publication of Maxwell’s equations, in 1864, which finally
shifted the establishment towards the general acceptance of the wave-like nature of light. The implication that the wave
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conclusion could be reversed, in less than 40 years, was possibly too much for the 1905 scientific establishment to accept on
the basis of a speculative hypothesis submitted by a ‘patent clerk’ working in Bern.
Thomas Young is now famously associated with what is called the double-slit experiment. There is a certain irony in that
Young’s experiment would shift the balance of opinion about the nature of light being particle-like to wave-like at the
th

beginning of the 19 century, while Einstein’s work on the photoelectric effect would shift opinion back towards a
th

particle-like nature at the beginning of the 20 century. The irony is not in these events, but rather that Young’s doubleslit would later be used to highlight a profound paradox that is now discussed in terms of the wave-particle duality of
light and matter.
Albert Einstein: 1951
Einstein's photoelectric theory was eventually tested and verified in the

All these fifty years of conscious brooding

laboratory, albeit a decade after its initial publication, by Robert Millikan.

have brought me no nearer to the answer

However, Millikan had originally undertaken the task to prove Einstein wrong

to the question, ‘What are light quanta?’

and uphold the position that light was wave-like in nature. So, at this point,

Nowadays every Tom, Dick and Harry

while we might see that the seeds of the ‘quantum revolution’ had been

thinks he knows it, but he is mistaken.”

sown, although it was not yet time to harvest this idea.
1.1.2.3

Quantized Atomic Orbits

Within the unfolding timeline, we have seen that the fundamental idea of quantized
energy as introduced by Planck, in 1900, in the context of blackbody radiation, which is
then followed up, in 1905, by Einstein paper concerning the photoelectric effect.
However, at this point in time, the scientific establishment is not ready to embrace the
idea of quantization, as in many ways, as it has become increasingly preoccupied with
the issue of the atomic structure. While the history of the atom can be traced back
to ‘Greek Science’ in 400BC, the idea is essentially limited to a philosophical concept of
th

’indivisibility’. In the 17 century, the idea of the atom is resurrected by Robert Boyle,
but is again limited to the idea of ’indivisibility’ of chemical processes. However, in
1898, J.J. Thompson discovers the electron, which he considers to be a negative
charged component of the atom that he assumes are evenly distributed throughout a
sphere of positively charged material. This arrangement becomes known as the ‘plum
pudding’ model of the atom, but is significant in that the ’indivisibility’ of the atom has
now been replaced by some form of sub-structure. By 1909, Ernest Rutherford has
demonstrated that the structure of the atom is mostly empty space with a small
positively charged nucleus, which contains most of the mass, orbited by negative charged electrons. Initially, it was thought that
the electrons might orbit the nucleus, analogous to a microscopically small planetary system. However, this idea was challenged
almost from the outset, as an orbiting electron would be subject to angular acceleration and therefore, in accordance with
Maxwell’s accepted equations, must radiate energy. The net results being that an orbiting electron would lose energy and spiral
into the nucleus under charge attraction between the positive nucleus and the negative electron. So, at this point, science is left
pondering on the question:
What process will explain the structure of the atom?
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One of the people who would take up the challenge posed by the question
above was Niels Bohr, who in 1912 spent 6 months working for Ernest
Rutherford, before returning to work in the physics department of the
Copenhagen University. Given that the topic of the ‘Bohr Model of the
Atom’ has already been outlined in the context of the development of the
classical particle model; the scope of the remaining discussion will
primarily focus on the development of Bohr’s idea of ‘quantized atomic
orbits’. On his return to Copenhagen, in 1912, Bohr was struggling to
resolve the fact that classical physics placed no restrictions on the electron
orbits and Maxwell’s equations suggested that the angular acceleration of
such an orbit must lose energy and spiral into the nucleus. As a first step,
he considered restricting the electrons to ‘special’ orbits, which for
reasons unknown might not radiate energy. As such, Bohr was also
moving towards the concept of quantized orbits, which he initially
described in terms of ‘stationary states’, even though he could not justify
the assumption on which they were based. At this point, late in 1912, Bohr
came across a paper by John Nicholson, who was primarily a

Niels Bohr
Born: October 7, 1885
Died: November 18, 1962
Bohr took his Master's degree in Physics in
1909 and awarded his Doctorate in 1911. In
1912, while at Manchester University, Bohr
adapted

Rutherford's

atomic

structure

towards Max Planck's energy quanta idea,
which then led him to published his own
model of atomic structure in 1913. Bohr went
on to collaborated with many of the top
physicists of the 20th century at his institute
in Copenhagen. He won the Nobel Prize for
Physics in 1922 and went on to be part of a
team of physicists working on the Manhattan
Project.

mathematician with an interest in the atomic structure. While Bohr disagreed with the overall model being forwarded by
Nicholson, he was taken by the idea that the angular momentum of the electron orbits within this model were constrained in
integer multiples of [h/2π]. Without repeating the all the logic of the ‘Bohr Model’, the radius and the energy of the quantized
orbits of hydrogen were calculated from the equations of angular momentum [L]:
Quantized Orbits
The fundamental idea of quantized orbits was
introduced to explain why the energy of
'orbiting' electrons appeared to be restricted
[1]

to certain discrete values. As a consequence
of quantized energy, only certain orbits with

Following this line of reasoning, Bohr was also able to formulate an

certain radii were allowed; all other orbital

expression predicting the energy levels of each of the ‘stationary states’ of

radii simply don't exist. However, the issue as

hydrogen:

to why the orbiting electrons ceased to
radiate energy was not really addressed.

[2]
Having established a hypothesis, later in 1913, Bohr is told of the work of Johann Balmer, who has devised a formula for the
spectral lines of hydrogen, which will provide another vital clue as to the quantized nature of atomic orbits. Balmer had actually
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devised his formula for the observed wavelengths [λ] of the spectral lines of hydrogen in 1884, which took the following form
consisting of 2 integers [m,n] and a constant [b]:

[3]
On seeing Balmer’s formula, Bohr recognized that he could correlate [3] with [2] via equations established by Maxwell and
Planck:

[4]
From this point, the Bohr model can be visualized as shown in the following diagram. Here we see the energy associated with
the spectral lines corresponding to electron transition between a higher to lower stationary states. In so doing, the energy
difference between the two levels results in the emission of a ‘photon’ of a given wavelength. By the same token, an electron
transition from a lower to high stationary state would require the absorption of a photon of a given wavelength.

It might be recognized at this point, the diagram above might also be used in support of the photoelectric effect.
However, in this context, the energy of the photon absorbed has to be sufficient to move the electron outside the orbital
radii of the atom.
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While Bohr would publish a trilogy of papers entitled ‘On the Constitution of Atoms and Molecules’ in 1913, the model would
also raise as many questions as answers. One of the most fundamental departures from classical physics was the lack of any
clarity regarding the position of the electron during a transition between two stationary states. It is also worth pointing out that
while Bohr had accepted the quantization of the atom, he still did not believe that electromagnetic radiation emitted or
absorbed was quantized in the form of Einstein's idea of a discrete photon at this point.
Note: Given 100 years of research and hindsight, it is now known that the Bohr model is only an approximation of the
simplest atom, i.e. hydrogen. Of course, within the current chronological timeline, it is clear that this model was of
fundamental importance in the transition from classical to quantum physics. While Bohr initially used Balmer’s spectral
lines in support of his model, advances in spectral analysis, even as early at 1915, had raised doubts as further details of
the ‘atomic fine structure’ emerged. For example, when the spectral lines of the hydrogen spectrum are examined at
higher resolution, they are found to be closely-spaced doublets, which are not explained by Bohr initial model. In 1915,
Arnold Sommerfeld forwarded a modification of the Bohr model, which had only taken into account circular orbits via
the integer [n]. Sommerfeld’s modification recognized that an elliptical orbital would require two integers [n,k], which
then predicted the doublets in the hydrogen spectra now being observed. However, as early as 1897, Pieter Zeeman had
discovered that magnetic fields also caused spectral lines to split into yet finer structure. Therefore, Sommerfeld added
yet another integer [m], which was initially described in terms of the orientation or plane of the orbit. Later, it was
recognized that the spectra measured in an external magnetic field could still not be fully predicted with just [n, k, m]. A
solution to this problem was suggested, in 1925, by George Uhlenbeck and Samuel Goudsmit by the introduction of a
fourth quantum number defined in term of binary spin number. Today, the concepts of physical electron orbits have
been replaced by the concept of orbitals, which are essentially a mathematical function that describes the wave-like
behaviour of an electron or pair of electrons in an atom. In this context, the function simply specifies the probability of
finding an electron in a given region around the atom's nucleus – see ‘Atomic Shells’ for more details.

1.1.2.4

Wave-Particle Duality

Historically, we might trace the issue of wave-particle duality back to the
th

17 century, when Isaac Newton and Christiaan Huygens forwarded
competing ideas as a description of the fundamental nature of light. Newton
preferred what he called the ‘corpuscular’ or particle theory of light, while
Huygens backed a wave theory of light. Given the status of Newton’s
reputation, the establishment came to accept that the fundamental nature of
light aligned to a particle description, although there were known anomalies
that still seemed to be best described by a wave model. By the early

Nature of Light
Within a classical perspective, it had finally
been decided that the nature of light was
best described in terms of a wave - see
link. However, in contrast, quantum theory
appeared be making this distinction ever
more ambiguous.

th

19 century, some of these ‘anomalies’, e.g. diffraction, were becoming increasingly problematic within the particle model. In
1801, Thomas Young performed what is now know as the double slit experiment, which renewed the debate about the waveparticle duality of light. So, in 1864, the publication of Maxwell’s equations and the description of light as an electromagnetic
wave appear to provide conclusive proof that light was indeed a wave. However, as previous outlined, Einstein would re-ignite
the debate, in 1905, with the publication of a paper describing the photoelectric effect. In this paper was the suggestion that
light travelled as discrete bundles of energy characterised by the relationship [E=hf], which would later be called photons.
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While Einstein had renewed the wave-particle debate, as early as 1905, the idea of the

Newton: 1687

photon was not generally accepted. In part, we might recognise that the scientific

Light consists of particles.

establishment had only just consolidated its acceptance of light as wave, based on

Huygen: 1687

Maxwell’s description of electromagnetic wave; as such, there may have been little

Light consists of waves.

appetite to re-open the wave-particle duality debate. However, while this position

Maxwell: 1870

concerning the duality of light would be maintain for the next 20 years, by 1922,

Light is an EM waves.

substantial evidence in support of photon model would be submitted in the form of

J.J. Thompson: 1897

Compton’s scattering. This would be further compounded, in 1924, by the publication of

Electrons are particles.

the doctoral thesis of Louis deBroglie in which he forwarded that idea that the wave-

Einstein: 1905:

particle debate also encompassed matter particles as waves, as well as light wave as

Light consists of particles.

particles. In many respects, the debate that followed is possibly more representative of the

DeBroglie: 1923

true dawn of quantum theory and where we re-join the historic timeline in the following

Electrons are waves.

sub-pages:


Compton Effect

Schrodinger: 1926



DeBroglie Wavelength

Both matter and light exhibit properties of



Dispersion

both waves and particles.



Matter Waves
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1.1.2.4.1

Compton Effect

Even by the early 1920's, the particle-like nature of light, i.e. the photon, as

Arthur Compton

implied by the photoelectric effect in 1905, was still being debated. In this

Born: Sept 10, 1892

context, an experiment carried out by Arthur Compton, in 1922, would be

Died: March 15, 1962

forwarded as further independent evidence in support of light’s particle-

While studying X-rays between 1918-1922,

like behaviour. The Compton Effect, also referred to as Compton Scattering,

Compton found that the wavelength of X-rays

is analogous in set-up to the photoelectric effect in that it involves the

increased

collision between high-energy photons and electrons in some given target.

electrons. However, it was the interpretation

However, in this case, the focus of the observations is on the fact that the

of this effect, which would earn Compton the

scattered radiation experiences a wavelength shift, which could not be

Nobel Prize in physics in 1927

when

in

collision

with

free

explained in terms of classical wave theory. During the experiment,
Compton observed the scattering of X-rays by electrons in a carbon target and found that the scattered X-rays had a longer
wavelength than the X-ray originally incident upon the target. The change in the wavelength increased with scattering angle
according to the Compton formula:

[1]
Compton then explained the results of [1] by assuming the light
had a particle-like nature in which kinetic energy was conserved in
the collision between the photon and the electron. In this context,
the scattered photon would have lower energy, after the collision,
and therefore have longer wavelength in accordance to the Planck
relationship:

[2]
16

19

As the diagram above indicates, Compton used X-ray photons, which exist in the frequency range of 3*10 to 3*10 hertz,
simply because they have enough energy [E=hf] to recoil an electron. However, there is another implication that follows on
from the particle-like nature, which allowed Compton to also equate [2] to Einstein’s famous energy equation

[3]
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The numeric values shown are based on the assumption that the scattering
occurs in the rest frame of the electron. In the Bohr model of hydrogen, the
orbital velocity of the electron in the ground state of hydrogen was
estimated to only be around 1% of the speed of light [c], as such, we might
assume negligible relativistic effects on the rest mass of the electron.
It should be noted that the idea of electrons physically orbiting the
nucleus will later be questioned by quantum theory.
However, the result in [3] defined what subsequently became known as

History of Photons
The term photon was coined by Gilbert Lewis
in 1926. However, by the beginning of the
20th century, it was generally assumed that
light was a wave. Although Einstein had
published his paper on the photoelectric
effect in 1905, the idea of the photon quanta
was really only accepted after Compton's
work was published in 1922.

Compton’s wavelength [λ] for the electron, because the mass of the electron was substituted into [3]. Whether this wavelength
really has anything to do with the electron might be questioned further in the context of a particle-like collision between a
photon and an electron. For example, the original assumption in [3] can be transformed such that it yields an equivalent kinetic
mass for a photon:

[4]
At this point, the subscription of [mi] reflects the initial effective kinetic mass of the incident X-ray photon in Compton’s
experiment, i.e. prior to the collision, which we want to interpret as having a particle-like mass. If we make the assumption that
this collision conforms to an elastic collision, we can describe the conservation of kinetic energy as follows:

[5]
What we see in [5] is that some portion of the kinetic energy of the incident photon is transferred to the ‘stationary’ electron,
whose rest mass [me] remains unchanged, but which then acquires a non-relativistic velocity [v2] due to the collision. The only
way to maintain the conservation of energy in this case is to assume that the initial kinetic mass [m i] of the photon falls to [mf],
which actually reflects a decrease in the frequency [f] or alternatively an increase in the wavelength [λ] of the photon.

[6]
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In the context of [6], Compton’s wavelength is simply the wavelength of the post-collision photon. As such, there is no physical
inference that this wavelength is an attribute of the particle; as in the context of an elastic collision, it always remains an
attribute of either the incident or scattered photon. As such, Compton was only pointing towards the fact that light had a
particle-like nature. The inference that particles, e.g. electrons, had a wave-like nature would have to wait for de Broglie's
hypothesis in 1924. Although Einstein had won the Nobel Prize in 1921 for his work on the photoelectric effect, this prize was
given for the discovery of the law associated with the effect and did not endorse the idea of light quanta. However, Einstein did
not give his Nobel lecture until July 1923 at which Bohr also spoke and
made a comment along the following lines:

So what is a photon?
A photon is described as an 'elementary

“In spite of its heuristic value, the hypothesis of light quanta is
irreconcilable with inference phenomena and is not able to throw
light on the nature of radiation.”

particle' that acts as the fundamental quanta
of all EM interactions. It is also described as
the force carrier for the EM force. This said,
even to this day, you will be lucky to find any

In the context of the historical timeline being followed, this comment was

accepted structural description of a photon.

made after Bohr had learnt about the Compton Effect. However, at this point, Bohr was still convinced about the wave-like
nature of light such that he even suggested that the conservation of energy, on which Compton had predicated his analysis,
might not be totally applicable on the sub-atomic scale. While Compton was able to eventually prove Bohr wrong on this point
in 1925, Einstein had already hinted at the prospect of wave-particle duality in 1924 along the following lines:
"There are now two theories of light, both indispensable and, as one must admit today despite 20 years of effort,
without any logic connection”
However, the debate surrounding the wave-particle nature of light would quickly be extended to matter particles, in 1924,
when Louis de Broglie submitted his PhD thesis entitled “Researches on the quantum theory” in which he outlined the idea that
particles, like electrons, might also have wave-like attributes.
1.1.2.4.2

de Broglie Wavelength

By 1924, nearly a quarter of century has passed since Planck had first introduced the
idea that energy might be quantized in the context of blackbody radiation. Although
Einstein had extended this idea, as early as 1905, with the publication of his paper
addressing the photoelectric effect, the full implications of quantum theory were
either not realised or not accepted. In 1913, Bohr’s model of the atom renewed the
scope of energy quantization in terms of atomic orbits, but the idea of quantized light,
i.e. the photon, was still rejected by Bohr himself. In fact, Bohr was still rejecting the
notion of the photon, even after the initial publication of Compton’s scattering
experiment, in 1923. However, by this time, the idea of quantized light conforming to
Planck’s equation [E=hf] had gained some general acceptance. In 1924, the work of
Louis de Broglie would reverse the original direction of the debate by proposing that
particles, such as electrons, also had a complementary wave nature. Without initially
scrutinising the mathematical logic underpinning de Broglie’s idea too much, we
might summarise his thinking as follows:
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If a light wave can behave as a particle, is it possible for a particle to
behave as a wave?

Born: August 15, 1892

However, we might based this premise on some sort of mathematical
foundation

by

simply

Louis de Broglie

repeating

the

logic

that

led

to

Compton’s

equation showing the relationship between momentum [p] and wavelength [λ]
based on the ‘duality’ of Planck’s and Einstein’s energy equations:

Died: March 19, 1987
deBroglie had originally studied the
humanities and received his first degree
in history. However, his later interests
were drawn to physics and by 1924 had
submitted

his

doctorate

paper

for

evaluation. In this paper, deBroglie
[1]

extended the idea of wave-particle
duality to particles, such as the electron.

If we start from the original accepted position of light as a wave, the idea

However,

forwarded by Compton, in support of the photon was actually that light had a

examiners were unsure of this idea,

kinetic mass, which can be then be described in terms of momentum [p], such

deBroglie's thesis was forwarded to

that we need to arrange [1] as follows:

Einstein for evaluation and based on

because

his

doctorate

Einstein's endorsement, deBroglie was
awarded his doctorate.

[2]

In [2], the definition of momentum is anchored in the constancy of the velocity [c] of a photon in vacuum and while having no
rest mass, exhibiting an effective kinetic mass [mk], which can be linked to the photon’s frequency [f], as defined in [1]. So, in
many ways, de Broglie’s solution appears to simply extend the relationship in [2] to a particle, where the momentum [p] is now
the product of the particle’s mass [m=γm0] and its velocity [v].

[3]
Before pursuing the premise underpinning [3], it might be useful to first cross-reference deBoglie’s idea with Bohr’s model of
the hydrogen atom, which provided an estimate of the electron’s velocity [v] in the ground state of hydrogen. If we combine
this non-relativistic velocity with the estimated mass of an electron, we can calculate its wavelength to a first order of
approximation:

[4]
As another way of explaining the quantization within Bohr’s atomic model, deBroglie
postulated that an electron orbiting the nucleus of a hydrogen atom could only occupy
discrete orbits due to the wave nature of the electron. Within this extended wave model;
the circumference of the electron’s orbit had to equal an integral number of wavelengths.
We might carry out a provisional test of this idea by assuming that the result in [4]
corresponds to the circumference of the electron orbit in the ground state of hydrogen. If
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so, we might divide this figure by [2π] and see if the result corresponds to
the estimated orbital radius of the ground state:

Experimental Proof?
In 1927, Clinton Davisson and Lester Germer
performed an experiment in which they fired
electrons at a crystalline nickel target. The
resulting

[5]

diffraction

pattern

matched

deBroglie's predicted wavelength. As result,
Within the limits of the approximations being made, this would appear to

deBroglie won the 1929 Nobel Prize, which

be a reasonably accurate estimate, which supports deBroglie’s general

was also the first time this honour had ever

hypothesis that particles also have a wave-nature complementary to the

been

particle nature of light. As such, the controversy known as the wave-

Subsequently, Davisson & Germer won the

particle duality now appears to have been extended to matter, although

1937 Nobel Prize for their work.

awarded

for

a

Ph.D.

thesis.

we might try to put this ‘duality’ into some initial perspective:


An object is a particle when the probe is much bigger than the wavelength.



An object is a wave when the probe is much smaller than the wavelength.

In terms of the result in [4], the suggestion is that probing an atom on a scale larger than 10

-10

metres will return the perception

that the atom, as a whole, is a single particle, even though it is known to have a sub-structure. So, the suggestion is that subatomic particles would require very, very small ‘probes’ in order to examine any implied wave structure associated with these
particles. However, while the definition of the deBroglie wavelength appears to be giving us some insight into some potential
wave structure, the details of this wave structure remained far from clear within the emerging scope of quantum theory at this
point in the timeline of developments. So, having established some basic concepts, let us highlight some possible issues that
may require further clarification; starting with an alternative derivation of [3]:

[6]
The derivation in [6] has the same starting point as [1], but has now generalised the propagation velocity of the particle wave
by using [v], not [c], which is specific to the propagation of light. However, this one simple change appears to have now
obscured the key relationship between wavelength [λ] and momentum [p]. At face value, the only way [6] can be restored to
the form in [3] is to make what appears to be a very strange assumption given the postulate of special relativity concerning the
speed of light:

[7]
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Clearly, we will need to examine the implications resulting from [7] in

Louis de Broglie

more detail, but we might see that there is an initial suggestion for some

"Thus with every advance in our scientific

sort of wave with a phase velocity [vp] greater than the speed of light [c].

knowledge new elements come up, often

However, we need to question this perception, not only because it

forcing us to recast our entire picture of

appears to violates special relativity, but because we need a model of the

physical reality. No doubt, theorists would

matter wave that remains collocated with the particle in space. As such,

much prefer to perfect and amend their

we need to define some sort of wave that has a propagation velocity in

theories rather than be obliged to scrap them

the range [0<v<c], i.e. comparable to the particle, which might be better

continually. But this obligation is the condition

described in terms of a standing wave, when [v=0]. However, in

and price of all scientific progress."

contradiction of its name, a standing wave can propagate through space,
when described in terms of the superposition of two or more travelling waves. However, before discussing the potential
structure of a particle wave packet, we need to introduce the concept of ‘Wave Dispersion’.
1.1.2.4.3

Wave Dispersion

In physics, dispersion typically refers to a frequency-dependent effect
relating to the propagation of a wave. In the presence of dispersion, the
wave velocity can be described in terms of a phase and group velocity –
see next discussion for further details. By way of an initial example,
dispersion might be characterised in terms of the separation of white
light into its colour components, when passing through a prism.
However, the effect of dispersion depends on the interrelation of wave
properties, such as wavelength [λ], frequency [f], velocity [v]. Dispersion may also be caused by geometric boundary
conditions, e.g. the refractive index [n] of the medium through which the wave is propagating. However, in the context of the
present discussion, elementary particles are being considered in terms of matter waves, which appear to have a dispersion
effect even in the absence of any geometric boundaries, i.e. when passing through a vacuum. Before considering the specific
effect of dispersion on matters waves, there may be some value in reviewing some of the general effects of dispersion.
1.1.2.4.3.1

Dispersive and Non-dispersive Media

Sound waves travelling through air can be described as non-dispersive, as

Wave Dispersion

all the different frequencies making up a sound arrive in synchronization

As a generalisation, wave dispersion is

at any point. If this were not the case, a musical concert comprising of a

normally making reference to the fact that

‘spectrum’ of sound waves would seem discordant when heard from the

waves of different wavelengths propagate

back of the hall, i.e. if different notes arrived at different times. In

with a different phase velocity through some

contrast, surface waves travelling across the ocean can be described as

given medium.

dispersive, as water waves of longer wavelength, as found in tsunami, can
travel much faster than shorter wavelengths.
1.1.2.4.3.2

Plane waves in vacuum

So, as a generalization, dispersion occurs when pure plane waves of different wavelengths have a different propagation velocity
[v], such that a superposition of waves of mixed wavelengths would tend to spread out in space. The use of [ω] and [k] can be
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linked to the description of both the phase velocity [ω/k] and the group
velocity [dω/dk] and the basic formulation of a sine wave as follows:

Nature of Dispersion
Whether dispersion is a factor depends on
the waves in question and the medium
through which the waves propagate. Within
the scope of wave-particle duality, we need
to understand how this attribute might apply
to photons and matter waves

[1]
1.1.2.4.3.3

Electromagnetic waves

In the case of electromagnetic waves, in vacuum, we have a clear example of the relationship between energy [E] and
frequency [f] and a defined propagation velocity [v=c], which then defines the wavelength [λ]:

[2]
This is a linear or non-dispersive relationship. As such, the phase and group velocity are said to be both equal to [v=c], although
physically, the group wave does not exist in this case.

[3]
1.1.2.4.3.4

de Broglie matter waves

These waves are being characterized by the deBroglie relationship
between the wavelength [λ] and momentum [p] of the particle:

Dispersion Effect
A matter wave is often modelled as a wave
packet constructed from component waves
with different wave numbers [k]. As such, each
component wave might

propagate at a

different velocity. If so, the form of a matter
wave packet may disperse as a function of

[4]

time.
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However, the deBroglie relationship also extends to the energy [E] definition of the matter wave, which we might relate to the
frequency [f], when described in wave-like form and the kinetic energy, when in particle-like form:

[5]
While there are some ambiguities in [5] regarding the scope of the total energy versus the kinetic energy, if we simply equate
the two definitions in [5] and substitute for momentum [p], as defined in [6], we appear to have a dispersive relationship for a
matter wave.

[6]

At this point, we shall simply defer discussing the implication of the dispersive
nature of matter waves until after we have introduced a few other topics,
which will eventually lead to Schrodinger’s wave theory and the time evolution
of matter waves.
1.1.2.4.4

Matter Waves

Equation [6] of a previous discussions, which attempted to introduce the basic

What is a matter wave?

premise underpinning the idea of the deBroglie wavelength, also raised some

While this appears to be a key question,

doubts concerning the central relationship between wavelength [λ] and

it is not clear that quantum mechanics

momentum [p]. One key problem seems to stem from the generalisation of the

actually provides an answer that most

propagation velocity [v=fλ], which then altered the derivation anchored in

people might accept as a physical

equating the Planck and Einstein expressions for energy, e.g.

description. For it appears to be an
assertion of quantum theory that we
can never directly observe a matter
wave. As such, we only 'see' the results
that can be explained by them. On this
basis, some people assert that a matter

[1]

wave

is

only

a

mathematical

However, one of the issue implicit in [1] is whether the energy of a matter wave

abstraction, which allows us to explain a

is associated with the concept of total or kinetic energy. However, let us initially

given observation.

examine the suggestion that any wave associated with a particle must somehow remain collocated with the particle in both
time and space, such that both have the same velocity [v].
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In order to satisfy this requirement, it was suggested that any matter wave
associated with a particle, like the electron, might have a structure that was
more aligned to the description of a superposition wave, which introduces
the concept of both a phase [vp] and group [vg] velocity. Again, at this point,
we might introduce some basic wave terminology by way of reference:

Quantum Paradox?
Whether

you

accept

the

ultimate

ambiguity of matter wave is, of course, up
to you to decide. The following article by
Art Hobson entitled 'Teaching Quantum
Physics Without Paradoxes' might help you
to explore concepts that extend beyond
the scope of this website. The following
quote is taken from this article in which the
question about 'what is matter wave?'
appears to have been changed to 'what is a
matter field?'

[2]
As a basic visualization, the first animation right is trying to represent two
sine waves propagating in space and time. However, these waves are also
shown combined in superposition to produce the standing wave pattern. As
indicated, standing waves can also have a propagation velocity depending
on the attributes of the underlying waves. However, the length of a
superposition wave packet can be finite based on the sum total of all the
underlying waves at each point in space. As such, the second animation
might possibly be a better initial visualization of a ‘conceptual’ matter wave
moving through space, at least, if constrained to one dimension. It is in the
nature of these waves that the propagation of the standing wave is
associated with the group velocity [vg], while the phase velocity [vp] is
associated with the underlying travelling waves.


Phase Velocity [vp]:
This might initially be visualized as the propagation velocity of a single
frequency wave travelling with respect to space [x] and time [t]. This
velocity results from the fundamental geometry of the ‘travelling
wave’ and is defined by the expression [vp=ω/k] that may be reduced to the form [vp=f λ].



Group Velocity [vg]:
This is the speed of a superposition wave, which is sometimes referred to as a ‘standing wave’. The group velocity is
defined by the expression [vg=∂ω/∂k] and may take the range [0<vg<c] on the assumption that no physical travelling wave
can exceed the speed of light [c].
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While [2] provides a basic definition of the phase velocity [vp] , we also need to try to develop some better insight regarding the
relationship between energy [E] and momentum [p], which are both important quantities associated with a wave.

[3]
While there are aspects of de Broglie’s derivation of the particle wavelength [λ=h/p], which requires further scrutiny,
experiments have apparently confirmed this relationship. It is also known that this relationship is unambiguous in terms of the
Compton wavelength for photons. So, from [3], we might now try to quantify the phase velocity of a photon and a particle by
substituting for the energy [E] in [3], while making a few assumptions about each ‘particle’ in question:

[4]

Robert Mills
“The only way to have a consistent relativistic

In the case of [4], we appear to arrived at a definition of the phase

theory is to treat all the particles of nature as

velocity [vp] for a photon and a matter particle based on the assumption

the quanta of field. Electrons and positrons are

that the photon has no rest mass [m0] and the particle being constrained

to be understood as the quanta of excitation of

to a non-relativistic velocity, i.e. [v<<c]. At this point, we shall simply

the electron-positron field, whose ‘classical’

highlight the inference that the phase velocity of a component particle

field equation, the analogue of Maxwell’s

wave would appear to be greater than the speed of light [c]. However,

equations for the EM field, turns out to be the

from [2], we might also extend the arguments in [3] to the group velocity

Dirac equation, which started life as a

[vg]:

relativistic

version

of

the

single-particle

Schrodinger equation.

[5]
In the context of [5], we are now making reference to the change in energy, which might be interpreted as the kinetic energy.
Again, we might now try to quantify the nature of the group velocity [vg] for a photon and a particle:
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[6]
So based on the assumption that the matter wave might be better described in terms of a superposition wave with a group
velocity [vg] aligned to the kinetic velocity [v] of the particle, we might consider revising the definition of energy in [1] to kinetic
energy:

[7]
In the context of [7], we have now assumed that the energy associated with the group velocity corresponds to the kinetic
energy of the particle, not the total energy. However, while the form appears closer to that of the deBroglie wavelength, there
is still an additional factor of 2, which must be reflected in either the wavelength [λ] or the velocity [v]. However, if we are to
map the particle-like description, of say an electron, into a wave-like description, we also have to consider the issue of localizing
the particle and the wave in the same region of space. So let us assume that an electron is moving from A to B through a
vacuum. At some intermediate point, between A and B, we might reasonably assume that the wave amplitude, whatever that
implies, must be non-zero within this localized region of space, but zero at both A and B. However, if we assume that the
electron has kinetic energy [E], it must also have a defined momentum [p], which implies that the wave has a defined
wavelength [λ]. Based on these assumptions, we might initially start by considering a general wave function of the form:

[8]
However, a sine wave that fits this description would conceptually extend to infinity in both spatial directions and could not
therefore represent a particle, whose wave function is assumed to only be non-zero within a small region of space. Again, at
this point, we might return to the animation above, which tries to represent a localized waveform moving through space with a
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group velocity [v=vg] with the range [0<v<c]. As such, we might initially try to formalize a simple waveform in terms of a
superposition of just two waves with slightly different wavelengths:

[9]
Now, the first term, sin(κx-ωt) is reflective of the average frequency of the two waves being used in this example, which is then
modulated by the second term, which creates a standing wave that extends over a distance defined by [π/Δk]. In defining
[Δx=π/Δk], we are labelling the distance over which the waves are initially in phase and then go out of phase. However, in order
to describe a single electron moving through a localized region of space, we need a wave function that leads to a single wave
packet, which can be achieved by assuming a continuous distribution of wavelengths within the wave packet.

In this case, the sum of all the waves will still be out of phase after a distance in the order of [Δx=π/Δk] , but because of the
continuous range of different wavelengths, the superposition or standing wave never gets back in phase. So, based on previous
arguments, we might model an approximate wave packet by estimating the spread in wavelength localized in a region of space
defined by [Δx], which can be constructed from waves having spread of [k] over a range [Δk] such that:

[10]
In the context of [10], we see that there is an implication that the precise position of the wave-particle might have a degree of
uncertainty due the distribution of wavelengths underpinning the superposition wave packet. As such, we might use this idea as
some sort of initial resolution of the apparent discrepancy in [7]:
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[11]
In the current context [Δx] is a measure of the length of the wave packet in space, which approximates to the half wavelength
[Δλ/2]. In this context, the accepted form of the deBroglie wavelength might actually correspond to [Δx], although eventually
the ambiguity of a particle’s position [Δx] and momentum [Δp] will have to be discussed under the wider context of
‘Heisenberg’s Uncertainty Principle’. However, there still seems to be an open question regarding the wave packet model
discussed so far:
Does this model really reflect physical reality?
While, at this stage, we shall try to avoid any philosophical implications concerning the scope of physical reality, there is still a
basic concern regard the construction of a superposition wave, i.e. the wave packet, from a continuous distribution of waves
2

with different wavelengths propagating with a phase velocity [vp=c /v], i.e. in excess of [c].
1.1.2.5

Evolving Quantum Model

So, by the end of 1924, many of the basic concepts that would
come to underpin the next phase of the development of quantum
theory were in place. In subsequent sections of this on-going
discussion, we will review the development of Heisenberg’s matrix
mechanics and Schrodinger’s wave mechanics. However, before
moving onto this level of detail, let us take a moment to reflect on
what had already started to emerge from the quantum model.
Planck’s initial concept of quantized energy, in 1900, is often
assumed be the start of the quantum age; although it is not
apparent that any real ‘quantum shift' in physics took place at this
very initial stage. Again, while Einstein’s work on the photoelectric
effect, in 1905, is now recognized as another milestone in the
development of quantum theory, the idea of quantized light, i.e.
the photon, would not be generally accepted for another 20 years.
In this context, many may therefore cite Bohr’s atomic model, in
1913, as a more profound shift towards the quantum nature of the
sub-atomic world of the atom. However, there is another argument that quantum physics only really began to take shape once
the full nature of the wave-particle duality was recognized through the work of Compton, in respect to the photon,
and deBroglie, in respect to matter waves. Initially, in 1913, the concept of Bohr’s atomic model rested on the idea of quantized
angular momentum, but did not really provide any physical rationalization for this effect. Only later, in 1924, would the
deBroglie wavelength put forward some sort of physical explanation in terms of the restriction being placed on the electron
‘orbits’ due to integral wavelengths.
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At this point, it is possibly worth reflecting on whether an underlying wave structure, restricted by the superposition of
integral waveforms, provides the more fundamental, and more rational, explanation of the quantization perceived in so
many sub-atomic processes.
As has been pointed out, Bohr’s initial atomic model, assumed circular
orbits, which could not explain the spectral lines linked to the Zeeman Effect
caused by a magnetic field. So, as early as 1916, Sommerfeld had to
introduce the idea of elliptical orbits, in addition to circular orbits, in order
to explain the spectral doublets of hydrogen. However, as the science of
spectroscopy advanced, the atomic spectral lines were seen to split into
evermore finer detail, which required even more esoteric concepts to be

Niels Bohr
There is no quantum world. There is only an
abstract physical description. It is wrong to
think that the task of physics is to find out
how nature is. Physics concerns what we
can say about nature.

introduced, e.g. electron spin. These additional concepts are described as ‘esoteric’ in the sense that they still appear to allude
to particle-like concepts, which are often impossible to quantify in terms of the particle model. Therefore, in order to bring the
wave model into some sort of initial focus, this specific discussion will depart from the chronology of developments so as to
highlight the pending impact of a wave model on the overall development of the atomic model. While, at this point, we have
only outlined some of the basic concepts and issues surrounding matter waves, we might still make the following statement.
Today, as an accepted generalisation, quantum behaviour is based on the assumption that all particles are waves,
whose wavelength is inversely proportional to the particle’s momentum [λ=h/p]. Therefore, in the quantum world, the
behaviour of a particle is described in terms of quantum wave mechanics, which although still linked to the conservation
of energy, replaces Newton’s laws of particle motion.
While we have not yet discussed the full implications of quantum waves, we might initially assume that they still obey certain
basic rules of wave mechanics in that they are associated with energy and momentum. However, at this stage, what is possibly
of more interest is the description of a quantum wave in terms of some constructive and destructive superposition process,
which might explain why there are regions in space, which become quantized into discrete energy bands. It was in this context
that deBroglie initially postulated that an electron, orbiting the nucleus of a hydrogen atom, could only occupy discrete orbits
due to the wave nature of the electron. However, with the benefit of hindsight, it may be possible to construct an extended
wave model of an atom in which the concept of an electron, as a particle orbiting the nucleus, completely disappears. As such,
what emerges is a model of allowed wave states that reflect the idea of superposition waves surrounding the 3-dimensional
space centred on the nucleus. In this context, a hydrogen atom in its ground state represents the simplest standing wave
configuration, which can be extended to more complex 3-dimensional patterns comprising of shorter integral wavelengths, i.e.
higher frequencies and therefore higher energy. Unfortunately, even today, the description of the atomic model still appears to
be overloaded with particle visualisation, e.g. atomic orbital and electron spin. However, in order to cross-reference standard
text describing the molecular model, it is necessary to define the following description of what are called the electron quantum
numbers:


Principal number N:
Is often described in terms of the size of the orbital, which can be cross-referenced to what is also called the atomic shell,
where n=1 stands for K shell, n=2 for L shell etc.
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Angular number L:
Can be thought to describe the shape of the orbital, which can have values of [0 to N-1], where [N] is the principle number
above. So, with N=3, the L number can take the values [0..2]. This number can also be aligned to the description of atomic
orbitals of the type [s,p,d or f], e.g. [s, L=0], [p, L=1] etc.



Magnetic number M:
Describes the orientation of an orbital in space, which can take the values from -L to +L. So for L=0,1,2 you get M=-2,1,0,1,2.



Spin number MS:
While often said to describe the direction of spin, this physical visualisation is misleading in the context of a wave model in
which the electron does not exist as a particle. As such, it might be better thought of as the phase relationship of the wave
in superposition, i.e. [+] or [-].

As indicated, within the context of a wave model, it might be better to consider these numbers in terms of a superposition of
harmonic waves that can create different standing wave patterns in the 3-dimensional space surrounding the nucleus of an
atom. These superposition patterns require integral wavelengths, which possibly make it easier to see why the energy levels
within the atom becomes quantised. Of course, higher order integral wavelength patterns are only possible, if higher energy is
available, as associated with a higher frequency. As such, the complexity of what was originally considered to be electrons
orbiting the nucleus converts into the complexity of 3-dimensional wave patterns. While this complexity still needs to be
understood, it is possibly easier to understand as there appears to now be some physical rationale supporting the process
under investigation. In the following diagram, the wave pattern complexity is subdivided into separate rows, aligning to the
quantum numbers defined above, i.e. N, L and M.
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In this form, we might describe each row, in the diagram above as a cross-sectional plane defined by spherical coordinates
[r,φ,θ] of 3-dimensional space, where [N=r], [L=φ] and [M=θ]. In the case of the Bohr model for hydrogen [1,0,0], the wave
pattern assumes spherical symmetry around the nucleus. However, as the values of [N,L,M] increase, the collective patterns
become increasingly complex, as illustrated in the next diagram, which tries to extend the previous diagram towards a 3D
visualisation:

In the first row of the diagram above, the 3-dimensional shell structure is
also shown in cross-section, so that the nested shell structure can be seen.
These cross-sections align to the first row in the previous diagram. In
practise, this wave model of the atomic structure of the heavier elements,
having dozen of electrons ‘orbiting’ a nucleus with both protons and
neutron, becomes an increasingly unwieldy description, which possibly
explains why it collapses back into the preferred particle description of

Albert Einstein
What nature demands from us is not a
quantum theory or a wave theory; rather,
nature demands from us a synthesis of
these two views which thus far has
exceeded the mental powers of physicists.

classical physics and chemistry. However, it seems clear that the concept of a particle is only a ‘matter’ of practical convenience
and not a true reflection of what appears to be the more fundamental wave structure of matter in the quantum universe.
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1.1.3

Mathematical Framework

In the previous section, some attempt was made to outline a few
basic concepts that started to initiated the transition from classical to
quantum physics. As such, these discussions were still anchored in a
physical interpretation of the various effects, which the pioneers of
quantum theory then sought to describe within a mathematical
framework, which was more reflective of quantum mechanics than
Newtonian mechanics. Today, many of the papers discussing the
development of this framework will simply start from a position
already predicated on so much mathematical abstraction that, for
many, it can represent an impenetrable barrier to further
understanding. This problem is often compound by the impression of
there being little attempt to anchor any of the abstractions to any
meaningful physical description of the quantum universe. While
many of us will start our journey into science armed with a basic
understanding

of

the

mathematics

underpinning

Newtonian

mechanics, we may quickly arrive at situations where the complexity
of the system cannot be resolved by applying Newton’s laws to
individual particles. For example, applying Newton’s laws of motion
to a volume of gas containing billions of ‘particles’ is not really a

Maurice Allais

practical approach and so Newtonian mechanics gives way to the

Any author who uses mathematics should

statistical mechanics of thermodynamics. Likewise, while Einstein had

always express in ordinary language the

his great insight into special relativity in 1905, it required another 10

meaning of the assumptions he admits, as well

years to develop general relativity, primarily because Einstein had to

as the significance of the results obtained. The

learn and develop his ideas within the mathematical framework of

more abstract his theory, the more imperative

differential geometry encompassing both matrices and tensors. History

this obligation. In fact, mathematics are and

also suggests that Heisenberg, who is often associated with the initial

can only be a tool to explore reality. In this

development of matrix mechanics, did not actually know what a matrix

exploration, mathematics do not constitute an

was, when he first started to develop his ideas. Within the historical

end in itself, they are and can only be a means.

context of the last 100 years, the description of many physical systems
has become increasingly abstracted, as science progressed beyond the realm of ‘human experience’ and, in many ways, any
intuitive understanding of the underlying physics. As such, physics and mathematics have become joined in an ever closer
partnership, which can often appeared to undermine the traditional role of experimental verification. However, human
experience might still tell us that it is possible to construct a seemingly logical hypothesis, which is mathematical consistent, but
which is eventually shown not to be fully consistent with subsequent observations. We might characterise this human
experience in terms of the following quote:
"For every problem,
there exists a simple and elegant solution,
which is absolutely wrong.
J. Wagoner "
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So, at this point, we shall continue to follow the basic chronology of developments, which were to influence the fledging
science of quantum mechanics at the start of 1925. In this context, Newton’s great work called ‘Mathematical Principles of
Natural Philosophy’, i.e. the ‘Principia’, was still considered to underpin much of the established view of science, as it had since
its publication 1687. Of course, within the subsequent 250 year period, there had been many developments, especially in the
field of mathematics that had begun to modify the presentation of Newtonian physics. However, before introducing some of
the mathematical ideas, which would help reformulate Newtonian mechanics, it might be worth simply summarising a few
basic Newtonian concepts that would be later challenged by quantum mechanics:

[1]
In [1], we see a summary of some key equations normally associated with a physical particle of mass [m], which are anchored in
position [x] and the change in position with time [t]. In this context, the idea of kinetic energy [T] is an attribute that we might
associated with the mass [m] in isolation. However, we known that in order to define the total energy of a particle, we need to
include the idea of potential energy [U], but this requires a description of a system of two of more particles, e.g. gravitational or
charge potential. As such, the actual definition of potential energy depends on the nature of the system, but can be generalised
as being a function of position, i.e. U(x).

[2]
One other footnote that may be worth mentioning, as a scalar quantity, potential energy is usually considered to be negative
with respect to kinetic energy. As such, the total energy may be zero, if the system as a whole contains positive kinetic energy
and an equal amount of negative potential energy. In the following introduction of Lagrange and Hamilton mechanics, the basic
results in [1] and [2] essentially remain unaffected, although the methods by which the results are obtained may appear to be
expressed within a greater amount of mathematical abstraction. Whether you like these methods often depends on familiarity
plus your preference for mathematical, as opposed to physical descriptions.
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1.1.3.1

Lagrange Mechanics

As indicated, Lagrange mechanics is a re-formulation of classical mechanics, which
combines the conservation of momentum with the conservation of energy. It was
introduced by the mathematician Joseph-Louis Lagrange in 1788. In Lagrange
mechanics, the evolution of a physical system is linked to the solution of an
equation, which describes the ‘action’ of a system. Although Lagrange mechanics is
still equivalent to Newton's laws of motion, one of its stated advantage is that the
solution can take the same form in any system of coordinates, and is therefore
better suited to generalization. So, if we assume that the fundamental forces in the
universe are all conservative, we might represent the idea of a force in terms of a
potential gradient and rewrite Newton’s second law as:

[1]

Joseph-Louis Lagrange

The syntax of [1] can also be presented in vector form using the gradient operator:

Born: Jan 25, 1736
Died: April 10, 1813
Lagrange

was

not

only

a

mathematician, but an astronomer,

[2]

who made significant contributions
In [1] and [2], we are adopting the convention of using [q] to denote position,

to number theory and classical and

which may be specified in 1, 2 or 3-dimensions using different coordinate systems,

celestial mechanics.

e.g. Cartesian or spherical. The notation also adopts the use of dot derivatives,
where the first derivative of [q] with respect to time [t] would correspond to velocity, while the second derivative would
correspond to acceleration. In this context, Lagrange mechanics is still expressing Newton's laws [F=ma], but by assuming the
force is conservative, this force can be expressed in terms of the change in potential [φ]. As such, Lagrange mechanics is not
really changing the basic mechanics, simply reflecting a change in the mathematical formulation.
So why is it used?
As alluded above, while Newtonian mechanics works very nicely in Cartesian coordinates, it is not always so easily to switch to
another coordinate system. If we analyse Newton's laws, we see that they express a relationships between vector quantities,
which is why they are subject to change when switching to another coordinate systems. In contrast, the Lagrange formulation
is based on scalars, such that coordinate transformations tend to be less problematic. However, at the core of Lagrange
mechanics is a quantity called the Lagrangian [L], which is a function of a location in space [q] and the velocity, which helps
define a trajectory that we can initially rationalise in terms of the conservation of energy such that:

[3]
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It should be noted that [3] defines the difference between the kinetic and potential energy and not the sum as in the total
energy. However, at this point, we need to introduce the ‘principle of least action’ that allows the trajectory of a particle to be
determined as the path of least action [S] or possibly the path of least variance [δ] in action [S]. We can express this idea
mathematical as follows:

[4]
So, in [4], the action [S] is a quantity that depends on [L],
which conforms to the definition in [3]. For simplicity, our
generic function is shown to depend on [q] and its first
derivative with respect to time [t]. In terms of the diagram, each possible trajectory has a Lagrangian value, while the actual
trajectory taken by a particle corresponds to the trajectory with the minimum variance in the Lagrangian value. As such, the
second equation in [4] is the starting point of the derivation of the Euler-Lagrange equation based on the variance of action [δS]
being a minimum, e.g. zero.
Note: The action [S] is described as a ‘functional’ because it takes a function as argument and returns a number. A
functional is also an operator that maps a vector space to its underlying field. The variance of action [δS] is a functional,
which is why the [δ] and not the [d] symbol is used.
We can proceed from [4] by bringing the delta [δ] symbol for the variance inside the integral and expanding the variance in the
Lagrangian [L] in terms of a change in position and a change in velocity:

[5]
The next step is rather messy, as it requires applying integration by part to the following term taken from the equation above.
As such, the following is simply a statement of the result of integration by parts.

[6]
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Based on [6], we can now substitute the result back into [5]

[7]
Since the variance [δq] is essentially arbitrary for all paths, we can drop the term and set the contents of the brackets () to zero
and effective arrive at the Euler-Lagrange equation:

[8]
Of course, we could have accepted the mathematical logic of [4-8] from the outset and simply consider the implication of the
rule given in [3]. For example, let us consider the application of Lagrange mechanics to the well known description of a mass on
a spring, as described by Hooke’s law:

[9]
2

We might recognise the description kinetic energy [T=1/2mv ], although we have maintained the dot derivative notation of
position [q]. The definition of potential energy [U] is now specific to the example being consider, where [k] reflects the elasticity
of the spring, which can be referenced in any description of Hooke’s law. Now let us apply [8] as a solution to [9]:

[10]
While we might recognise the alignment to Newton laws [F=ma], the generalised form of Lagrange’s equation highlights a more
direct association between force [F] and any change in the potential energy, e.g. in terms of a gravitational or electromagnetic
problem, i.e.

[11]
However, we will return again to the Euler-Lagrange equation, when we start to discuss the post-war development of Quantum
Field Theory for it turns out that the concept of Lagrangian density is invariant in all frame of reference.
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1.1.3.2

Hamilton Mechanics

In many ways, Hamiltonian mechanics is just another reformulation of classical
mechanics developed by a mathematician called William Rowan Hamilton in 1833.
Therefore, we might want to question whether the Hamilton, or Lagrange,
formulation actually provide a better way of solving a given problem. However, in
order to reach any conclusion on this question, we need to take a look at the
methodology at work. Hamilton mechanics is, like Lagrange mechanics, focused on
an energy relationship, although in this case, the concept of the Hamiltonian [H] is
now orientated towards the total energy:

[1]
Again, we shall adopt [q] to symbolically represent a particle position in space,
simply in contrast to [x] that is normally used in Newtonian examples. We can now

William Hamilton

define the basic equations of Hamilton mechanics by simply taking the first-order

Born: August 4, 1805

partial derivatives of [1]

Died: Sept 2, 1865.
Hamilton was a physicist, astronomer
and mathematician, who made key
contributions to the fields of classical

[2]

mechanics,

optics,
he

is

and

algebra.

In [2], we can still see the first derivative with respect to [p] corresponds to the

However,

differential of the kinetic term, which we can still associate with our normal

remembered for a reformulation of

probably

understanding of Newtonian mass [m] and momentum [p]. However, because the

Newtonian

actual definition of potential energy depends on the nature of the system, the first

Hamiltonian mechanics. This work

derivative with respect to position [q] appears somewhat abstract in [3]:

has been used within the study of

mechanics,

best
called

classical field theories, such as
electromagnetism

and

the

development of quantum mechanics.
[3]
Purely as a sanity check, we can correlate [3] to the fundamental units of the quantities involved. i.e. the rate of change of
energy with distance [q]:

[4]
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However, what is possibly of more importance, in comparison to Newton, is that the Hamilton approach avoids any secondorder equations. At this point, we might also make a general statement that the Hamiltonian [H] plays the same role, as force
[F] in Newtonian mechanics, and the Lagrangian [L] in Lagrange mechanics, i.e. they all help define the ‘dynamics’ of the
system. However, representing the dynamics of the system using just first-order equations provides Hamilton mechanics with
certain mathematical advantages, e.g. simpler linear methods, over both its earlier rivals. While the methodology may appear
abstract to those only familiar with the Newtonian formulation, the advantages of Hamilton mechanics was recognised and
used to underpin much of the early mathematical framework of quantum mechanics; as such, it is a methodology worthy of
some introduction.
So how does Hamilton mechanics support the ideas within quantum mechanics?
In the context of the historic timeline being discussed, we have touched on the fact that the wavelength [λ], as defined by
both Compton and deBroglie, both involve the relationship [λ=h/p]. In Newtonian mechanics, we are use to coordinate space
being defined in 3 spatial dimensions, which we might generalise in the form [x 1, x2, x3], plus time [t]. However, in Hamilton
mechanics, the state of the system, at some time [t], is now determined by 6 numbers, which we shall normalise in terms of
position coordinates [q1, q2, q3] and momentum coordinates [p1, p2, p3], such that we could rewrite [1] as follows:

[5]
These 6 coordinates are often referred to as the ‘phase space’ occupied by the system. In [5], we now see the extended
definition of the Hamiltonian [H] to the total energy of the system, while [2] and [3] still encapsulates the time dependency
between position [q] and momentum [p]. In this context, Hamilton mechanics is written in a form compatible to the definition
of the Compton and deBroglie wavelength, i.e. position and momentum. Later, quantum mechanics will be shown to highlight
an intrinsic uncertainty in defining both position and momentum, which is discussed further under the heading ‘Heisenberg’s
Uncertainty Principle’. At this point, we might also turn our attention to an example, which in the case of Lagrange mechanics,
we described in terms of Hooke’s law for a simple spring oscillator. However, we might now describe this spring in terms of a
conceptual particle with just 1-degree of freedom in the [q] axis, where the energy is conserved without loss against which the
Hamiltonian [H] is defined, as a specific example of [5]:

[6]
In the case of [6], we have extended the idea of the spring constant [k] to encompass the natural frequency [f] of oscillation of
the particle of mass [m]. While possibly too tenuous a link, there is some analogy in this description to that used by Planck to
model blackbody radiation. Anyway, we can now use Hamilton’s equation in [2] and [3]:
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[7]
The first equation in [7] relates to the rate of change of kinetic energy with momentum [p], which simply reduces to the rate of
change in position [q] with time [t]. i.e. velocity [v]. The second equation in [7] relates to the rate of change of the potential
energy with position [q], which reduces to the rate of change in momentum [p] with time [t]. The rationalisation of the
fundamental unit in [8] shows this quantity corresponds to the Newtonian idea of force [F].

[8]
Within the limited scope of the examples given, you might reasonably wonder whether either Lagrange or Hamilton mechanics
represents a substantial advantage over Newtonian mechanics. However, the main advantage cited appears to be that it allows
the equations of motion of many systems to be expressed without the need to resolve vector forces. Both the Lagrangian [L]
and Hamiltonian [H] are both scalar quantity, which can be handled as points in phase space within any suitable coordinate
system. However, at this point, it may simply be beneficial to have some basic understanding of the concepts before stepping
into the formulation of matrix and wave mechanics.
1.1.3.3

Quantum Notation

In this discussion, we are going to doing little more than introduce some of the new
mathematical vocabulary, which may be used in later discussions, i.e.


Wave Functions and Operators



Eigen Functions and Eigen Values



Kets, Bras and Bra-Ket Pairs

In all honesty, the hope is to avoid excessive mathematical abstraction, especially if
such concepts do not really help address the initial learning curve associated with
quantum mechanics. If this hope proves to be overly optimistic, then the following
discussion will have to either be upgraded or linked to additional notes.
Johann von Goethe
1.1.3.3.1

Wave Functions and Operators

Mathematicians

are

like

Frenchmen, whatever you say to
In quantum mechanics, there are two mathematical objects of central importance, i.e.

them they translate into their

the wave functions and operators. In general terms, the wave function is said to

own language and forthwith it is

describe the system, such that if the wave function is known, it is possible to calculate

something entirely different.

all the properties of the system. However, one of the fundamental interpretation of
the wave function is that the square of this wave function defines the probability of finding a particle at some given point in
space. However, in basic terms, a wave function is simply a mathematical function of time and space, e.g. an electron in a
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hydrogen atom might be described by the function exp(–ar), where [r] is the distance from the nucleus and [a] is some
constant. In contrast, operators are said to represent ‘observable quantities’ such as position [x], momentum [p] and energy [E],
where each observable has an ‘operator’ associated with it. We might characterize the relationship between operator and
function as follows:

[1]
However, we might use the following example of a simple operator [d/dx], which differentiates a given function with respect to
position [x]:

[2]
As per [1], the operator [d/dx] on the function [sin x] creates a new function [cos x]. The nature of [1] also implies that
operators and functions cannot be reordered in the same way as numbers or functions, e.g.

[3]
By way of a general rule, we might say that operators act on the function that follows them. However, see Quantized Wave
Operators for a specific discussion of the two key operators used in quantum mechanics.
1.1.3.3.2

Eigenfunctions and Eigenvalues

Before, we try to quantify the meaning of an eigenfunction and an eigenvalue, there may some value in outlining the concept of
an eigenstate in non-mathematical terms:
As to be defined, Heisenberg’s uncertainty principle places restrictions on the simultaneous accuracy of position and
momentum of particles. However, in the everyday world, it is more normal to assume that an object has a definite
position, a definite momentum, a definite measured value and a definite time of occurrence. As such, we have a
contradiction between what we might call the quantum and classical descriptions of an object. Therefore, it became
necessary to mathematically separate the difference between a ‘state’ that is ‘uncertain’, e.g. an electron in a
probability cloud, and the a ‘state’ associated with a definite set of values, e.g. after the wave function collapse. As an
initial statement we might say that the classical description corresponds to an eigenstate, where ambiguity about
position and momentum is removed, i.e. such a state has definitive eigenvalues.
As pointed out, operators generally act on functions and produce another new function. However, for a given operator, there
are some functions which, when acted upon, reproduce the original function multiplied by a constant:

48 of 329

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

[4]
Such a function is called ‘eigenfunctions’ of the operator, where the constant is said to be an eigenvalue. We might illustrate the
basic concept via the following question:
Is exp(ax) an eigenfunction of the operator (d/dx) , where [a] is a constant?
To address this example, the operator requires the differential of the function, which we can readily perform as follows:

[5]
The result in [5] shows that exp(ax) is indeed an eigenfunction of the operator (d/dx) with eigenvalue [a]. Let us consider
another example for an alternative illustration:
Is sin(ax) an eigenfunction of the operator (d/dx), where [a] is a constant?
Again, the nature of the operator requires the function to be differentiated with respect to [x] as follows:

[6]
Here we see that the original function sin(ax) is not generated and, as such, cannot be an eigenfunction of the operator (d/dx).
Of course, these examples have been selected to simply illustrate the basic concepts associated with the terminology, while in
practice, the wave function for a given physical system will contain actual measurable information about the system. In this
context, to obtain specific values for the physical parameters associated with the energy of the system, you need to operate on
a specific wave function with a quantum operator associated with that parameter. For example, if the operator associated with
energy is the Hamiltonian [H], and the operation on the wave function is the Schrodinger equation, to be discussed, solutions
only exist for the time independent Schrodinger equation for certain values of energy, which are the ‘eigenvalues’ of energy
linked to a given ‘eigenfunction’. However, we will defer further discussion of the Schrodinger equation until later in the
section.
1.1.3.3.3

Kets, Bras, and Bra-Ket Pairs

In the early days of quantum theory, Paul Dirac created a formalism, which is now referred to as Dirac notation or bra-ket <a|b>
notation following the development of two mathematical approaches to quantum mechanics, i.e. Heisenberg’s matrix
mechanics and Schrödinger’s wave mechanics. These different computational approaches to quantum theory were later shown
to be essentially equivalent, with each having particular strengths and weaknesses in subsequent applications. Heisenberg’s
variation, as its name suggests, was based on matrix and vector algebra, while Schrödinger’s approach required integral and
differential calculus. In this context, Dirac’s notation is often used as a first step in which the scope of the quantum calculation
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is defined; after which one chooses either matrix or wave mechanics to complete the calculation, depending on which method
is most appropriate to the task at hand. In Dirac’s notation
what is known is put into a |ket>
For example, |p> might express that a particle has momentum [p]; although it could take a more explicit form |p=2>, where the
momentum is equal to 2. Alternatively, we might express the position of a particle in the form |x=1.23>. Equally, |Ψ> could
represents known state of a system , which might also be referred to as the state vector. As such, the |ket> notion can also be
used to define the ‘initial state’ prior to some transition or event. In contrast, the <bra| notation represents the ‘final state’,
e.g. <x=0.25| could define the probability amplitude that a particle, in state [Ψ], will be found at position [x=0.25]. The absolute
2

square of the probability amplitude <x=0.25|Ψ> is interpreted as the probability density that a particle in state [Ψ] will be
found at [x=0.25]. Therefore, the bra-ket pair can represent an event and the result of an experiment. In quantum mechanics an
experiment consists of two sequential observations:


one that establishes the initial state |ket>



one that establishes the final state <bra| .

At this stage, the essential point being highlighted is that there are different notations through which [Ψ] may be defined;
where the normal notation is typically in terms of coordinate space, i.e. Cartesian or spherical. However, as our discussion
of Hamilton mechanics illustrated, the state of the system, at some time [t], can be defined in terms of 6 numbers, which
correspond to the position coordinates [q1, q2, q3] and momentum coordinates [p1, p2, p3], such that the Hamiltonian [H] is
defined as

[7]
In this context, momentum space offers an additional definition of the state function. However, it is important to recognize that
<x|Ψ> and <p|Ψ>are formally equivalent and contain the same physical information about the state of the system. One of the
tenets of quantum mechanics is that if you know [Ψ] you know everything that can be known about the system, and if, in
particular, you know <x|Ψ> you can calculate all of the properties of the system and transform <x|Ψ> into any other
appropriate format, such as momentum space. A bra-ket pair can also be thought of as a vector projection, i.e. the projection of
the content of the |ket> onto the content of the <bra|, or the ‘shadow’ the |ket> casted onto the <bra|. For example, <Φ|Ψ> is
the projection of the state [Ψ] onto the state [Ф]. It is the ‘probability amplitude’ that a system in state [ψ] will be subsequently
2

found in state [Ф]. However, the state vector [Ψ] can be a complex function, i.e. of the form [a+ib] or [exp(-ipx)], where [ i =−1].
Given the relation of amplitudes to probabilities mentioned above, it is necessary that <Ψ|Ψ>, i.e. the projection of [ψ] onto
itself, is real. This requires that <Ψ|=|Ψ>*, where |Ψ>* is the complex conjugate of <Ψ|. So:
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John Barrow
Unwilling to confess their ignorance
of the formula or unable to question
its relevance to the question at hand,

[8]

his opponents accepted his argument

As indicated, this discussion represents little more than a very basic introduction of

with a nod of profound approval.

some of the mathematical concepts developed to help understand and describe quantum systems. However, there is still an
open question as to whether the level of mathematical abstraction being suggested is actually essential in order to describe the
quantum universe?
1.1.3.4

Wave Mechanics

The ideas behind the classical wave equation can be traced back over centuries of
mathematical development surrounding partial differential equations. Given the
general application of waves, Euler, Laplace, Poisson, Fourier, Bernoulli, and many
others, had all discovered the similarity of the mathematics underlying the
propagation of waves in many branches of science, e.g.


strings, membranes, fluids and solids,



the flow of heat and electricity and fluids,



the behaviour of gravitational and electrostatic potentials.

Of course, in hindsight, we might now consider whether this ‘similarity’ not only

Lawrence Bragg

suggested a common mathematical framework, but also reflected some common

No known theory can be distorted so

underlying physical principle. In each of the examples above, there is a dependent

as to provide even an approximate

variable, e.g. displacement, velocity, temperature or potential plus four

explanation of wave-particle duality.

independent variables, i.e. the 3 coordinates of space and one of time. The

There must be some fact of which we

formulation of a wave description in terms of differential equations then led to a

are entirely ignorant and whose

definition of the derivatives in terms of a series of partial differential equations.

discovery may

However, for initial simplicity, we shall define the dependent variable in terms of

views of the relations between waves

some generic amplitude [A], which changes as a function of 4 independent

and ether and matter. For the

variables, i.e. [x,y,z,t]; although we might outline the basic idea in terms of just a

present we have to work on both

one-dimension wave, where the amplitude [A] might be defined as a function of

theories. On Mondays, Wednesdays,

position [x] and time [t], e.g.

and Fridays we use the wave theory;
on

Tuesdays,

revolutionize

Thursdays,

our

and

Saturdays we think in streams of
[1]

flying energy quanta or corpuscles.

Based on [1], we are defining a continuous sine wave, where the wave number [κ] and angular frequency [ω] are reflective of
the wavelength [λ] and frequency [f] of the wave, which also help define the wave propagation velocity:

51 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
Arthur Eddington
There was a time when we wanted to

[2]

be told what an electron is. The
The actual wave equation we shall attempt to derive is constructed from a set of
second-order, partial differential equations, derived from equation [1], which
equates the propagation of the wave in space [x] and time [t]. As such, we shall
start by taking the partial derivatives of [A] with respect to [x]:

question was never answered. No
familiar conceptions can be woven
around the electron; it belongs to the
waiting list.

[3]
We can also take the partial derivatives of [A] with respect to time [t]:

[4]
What we see in [3] and [4] is that the second derivatives with respect to [x] and [t] can now be equate through [A], such that we
arrive at a common form of the wave equation in 1-dimension:

[5]
However, we can extend this solution to 3 spatial dimensions as follows:

[6]
In the context of quantum mechanics, we might also highlight that the derivation of the wave equation is often carried out
using complex number notation, starting with the re-formulation of [1] based on Euler’s Theorem:
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Louis de Broglie
[7]

On the other hand, determination of
the stable motion of electrons in the

While the introduction of a complex number into [7] may not initially appear to be

atom introduces integers, and up to

making things any easier, it does have a number of advantages when seeking a

this point the only phenomena

2

solution of a second-order derivative involving the square of [i ], as encapsulated in

involving integers in physics were

[8]:

those of interference and of normal
modes

of

vibration.

This

fact

suggested to me the idea that
electrons

too

could

not

be

considered simply as particles, but
that frequency. i.e. wave properties,
must be assigned to them also.
[8]
Armed with the rules defined in [8], we might first repeat the partial derivation, in [3], with respect to space [x]:

[9]
Now, again, with respect to time [t]

[10]
As such, we are led to the same results in [3], [4] and [5]. However, in 1926, the basic wave mechanics reflected in [9] and [10],
in conjunction with deBroglie’s idea about matter waves, was used by Schrodinger to develop a quantum wave theory.
1.1.3.5

Quantized Wave Operators

In this discussion, we shall continue the process of introducing some of the quantum notation and concepts that will be used in
the subsequent formulations of quantum mechanics. However, it probably needs to be highlighted that in terms of the sum
total of the abstracted mathematics that is now thought to be necessary to describe the quantum realm, we are not even
reflecting the ‘tip-of-the-iceberg’ let alone the iceberg itself, although we are only deferring this challenge to Part-2. Therefore,
in the context of this limited discussion, we are only attempting to provide an initial outline of how quantized non-commutative
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operators led towards the idea of the Heisenberg uncertainty principle. In practice, few
sources actually take the trouble to detail each step in the mathematical approach or
explain the underlying assumptions that support its logic, such that much initial
understanding can be lost in translation. In an attempt to address this situation, the
following discussion will therefore ‘attempt’ to provide as much detail as practical. The
most fundamental premise that led Heisenberg to his uncertainty principle rests on
the assumption that position [x] and momentum [p] are non-commutative operators
within the description of quantum mechanics. As already outlined, an operator can be
described as a function that ‘operates’ on other operators and variables to its right,
e.g.

[1]
2

So, in this example, [Â] is the operator that equates to the first derivate of [x], such that when applied to the variable [x ] it
generates the result [2x]. In terms of operator algebra, the rules are essentially the same as normal algebra, except in the
definition of commutative and non-commutative operations:

[2]
If the operators were simply numeric scalars, then the result would be commutative. However, let us consider the following
non-commutative operation as an example, where [A] and [B] are both operators, while [Q] is some generalise quantity, i.e. not
implicitly linked to the quantum realm:

[3]
The operators work from left to right, such that the result of operation [A,B]Q can differ from [B,A]Q, as [3] tries to illustrate. It
is also highlighted that the expansion of the [B,A] case, in [3], is carried out using the differentiation product rule. i.e.

[4]
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If we now use the non-commutative expansion in [2] directly, we get the non-zero result predicted.

[5]
The purpose of the generalisations in [3,4,5] is simply to point out that the non-commutative property stems from operator [B]
being defined in terms of a first derivative, which in itself has nothing to do with quantum mechanics, i.e. quantization.
However, the example above also explains the process we are going to follow to in order to justify the description of position
[x] and momentum [p] as non-commutative operators, when predicated on certain wave assumptions. So, in order to allow this
discussion to be read as a stand-alone explanation, some of the wave notation previously introduced will be reproduced for
ease of reference, starting the relationship between the wave number [κ] and wavelength [λ] plus the angular frequency [ω]
and frequency [f].

[6]
In quantum mechanics, both [κ] and [ω] become involved in the quantization of momentum [p] and energy [E]. For
example, Compton’s wavelength [λC=h/p] effectively defines the quantization of a photon, which has no rest mass and
propagates with [v=c] in vacuum. While deBroglie’s wavelength [λB=h/p] also has the same quantized form, there is a distinction
in the definition of momentum [p], where a matter wave has an associated rest mass and propagation velocity [v<c]. However,
based on deBroglie hypothesis, we can derived common expressions linking momentum [p] to the wave number [κ] and the
reduced Planck constant [ħ]:

[7]
Similarly from the Plank energy equation, we can derive an expression linking energy [E] to the angular frequency [ω] and the
reduced Planck constant [ħ]:

[8]
With the definitions in [6,7,8] we can present the basic wavefunction [Ψ], as used in the Schrodinger’s wave equation, and from
which we can derive both the momentum and energy operators, as shown in [10] and [11]:

[9]
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In [9], we see different forms of the same wave function. However, given that our focus in on momentum [p], we might use the
final form in [9] as our starting point:

[10]
In essence, we now have a measure of momentum quantized in terms of Planck’s reduced constant [ħ] and [∂/∂x], which can
act as an operator on the wave function [Ψ]. For simplicity, we have just used the 1-dimensional partial derivative with respect
to [x] in [10]. Now we will switch the emphasis of the partial derivative to time in order to consider energy:

[11]
From a historical context, there were a number of key concepts underpinning the idea of quantization. First, Planck described a
quantization of energy [E=hf] needed to explain blackbody radiation , which was later supported by Einstein’s paper on
the photoelectric effect . We might also cited Bohr initial description of atomic orbits in terms of the quantization of angular
momentum. However, in [10] and [11], it is the inclusion of the Planck reduced constant [ħ], which defines the scale of
quantization being applied to both momentum [p] and energy [E].

[12]
By way of a sanity check, we can determine that the implied units of both the momentum and energy operators in [10] and [11]
plus establish that the wave equation in [9] resolves to a number without units, which implies that [Ψ] is a scalar quantity of
some description.
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Max Born
"One does not get an answer to the
question, `What is the state after
collision?' but only to the question,
`How probable is a given effect of the
collision?' From the standpoint of our
quantum mechanics, there is no
quantity which causally fixes the

[13]

effect of a collision in an individual
The actual interpretation of the quantum wave [Ψ] is a subject of much debate,

event. Should we hope to discover

even to this day. However, at this point , we have all the definitions in place to

such properties later and determine

repeat the earlier example in [5] in terms of the position and momentum operators

them in individual events? I myself

of the wavefunction [Ψ]:

am inclined to renounce determinism
in the atomic world, but that is a
philosophical question for which
physical arguments alone do not set
standards.''

[14]
So following the same basic logic as used in [5], including the product rule expansion, we again arrive at the non-commutative
relationship between position [x] and momentum [p], as defined by the wavefunction [Ψ]. However, it was Heisenberg who
first interpreted the non-commutative result in [14] from his development of the matrix formulation of quantum mechanics, in
1926, a year before Schrodinger’s wave formulation. The result in [14] would also lead to the Heisenberg uncertainty principle,
which would subsequently become one of the foundation stones of the Copenhagen interpretation of quantum mechanics.
While, at this stage, we shall not run ahead of the timeline of the present discussions, the links above can be used as required.
However, we might still table a question for further consideration:
Given that the non-commutative nature of position and momentum seems to be derived from a wave description, is
there a suggestion that the fundamental nature of the quantum realm is more aligned to a wave description than a
particle analogy?
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1.1.4

Formulation of Quantum Mechanics

It is hoped that the previous discussion of some of the
nd

mathematical concepts, developed prior to the 2 World War,
might provide a sufficient introduction to some of the thinking that
influencing

the

development

of

quantum

theory.

As

a

consequence, it might be true to say that, by 1925, Newtonian
mechanics had been reduced in status to a macroscopic
approximation, rather than a formal description of the
fundamental principles at work at the quantum level of nature.
Initially, the increasing acceptance of the ideas within special
relativity, published in 1905, and then expanded within general
relativity, in 1915, had caused many to start questioning some of
the most fundamental concepts of Newtonian mechanics.
However, in many ways, it would be the germination of the idea of
quantized energy, as alluded to in the list below, which would
come to represent the most radial challenge to Newton’s
deterministic universe:


Blackbody Radiation



Photoelectric Effect



Quantized Atomic Orbits



Wave-Particle Duality

Quantum Formalism
Is based on the idea of a quantum state and a
quantum observable. These concepts differed
radically from previous models of physical reality.

In 1925, the first formulation of quantum theory was attempted by
Heisenberg, which was quickly extended by Born and Jordan into a
mathematical framework that is now known as 'matrix mechanics'.
Later, in 1926, Schrödinger would present what appeared to be an
alternative formulation based on

'wave mechanics'. These

While this mathematical formalism still allows
quantities to be calculated and then confirmed by
measurement, there are theoretical limits placed on
the values that can be measured simultaneously.
This limitation was first outlined by Heisenberg in

formulations would differ from classical mechanics, not only in

his matrix formulation in terms of the non-

terms of the assumptions underpinning the physical universe, but

commutativity of certain quantum observable.

also in terms of the mathematical principles used to described the
processes at work. While it has not been possible to even list all the developments in mathematics in the 250 years following
the publication of Newton’s Principia; we have cited a few examples that extended the formulation of classical mechanics,
th

e.g. Lagrange and Hamilton mechanics. So, by the end of the 19 century, the Newton’s classical equations of motion had in
part been re-formulated, first by Lagrange and then by Hamilton in order to provide a more generalised mathematical
treatment, although still grounded in the idea of the conservation of continuous energy. While these mathematical formalisms
did not contradict Newton’s laws of motion, they are said to have provided a wider, and possible better, perspective of some of
the underlying concepts. However, it should be noted that despite the mathematical abstraction that will come to underpin
quantum mechanics, this theory is still expected to converge towards Newtonian mechanics at the scale of most human
experience. This convergence is often described in terms of the Correspondence Principle:

58 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
Quantum mechanics must merge with classical mechanics as the energy,
and distances, increase. Therefore, within Newtonian scales, classical and
quantum mechanics must predict the same results.

Wave Formalism
Was

Schrodinger's

alternative

attempt to formalise the observed

However, within the quantum domain, the correspondence principle does not stop
the laws of nature undergoing a fundamental change, where the predicted results
are no longer deterministic, but rather probabilistic. Therefore, we shall continue

quantization of atomic spectra using
a

mathematical

realization

of

deBroglie's wave-particle duality.

to follow this transition process by outlining a number of key developments in the
early history of quantum mechanics, as opposed to classical mechanics:

Wave Probability
However,

the

idea

of

the



Heisenberg’s Matrix Mechanics

probabilistic



Schrodinger’s Wave Mechanics

mechanics was proposed by Max



Klein-Gordon Relativistic Equation

Born. In Born's view, the absolute



Dirac Relativistic Equation

square

of

amplitude

nature

the

of

wave

corresponded

quantum

function
to

the

The separation in the list above reflects a transition from non-relativistic quantum

position probability of a point-like

mechanics (NRQM) to relativistic quantum mechanics (RQM). To highlight the rate

object.

of change, at this time, the former two approaches were published in 1925/26,
while the latter two approaches were published in 1927/28.
1.1.4.1

Heisenberg’s Matrix Mechanics

The original foundations of what is now sometimes referred to as ‘old quantum
mechanics’ was initially forwarded as an extension of Hamiltonian mechanics with
some additional conditions applied, i.e. a classical orbit must be an integer multiple
of Planck‘s quantum of action:

[1]
This definition of action was qualified by the ‘correspondence principle’ as originally
formalised by Niels Bohr in 1920, although he had made use of the idea as early as
1913, when developing his model of the atom. This principle required the
behaviour of a system, being described in the context of quantum theory, to
converge towards classical physics in the limit of large quantum numbers.
Previously, the classical theory of electrodynamics had also defined such a limit,
which restricted the number of possible transitions between atomic orbits. However, such ideas were primarily heuristic
schemes, rather than a consolidated theory, which could be attributed and described in terms of what is now called quantum
mechanics. It was also recognised that the ‘old quantum’ schemes failed to explain a growing list of empirical observations, e.g.
helium spectrum, Zeeman effect, fine structure of atomic spectra etc. So, by 1925, following the start of the wave-particle
debate triggered by Compton and deBroglie, a number of physicists at the forefront of quantum theory were trying to find a
new formulation of quantum mechanics, which would help address the apparently growing list of issues.
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Heisenberg would published a paper entitled ‘Quantum-mechanical reinterpretation of kinematic and mechanical relations’, in July 1925, which many
consider to signal the start of a ‘new quantum’ description. However, this
milestone paper is generally considered to be very difficult to follow, primarily
because Heisenberg provided so few clues as to how he arrived at his conclusions.
For example, Steven Weinberg would later write:

Werner Heisenberg
Born: Dec 5, 1901
Died: Feb 1, 1976
Heisenberg is best remembered for his
contributions to quantum mechanics in
the form of the uncertainty principle

“If the reader is mystified at what Heisenberg was doing, he or she is not
alone. I have tried several times to read the paper that Heisenberg wrote
on returning from Heligoland, and, although I think I understand quantum
mechanics, I have never understood Heisenberg’s motivations for the
mathematical steps in his paper. Theoretical physicists in their most

and

the

formulation

of

matrix

mechanics, which was extended by
Max

Born

and

Pascual

Jordan.

Heisenberg was awarded the Nobel
Prize for Physics in 1932.

successful work tend to play one of two roles: they are either sages or magicians....It is usually not difficult to understand
the papers of sage-physicists, but the papers of magician physicists are often incomprehensible. In that sense,
Heisenberg’s 1925 paper was pure magic.”
Possibly, for these reasons, Heisenberg paper and the further development of matrix mechanic by Borne and Jordan, would
become somewhat over-shadowed by the subsequent publication of Schrodinger’s wave mechanics just year later, in 1926.
Therefore, we shall only be attempting to outline the most salient aspects of matrix mechanics within the chronological
timeline being followed. We may start by saying that Heisenberg was guided by the fundamental principle that only observable
quantities should be considered within a quantum theory. In classical mechanics, the position [q=x] of a particle and its
momentum [p=mv] can be unambiguously determined as a function of time [t] via Newton’s equations of motion.
Therefore, the particle can be defined to be moving along a given path by some position function q(t) plus some momentum
function p(t). As ordinary variables, [q] and [p] can be multiplied together in any order, i.e.
[2]
However, in matrix mechanics, the classical idea of position [q] and momentum [p] have to be modified in terms of a quantum
position [q] and quantum momentum [p], which are defined as matrices that describe the intensity and frequency of the
emitted or absorbed atomic radiation.

[3]
Within matrix arithmetic, addition, subtraction, multiplication and division can still be carried out, but the result of
multiplying [q] and [p] needs to constrained by the rules of matrix arithmetic, such that:
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[4]
These matrix variables have to satisfy what is called the ‘exact quantum
condition’ through which Heisenberg defined the difference between the quantum

Werner Heisenberg

matrix products [pq] and [qp] in terms of the following non-commutative

"The conception of objective reality

relationship:

has

thus

evaporated

into

the

transparent clarity of mathematics
that
[5]

represents

no

longer

the

behaviour of particles but rather our

Here [i] is a complex number and [I] is a unit matrix. By replacing the ordinary

knowledge of this behaviour."
classical variables with quantum matrix variables and then applying the assumption defined in [5], Heisenberg obtained the
correct values of the frequency and strength of the hydrogen spectra. Finally, a ‘variational principle’ was introduced, derived
from correspondence considerations, which yielded the motion equations for a general Hamiltonian [H], which while appearing
to follow the classical form, as previously outlined, the parameters [q] and [p] now represent the quantum matrices
corresponding to the intensity and frequency of the atomic radiation observed. Subsequently, the results of Heisenberg’s
matrix mechanics would be shown to align to those obtained via Schrodinger’s wave mechanics. However, in the timeline of
developments being discussed, this was a surprise, as the two approaches appeared to be very different. Given the
compatibility of the results from both formulations, we shall now focus on only one, i.e. Schrodinger’s wave mechanics.
However, we will return to Heisenberg's matrix formulation, in Part-2, in order to better explain the underlying mathematical
relationships between operators, matrices and the Dirac notation.
1.1.4.2

Schrodinger’s Wave Mechanics

By 1926, Schrodinger was examining deBroglie's idea of matter waves to see
whether a standard wave equation could also be used to describe matter waves.
The solution he eventually derived is known as Schrodinger's wave equation and
is considered to be one of the most fundamental equations of quantum theory.

[1]
The form of the equation above is actually described as the time-dependent wave
equation, which is the general form for a system that evolves in time. There is a
time-independent equation, which can be applied to a system in a stationary
state, when the Hamilton [H] can also be said to be independent of time. In this
case, the operator can be replaced by the Hamiltonian operator and written as:
[2]
However, because [2] is essentially a special case of [1], we shall focus the discussion on Schrodinger’s development of the
time-dependent wave equation, as shown in [1]. Of course, like many mathematical equations, the actual meaning of [1] is
obscured by what amounts to the shorthand of mathematics and without any understanding of this shorthand, [1] is essentially
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meaningless. Therefore, in an attempt to try and follow the logic of Schrodinger's thinking, rather than a formalised proof, we
shall start with the standard wave equation, as introduced in the preliminary discussion of ‘Wave Propagation’:
Erwin Schrodinger
[3]

Born: August 12, 1887
Died: January 4, 1961

The general form of [3] reflects a wave propagating in 1-dimensional space

Schrodinger was both a physicist and

[x] and time [t]. However, as has also been previously been discussed under

theoretical biologist. However, he is best

the heading ‘Wave Dispersion’ , matter waves as defined by deBroglie lead

remembered as one of the central figures in

to a non-linear relationship between [ω] and [κ]:

the development of quantum mechanics.
He was awarded the Nobel Prize in 1933 for
his seminal work in the development of
quantum wave mechanics.

[4]
The relationship in [4] led Schrödinger to take a different approach in the derivation of the matter wave equation, than
suggested by the 2nd differential format in [3], based on a complex form first devised by Euler. In order to align with the normal
notation of quantum wave mechanics, we shall also change the implied amplitude [A] to [Ψ], but defer introducing any
extended meaning associated with this variable at this point.

[5]
Now, again, with respect to time [t]
Erwin Schrodinger
"The mathematical framework of
quantum

theory

has

passed

countless successful tests and is now
universally accepted as a consistent
and accurate description of all atomic
phenomena."

[6]
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So, in essence, [5] and [6] simply replicates the standard approach of a classical wave equation using complex number notation.
st

However, based on the complex form, Schrodinger had the option to equate the 1 differential with respect to time [t], in [6],
nd

with the 2 differential with respect to distance [x], in [5], so that the dispersive relationship in [4] could be directly explored:
Erwin Schrodinger
I insist upon the view that 'all is waves'.
[7]
In order to proceed from [7], we need to substitute for [ω] and [κ] based on deBroglie’s assumption for matter waves. If we
start with deBroglie’s expression for the particle wavelength [λ], we can derive an expression for [κ]:

[8]
We can also convert Planck’s equation associating energy [E] with frequency [f] in order to create an expression for [ω]:

[9]
At this point, we can now substitute the results in [8] and [9] back into [7]:

[10]
At this point, there is a little mathematical ‘trick’ that can be applied to [10] based on the reciprocal [1/i] equalling [-i]:

[11]
2

Finally, the last step is to substitute for p =2mE
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[12]
In essence, [12] is the basis of Schroedinger’s time-dependent wave equation for a free particle, limited to one-dimension,
although this equation does not account for the particle moving in a potential energy field. We can extend the previous
derivation by expressing the total energy [E] of the particle as the sum of its kinetic [T] and potential [U] energy:

[13]
Rearranging in terms of [k]:

[14]
This equation has to be substituted back into the spatial wave equation introduced in [6], which is again presented below:

Erwin Schrodinger

[15]

"The verbal interpretation, on
This is considered to be the generalized form of Schrodinger’s time-dependent wave

the

other

hand,

equation and applicable for a particle being acted upon by a force, although for

metaphysics

completeness we should also present this equation in its 3-dimensional form:

physics, is on far less solid

of

i.e.

the

quantum

ground. In fact, in more than
forty years physicists have not
been able to provide a clear
metaphysical model."

[16]

It was stated at the outset that the steps leading to Schrodinger’s wave equation, as outlined in this section, do not constitute a
proof of its physical applicability, but rather attempts to rationalise the logical steps that led to its derivation. This said, the
Schrodinger equation has been applied to many systems, especially the hydrogen atom, and shown to produce excellent
results that agree with experimental data. As such, Schrodinger’s equation has come to be accepted as one of the most
fundamental equation in the development of quantum theory. However, while the equations have been verified by
experimental data, there has always remained a nagging doubt as to what the wave function is actually telling us about the
microscopic world, i.e.
What physical interpretation is now being associated with [ψ]?
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We will not rush to answer this question; although it might be said that while [ψ] might still represent the amplitude of the
wave function, its meanings is now only interpreted in terms of the probability of finding a particle at a given point in spacetime. However, the introduction of space-time raises the issue of the role of relativity within quantum mechanics, which we will
try to address in terms of the development of the Klein-Gordon and Dirac Equations.
1.1.4.3

Dirac’s Equation

Before we attempt to follow a general outline of Dirac’s mathematical logic,
which leads to the somewhat abstract-looking equation embedded in the
diagram, it might be worth recapping why Dirac was motivated to look for a
solution in the form of the equation that bears his name. Leading up to this
period, the Bohr model of the atom had been established in 1913, but had
been subject to some considerable modification in order to try to account for
a number of additional observations associated with the fine structure spectra
of hydrogen. Bohr's initial model had suggested that that there could only be
one electron per orbital, although subsequent calculations by Pauli had
indicated that there could be two. An initial resolution to this conflict had
been proposed by Goudsmit and Uhlenbeck, in 1925, in the form of an
electron spinning as it moved around its orbit, although we might now reflect
on the physical nature of the ‘spin’ and ‘orbit’ associated with the quantum
model. However, there were also problems with the implied speed of rotation,
within this model, in order that the electron produce the required magnetic
field. One calculation suggested that the rotational speed would have to be
137 times the speed of light, but at this speed the electron would have
immediately torn the atom apart. There was also a major discrepancy in what

Paul Dirac

is called the ‘geomagnetic ratio [g]’ that defines the ratio of a charged

Born: August 8, 1902

particle's magnetism to its angular velocity of rotation. Classical calculations

Died: October 20, 1984

suggested a value of [g=1], while Goudsmit and Uhlenbeck postulated [g=2]. By

Dirac made one of the most profound

1928, this situation had been compounded in terms of there now appearing to

contributions to the development of

be two seemingly different formulations underpinning the concept of quantum

quantum mechanics. His contributions

theory, i.e. Heisenberg’s matrix mechanics and Schrodinger’s wave mechanics.

included the formulation of the Dirac

As previously outlined, the derivation of the time-dependent Schrodinger wave

equation, which then helped described

equation is predicated on a non-relativistic assumption, which is linear in time,

the behaviour of fermions and predicted

but not in space. In order to obtain a relativistic wave equation, further

the existence of antimatter. He later

consideration of the relativistic relation between energy, momentum and mass

held the Lucasian Chair of Mathematics

of a particle is necessary based on the following relationship:

at the University of Cambridge and
shared the Nobel Prize for physics in
1933 with Erwin Schrödinger

[1a]
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At first glance, the form of [1a] seems to bear no relationship to the form of the Dirac equation embedded in the previous
diagram. However, it is possible to show that [1a] is still at the heart of the Dirac equation by dissembling some of the
mathematical abstraction as follows:

[1b]
While we might now see some basic similarity in the form of the final expression
in [1b] with [1a], there is clearly some discrepancy between the two, because we
appear to have lost the square on each component, as shown in [1a]. However,
this aspect of [1a] is still contained in [1b], but is now in the form of a series of
matrix elements [γ], which will be explained in more detail as we proceed.
However, this outline is only intended to represents some of the historical
backdrop against which Paul Dirac was working, when he started to develop his
relativistic quantum wave equation. As it turned out, not only did this equation
address some of the basic requirements of relativity, it also provided a
description of elementary ½-spin particles, such as electrons that was consistent
with both the principles of quantum mechanics and the theory of special
relativity. While it was the first theory to account for relativity, within the
context of quantum mechanics, it also helped explain some of the fine structural
details of the hydrogen spectrum in a more rigorous way. However, what was
more surprising, in the context of the timeline itself, was the implication that
postulated the existence of a new form of matter, i.e. antimatter, which had

Paul Dirac
"People were pretty well spellbound by
what Bohr said, while I was very much
impressed by him, his arguments were
mainly of a qualitative nature, and I was
not able to really pinpoint the facts
behind them. What I wanted was
statements which could be expressed in
terms of equations, and Bohr's work
very seldom provided such statements. I
am really not sure how much later my
work was influenced by these lectures
of Bohr's. He certainly did not have a
direct influence because he did not
stimulate one to think of new equations.

previously been both unsuspected and unobserved. Unfortunately, the full telling of this story involves a lot of abstracted
mathematics, which is way beyond the scope of this website. This said, because the Dirac equation is possibly central to much
of the subsequent development of quantum theory, some attempt will be made, in the following sub-pages, to reconcile the
mathematics to some form of physical description.


Relativistic Energy and Momentum



The Klein-Gordon Equation



Outline of Dirac’s Solution



Basic Interpretation of Dirac’s Equation
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1.1.4.3.1

Relativistic Energy and Momentum

Previously, we have attempted to show how the Schrodinger time-dependent wave equation was derived in the form:

[2]
We might also highlight that the solution of this equation can be anchored in
the form:

Interpretations?
While the Dirac theory provided new
insights that have been confirmed by
experiments,

it

also

introduced

concepts that are not only difficult to

[3]

interpret, but can appear paradoxical.
At this point, we will simply define [C] as a complex function of spatial variables

Some of these issues are still debated.

that is independent of time [t]. However, the more important thing to point out
is that we will initially assume energy [E] to be positive, such that the

Observables?

exponential coefficient, in [3], must be a negative multiple of [i]. This state of

One of the central questions in a

affairs is said to reflect a ‘positive frequency’ that is a natural condition of non-

quantum

relativistic systems, where the Hamiltonian [H] is assumed to reflect positive

surrounded the definition of observable

kinetic energy, e.g.

quantities. In the Schrödinger wave

mechanics

has

always

equation, the simplest object is the
Hamiltonian, which represents the total
energy of the system.
[4]
Paradoxes?
From classical physics, we can show that energy [E] can be described in terms of

According to Dirac's equation, when an

the rate of change of momentum [p] with time [t]:

electron interacts with an electric
potential, the total probability is not
conserved. The electron can also tunnel
into

[5a]

high

potential

barriers

classical

in

contradiction

to

quantum

We might still perceive this relationship in Schrödinger’s equation, as shown in

mechanics,

as

[2], but note that momentum [p] now has a complex form, which has been

Schrödinger's equation. There are also

previously outlined in the discussion entitled 'Quantized Wave Operators':

perceived fluctuation, at the speed of

described

light, in the position of an electron.

[5b]
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The Hamiltonian [H] for a relativistic particle conforming to deBroglie’s hypothesis has to combine [1a] and [5], such that [4]
becomes:

[6]
2

Therefore, in quantum mechanics, the momentum [p ] is not only described in terms of an operator, which according to [6],
now involves a second-order differential expression, enclosed within a square-root, but now suggests some form of negative
component. Clearly, such concepts will potentially require a different level of mathematical ‘sophistication’ to underpin any
further physical interpretation within the quantum world. Following this line of thought, the previous outline of Schrodinger’s
wave equation suggested that the variable [ψ] might be subject to a different interpretation in comparison to classical physics,
such that we might have to consider [ψ] as the sum of all possibilities, e.g. both positive and negative energy states.
1.1.4.3.2

The Klein-Gordon Equation

This equation is named after Oskar Klein and Walter Gordon, who in 1927 forwarded
it as a solution for a relativistic electron. However, the subsequent development of
the Dirac equation, in 1928, was shown to describe the spinning electron, while the
Klein–Gordon equation describes a ‘particle’ with mass, but no spin, e.g. pion. The
Klein–Gordon equation is often introduced as a relativistic ‘derivative’ of the
Schrödinger equation because it is rooted in the same definition of the quantized
wave operators associated with some wave function [Ψ]. However, as will be shown,
the format of the Klein-Gordon equation, like the Dirac equation, is essentially a
revised form of the relativistic energy equation. This said, the Klein-Gordon equation
predates the Dirac equation and therefore may be said to represent the first step
toward a description that is now often tagged as Relativistic Quantum Mechanics
(RQM) . Subsequent discussions will continue the development of quantum physics
in terms of a number of steps along the following path:


Non-Relativistic Quantum Mechanics



Relativistic Quantum Mechanics ←You are here



Quantum Field Theory

Klein-Gordon Equation

As such, the Klein-Gordon equation is an important step from NRQM to RQM.
However, before proceeding to discuss this equation, it might be useful to review
some aspects of Schrodinger’s wave mechanics, which are to be merged with special
relativity. In the context of non-relativistic-QM (NRQM), Schrodinger’s equation was
thought to provide a fundamental description of nature in terms of the 'quantized
wave operators' of energy [E] and momentum [p]:
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[1]
We can highlight the role of these operators in Schrodinger’s equation, while noting the fact that these operators still reflect
the units of energy and momentum, such that the wave function [Ψ] they operate on must have no units. Based on [1], we can
reverse–engineer the time-dependent Schrodinger equation for a free particle, i.e. subject to no potential field [U=0], as
follows:

[2]
The side note attached to the last equation is simply to highlight that the energy in this case is defined in terms of its kinetic
energy only, as we have assume [U=0]. This issue will be highlighted again at the end of this discussion in a wider context.
However, at this point, we might still question what [2] is really telling us unless we can quantify the form of the wave function
[Ψ]. For simplicity, we will start by describing [Ψ] in terms of some basic formulation of a 1-dimensional wave equation of the
type shown in [3]:

[3]
Before outlining the suitability of [3] to describe a matter wave, it might be worth highlighting that [3] can be modified to
reflect both quantum operators in [1] – see [4]. In this respect, it can be said that the mechanics of a wave allow both energy
and momentum to be transport in space and time without any obvious reference to the semantics of a particle, e.g. its mass.
This point is raised simply because the following discussion will indirectly touch on the wave-particle duality issue and include
the semantics of mass [m] within many of the equations. Whether this reflects a true description of the fundamental nature of
the quantum realm is left as an open question.

[4]
However, [3] reflects a generalised waveform associated with a continuous wave that is conceptually infinite in space, whereas
we need a wave function [Ψ] that will be more representative of a matter wave that is localised in space. Again, at this stage,
this issue is simply being highlighted, although it will be discussed further when we consider the ‘implications’ of the quantum
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wave function that result from deBroglie hypothesis. As implied, the Schrodinger equation in [2] does not account for the
effects of special relativity on both energy [E] and momentum [p], which is often linked to its effects on the mass of a particle.
So, with these contextual preliminaries in place, we might now consider the derivation of the Klein-Gordon equation, which can
be shown to be rooted in the relativistic energy equation shown in [5]:
Paul Dirac
"You may wonder how Schroedinger's
early papers were all nonrelativistic,

[5]

although

Based on [1], we might substitute for both energy and momentum in terms of
the quantized operators linked to some wave function [Ψ]:

they

were

inspired

by

deBroglie waves, which were built up
from relativistic ideas. Schroedinger
lacked courage to publish an equation
that gave results in disagreement with
observation. If he had done so, he
would have published an equation that
was later to be known as the KleinGordon equation."

[6]

In some respect, [6] already contains all the essential features of the Klein-Gordon equation, although we might need to rearrange some of the terms so that the format becomes more recognisable to that normally adopted in the standard form:

[7]
However, from the perspective of trying to understand what is going on here, it might be useful to reflect a little further on the
implications of [6] and [7]. To some extent, we are trying to examine the duality of the wave-particle descriptions embedded in
nd

both the Schrodinger and Klein-Gordon equations. For example, if we do a 2 order differentiation of the wave equation in [3]
we get:

[8]
As such, [8] allows us to examine the equality of [5] and [7] by replacing the differential terms with the wave number [κ] and
the angular frequency [ω], which returns [7] to [5]:
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[9]
However, we might also want to examine [7] in terms of the classical wave equation of motion that has the following general
form:

[10]
nd

In terms of a classical wave, we might interpret [10] by saying that the 2 order derivative, i.e. acceleration of some amplitude
[A], with respect to time [t] and space [x] is directly proportional to the square of the propagation velocity [v]. However, if we
re-arrange [7] to provide a more direct comparison to [10], we get the form shown in [11]:

[11]
At first glance, the transitional formats in [11] may not appear to be that helpful in the examining of the wave-particle duality
description. However, the following equations highlight that each term in the last equation in [11] is an expression of wave
frequency [f]:

[12]
Therefore, we might characterise the form of [11] as follows:

[13]
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Here [f1] can be associated with the relativistic momentum [p], while [f2] is associated with the rest mass [m0], which both
appear in [5]. However, the inference of equating the Planck and Einstein
energy equations, as per [12], suggests that [13] is simply a reflection of the

Paul Dirac

energy components being considered:

The mathematician plays a game in
which he himself invents the rules while
the physicist plays a game in which the
rules are provided by nature, but as
time goes on it becomes increasingly
evident that the rules which the

[14]

mathematician finds interesting are the
same as those which nature has chosen.

In [14], we can now see more clearly that the scope of the energy being
considered in both the Schrodinger equation in [2] and the Klein-Gordon equation in [7]. As such, it might be highlighted that in
non-relativistic cases, the energy associated with the rest mass would swamp the kinetic energy and so on examination of [2],
we see that only the kinetic energy is taken into consideration. In contrast, the Klein-Gordon equation in [7] assumes that the
2

relativistic kinetic energy [pc] is comparable to the rest energy [m0c ] and so both terms are taken into account. It also
highlighted that we have chosen to simplify this discussion by assuming the quantum particles in question are free from any
effects of a potential field, which we might linked to the four fundamental forces of nature. If you pursue this line of thought, it
would seem that the quantum description has the ‘potential’ for much complexity, which has not really been taken into
account, so far.
1.1.4.3.3

Outline of Dirac’s Solution

The problem with the Klein-Gordon equation, as far as Dirac was concerned, lay in
the fact that it was based on a second-order derivative with respect to time and
not a first-order derivative as reflected in the Schrodinger equation. However,
before considering the implications of this problem, we might introduce the
concept of what is called the ‘wave operator ’:

[1]
Based on [1], we might write the Klein-Gordon equation in a different form:

[2]
Working from the abstracted form, in [2], Dirac defined an operator [D] such that the equation could be factorized:
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The Strangest Man
"Here's a puzzle. Bristol boy,
slightly older contemporary of
[3]

Bristol's other boy Cary Grant,
has an unhappy childhood, but

What we see in [3] is that in order to factorize the expression on the right, the complex

doesn't mention it for 50 years;

number [i] has to been introduced to resolve the sign. However, the presence of [D]

learns to speak French, German

suggests that we now need to find the square root of the wave operator in [1], which is a

and

non-trivial process that we will only outline in principle.

famous for his long silences;

Russian,

but

becomes

embarks on the wrong career;
gets interested in mathematics
and ends up at Cambridge,
[4]

where he becomes famous for
his even longer silences; hears

While taking the square-root of [4] can be described in a similar fashion to [3], the actual

about Einstein and gets into

form of the solution involves a number of matrices [γ]; the properties of which will only

advanced physics; and then

be summarised, as an actual detailed account requires further knowledge of Clifford

goes to Copenhagen to meet

algebra, which is beyond the scope of this discussion.

Niels Bohr, who grumbles to
Ernest Rutherford, this Dirac,
he seems to know a lot of
physics, but he never says
anything."

[5]

-------------From our starting point in [4], Dirac derived a square-root solution for the wave operator
in the following form:

Extract from a book by Graham
Farmelo

[6]
Now that we appear to have some sort of solution for [D], we can return to [3], which suggests two potential [±] solutions.
However, in terms of the electron, Dirac proceeded on the following assumption:

[7]
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We can now substitute for [D], as defined in [6]:

Paul Dirac
The fundamental laws necessary for the mathematical
treatment of a large part of physics and the whole of
chemistry are thus completely known, and the difficulty
lies only in the fact that application of these laws leads
to equations that are too complex to be solved.

[8]

2

The normal presentation of the Dirac equation makes one further rationalisation based on the matrix property [γ =1]:

[9]
The form in [9] can be directly compared with the early non-relativistic solution encapsulated in the Schrodinger equation,
because the Dirac’s equation is also resolved to the first derivative of time. However, this equation clearly resorts to a lot of
abstract mathematical shorthand, which although possibly convenient and meaningful to experienced mathematicians, does
not necessarily help anybody simply trying to understand the fundamental physics at work. As such, this issue is now taken up
in the more generalized discussion to follow.
1.1.4.4

Basic Interpretation of Dirac’s Equation

As stated, Dirac was seeking a solution of the Schrodinger wave equation that
also

accounted

for

relativistic

energy.

However,

unlike

the Klein-

Gordon approach, Dirac wanted a first-order solution, with respect to time,
which could then be compared to Schrodinger's non-relativistic solution as
shown in [1] below:

Implications
While solutions with negative energies can
be described as propagating backwards in
time, these solutions can also be described
as antiparticles propagating forward in time
with a positive energy.

[1]
Here the Hamiltonian [H] corresponds to the energy [E] of the system, e.g. a free particle outside the electromagnetic field of
an atom. We might wish to do an initial sanity check on this statement, and the Dirac equation, to ensure that the units of each
component shown is consistent with energy:
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[2]
So, at face value, we appear to have arrived at a form of the Dirac equation,
which is consistent with the definition of relativistic energy; although the
inclusion of the various matrices, denoted [γ0, γ1, γ2,γ3], required to solve the
2

square-root of [D ], has not really been interpreted in any physical sense. So,
to recap, Dirac introduced the non-commuting quantities, described in terms
of the [γ] matrices, in order to find a first-order derivative of time [∂/∂t].
This approach is considered legitimate in quantum mechanics because they
collectively act as linear position and momentum operators with respect to
the wave function [Ψ]. However, the need for [4x4] matrices suggested

Interpretations
a) Complex numbers are linked to spin in
Dirac theory and therefore essential to any
description of quantum mechanics. b) Spin
is a result of the rotation of quantum waves
in 3D space. c) Electron spin and phase are
kinematic properties of electron wave
motion.

additional degrees of freedom in the form of quantum spin, which could not initially be explained. In 1925, Uhlenbeck and
Goudsmit had forwarded the suggestion that the electron must possess a quantum mechanical spin, which aligned to two
quantum states. Later, in 1927, Pauli showed how to represent the transformation of these spin states under rotation using
what are now often called ‘Pauli matrices’. However, initially in the Bohr model of the atom, electrons were constrained to
energy states called ‘orbitals’ and in order to comply with Pauli’s exclusion principle, it was assumed that each orbital could
only contain one electron. Later it was shown that two electrons could coexist in one orbital, if their states were not identical,
i.e. when two different quantum spin states were taken into consideration. In this context, Pauli’s matrices were [2x2], which
appeared to be in conflict with Dirac’s requirement for [4x4] matrices. In order to provide some physical rationale for this
difference, we need to return to point where Dirac factorised the Klein-Gordon equation:

[3]
In the form shown in [3], there is the suggestion of two separate solutions to Dirac equation linked to the [±] values of the
second term. If so, each solution could have the two spin states, as originally proposed, if we accept a more fundamental
interpretation, i.e. the existence of particles with both positive and negative rest energy, i.e. matter and antimatter particles.
While the separation of the Dirac equation into distinct solutions is a convenient visualisations; in practice, all quantum
solutions tend to be far more ‘entangled’ than the classical particle model would assume. One of the questions that Dirac was
forced to consider was:
What would stop a fundamental particle with positive rest energy, e.g. electron, from falling into a lower negative energy?
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Clearly, if these negative energy states existed, and were available, the wholesale collapse of electrons into these lower energy
states would allude to some catastrophic instability within the particle model, to say nothing of an almost unlimited release of
energy. Of course, given that there was no evidence to support this idea, Dirac considered an alternative approach based on
Pauli’s exclusion principle, i.e. no two fermion particles could occupying the same state. However, this line of thinking
suggested that all the negative energy states were already occupied by what is sometimes referred to as ‘Dirac’s Sea’ of
negative energy. This then led Dirac to another question:
How would an empty negative energy state appear within the particle model?
In response, Dirac suggested that the implied ‘hole’ in the energy state would
appear as a positive-energy particle with an electric charge opposite to its matter
counterpart. The existence of this particle, i.e. a hole in the Dirac Sea, would then
allow an electron to fall into what might be thought of as an unoccupied energy
state, resulting in a release of energy. Alternatively, within the language of the
particle model, the particle and antiparticle would collide and result in the mutual
annihilation of both 'particles' into energy, i.e. photons. The positron, the
antiparticle to the electron, was subsequently discovered by Carl Anderson in
1932.

Paul Dirac
"It seems clear that the present
quantum mechanics is not in its final
form. Some further changes will be
needed, just about as drastic as the
changes made in passing from Bohr's
orbit theory to quantum mechanics.
Someday a new quantum mechanics, a
relativistic one, will be discovered, in
which we will not have these infinities
occurring at all. It might very well be

Note: In the restricted context of pre-war quantum mechanics, the idea of
quantum spin is not an easy concept to visualise. However, it is not clear
that quantum mechanics has ever offered a fully rational explanation of

that the new quantum mechanics will
have determinism in the way that
Einstein wanted."

quantum spin, at least, in terms of any physical visualisation. Therefore, this discussion will stop at this point, but make
reference to a future discussion under the heading ‘The Wave Structure of Matter’ that may provide an alternative, if
possibly speculative interpretation.
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1.1.5

Philosophical Implications

People do not always like the idea of introducing any sort philosophical debate to the
‘domain’ of science, possibly because it may be interpreted as a failure of science to
provide adequate answers to questions we have about the world around us. However,
some the ideas in quantum theory, as discussed so far, would appear to suggest that
quantum theory does indeed have some unsettling implications that extend well
beyond what might be described as the exclusive ‘domain’ of science. For it would seem
that quantum theory seeks to replace the long-held notion of determinism, as
established by Newtonian mechanics, with ideas based on probability and uncertainty.
The nature of this paradigm shift in scientific thinking was also a matter of profound
concern to many of the founders of quantum physics, possibly now best characterised
in Einstein famous quote:
Fritjof Capra
"God does not play dice with the universe"

The mathematical framework of quantum
theory has passed countless successful tests and

Clearly, this quote could possibly be described as more of a philosophical

is now universally accepted as a consistent and

belief, but one that Einstein would try to defend for the rest of his life,

accurate description of all atomic phenomena.

even in the face of mounting scientific evidence. However, in many

The verbal interpretation, on the other hand,

ways, it was also challenged by Niels Bohr on an equally philosophical

i.e. the metaphysics of quantum theory, is on far

level in the following quote:

less solid ground. In fact, in more than forty
years physicists have not been able to provide a

"It is not the job of scientists to prescribe to God how He should

clear metaphysical model.

run the world."
However, it is not the intention of the following discussions to pursue this line of philosophical debate, especially when
overloaded with theological ambiguity, but rather to consider the philosophical implications in terms of the principles and
methodology of science. In this context, we might reflect more on the implications of another Einstein quote:
"Concepts that have proven useful in ordering things can easily attain an authority over us such that we forget their
worldly origin and take them as immutably truths. They are then rubber-stamped as a "sine-qua-non of thinking" and an
"a priori given". Such errors often make the road of scientific progress impassable for a long time."
Those who reject the imposition of philosophical logic into science, on the grounds that this type of logic cannot necessarily be
verified, might also have to examine the increasing role of mathematical logic, which some might equally claim to be physically
unverifiable, at least, in the timeframe when initially presented. So within
this more ‘philosophical’ framework, the intention is review some of the

Walter Lippmann

implications that appear to stem from quantum theory:

The radical novelty of modern science lies
precisely in the rejection of the belief, which



Quantum Mechanics

is at the heart of all popular religion, that the



Uncertainty Principle

forces which move the stars and atoms are



Double Slit Experiment

contingent upon the preferences of the
human heart.
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Quantum Superposition



Quantum Wave Interpretation



Wave Function Collapse



The Copenhagen Interpretation



Quantum Entanglement

While the debate that surrounds these topics originated within the timeline of the ‘Pre-War Years’, it appears that some
aspects of the debate still continues to this day. If this is the case, then possibly we need to consider whether this constituents a
failure of science to explain the reality of quantum mechanics or a failure of science to understand the true reality of nature. Of
course, we might also have to face up to the potential reality that we, as individuals, are simply incapable of understanding the
complexity of what quantum theory is now presenting to us. However, according to Einstein, we might still pass the buck back
to science:
Model Philosophy
"You do not really understand something unless

It might be argued that classical mechanics is

you can explain it to your grandmother."

based on a deterministic philosophy in which
every set of state variables

1.1.5.1

Quantum Mechanics

is uniquely

determined by a previous set of state
variables. Therefore, deterministic models

In the first part of the discussion, covering the development of quantum
nd

perform in the same way for a given set of

theory in the years prior to the 2 World War, we have tried to follow the

initial conditions. In contrast, quantum

chronological sequence of events that led science towards what might be

mechanics adopts a probabilistic philosophy

described as a ‘philosophical shift’ in its understanding of the microscopic

where some level of 'uncertainty' will be

universe. However, in a more pragmatic context, classical and quantum

always be present, such that the state

physics only seek to answer a basic question:

variable have to be described in terms of
probability distributions.

Knowing the initial state of a dynamic system, and knowing the action done
to it, how will the state of the system change as a function of time?
However, in the process of trying to answer this question, it would appear
that classical and quantum mechanical have arrived at very different
descriptions of the fundamental process at work within the universe. In
order to describe these differences, we might wish to quantify how classical
and quantum mechanics set about answering the question above. Within
the scope of classical mechanics, the approach is essentially restricted to
the macroscopic world, while quantum mechanics is often perceived to
consider the question on the microscopic level of sub-atomic particles.

Model Assumptions
The philosophical divide between classical
and quantum mechanics can also be
compared in terms of its assumption about
energy. Classical mechanics assumes that
energy to be continuous and all energy
values are allowed. Quantum mechanics
assumes energy is discrete and not all
energy values are allowed.

Therefore, in classical mechanics, we might begin to quantify a system in terms of its initial state based on the definition of both
static and dynamic variables, e.g. mass and velocity; although it is the change of dynamic variables with time [t] that leads to
change in the state of the system. In the language of classic mechanics, we might describe this process in terms of ‘actions’
linked to the classical ‘equations of motions’. As such, it is the Newtonian ‘equations of motion’ that describe the timedependency of the system, which then allows the state of the system, at some later time, to be predicted. If we ignore the unit
of electric charge [e], a classical system can be described in terms of just 3 fundamental units:

78 of 329

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


Length – Metres



Time - Seconds



Mass - Kilograms

As such, classical mechanics allows the initial state of a particle of mass [m] to be specified in terms of its position x0(t0) and it
velocity v0(x0,t0), which can then extrapolated to some other point in spacetime [x1,t1]. So, in classical mechanics, all the other
dynamic properties of a system can be calculated from the initial variables listed above, e.g.

[1]
In this context, it might be argued that Newtonian mechanics is based on a
philosophic assumption, albeit one that was logically verified within the limits
experimental data, where position [x] and the momentum [p] could both be
determined without any conceptual limit being place on the accuracy. Under this
assumption, the evolution of a classical system could be described as
deterministic; although we might want to first ask ourselves the following
question before accepting this assumption:
Should we really expect classical assumptions to hold true in the quantum realm?

Paul Mealing
"Born’s dramatic assumption transformed

One of the first difficulties associated with a quantum system, as opposed to a

Schrodinger’s equation into a radically

classical system, is the implicit change of scale from macroscopic to microscopic.

new form, never before contemplated.

For the purposes of this discussion, we shall define the microscopic scale based

Whereas Newton’s equation of motion

on the Bohr model of the hydrogen atom:

yields the special position of a system at
any time, Schrodinger’s produces a wave
function from which a probability can be
calculated."

[2]
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Of course, even without specifying the details, we might reasonably perceive some of the problems of taking measurements on
the scale defined by [2]. As such, any measure of position [x] and momentum [p] within a quantum system might be expected
to reflect some statistical variance, especially where the ‘system’ encompasses a very large ‘ensemble’ of moving elementary
particles. In this context, it is not unreasonable to assume that classical mechanics might lose sight of some important
characteristics within a microscopically small quantum system. If so, we might also be forced to question the deterministic
assumption associated with classical mechanics, which requires both the simultaneous and precise measurement of position [x]
and momentum [p] of an individual elementary particle, such as an electron:

[3]
Even if we start anchored in classical mechanics, we might realise that any physical measurement of position [x] and the
composite change in position with time [dx/dt], on the scale of [3], is going to present some practical difficulties. However, as
previous discussions have tried to highlight, the description of a quantum system is based on some fundamentally different
assumptions, when compared with classical mechanics. In quantum mechanics, the ‘state’ of the system is not characterized by
a set of dynamic variables, each having a specific numerical value; but rather it is quantified as a whole, which is then described
in terms of a ‘state function’. As such, the dynamics of the entire system is explained in terms of the time dependence of the
state function. How the state of the particle changes as a function of time [t] is then described in terms of the ‘wave function
Ψ(x,t)’ of the particle, which accounts for the duality of the wave-like properties predicted by ‘deBroglie matter waves’. It is also
highlighted that the statistical nature of any measurement is also reflected in the wave function Ψ(x,t), because the system is
being effectively described as a ‘statistical ensemble’ , collectively associated with just one state function [Ψ]. As such, the
2

square of the wave function, i.e.|Ψ(x,t)| , is interpreted as the probability of finding a particle, within the quantum ensemble,
in the spatial range [x..x+dx] at time [t]. However, in contrast to classical mechanics, it is no longer possible specify the precise
position of a particle within this statistical ensemble and any measurement of position must be considered as a statistical
average or the probable position of the particle.
Equations of Motion:
Despite the differences in approach, classical and quantum mechanics both need
to quantify the ‘action’ on the state of a dynamic system. In classical mechanics,
this action simply equated to a force or the change in the potential energy [U]
with position [x]:

[4]
In contrast, quantum mechanics defines an ‘action’ using the terminology of
a ‘potential energy operator’, which is also a function of the position of the
system. Of course, a force may also be describe in terms of a gradient of some
potential [U] with respect to position [x]. However, as indicated in the earlier
discussion of Lagrange and Hamilton mechanics, all dynamic properties can be
represented by ‘operators’ that are functions of position [x] and momentum [px].
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As has been shown, the operator representing momentum [px] in the Schrodinger wave equation is defined in terms of the first
derivative with respect to position [x]:

[5]
The total energy of the system is described in terms of the Hamiltonian [H], which is the sum of the kinetic energy [T] and the
potential energy [U] of the system, as per classical mechanics:

[6]
Therefore, the ‘action’ on the system is defined by the Hamiltonian [H] through its dependence on the potential energy [U]. In
order to predict how the state function [Ψ] will vary with time [t], the main equation of motion is often defined in terms of the
time-dependent Schrodinger equation. In the semantics of quantum mechanics, the rate of change of the state function with
time [t] is said to be proportional to the Hamiltonian [H] ‘operating’ on the state function:

[7]
In this context, Schrodinger’s wave equation in [7] represents the quantum equation of motion that might be described as
analogous to the classical equation of motion shown in [4].
So do classical and quantum mechanics differ in substance or just methodology?
As already indicated, we can trace the start of quantum mechanics back to Max Planck’s introduction of the idea of energy
quanta, which today we might characterise in terms of the Planck constant [h], which is defined in units of energy per second:

[8]
This is essentially the smallest unit of energy allowed in quantum mechanics and, as such, might suggest that spacetime ceases
to be continuous at the quantum scale of the universe. In many ways, this assumption represents the most fundamental, and
profound, difference between classical and quantum mechanics. Embedded in this assumption is what might be called the
‘quantum principle’ :
Not only have changes to a system, smaller than [h], never been observed, but they can never be observed.
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So, in contrast to classical mechanics, quantum mechanics leads to the
idea that two successive observations of the same system must always
differ by some function of [h] and, as such, no quantum system can
ever be describe as being in a state of absolute rest. As a
consequence, quantum mechanics can never truly define the initial
state of a quantum system, which points us nicely in the direction of

Bertrand Russell
Physics is mathematical not because we know so
much about the physical world, but because we
know so little; it is only its mathematical
properties that we can discover.

the Heisenberg’s Uncertainty Principle.
1.1.5.2

Heisenberg’s Uncertainty Principle

The assertion of the Heisenberg uncertainty principle is that position [x] and momentum [p] of a particle cannot be
simultaneously measured with absolute precision. The root of this assertion might be said to exist in the definition of noncommutative nature of the position and momentum operator. This uncertainty can be expressed either as the product of the
uncertainty in position [x] and momentum [p] or alternatively product of the uncertainty in energy [E] and time [t], although
this latter definition is subject to certain caveats that will not be detailed at this stage.

[1]
So, in this context, it is suggested that Heisenberg's uncertainty principle is not making a general statement about the
inaccuracy of any measurement of these quantities, but rather a more fundamental ‘uncertainty’ or 'indeterminacy’ that is
inherent in the quantum description of nature.

Despite its fundamental implication, Hesienberg’s uncertainty principle is often described in terms of a practical measurement
approach or conceptual wave approach. While, the practical measurement approach is somewhat easier to visualise, the more
far reaching implications appear to stem from the conceptual wave approach, which possibly also go to the heart of the
difference between quantum and classical mechanics. However, before outlining these two perspectives, it might be worth
highlighting some general concerns regarding the nature of the uncertainty. As has been outlined, the non-commutative
relationship between position [x] and moment [p] can be rationalised in terms of the following algebraic equation:
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[2]
In this context [n,m] represent different points in spacetime, although the actual
mathematics is usually presented in terms of a more abstract concept of linear
vector space, known as Hilbert space, to be addressed in later discussions.
However, at this stage, we might still question how any real observables of a
system, i.e. [x] and [p], end up being associated with a complex component and
how [2] is reconciled with the certainty principle in [1]. It seems that one of the
problems associated with understanding the certainty principle lies in the
semantics stemming from the idea of the wave-particle duality. Again, it might
be argued that it is the classical concept of a point-particle, which is the more
conceptually difficult to reconcile, not only in terms of quantum mechanics, but
the subsequent development of quantum field theory. In this latter context, it
seems even more ‘logical’ to assume that the ‘substance’ of a particle may be a
property of some form of wave process that is capable of transporting scalar
energy in spacetime. If you simply accept this train of thought for the moment, a
wave description implicitly has some uncertainty in its location, which we might
label as [Δx] linked to the distribution of a ‘particle’ within its wavelength [λ].
Therefore, we might wish to use the basic idea associated with the Compton
and deBroglie wavelengths as a baseline reference.

Louis deBroglie
Many scientists have tried to make
determinism and complementarity the
basis of conclusions that seem to me
weak and dangerous; for instance, they
have used Heisenberg's uncertainty
principle to bolster up human free will,
though his principle, which applies
exclusively

to

the

behaviour

of

electrons and is the direct result of
microphysical

measurement

techniques, has nothing to do with
human freedom of choice. It is far safer
and wiser that the physicist remain on
the solid ground of theoretical physics
itself and eschew the shifting sands of
philosophic extrapolations.

[3]
How we actually interpret [3] seems to depend on whether we apply it to the description of radiation in the form of a photon or
as an electron particle in the form of matter wave. Therefore, let us simply start by clarifying some of the variables in [3] in
terms of a photon:

[4]
In this case, there would appear to be no ambiguity in terms of the frequency [f] of a given photon from which the wavelength
[λ] can be calculated in vacuum using [c= fλ], such that the momentum [p] would appear equally certain. However, we seem to
be able to calculate the momentum [p] without any knowledge of the location of a photon provided we know its frequency [f].
Therefore, in terms of the uncertainty principle in [1], we seem to have a situation where [Δp=0], while [Δx] might be said to be
infinite, i.e. the momentum is known, while the location is totally ambiguous in normal spacetime.
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But what about a matter-wave particle like an electron?
While deBroglie hypothesised that [3] was applicable to matter waves, we have already highlighted a few anomalies in
deBroglie's description, even though experiments appear to support the extension of [3] to matter waves. However, we might
summarise the most salient issues in terms of the energy of a non-relativistic free electron:

[5]
However, the premise of [5] is rooted in the fact that the rest mass energy is much, much greater than the kinetic energy, when
[v<<c]. However, if we now consider [5] in terms of kinetic energy only:

[6]
While there is some ambiguity in both [5] and [6] with respect to [3], the idea of a matter-wave packet that is localised in
spacetime is often described in terms of a superposition of waves, each having a dispersive phase velocity [v p], which combine
to form a wave packet with a group velocity [vg] that corresponds to the classical kinetic energy, as used in [6]. However, it
might be argued that there is an implicit uncertainty in the exact position [x] within the wave packet, as described, which we
might generalise as follows:

[7]
What we might also realised from this description is that the kinetic velocity [v] of the wave packet is not a constant, as per a
photon [c], and therefore a degree of uncertainty exists in both [6] and [7] regarding the exact location of any quantum particle,
such that this uncertainty would also exist in the determination of momentum [p] based on position [x 1,x2] and velocity
[v=dx/dt]. Given that theory has to be ultimately verified by empirical measurements, it is unclear how any practical
experiments can ever claim [Δx] to be zero, such that we might say that 'uncertainty' is only fundamental in the sense that
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there is no exact position within a wave-packet description. However, while the previous statements may not be accepted as
mainstream, Heisenberg himself did not actually describe his principle in terms of uncertainty, but rather indeterminacy:
The term ‘uncertainty principle’ is an inaccurate translation of Heisenberg description, as he actually describe this issue
in terms of ‘indeterminacy’ rather than ‘uncertainty’. In this context, Heisenberg argued that all system observables, at
the quantum level, simply have no definite value and, as such, there is no uncertainty, just an inability to assign an exact
value of position [x] and momentum [p], when approaching the quantum scale.
It should also be pointed out that the wave packet, as outlined above, does not seem to have any 'physicality' within the
accepted quantum description. This is possibly one of the hardest aspects of quantum mechanics to understand, as it seems to
suggest that the mathematics of quantum mechanics exists independently of any obvious form of physical reality, at least, in as
much as can be tangibly verified.
1.1.5.2.1

The Practical Measurement Approach

The basis of this approach can be linked to a famous thought experiment, also attributed to Heisenberg, in which the position
of a particle is measured using a ‘microscope’. However, we might initially characterise the nature of this approach in relatively
simple terms. Let us assume that we are trying to measure the position of a quantum particle using its physical interaction with
photons of a known wavelength. In this context, the limit of accuracy associated with the measurement might be best achieved
using very short wavelength photons, which also comes with the
implication of higher frequency [f] and energy [E]:

[8]
In this context, the use of higher energy photons would also
imply a greater disturbance of the position of the quantum
particle during the measurement process itself. In Heisenberg’s though-experiment, the quantum particle is illuminated by Xrays, i.e. photons, which are scattered back towards the lens of the microscope as illustrated in the diagram. As such, the
measured position of the particle has an uncertainty given by the following approximation linked to the angular dispersion of
the aperture:

[9]
Here [λ] is the wavelength of the scattered photons and [α] is the angle subtended by the particle to the microscope lens.
However, the process of observation involves innumerable photon-particle collisions with some of the scattered photons
entering the lens of the microscope. To enter the lens, a scattered photon with wavelength [λ] and momentum [p] must have
also momentum component along the x-axis:
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[10]
Therefore, this component of momentum must also be subject to a degree of uncertainty, because momentum is conserved
when the photon scatters.

[11]
While we might expect to reduce the uncertainty in the measurement by reducing the frequency impact of the photons used
to ‘illuminate’ the particle, this would only result in a corresponding reduction of spatial [x] resolution of the microscope, which
will then cause an increase in the uncertainty in the position [x] of the particle. Indeed, by combining [10] and [11], we find that
the uncertainty in the position and in the momentum of the observed particle are approximately related by:

[12]
This general result might be said to characterise Heisenberg uncertainty principle, as it highlights the idea that greater accuracy
in position is only possible at the expense of greater uncertainty in momentum, and vice versa. However, the precise statement
of the uncertainty principle complies to the form shown in [13] below, which essentially represents the average uncertainty:

[13]
So through this thought-experiment Heisenberg suggested that a precise determination of position is only possible at the
expense of total uncertainty in momentum, although it has to be recognised that this might only be a conceptual statement. In
fact, analysis of the microscope experiment, which takes into account the Compton effect, shows that a precise determination
of position is impossible. This simplified analysis of Heisenberg's microscope experiment has only attempted to illustrated the
fundamental role of Planck's constant in any measurement.
1.1.5.2.2

The Conceptual Wave Approach

We have already touched on the general issue of wave dispersion and matter waves in which a particle is described in terms of
a superposition of waves. However, we have also introduced the general concept of a wave function, based on Schrodinger’s
wave equation, which suggests that the wave function Ψ(x,t) will spread out spatially. As such, if the position [x] of a particle is
2

measured at time [t], the resultant wave function would reflect the dispersion of the probability density |Ψ(x,t)| for any point
in space. By the same token, the probabilistic nature of the wave function also suggests that if we repeatedly measure the
position [x], even under the same conditions, each measurement would be different. Therefore, the formulation of a particle as
a matter wave also appears to introduce some level of intrinsic uncertainty in comparison to the classical model of a particle.
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For the purposes of this discussion, we might wish to consider a wave function that can be described in terms of a Fourier
superposition. By way of general introduction, we shall initial describe a wave packet localised in spacetime in terms of a 1dimensional square pulse, which is constructed from the Fourier transform:

[14]
Fourier analysis allows any wave function to be constructed from a superposition of plane waves, which have integral
wavelengths defined in terms of a wave number [k=2π/λ]:

In this case, we are simply assuming that the wave number distribution f(k) corresponds to the diagram on the left, which then
2

has a corresponding probability density |Ψ(x)| , as shown on the right. We can characterise this relationship by pointing out
that when the wave number distribution is wider, i.e. lots of wavelength components, the probability density distribution is
narrower. However, we shall proceed using a Gaussian wave packet as a general example, where the wave function is given by
a Gaussian function:

[15]
We can characterise the wave number distribution and the wave function as per the two diagrams below. Here, the width [a] of
the wave function becomes narrower, when the width of the wave number distribution is wider.
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Based on deBroglie’s matter wave description, we can define a relationship between the wavenumber [k] and the momentum
[p] of the matter wave-particle:

[16]
This wave approach suggests that when the position coordinate [x] and momentum [p] of a particle are measured, the
dispersion of the momentum [Δp] will be larger in those states with a smaller dispersion [Δx] of position [x]. Therefore, in the
example of the Gaussian wave packet, if we want to make the width of the wave function [a] smaller than [Δx], the dispersion
of momentum [Δp] would have to be:
Fred Alan
The quantum is that embarrassing little
piece of thread that always hangs from
the sweater of space-time. Pull it and
[17]

the whole thing unravels.

Again, the relationship in [17] turns out to only be an approximation, which when subject to more rigorous quantum analysis
takes the final form of Heisenberg’s uncertainty principle, as shown in [1]. As such, quantum mechanics seems to assert that if
we measure the position [x] and the momentum [p] of a particle simultaneously, then there is an intrinsic degree of uncertainty
in either the position [x] or the momentum [p]. However, as reflected in the initial section of the discussion, the indeterminacy
of position [x] appears to the more fundamental issue, especially as momentum [p] of a matter wave packet is a composite
value based on a change in position [x] with time [t].
1.1.5.3

Double Slit Experiment

The double-slit experiment was first performed by Thomas Young in 1803 and was initially forwarded as a demonstration of the
wave nature of light in contradiction to Newton’s long accepted corpuscular or particle theory of light.
Thomas Young
Born: June 13, 1773
Died: May 10, 1829
While Young's achievements are many and varied,
his contribution to the wave theory of light is
possibly the most important. This work should also
be seen in the context of the then accepted view,
established a century before by Isaac Newton,
which asserted that light should be described in
terms its particle nature. However, at the start of
the 19th century, Young's double-slit experiment
appear to demonstrate that light had an
underlying wave nature.
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The diagram above simply tries to illustrate the essential elements of Young’s experiment in which light, as a wave, creates an
interference pattern of light and dark bands on the background screen on the right. However, in the context of the timeline of
developments being discussed, we have reviewed both Compton’s suggestion that light has a particle-like nature and
deBroglie’s suggestion that matter particles have a wave-like nature. While aspects of the experimental evidence, which
support the wave-particle nature of matter, extends beyond the ‘Pre-War’ timeline, the main arguments of the debate were
laid down in this time period. So to start, we need to present what commonsense would tell us is the equivalent to Young
double-slit experiment for particles.
The Nature of Waves
The wave view did not immediately
displace the particle view, but
would come to dominate scientific
thinking by the end of the 19th
century, since it could explain many
phenomena that the alternatives
could not. The acceptance of
Maxwell's equations, published in
1864, was seen to confirm light as
an electromagnetic wave.

Of course, our previous discussions of quantum mechanics might tell us that any unusual wave-particle duality issues will only
be observed, if the particles in question are much closer to the quantum scale, e.g. electrons. Given that the cathode ray tube
was invented in 1897, we might reasonably update the diagram above by introducing the idea of an ‘electron gun’ to fire a
stream of electrons through the double slits and onto the screen.
Wave-Particle Duality
However, quantum theory would
come

to

re-interpret

Young's

experiment in terms of the duality
debate. However, we might still
question the material 'substance' of
the

particles

within

this

re-

interpretation and whether the
underlying nature of reality is truly
as ambiguous as suggested by
quantum theory.

However, while the only real difference between the two diagram appears to be the scale of the particles, the outcome of the
pattern on the screen is very different and cannot be explained by classical mechanics; although we might wish to consider a
few possibilities. For example:
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Is it possible that the interference pattern is caused by electrons going through the two slits and then somehow interacting with
each other?
One of the most surprising aspect of the experiment outlined above, i.e. based on the electron gun, is the idea that one
electron, at a time, can be fired at the screen. Latter day experiments along these lines have been done and appear to suggest
that after a large number of electrons have been fired, i.e. one at a time, the interference pattern still emerges. If so, then we
appear to be led to the conclusion that no matter what is causing the interference pattern, it does not appear to involve the
interaction of two or more electrons.
What implications follow from this assumption?
Within the wave model, we recognise that the interference pattern results from components of the same wave front passing
through both slits, which then recombine in superposition to generate the observed interference pattern.
Might this suggest that aspects of the wave-like nature of a single electron is passing through both slits?
Subsequent experiments have apparently been carried to try to resolve which slit the electron passes through. However, when
this is done, it would appear that the electron reverts to its particle-like nature and passes through just one of the slits; but inline with the earlier particle-like distribution pattern, the interference phenomenon disappears. Somehow, the process of
measurement has an effect of the quantum system.
What explanation might quantum mechanics offer up in this situation?
Well, to some extent, we have just discussed some of the implications of Heisenberg Uncertainty Principle, which suggests that
it is impossible to interact with a quantum system, in order to make a measurement, without disturbing the original system. As
described, using photons to detect the position of the electron, at either slit, will result in some form of energy exchange. As in
the case of the photoelectric effect, turning down the intensity, i.e. number of photons, will simply result in some of the
electrons not being detected, such that the interference pattern will start to re-emerge. We might also consider reducing the
energy associated with the photons, i.e.

[1]
However, this approach only leads to an increase in the associated wavelength, such that we would lose the spatial resolution
to determine which of the two slits the electron passed through. Again, the failure to interact with the quantum system, i.e. the
electrons, causes the interference pattern to re-emerge. As such, the philosophical implication of quantum mechanics is that
there is no experiment that can resolve the slit through which the electron passed, while maintaining the interference pattern.
In fact, this conclusion led Heisenberg to state:
“The path of a particle comes into existence only when we observe it."
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The implication of this statement will be discussed further under the heading of ‘Wave Function Collapse`. So, within the
confines of quantum theory, the conclusion appears to be that the position of the electron is only defined in terms of a
probability linked to the wave function [Ψ]. When we do not interact with the probability wave, components of
this ‘conceptual’ wave pass through both slits and recombine at the screen, which results in the ‘observed’ interference pattern.
In contrast, when we try to interact with the probability wave, it collapses, such that there is only a 100% chance it went
through one slit and a 0% chance it went through the other. In this instance, the two components of the probability wave cease
to exist and cannot therefore recombine to form an interference pattern.
1.1.5.4

Quantum Superposition

With the benefit of hindsight, we might now begin to understand that Young’s experiment takes on deeper significance in the
context of quantum theory. For this reason, we shall return to the idea of the quantum wave in the context of the double-slit
experiment, just discussed. The diagram below attempts to illustrate monochromatic light being shone through the 2 slits on
the left, which are separated by a distance [d]. The light that passes through the slits is seen on the screen on the right at a
distance [R]. The resultant light pattern is a series of light and dark bands, which corresponds to constructive and destructive
interference of the light passing through the 2 slits.

Quantum Principle
One of the central principles of quantum
mechanics is the idea of

the wave-

particle duality of elementary particles.
Therefore, an elementary particle can be
described in terms of a 'localized' pointparticle or as a wave field, which has an
extended structure in space.

However, the next diagram above is possible more illustrative of how individual particle-like photons strike the screen, which
then build up over time into an interference pattern.
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Quantum Superposition
In quantum mechanics, a particle has the
property to occupy all possible quantum
states simultaneously. So, in order to
describe a particle, it is necessary to
include a description of every possible
state and the probability of the particle
being in that state.

Of course, when Young first carried out this experiment, he had no concept of a photon or the ability to resolve light to such a
minuscule granularity; therefore he forwarded his experiment as a demonstration of the wave-like nature of light and wave
interference through superposition:

[1]
The equations in [1] reflect 2 waves in superposition with the same amplitude [A] and travelling in the same direction, but with
a different phase [φ]. However, these functions are often difficult to manipulate and therefore another notation, derived
from Euler theorem, was devised based on complex numbers. In the context of mechanical waves , the equations above refers
to some form of physical amplitude [A] but, in the context quantum theory, we need to switch to the symbol [Ψ] and the
implications that accompany it use. However, we first need to establish the basic link between the previous trigonometric
functions and the various forms of complex notation:

[2]
In [2], we see the use of both a real and imaginary component associated with the complex form, where the real component
can be written in a number of forms:

[3]
As such, we could adopt the following complex wave notation:

[4]
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The form of [4] restricts the scope to just the `real part`, i.e. ℜ{}, although we have already implied that complex numbers play
a meaningful role within the overall scope of quantum theory in terms of quantum spin - see Dirac interpretation. However, at
this point, we are more focused on Huygens theory of light waves, such that we can consider the 2 slits in the double-silt
experiment as 2 sources of light with the same direction, amplitude and phase, which allows us to write the wave function for
the superposition wave at [P] as follows:

[5]
Providing the distance [R] is large relative to [d], as defined in the first diagram, we can proceed to make an approximation of
the distances [r1] and [r2] associated with the 2 slits to point [P] on the screen:

[6]
As such, we can update [5] by substituting for [6]:

[7]
The form of [7] is still unwieldy, but can be rationalised using [3]:

[8]
This allows the form of [7] to become:

[9]
As a point of reference, when discussing mechanical waves, the square of the amplitude of the wave is proportional to its
2

energy [E∝A ]. However, in concept, we are now discussing EM waves, which also conform to a stream of discrete photon with
energy [E=hf], where the intensity [I] is proportional to the square of the amplitude. If so, the intensity of an EM wave can be
defined as the number of photons per unit area per unit time:

[10]
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However, in the context of Young’s experiment, examination of [9] suggests that the wave amplitude is also a function of the
distance between the slits [d]. As such, we might show the proportionality of the intensity of the light, at point [P], on the
screen by the following equation:

[11]
Of course, we might still question the full scope of meaning of the complex component in [7]:

[12]
However, we shall table this issue for now and state that the probability density [P] of the wave function [Ψ] is given by the
*

product of the wave function [Ψ] multiplied by its complex conjugate [Ψ ]. Where the complex conjugate of a function can be
simply derived by changing the sign in front of the complex part [i] allowing us to define the complex conjugate of [7] as:

[13]
However, we can also use the following feature of complex exponentials:

[14]
Therefore:

[15]
Note: The approximation used to derive [11] and [15] means that it does not show the fall-off of intensity with [θ], only
2

the general constructive and destructive cycle of interference. In practice, the maximum amplitude (2A) only exists only
at the centre of the distribution pattern shown in the diagram above.
However, these results provide a clue as to how we might physically interpret [11] in terms of an intensity distribution;
although [15] is actually more expansive in that it is representative of the probability density [P] of a single particle arriving at
any particular location on the screen. Therefore, the quantum wave function Ψ(x) can be used to describe a particle, such as an
electron, in terms of the probability of finding that particle in the interval [x] to [x+dx]:
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[16]
Although we have not been that explicit about the nature of the complex
oscillation, as outlined in [12], we have possibly demonstrated some of the
rationale, and implications, linked to the introduction of complex waves. At
one level, the wave function might be described as only a mathematical
2

construct, where the square of amplitude |Ψ| , at any point, defines the
probability of finding the particle in some given location. However, there
are another interpretation, which suggests that the wave function really
exists, at least in the quantum world, and while it might be perceived as a
single point particle, i.e. photon or electron, at another level, it is still a
waveform that can somehow pass through both slits simultaneously in the

Superposition Waves
Since Schrödinger's equation is linear, any
solution must take into account all possible
combinations.

This

property

of

linear

equations is known as the superposition
principle. An example of an observable effect
of

superposition

is

interference

peaks

associated with an electron wave in the
double-slit experiment.

quantum universe. As such, a single particle is still able to produce an interference pattern. Of course, you might think that if
the wave function really exists, and is passing through both slits, we might be able to measure some aspect of it as it passes
through the slits. Unfortunately, this is not the case, which leads us to the issue of how to interpret the quantum wave.
Note: One of the issues that does not seem to be clearly address, in many accepted references, is the apparent
disconnect between the description of light as a photon particle, then as an EM wave and finally as a quantum
probability wave. This issue is then compounded by a similar, but somewhat different, ambiguity surrounding the
description of an electron as a particle and then as a conceptual quantum probability wave. While quantum theory
seems to question the physical reality of the quantum wave, it seems strange that the mathematics above is predicated
on the same principles that could be applied to mechanical surface waves passing through two slits. At a fundamental
level, photons and electrons both seem to represent a concentration of energy, i.e. an energy density, which propagates
through spacetime. If so, this concept would appears to have some tangible physical existence, irrespective of the
philosophy associated with the Copenhagen Interpretation.
1.1.5.5

Quantum Wave Interpretation

In the story, so far, we have covered the initial idea that matter particles might also
be described in terms of matter waves. However, the subsequent discussion of
Schrodinger’s wave mechanics and Heisenberg’s uncertainty principle has possibly
introduced some unsettling ideas, which may have thrown doubt on the actual nature
of the waves in question; especially when described in terms of a wave function [Ψ].
As such, there is a question we cannot really continue to ignore:
What is the wave function [Ψ] actually describing?
2

There appears to be some, but not necessarily full, consensus that [Ψ] itself is not a measurable quantity, although |Ψ| is
measurable, when interpreted as the probability per unit length, or probability density P(x) for finding the particle at the point
(x) at time (t). As a consequence, it might be said that the wave function contains sufficient information about the particle to
allow the probability of finding a particle in a given location in space.
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While it may be argued that this is a succinct definition, it does not seem to really

Edwin Schrodinger

address the spirit of the question raised above; so let us try to see if a more

Let me say at the outset, that in this

meaningful descriptions is possible. While a mechanical (SHM) wave would

discourse, I am opposing not a few

associated [Ψ] with some sort of amplitude, it is not clear that quantum

special statements of quantum theory

mechanics is making any inference that can be anchored in physical reality. This

held today (1950s), I am opposing as it

said, based on deBroglie’s hypothesis, a matter wave packet is assumed to have

were the whole of it, I am opposing its

the physical attributes of both momentum [p] and energy [E], which in terms of

basic views that have been shaped 25

mechanical waves would be proportional to the wave amplitude.

years ago, when Max Born put forward
his probability interpretation, which was

So is the wave function only a mathematical construct of a matter wave or not?

accepted by almost everybody.

In 1926, shortly after Schrödinger’s initial publication of wave mechanics, Max Born applied Schrödinger’s ideas to the issue of
atomic scattering, which appeared to provide a method for determining the probability of a particle being scattered into
some solid angle. However, the far more reaching aspect of this work was the interpretation of [Ψ] being linked to the
probability density of a particle. In this context, the probability density simply helps to define whether a particle will be found in
some interval [dx] about point [x], which we will quantified as follows:

[1]
So while it might be said that the square of [Ψ] is still somehow representative of the intensity of the matter wave, it is no
2

longer a measurable quantity, such that [Ψ] is now said to only described the probability density P(x) for finding the particle at
a point [x] at time [t]. In the context of mathematical probability, it is common practice to normalise the sum of all probabilities
over all values of [x]:

[2]
We might therefore generalise the form of [2] to define the probability of finding a given particle in any finite interval [a<x< b]:

[3]
Of course, the form of [3] still appears to be a very abstract description, which does not seem to say too much about the actual
form of wave the function [Ψ]. However, at this point, we need to be careful about specifying an actual wave function, as each
system under consideration might take a different form. As such, the following example is simply illustrative of a wave function
[Ψ] for which we want to determine the probability density:

[4]
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The expression in [4] is representative of a generic Gaussian
distribution curve, where [a] defines the peak height, [b]
define the position of the central peak and [c] controls the
width of the distribution. However, for the purposes of this
discussion, we can simplify the form of [4] as follows:

[5]
In order to comply with the form of [2], we need to integrate
the square of [5] over all space [x]. The square of the power
term in [5] is just an additive process, while the infinite integral is

Max Born

a standard solution known as the Gaussian integral:

One does not get an answer to the question, 'What is
the state after collision?' but only to the question, 'How
probable is a given effect of the collision?' From the

[6]

standpoint of our quantum mechanics, there is no

However, the form of [6] needs to be modified so that the total
probability density equals unity.

quantity which causally fixes the effect of a collision in
an individual event. Should we hope to discover such
properties later and determine them in individual
events? I myself am inclined to renounce determinism
in the atomic world, but that is a philosophical question
for which physical arguments alone do not set

[7]

standards.
Clearly, in this specific case, the coefficient [C] must be equal to
the reciprocal of the square root of [π], such that total probability density, represented by the red shaded area in the diagram,
equals unity. While the result in [7] is only intended to be illustrative of the mathematical process, it also suggests that the
wave function Ψ(x,0) might represent some initial state of the wave-particle, which then propagates according to the general
principles of Schrodinger’s wave equation. As such, we now need to consider the time evolution of the wave function.
1.1.5.5.1

Time Evolution of a Matter Wave

Intuitively, we might initially assume that the description of a particle, as a wave, must be distributed over the length of the
wave packet [Δx]. We might also assume, from a classical perspective, that the probability density, as previously described,
would remain essentially constant as the particle continues to exist along some trajectory in space-time.
But does this assumption hold true in quantum theory?
In order to reflect on the question above in a little more detail, let us consider the case of a free particle, i.e. one that is subject
to no force. Of course, in the current context, we want to quantify the particle in terms of its wave-like attributes. Therefore,
we might define both the wave number [к] and the angular frequency [ω] in terms of the momentum [p] and energy [E] of a
particle, based on the deBroglie relationships:
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[8]
However, we have previously shown that deBroglie matter waves are predicated on the energy being linked to the kinetic
energy of the particle, which leads to a dispersive relationship between the wave number [к] and the angular frequency [ω]:

[9]
The wave number [к] and the angular frequency [ω] can now be linked to the development of a wave function [Ψ] through
either a standard trigonometric function or an equivalent complex form, e.g.

[10]
It is known that if the spatial variable [x] and time variable [t] occur only within the form [кx-ωt], the oscillation normally
represents a wave propagating in space and time, which might be consistent with the idea of a free particle moving with a
constant velocity, i.e. no force. However, the form of [10] is describing a continuous plane wave conceptually extending to [±]
infinity. While this is a reasonable starting point, assuming that space-time puts no special restriction on the location of a
particle, we need a wave mechanism that will produce a localised wave packet with a probability density similar in scope to that
previously outlined in [7]. In this context, we have already outlined how
the superposition of plane waves can create a wave packet of any shape;
although the animation right does not explicitly consider its evolution
with time, because the issue of dispersion has not been taken into
consideration. For simplicity we could again assume a Gaussian
distribution of plane wave numbers [к] within the superposition wave
packet. As such, the wave function Ψ(x,0) would initially describe a wave
packet localised in some finite interval, as previous suggested by the
animation. So, in order to mathematically construct a localised wave
packet, we need a linear superposition of plane waves, conforming to [10], but where each wave has a different wave number
[к] conforming to a Gaussian distribution. As such, we will need to integrate the form of [10] over all values of [к]:

[11]
The coefficients, implied by a(k), specifies the amplitude of the plane wave with different values of the wave number [к] needed
to produce the required shape of the wave packet. However, the dispersive relationship associated with matter wave, as given
in [9], suggests that each plane wave would have to propagate at a different velocity [v]:
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[12]
The implication in [12] is that the component waves in superposition cannot maintain a constant phase to one another and
would result, in contradiction to the animation above, in a wave packet that changed shape as a function of time [t], as
illustrated in terms of the following Gaussian distributions:

Based on Fourier theory, we might initially construct a localised wave packet using a Gaussian superposition of [n] plane waves.
However, these waves would each propagate at a different velocity leading to an evolution of the wave packet with time:
a)

is the initial localised wave packet Ψ(x, 0), which represents a Gaussian distribution of [n] plane waves in
superposition at [t=0].

b)

represents the same wave packet, at some later time [t]. The apparent distortion of the wave packet is caused by the
fact that plane waves with smaller wave number [к] propagate at a slower velocity [v], as defined in [12].

c)

shows that the probability density function must also spread out, such that probability of locating the particle
ultimately extends over all space.

It is not obvious as to how we should physically interpret the suggestions
outlined above. At one level, the wave function Ψ(x,0) in (a) and (b)
appear to be linked to the conceptual amplitude of the wave packet, i.e.
2

the superposition wave; while the probability density function |Ψ(x, 0)| in
(c) appears to suggest that the location of the matter particle is somehow
dispersed over an increasingly large region of space, as illustrated by the
spread of the blue pulse with respect to the original black pulse in the
animation right.
However, if the wave function is only a mathematical concept, is there any physical meaning to the dispersion being described?
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At one level, the superluminal phase velocities of the component waves might be questioned in terms of physicality, such that
we might also question the physical meaning of the spread of the wave packet. However, the concept of momentum and
energy is still linked to the group velocity of the wave packet, which remains unchanged, even though the animation above
implies the wave packet to be spreading in space. Of course, this 'logic' seems to beg the basic question:
If wave packet is an effect and the cause is the superposition of phase waves; how can the effect be real, if the cause is not?
However, in the absence of any immediate answer to this question, let us simply return to the idea of Heisenberg’s uncertainty
in which a narrow wave packet [Δx] requires a broad spectral content [Δк] and vice versa. As such, we might quantify this
relationship in the form [ΔxΔк≈1]. Therefore, if we assume that the superposition of each plane wave within the wave packet
propagates independently, the wave packet at any time [t] is defined by the wave function that accounts for the dispersion
expression given in [9].

[13]
So, while we might establish an initial condition that conforms to the first diagram above, each [к] component wave moves with
a different velocity such that the wave packet would appear to disperse as a function of time [t]. However, if we are to actually
solve the wave function originally presented in [11], we need to rationalise an expression for the function a(к). Again, we might
simply assume that the distribution of the wave numbers [Δк], required by the wave packet, follows some basic Gaussian
distribution.

[14]
As such, we can now substitute [14] into [11] to give:

[15]
However, before we can evaluate the integral we need to complete the square in the exponent as follows:

[16]
While [16] may not look any simpler, the second term on the right is now constant with respect to [к], such that it can be
moved outside the integral and the remaining expression reduced to a variable [z]:

[17]
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We can now present the integral in [15] as follows:

[18]
We can now see that [18] has the same form as [6] and, as such, the integral has the standard solution known as the Gaussian
integral. Therefore, the wave function can now be reduced to the form:

[19]
If we compare [19] with [5], we see that we still have a Gaussian function, which has a single maximum at [x=0] and decays
smoothly to zero on either side of this point, as illustrated in the first diagram below:

The Gaussian wave function in [19] is representative of a particle initially localized around [x=0] with an amplitude [C]. At
[x±2α], the amplitude falls from its maximum value by a factor [1/e], such that we might associate [α] with the spatial variable
[Δx]. Of course, the implication of the diagram, which will be interpreted as the time evolution of the wave function Ψ(0,t), such
that we might present [13] in the form:

[20]
Again, we might substitute for a(k), based on [14], and solve the integral, as per [18] using the standard Gaussian integral:
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[21]
Again, we might question how quantum mechanics, which appears to be predicated on the principles of normal wave
propagation, leads to such a fundamentally different interpretation. In terms of mechanical waves, the square of the amplitude
of the wave is proportional to the energy. However, if we tried to extend this idea into quantum mechanics, the implication
would be that the rest mass energy of a matter wave would also be dispersed. Clearly, there is an important difference in the
interpretation of quantum waves, such that it may be useful to consider some actual examples of quantum dispersion.
1.1.5.5.2

Dispersion Examples

What we might recognise in [21] is that the wave function retains its Gaussian distribution, while reflecting some aspect of the
dispersion relationship given in [12]. However, at this point, we might try to quantify the dispersion of a matter wave through
an example using an approximation based on [12].

[22]
So, by way of an example, let us assume a free electron is initially

Validity of Assumptions

localized to a region of space 0.10 nm wide and then try to

This page is an example of

approximate how much time will elapse before the localization

supporting an apparently logical conclusion. However, this

of the electron probability amplitude is lost to dispersion.

logic is predicated on a single assumption, i.e. that a

However, in order to continue with the approximation, we will

quantum matter wave packet is a superposition of plane

need to approximate a value for Δx(t), which we might simply

waves that all propagate at different velocities. We should

define as some reasonably large multiple of Δx(0), e.g. 10:

recognise that if we question this assumption, then we

a lot of mathematics

might also have to question the conclusion.
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[23]
We might also try to compare the dispersion time of the electron above to that of a 1g marble localised within 0.1mm.

[24]
Based on the approximation in [23], the localization of the electron probability density is destroyed in about the same time it
takes the electron to complete one Bohr orbit. In comparison, the localisation of the 1g marble, given in [24], can be converted
15

to about 9.55*10 years. So, while sub-atomic particles are constrained within the composite mass of the marble, the quantum
effects of dispersion disappear on any measurable time scale, although applying quantum dispersion to a macroscopic marble
may simply be inappropriate. Of course, [22] was only a crude approximation of a Gaussian wave function; however, it should
also be noted that the while Gaussian wave packets are often used to represent the initial system state, this is itself only a
simplifying mathematical assumption, which may in-turn only be a crude approximation of any quantum reality, whatever that
may mean. While we shall leave the discussion at this point, we might wish to table some questions:
Do quantum waves reflect any form of physical reality or are they just a mathematical construct?
If only a mathematical construct, what can be inferred from the description of dispersion?
Through what process does the quantum composition of the marble circumvent the dispersion process that appears to affect
each quantum particle in isolation?

1.1.5.6

Wave Function Collapse

We have already touched on the subject of the wave function collapse; first in the terms of the double-slit experiment and then
in terms of the dispersion of the wave function. In the case of the ‘double-slit experiment’ , it was suggested that some aspect
of a single photon, or electron matter wave, must pass through both slits in order to produce an interference pattern; subject
to the following caveats. While ‘passively’ observing the process, the wave function continues to represent a probability
distribution, which is consistent with a wave-like interference pattern. However, if any attempt is made to determine which slit,
e.g. A or B, the ‘wave-particle’ actually passes through, the interference pattern disappears, i.e. the wave-like function
collapses.
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Wave Function Collapse
This process has been
described in terms of a
superposition of different
wave-like

states

that

appear to reduce to a
single state in the frame of
a given observer.

In the case of the ‘time evolution of the wave function’ we modelled the particle-wave packet as a superposition of plane
waves, where each wave had to propagate with a different velocity. As a result, the probability density of the wave packet,
which was initially localised in space, becomes increasingly dispersed as a function of time. Of course, if we reverse this logic,
we might reasonably ask:
How does the wave packet probability ever get localised as a particle?
Unfortunately, in order to address this question, we have to also consider the larger issue of the wave function collapse, which
we might introduce as a process where the quantum probability density collapses back into classical certainty. However, the
nature and cause of the wave function collapse continues, to this day, to be an issue of intense debate in terms of both its
scientific and philosophical implications. As such, the scope of following discussion will expand somewhat beyond the ‘Pre-War
Years’, so as to consider some of the wider implications that have subsequently
arisen. However, we will begin by questioning the scope of the quantum model:

Wave Function
In this context, the wave function is

What exactly is quantum theory telling us about the nature of existence?

reflective of a probability amplitude
which can be linked to some

The field of quantum theory has developed a number of competing interpretations,

outcome of measuring a quantum

not yet discussed, which all apparently agree with experimental data, even though

system. Based on the Schrödinger

they must differ in some details. We might also question what these quantum models

wave

are actually telling about the underlying nature of physical reality. However, for the

evolves over time and behaves like

purposes of this discussion, we shall try to rationalise the scope of the debate into

a wave because its mathematics are

one of two philosophical positions:

still underpinned by classical wave

equation,

the

function

mechanics. However, the values of


The Ontological Position:

the wave function are complex

o

The wave function has some form of physical existence

numbers, although for a single

o

It exists independent of any observer

particle, they still remain a function

o

It aligns to Schrödinger’s wave description

of space and time.
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The Epistemological Position:
o

The wave function is not ‘real’ and has no physical existence

o

It is a just mathematical construct for determining probability

o

It aligns to Born’s probability density description

In the current context, we might define the ontological position in terms of the nature of physical existence, while the
epistemological position relates more to the acquisition of knowledge, which might then be abstracted from physical existence.
Initially, within the ‘Pre-War Years’ , the accepted position came to be defined in terms of the ‘Copenhagen Interpretation’,
primarily based on Neils Bohr’s weight of authority, which we shall align more to the epistemological position based on the
physical ambiguity of the following aspects of quantum mechanics:


The wave probability amplitude collapses upon measurement.



Physical particles are always detected at localized positions



There is no obvious wave-like dispersion of matter.

However, in recent years, the opinion within this debate has possibly become more circumspect, such that it might be useful to
consider the ontological position in a little more detail, as it possibly holds out more 'hope' for some better insight to the nature
of quantum reality. In the jargon of quantum physics, we might characterise a quantum system in terms of its state vector |Ψ>,
which in-turn might be said to consist of an infinite number of ‘basis vectors |ψi> ’. Each basis vector can then be characterised
as representing just one possible outcome of measuring the system given the caveat that each possible outcome is different.
For example, when the system is subject to no measurement, the system continues to evolve as described by Schrodinger’s
wave equation as a function of time. However, when the system is subject to measurement, it is always found to be in a state
described by just one of the basis vectors. Within the limitation of this description, we might try to characterise an
inconsistency; for while it might be assumed that any measurement would be representative of the total state vector, as
predicted by Schrodinger’s wave equation, it turns out to only represent a single basis vector. For example, the double slit
experiment seems to suggest that the system, immediately prior to measurement, reflects the totality of all quantum basis
states, while immediately after measurement, only one basis state is realised. In this context, the reduction of the state vector
is referred to as the wave-function collapse, which we might try to quantify in terms of the following question:
What is the role of observation and measurement in determining the outcome of physical reality?
Embedded in this question is the suggestion that the observer’s participation in the measurement process might play an active
role in the outcome. Although, it has to be said that, in practice, there can be some considerable ambiguity in defining where
the observer and measurement systems ends and where the quantum system itself starts. Therefore, let us rephrase the
question above in a different way:
How may we characterise the state of the system before and after measurement?
We have assumed that prior to some measurement of the quantum system, it exists as a superposition of basis states, which
then immediately collapses after measurements to just one of many potential basis state. As such, we might characterise this
state change in terms of many ‘wave’ states collapsing into one ‘particle’ state. If we follow this line of argument, the concept
of any reality in quantum mechanics is represented by ‘wave’ states rather than ‘particle’ states of existence. While this
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statement makes no change to the mathematics, it could be argued that it does help clarify the scope of ‘reality’ before and
after measurement. For example, in a previous discussion, we estimated the dispersion times for an electron and a 1g marble:
Electron Dispersion Time: 2.75*10

-16

seconds

23

Marble Dispersion Time: 3*10 seconds
If we accept the description of quantum mechanics, the implication of quantum dispersion seems to suggest that fundamental
particles, like electrons, exist in a wave state that represents the sum of all basis vectors or superposition waves, depending on
your preferred description. In contrast, the 1g marble maintains its particle state, representative of just one basis vector, even
though its composite structure might still be described in terms of a superposition of quantum waves. However, while we
intuitively accept our perception of physical reality in the case of the marble, the notion of a wave state, as described by
quantum mechanics is far more difficult to reconcile.
So how might we fit a photon within this description?
At one level, it would seem that the idea of a photon is coupled to the wave-particle debate as much as an electron, although
we might recognise that there are some key differences. As discussed, it was the Einstein’s work into the photoelectric effect, in
1905, which renewed the classical debate as to whether light had a wave-like or particle-like nature. However, in many ways,
the idea of photon never fitted the classical description of a particle, as it was essentially a definition of a quantum of energy,
although its localisation in space appears to remain an ambiguous issue to this day. If we now introduce the concept of
relativity into this discussion, it might be argued that within the frame of reference of a photon, elapsed time does not exist:

[1]
So, according to relativity, a photon in vacuum must move at the speed of light [c], with respect to any observer, and therefore
its proper time is always zero. If we reverse this description, it means that irrespective of the elapsed time in any observer’s
spacetime, the elapsed time of the photon within its own frame of reference is zero, which might lead us to another question:
Does a photon really exists in spacetime?
We might also consider whether any attempt to measure a photon only results in the collapse of any implied wave function,
although without rest mass, it would be unable to exist in a ‘particle’ state and would simply ceases to exist. This said, some
consideration of its energy must be accounted for within the observed system as a whole. However, based on this logic, we
might come to question whether any object, in its quantum ‘wave’ state, fully exists in the spacetime of any given observer. If
so, the transition from unobserved ‘wave’ state to observed ‘particle’ state, as linked to the wave function collapse, might also
be described in terms of a wave function collapse into the observer’s spacetime. However, based on the dispersion times given
above for an electron and a marble, it would seem that larger composite quantum systems remain anchored in normal
spacetime, while fundamental particles tend to revert back into a ‘wave’ state, which are possibly subject to quantum rules that
may operate outside normal spacetime. Of course, while the terminology introduced above may help visualise the possible
nature of the wave-duality duality and the role of the wave function collapse, it is unclear that it addresses the more
fundamental question:
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Is quantum mechanics a description of physical reality or just a useful mathematical construct?
As a personal perspective, it seems that quantum mechanics, as discussed so far, fails
to provide sufficient insight to the true nature of any physical existence on the
quantum scale, which is possibly why science has continued to search for alternative
paradigms, such as the WSM model. Of course, some might question whether there
can be any tangible existence, which might be described as ‘physical’ at the quantum
level. However, it would seem that this is really an issue of ‘substance’ rather than
necessarily suggesting that everything is an illusion, because if the latter were true,
the concept of science might cease to have any real meaning.
So what can be inferred as physical or tangible substance?
Based on the building blocking blocks of quantum theory, Planck associated a
wave with energy and Einstein then associated energy with matter, although we
must eventually question the ‘substance’ of any fundamental particle like the
electron:

Interpretations?
The reality of the wave state collapse
has always been an issue of debate.
Some question whether it represents
any physical phenomenon or is simply
a secondary effect as perceived by an
observer.

[2]

Over

the

years,

many

famous physicists have puzzled over

The common denominator in both these equations in energy [E], which is a
concept with its own set of ambiguities. First of all, energy is a scalar quantity that
comes with no explicit description of how it moves from one place to another in
spacetime. Of course, if we revert to the most fundamental definition of energy,
i.e. potential and kinetic, we might described the movement of energy associated
with the movement of mass or by its transport within a wave. If we accept that
the concept of a particle is questionable at the quantum level, then some form of
wave appears to be the only known mechanism by which energy can be
transported in spacetime. However, if a fundamental particle, such as an electron,
is known to have rest mass energy, kinetic energy and potential energy within

the nature of the wave function and its
implication. Some have argued for
variations

of

the

Copenhagen

Interpretation, others for possibly
even

more

contentious

interpretations, while yet others have
continued to pursue a more classical
approach. Possibly, at this stage, the
only certainty that can be expressed is
that the debate is far from over.

some gravitational field, it is unclear whether quantum mechanics can describe how this energy is distributed across the
quantum superposition model. If so, we need table one final question within this discussion:
If quantum mechanics is only a logical mathematical construct, can it ever be forwarded as a description of any form of
underlying physical reality?
In the context of this question, we might now realise why the debate between the ontological and epistemological positions has
continued for so long. The epistemological position, as associated with original Copenhagen interpretation, may simply reflect a
recognition that while quantum mechanics can produce very accurate predictions, it appears to fail to fully explain these
predictions; although we should possibly note that some people believe that any deeper understanding beyond quantum
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mechanics is impossible. In contrast, the ontological position philosophically seeks an understanding of the nature of being, i.e.
existence, and therefore rejects the assumption that our present understanding, based on quantum mechanics, must forever
defined the limits of our understanding of any deeper reality, assuming that it does exist.
1.1.5.7

The Copenhagen Interpretation

As we are approaching the end of the discussion of quantum mechanics in

Other Interpretations

the ‘Pre-War Years’ it is appropriate to try and summarise what might be said to

Within the on-going development of

be the prevailing opinion of this era, now known as the Copenhagen

quantum

interpretation. The essential concepts forwarded within this interpretation were

interpretation of quantum reality have

devised by Niels Bohr, Werner Heisenberg, Max Born, and others, in the years

forwards - see link above.

physics,

many

other

1924–27, which we shall first summarise in terms of the following bullets:
1.

A quantum system is completely described by a wave function [ψ],
representing an observer's ‘subjective’ knowledge of the system. This premise
underpinned much of Heisenberg’s thinking.

2.

The description of nature is essentially probabilistic, where the probability of
generally attributed to Max Born description of probability density.
It is not possible to know the value of all the properties of the system at the
same time. As such, those values not known with precision must be defined
within the limits of probabilities. This statement aligns to Heisenberg's
uncertainty principle.

practical measurement problem, but
metaphysical assertions. Over time,
some would deny the electron having
a

definite

position

and

velocity.

Subsequently, it was suggested that it
was

meaningless

to

discuss

the

existence of something, which could
not be accurately measured. As a
consequence, it was argued that the
electron was essentially unreal and

4.

Matter exhibits a wave–particle duality, as defined by deBroglie’s hypothesis.

5.

While the duality of wave-particles must be invoked to explain experimental
results, the nature of this duality is constrained by the complementarity
principle of Niels Bohr.

6.

The cause may have started as a
its effects quickly expanded into

an event is related to the square of the amplitude of the wave function. This is

3.

Cause and Effect!

only

achieved

actuality

when

observed. Finally, the idea emerged
that it is the observer who actually
creates reality by the very act of
observation.

Measuring devices are essentially classical devices, and measure only classical properties such as position and momentum.
This general premise was one strongly supported by Niels Bohr.

7.

The quantum mechanical description of large systems will closely approximate the classical description as defined by the
correspondence principle of Bohr and Heisenberg.

The inclusion of the word ‘subjective’ in the first bullet is often debated. However, as a broad generalisation, most people
assume that the Copenhagen interpretation refutes the physical existence of the wave function, as such, it is assumed to be
nothing more than a theoretical concept. Therefore, the ‘subjective’ view is that the wave function is merely a mathematical
tool for calculating the probabilities within a quantum system, which might be verify by experimental data.
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However, there are some who argue for an ‘objective’ variant of the Copenhagen Interpretation, which allows for the existence
of a ‘real’ wave function; although this latter position would not have been endorsed by Niels Bohr. According to Bohr's
philosophy, science should focus on predicting the outcomes of experiments and, as a consequence, he considered any
additional assumptions to be meta-physical rather than scientific. However, this position possibly led to a summation of the
Copenhagen interpretation, which appears to be more philosophical than scientific:
"What cannot be observed does not exist”
However, subsequently, some have argued for a revision of the meaning of this summation as follows:
"What is observed certainly exists; about what is not observed we are still free to make suitable assumptions. We use
that freedom to avoid paradoxes.”
Having already discussed deBroglie’s hypothesis, Heisenberg’s Uncertainty principle and Born’s probability density, we possibly
need to outline what has been referred to as the

‘complementarity’

and ‘correspondence’ principles. Bohr's

complementarity principle relates to the issue of the wave-particle duality of both light and matter, which Bohr described in the
following terms, albeit slightly paraphrased:
"Complementarity implies the impossibility of any sharp separation

Max Born

between the behaviour of atomic objects and the interaction with the

"It is true that many scientists are not

measuring instruments which serve to define the conditions under which

philosophically

the phenomena appear. As a result, evidence obtained under different

hitherto

experimental conditions cannot be comprehended within a single picture,

ingenuity but little wisdom."

minded

shown

much

and

have

skill

and

but must be regarded as complementary in the sense that only the totality
of the phenomena exhausts the possible information about the objects."
However, the following indirect description of complementarity, taken from paper entitled ‘The Evolution of Physics’ by Albert
Einstein and Leopold Infeld might better describe the general contradictions with the idea of wave-particle duality:
"But what is light really? Is it a wave or a shower of photons? There seems
no likelihood for forming a consistent description of the phenomena of
light by a choice of only one of the two languages. It seems as though we
must use sometimes the one theory and sometimes the other, while at
times we may use either. We are faced with a new kind of difficulty. We
have two contradictory pictures of reality; separately neither of them fully
explains the phenomena of light, but together they do."

David Bohm
"From the outset, however, this whole
controversy has been plagued by tacit
assumptions,

very

often

of

a

philosophical rather than a physical
character."

In contrast, the correspondence principle simply highlights that the quantum formulations must reduce to some classical
equivalence at some ‘appropriate’ limit. This might be quantified by making reference to the earlier comparison of
the dispersion time of an electron and a 1 gram marble. In essence, without the imposition of any measurement, the electron
can be described as a quantum system using Schrodinger’s wave equation, while the quantum state of 1 gram marble collapses
and appears to remain within the remit of a classical description of a particle. Within this general outline, we might characterise
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the Copenhagen interpretation as one of the earliest and most commonly taught interpretations of quantum mechanics. It
forwards the idea that quantum mechanics does not yield a description of an objective reality, but deals only with probabilities
of observing or measuring various entities which align to neither a classical description of a wave or a particle. For within the
quantum domain, the act of measurement causes the set of probabilities to immediately assume only one of many possible
values, which has subsequently been described in terms of the wave function collapse. However, given that this interpretation
was reached over 80 years ago, we might wish to table a few questions for possible consideration in the next section of
discussion covering the ‘Post-War Years’:
Did this interpretation reflect science or philosophy?
Does it still reflect the general consensus in the present era?
While the scope of the questions above are really for the next section, it was clear from the outset that not everyone agreed
with the Copenhagen interpretation, especially in light of the following assertion of Heisenberg and Born at the Solvay Congress
of 1927:
We regard quantum mechanics as a complete theory for which the fundamental physical and mathematical hypotheses
are no longer susceptible of modification.
At this time, Einstein and Schrödinger were among the most notable dissenters, who never fully accepted the Copenhagen
interpretation. Einstein in particular became increasingly dissatisfied with the reliance upon probabilities, but possibly more
fundamentally, he philosophically disagreed with the assumption that physical existence might be dependent on an observer
and that the motions of particles could never be precisely described. In this context, Einstein viewed quantum mechanics as
incomplete in that it could only offered a statistical approximation of physical reality.
1.1.5.8

Quantum Entanglement

The reason for putting the discussion of quantum entanglement at the
very end of this section, covering the development of quantum theory in
the ‘Pre-War Years’, is because although the issue was originally raised in
1935, it was not really addressed until much later. What has become
known as the ‘EPR experiment’ was first jointly published, in 1935, by
Einstein, Podolsky and Rosen. However, the goal of paper was primarily
to highlight a way in which quantum theory might be shown to be
incomplete, although not necessarily incorrect. Within the ‘Pre-War
Year’ timeframe, it might be said that there were two basic schools of
thought regarding quantum indeterminacy, as defined by Heisenberg’s
uncertainty principle. The ‘realist’ position adhered to the idea that
particles do have a definite position, but because quantum mechanics
was incomplete, it is unable to fully specify both position and
momentum at the same time. As such, advocates of this position,
including Einstein, assumed that ‘hidden variables’ might be necessary
to augment quantum mechanics. In contrast, the ‘orthodox’ position
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held to the idea that quantum particles do not really exist in normal spacetime, when described in terms of a quantum wave
function, and only through measurement does the wave collapse into a particle state have any defined location within a
defined spacetime. This position essentially aligns to the Copenhagen interpretation as supported by Niels Bohr.
Note: It might be worth initially outlining what is sometimes called the ‘principle of locality’. This principle assumes that
a physical process at one location cannot have an immediate effect on another process at some remote location.
Commonsense would seem to suggest that this is not an unreasonable assumption, and one that appears to be
supported by special relativity, otherwise information would be able to travel faster than the speed of light and violate
causality. However, the idea of quantum entanglement was seen to, at least, suggest that some aspect of quantum
theory might have to violate the principle of locality, without violating causality.
The original EPR paper of 1935 is based on two systems, which interact via two
particles [A] and [B], which then move off in opposite directions. On the basis of
Heisenberg's uncertainty principle, it is not possible to determine both the
momentum [p] and the position [x] of these particles at the same time.
However, the EPR experiment suggested that it was possible to measure the
exact position [x] of particle [A] and the exact momentum [p] of particle [B].
Therefore, knowing the exact position of [A] and the exact momentum of [B],
the exact position of [B] can be calculated. As such, it was argued that [A] and
[B] both have exact position and momentum, which then implied the existence
of some underlying objective reality. The EPR paper ends with the statement:
“While we have thus shown that the wave function does not provide a
complete description of the physical reality, we left open the question of
whether or not such a description exists. We believe, however, that such
a theory is possible.”

Physics of Probability
We might wish to also consider another
thought

experiment

known

as

'Schrodinger's Cat'. In this experiment, a
cat is put into a box with a mechanism
that may or may not release a poisonous
gas given a 50/50 probability. However,
because we cannot see into the box, we
do not know whether the cat is dead or
alive. By way of an analogy of quantum
logic, it was argued that the cat might
exist in a quantum superposition state,
i.e. it is both dead and alive, even though
commonsense tells us that it must be
either dead or alive. Of course, the

However, over time, the original EPR experiment has come to be described in a
different form, based on the work of David Bohm, possibly because it better
highlights an additional issue associated with locality. If we consider the decay
of a neutral pi meson into an electron and a positron, which is initially at rest,
the electron and positron can fly apart in opposite directions. If we also assume

earlier dispersion example might refute
the extension of quantum theory to such
as large mass or, alternatively, the
normal rules of commonsense cease to
apply in the quantum realm.

that the original pi meson had zero spin, then by the conservation of angular momentum, the electron and positron must have
opposite up-down spins. Thus if we later measure the electron spin to be up, we could immediately predicted that the positron
spin must be down - and vice versa.
So what is the problem?
Before any measurements is taken, the disintegration of the pi meson into an electron and positron can be described in terms
of a quantum system having a single wave function. As such, the pair are said to co-exist within an ‘entangled quantum state’,
where the wave function has no well defined spin state. However, within this state, the electron and positron can still be
described as moving apart, conceptually to some infinite distance, while still bound by the conservation of angular momentum.
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Based on the idea of the wave function collapse, any measurement of one particle will cause the entire wave function to
collapse, after which we may assume both particles have to assume a definite spin state. However, if we make the first spin
measurement on the electron, we could, in theory, measure the positron spin before any signal, limited by the speed of light,
could pass between the two particle.
So how can the positron know to assume the opposite spin state?
Einstein thought that this would demonstrate that the spins of the two particles
had to be determined before the measurement. However, the Copenhagen
interpretation, as supported by Neils Bohr, suggested that it is meaningless to
talk of the spin state of the particles until after you make a measurement, i.e.
after the wave function collapsed. For example, the double-slit experiment can
be performed with a stream of electrons, as well as photons. However, the
implication that all aspects of the electron goes through both slits, in order to
produce interference, is more problematic. For example, the idea of the
electron's negative charge passing through both slits would violate the law of
the conservation of charge, as there is no concept of a fractional charge. As
such, the implication is that the wave function, prior to collapse, represents
some other form of reality that can only exist within the quantum universe. It is
this quantum property that leads to so many philosophical arguments because
it seems to suggest that there is no objective reality, at least as currently
understood, prior to measurement by an observer.

Yi Fu
In 1982, French physicist Alain Aspect
and his team performed an experiment
that

proved

the

existence

of

a

phenomenon in quantum mechanics
called 'quantum entanglement' among
particles at the submicroscopic level.
This entanglement correlation does not
disappear no matter how far the
distances between the particles are. If
one particle is acted upon, the other
particles reflect the effect immediately.
Quantum

entanglement

has

been

experimentally verified in many labs
around the world. Many scientists

So where do we stand in defining the scope of quantum reality?
At this point, it needs to be highlighted that the probabilistic nature of quantum
theory has been subjected to many tests and appears to give consistent results,
which agree with experimental data, such that it has gained an accepted status

consider the discovery of quantum
entanglement as among the most
important discoveries in the past several
decades. Although people still do not
understand the precise meaning of it.

in physics. However, in many ways, it has only proved itself as an applied science, as it makes no claim to provide any
‘ontological’ understanding of physical reality. In this context, it was Bohr assertion that:
“Whatever pictures we conceive of the spatio-temporal evolution of the independently existing isolated system it is an
abstraction or idealization and not a conceptual rendering of the characteristics of an independent physical reality.”
Therefore, assigning a physical reality to a quantum ensemble of particles, as in the EPR experiment, prior to a measurement is
essentially beyond the scope of quantum theory. In this aspect, it is a central tenet of quantum mechanics that the properties
of a quantum system are only ‘definable’ and ‘observable’ through their interaction with another system, i.e. the measurement
system, which then causes the wave function to collapse. Again, according to Bohr:
“In essence, these independently existing isolated systems, being an abstraction, should only be viewed as being
symbolic rather than representational.”
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This said, consistency with experimental data suggests that quantum mechanics must, in some way, reflect some aspect of
quantum reality. However, what actually happens in the process of measurement appears to remain open to as much
philosophical debate, as science, and without a more definitive scientific description of this process, the questions concerning
the physical nature of quantum reality remain:
So what, if any, interpretation can be made regarding quantum reality?
Iit should be highlighted that Bohr did not actually dismiss the idea of some form of quantum reality, only that a new concept of
reality was required, which would be a radical departure from the familiarity of what we might classically perceive as physical
reality. Of course, on this basis, it might be argued that without a coherent and extended description of reality, quantum
mechanics must remain incomplete. However, the EPR experiment, as described above, also raises another issue:
Does quantum mechanics undermine the principle of locality?
As noted above, the principle of locality has its roots in the theory of special relativity in that it assumes that nothing can travel
faster than the speed of light. As a result, it takes a finite time for any causal action to take effect and excludes what is
sometimes described as ‘ spooky-actions-at-a-distance’. At this point, we should also highlight the apparent verification of
relativistic theory by experimental data, even though it sometimes appear incompatible with quantum theory. However, it
might be argued that relativity does not actually preclude superluminal signalling, only that it would have implications on cause
and effect, i.e. events travelling back in time. In the case of the EPR experiment, we are not actually talking about ‘objects’ that
necessarily exist in spacetime, but rather an ensemble of quantum waves that might exist in an extended reality. However, in
the absence of any hard and fast description of the propagation of quantum waves in normal spacetime, it is difficult to say
whether superluminal signalling would result in any causality issues, as perceived within an observer’s spacetime.
So how might the other particle, in the EPR experiment, know what spin state to assume?
While we will only outline one answer that is sometimes given, it is unclear that quantum mechanics is really on sufficiently firm
ground to support what amounts to little more than a speculative assumption. In the semantics of this description,
superluminal signalling is restricted by the imposition of another principle, i.e. the principle of separability. In basic terms, it
simply assumes that while the ‘particles’ remain within the superposition of the quantum wave ensemble, the concept of
physical separation is essentially ambiguous to the point that it might be meaningless in any normal spacetime context. So, at
this point of near total speculation, we shall leave the present discussion in order to 'steady our nerves' before reviewing
further developments in the post-war era.
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1.1.6

Part-1: Summary
Declaration of Ignorance
The progress of this discussion covering the early developments in quantum theory reflects a personal learning curve. As
such, it will certainly contain some, possibly many, serious misunderstandings of the concepts discussed. However, it
would appear that some 'really' clever people have also had a problem
accepting all of the ideas forwarded within this field of science.

Chinese Proverb
He who asks is a fool for five minutes,

Heisenberg once made an argument along the lines "... it is not the conclusion

but he who does not ask remains a

that is wrong but the premise". In many ways, this quote might be levelled against

fool forever.

quantum mechanics as a whole. For while its conclusions appear logically
consistent with both the mathematics and experimental data, it is still unclear as to whether the premise, on which it is based,
is a true reflection of physical reality. Of course, while it is impossible for a discussion like this to address either the breadth or
nd

the depth of quantum theory, even prior to the 2 War, it is hoped that some favour of the concepts, mathematics and
philosophical implications have, at least, been outlined. This summary will now try to put the scope of scientific understanding,
during this timeframe, into some overall perspective.

At the time Dirac published his equation, in 1928, only the proton and electron had been described and any notion of a ‘particle
model’ would have had to of been constructed using only two of the four fundamental force, i.e. gravity and electromagnetic.
While the idea of the photon ‘particle’ had been forwarded, as early as 1905, based on Einstein paper outlining
the photoelectric effect, general acceptance of this idea did not spread until after the publication of Compton’s work in 1922.
However, the idea of the photon had also re-ignited the debate concerning the wave-particle nature of light, which most had
assumed Maxwell’s equations had resolved back in 1864. Of course, the wave-particle duality debate had then been quickly
extended based on deBroglie’s matter wave hypothesis, published in 1924. Finally, by the end of the 1920’s, the Copenhagen
interpretation was in a position to claim that the ambiguity inherent in the wave-particle duality debate now extended to the
very nature of physical reality.
Was this paradigm shift isolated to quantum physics?
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From other discussions, we might realise that nature of physical reality had also been under attack, during this same timeframe,
based on developments in relativity and cosmology. In 1905, special relativity had forwarded the idea that time had to be
relative in order to maintain the constancy of the speed of light [c] in all frames of reference. Later, general relativity would
subject the fledging concept of 4-dimensional spacetime to the mathematical abstraction of differential geometry in order to
explain gravitation, which would in-turn trigger another paradigm shift in cosmology. For one of the implications of general
relativity had suggested that the previously held idea of a static infinite universe was not possible, if described in terms of
general relativity, and would lead to the ‘Big Bang’ model suggesting that the universe had expanded from a conceptual point
of infinite density, i.e. the singularity, some 13.7 billion years ago. As such, it is possibly not an exaggeration to say that within
the span of just one generation, the previous worldview of science had been completely overturned.
So how might we reflect on such fundamental paradigm shifts?
Well, naturally enough, the work of some of the prime contributors, e.g. Einstein and Bohr, have come to be considered as the
works of genius, which few people are in a position to challenge given the apparent weight of authority and evidence. However,
if this website is to remain true to Clifford’s principle, it cannot simply accept the position of mainstream science, any more than
it is prepared to accept the position of a mainstream theology. So while it must acknowledge that the weight of authority within
the scientific community appears to accept the paradigm shifts, as outlined above, there are still many who have major
concerns about the details. Therefore, we will end this initial section on quantum theory will an alternative and possibly very
contentious view of quantum theory, written by George P. Shpenkov, who was professor of applied science in the former USSR:
“As we have seen, the numerous contradictions and blunders of the abstract mathematical model that was put forward
by Schrödinger, and which is inherent in QM, do not endure critique. However, QM theorists continue developing this
model. It is currently represented in the form of generalized and extended equations, including the relativistic invariant
of them. Maybe such a status quo exists because all faults found, including those stressed here, are as yet unknown to
the wide scientific community. But the basic Schrodinger equations, and consequently any other equations based on the
basic one, is in fact false. It has significance only from the point of view of history of the philosophical and logical errors
of the past. The errors have made QM into a great caricature about the world of real wave processes, while the
extensive publicity created an illusion as if mankind deals with a great theory. In fact, QM is at best a phenomenological
theory, with the definite fitting of it to the experiment. And what is more, the possibilities of modern mathematics are so
impressive that it can represent any abstract absurdity as a profound theory, and fit that to any experiment. At the
present stage of development of science, in particular of atomic physics and atomic technologies, QM is omnipresent. In
the course of many decades, ideologists have forgotten the fact that the correspondence of any theory with experiments
done so far does not quite mean that the given theory is true and uniquely possible. The opinion that QM perfectly
describes the micro-world has been propagated and strengthened in the consciousness of people. But QM does in the
highest degree render a distorted description of the micro-world. QM so significantly distorts the real picture of the
micro-world that it becomes a world of theoretical monsters and quantum chaos, but not the world of real images. This
situation is a definite danger to technological progress. Technology deals with real material objects, and we live in a real
world; accordingly, our knowledge about Nature must also be concrete and truly reflect reality, insofar as far as possible.
In particular, the development of nano-technology, where dimensions of devices tend towards magnitudes comparable
with atomic sizes, requires as early as possible knowing the real spatial structure of atoms. However, that is not even an
objective of modern physics because of the domination of QM, with its postulate on the impossibility of imagining a clear
spatial structure of micro-objects at the atomic and subatomic levels.”
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This viewpoint is not being forwarded as a conclusion of this website, only as a reason for us to proceed with some caution in
our duty of inquiry, because the weight of authority in itself does not act as proof, simply an indication of probability. We might
also remind ourselves that the most famous scientific genius of this era, whose work underpins all three paradigm shifts cited
above, and who takes a central position in the photograph of the Solvay conference of
1927 above, eventually came to question the ultimately validity of the quantum theory,
as presented so far.
"Concepts that have proven useful in ordering things can easily attain an authority
over us such that we forget their worldly origin and take them as immutably
truths. They are then rubber-stamped as a 'sine-qua-non of thinking' and an 'a
priori given'. Such errors often make the road of scientific progress impassable for
a long time."
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1.2

Part-2: The Post-War Years

It has been stated that we might define the start of the post-war
years precisely at 05:29:45, local time in Socorro, New Mexico, on
July 16, 1945, if linked to the testing of the first atomic bomb.
Despite the negative connotations associated with this starting
point, science in the initial post-war era appeared to offer the
promise of a better tomorrow and instilled a belief that it might
soon unlock the secrets of the universe. Whether this optimism is
still present in today’s world might be questioned, although it is not
really the focus of this set of discussions. However, the issues as to
whether quantum mechanics has provided a true description of the
working of our universe is tabled as a valid point of debate. In
contrast to the 1950’s style marketing of quantum mechanics, the
transition into the second half of our review of quantum theory
involves many incremental developments, which we might initially
characterise in terms of the ‘particle model’. In many ways, Dirac’s
equation for the electron had provided the foundations for a more
sophisticated atomic model. In 1927, Jordan and Pauli had developed a mathematical model for free photons, which we might
simply described in terms of a quantized electromagnetic theory. The electromagnetic ‘force’ was also known to play a part in
the interaction between electrons, protons and photons, which would eventually lead to the development of quantum
electrodynamics (QED). On this basis, it was initially assumed that science had some of the key components of an atomic
particle model, even though it was realised that the electromagnetic force, in isolation, was inadequate to explain the stability
of larger atoms. As a result, it was speculated that some additional ‘components’ were still needed to account for a very strong
attractive force within the nucleus of larger atoms. In 1932, Chadwick discovered the neutron, after which the proton-neutron
model of the nucleus was proposed in conjunction with the idea of a strong nuclear force. However, even with this additional
piece of the puzzle, it was realised that the idea of radioactivity, discovered in 1896 by Henri Becquerel, also needed a place
within this developing particle model. Eventually, the idea of yet another interaction, i.e. the weak nuclear force, was proposed
to completed the makeup of what were initially described as the 4 basic forces of nature, i.e.


Gravity



Electromagnetism



Strong Nuclear



Weak Nuclear

Later, it was discovered that radioactivity was linked to the disintegration of a neutron, which then produced another particle
called the neutrino. Although Pauli had forwarded a somewhat tentative hypothesis, as early as 1929, the existence of the
neutrino was not confirmed until 1956. Of course, with hindsight we might realise that the developing atomic model turned out
to be a ‘Pandora Box’ of particles, such that the initial model of protons, electrons and photons had to be extended, first to
include neutrons and neutrinos, then extended again to include muons, pions, kaons, lambda and sigma particles and the
omega-minus particle. Then, in 1955/56, the anti-proton and the anti-neutron were ‘observed’ and the theoretical model
extended, yet again, to include ‘sub-particles’ known as quarks and gluons plus W-Z bosons. So it continued, until the particle
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model encompassed a ‘vast horde’ of particles whose existence was so fleeting that even experimental physicist would begin to
question the fundamental nature of their existence. However, it seemed that such issues were not a barrier to theoretical
physicists, who then went on to hypothesise ‘virtual’ particles, which were even further removed from empirical verification.
Today, the particle model might be said to include a bewildering array of particles, mostly hypothetical, such as X-bosons,
axions, photinos, squarks, gluinos, magnetic monopoles, dilatons plus the now famously elusive Higgs particle, which is
assumed to explain the mass of every particle, even though we might still have to question the ‘substance’ of any sub-atomic
particle. As such, we might realise that the ongoing development of quantum theory, in the post-war years, would continue to
become increasingly entwined with the rationale underpinning the atomic particle model. As such, it might be said that
th

quantum theory not only represents the foundation on which much of 20 century science would come to rest, but also what
st

the 21 century still rests. However, while many still question some of the underlying assumptions of quantum mechanics, it
has provided a successful method of calculation and, in many ways, proved to be a pragmatic approach to solving many of
pressing problems within the field of particle physics and the subsequent development of many technologies:


Quantum theory predicted anti-matter



Formed a better understanding of radioactivity



Helped underpinned the nuclear power program



Supported the development of semiconductors and superconductors.

However, fragmenting the discussion of quantum physics into such specific topic is not necessarily helpful to somebody trying
to understand how all the various ‘mechanisms’ of quantum theory fit together within the ‘big picture’ of science. In this
respect, we shall first focus on how quantum mechanics continued to develop, as a science, in the post-war years, after which
we might be in a better position to consider some of the wider philosophical
debates that still surround this subject to this day. However, before expending too
much time and effort on trying to understand any more details linked to the postwar developments of quantum physics, many people might want to ask a simple
and straightforward question:

Higgs Particle Discovery
Amidst the fireworks of the 4 July
2012, CERN announced the 'probable'
discover

of

the

Higgs

particles.

However, what actually has been
discovered was often lost within the

What is the current status of quantum theory?

media hype of headlines proclaiming

To which the simple and straightforward answer might be ‘useful, but not proven ’.
It can be said to be ‘useful’ in that it has undoubtedly provided some profound
insights into the quantum realm, especially in the field of particle physics.
However, it is ‘not proven’ for the reason that there are still too many nagging
doubts that the insights it has provided are limited to describing the effects
emerging from an unobserved quantum reality, where the process at work remain
essentially unexplained.

that science has found the 'The God
Particle' whatever the 'hell' that is
meant to mean.
See The Higgs FAQ 2.0 for a more
rational

overview

of

what

this

discovery 'probably' implies.
Alternatively, a more sceptical outline

OK, but what has led to this state of affairs?

of the Search for the Higgs Boson can

Unfortunately, this where the simple and straightforward Q&A stops and where

be reviewed via the link.

we must start to try and understand the details of some of the post-war developments in quantum theory. As has been
previous outlined, the pre-war years established many of the foundation principles of quantum mechanics (QM) and relativistic
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quantum mechanics (RQM) in terms of concepts and mathematic plus an
initial philosophical interpretation. However, in so doing, it might be said
that a change took place in the underlying methodology of science relating
to the dependence of physics on mathematics, such that the tangibility
of physical reality came to be questioned. Therefore, before embarking on
the next phase of discussions, it might be worth establishing some reference

Peter Medawar
I cannot give any scientist of any age better
advice than this: the intensity of the
conviction that a hypothesis is true has no
bearing on whether it is true or not.

to the semantics underpinning the status of modern quantum theory:


A ‘conjecture’ is a proposition, which while unproven, is thought to be true.



A ‘hypothesis’ is an individual empirically testable conjecture.



A ‘theory’ may be a collection of hypotheses that provide a coherent explanation.

By way of a footnote, a conjecture need not necessarily be thought to be true by everybody and, in fact, in the wider world
beyond theoretical physics, the number supporting an unproved conjecture or hypothesis may actually be quite small. In this
context, the development of quantum physics has always been based on a mixture of conjecture, hypothesis and theory, which
has not been fully subjected to empirical verification. However, in practice, empirical verification of a hypothesis extending into
the quantum realm has often proved difficult, or even impossible, within the remit of any known scientific methodology. As
such, the initial assumption of the validity of a given conjecture, especially if supported by some mathematical model, may
often persist in the absence of any immediate method to prove or disprove it.
Can a specific example be given to clarify such concerns?
If we initially restrict the example to pre-war quantum mechanics, as already discussed, we might question the status of
deBroglie’s hypothesis regarding the duality of particle-waves. Normally, the wave-particle duality is described in terms of a
single ‘object’ that has the attributes of both a particle and a wave. However, according to deBroglie’s pilot wave theory, both
the particle and the wave exist as real and distinct physical entities; where the pilot wave guides the motion of a point particle.
This interpretation was the first example of a hidden variable theory, even though it might be said to only be unproven
conjecture or hypothesis. Subsequently, this idea was taken up and modified into the Bohm interpretation, which remains an
open-ended attempt to interpret quantum mechanics as a deterministic theory that avoids the problematic notion of the wavefunction collapse. However, as indicated, this interpretation remains hypothetical in as much as there is still no obvious way to
empirically prove, or disprove, the existence of the pilot wave. In contrast, the description of a composite matter-wave packet,
localised in space, appears to require a superposition of waves, which are subject to dispersion and generally described as
mathematical entities in as much that they appear to propagate with superluminal velocity – see ‘Matter Waves’ and ‘Time
Evolution of a Matter Wave’. So, at face value, it would appear that the issue of the quantum wave collapse is also conjecture,
which is then extended to include the idea of an ‘entangled quantum state’ prior to the collapse of a mathematical wave
function, which describes an ‘entity’ that may have no existence in objective reality. As such, science of
the ‘physical’ transcends, or descends depending on your worldview , into a discussion of metaphysical or mathematical
objects, which by 1935, Schrodinger appears to have questioned:
“I am long past the stage where I thought that one can consider the wave function as somehow a direct description of
reality.”
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This inability to prove, or disprove, a theory based on any reasonable level of
empirical verification allowed others to argue that the wave function exists
outside the objective reality of ‘physical spacetime’ in a more abstracted form
of ’configuration space’. Within the scope of such definitions, we might see one
of the fundamental reasons why the description of quantum physics has become
so dependent on mathematics and subject to philosophical interpretations. For

Paul Alderson
I have yet to see any problem,
however complicated, which, when
you looked at it the right way, did not
become still more complicated.

example, the following quote is by David Albert, a professor of philosophy who also has a B.Sc. in physics and a doctorate in
theoretical physics:
“..the space we live in, the space in which any realistic understanding of quantum mechanics is necessarily going to
depict the history of the world as playing itself out…is configuration-space. And whatever impression we have to the
contrary (whatever impression we have, say, of living in a three-dimensional space, or in a four dimensional space-time)
is somehow flatly illusory.”
This position appears to be arguing for the ‘reality’ of the mathematical description of configuration space. In contrast, Bradley
Monton, who is an associate professor at the University of Colorado with a doctorate in philosophy argues for a different
viewpoint:
“I maintain that quantum mechanics is fundamentally about a system of N particles evolving in three-dimensional space,
not the wave function evolving in 3N-dimensional space…If (David Albert’s) claim were true, this would be the most
radical revision of people’s everyday understanding of the world ever engendered by science, far surpassing any other
scientific revolution in our worldview. It is this radically revisionary nature of the wave function ontology hypothesis that
leads me to assign a low prior probability to the hypothesis; the evidence would have to be very strong to lead me to
accept the hypothesis.”
However, at this stage, the key point to highlight is that both these opposing interpretations are based on the hindsight
afforded by the last 50 years of post-war developments in quantum theory. As such, the goal of the following discussions is
primarily focused on trying to understand what quantum physics can tell us and what its cannot tell us about the fundamental
structure of the universe.
1.2.1

Development Milestones

The following milestones start by referencing a few pre-war developments,
which then expands to includes the framework of Quantum Field Theory
(QFT) and the development of the standard particle model. A subsequent
discussion entitled the ‘The Particle Model’ provides an overview of the basic
hierarchy of particles within the standard model, which the following
timeline makes reference:


1928: Paul Dirac combines quantum mechanics and special relativity to
describe the electron via the Dirac equation .
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1931: The Dirac equation leads to realizes all elementary particles have an
anti-particle, which have an opposite charge, e.g. negative electrons have an
anti-particle with positive charge called a positron.



“The purpose of history is to explain
the present - to say why the world

1931: James Chadwick discovers the charge-neutral neutron to compound
the atomic structure of the charge-positive proton and charge-negative
electron. This also highlights an addition mechanisms to explain nuclear
bonding and decay.



Michael Crichton

around us is the way it is. History tells
us what is important in our world, and
how it came to be. It tells us what is to
be ignored, or discarded. That is true
power - profound power. The power to
define a whole society.”

1933-34 : Enrico Fermi outlines a theory to explain beta decay involving the
weak interaction, which suggests the existence of the neutrino.



1933-34 : Hideki Yukawa combines relativity and quantum theory to describe nuclear interactions by an exchange of new
particles, within the meson class, called pions. This milestone signals the beginning of the meson theory of nuclear forces.



1941: C. Moller and Abraham Pais use the term ‘nucleon’ to describe the proton and neutron nucleus.



1946-47 : The term ‘lepton’ is introduced to describe objects that do not interact via the strong nuclear force, e.g.
electrons and muons



1947 : A meson, i.e. a particle that does interact via the strong nuclear force, is found in cosmic rays and determined to be
the pion.



1947: Richard Feynman, Julian Schwinger, and Sin-Itiro Tomonaga reformulate the original concept of Quantum ElectroDynamics (QED) in terms of the path integral, which includes the idea of Feynman diagrams.



1949: Enrico Fermi and C.N. Yang forward the idea that a pion must have a composite structure that includes some form of
particle and anti-particle construct.
+



1949 : The discovery of the k-meson or kaon [K ] is announced based on ‘observed’ decay.



1950 : The neutral pion is discovered.



1951 : Two new types of particles are discovered in cosmic rays, which are identified and labelled as [Λ ] and the [K ]

0

0

mesons.


1952: Donald Glaser invents the bubble chamber, which will lead to an explosion of new particles being discovered.



1953+: Scattering of electrons off the nucleons, i.e. protons and neutrons, reveals a charge density distribution. This
suggests that there may be some kind of unknown internal structure within both the proton and neutron.
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1954: C.N. Yang and Robert Mills develop a new class of ‘gauge theory’ that

I. Bernard Cohen

will eventually come to underpin the Standard Model.

All revolutionary advances in science
may consist less of sudden and



1957: Julian Schwinger publishes a paper outlining a possible unification of

dramatic revelations than a series of

the weak and electromagnetic interactions.

transformations,

of

which

the

revolutionary significance may not be


1957-59 : Subsequent papers suggest that all weak interactions are mediated
+

-

by charged heavy bosons, which will be called W and W .

seen, except afterwards by historians,
until the last great step. In many cases
the full potentiality and force of a most



1961 : As the number of known particles keep increasing, a mathematical

radical step in such a sequence of

classification scheme is proposed to organize the particles based on pattern

transformations may not even be

types, e.g. the special unitary groups. The SU(2) group will find application in

manifest to its author.

electroweak interactions and SU(3) group in the field of QCD.


1962 : Experiments verify that there are two distinct types of neutrinos, i.e. the electron and muon neutrinos.



1964: Gell-Mann and Zweig forward the idea of quarks that have fractional charge. However, the description of quarks
would also introduced the idea of ‘flavour’ that was a mathematical explanation of the patterns of particle masses.



1965: O.W. Greenberg, M.Y. Han and Yoichiro Nambu introduce the quark property of ‘colour’ charge. The
term ‘hadrons’ defines all combinations of quarks that have to be ‘colour’ neutral.



1967: Steven Weinberg and Abdus Salam separately propose the unification of the electromagnetic and weak interactions
0

into electroweak interactions. Their theory requires the existence of a neutral, weakly interacting [Z ] boson that mediates
the weak interaction plus the Higgs Boson, which at this time was hypothetical.


1969: In an accelerator experiment, electrons appear to be scattered off small hard cores inside the proton. James Bjorken
and Richard Feynman analyze the data in terms of a particle sub-model, which will eventually be recognised as the GellMann and Zweig quark model.



1970: Sheldon Glashow, John Iliopoulos and Luciano Maiani propose the existence of a fourth type of quark, which
0

conserves flavour [Z ] mediated weak interactions.


1973: Donald Perkins re-analyzes existing experimental data and finds indications of weak interactions with no charge
0

exchange, i.e. those due to a [Z ] exchange.


1973: A new quantum field theory of strong interaction is formulated. This theory includes the idea of quarks and gluons in
a similar description to that provided by quantum electrodynamics (QED), but since strong interaction now involve ‘colour’
charge, this theory became known as Quantum Chromo-Dynamics (QCD).



1973: Quarks are now considered to be real particles, which carry a colour charge, while gluons are massless quanta of the
strong-interaction field.
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1973: David Politzer, David Gross, and Frank Wilczek discover that the colour
theory of the strong interaction has a special property, which is now referred
to as ‘asymptotic freedom’. This freedom implied that within very highenergy reactions, quarks and gluons interact very weakly







Karl Popper
The history of science, like the history
of all human ideas, is a history of
irresponsible dreams, of obstinacy, and
of error. But science is one of the very

1974: John Iliopoulos presents, for the first time in a single report, the view

few human activities, perhaps the only

of physics now called the Standard Model.

one, in which errors are systematically
criticized and fairly often, in time,

1974: Burton Richter and Samuel Ting announce the discovered the same

corrected. This is why we can say that,

particle. Ting calls the particle [J], while Richter call the particle [Ψ]. By no

in science, we often learn from our

great leap of the imagination, it is now called the [J/Ψ] particle, which is a

mistakes, and why we can speak

meson composed of charm/anti-charm quarks

clearly and sensibly about making
progress there.

1976: Gerson Goldhaber and Francois Pierre discover the [D0] meson, i.e.
anti-up and charm quarks as predicted by theory.



1976: Martin Perl discovers the tau lepton, which is completely unpredicted.



1977: Leon Lederman discovers another quark, and its anti-quark, which becomes known as the ‘bottom’ quark. Based on
the assumption that quarks must exist in pairs, the search for a sixth quark, i.e. the ‘top’ quark.
±

0



1983: The [W ] and [Z ] intermediate bosons demanded by the electroweak theory are observed in experiment.



1995: After eighteen years of searching, experimental evidence of the ‘top’ quark is found, although it has an unexpected
mass of 175GeV, distinctly greater than the other five quarks which is not really explained by the standard model……etc.

1.2.2

Introduction of Concepts

In the previous review of the ‘Pre-War’ developments of quantum mechanics,
we saw that there were aspects of the theory that had begun to invoke much
philosophical debate about the true nature of reality, at least, at the quantum
level. While this debate has still not really been resolved, see Quantum
Philosophy, we probably need to initially review some of the mathematical
and scientific developments prior to any further reflection of the philosophical
issues. However, even when the context is confined to the particle models,
the discussion of quantum physics can quickly become pre-occupied with the
perception of many paradoxes, which are often generalised in terms of
‘quantum weirdness’. As such, it is all too easy to lose sight of any ‘objectivity’
in such esoteric discussions, before coming to any real understanding the

Friedrich Nietzsche
One

should

not

understand

this

compulsion to construct concepts, species,
forms, purposes, laws ('a world of identical
cases') as if they enabled us to fix the real
world; but as a compulsion to arrange a
world for ourselves in which our existence
is made possible:—we thereby create a
world which is calculable, simplified,
comprehensible, etc., for us.

basic concepts. Therefore, this section will initially try to focus on what was possibly the most important aspect of quantum
physics in the initial post-war years, i.e. the development of the sub-atomic particle model.
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In many respects, the foundations of post-war quantum physics is based on many
ideas contained within a description called ‘quantum field theory (QFT)’. The totality
of QFT is really a specialist subject in its own right, but in terms of this general
introduction, it will be described in terms of an overarching theory, which in-turn
encompasses many other theories, which might be said to substantiate the standard
particle model. In this context, quantum field theory sought to answer questions as
to how and why an atom radiates light in the form of a photon, i.e. when an
electron transitions between orbital energy states. Einstein himself called this
process ‘spontaneous emission’ as early as 1916, but had no way to calculate its rate
as this issue required the development of a relativistic quantum theory of
electromagnetic fields, i.e. a quantum theory of light. Of course, quantum
mechanics is also a theory of matter and so quantum field theory must encompass
not only the original idea of electromagnetic fields, but also the notion of quantum
fields, which were to be subsequently proposed.

Albert Einstein
A theory is the more impressive the
greater the simplicity of its premises
is, the more different kinds of things it
relates, and the more extended is its
area of applicability. Therefore the
deep

impression

which

classical

thermodynamics made upon me. It is
the only physical theory of universal
content

concerning

which

I

am

convinced that within the framework
of the applicability of its basic
concepts, it will never be overthrown.

How would quantum fields come to underpin a particle model?
Based on the original pioneering work of Dirac, a new approach to a quantum field theory called Quantum Electro-Dynamics
(QED) was developed, in 1947, by Richard Feynman, Julian Schwinger, and Sin-Itiro Tomonaga. In essence, this variant of QED
would side-step the known problem of infinities via a process called ‘renormalization’ in order to generate finite results. Despite
certain reservations in this methodology, QED was shown to provide predictions of the interaction strength between an
12

electron and a magnetic field that were experimentally confirmed to a precision of two parts in 10 . However, in the process,
QED also initiated many other speculative ideas concerning the nature of empty space, i.e. the vacuum, which some initially
considered to be ridiculous. For example, it was suggested that empty space is not empty, but rather filled with small,
fluctuating electromagnetic fields, which were said to explain Einstein’s idea of spontaneous emission.
So did experimental data support this approach?
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In the pre-war era, quantum mechanics was able to make accurate predictions within the realm of low energy physics.
However, in the post-era, experiments started to involve energy levels that increasingly required relativistic effects to be taken
into consideration. In this context, QFT was seen as a better methodology in which the original ideas of quantum mechanics
could be reconciled with special relativity, which might then help explain the existence of two fundamental classes of particles,
i.e. fermions and bosons. However, the original scope of QED was primarily focused on a class of particles called leptons, i.e.
electrons and photons, as it did not seem to adequately describe another class of particles called hadrons, which included
protons and neutrons plus a more complex sub-class called mesons. Subsequently, a new theory called Quantum ChromoDynamics (QCD) would be developed in order to explain these different classes of particles. In QED, the force between charged
particles, such as the electron, is said to be ‘mediated’ by photons; while QCD
expands on this description to explain how the force between quarks is
‘mediated’ by gluons. While there were obvious similarities of approach, QED
and QCD were distinct theories that might be said to sit under the umbrella of
QFT, which in combination started to provide the foundations of the
‘standard model’. In this context, QFT started to explain the plethora of
elementary particles being discovered due to the advances in experimental
physics.

Tsung-Dao Lee
The progress of science has always been
the result of a close interplay between our
concepts

of

the

universe

and

our

observations on nature. The former can
only evolve out of the latter and yet the
latter is also conditioned greatly by the
former. Thus in our exploration of nature,
the interplay between our concepts and

Were there any other important theories at this time?

our observations may sometimes lead to

We should also introduce the idea of the electro-weak theory, which started
to be outlined in the early 1970’s. This theory would help unify the

totally unexpected aspects among already
familiar phenomena.

interaction of the electromagnetic and weak nuclear forces, which had initially appeared quite distinct. For example, the weak
force only acts across distances smaller than the atomic nucleus, while the electromagnetic force can extend to great distances,
e.g. the light from the stars, which when described as a radiation weakens with the square of distance. More importantly, the
strength of these two fundamental interactions between two protons reveals that the weak force is some 10 million times
weaker than the electromagnetic force and therefore it was a major discovery that these two forces are but different facets of a
single, more-fundamental electroweak force. As such, the electroweak theory developed out of the attempts to produce a selfconsistent ‘gauge theory’ for the weak force, which would be analogous to quantum electrodynamics (QED). The discovery of
the W and Z bosons, in 1983, provided the experimental verification of particles that had previously been predicted by the
electro-weak theory. So, the photon that accounted for the electromagnetic interaction was now complemented by the W and
Z bosons in order to unify both the electromagnetic and weak interactions.
So is the particle model now a complete theory?
Today, the quest to understand the ultimate nature of matter is an on-going goal of research, which has been compounded by
some very speculative assumptions in the field of cosmology. In this context, normal matter particles that dominate the current
periodic table only account for 4% of the matter of the universe, while the remaining 96% is described in the form of dark
matter (23%) and dark energy (73%). Unfortunately, at this time, there is no definitive description of either dark matter or dark
energy within the standard particle model. As such, theoretical physics may still have to come up with some fairly radical ideas
st

in the 21 century.
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1.2.2.1

The Particle Model

Before going any further, it is probably a safe to assume that the description offered up by
the current standard particle model will not be the last word in terms of the development
of fundamental physics. For it would seem that there are simply too many unexplained
parameters and assumptions, so in spite of the successful predictions, the suggestion

George Box
"All models are wrong;
some models are useful."

remains that the theory, as a whole, might need to be refined or possibly overturn by some future paradigm. This statement is
not made to be sceptical from the outset, but simply as a warning that it is all too easy to get lost in the mathematical
complexity of modern quantum field theory to the point that all becomes abstraction. Today, the standard particle model can
be described in terms of hundreds of exotic particles, although most of these ‘particles’ only exist for a brief moment of time
within high-energy experiments. As such, the following table might be said to consist of only the primary components of the
particle model within the form of a hierarchy of classes:

The top of the table is split into two halves defined by the fermion and the boson groups, while at the bottom, we have 6
classes that we might initially identify as particles, although this term is primarily a label of convenience rather than an implicit
statement of tangible physicality.
Note: The comment about the actual nature of a particles reflects the ongoing
question about the physical ‘substance’ of elementary particles, such as an
electron. At some point, the idea of physical substance appears to become
meaningless, such that it might be easier to define an elementary particle as some
form of localisation of energy density in spacetime. However, energy is a scalar

Christopher Hitchens
“That which can be asserted
without evidence, can be
dismissed without evidence.

quantity and therefore it would also need a mechanism by which it is transported to different points in spacetime, e.g. a
wave of some description. However, whether this idea is still consistent with quantum theory is an open question.
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While most of the particle classes fall under either the description of fermions or
bosons, the mesons might be described as a hybrid having a structural composition of
fermion-quarks, but which act as composite bosons. However, the following
definitions will try to expand on the nature of this particular ‘duality’.

We might start by simply describing fermions as a class of ‘matter-like’ particles that
have the attribute of ½-spin and obey the Pauli exclusion principle. However, fermions
are then further sub-divided into either leptons or quarks. It should also be noted that
each fermion has an anti-matter counterpart as originally predicted by Dirac:
Leptons



Quarks

Physicist Gell-Mann is said to have
borrowed the quote: "Everything
not

forbidden

is

compulsory"

expression from the book 'The

Fermions:



Totalitarian Principle

Once and Future King' by T.H.
White to describe the state of
particle physics around the time
he was creating the Eightfold Way,
which was a precursor to the
quark-model

of

hadrons.

The

statement is in reference to a
surprising

These matter-like particles can be described as fundamental particles in as much as
there is no further sub-division within the standard model. However, while leptons
can exist as independent particles, quarks are only said to exist in some form of
composite structure called hadrons.

interactions,

feature
i.e.

of

particle

that

any

interaction which is not forbidden
by a small number of simple
conservation laws is not only
allowed, but must be included in
the 'sum over all paths' which

Bosons:
While bosons are also labelled as a class of particles, they act as ‘force-carriers’ that
mediate the strong, weak and electromagnetic fundamental interactions. Unlike
fermions, bosons are not subject to the Pauli exclusion principle, such that an
unlimited number of these ‘particles’ may occupy the same state at the same time. At
this point, we shall define 3 classes of bosons:


Gauge Bosons



Conceptual Bosons



Composite bosons, i.e. mesons

contribute to the outcome of the
interaction.

Hence

forbidden,

there

if
is

it

isn't
some

probability amplitude for it to
happen.

Gauge bosons are described as the carriers of 3 of the 4 fundamental forces of nature, i.e. electromagnetic plus the weak and
strong nuclear. As indicated, these force carriers are still linked to a description of elementary particles, but where the process
of ‘interaction’ is now defined in terms of a ‘gauge theory’ that is said to explain how a specific force is exerted via the exchange
of gauge bosons. Another sub-class of bosons is identified as ‘conceptual’ because their existence has not been verified, i.e. the
graviton associated with gravity and the Higgs particle associated with mass. Finally, mesons are a hybrid class that have a
composite structure of 2 quarks, but might be described as mediating as a force-carrier interaction involving the strong nuclear
force.
Hadrons:
Any composite arrangement of quarks held together by the strong force is classed as a hadron. In essence, there are 2 classes of
hadrons:
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Baryons



Mesons

Baryons can be described in terms of protons and neutrons that consist of 3 quarks, while mesons have a composite structure
requiring only 2 quarks. The details of the quark composition is given below.
Leptons:
As indicated, a lepton is a fundamental particle, where the electron is the best know component of the standard atomic model.
In a general context, there are 2 sub-divisions of leptons, i.e. charged and neutral. The former is electron-like, while the neutral
leptons are better known as neutrinos that appear to have minimal mass. The mass in all the following tables is expressed in
2

units of MeV/c :
Particle

Symbol

Charge

−

e:electron

Spin

Mass

Lifetime

0.511

Stable

−1

1

−

−1

1

105.658

2.197*10
2.906*10

e

⁄2
⁄2

−6

μ:muon

μ

Τ:tau

τ

−

−1

1

1,776.84

e:neutrino

νe

0

1

< 0.0000022

Unknown

< 0.17

Unknown

< 15.5

Unknown

⁄2
⁄2

μ:neutrino

νμ

0

1

τ:neutrino

ντ

0

1

⁄2
⁄2

−13

While the muon [μ] and tau [τ] can be described as being similar to an increasingly large electron, the neutrino is quite different
in form, being electrically neutral with a near-zero mass. As such, the neutrino is able to pass through ordinary matter almost
unaffected.
Quarks:
As stated, quarks combine to form composite particles called hadrons, which in turn sub-divide into baryons, i.e. protons and
neutrons, plus mesons, i.e. pions and kaons. As such, quarks are never found in isolation and therefore much of what is known
about quarks has been drawn from observational inference. There are 6 basic types of quarks:
Name

Symbol

Mass

Spin

Charge

Up

u

1.7 to 3.3

1

Down

d

4.1 to 5.8

1

− ⁄3

Strange

s

~101±25

1

− ⁄3

Charm

c

~1,270

1

+ ⁄3

Top

t

~172,000

1

+ ⁄3

Bottom

b

~4,190

1

− ⁄3

128 of 329

⁄2
⁄2
⁄2
⁄2
⁄2
⁄2

2

+ ⁄3
1
1
2
2
1

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
Baryons:
The basic structure of an atom can be described in terms of just 3 particles, the electron, which is a lepton with no quark substructure and the proton and neutron, which are baryons that have a sub-structure that consists of 3 quarks:
Name

Symbol

Quarks

Charge

Mass

Mean Lifetime

neutron

n

udd

0

939.565

8.881*10

proton

p

uud

+1

938.272

Stable

2

The quark structure of the baryon particles is held together via the strong nuclear force, which always results in a net integer
charge of 0 or +1. Outside the nucleus, free neutrons are unstable and have a mean lifetime of ~881.5s, i.e. ~14 minutes, 42
seconds. Free neutrons decay by emission of an electron and the electron/anti-neutrino to become a proton, which is also
known as beta decay that is a type of radioactivity:

[1]
Although the table above declares the proton to be stable, some theories require the proton to have a half-life in the order of
36

10 years, i.e. much, much longer than the present age of the universe. Within this process, the proton decays into a positron
and a neutral pion, which then almost immediately decays into 2 gamma ray photons:

[2]
While such long timescales might appear to be of no immediate interest to humanity, aspects of this speculative decay process
has relevance to cosmology, which seeks to model the future of the universe: see 'The Degenerate Era'.
Mesons:
This sub-class of atomic particles are composed of just one quark and one anti-quark, bound together by the strong interaction.
However, because the mesons are described in terms of quarks they can also be assigned a physical size, i.e. radius ~10

−15

m,

which is about 2⁄3 the size of a proton or neutron. All mesons are unstable, with the longest-lived lasting in the order of
−8

10 seconds. There are many types of mesons, therefore the following tables simply represents 2 primary forms, the pion ( π meson) and the kaon (K-meson):
Name

Symbol

Pion

π /π

Kaon

K /K

+

+

Quarks

-

-
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The (+/-) superscript denotes the existence of particles and anti-particles, which have opposite charge. However, there is also a
charge neutral form of each particle. As a broad generalisations, charged mesons decay to form electrons and neutrinos, while
uncharged mesons may decay to photons, although the complexity of each permutation can be much more involved than this
outline is suggesting.
1.2.2.2

The Quark Model

By the early 1960’s, particle accelerators were starting to suggest the
existence of dozens of new particles, which Murray Gell-Mann and Yuval
Ne'eman, organized into families with certain mathematical properties
known as a ‘group of eight’. Based on this mathematical property, it was
proposed that a certain class of fundamental particles could be explained in
terms of an eight-fold pattern, which is now explained in terms of quarks.
However, it was not until the 1970’s that there was enough experimental
data to support the mathematical conjecture that quarks were the building
blocks of protons and neutrons. Initially, to explain the observed spectrum
of hadrons, Gell-Mann and Zweig defined 3 ‘flavours’ of quarks:


Up (u): Charge +2/3



Down (d): Charge -1/3



Strange (s): charge -1/3

Murray Gell-Mann
“In 1963, when I assigned the name 'quark' to
the fundamental constituents of the nucleon, I
had the sound first, without the spelling, which
could have been 'kwork'. Then, in one of my
occasional perusals of Finnegans Wake, by

However, ordinary matter, i.e. protons and neutrons, only contain (u) and
(d) quarks, where the electric charge of these particles reflects the net
composition of quarks. However, at the time, this was quite a radical
assumption as there was no experimental data for any elementary particle
carrying unit charge smaller than an electron.

James Joyce, I came across the word 'quark' in
the phrase 'Three quarks for Muster Mark'.
Since 'quark' meaning, for one thing, the cry of
a gull was clearly intended to rhyme with
'Mark', as well as 'bark' and other such words, I
had to find an excuse to pronounce it as

Note: In addition to the initial quarks listed above, Dirac equation of
1928 had already implied that for every charged particle there must
exists an anti-particle with the opposite charge. On this basis, it was
therefore assumed that there must be anti-quarks to complement
the list above.

'kwork'. But the book represents the dreams of
a

publican

named

Humphrey

Chimpden

Earwicker. Words in the text are typically drawn
from several sources at once, like the
'portmanteau words' in Through the Looking
Glass. From time to time, phrases occur in the

In the context of this model, it was also assumed that quarks must interact
with one another to form some sort of stable-state in order to describe the
known hadrons, i.e. protons and neutrons. Within this model, a proton
consisted of 2 (up) quarks, i.e. +4/3e, and 1 (down) quark, i.e. −1/3e,
resulting in a net charge of (+1e). In a similar fashion, a neutron consisted
of 1 (up) quark, i.e. (+2/3e), and 2 (down) quarks, i.e. (-2/3e), resulting in a
zero net charge. While we have only identified 2 examples of baryon
particles in the form of protons and neutrons, the ‘reality’ of the particle
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model lists dozens of examples, which we shall only briefly outline. In 1947, experimental data associated with cosmic ray
interactions suggested that certain particle products, resulting from collisions, were found to exist for much longer than
-10

-23

0

expected, i.e. 10 s versus 10 s. The product particle was called lambda (Λ ) and its ‘strange’ property was tagged
as ‘strangeness’ and used to name the third quark in the list above. As such, the lambda particle is a true baryon that consists of
three quarks, i.e. up, down and strange. The expected lifetime of 10

-23

seconds was calculated based on the assumption that all

the quarks of a baryon interact via the strong nuclear force. However, the observed lifetime of 10

-10

seconds required an

additional explanation that would involve an interaction linked to the weak nuclear force and require a new conservation law to
account for the observed decays called the ‘conservation of strangeness’. However, the conservation of strangeness is not in
fact an independent conservation law, but rather a combination of the conservation of charge [Q], isospin [I], and baryon
number [B].
Note: For the purposes of this discussion, we can simply identify isospin as another quantum number related to the
strong interaction, while the baryon [B] number is the approximate conserved quantum number of the composite
particle.
Over the years, the quark model was continuously extended due to the development of ever higher energy particle accelerators
to include 3 additional quarks:


Charm (c): Charge +2/3



Bottom (b): charge -1/3



Top (t): Charge +2/3

The charm quark was first hypothesised, in 1974, based on the observation of a meson particle with the label [J/Ψ] with a mass
some 3 times larger than a proton. As a meson, the quark structure comprises of a quark and its anti-quark, but the discrepancy
in the mass suggested the existence of another quark that was call ‘charm’. Subsequently, in 1977, the bottom quark was
hypothesised based on experiments that seem to identified another meson called the upsilon meson (Y) with another mass that
pointed to the ‘bottom’ quark and its anti-particle. Although the existence of final ‘top’ quark was predicted in the early 1970’s,
it took to 1995 to actually discover the top quark within the debris of a high-energy collision between protons and anti-protons.
The mass of the top quark is over 180 times larger than a proton. Of course, aspects of the quark model can appear to be quite
abstract, especially in view of the statement that quarks do not exist in isolation.
So is it meaningful to say that quarks exist ?
Clearly, quarks started out as a hypothetical concept through which the process of particle decay could be described and to
some extent explained. However, it has always been recognised that the idea of quarks were accompanied by the fairly
fundamental issue that they do not appear to exist in isolation. This issue sometimes goes by the name of the ‘confinement
problem’ that raises the following question:
Why has physics not reach an energy high enough to liberate quarks?
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One answer to this question lies within the nature of the strong force, which is
assumed not to diminish with distance and, in fact, there are arguments to
suggest that it may actually increase with distance at the rate of about 1 GeV
per 10

-15

metres. As a consequence, free quarks are not observed because by

the time the separation reaches a more observable scale, the energy is far
above the ‘pair production’ energy for quark/anti-quark pairs.
Note: Pair production is a process by which an elementary particle and
its antiparticle can be created provided there is enough energy
available.

Experimental Evidence
Deep inelastic scattering experiments
provided the evidence that the proton and
neutron are made up of three more
fundamental particles called quarks. One
type of experiment in the protonantiproton colliders produces jets of
mesons which correlate with the models
of quark confinement. As visualized in the
bag model for quark confinement, an

For the up and down quarks, the mass corresponds to an energy in the order
of +1 MeV, therefore pair production would take place at distances much less
-15

than 10 metres. As such, there is the implicit suggestion that an isolated
quark can never be seen because the strong force requires so much energy to

individual quark cannot be pulled free
because the energy required to do it is
much greater than the pair production
energy of a quark-antiquark pair.

separate the quarks that the process itself produces quark plus anti-quark pairs, i.e. a meson, long before they become
sufficiently separated to be observed by any known technology to-date. Therefore, it has to be recognised that the quark
model, like much of quantum mechanics, is a useful model, but not necessarily a true or full description of quantum reality.
Note: Examination of both the particle and quark model does not really seem to suggest a mass-particle concept, but
rather a resonant-frequency model. For it seems that if you put enough energy into a system, a new set of particles
emerges. This might be seen as analogous to a wave pattern on a 1-dimensional
piece of string, where the integrals of wavelength depend on the input energyfrequency of vibration. Of course, to support this suggestion you would need to
explain what is vibrating in 3-dimensions and why any given resonance frequency
persists.
1.2.2.3

Quark Interactions

The standard model alludes to a mechanism underpinning the strong, weak, and
electromagnetic interactions, which is said to be ‘mediated’ through the exchange of

Quarks in a Nutshell

spin-1 gauge bosons, i.e.

Quarks

have

therefore


Electromagnetic: photons



strong interaction: gluons



weak interactions: W± and Z bosons

electric
have

charge

and

electromagnetic

interactions. Quarks also have colour
charge, such that they have strong
interactions. Strong interactions cause
quarks

Shortly, after the idea of quarks was first proposed, in 1964, the concept of ‘colour
charge’ was used to explain how quarks might coexist in identical quantum states
without violating the Pauli exclusion principle. As such, the semantics of the word
‘colour’ is now used in the context of Quantum Chromo-Dynamics (QCD) to be
representative of a property of quarks and gluons, which provides a mechanism of
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strong interactions between hadrons. Only by way of initial introduction, we
may liken the concept of colour charge to the notion of electric charge of
particles; although in the case of strong interaction, the colour of a quark, or
gluon, has almost no measurable effect outside the atomic nucleus.
Therefore, the term ‘colour’ was simply chosen because it represents an
abstract property that has three aspects, which are then identified by the
three primary colour, i.e. red, green, and blue. In practice, electric charge
only has a single aspect, which is either positive or negative. So,
retrospectively trying to apply this QCD terminology to QED would lead to
the description of a photon, as a single gauge boson, which mediates the
electric charge. This is in contrast to the gauge bosons associated with the
strong interactions, which are identified by 3 colours that mediate the weak
interactions. Weak gauge bosons interact with quarks and leptons and in the
process of being emitted or absorbed, some of them can transform one kind
of quark, or lepton, into another. When these gauge bosons are exchanged
between leptons and quarks, they are said to account for the force between
them. So while we initially made an analogy between the notion of electric
charge and colour charge, QCD is only describing the strong interactions
between the six quarks in terms of the 3 colours, which exists in addition to
the fractional electric charge assigned to each type of quark.

Weak Interactions
Are associated with one of the four
fundamental forces. It is linked to the
radioactive decay of subatomic particles
and initiates the

process

known as

hydrogen fusion in stars. Weak interactions
affect all known fermions with 1/2 spin and
theorised as being caused by the emission
or absorption of W and Z bosons. The best
known effect of this emission is beta decay,
a form of radioactivity. The Z and W bosons
are much heavier than protons or neutrons
and it is the heaviness that accounts for the
very short range of the weak interaction. It
is termed weak because its typical field
strength is several orders of magnitude less
than that of both electromagnetism and
the strong nuclear force. Most particles will
decay by a weak interaction over time. It
has one unique property, i.e. quark flavour
changing, which does not occur in any

Weak interaction:
As already outlined, there are six types or flavours of quarks, i.e. up, down,

other interaction.

strange, charm, bottom, and top. The up and down quarks have the lowest
masses, but all heavier quarks quickly ‘decay’ into up and down quarks,

Quark Decay

which might be described as a transition from a higher to a lower ‘mass-

The decay of hadrons by the weak

frequency’ energy state. As such, up and down quarks are essentially

interaction can be viewed as a process of

representative of a stable state, while the remaining ‘flavours’ are usually

decay of their constituent quarks. There is a

only produced in high-energy collisions associated with cosmic rays or as

pattern of these quark decays, e.g. a quark

transient by-products in particle accelerators. So, as a generalisation, a quark

of charge +2/3 ( u,c,t) is always transformed

of one flavour can transform into a quark of another flavour by undergoing a

to a quark of charge -1/3 (d,s,b) and vice

weak interaction, this process occurs by absorbing or emitting a W-boson,

versa. This is because the transformation

such that an up-type quark, i.e. up, charm and top, transforms into a down-

proceeds by the exchange of charged W

type quark, i.e. down, strange and bottom, and vice versa. This flavour

bosons, which must change the charge by

change mechanism is the cause of the radioactive process of ‘beta decay’ and

one unit.

explains how neutron transforms into a proton, an electron and an electron
anti-neutrino.

[1]
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Strong interaction:
By definition, the hadron class of particles must have zero colour charge, which is the net results of the combination of the
three underlying types of colour charge, i.e. red, green and blue. It is also highlighted that anti-quarks have a corresponding
anti-colour, i.e. anti-red anti-green and anti-blue. The system of attraction and repulsion between quarks with different
combination of colour charge defines the process of strong interaction, which is in-turn mediated by a force carrying gauge
boson particle known as a gluon. As indicated, the details associated with strong interaction are described by the theory called
QCD. Within the particle hierarchy, a gluon is a type of gauge boson, which sits under the meson class that comprises of just 2
quarks, quark and anti-quark. In contrast, baryons are made up of 3 quarks, which in the case of neutrons and protons,
comprise of different combination of the stable up and down quarks. In essence, the gluon ‘glues’ together up and down
quarks, via the strong nuclear force, to form the stable components of all atomic nuclei.
So is the nature of particle interaction really that simple?
Unfortunately, no, but it provides a visualisation that can be helpful in contrast to all the mathematical abstractions that any
detailed discussion of QFT/QCD demands. For example, modern particle physics talks of gauge symmetries that belong in
different symmetry groups, which then require various gauge theories in order to describe the interactions between the all the
various classes of particles. In this context, ‘colour SU(3)’ is the label given to the gauge symmetry that relates the colour charge
in quarks, where the implied symmetry is analogous to a fundamental law of physics, which is independent of any given
orientation in spacetime, i.e. a given coordinate system. As such, the physics of QCD is said to be independent of the
orientation in ‘colour space’ although the actual mathematics will require a description of ‘complex space’, where a colour
transformation correspond to a ‘rotation’ in complex/colour space. So, while acknowledging the simplicity of the previous
description in the face of mounting mathematical complexity, we might initially say that QCD is a gauge invariant theory, which
defines three colours and eight massless gluons, i.e. the gauge bosons, where six can affect the attribute of colour, while the
other two simply react to colour. A colour of a quark is said to change, when it absorbs, or emits, a colour-changing gluon.
1.2.2.4

Semantic Review

In the process of trying to outline the most salient aspects of the particle model, a
degree of ambiguity over the semantics used to describe certain concepts may have
crept in. We might characterise this ambiguity in the following questions:
Is there a point when the semantics of particles and fields converge?
How does the semantics of an interaction differ from a force ?
In this context, the word ‘semantics’ itself is used to highlight a range of different
meanings, i.e. from common usage to the implication of quantum physics. We have
already discussed the ambiguity of the first question above in terms of the waveparticle duality, although we might also cite the more tangible issue of the
‘substance’ of an elementary particle. While quantum physics, like so many other
specialist subjects, has assigned an alternative meaning to certain words, it is not
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always obvious whether the re-definition has any tangible reality
beyond its mathematical description. Therefore, the goal of the
following discussions is simply to highlight a number of conceptual
issues for further consideration, prior to the main discussion of
quantum field theory;

Lost in Semantics
A little boy was staying with his grandmother for
a few days. He’d been playing outside for a
while when he came into the house and asked:
“Grandma, what is it called when people sleep
on top of each other?” She was a little taken



Particles Versus Fields



Interactions versus Forces

aback, but decided to tell him the truth. “It’s
called sexual intercourse, darling" and went on
to explain about the birds and bees. At this

In the semantics of particle physics, a fundamental interaction is

point, the little boy went back outside to play,

analogous to what classical physics might describe in terms of the

but within a few minutes returned and said

fundamental forces. As such, the description of the four fundamental

angrily, “Grandma, it is not called sexual

interactions aligns to what were previously described as the four

intercourse, it’s called bunk beds!” ,

fundamental forces, i.e. electromagnetism, strong nuclear, weak nuclear
and gravitation. However, within the context of particle physics, the semantics of an interaction is used because the
interactions are often described in terms of a methodology known as perturbation theory, which involves the exchange of
gauge bosons between particles. While the role of gravity is not really integrated into quantum theory, it might be worth
highlighting that the theory of general relativity has also questioned the idea of a ‘force’ in preference to its description of
curved spacetime. The following quote by John Wheeler possibly captures how the idea of gravitational force is replaced by
geodesic curvature of spacetime:
“Matter tells spacetime how to curve,
and spacetime tells matter how to move”
However, on a more reflective note, we might wish to challenge some of the semantics in the quote above. For example, do we
ultimately have to replace the physicality of matter with some form of localised energy density? How does this energy density
actually ‘curve’ spacetime and what physical mechanism can ‘move’ energy in spacetime?
1.2.2.4.1

Particles versus Fields

Despite the apparent preoccupation with the idea of particles in the

Pragmatic Perspective

previous outline of the particle model, the current quantum model

Given that so many aspects of QFT have been

appears to be based on a description of the energy-state of

focused towards the development of the particle

quantum fields, which interact according to the dynamics of

model, it may be almost impossible to avoid the use

quantum field theory . For this reason, it was a quantized field

of the word ‘particle’ in its description. Equally, as

theory, which evolved in the immediate post war years to underpin

you transition back from the quantum to classical

the observation of sub-atomic phenomena and the subsequent

realm, it simply becomes more convenient to talk of

derivatives of this theory that provided the accurate predictions

particles again, as opposed to some abstracted

supported by experimental data.

mathematical field construction.

So is the model based on particles or fields?
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If we step back from the quantum perspective for just a minute, we
might reflect on the wider issue of the evolution of the universe, as
described by present-day cosmological models. In these evolutionary
models, particles are not indestructible objects that exist from the
outset, which then exist for all time. In fact, at certain energydensities in the early universe, no particles could have existed and
therefore had to have been subject to a process of creation and
destruction, which we might initially link to the idea of energy and
2

mass via E=mc . If so, the idea of particles being representative of the
most fundamental processes at work within the universe becomes
problematic, at least, as normally perceived. In addition, we might
cite Dirac’s equation, developed in 1928, as a mathematical
description of just how fleeting and ephemeral particle existence can
be.

The diagram top right is an extreme demonstration of how

particles can be created. An experiment involving the collision of gold
nuclei,

each

containing

197

nucleons,

resulted

in

an ‘explosion’ containing up to 10,000 particles, as captured by the
STAR detector at the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven, Long Island. However, given that so many aspects of QFT
have been focused toward the development of the particle model, it
may be almost impossible to avoid the use of the word ‘particle’ in its
description. Equally, at some point in the transition from the quantum
to classical realm, it simply becomes more convenient to talk of
particles, as opposed to some abstracted mathematical field
construction. Of course, even in the classical realm, the idea of particle
is not without its problems. At this point, it might be suggested that
while aspects of the model above can be described in terms of the
semantics of particles, the more fundamental process seem to involve
the localisation and interaction of quantized ‘energy’ fields.
So are the semantics of a particle purely a matter of convenience?
While it might be said that our classical notion of physical mass was originally associated with some form of tangible substance,
2

i.e. the particle; Einstein’s equation [E=mc ] subsequently defined an equivalence between mass and energy. As such, it seems
more logical that a particle is simply a ‘localisation’ of energy, which might then be described in terms of a relative potential or
propagating wave localised in within some larger field description based on Planck’s energy equation [E=hf]. However, there
still seems to be a distinction, in both the quantum and classical realms, i.e. two particles cannot be co-located at the same
point in spacetime. While, in contrast, this restriction does not appear to apply to waves or field amplitudes, which are allowed
to combine in superposition. It would seem that the description of a field allows infinite ‘ degrees of freedom’ that cannot be
extended to a particle.
How do the semantics of a particle in QFT differ from classical theories?
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In the context of QFT being used to support the particle model, much
weight was given to experimental data based on photographic plates
and bubble chambers, which seem to verify the idea of particle
trajectories. However, the theories built on such experimental data
often have a conceptual problem with any specific interpretation of the
data. For example, absolute particle trajectories are excluded
by Heisenberg's uncertainty principle, when simultaneously requiring
both position and momentum. While beyond the scope of this
discussion, some theories also appear to suggest that any notion of a
quantum ‘particle’ that aligns to the principles of relativity cannot
actually be said to be localised in any bounded region of space-time, no
matter how large. If so, the idea of particle-like trajectories in the
quantum realm might be questioned.

Quantum Moxie
"What is a particle?
The answer is not as obvious as you might
think. I was in a discussion with a colleague of
mine yesterday about the 'reality' of fields. I’m
not convinced that they’re anything more than
a mathematical convenience championed by
people wishing to sweep the 'action at a
distance' problem under a rug. I can’t think of
an experiment that can only be interpreted in
terms of fields. He countered that the same
could be said for particles....I am probably guilty
of over thinking this, but the only thing I could
come up with that could differentiate a particle

So does QFT reject the semantics of particles?

from a field was that a particle is a local

At this time, it is often stated that there is no definitive proof that
absolutely rejects the idea of a particle interpretation within QFT.
However, this is not to say that there are no problems associated with
this idea. The standard definition for the vacuum state ‘|0>’ is that it

concept, whereas a field is not. Fields have
spatial extension, which requires the existence
of space and quite possibly time. Particles,
fundamental particles anyway, are mere points.

corresponds to the energy ground state, although it might be expressed in more technical terms, i.e. it is the eigenstate of the
energy operator with the lowest eigenvalue . It should also be noted that in non-relativistic QM, the ground state energy of a
harmonic oscillator is not zero in contrast to its analogue in classical mechanics. While this is also true for the vacuum state in
QFT, the relativistic vacuum of QFT appears to acquire some additional features. It should also be noted that the label ‘|0>’ is
not suggesting that the energy is zero in the vacuum state, only that there are no particles present in the vacuum state,
although this assumption prompt the question
What gives rise to these values, if the vacuum is a state that has no particles?
Clearly, if particles were a fundamental object of QFT, we would be left wondering how any physical phenomena could exist in
their absence. Another challenge to the particle interpretation of QFT is known as the ‘Unruh effect’, which seems to suggest
that the concept of a particle is observer dependent. While the number of particles in the ‘stationary’ vacuum is said to be zero,
an accelerated observer starts to detects a thermal bath of particles, such that a change in the reference frame leads to a
discrepancy in the number of particles observed. This is problematic because QFT is required to be invariant under
transformations of the reference frame, such that the Unruh effect again questions the idea of particles being a fundamental
object in QFT.
So why does the idea of particle still persist in QFT?
Well to some extent, the verification of QFT is predicated on particle-orientated experiments, as such, the retention of the
semantics of particles possibly provides some consistency between theory and experiment. On a more tangible basis, it is often
said to provide some sort of explanation as to why charge only exists in discrete amounts, which is an attribute that more
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readily aligns to the idea of a discrete particle. However, if particle do not exist at the most fundamental level of 'reality', then
clearly other mechanisms are at work and require description.
So what are the basic arguments for a field?
The field model is generally defined as having an infinite number of
degrees of freedom, which the field equation must support. In contrast,
the particle model can be defined by its position in spacetime,
i.e. x(t), to which only three

degrees of

freedom

are

assigned

corresponding to the [xyz] coordinates of the particle's position. So, the
field description is more complex in that it requires the specification of a
field value [φ] for each point [x] in space, which can change as a function
of time [t]. As such, a field is specified in the time-dependent form φ(x,t)
for all points in space. While we might initially consider a field to be more
ephemeral in nature, in the sense that it may have no apparent
‘substance’, it can still be assigned the attributes of both energy and
momentum, even in the absence of any particles. Again, we might equate
Einstein’s and Planck’s energy equations to simply to highlight the
possible blurring of the distinction between fields and particles.

Model Requirements?
Clearly, the wave-particle duality has long
been debated and most texts simply reflect,
rather than add arguments to this issue. On
the other hand, those qualified to add further
insights may see little benefit in fuelling this
debate at this time. So, in the absence of any
authoritative resolution, might we question
the fundamental concepts of any scientific
model? For example, if we accept space-time
to be the framework of our model universe,
what is responsible for the dynamics within
this model? The idea of a particle does not
really seem to help explain anything, other
than as an object to which we might
associated energy. In this context, particles
seem to represent little more than an energystate or energy density in space-time.

[1]

However, if you were to accept this basic
premise, you might need some form of

The implication of [1] might ultimately be misleading, but there is a

transport mechanism through which scalar

suggestion that the field can correspond to a medium through which

energy might find equilibrium in space-time

energy is transported as an undulating waveform with some associated

in accordance to the laws of thermodynamics.

notion of frequency. Given that particles have not always existed and the

As such, a wave might simply be described as

fact we cannot quantify the substance of which they are made, we return

a mechanism that can transport energy,

to the question:

subject

to

some

clarification

of

its

propagation media. Now, in the semantics of
What is the fundamental substance of our universe?

modern physics, many may wish to replace
the word 'media' with a more generic

In this context, the concept of energy within a field construct might

inference of the word 'field', although we still

appear to be a logical premise to pursue, which can then be augmented

arrive at a model without particles. Of course,

using the transport of energy via some form of wave mechanism.

this model does not explain why localised

However, in quantum field theory, there is another argument based on

energy densities, e.g. particles, seem to

the formalism of its mathematics, which is predicated on the use of ‘field

persist.

operators’ rather than ‘values’ to describe ‘physical observables’.
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1.2.2.4.2

Forces versus Interactions

As indicated, much of classical mechanics is founded on the basic idea of particles and forces, which initially were thought to
interact through some unknown mechanism, which was labelled as ‘action at a distance’ . As such, a force was said to exist
between particles, although there was no real understanding of how this force was ‘mediated’ across the distance between the
particles and therefore the interaction between the particles was assumed to be effectively instantaneous.

Action-at-a-Distance
Originally, the term above
described

an

between

two

interaction
objects,

separated in space, with no
obvious

mechanism

of

interaction. As such, it was
often used in the early
description of gravity and
electromagnetism

to

'explain' how and why an
object might be influenced
by a distant massive or
charged object. However,
while the initial resolution
of such problems led to the
concept of a field, the later
description

of

quantum

mediators would appear to
adopt the semantics of
particles.

However, it was later shown that electromagnetic interaction between charged particles could not be explained within the
original classical framework without a ‘mediating EM field’ to facilitate the transmission of an electromagnetic force. However,
the development of electromagnetic theory, based on Maxwell's equations, also highlighted another key feature of a mediating
field. This feature related to the finite propagation velocity of any change in the EM field, which Einstein later postulated to be a
restriction on any physical theory in order to maintain causality. So, as the particle model developed, the concept of ‘force’ was
often replaced with the word ‘interaction’ because as we proceed towards a quantum field theory, the classical concept of
particles being bounded together by a force changes in terms of the implied semantics. As such, the quantum model defines:


The electromagnetic interaction



The weak nuclear interaction



The strong nuclear interaction
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By way of reference, the quantum model does not really include any reference to
the gravitation ‘force’ as the unification of quantum theory and general relativity is
still an open issue, which is why the gravitational force is shown outside the
bounded boxes of the previous diagram. As outlined, within the quantum-particle
model, each force is mediated by a force-carrying particle called a gauge boson,
which has integral spin. The gauge bosons for the electromagnetic, weak, and
strong forces are all spin-1 particles.

Mediator Semantics
It is not really clear why a quantum
field theory chose to adopt the
semantics of 'particle' mediators.
Possibly it was thought to reflect the
implicit discreteness of quantized
energy in the quantum realm.

Note: For gravity to become a quantized concept, the force-carrying particle,
called the graviton, would be a spin-2 particle in contrast to the other
fundamental forces.

Another 'theory' might simply be
that the historical development of
quantum physics was predicated on
experiments

So, within this generalised context, the 4 forces of nature are described in terms of
an exchange of the gauge bosons. However, for each implied interaction, there is an
associated field in which the specific gauge boson can be described as a quanta of
that field. For example, the photon is a gauge boson that is a quanta of the
electromagnetic field, which then mediates electromagnetic interactions. The

However,

in

the

particle
semantics

physics.
of

a

mediator as a particle in the present
context may only be a matter of
convenience, rather than any implied
physical reality.

number of gauge bosons required by a particular field is defined by the number of ‘generators’ of that field, which is defined by
the ‘symmetry group’ of the field.


The Electromagnetic Interactions:
The electromagnetic field belongs to a symmetry group of unitary transformations called U(1). Since there is only a single
generator, the force is mediated by a single particle, i.e. the photon, which is massless and carries no charge. As such, the
electromagnetic force can be described in terms of exchange of photons with spin-1 plus two polarization states. If a
particle is massless and spin-1, it can only have two polarization states.



The Weak Interactions:
The weak field belongs to the SU(2) symmetry group, which has three generators. There are 3 gauge bosons that mediate
the weak interactions, i.e. W+,W− and Z bosons. Unlike the photon, the gauge bosons associated with weak interactions
have mass and either neutral, positive or negative charge. Again these weak bosons have spin-1, but can assume one of
three polarization states.



The Strong Interaction:
The strong field belongs to the SU(3) symmetry group, which has eight generators, which have the collective name of
gluons. The gluons then mediate the interactions between quarks, which form both the baryon and meson groups of
particles. The gluon is a massless spin-1 particle, and like the photon, has two polarization states but also supports the
concept of ‘colour’, as previously outlined.

The range of the implied ‘force’ is essentially determined by the implied ‘mass’ of the gauge boson that mediates the
interaction. The range of the interaction can be estimated based on the uncertainty principle, when applied to energy. The
amount of energy used in the interaction corresponds to the rest mass of the associated gauge boson:
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Propagation Limit?

[1]

As a devil's advocate question, if the idea of a
We can now re-arrange the uncertainty principle, as it applies to energy:

force were replaced by a mediation exchange
of particles, why are all basic interactions
restricted to the speed of light? Note, just
saying that special relativity demands it maybe
a valid assertion, but not necessarily an
explanation.

[2]
If we accept the assumption of special relativity that the upper bound of propagation cannot exceed the speed of light [c], we
can used the expression for [Δt] in [2] to estimate the range of the implied force.

[3]
What we see in [3] is the inverse relationship between the range of the force and the mass of the gauge boson. So, in the case
of the massless photon, the range is infinite, while the mass of gauge bosons associated with weak interactions constrains the
range to the order of 10

-12

metres. As such, this estimate would account for why the weak force only operates over sub-atomic

distance. However, the nature of the estimate in [3] has to
be qualified when applied to the strong force, which invokes
an additional mechanism known as ‘confinement’ that is
linked to the ‘charge colour’. However, for the purposes of
this introduction, confinement can be explained in terms of a
rubber band analogy. When a rubber band is stretched, the
force increases, but when loose, the rubber band essentially
exerts no force and the quarks bounded by the strong force
are allowed to move as free particles within the confines of
the nucleus. It might also be useful, at this point, to simply
introduce the idea of an interaction diagram, which is
normally called a ‘Feynman diagram’ after the physicist
Richard Feynman. At this stage, we do not have to be too
specific about the technical details of the diagram right.
However, in general terms, the diagram represents the
decay of a neutron within the nucleus to a proton, which also results in the emission of a beta particle, i.e. fast moving electron,
plus an anti-neutrino; where this interaction is mediated via the transitory existence of a [W-] boson. The 3 arrowed lines to
the left reflect the corresponding structure of the neutron and proton in terms of a combination of up-down quarks.

141 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
1.2.3

The Nature of Fields

From the previous discussion of basic concepts, it appears that the idea of
fields becomes an important part of post-war developments, especially in
the context of any developing description of a quantum field theory (QFT).
As such, this section is intended to provide a slightly wider introduction to
the ideas of fields within the transition from classical to quantum physics.
As such, it might be suggested that there are possibly two distinct classes
of fields, i.e.

What is a Field?
As a generalisation, it would seem that fields
can support both energy and momentum,
where the former is a scalar quantity and the
latter a vector quantity, even in the absence of
any obvious physical mass. As such, it suggests
that the definition of energy and momentum
would have to be based on concepts other



a classical field



than mass, such that we might only be left

a quantum field

Planck's energy equation [E=hf]. If so, it would
seem to suggest that some sort of wave must

We might recognise that a field will be defined in terms of some ‘quantity’

exist within the field.

associated with each point of spacetime So based on the nature of this
quantity, we might classified a field into a number of distinct types:


a static field



a scalar field



a vector field



a spinor field

By way of some initial starting point, rooted in classical physics, we might
describe a plot of temperature in a given volume of air in terms of a scalar
field, although we might question the physicality of this description a little
further. For temperature, in this context, might be better described as a
conceptual and statistical description of the kinetic energy of the air
molecules in some given volume of air. As such, we might see an
interchange between the implied semantics fields and particles.
Note: As a slight aside, it is possibly worth remembering that when
the temperature of a distance object, e.g. the sun, is measured,
this temperature is inferred from the radiation spectra emitted by
all objects above absolute zero. As an example, imagine an
asteroid colliding with a planet, such that the kinetic energy of the asteroid is effectively converted into heat energy.
2

This dissipation of energy would then be accounted for in terms of the kinetic energy of particle debris, i.e. n*(mv /2),
plus the spectra of radiation energy, i.e. n*(hf) emitted. However, eventually we might need to even reflect further on
the concept of kinetic energy, which is defined in terms of mass [m] and velocity [v], if the idea of physical mass is
ultimately to be questioned. Equally, from a wave model description, it might be argued that only potential energy is
transported in spacetime and it is this energy that is then capable of causing kinetic effects at other remote points in
space.
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Alternatively, we might highlight the relative gravitational strength, and its direction, in a volume of space in terms of a vector
field. In this context, we are essentially describing a potential energy vector field that must exist at all points in spacetime,
which has both magnitude and direction.
Note: The concept of gravity corresponds to a form of potential energy, which has the ‘potential’ to cause a localised
kinetic effect. While the localised kinetic effect may cause the motion of a single particle, potential energy has to be
defined as some sort of differential in energy levels between two point in spacetime. This differential might also be
described as an energy gradient that produces a localised force at some point in spacetime. In this respect, it is the
gravitational strength that corresponds to a localised vector force, i.e. having magnitude and direction, while energy
itself is described as a scalar quantity, i.e. magnitude only.
For now, we shall simply say that the idea of a spinor field is to be linked
to Dirac’s equation and the concept of spin. As such, this type of field is more
abstract and is possibly more dependent on a mathematical description, which
is addressed in later discussions. Within this general classification of field classes
and types, we might simply allude to the possibility of a field being subject to
either a classical or quantum description, where the former might be
characterised by numeric values, while the latter may be linked to the definition
of a quantum operator. However, before starting to look at this distinction, it
might be worth asking a more basic question:

Waves of Energy
From a classical perspective, we might
consider a water wave that transports
potential energy from [A] to [B]
through the kinetic displacement of the
physical medium of water. Within this
process, the total energy is always
conserved between the potential and
kinetic forms, where kinetic energy is
linked to a localised displacement of

What is the nature of a field?

water, such that only potential energy

Conceptually, a classical field may be extended to encompass the entirety of
spacetime, although in terms of any practical measurements the strength of any
field would appear to diminish with its distance from a given source. For
example, the gravitational field strength is described by the inverse square law
and, as such, conceptually extends to infinity, although the strength of the
Earth’s gravitational field quickly becomes non-existence on a cosmic scale.

would be widely transported in a
lossless medium
Particles of Energy
In a classical context, electromagnetic
waves are the only commonly occurring
waves that do not require a medium
through which to propagate. However,

But does a field have tangible existence?

within the quantum description, an EM

Again, let us start by considering this question from the classical perspective of
a gravitational or electric field in the vacuum of space. First of all, it might be
said that all classical physics can be reduced to a description involving only
kinetic or potential energy. However, unlike kinetic energy that can be assigned
to a single particle, potential energy can only be described as existing between
two, or more, particles. Therefore, in this respect, a classical field only exists

wave must also conform to the
description of a photon, i.e. a 'particle'
of energy. So how does photon
propagate through a vacuum, if the
electric and magnetic field components
of the photon are always in phase

between two or more particles and described in terms of the mapping of the potential energy surrounding these particles;
although the perception of this field is typically measured as a vector force. So while we might conceptually describe an electric
field as existing around a single charge particle in isolation, in practice, the existence of this field always requires a secondary
test particle to measure the strength of the field, i.e. a force, at any point in the surrounding space.
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So is the reality of this field being questioned?
Let us consider this question in terms of a somewhat contrived example of two particles between which exists an attractive
force, e.g. gravitational. These particles are isolated in a vacuum at locations [A] and [B], but separated by a huge distance, such
that any propagation mechanism linked to some finite speed, e.g. [c], must incur a finite propagation delay. Within this
conceptual configuration, we might assume both particles to be tethered in position, so that any infinitely small force of
attraction on each particle can be measured independently. Now let us assumed that the mass at [A] can be simply moved to
[A’] and back again by some external mechanism:
Gravity Waves
How does the movement of [A] affect this system?

At the present time, the concept of
gravity,

as

defined

by

general

In order to move [A] to [A’] and back, there is the assumption that some external

relativity, does not fit well with

energy has to be input into this system. However, when the particle is returned to

quantum field theory. However, might

[A], it possesses no additional kinetic energy in its frame of reference, i.e. its

we still ask how an oscillating mass in

velocity is zero, and its potential energy with respect to [B] is not obviously

vacuum would propagate the change

different, if [B] is still tethered in its original position. However, if we assume that

in the gravitational field strength in

the change to the field between [A] and [B] is subject to a finite propagation

the vacuum of space? Is there any

velocity of [c], then this change may not have yet reached [B].

concept of a media of propagation
other than space itself?

So where is the external energy input into this system?
In the scope of this example, we might reasonably assume that the input energy must now exist as potential energy in transit
within the field, i.e. it is in the process of propagating from [A] to [B] at a finite speed of [c]. If so, this description would appear
to suggest that the fields has some form of physical reality, which is capable of transporting potential energy in space and time.
As such, classical physics often utilises the idea of a field in order to explain the interaction between particles. As such, it was
generally accepted that electromagnetic and gravitational fields exist physically, as suggested by the following Richard Feynman
quote:
"The fact that the electromagnetic field can possess momentum and energy makes it very real... a particle makes a field,
and a field acts on another particle, and the field has such familiar properties as energy content and momentum, just as
particles can have".
Therefore, field theory is the description of the dynamics of fields, i.e. its value as a function of space and time, which typically
encompasses the ideas associated with the Lagrangian [L] or the Hamiltonian [H] of a field, which is said to have an infinite
number of degrees of freedom.
Note: Ultimately, we might still have to question the physical nature of such fields as the propagation media for the
wave in question.
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1.2.3.1

Classical Field Theory

From a historical perspective, we might view the concept of a
quantum field theory as part of the on-going transition away
from the classical perspective, which takes onboard the idea
of quantization. However, classical field theory may still helps
us visualise how one or more physical fields might interact
with matter, where a physical field can be mathematically

John A Wheeler
"I like to say, when asked why I pursue science, that it is to
satisfy my curiosity, that I am by nature a searcher trying
to understand. If you haven't found something strange
during the day, it hasn't been much of a day."

described in terms of a set of quantities at each point of
spacetime. In a classical context, a idea of field theory is most
commonly used to describe the underlying physics of
electromagnetism and gravitation, which represent two of
the four fundamental forces of nature. However, in many
respects, any field description is primarily a mathematical
model of reality that helps explain the effects observed rather
necessarily being a physical description of an actual field. As
such, a classical gravitational field is a model that maps Newton's law of universal gravitational force onto a field theory. In this
context, a gravitational vector field surrounds any given mass [M], where each point in spacetime is a vector whose magnitude
is defined by the inverse square law and points towards the centre of mass [M]. The magnitude of this vector can also be
described in terms of a force per unit mass at any point in space and because this field of force is conservative, there is a scalar
potential energy per unit mass at each point in space, which is called the gravitational potential. Another early example of a
classical field can be attributed to Faraday’s description of an electric field in terms of lines of force.
Gravitational Fields:
As indicated, the classical field description of gravity is based on Newton’s idea of gravitational force, which exists as mutual
attraction between two masses [M,m]. In the field model, a test mass [m] experiences a vector force [F], where the
gravitational field strength [g] is defined by the force per unit
mass [F/m]. Newton's famous law of gravitation being a

Dilbert: And we know mass creates gravity because more

reflection of the inverse square law:

dense planets have more gravity.
Dogbert: How do we know which planets are more dense?
Dilbert: They have more gravity.
Dogbert: That's circular reasoning.

[1]

Dilbert: I prefer to think of it as having no loose ends.

However, we can also use Newton's 2nd law [F=ma] to lead us to a definition of the gravitational field strength due to a mass
[M], which we might realise can be also be interpreted as a gravitational acceleration [g]:

[2]
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nd

It is worth noting that [2] contains the definition of both inertial and gravitational mass in the form of Newton’s 2 law of
motion and his universal gravitational law respectively. Subsequent experimental measurements have proved that the inertial
and gravitational mass are equal to all extent and purpose, which is an idea that underpins general relativity in the form of
the equivalence principle.
Electrostatic Fields:
We can also present a classical field description of an electric field based on Coulomb’s law of force, which exists as both a
mutual attraction and repulsion between two charges [Q,q]. In the field
Richard Feynman

model, a test charge [q] experiences a vector force [F]:

Electromagnetic waves can exist independently
of any charges or currents. If an electrical
charge is suddenly moved, its effect is delayed
[3]

and the electromagnetic field contains the
momentum.

We can also define the concept of an electric field [E] strength, where
[F=qE]. While this leads to the definition of an electric field due to a single charged particle, it might be argued that this field
only exists in the presence of two or more charged particles.

[4]
1.2.3.2

Classes & Types of Fields

We will now start to highlight some of the fundamental differences in the
class of fields, i.e. classical and quantum, which have developed in the
post-war era. In this respect, we shall start by providing a general
description of the basic differences between a classical field versus a
quantum field.


Classical Fields:
Initially, classical fields, such as electric and magnetic fields, were
primarily described in terms of fields of force, which direct the
motion of particles. However, if these fields were capable of
transporting energy and momentum, they might also be said to
have some sort of independent physical existence. Such ideas
eventually led to a classical theory of fields, as defined by Maxwell’s
equations, in which the composite electromagnetic field was described in terms of two perpendicular vector fields in
space. In a similar fashion, Einstein's theory of gravity, i.e. general relativity, can be also be cited as another example of an
essentially classical field theory in as much that the field is not quantized. So, in this context, classical field theories remain
an active and valid description, when the issue of quantum properties do not arise. As such, classical field theory considers
quantities that are generally a continuous function of time and space, which can be described in terms of wave-like
physical phenomena, e.g. sound and light, or other continuous phenomena, e.g. fluid flow. As such, we might generalise
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the definition of a classical field by a set of real numbers for each point in spacetime and assume that, in principle, such
fields can be observed without disturbance.


Quantum Fields:
In contrast, a quantum field is more of mathematical concept defined by an
operator at each point in spacetime, rather than a real number, plus it is
generally assumed that a quantum field cannot be observed without
disturbance. While, in some circumstance, a classical field will be an adequate
description, many will argue that a quantum field theory must ultimately
underpin all physical phenomena, at least in principle. So, for example, when
classical electrodynamics is subject to the idea of quantization, it should align
to the basic tenets of quantum electrodynamics (QED), which experimental
data suggests is capable of higher precision. However, while QED has been
subject to experimental verification, it is still unclear as to whether it is
capable of actually describing the underlying mechanisms at work. In this
context, quantum electrodynamics sits under the overall umbrella of quantum
field theory, which also sub-divides into quantum chromodynamics and the
electroweak theory, which are collectively said to underpin the standard
model of particle physics. It should also be noted that the classical field theory
of gravity, i.e. general relativity, has yet to be successfully quantized. By way
of examples, a bosonic field is a quantum field whose quanta are bosons,
which include scalar field description of spin-0 particles, such as the Higgs
boson, and gauge fields description of spin-1 particles, such as the photon. In
contrast, a fermionic field is a quantum field whose quanta are fermions,
which describe fermion particles with spin-1/2, such as electrons, protons,
quarks etc.

Bill Arveson
It is and was possible for physicists to
carry out calculations that predicted
the results of experiments accurately,
based largely on formalism, involving
so-called Feynman integrals and the
diagrams...which

are

obviously

correct, but which lack mathematical
foundation. But the fundamental
mathematical ideas are missing. What
is a particle? What is a wave? What is
a quantum field? ...Irving Segal began
to ask these hard questions in the
1950s.

He

asked

for

firm

mathematical definitions, and sought
to

give

complete

proofs

for

everything. It is interesting to me that
few

mathematicians

noticed

the

importance of this early work of
Segal’s on the most fundamental
problems connecting mathematics
with physics. Nowadays, it is very

Based on the introductory description above it might naturally follow that any
quantum field theory might be thought of as an extension of classical field idea, but
for the complication of the fields being quantised. For example, in 1926, Born,
Heisenberg and Jordan published one of the first papers on quantum mechanics
addressing electromagnetic fields. In this paper, a formula for the electromagnetic
field was presented as a Fourier transform, which used a commutation relationship
to identify the coefficients of a Fourier transform, which were then described as
operators that created and destroyed photons. In so doing, this quantization of the
classical electromagnetic field would lead to a quantum theory of photons, which is
now described in terms of QED. However, in the context of pre-war quantum

fashionable for mathematicians to
pay lip service to physics; and it is
especially interesting to me that the
fundamental problems involving the
Hilbert

space

quantization

of

nonlinear classical fields are still
there;

and

many

of

the

mathematicians who nod in this
particular way to physics do not
address these fundamental issues.

mechanics, a solutions to Schrodinger’s wave equation was generally interpreted to reflect the state of a particle, while later
post-war QFT developments would lead to the idea of a solution to the wave equation, which did not reflect the state of a
particle, but rather the operators that created and destroyed states.
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1.2.3.2.1

Static Fields

In physics, the idea of ‘action-at-a-distance’ is usually linked to Newtonian mechanics and its description of the gravitational
interaction between two objects, separated in space, with no obvious means of physical ‘communication’. However, the study
of this phenomenon would eventually lead to the idea fields and the concept of mediating particles within the standard model.
We have already touched on the inclusion of special relativity (SR) into quantum
mechanics (QM), which then helped to formulate the concept of relativistic
quantum mechanics (RQM). Therefore, in this context, it might also be worth
highlighting an issues in which SR might affect how we interpret interactions within
a static field. For example, a static field [S] associated with either a gravitational or
electrostatic field can be thought to conceptually extend to infinity and therefore
be maintained without propagation. In this context, the uniform motion of any
observer [O] should not cause the direction of this field to change, although its
strength would still be affected with any change in distance.
However, if we reverse the frame of reference to that of the observer [O], special
relativity allows this observer to declare its local frame of reference [O] to be
stationary, such that the source [S] is now in motion. Of course, at face value, the
reversal of the frame of reference should not change the physics of the static field
[S], such that the observer [O] must see the direction of the field [S] maintained at
all times, irrespective of the distance of the observer [O] from the source [S],
because it already permeates all space. However, this requirement of special
relativity then leads to the perception, from the observer’s frame of reference, that
the direction of the field [S] is being instantly updated as it appears to move with
respect to [O], irrespective of its distance. In Newtonian mechanics, prior to the
description of relative frames of reference in SR, there was an inference that the
gravitational effect on planetary motion required instantaneous action-at-a-

Static Fields
In quantum theory, static fields are
maintained by a transmission of
‘virtual particles’, which can exceed
[c],

at

least

in

terms

of

the

mathematics. When physicist Richard
Feynman was once asked how gravity
could escape the event horizon of a
black hole, he replied that a static
gravitational field would be carried by
virtual gravitons, which have no
trouble travelling faster than light.
However, at this point, we must
consider Feynman’s statement as
more than a little speculative, plus it
might also be worth highlighting that
the

‘graviton’

is

still

just

a

hypothetical elementary particle that
mediates the force of gravitation in
the framework of quantum field
theory.

distance.
While this subject has many ‘twists-and-turns’ that are not the focus of this discussion, it is now assumed that that the finite
speed of gravitational interactions, i.e. [c], as required by special and general relativity, does not to lead to the sort of
aberration problems, as originally perceived by Newton, when interpreted as a static field. For example, if we accept the orbital
motion of the Earth with respect to the Sun can be approximated as travelling in straight lines with constant velocity, the results
of general relativity will align with the description Newtonian gravity based on the assumption of instantaneous action-at-adistance, because the Earth is now moving with constant-velocity within the Sun’s static gravitational field. While it needs to be
highlighted that actual calculations are considerably more complicated than suggested, the following example does try to
highlight the difference between the perception of instantaneous action-at-a-distance, in which no information is passed, and
the aberration of light associated with its dynamic propagation.
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With reference to the diagram(s) above, if the actual position of the
radiating objects is not directly overhead, then the description aligns to the
diagram on the left, while if the actual position is directly overhead, then
the description is given by the diagram on the right. However, in both cases,
the effect is described as the aberration of light, which leads to a difference
in the true and apparent positions of celestial objects as the Earth moves in
its orbit around the Sun. In this case, when an object is observed, the
apparent position of the object is seen to be displaced from its true position
by an amount which depends upon the transverse component of the
velocity of the observer with respect to the incoming beam of light. As a
generalisation, a static field can be described as time independent, since
there is no positional change of the source of a gravitational or electric
static field, when the source [S] or observer [O] moves with constant
velocity. If the source [S] accelerates, its static field will still behave, for the
duration of some propagation delay, as though the source had continued
with its former constant-velocity. However, the subsequent ‘update’ in the
field due to the acceleration of the source [S] then moves outward at the
speed of light [c], which is subject to a propagation delay. So, by way of a
summary, the direction of the static gravitation field, originating from the
Sun, points towards its true position and is not subject to 8.3 minutes of
propagation delay associated with the light travel time between the Earth
and Sun. As such, there is ‘essentially’ no aberration associated with a static

Faster-than-Light?
Virtual particles associated with quantum
interactions

are sometime described as

being created and destroyed at different
points in space at the same time. This allows
a quantum interaction to take place no
matter how far the interacting particles are
from each other. Given that quantum field
theory

is

said

to

combine

quantum

mechanics and special relativity, it might be
questioned

as

to

how

anything

can

propagate faster than light. While some
argue that the Heisenberg Uncertainty
Principle allows virtual particles to move
faster than light for the briefest moment of
time, others simply dismiss the suggestion
on the grounds that these particle are not
called 'virtual' for nothing. As such, they
only exist as part of a mathematical model,
while physical reality constrains all within
the speed of light.

gravitational field, which was originally interpreted in terms of instantaneous action-at-a-distance. However, in contrast, light
from the Sun is subject to an optical aberration, such that the observed position of the Sun, as seen on Earth, is subject to 8.3
minutes of propagation delay. This means that the direction of the Sun's gravitation pull differs from our visual perception of its
position.
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1.2.3.2.2

Other Field Types

At this stage, the following description is intended to be little more than an initial attempt to provide an introduction of the
basic concepts behind some of the main field types. For, in many instances, standard text either avoid describing the general
nature of these fields or appeared to be immediately
compelled to resort to advance mathematical
description from the outset. While it is possible to
come across other types of fields, e.g. tensor fields,
which may only have mathematical existence, the
following outline is restricted to the basic spin
definition within quantum field theory.

Scalar Fields: Spin-0
A scalar field theory can be associated with a classical
or quantum theory of scalar fields. As a generalisation,
a scalar field is required to be invariant under any
Lorentz transformation, which is not the case for a
vector field. We might also describe a scalar field as
having a scalar value associated with every point in a space, which is coordinate-independent, such that two observers, using
the same units, will agree on the value of the scalar field at the same point in spacetime. In classical field theory, we might cite
temperature as an example of a scalar quantity. In quantum field theory, the quanta of the quantized scalar field is a spin-zero
particle, e.g. a boson, which is said to mediate particle interaction. In this context, we might cite a pion, as an example of a
meson-boson, although it would only be a pseudo-scalar field as it is not invariant under parity transformations. As such, there
are no fundamental scalar fields that have been empirically verified in nature, as the Higgs boson, which despite its recent
discovery is an unproven concept as a mediating ‘field’.
Vector Fields: Spin-1
Vector fields were originally developed within a classical field theory to
describe the concept of magnetism. In this context, they were
formalized by Michael Faraday and described in terms of lines of force
and, as such, the field started to assume a degree of physicality that
could be study directly. Later other phenomena that were modelled as
classical vector fields included the electric and electromagnetic fields.
From a general classical perspective, a vector field was essentially a
collection of a vectors assigned to points in Euclidean space. Therefore, a

Lines of Force
Michael Faraday (1791-1867) was one of the
pioneers of electricity and magnetism, who
described magnetic field lines as lines of force.
Faraday went on to speculate that these lines
had a physical reality, such that the vacuum of
space could not be described as empty.

vector field in a 2-dimensional plane can be visualized as an arrow, which points in the appropriate direction and its length
corresponds to magnitude. Of course, the idea of vector fields can be extended to 3-dimensional space of classical physics, the
4-dimensional space of relativistic spacetime and conceptual n-dimensional space, requiring n-dimensional vectors attached to
each point of that space. However, one of the key characteristics of a vector is that its specification can be subject to transforms
that depend on the coordinate system in use. The issue of vector transformations have previously been discussed under the
heading of contravariance and covariance. In quantum field theory, particles with spin-1, e.g. photons and W-Z bosons, are
described in terms of quantized vector fields that act as force carriers.
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Spinor Fields: Spin-1/2
The basic idea of a spinor was outlined in 1913 to highlight a specific
behaviour of vectors when subject to rotation or reflection. In this
context, the extended idea of rotation and reflection in higher
dimensional space contains more geometric information than can be
naturally expressed in terms of a vector. As such, spinors are essentially
mathematical objects that were constructed to define this additional
information, which was later adopted within quantum mechanics to help
more fully describe the idea of angular momentum of the electron and
other fermions. Today, spinors are associated with a wide range of
applications in physics and mathematics. For example, classically, spinors
in 3-dimensions are used to describe the spin of the non-relativistic
electron and other spin-½ particles, while the Dirac equation would
extend this description to the quantum state of the relativistic electron.

½-Spin
All known elementary fermions have a spin of ½.
Therefore, particles having ½ spin include the
electron, neutrino, and quarks, i.e. protons and
neutrons. The dynamics of ½ spin particles
cannot be accurately described using classical
physics and represent the simplest systems
requiring

a

quantum

description.

exclusion principle and have a permanent
magnetic moment, linked to spin, which
underpins all electromagnetic interactions.

Later, in quantum field theory, spinor fields are used to describe the state of relativistic N-particle systems.
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1.2.4

Mathematical Abstractions

There is a spread of opinion about the role of mathematics in physics. From a
pragmatic perspective, it is obvious that mathematics has played, and will continue
to play, a vital role in understanding the wider universe that extends beyond the
intuitive experience of our senses. However, it might still be argued that some level
of caution might not be misplaced at this point.

Paul A. M. Dirac
I learnt to distrust all physical
concepts as the basis for a theory.
Instead one should put one's trust in
a mathematical scheme, even if the
scheme does not appear at first sight

"For every problem,

to be connected with physics. One

there exists a simple and elegant solution,

should

which is absolutely wrong."

concentrate

on

getting

interesting mathematics.

The scope of the mathematics now used to described quantum field theory is simply
too broad and too complex for this website to even attempt. As such, the purpose of

David Finkelstein

the following section of discussions can only act as an introduction to some of the

Quantum theory was split up into

mathematical abstractions, semantics and field concepts that have now come to

dialects. Different people describe

dominate much of theoretical physics. Whether this level of mathematical

the same experiences in remarkably

abstraction is necessary might also be questioned along the way; although such

different languages. This is confusing

questioning might well be a reflection of my own ignorance regarding the benefits

even to physicists.

associated with the modern formulation of mathematics. The word physics has its origins in the Greek language. In this
historical context, the idea of science was closely associated with philosophy, where physics was essentially encompassed
within an overarching philosophy regarding the ‘workings of nature’. Although physics was to evolve away from its early
philosophical roots due to developments in mathematical formalism; the relationship between physics and mathematics has
always remain a matter of philosophical debate. In this context, mathematics has long been described as the language of
science, as proclaimed by Galileo in his work ‘The Assayer’ in 1623:
“Philosophy is written in this grand book, the universe which stands continually open to our gaze. But the book cannot
be understood unless one first learns to comprehend the language and read the letters in which it is composed. It is
written in the language of mathematics, and its characters are triangles, circles and other geometric figures without
which it is humanly impossible to understand a single word of it; without these, one wanders about in a dark labyrinth.”
Of course, since Galileo first wrote these word, the language of

There are 10 types of people in this world; those

mathematics has expanded way beyond ‘triangles, circles and other

who understand binary and those who don't.

geometric figures’ to include far more highly abstracted concepts.
However, the full scope of this debate may have been brought into sharper focus as people attempted to interpret the
implications of quantum physics; for it seems that our current understanding of nature may now rest on a mathematical
determination of quantum probability, which possibly cannot be quantified in terms of any deeper physical mechanisms.
Why is this an issue and why is it being discussed at this point?
In part, this question challenges both the purpose and ability of science to provide a description of the 'actual' workings of
nature, as opposed to a mathematical model that can only be correlated against some final state of observation. For quantum
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experimentation appears to suggest that no matter how well we prepared two given systems to some common initial states,
the results will always differ on the quantum scale, i.e. determinism is no longer reproducible. For example, we might cite the
inability to predict exactly where the next photon will hit the screen in the double-slit experiment or the inability to predict
exactly when an unstable nuclei will decay due to its half-life. In essence, the mathematics underpinning quantum physics only
allows the probability of the outcome to be predicted. So, in the case of Schrodinger’s cat, we can only resolve the 50/50
probability as to whether the cat is alive or dead, after we open the box, not before, such that some might forward the
suggestion that the cat is both half-dead and half-alive. As such, there is the perception that the quantum realm is governed by
processes, which defy exact prediction beyond a statistical probability. However, because nobody really understands why
quantum systems exhibit such apparently probabilistic behaviour, there is a school of opinion that argues that we have no
choice but to based our description of quantum reality on the experimental results predicted within the limits of mathematical
probability, even though we might not have ‘mechanical’ explanation as to why. We might summarise this situation as follows:
“Quantum physics does not and cannot describe what is
physically happening in the quantum realm; it simply predicting
the mathematical probability of a given outcome. As such, the
process is an abstraction vindicated by observable results”.

Nikola Tesla
Today's scientists have substituted mathematics
for experiments, and they wander off through
equation after equation, and eventually build a
structure which has no relation to reality.

Naturally enough, not everybody holds to this view, therefore, it is possibly worth stopping for one minute to reflect on some of
the inherent difficulties associated with trying to get a broad understanding of modern theoretical physics. For it seems that
theoretical physics has now had to resort to a great deal of mathematical abstraction in order to just predict the probability
outcome of the most fundamental mechanisms of nature. As such, it might be suggested that theoretical physics appears to
have two distinct types of practitioners:


Physicists who practice mathematics



Mathematicians who practice physics

However, for most people, either approach can represent what
appears to be an impossibly steep up-hill learning curve in regards
to the breadth and depth of the mathematics, which has now
permeated into all branches of physics – see links below for some
examples already outlined.


Foundation Mathematics



Basic Wave Mechanics



Maxwell’s Equations



Mathematics of General Relativity



Friedmann’s Equations of Cosmology



Mathematics of Quantum Mechanics

Of course, just understanding the mathematical concepts, implied by the list above, does not guarantee any real understanding
of the physical phenomena associated with these subjects, unless the physics can also be verified. However, in many ways,
mathematics has always allowed theoretical physics to run ahead of the ability of experimental physics to verify.
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So how many people actually understand all the mathematical complexity of theoretical physics, as opposed to an ability to
reproduce part of it by rote?
While some might feel that the question is above is too negative in its implications, it might be argued that even Richard
Feynman, who helped develop Quantum Electro-Dynamics (QED), had his doubts about the depth and breadth of true
understanding in this field of research, based on the following quote:
“What I am going to tell you about is what we teach our physics students in the third or fourth year of graduate school
and you think I’m am going to explain it to you so that you can understand it? No, you’re not going to be able to
understand it. Why, then am I going to bother you with all this? Why are you to sit here all this time, when you won’t be
able to understand what I am going to say? It is my task to convince you not to turn away because you don’t understand
it. You see, my physics students don’t understand it either. That because I don’t understand it. Nobody does.”
Of course, today, this quote might be challenged because it dates back to the 1970’s and much has been learnt over the last 40
years or so. Equally, it is clear that Feynman was an advocate of teaching physics to as broad an audience as possible, although
many might not necessarily understand the mathematical premises on which the physics is predicated. However, it would seem
that when first Feynman spoke the words above, he had to be describing what was essentially a theoretical mathematical
model of quantum physics, which would only later be subject to some degree of experimental verification.
So what point is this introduction trying to make?
For most people, the ability to understand the mathematics of quantum physics will be limited, which includes myself, as the
discussion of the following topics may well prove beyond doubt:








Mathematical Abstractions
o

Quantum Semantics

o

Natural Units

o

Quantum Postulates

o

Quantum Operators

o

Bra-Kets and Matrices

Quantum States
o

Probability and Quantum States

o

Probability and Bra-ket Notation

o

Abstract Vector Space

o

Vector-State Space

o

Coherence States?

Quantum Fields
o

Classical Lagrangian and Hamiltonian

o

Relativistic Lagrangian and Hamiltonian Densities

o

Lagrangian Field Theory

Summary
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Therefore, as indicated, the main purpose of the discussions listed above is simply to provide an initial introduction, which tries
to anchor some of the mathematics in more physical concepts. Of course, any in-depth understanding of quantum field theory
will require the study of many copious volumes of mathematical theory written on this subject. Therefore, it is accepted that
the following discussions will represent little more than a possible starting point for those both interested, and capable, of
pursuing the subject to greater depth.
1.2.4.1

Quantum Semantics

Possibly more than any other branch of science, quantum field theory is often explained, and justified, through the language of
mathematics. For many people, this can equate to a foreign language, which will require translation compounded by the fact
that the physicality of many of the concepts being discussed can appear questionable. Therefore, the goal of the following
series of discussions is not to pretend that fluency of this language can be assured, as the goal is only to introduce some key
‘phrases’ that might help non-speakers to start their journey into a ‘foreign land’. As such, in this initial discussion, a few words
and phrases are highlighted in bold type primarily to provide some scope
to the discussions that follow. For example:
In quantum theory, the concept of a quantum state is central, as
it represents the information known about a particle-field. The
idea of a vector space is then used to quantify this information,
which is then extended to the description of a Hilbert space
[H]. This, in-turn, is another form of vector space with an inner
product that defines a norm that turns [H] into a complete metric
space.
In part, the previous paragraph is an illustration of a descriptions, which is
overloaded with many mathematical concepts that many people will
simply not recognise and therefore will present a barrier to further
understanding.


As a generalisation, a ‘state’ of any system can be described in
terms of assigning values to each point in space and time. The scope
of these values may be scalar or vector quantities plus other more
esoteric mathematical concepts.



Quantum States
Are defined by a set of mathematical variables
that are said to describe a quantum system. As
a simple example, there are a set of 4 basic

A ‘vector space’ is a mathematical structure. However, we might
initially describe a vector space in terms of 3-dimensional Euclidean
space, where a vector at a given point represents a physical
quantities, e.g. a force. Such vector spaces can be described in
terms of linear algebra, characterised by 3 independent directions
in space [xyz].
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Again, as a generalisation, ‘Hilbert space’ is an extension of 3-dimensional Euclidean space to conceptually any number of
dimensions. As such, a Hilbert space is an abstract vector space, but one that also supports the concept of an inner product
that allows both length and angle to be quantified, although possibly requiring extended mathematical notation.



As the concept of the mathematical space is expanded, the measure of distance within this space can become increasingly
abstract. However, by way of an example, we might cross-reference to the normal idea of distance in 3-dimensional space
to the idea of the spacetime interval in the 4-dimensional spacetime of special relativity.



The description of vector space may also be extended using the idea of a

Mathematical Space

‘norm’ plus ‘inner and outer products’. In linear algebra, a norm is a function

In mathematics, a 'space' can be

that assigns only positive values to a vectors, while the concept of inner and

defined as sets within a structure.

outer products are linked to the idea of dot and cross products that are

However, there are many forms of

associated with the mathematics of vectors, matrices and tensors.

mathematical space, e.g. vector spaces
such as 'function spaces' that can have

At this stage, all that is being highlighted, by way of examples, is that

infinite

numbers

understanding may first require some form of translation, although fluency may

dimensions

ultimately require practice and repeated exposure to many of the underlying

'topological spaces' that can replace

concepts. On this basis we shall continue to simply introduce some of the

the concept of distance with a more

mathematical concepts and try to provide some initial translation:

abstract definitions of proximity.

plus

of
the

independent
idea

of

Dirac’s notation is often used in the context of two identical Hilbert spaces in which both non-complex
and complex conjugate vectors are defined. The ‘normal’ vectors are called |kets>, while the complex conjugated
vectors reside in the dual space and called <bra| . However, the information contained in a vector is often interpreted in
terms of a probability amplitude.
Again, we shall quickly try to provide some level of introduction to the terms highlighted in the paragraph above.


The basic idea of ‘Dirac’s notation’ along with the functional description of bra-kets has already been outlined and can be
referenced via this link. However, we might simply say that the |ket> and <bra| represent the initial and final states
respectively.



To explain the idea of a complex conjugate, we possibly need to clarify the idea of an algebraic conjugate in terms of an
2

2

example, (a -b ). If we factorise this equation, we get the result (a+b)(a-b), where the second term is the conjugate of the
2

2

other. At face value, (a +b ) cannot define a factorised conjugate, unless we introduce the idea of a complex conjugate, i.e.
(a+ib)(a-ib).


Any vector space [V] has a corresponding dual space consisting of all linear functionals on [V]. The dual vector space [V’] to
a real vector space is the vector space of linear functions, while the dual of a complex vector space takes complex values.



A linear functional is essentially a mapping of a vector space to a field of scalars. If vectors are represented as column
vectors, then linear functionals are represented as row vectors that might be described as covectors, where the action on
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the vector is defined by a dot product, or the matrix product with the row vector on the left and the column vector on the
right.


Based on the previous terminology, we might expand the form of this discussion to include the concept of matrices into
the definition of a vector space, which then introduces yet another increment of mathematical terminology.
A ket may also be described in terms of a column vectors and a bra as row vectors . As such, we can combine a ket and a
bra in the form |α><β| to get a matrix. This matrix is the outer product , which can be described as an operator on
the ket space, as the result on a ket is another ket. However, to express any operator as a matrix, a basis of kets is
required for a given ket vector space.

At this point, we possibly need to step back, take a deep breath before widening the discussion to include some of the
terminology introduced, i.e. linear operators act on both kets and bra within a Hilbert space [H] in terms of the outer product of
a column and row vector.


First, a linear operator will simply map a ket into another ket, e.g. let [A] be the linear operator and |Ψ> be the ket, such
that A|Ψ> is another ket.



A [N]-dimensional Hilbert space can be defined in terms of [N] one column vectors and the operator [A] as an [N*N] matrix
with the resulting ket determined by matrix multiplication.



As such, linear operators play an important role in quantum physics as observable physical quantities are represented
by self-adjoint operators, such as energy or momentum.



A linear operator [A] is said to be symmetric on a Hilbert space if <Ax,y>=<x,Ay> and the operator is said to be self-adjoint
if it is symmetric everywhere in the domain of [x,y]. However, the scope of self-adjoint operators will be explained in more
details in a sequent discussion.

The idea of an operators can also be described in terms of the bra-ket notation, where the operator acts on a bra to the right,
e.g. if [A] is a linear operator and <Φ| is a bra, then

[1]
In an N-dimensional Hilbert space, <Φ| can be written as a [1×N] matrix row-vector, and [A] as a [N×N] matrix. In this form, bra
<Φ|A can be defined by normal matrix multiplication. If the same state vector appears on both the bra and ket side, i.e.
<Ψ|A|Ψ> then this expression gives the expectation value or average value of the observable represented by operator [A] for
the physical system in the state |Ψ>. Another way to define a linear operators on a Hilbert space [H] is in terms of an outer
product, which in bra-ket notation can be represented in the form |Φ><Ψ|:
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[2]
†

So kets and bras can be transformed into each other as an element from the dual space corresponding to A|Ψ> is <Ψ|A ,
†

where [A ] denotes the Hermitian conjugate, or adjoint, of the operator [A]:

[3]
†

If [A] is expressed as an [N×N] matrix, then [A ] is its conjugate transpose. Such operators are key to much of the presentation
of quantum mechanics, where an observable is always described by a self-adjoint operator. For example, if [A] is a self-adjoint
operator, then <Ψ|A|Ψ> is always a real number. i.e. not complex, which in-turn defines the expectation values of observables
as real or using our expanding vocabulary as an eigenvalue of the operator [A]. However, this discussion was simply intended
as an initial exposure to the language of quantum theory and, as indicated, understanding will only come with repeated
exposure to these ideas, although this is not guaranteed.
SI Units
1.2.4.1.1

This international system of units

Natural Units

based on 7 quantities assumed to be
As a slight aside, it might be worth highlighting that one of the most basic aspects

mutually independent, i.e. length,

of theoretical physics manifests itself in terms of the specification of physical

time,

quantities. Based on classical concepts, it was thought that all quantities could be

temperature,

specified in terms of just four fundamental units of measurements, i.e. length [x],

chemical amount known as a 'mole'.

time [t], mass [m] and charge [e]. Of course, it was recognised that additional
composite quantities could be constructed from these fundamental units, which
might also be directly meaningful in terms of human perception, e.g. velocity [v],
acceleration [a], force [F] and energy [E]

[1]
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While these fundamental units form the basis of an internationally agreed system of units, i.e. SI/MKS, it seems that other
systems are still adopted in preference, especially in theoretical physics. In practice, there are a number of different systems
that are adopted in different fields of science, which we will simply defined in terms of ‘natural units’, although the definition of
what is natural may be a subjective interpretation.
Natural

Value in

SI/MKS

Fundamental

Constant

SI-units

Units

Dimensions

c

2.9979E+08

m/s

LT

h

6.6207E-34

(m .kg.s ).s

2

-2

3

-1 -2

G

6.6740E-11

m kg s

e

1.6021E-19

C(oulombs)

-1

2

L MT
3

-1

-1

L M T

-2

Planck Scale
Mass

√(hc/G)

5.4534E-08

Length

√(Gh/c )

3

4.0496E-35

5

1.3508E-43

Time

A natural constant may be described as ‘natural’ when its origin is predicated on
properties of nature, rather than some human construct. However, in terms of the
table above, the natural constants shown are still all defined in term of a human
definitions of length [L], time [T] and mass [M]. Therefore, the actual values of
these natural constants are specific to the system of units used, e.g. the SI/MKS
system. However, while the actual measure of 1 metre, 1 second or 1 kilogram is a
relative definition of scale, the concept of length, time, mass and charge are all
considered to be fundamental quantities of nature. Therefore, as shown, what are
sometimes called Planck units are really a definition of a Planck scale, because the
values assigned are relative measures defined by the SI system. As such, the Planck
scale is more descriptive of some fundamental limits to the physical realm, because
of the association of the Planck constant [h] aligning to some minimum quanta of
energy. In this context, the Planck length and Planck time define a limit beyond
which physics, i.e. both classical and quantum, is not equipped to describe. In

√(Gh/c )

Natural Units
Correspond to units of measurement
based

physical

constants,

e.g.

elementary charge [e] and the speed
of light [c]. In a system of natural
units a sub-set of physical constants
can be normalized to unity. While this
may have a perceived advantage of
simplicity for some, it also introduces
a disadvantage in terms of a loss of
clarity and

understanding,

when

these constants are then omitted
from the derivation of physical laws.

contrast, the Planck mass is simply the mass of a Planck particle, which would correspond to a hypothetical black hole, whose
Schwarzschild radius equals the Planck length. However, there is also another inference associated with natural units in which
the natural constants are normalised to unity. Whether you consider such a definition useful or not may depend on your
acceptance of the advantages and disadvantages of this system:


Normalised equations
2

2 2

2 4

By setting constants to 1, equations containing those constants may appear to be simpler, e.g. E =p c +m c would reduce
2

2

2

to E =p +m , when c=1; although you might now have to question the actual value obtained and the implication that
energy, momentum and mass now all appear to have the same units.


Greater ambiguity
While there are instance in which measurements might be quantified in terms of time, i.e. seconds, or length, i.e. metres,
in say the definition of the spacetime interval of special relativity, this would seem to be exception and not the rule and
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certainly not what is intuitively understood. Therefore, as suggested above, normalised equations do not necessarily
produce answers that can be readily equated to the normal idea of fundamental units.


Scalability and Convenience
2

An argument often forwarded for natural units is the normalisation of scale. For example [c ] is a large number that
appears in many equations, while [h] is an extremely small number. As such, normalising these constants can lead to a
reduction of scale, while the omission of [c] and [h] from the equation altogether may allow other key variables to be seen
more readily. Of course, from a learning perspective, it is often very problematic to reverse engineer a derivation without
knowing where [c] and [h] should be present in order verify the units and value of the final equation.
Therefore, it might be questioned whether normalising any constant, which has dimensions is really that helpful, especially in
any educational context. For example, it might be readily accepted that the mass of a proton and the mass of an electron
cannot both be normalized. If the mass of an electron is normalised to 1, then the mass of a proton has to assume a value of
1836. In addition, these quantities also need to retain some notion of their units, e.g. kilograms, in equations where other
composite quantities, e.g. energy, are also defined in terms of mass, as the units of the final result may otherwise appear
incorrect. In the following example, we consider the case of the dimension-less ‘fine-structure constant’ that has a value of
[α≈1/137], which cannot be set to 1. Therefore, normalising any of its constituent constants would appears confusing and
incorrect, e.g.

[2]
As such, it might be suggested that normalising [h] and [c] should be restricted to certain situation, well understood by experts,
rather than as a general notation adopted in educational text. However, natural units are in common usage and therefore it is
worth having some understanding of the implications, where the values of natural constants, such as the speed of light [c] and
Planck's constant [h] are reduced to unity. This is done based on the argument that the relationship between units, by which we
8

define certain quantities, can be made a matter of choice. The measured value of the speed of light [c] is 3*10 m/s, but if [c] is
equate to unity, then a relationship between time [t] and space [x] can be created, such that when [c=1], 1 second would also
8

equate to 3*10 metres. However, as indicated, another consequence of this system is that Einstein’s energy equation would
suggest that energy [E] and mass [m] have the same units.

[3]
Of course, we also have to extend this logic to the relativistic energy equation:

[4]
As such, we appear to be suggesting that energy [E], momentum [p] and mass [m] now all share the same units. So what units
are assigned to these naturalised quantities? Typically, it seems that they are rationalised in terms of energy, although not
always in terms of the SI/MKS system, as defined above, but rather adopt the definition of an electron-volt [eV].
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So what is an electron-volt?
The electron volt is simply another measure or unit of energy, i.e. 1eV=1.602×10

−19

joules, see [1] for SI units of energy. The

electron-volt is defined as the amount of energy gained by the charge [e] of a single electron when moved across an electric
potential difference of one volt [V].

[5]
In this context, the electron-volt might be described as a historical artefact of experimental physics associated with the
development of particle accelerators, where a charge [q] has an energy [E=qV] after passing through a potential [V], where [q]
is quantified in terms of integer units of the elementary charge [e] and the voltage [V]. At this point, we might also have to
consider the implications of the equivalence of energy and mass, as implied by [3], when quantified in terms of [5]:

[6]
By the conversion factor in [6], we can now express the mass of an electron, for example, in terms of either joules or electronvolt energy:

[7]
Again, whether this is truly a definition of ‘natural’ units might be debated, but they obviously have a knock-on effect in terms
of Planck’s constant [h], when also normalised to unity. Planck’s constant [h] is normally defined in units of energy-seconds,
which might also be defined in terms of either system of units:

161 of 329

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

[8]
However, the version of Planck’s constant used in much of theoretical physics is specified in terms of [h] divided by [2π], such
that we might present its value in terms of electron-volts as follows:

[9]
Of course, we might also have to consider the implications of these energy definitions on both Planck’s and Einstein’s energy
equations, when rationalised into natural units:

[10]
Now we appear to be equating not only energy [E] and mass [m], but frequency [f] in some general definition of energy. Again,
whether you find this helpful in understanding the complexity of modern theoretical physics might be questioned.
1.2.4.1.2

Quantum Postulates

In this initial section of the mathematical overview of post-war
quantum theory, we are really only trying to get a perspective of
some of the semantics in used, which in the widest context might
be said to include both the mathematical notation and the
implied meaning of certain words. As has been indicated, the full
scope of the mathematical notation used in modern quantum
theory is both broad and complex, such that it is not an easy task
to comprehend meaning from the mathematics in isolation.
Therefore, many people will rely on descriptive text to not only
help them understand specific aspects, but possibly to decide the
weight of authority supporting certain statements, i.e. is it a
verified fact or simply an assumption. In part, the use of certain
words can suggest a different weight of factual authority,
although none may necessarily guarantee what is fact and what
might remain primarily unverified or unverifiable. While this position might seem to be an unnecessarily sceptical or pedantic,
let us at least table a question for consideration:
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What is the factual status of the wave function?
Clearly, the overall status of any conjecture, axiom, postulate, hypothesis or even theory has to take into consideration whether
all of its underlying assumptions have been empirically verified or rest primarily on some form of mathematical or deductive
reasoning. While the existence of the wave function is not really the focus of this discussion, it might be used as an example of
the firmness of the ground on which some aspect of quantum theory is constructed. With this concern tabled, we shall now
review some of the stated ‘postulates’ of quantum mechanics, which still appear to have relevance within the mathematical
description being outlined.
An Assumption
1.2.4.1.2.1

May start out being little more than

The Wave Function Postulate:

a belief or conjecture without any
Associated with any particle moving in a conservative field of force is a wave

proof. However, we might then

function which determines everything that can be known about the system.

expand the scope of semantics to
include axioms and postulates,

This is a fundamental postulates of quantum mechanics that applies to a system

which may eventually develop into

consisting of a known and limited number of particles. Conceptually, the wave

hypothesis and theory.

function can be assumed to define everything that can be known about the system.
However, in many cases, the wave function is assumed to be a single-valued function

An Axiom

of position and time, which is sufficient to calculate the probability of finding a

Is considered to be a statement or

particle at a particular position and time.

proposition that is regarded as being
established,

accepted,

or

self-

evidently true. As such, an axiom
may be used as a premise or starting
[1]

point of logical reasoning.

The wave function must be single-valued, continuous, and finite and typically normalised so that the probability of finding the
particle ‘somewhere’ in spacetime is unity, i.e. 1.

[2]
However, the wave function may also be complex, in which case, the probability of finding the particle in a particular state is
the product of the wave function [ψ] and its complex conjugate [ψ*]. The mathematical axioms on which the statements above
are based will be reviewed in later discussions, but rests on Born’s interpretation that the square of the wave function
quantifies a probability density associated with the particle, as per the Copenhagen Interpretation.
1.2.4.1.2.2

The Operator Postulate

For every physical observable [q] there is associated an operator [Q], which when operating on the wave function yields
a definite value for a given observable, which is some multiple of the wave function.
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In mathematical terms, we can express the statement above as the action of a linear operator [Q] on an eigenfunction [ψ n],
where the wave function [ψ] itself is a linear combination of eigenfunctions.
[3]
The following table simply outlines some common operators simplified to 1-dimensional space:

A Postulate
For many, there is no difference
between an axiom and a postulate.
However, it might be suggested
that a postulate, while possibly
supported by axioms, ancillary facts
and deductive logic, can still be an
unverified statement.
[4]
Descriptively, the mathematical operator [Q] extracts an observable value [qn] by operating upon the wave function [ψ], which
represents a particular state of the system. Note, while these operators appear to align to a classical concepts, we might still
have to question the nature of the wave function on which these operators function.
1.2.4.1.2.3

Hermitian Property Postulate

Any operator [Q] associated with a physically measurable property [q] will be Hermitian.
In mathematics, a Hermitian operator is an operator that is its own adjoint, which at this stage, we might described as a matrix
that is equal to its own conjugate transpose. However, the correlation between matrices and a wave function might initially be
justified, if not explained, by making cross reference to Heisenberg’s matrix and Schrodinger’s wave formulations. In the
present context, we might introduce the Hermitian property as follows:

[5]
Where [ψa] and [ψb] are normalised wave functions that are integrated over all of space. The property of a Hermitian operator
is considered necessary if the measured values, i.e. the eigenvalues, are to be constrained to real numbers. It might be said that
the requirement of this postulate of quantum mechanics works back from the necessity that every observable quantity has to
be real by definition.
1.2.4.1.2.4

Basis Set Postulate

The set of eigenfunctions of operator [Q] will form a complete set of linearly independent functions.
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This postulate is stating that every physical observable can be represented by a Hermitian operator with a complete basis set of
eigenfunctions [ψn] and every physical state can be expanded as a linear combination of eigenvalues:

[6]
Where [cn] are called expansion coefficients taking the form:

[7]
The implication being that any wave function [ψ] representing a physical system can be expressed as a linear combination of
the eigenfunctions of any physical observable of the system. Personally, this seems to be a somewhat circular argument linked
to [3].
1.2.4.1.2.5

Expectation Value Postulate

For a system described by a given wave function, the expectation value of any property [q] can be found by performing
the expectation value integral with respect to that wave function.
For a physical system described by a wave function [ψ], the expectation value of any physical observable [q] can be expressed
in terms of the corresponding operator [Q] as follows :

[8]
In the context of [8], the wave function is normalized and the integration is carried out over all space. This postulate follows
along the lines of the ‘operator postulate’ and the ‘basis set postulate’ above. As such, the function can be represented as a
linear combination of eigenfunctions of [Q] and the results of any operation gives a physical value multiplied by the probability
coefficient. Since the wavefunction is normalized, the integral gives a weighted average of the possible observable values.
However, this postulate might also be considered in the light of Dirac suggestion that a single measurement of a certain
observable for a system in a specific state need not yield a unique result, but rather a statistical average.
1.2.4.1.2.6

Time Evolution Postulate

The time evolution of the wave function is given by the time dependent Schrodinger equation.
The wave or state function of a system is assumed to evolve in time according to the time-dependent Schrödinger equation:

[9]
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Where [H] is the Hamiltonian operator formed from the classical Hamiltonian by substituting classical observables with
corresponding quantum mechanical operators. The role of the Hamiltonian in both space and time is contained in the
Schrodinger equation. Again, the issue of any correspondence between the wave function, which might represent a dispersive
superposition wave packet, and any concept of physical reality might be questioned.
1.2.4.1.2.7

Summary

The postulates of quantum mechanics are often presented in textbooks linked to

A Verified Fact

mathematical axioms and justified by the correlation of predicted probability of

Philosophers might argue that a fact

observables to experiments. Therefore, it might be useful to consider how these

can never be proven, only disproved.

postulates might be linked to real-world verification experiments:

While some might wish to debate this



position, a pragmatist might simply
Probability of Measurements

define a fact as a statement that is

Experiments suggest that in the quantum realm you cannot determine the

most

exact outcome of a measurement before the measurement is carried out.

evidence to-date.

'probably'

true

based

on

This is because the only information about the outcome of a measurement
exists in the form of a probability. If a measurement of [A] is guaranteed to yield the result [a n], then this state might be
defined as a ‘proper state’ of the observable [A] and labelled as |an> in bra-ket notation. If a measurement of [A] is carried
out on a system in the state |an>, then the conceptual outcome is always [an]. However, in practice, a system is not always
in a proper state that can guaranteed a given result and, in general, a system will be in a state that only has a certain
‘probability’ to be in one of a number probability [an] states. Therefore, the state |ψ> of a system has to be presented as a
linear combination of the |an> states.


Superposition of Probability Amplitudes
It is a property of quantum systems that probability amplitudes of combinational states add in superposition, which leads
to an interference effect on the final probability density. This interference effect have been observed in many experiments
as per the double slit scattering experiment using both electrons and photons. In this context, the alternating light and dark
pattern on the screen can be interpreted in terms of a superposition of probability amplitudes. The total probability
amplitude for the position of a photon on the screen is the sum of the probability amplitude for the photon to pass
through both the right and left slits and the final probability density is the absolute square of the sum total of probability
amplitudes.

While it might be argued that the quantum ‘postulates’ are grounded in established mathematics ‘axioms’, the verification of
the ‘mechanics’ at work prior to observation still appears to be based on a number of ‘assumptions’. It might also be noted that
the original scope of the Schrodinger wave equation in quantum mechanics did
not account for relativistic effects or for the possible creation and annihilation of
particles within the system. As such, we will need to reflect on these postulates
of quantum mechanics in terms of the later developments within post-war
quantum field theory.
1.2.4.1.3

Quantum Operators
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An operator might be described as ‘a rule that transforms a given function into another function'. In quantum mechanics,
physical observables, such as energy and momentum can be represented mathematically by operators. For instance, the
operator corresponding to energy is the Hamiltonian operator:

Quantum Operators
In the quantum realm, each measurable

[1]

parameter or observable is associated

The form of [1] is now extended to be representative of n-dimensional
spacetime, where [i] is an index over all the particles of the system. The average
value of an observable [A] represented by an operator [Â] for a quantum state
Ψ(r) is given by the 'expectation value':

with an operator. These operators are
linked to an implied wave-like nature
defined in terms of a wave function
instead of discrete particles, where the
kinematics can be described in terms of
the

deterministic

equations

of

Newtonian physics.
[2]
However, operators come with a set of mathematical properties or rules. For example, the sum and difference of two
operators:

[3]
Likewise, the product of two operators can be defined by:

[4]
While two operators are equal if:

[5]
We can continue this process by defining the associative law for operators:

[6]
While there is commutative law, it does not generally hold for operators in quantum mechanics as has been previously outlined
in the discussion of ‘Quantized Wave Operators’ and ‘Heisenberg’s Uncertainty Principle’:
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[7]
th

n

th

The n power of an operator [Â ] is defined as the [n ] successive applications of the operator:

[8]
Â

While the exponential of an operator [e ] is defined using the power series

[9]
1.2.4.1.3.1

Linear Operators

In quantum mechanics, nearly all operators encountered correspond to linear operators, where this operator satisfies the
following conditions:

[10]
In the current context, [c] is a constant and [f] and [g] are functions. For example, we can demonstrate the ‘linearity’ of the
operator [d/dx] as follows:

[11]
2

However, we can show that () is not a linear operator because:

[12]
1.2.4.1.3.2

Eigenfunctions and Eigenvalues:

One of the fundamental assumptions of quantum mathematics is that it is necessary to separate the difference between
a ‘state’, which is uncertain, and a ‘state’ associated with a definite set of values, e.g. after the wave function is assumed to
have collapsed. In this context, an eigenstate is a state where the ambiguity about position or momentum is removed, i.e. it is a
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state that has a definitive eigenvalue. Mathematically, an eigenfunction of an operator [Â] can be described as a function [f]
where the application of [Â] on [f] gives [f] again multiplied by a constant.

[13]
In this definition, [k] is a constant called the eigenvalue , where if [Â] is a linear operator with an eigenfunction [g], then any
multiple of [g] is also an eigenfunction of [Â]. When a system is in an eigenstate of observable [A], i.e. when the wavefunction is
an eigenfunction of the operator [Â], then the expectation value of [A] is the eigenvalue of the wavefunction. Again, the
mathematical equivalence of this statement is:

[14]
Again, this logic is based on the assumption that the wavefunction is normalized to unity, as is generally the case. In the event
that Ψ(r) is not or cannot be normalized, then the following formula can be used:

[15]
1.2.4.1.3.3

Hermitian Operators

Hermitian Operators:

Most operators in quantum mechanics

As mentioned previously, the expectation value of an operator [Â] can be

conform to the property of a Hermitian

generalised in the form:

operator. These operators always return
'real'

eigen-values,

although

the

associated eigen-function might be
[16]

complex. Eigen-functions are normally
chosen so that they are normalized and

In this case, it is assumed that the physical value of an observable, such as

mutually orthogonal in order to simplify

energy, must be real such that <A> must also be real. This also means that the

the

conjugate values must be equal <A>=<A>*:

eigen-function form a 'complete' set, it

mathematics!

When

an

means that any function can be written
as

a

inear

eigen-function.

[17]
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Operators [Â] which satisfy this condition are called Hermitian and have the following property for any two states [Ψ1] and
[Ψ2] :

[18]
However, the most important property of Hermitian operators is that their eigenvalues are real. For example, if we have an
eigenfunction of [Â] with eigenvalue [a], such that [ÂΨa=aΨa], then for a Hermitian operator [Â]

[19]
2

Since [Ψa] is never negative, we must have either [a=a*] or [Ψa=0]. Since [Ψa=0] is not an accepted wavefunction, [a] is real.
Another important property of Hermitian operators is that their eigenvectors are orthogonal.
1.2.4.1.4

Bra-kets and Matrices

In this discussion, the goal is to try to provide a little more insight
into the relationship between bra-kets and matrices. However,
before jumping into the detail, it is worth highlighting that one of
the most fundamental ideas in quantum theory is associated with
the non-commutative relationship between position [q] and
momentum [p], which can be simply stated in the form that [qp]
does not equal [pq]. Of course, understanding this relationship can
be far more problematic, as mathematically, number values cannot
behave in this fashion, which starts to explain why quantum theory
is orientated to a description based on complex operators, which
led Heisenberg to his uncertainty principle. However, matrices are
also known to exhibit this non-commutative behaviour, which is
why they were used in the first mathematical formalism of quantum theory. As already outlined, in 1925, Heisenberg
developed the first formulation of quantum mechanics based on a matrix notation and although he did not really understand all
the implications of the underlying mathematics at the time, the following non-commutative relationship emerged:

[1]
Later, another formulation by Dirac would also describe the same basic relationship in a more developed form, now known as
Dirac notation, which can also be described in terms of matrix algebra. Dirac’s notation is based on entities called <bras| and
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|kets>, i.e. bra-kets, which can be translated into row and column vectors plus linear operators that in-turn can be translated
into a square matrices.
However, in the context of quantum theory, the elements of these vectors and matrices
also require the introduction of complex numbers, although the following examples of
Dirac’s bra-ket notation do not initially highlight this complex aspect:

Historic Perspective
At the start of QM development in
1925,

the

rules

of

matrix

arithmetic were not known and, as
a result, Heisenberg didn’t realize
that

his

non-commutative

formulation of QM was nothing
other than matrix multiplication.

[2]

Later, in 1930, Dirac started to
As a result, the product of a bra and a ket can also be represented by multiplying a row

present his formulation of QM in

matrix-vector with a column matrix vector resulting in a scalar:

terms of his own bra-ket notation
rather than directly using matrix
algebra. While Dirac's notation
remains in widespread use to this
day

due to

its efficacy,

an

understanding of the underlying

[3]

matrix arithmetic may still provide

Equally, by the rules of matrix algebra, the product of a bra times a linear operator

a useful insight.

corresponds to the product of a row matrix-vector and a square matrix, which results in another row vector, i.e. another bra:

[4]
Likewise, the product of a linear operator and a ket corresponds to the product of a
square matrix and a column matrix-vector, resulting in another column vector, i.e.
another ket:

Vectors & Matrices
A vector can also be specified as
a row or column matrix that
contains an ordered set of
components. A vector specified
as a row matrix is known as a
row vector. A vector specified
as a column matrix is known as

[5]

a column vector and a set of all
By similar means, we can present the form of the product of a bra, operator and ket as

column vectors can also form a

an extension of matrix multiplication:

vector space, which is the dual
space to the set of all row
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[6]
Finally, in terms of basic matrix arithmetic, we can show the product of a ket and a bra results in a linear operator, i.e. a square
matrix:

[7]
As such, we might see how Dirac’s notation can be aligned to the concepts of matrix algebra. Equally, in the language of
matrices, the vectors represented by the ket |Ψ> and bra <Φ| can be related to each other by what is known as a transposed
matrix, if the complex conjugate of each element is also taken. First, let us simply provide a generic example of a transposed
matrix, e.g.

[8]
As initially indicated, the elements of the bra-ket vectors can require complex values in which the complex conjugate results
from negating the sign of the imaginary component. Again, we can illustrated the basic idea of a conjugate and a complex
conjugate in the examples below.

[9]
Again, we can reflect this idea using matrix-vectors in what Dirac called the ‘conjugate imaginaries’ of each other in the
following generic example.

[10]
Note: the overbar, as used above, is often the preference in mathematics to signify the complex conjugate, while this may be
replaced by the dagger [†] symbol in quantum physics. However, for the purposes of this discussion, we will continue to use
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the mathematical notation within this general discussion, simply because it is easier
to write when linked to the subscripting in use:

Dual Space
In mathematics, any vector space
has a corresponding dual space.
Dual spaces are used for defining
concepts

like

measures

and

distributions linked to Hilbert spaces
[11]
Like ordinary complex numbers, the product of a bra and its complex conjugate ket is a purely real number and defined by the
product as outlined in [9]:

[12]
So, having now provided some rationalisation of Dirac’s bra-ket notation and matrix algebra, we might begin to see how such
ideas started to find application in quantum theory, as originally outlined by Heisenberg and Dirac. In this context, certain
observable variables, such as momentum or position, were linked to a linear operator, e.g. [A].
Before proceeding with the next stage of the description, it might be worth trying to further clarify the terminology of an
eigenvalue, an eigenvector and a Hermitian. First, in terms of this matrix description, the eigenvectors of a square matrix
are the non-zero vectors that, after being multiplied by the matrix, remain parallel to the original vector. For each
eigenvector, the corresponding eigenvalue is the factor by which the eigenvector is scaled when multiplied by the matrix.
A Hermitian matrix is essentially another name for the self-adjoint matrix, which is a square matrix with complex entries
th

th

that equals its own conjugate transpose, i.e. the element in the i row and j column is equal to the complex conjugate
th

th

of the element in the j row and i column, for all indices [i,j]
However, from a learning perspective, it might be worth illustrating the two-step process outlined in the note above by taking
T

matrix [β], forming the transpose [β ] and then taking the complex conjugate of its elements, such that the result gives us the
definition of a Hermitian matrix:

[13]
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It is a postulate of quantum mechanics that all measurements have an associated
operator, which we might call an observable operator. As such, an observable
operator is a Hermitian (self-adjoint) operator that maps a Hilbert space, or
alternatively a state space, which consists of all possible quantum states. The
observable is an eigenvalue that is real, where for each eigenvalue, there are one
or more corresponding eigenvectors, or eigenstates, which will make up the state
of the system after the measurement. Physically, any quantum state can be
represented as a superposition of the eigenstates of an observable. So, let us now
assume a physical system, where the state is represented by the ket |A>, for
which a scalar variable is to be measured that is associated with an operator [A].
One way of forming a real scalar value from the given information is via the

Hilbert Space
This is a mathematical space, named
after David Hilbert, which generalizes
the idea of 3D Euclidean space to a
conceptually

infinite

number

of

dimensions. As such, a Hilbert space is
an abstract vector space possessing
the structure of an inner product that
allows length and angle to be defined
with a given frame of reference.

following matrix product:

[14]
If the state vector is normalised, i.e. set to 1, the expression above becomes a weighted average of the eigenvalues, such that
we might consider the implications of normalizing all state vectors, so that:

[15]
However, we still need to provide some sort of physical interpretation of the real number denoted by <Ψ|A|Ψ>, which at face
value appears to be a measurement associated with the observable operator [A] connected to a system in state [Ψ].
Note: It was Dirac who suggested that the number <Ψ|A|Ψ> represented the average of the values given by measuring
the observable [A] on a system in the state [Ψ] over a statistically large sample. What follows from Dirac’s suggestion is
that a single measurement of a certain observable on a system in a specific state need not yield a unique result, but
rather a statistical average.
A year after Heisenberg created matrix mechanics, Schrödinger published his formulation of wave mechanics, which was later
showed to be mathematically equivalent to matrix mechanics, despite the apparent differences in approach. One reason that
the two formulations appear so different is that the equations of motion are expressed in two completely different ways. In
Heisenberg’s formulation, the ‘state vector’ of the system is fixed, and it is the operators that represent the dynamics evolving
with time, i.e. Heisenberg’s equations of motion correspond to linear operators, which represent the observables. In contrast,
in Schrödinger’s formulation it is the observables that are associated with fixed operators and the state vector that varies with
time, i.e. Schrodinger’s equation of motion correspond to a state variable or wave function.
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1.2.4.2

Quantum States

The goal of the following set of discussions is to outline a mathematical
description of a quantum system in terms of a sum of probability amplitudes. In
the context of this description, the state of a quantum system will be interpreted
as being a vector in a complex vector space using Dirac’s bra-ket notation:


Probability and Quantum States



Probability and Bra-ket Notation



Abstracted Vector Space



Vector-State Space



Coherence States

Again, this opening discussion will simply introduce some of the terminology that
will then be discussed in a little more detail in the sections listed above. However,
we will start by saying that the state of a quantum system can be represented by
a vector, which is associated with a complex vector space, also known as the
‘state space’ of the system. When using Dirac’s notation, the state of a quantum
system is described in terms of a symbol known as a ket, e.g. |Ψ>, which is
conceptually said to represent the physical information known about that state.
However, the set of all state vectors associated with a given system forms a
complex inner product space, which is sometimes referred to as ‘Hilbert space’,
although it need only be described in terms of a generic state-space or ket-space
for the purposes of this introduction. In a similar context, a ket can also be
referred to as a state-vector or ket-vector that can be combined in linear
superposition, e.g. |Φ1>..|Φn>, which collectively define the state of the

Pusey, Barrett & Rudolph
"Quantum

states

are

the

key

mathematical objects in quantum
theory. It is therefore surprising that
physicists have been unable to agree
on what a quantum state represents.
One possibility is that a pure quantum
state corresponds directly to reality.
But there is a long history of
suggestions that a quantum state,
even a pure state, represents only
knowledge or information of some
kind."

quantum system, e.g.

[1]
Initially, we might interpret [1] as saying that every physical state of a system is represented by a vector in the state space of
the system, and every vector in the state space represents a possible physical state of the system. However, if a physical state
of the system is represented by a vector |Ψ>, the same physical state is also represented by the vector c|Ψ>, where [c] is a
non-zero complex coefficient. Based on [1], it might also be recognised that any set of vectors, e.g. |Φ 1>..|Φn>, is only
complete, if every state of the quantum system can be represented as a linear combination of the states |Φn>:

[2]
A set of vectors, e.g. |Φ1>..|Φn>, are said to form a ‘basis’ for the state space, if the set of vectors is complete, as per [2], and if
they are linearly independent, which means that:
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[3]
Then the minimum number of vectors needed to form a complete set of
basis states is said to define the dimension of the state space. However, in
many cases, the dimension of the vector state space is often considered to
be infinite. Also implicit in the previous notation is the idea of a 'probability
amplitude', which we might introduce in the form of <Φ|Ψ> being the
probability amplitude of observing a system to be in the state |Φ> having
been in state |Ψ>. However, the actual probability or ‘probability
density’ of observing the system to be in the state |Φ> following state |Ψ>
is given by:

Quantum States
By way of an example, a photon may have
vertical (V) or horizontal (H) polarization.
Using the language of vectors , it might be
said that (V) and (H) represent 2 quantum
states of a photon. It is a property of photons
that any other single-photon polarization
state

can

be

formed

from

a

linear

combination of the [V) and [H) states,
although
coefficients.

[4]

possibly

requiring

As

a

such,

complex

single-photon

polarization is a two-state quantum system

Even at this stage, we might recognise that the idea of the probability
amplitude aligns to the mathematical concept of an inner product on the
state space of the system. However, this leads to a more general definition

such that (V) and (H) form a basis for the
space of polarizations, which might also
qualify as a Hilbert space.

of a bra vector. While we have used the notation <Φ|Ψ> to represent a
probability amplitude, it has been stated that it can be shown to

Pure & Mixed States

correspond to the inner product of two state vectors, which might help

A pure quantum state is a state that can be

explain the adoption of bra vector:

described by a single ket vector, while a
mixed state cannot. Instead, a mixed state is
described by an associated density matrix or

[5]

density operator. A pure quantum state
might also be represented by a vector in a

By the logic in [5], we might also speculate that:

Hilbert space in which the co-ordinates are
complex. Equally, in physics, the bra-ket
notation is often used to denote such

[6]

vectors, where a linear combination or
superposition of vectors is used to describe

Based on the equivalence in [6], we might see that the linear combination

interference phenomena.

of two bras is also a bra, from which it follows that the set of all bras is also
a vector space, which is sometimes known as the ‘dual space’ . It is also highlighted that for each ket vector |Ψ> there is then
an associated bra vector <Ψ| in a related dual space. The introduction of the (*) symbol also suggests that the bra vector is the
‘complex conjugate’ of the ket vector. At this stage, it will simply be stated that a bra vector is not the same kind of
mathematical object as a ket vector, because it has the attributes of an operator, which acts on a ket vector to produce a
complex number, where the complex number is defined by the inner product. However, it should be noted that this differs
from the usual definitions of operators that act on ket vectors to produce another ket vector. In mathematical texts a bra vector
is more usually referred to as a ‘linear functional’. However, on the basis of this introduction, we might now start to consider
some of this terminology in a little more detail.
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1.2.4.2.1

Probability and Quantum States

There is a notion of randomness in classical mechanics, which can be
linked with too little or too much information. However, the idea of
intrinsic randomness appears to be unique and fundamental to quantum
mechanics. While the idea of using wave mechanics, in the form of
the Schrodinger wave function, was still being developed to describe
particles moving through space-time, it appeared that the wave function
could not address the issue of quantised spin. So, there was a perceived
requirement to develop a mathematical concept, which would provide a
common methodology that could be applied to a range of different
systems. At this point, we might describe this concept in terms of a ‘linear
vector space’. In this context, Paul Dirac would not only provide the first
relativistic description of a spinning electron plus outline the idea of antimatter and develop what is known as Dirac notation, but also help define
what is meant by the state of a quantum system and how this quantum
state can be represented mathematically.
How might we define the state of a system?

Conceptual System
As a generalisation, the state of a system

Clearly, the idea of describing a system being in a given ‘state’ is a common

makes the history of the system irrelevant.

concept in both classical and quantum physics, although we need to be

Conceptually, the state of the system contains

precise in our definition, when applied to either. For, conceptually, we

all of the information needed to calculate

might realise that specifying the state of a system could incur the overhead

responses to present and future inputs

of collating ‘all possible’ information know about a system at any given

without reference to past history. Therefore,

point in time. However, if we initially ignore the practicality of the previous

the state of the system, the present inputs and

statement, we might assume that some mathematical model could be

the

developed that was capable of predicting some past or future state. For, in

computation of all future states and outputs.

sequence

of

future

inputs

allow

practice, the task of specifying ‘all information’ about a system, classical or
quantum, is usually not a realistic goal, such that we normally accept that any mathematical model is but a simplification of
any ‘real’ system, although hopefully still capable of predicting certain outcomes within some known accuracy.
What information is sufficient to define the state of a system?
Well, we might reasonably expect enough information so as to build a model that evolves as a function of time. For example, a
single particle system might require its position and momentum at any instant in time, such that a path in a ‘phase space’ might
be determined. Of course, while the simultaneous measurement of position and momentum might be a task that can be
undertaken in classical mechanics, the previous discussion of Heisenberg’s Uncertainty Principle might question the same
concept in quantum mechanics. For the uncertainty principle suggests that we either have to compromise on the accuracy of
position or momentum, which might then lead us to question the very notion of a state in a quantum system or the information
necessary to define it.
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So do we need a fundamental different definition of a quantum state?
Certainly, it would appear that we cannot represent the state of a

Linear Vector Space

quantum system in the same way as a classical system, e.g. as a path in

Most operators in quantum mechanics are

phase space. So it would seem that we might need another approach,

linear operators. This allows QM operators to

which unfortunately encompasses quite a few mathematical concepts,

be

each with an associated learning curve. However, we might start by

functions as vectors in some linear vector

making reference to Dirac’s notation, where a |ket> can be conceptually

space.

represented

as

matrices

and

wave

described as a summary of the data defining the state of a quantum
system. Purely, as an illustrative example, the position of a particle might be defined in terms of some arbitrary coordinate
system, where [x=2], such that the state would be |x=2>. Alternatively, a particle may have a z-component of spin equal to
[1/2ħ], such that its state would be |Sz=1/2ħ>.
Note: The nature of quantum spin precludes the state |Sx=1/2 ħ, Sz=1/2 ħ>, as it is not possible to known both [Sx] and
[Sz] simultaneously because the measurement of one component of spin interferes with the value of any other
Of course, a quantum state can be defined in terms of more than one value and, in practice, quantum systems have a nonclassical property of existing as a superposition of simultaneously probable states. In fact, it is this property that has led to a
mathematically description of the probability of a quantum states in terms of a superposition of states or ket vectors. Within
this mathematical notation, a general description of some arbitrary quantum state is represented by a symbol, such as |Ψ> or
|Φ>. By a similar logic, a <bra| is representative of all the data that can be determined about a quantum system without
contradicting the assumption of quantum uncertainty.
Is there a example we might review by way of clarification?
The following discussion, based on the double slit experiment, is not intended to be a rigorous description of a quantum
system, but simply an illustrative example of the development of the mathematical notation. First of all, it is possibly worth
saying the double-slit experiments, when described in terms of identical photons or electrons being fired one at a time, results
in what appears to be a random distribution. This apparent randomness cannot be removed by refining the experiment, as it is
considered to be an inherent property of any quantum system. However, while the final position-state of each particle appears
random, over time, successive positions form an interference pattern, which can be mathematically described in terms of a
probability distribution. Also, in the description of quantum states, the quantum particles are assumed to be identical at the
source [S], i.e. they are all in the same state. These particles are then fired towards a mask screen, which has two narrow slits,
i.e. [1] and [2], such that some portion pass through and hit the target screen. Based on the assumption that all particles start in
the same state at source [S], it is also assumed that they will all have a common wave function; although the exact form of this
wave function will depend on the system being modelled.
Mathematically, what is the goal of this experiment?
As a generalisation, we might say that the double-slit experiment seeks to determine the probability of finding of a particle at
some value of [x], denoted as ΨS(x), given a known state at source [S]. If we are describing the outcome of this experiment in
terms of mathematical probability, i.e. [0..1], we might wish to normalise the wave function of all particles at the source to
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unity, i.e. ΨS(S)=1. By the same token, we might assume that this wave
function will propagate through space and arrive at the two slits, (1) and (2),
with a value ΨS(n), where [n=1,2]. Of course, mathematically, the goal is to
determine the probability amplitude at [x] on the target screen, i.e. ΨS(x), as a
result of the amplitudes of the wave function arriving at [x] from the source
[S]. However, before proceeding with this mathematical overview, let
reconsider the original discussion of the ‘double-slit experiment’ in which the
outcome could be interpreted in 3 ways:

Wave Function Probability
A

wave

function

[Ψ]

effectively

represents the 'probability amplitude'
linked to the quantum state of a particle.
Typically, its values are complex numbers,
but for a single particle, it is still a
function

of

space

and

time.

The

Schrödinger equation then describes how



Classical waves passing through both slits causes inference



Classical particles passing through both slits causes no inference



Quantum wave-particles passing through both slits causes ????

In the first case, we expect to see an inference pattern on the target screen,
while in the second case, we would expect only to see the ‘shadowed’ outline
of each slit in the absence of any inference. Of course, the focus of our current

the wave function evolves with time and
behaves qualitatively like a classical wave.
Although [ψ] can be a complex number,
|ψ|2 is always real and corresponds to
the 'probability density' of finding a
particle in a given place at a given time, if
the position of the particle is measured.

interest is the third case, which produces an inference pattern for photons and electrons provided that no information exists as
to which slit the wave-particle may have gone through. In terms of the wave interpretation, the total amplitude of the waves on
the target screen, at [x], is given by:

[1]
In [1], A1(x,t) and A2(x,t) correspond to the waves arriving at [x] from slits (1) and (2) respectively. However, the intensity of the
resultant interference pattern is given by:

[2]
where [d] is the distance between the slits and [δ] corresponds to the phase difference between the waves arriving at [x] from
slits (1) and (2) at an angle [θ]. However, mathematically, it can be shown the probability density for a wave-particle to arrive at
[x] on the target screen has the same form:

[3]
As such, it appears that [3] is also the probability of the interference of the two waves from slits (1) and (2). Equally,
experiments show that the wavelength [λ] of these waves corresponds to the deBroglie wavelength definition [λ=h/p], where
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[p] is the momentum of the wave-particle characterised by the wave function Ψ(x,t), such that we may now wish to re-write [1]
in the form:

[4]
However, we might extrapolate this line of logic further, since P12(x)δx would also represent the probability of a wave-particle
being detected in the region [x.. x+δx], such that:

[5]
Therefore, in the context of [5], we might mathematically describe Ψ(x,t) as a ‘probability amplitude’, while [3] describes the
concept of a ‘probability density’. In fact, this was the interpretation forwarded by Max Born as early as 1926. However, in the
years that followed, the idea of probability amplitudes and probability density have subject to further interpretation. For
example, if the amplitude of the wave at slit (1) is defined as unity, then the subsequent wave amplitude at [x] on the target
screen might be denoted as Ψ1(x). However, since the amplitude of the wave at slit (1) can be denoted as ΨS(1), we might then
scale up the amplitude of the wave from slit (1) on the target screen by the same factor, i.e. ΨS (1), so that the amplitude of the
wave [x] becomes ΨS(1)Ψ1(x). This mathematical assumption is supported by experiments, which show that light waves are
linear in amplitude, such that the probability amplitudes must also be assumed to be linear in nature. This aspect will assume
more importance when we come to discuss linear vector spaces. However, for now, we might re-characterise [4] as:

[6]
Now ΨS(x) is defined as the amplitude of waves at [x], which originated at source [S], which is also the probability amplitude of
observing a wave-particle at [x] sourced at [S]. By this argument, [5] reflects the probability density of observing a wave-particle
in the region [x..x+δx]. So, to summarise, ΨS(n)Ψn(x) is the probability amplitude for a wave-particle passing from the source [S]
to [x] via slit [n] expressed as the product of probability amplitude of observing a wave-particle at slit [n], sourced at [S], and the
probability amplitude of observing the wave-particle at [x] originated from slit
[n]. As we might now realise, quantum physics appears to have developed a
language all of its own.
1.2.4.2.2

Probability and Bra-Ket Notation

Based on the previous discussions of ‘Probability and Quantum States’ plus
‘Bra-kets and Matrices’ we might try to combine these concepts within an ongoing description of the double-slit experiment. Previously, we defined Ψs(n) in
terms of the probability amplitude of observing a wave-particle at slit (n),
originating at source [S], which might also be interpreted as a quantum state.
However, at this point, it might be useful to adopt the bra-ket notation in order
to be more succinct in form:
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Kets, Bras and Pairs
In Dirac’s notation what is known is put in
a |ket>, e.g. |p> reflects the initial
momentum [p] of a particle. As such, |Ψ>
[1]

represents a system in state [Ψ] and is
therefore called the state vector. The ket

So given that the probability amplitude of observing the wave-particle in state

can also be interpreted as the initial state

|n> is ΨS(n) on the assumption it was originally in state |S>, we might adopt

prior

the notation:

represents the final state, e.g. <x=2|Ψ> is

to

some

event.

The

<bra|

the probability amplitude that a particle
in state [Ψ] will be found at [x=2]. As

[2]

such, |<x=2|Ψ>|2 is the probability

On this basis, we might also adopt this notation for the other probability
amplitudes:

density that a particle in state [Ψ] will be
found at [x=2].

[3]
Therefore, we might convert our earlier expression for the total probability for the wave-particle at [x] as follows:

[4]
There are some potential advantages in adopting the bra-ket form in [4]. First, there is a more obvious correlation between the
initial ket-state and the final observed bra-state. However, more importantly, we can now manipulate the bra-ket form in [4] as
a mathematical expression, e.g. we can divide through by <x| to give:

[5]
We might now manipulate [5], again as a mathematical expression, such that it
can become a solution for |2>:

Max Born
The conception of chance enters in the
very first steps of scientific activity in
virtue of the fact that no observation is
absolutely correct. I think chance is a
more fundamental conception that
causality; for whether in a concrete
case, a cause-effect relation holds or
not can only be judged by applying the

[6]

laws of chance to the observation
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Of course, by the same mathematical logic, we can multiply through by <x|:

Richard Feynman
Science alone of all the subjects
contains within itself the lesson of the
danger of belief in the infallibility of the

[7]

greatest teachers in the preceding

However, this notation offers more than mathematical manipulation because it
alludes to the possibility that a quantum system can simultaneously exist in a
number of different physical states, known as a superposition of states. To see
how we might reach this conclusion, let us recap that <n|S> is the probability
amplitude of finding the wave-particle at slit [n] given that it was sourced at [S],

generation. Learn from science that you
must doubt the experts. As a matter of
fact, I can also define science another
way: Science is the belief in the
ignorance of experts.

such that we might state:

[8]
Now, it might be argued that <1|S> and <2|S> in [5] define ‘how much’ of the state |1> exists in the initial state |S> and
equally ‘how much’ of state |2> exists in state |S>. As such, there is the implication that when a wave-particle is initially in its
initial state, i.e. |S>, this state also reflects the probability of the wave-particle eventually being found in the another state, i.e.
|n>, as defined by the coefficient <n|S>. Encapsulated in this initial speculation is the idea, key to quantum theory, that a
system can behave as if it is in one or more superposition states, where each superposition state is probabilistic in nature.
However, the initial goal of this discussion was just to demonstrate how the mathematical formalism of quantum mechanics
developed based on the idea that a ket state, e.g. |n>, may be liken to a unit vectors in classical mechanics, while coefficients,
e.g. <n|S>, are analogous to the components of the total vector |S>. We will now pursue the idea of ‘coefficients’ and ‘how
much’ of one state exists in another under the heading ‘Abstract Vector Space’ .
1.2.4.2.3

Abstract Vector Space

Again, the goal of this discussion is only to outline the basic idea of a vector
space and the continued development of the mathematical representation of
quantum states via the use of Dirac’s bra-ket notation. In a previous discussion
entitled ‘Probability and Bra-ket Notation’ it was demonstrated that bra-ket
notation could be used to represent a superposition of quantum states and
coefficients, which could then be manipulated as a mathematical expression. We
shall now try to highlight how vectors can also be used to describe quantum
states in that that two vectors can be combined to produce another vector, such
that ‘how much’ of one vector is in another can be defined by the ‘inner
product’ of these vectors.
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In the example right, we see the definition of two vectors, e.g. a( r1 )
and b( r2 ). For the purposes of this initial introduction, we might
describe (r1,r2) as the axes of an oblique vector space, where (a,b)
correspond to some arbitrary scale coefficients. A linear combination
of these vectors aligns to vector addition, which we might present in
the form:

[1]
However, it should be noted that the vector notation in [1] is actually
representative of the trigonometric solution of [1], as embedded in
the diagram, for the simple reason that the definition of a vector is a
combination of the coefficient of magnitude, i.e. (a,b), and the angle
of direction with respect to the axes of the vector space. So, at this
point, what is really being highlighted is that the linear combination
of two vectors is analogous to what was previously described in
terms of a superposition of quantum states, where the coefficients
(a,b) correspond to ‘how much’ of vectors ( r1,r2 ) goes into the
resultant vector [r]. As indicated, we might think of (r1,r2) as the axes

Abstract Vector Spaces
As a general definition, an abstract vector space
consists of a set of 'vector' quantities that can be
added together and multiplied by scalars in order to
yield new vectors. The rules for addition and scalar
multiplication have to satisfy a number of axioms in
order for the set to count as a vector space. As
such, it is the vector quantity that is abstracted not
so much the mathematics of a vector space.

of some 2-dimensional vector space, which do not necessarily have to orthogonal, such that we might label ( r1,r2 ) as the ‘ basis
vectors’ of this vector space. Therefore, in terms of vector arithmetic, any vector [r] within this vector space can be defined as a
linear combination of a( r1 ) plus b( r2 ), where (a,b) can be viewed as arbitrary scaling coefficients of the direction vector. Of
course, in the context of quantum mechanics, there is no specific reason to assume that the vector space is oblique, rather than
orthogonal, which we might identify by taking the inner product of basis vectors:

[2]
Having started with a generalisation of any 2-dimensional vector
space, let us now consolidate the next example in 2-dimensional
Euclidean space, i.e. orthogonal axes. It is highlighted that the
following example now equates the generic labelling of the axes
( u1,u2 ), to the normal Euclidean unit vectors (i,j), while the generic
coefficients (a,b), are equated to the normal Cartesian coordinates
(x,y). So, in the next diagram right, we see the simplification of the
trigonometric solution, when [cosθ=0], such that we might now
describe ( u1,u2 ) as unit vector equivalent to the classical description
of the unit vector of a Cartesian coordinate system, i.e. [i,j]. As such, we might also rationalise the inner product in [2]:

[3]
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In terms of the accepted semantics, vectors (u1,u2) are said to be orthonormal and
form the ‘basis’ of a 2-dimensional orthogonal vector space, such that we can
replicate the form of [1]:

Orthonormal
In a linear vector space, two vectors
in an inner product space are
orthonormal, if they are orthogonal
and both of unit length. A set of

[4]

vectors form an orthonormal set if all
Again, the scale coefficients (a,b) represent ‘how much’ of the resultant vector[r]

vectors in the set are mutually

is composed of the two components vectors:

orthogonal and all of unit length. An
orthonormal set which forms a basis
is called an orthonormal basis.

[5]
So far, we have only outlined the basic idea of vectors predicated on 2-dimensional space, which we might still intuitively
describe as a physical space. However, the basic mathematical notation outlined can be extended to n-dimensions, where each
dimension is conceptually orthogonal, although it becomes increasing difficult to perceive this space having any physical reality.
However, we can still define the inner product space, as originally defined in [2], in terms of just two options, but now
referencing n-dimensional space:

[6]
As such, we would also need to extend the composition of a resultant vector [v] to n-dimensions:

[7]
Likewise, we can also extend the generalization of this developing vector notation such that the coefficients do not necessarily
have to be represented as real numbers, i.e. they may be complex in form. As such, we might extend the 2-dimensional vector
form in [4] to include complex coefficients:

[8]
However, we need to give some further consideration to introducing complex coefficients when it comes to the inner product
of two vector, e.g.

[9]
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The problem with the form of this inner product comes when we try to

Inner Product Space

interpret the scalar product in terms of some vector length, which now

This is a vector space with an additional

extends into the complex domain so that the result is not real, i.e. it cannot

structure that associates each pair of

relate to a eigenvalues that is real. However, we might consider the possibility

vectors in the space with a scalar quantity

of basing the inner product on the vector and its complex conjugate. In

known as the inner product of the

mathematics, a complex conjugate is a pair of complex numbers, which have

vectors.

the same real part, but where the imaginary parts are equal, but opposite in

introduction of geometric concepts, such

sign. So if we repeat [9] as a complex conjugate pair:

as length and angle of and between

Inner

products

allow

the

vectors. The idea also provide a means of
extending the definition of orthogonality
between vectors, which is intuitive in
Euclidean space, to vector spaces of
[10]

infinite dimension.

So, from a mathematical perspective, there may be an argument for adopting an inner product rule when complex vectors are
involved, i.e.

[11]
However, there is a consequence in this mathematical approach, which leads us towards the issue of a non-commutative
relationship implicit in [11] such that:

[12]
However, we might also recognise the significance of this non-commutative relationship, which was first recognise
within Heisenberg’s matrix formulation of quantum mechanics. Therefore, there may be some value in pursuing this
mathematical concept further, such that the orthonormal vectors rule in [6] is also updated:

[13]
At this point, it might be useful to prove the validity of both [10] and [13] and, in the process, define the idea of a complex
vector space. First, let us define two vectors in the context of a 2-dimensional orthogonal plane [i,j], but where the values of
these vectors extend into the complex domain:

[14]
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First, while the numeric values are essentially arbitrary, the actual values selected can be recognised in terms of Pythagoras’
theorem for a right-angle (orthogonal) triangle, e.g.

[15]
So, the goal is to prove that [13] is true for [n=m]:

[16]
So, in terms of using [i,j] orthogonal axes, we might recognise that the inner product of these unit vectors is always unity, i.e.
[i.i=1, j.j=1]. However, [14] illustrates that the basic concept of vectors can be extended to construct an abstract vector space of
arbitrary dimensions, inclusive of complex components. So while this discussion is little more than an introduction, we might
begin to see how the mathematical properties of a superposition of quantum states might be represented in terms of a linear
vector space, even though this vector space may appear highly abstract and beyond any intuitive or physical understanding ndimensional complex space.
1.2.4.2.4

Vector-State Space

So we continue with the ideas that a vector space can be extended to help
describe a quantum system. However, we might wish to start by performing a
series of measurements to determine an observable property of this system,
which we might simply label [Q]. For example, we might determine that in the
double-slit experiment, an electron can pass through one or the other slits by a
series of measurements, i.e. [q1, q2, q3..qn]. So within the notation of a vectorstate, |q1> would represent the state for which [Q] has the value [q1] and so on
for the other possible states and values. However, the probabilities for each
state is determined by squaring the appropriate probability amplitude, where
each probability amplitude is represented by <Φ|Ψ> and corresponds to a
system in a state |Φ>, which previously was in state |Ψ>. As such, we are
essentially describing the sum of the probability amplitudes associated with all
the possible ‘pathways’ by which a system can go from an initial state |Ψ> to some final state |Φ> via a series of intermediate
states |n>, which we can now express mathematically in bra-ket notation:

[1]
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So, in many ways, [1] highlights one of the most fundamental characteristics of
quantum mechanics in that it suggests that any system in a given state can behave as
2

if it is in some way made up of other distinct states. In this context, |<n|Ψ>| becomes
the probability that the system could be observed to be in one of the states |n>
although the challenge remains to identify the ‘intermediate states |n>’ for any given
system. However, [1] also suggests that the state of a quantum system can be
considered as an abstract vector in some kind of vector space, i.e. we can define the
quantum properties of a physical system in terms of the mathematical formalism of a
complex vector space. Therefore, let us again consider a generalisation of the two slit
experiment, where the ‘sum’ corresponds to probability amplitudes of the different
‘pathways’ from an initial state |Ψ> to some final state |Φ>via a set of intermediate
slit |qn> states. As such, we might simply update [1] as follows:

Quantum Space
A physical system can be described
in terms of 3 components: its states,
its observables and its dynamics. As
such, a classical description is often
anchored in the idea of

phase

space, where the states are points in
phase space, observables are realvalued functions on it and the
dynamics are described in terms of
the time evolution. However, a
quantum

description

is

more

abstracted in terms of its description
of a Hilbert space of states, where
observables become self adjoint

[2]

operators on the space of states and

Therefore, [2] represents the total probability amplitude of finding the system in the
final state |Φ> as the sum of the probability amplitudes of the system connected to all
the intermediate states <qn>. However, because we are discussing probability within a
mathematical definition, the idea of the probability of the initial state is normalised to

time evolution is linked to unitary
transformations on the Hilbert space
of states. As such, this description is
far from intuitive.

unity, i.e.

[3]
Therefore, the properties defined in [1], [2] and [3] can also be described as properties associated with the inner products of an
orthonormal set of basis vectors for a complex inner product space, see previous discussion by way of cross reference. As such,
this would suggest that we might interpret the intermediate states |qn> as an orthonormal set of basis vectors, i.e. the basis
states, for the system in question. By the logic in [1], we might also interpret [2] as an expression of the inner product of two
state vectors, |Ψ> and |Φ> in terms of the components of these vectors with respect to the basis states |qn>, which can be
reduced to:

[4]
We might also modify [2] by equating |Φ> to |Ψ>, such that the normalising assumption in [3] has to apply:
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Carl Sagan
A central lesson of science is that to

[5]

understand complex issues, or even
However, by similar arguments, the probability of finding the system in any of

simple ones, we must try to free our

the states |qn> must also add up to unity on the assumption that the

minds of dogma and to guarantee the

intermediate state |qn> represent a complete set of mutually exclusive

freedom to publish, to contradict, and

possibilities.

to

experiment.

Arguments

from

authority are unacceptable.

[6]
So, to summarise, the possible state vectors of a quantum system forms a complex vector space known as the ‘state space’ of
the system. In this context, the idea of the probability amplitudes are described in terms of the inner product of the state
vectors, while the intermediate states |qn> form a complete orthonormal set of basis states of this vector space. As such, any
state vector |Ψ> can be written as a linear combination of these basis states, where the number of basis states is known as the
dimension of the state space.
1.2.4.2.5

Coherence States

Although we are in the process of trying to describe some of the key elements
of the mathematics, now used to describe quantum systems, it might still be
a good time to step back from some of the abstraction. For it is important not
lose sight of some of the wider issues associated with the current
mathematical approach, at least, in terms of how it relates to any physical
description of reality. In this context, we might introduce what is known as the
‘measurement problem’ of quantum mechanics, which may appear to
question how, or even if, the wave function collapse occurs. For, to-date,
there has been no direct experimental verification of the idea of the wave
function collapse, such that the reality of this event is still open to many
different interpretations. In-line with the mathematical description being
discussed, the wave function is assumed to evolve according to the
‘Schrödinger equation’ into a linear superposition of different quantum states.
However, any attempt to correlate the quantum state via an actual
measurement always find the system in a definite physical state, i.e. an
eigenstate. Any further evolution of this observed state must then take place
from this point, such that we are confronted with the idea that the process of
measurement did ‘something’ to the system as a whole. However, whatever this ‘something’ might be, it is not directly
explained by the basic theory and only subsequently addressed in the form of a wide variety of interpretations, which although
eventually arriving at the same probabilistic conclusion, as required by quantum theory, do so based on many different
assumptions. Therefore, as suggested, now might not be unreasonable point to ask:
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Why does quantum theory not appear immediate applicable to macroscopic systems?
From a descriptive perspective, we might address this question in terms of an idea called ‘decoherence’. The core of this idea is
that classical macroscopic properties depend on the decoherence of quantum properties, especially when initially described in
terms of the interference sum of a coherent quantum system. However, in many respects, it is often easier not to think of
classical properties ‘emerging’ due to decoherence, but rather in reverse, such that quantum properties ‘emerge’ as we
approach the quantum scale, i.e. small enough to exhibit coherence. Therefore, a quantum system might be defined as one that
cannot be measured without disturbance. In this context, decoherence implies that the very act of trying to measure a
quantum system destroys the coherence that existed in a given quantum state. Paul Dirac defined an object to be ‘big’ when
the disturbance accompanying its observation may be neglected and conversely ‘small’ when the disturbance cannot be
neglected. However, in practice, there is always a size when all and every attempt to minimize the disturbance fails. To quote
Dirac:
"There is a limit to the fineness of our powers of observation and the smallness of the accompanying disturbance - a limit
which is inherent in the nature of things and can never be surpassed by improved techniques or skill on the part of the
observer."
Therefore, if a system is ‘small’ in the quantum
sense, it cannot be observed without producing a
disturbance

that

affects

the

causal

and

deterministic connection to any measurement. As
such, there is an unavoidable indeterminacy
associated with any measurement of the original
quantum system caused by the interaction with the
measurement system at the quantum level. So, with
reference to the double-slit experiment, we might
label the probability-amplitude wave function
passing through the slits as [ΨL] and [ΨR]. i.e. the
left and right slits respectively. When these wave
functions can be described as coherent, i.e.
undisturbed,

they

display

the

characteristic

interference fringes on the target-screen. As
discussed, this inference effect will persist even if the intensity of wave-particles is so low that only one wave-particle is fired at
a time. In an attempt to verify the effect of decoherence, an experiment was carried out with Rubidium atoms as the source of
the ‘matter waves’, but where the left slit could also be irradiated with microwaves so that it would excite the hyperfine
structure of any atoms passing through that slit. As the intensity was increased, from zero, the interference fringes diminished
in proportion to the number of microwave photons falling on the left slit. As such, it was argued that the original coherent
quantum wave functions were disturbed and the inference pattern disappeared as a consequence of this disturbance and not
simply because the information now existed regarding which slit the atoms passed through.
So can decoherence be offered up as an explanation of some of the apparent ambiguity surrounding the quantum description?
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Well, first of all, some explanation of the ‘ambiguity’ in question might be
required. What is meant by ambiguity is that the mathematics of quantum
theory is not necessarily making any assumptions that the ‘objects’ being
described have any existence in physical reality. As such, we might characterise
quantum theory as starting at some known point, i.e. state |Ψ>, which then
appears to evolve through the superposition of all possible intermediate states,
i.e. |qn>, to arrive at some final state |Φ>, which may ultimately be verified by
observation. However, the process between <Φ|Ψ> is essentially a mathematical
abstraction,

which

‘may

or

may

not’

bear

any

resemblance

to

any ‘physical’ process taking place in the quantum realm. This is clearly an
ambiguity in terms of any classical description, such that we might wish to
consider the issue of decoherence from two perspectives:


By some measures, quantum mechanics
(QM) is the great success story of
modern physics: no other physical
theory has come close to the range and
accuracy

of

the ‘ nature of things ’ are now based on the ideas of quantum mechanics,
even though the everyday world appears more conformant to classical
physics, i.e. there is no obvious existence of quantum superposition states
or any associated wave function collapse in the description of classical
reality.

predictions

and

instead the great scandal of physics:
despite these amazing successes, we
have no satisfactory physical theory at
all, only an ill-defined heuristic which
unacceptable

primitives

Classical Reality:

its

explanations. By other measures, it is

makes

From the perspective of modern physics, the most fundamental idea about



David Wallace

such

as

reference

to

'measurement',

'observer' and even 'consciousness'.
This is the 'measurement problem' and
it dominates philosophy of quantum
mechanics.

The

great

bulk

of

philosophical work on quantum theory
over the last half-century has been
concerned either with the strengths and
weaknesses of particular interpretations

Quantum Reality:
In contrast, the description of quantum reality appears to be based
primarily on a mathematical formalism contained within the remit of
quantum theory. While this formalism provides a methodology for
calculating the probabilities of a given outcome, it does not necessarily
explain how the measured outcome physically comes about.

At this point, it is easy to become lost, not only in the mathematics, but the
scope of the philosophical semantics often used to described the ‘problem
space’ itself. So, first, let us try to clarify some of the semantics of two different
perspectives, which can appear in many philosophical discussions of this subject,
i.e. ontology and epistemology. First, ontology is normally defined in terms of it
being the study of what exists and the nature of what exists, while epistemology

of QM, that is, of particular proposed
solutions to the measurement problem,
or

with

general

constraints

on

interpretations. Even questions which
are notionally not connected to the
measurement problem are hard to
disentangle from it: one cannot long
discuss

the

ontology

of

the

wavefunction, or the nature of locality
in relativistic quantum physics, without
having to make commitments which
rule out one interpretation or another.

is usually described as the study of knowledge and any justification of this knowledge. However, within the scope of the two
types of reality introduced above, classical reality may be seen to align more to an ontological description, if physical reality is
assumed to exist. In contrast, quantum reality might be seen to better align to an epistemological description because if it is
constrained to mathematical knowledge and logical justification, it is making no explicit reference to any form of physical
reality, at least, in terms of its model of the intermediate superposition states.
So, in this context, does the idea of decoherence provide any clarification?
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At one level, the idea of decoherence appears to be offer up a rational explanation as to why a quantum system, evolving in
abstract isolation, might be ‘disturbed’ by the interaction with some measurement system. However, at another level, there
does not appear to be any real explanation of how the ‘physical’ process of measurement affects the mathematical concept of
the superposition of quantum states. For example, while we might see the interference effect within the double-slit experiment
disappear, as described above, it is unclear whether this disappearance is still connected with the abstract concept of the wave
function collapse. However, the real purpose of injecting this topic into what is still primarily a mathematical discussion is
simply to highlight the potential level of abstraction on which the current mathematical ‘epistemology’ is based.
1.2.4.3

Quantum Fields

In basic terms, quantum field theory is a theoretical framework
that attempts to unify the concepts of both quantum
mechanics and special relativity and, in so doing, explain the
sub-atomic nature of the particle model. While reference can
be made to Dirac’s equation, published in 1928, the focus is
now primarily orientated towards post-war developments. As
such, the following discussion will try to review some of the
mathematical concepts that are now often used to described
quantum fields.

[1]
However, we shall start with the apparent simplicity of
Einstein’s equation that links energy to mass, but which also suggests that energy must underpin the nature of particles. In fact,
there is an implication in [1] that if enough energy [E] exists, a particle might be created; although it was subsequently realised
that twice the energy implied by [1] would be required, due to the laws of conservation, so that both a particle and its antiparticle pair could be created. However, while the previous statement seems to be quite a logical extrapolation of [1], it results
in some consequences that were not originally recognised:


The number of particles in a system is not fixed.



The types of particles in a system are not fixed.

Unfortunately, these implied consequences appeared to be in direct conflict with non-relativistic quantum mechanics. We
might initially identify non-relativistic quantum mechanics [NRQM] in terms of the Schrödinger equation for a single particle
moving along a 1-dimensional [x] axis:

[2]
While it is possible to extend Schrodinger’s equation to describe several particles, the number and types of particles has to
remain constant. It is also highlighted that [2] assumes the system evolves in isolation to any external effects from the rest of
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the universe, which in the context of the previous discussion of decoherence might now be questioned to some extent. Anyway,
it was recognised that Schrödinger’s wave equation could not be a solution for a system in which the number of particles
changes in number or type. So, on the face of it, [1] and [2] reflected a fairly fundamental incompatibility between the
description of quantum mechanics and special relativity.
So is quantum field theory a necessary solution to this problem?
We might step back to 1927, when the Klein-Gordon equation was first published

Evolution of Ideas

as an initial relativistic solution that linked Schrodinger’s wave equation with the

QM was originally interpreted in terms

definition of relativistic energy, i.e.

of particles, while quantum field theory
would focus on the idea of fields, which
are

considered

associated

[3]

with

to

be

the

creation

operators
and

annihilation of particles. As such, the

It was later discovered that Schrodinger had actually developed an equivalent
equation prior to the Klein-Gordon publication, but discarded the result because
it led to a number of anomalies, such as negative probability, which could not be
explained at that time. Dirac’s equation was the next, and more successful,
attempted to reconcile quantum mechanics with special relativity:

term ‘particle’ has become a label of
convenience linked to the probability
density in a given volume of space. In
term of historical developments, QM
was initially based on what is called the
‘first quantization’ that was then reinterpreted in terms of fields that is
now often referred to as the ‘second

[4]

quantization’.
quantization

While
defined

the

first

position

and

Given that this equation has already be discussed in some detail, we need not

momentum as operators, in QFT, the

repeat all the issues and insights that started to be gained after its publication in

fields

1928. However, it might be worth clarifying that [γ0,γ] are [4x4] matrices that

operators, such that position and time

helped explain the existence of two spin states required by the fine structure

are treated as parameters. The scope of

spectrum and eventually lead to the concept of anti-matter.

the field operator changes the ‘state’ of

are

quantized

and

become

the field..
So is quantum field theory really a pre-war development?
In the post-war years, it start to become even more apparent that in order to reconcile the original concepts of quantum
mechanics with special relativity, the iconic wave notation associated with the symbol [Ψ], in both the Klein-Gordon and Dirac
equations, was only really capable of describing single particle states. So, subsequently, in the post-war years two new ideas
started to develop:


The function [ψ] does not describe waves, but rather fields.



Fields are operators, which can create and destroy particles.

However, the idea to shift the focus from particles to fields also required a fairly radical overhaul of the mathematical concepts
originally developed to described quantum mechanics, as opposed to quantum field theory.
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1.2.4.3.1

Operator Algebra:

While differential equations underpin many aspects of quantum theory, operators are often used to provide a more rigorous
framework of interpretation. For example, equation [2] presents the 1-dimensional form of Schrodinger’s wave equation, which
can be extended to include the effects of the particle within a potential field [U]:

[5]
However, we can also formulate [5] by defining the Hamiltonian [H] as an operator. The significance of both the Hamiltonian
[H] and the Lagrangian [L] to quantum field theory will be expanded in the following discussions:

[6]
In [6] above, the Hamiltonian effectively acts as an operator that transforms one function into another. At first, this can seem to
be somewhat of an abstract concept, although we can describe the concept of an operator in terms of quite basic mathematical
logic:

[7]
In the first example above, the number (5) can be called an operator that simply multiples the function in brackets () by the real
scalar number (5). In contrast, the second example starts to introduce a degree of abstraction via the use of the operator (D)
linked to the first derivative with respect to [x], which then acts on the function in brackets (). So, in basic terms, the idea might
be seen as a form of shorthand that reduces the size of [5] to [6], but it is also one that can quickly be extended to encompass
its own form of algebra, e.g.

[8]
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So, as outlined in [8], operators can obey the normal associative law of multiplication that also apply to numbers. However, it is
highlighted that operators do not always obey the commutative law of multiplication associated with numbers, which is a
particularly important caveat in quantum physics. Of course, the subject of operator algebra is quite a broad topic in its own
right and the examples above are only intended to be illustrative of the basic idea. However, we might try to focus on one last
example that is more orientated to transition towards a quantum field theory:

[9]
For the purposes of this discussion, the operators are being highlighted in bold text, where [x,p] are representative of the
original quantum mechanical operators of position and momentum, while [Φ,Ψ] become symbols used to present the
equivalent roles in a quantum field theory. We might also point out that the commutation relation associated with [9] is similar
in the form to that was originally outlined by Heisenberg in his matrix formulation of quantum mechanics.

[10]
In [10], the symbols [x,y] define two points in space, such that if the fields are spatially separated, the idea of causality, as
defined by special relativity, can be applied. The implication is that the fields have now been elevated to operators within a
quantum field description, such that we might need to redefine the role of all operators originally associated with quantum
mechanics. Originally, in quantum mechanics, position [x] was defined as an operator, while time [t] was simply treated as a
normal parameter. From the perspective of special relativity, this appeared to contradict the integration of space and time into
the unified concept of spacetime. To address this apparent asymmetry, quantum field theory elected to treat both position [x]
and time [t] as normal parameters, not operators, such that we might make the following summary.


Fields [ϕ] and [ψ] are defined as operators.



Parameters (x,t) define points in spacetime.



By definition, (x,t) are parameters not operators.



Momentum [p] continues to be defined as an operator.

So, to summarise, quantum mechanics was originally interpreted in terms of particles, while quantum field theory focuses on
the idea of fields, e.g. [Φ,Ψ], which are considered to be operators associated with the creation and annihilation of particles. As
such, the term ‘particle’ has become a label of convenience linked to the probability density in a given volume of space. In term
of historical developments, QM was initially based on what is called the ‘first quantization’ that was then re-interpreted in
terms of fields that is now often referred to as the ‘second quantization’. Originally, the first quantization defined position and
momentum as operators, but in QFT, the fields are quantized and become operators, while position and time are now treated
as parameters. The scope of the field operator changes the ‘state’ of the field.
1.2.4.3.2

Special Relativity:

As pointed out at the start of this discussion, quantum field theory is effectively a merger of quantum mechanics with special
relativity. However, the first attempts of a merger between QM and SR in the form of the Klein-Gordon and Dirac equations are
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now referred to as Relativistic Quantum Mechanics (RQM), not QFT. While the topic of special relativity has already been
discussed, in some detail, it might be worth recapping a few salient points of directly relevance to the developments now being
outlined:
1.

The speed of light in a vacuum has the same constant value in all inertial systems.

2.

The laws of physics are the same in all reference frames that move uniformly and without rotation.

The two statements above are considered to be the fundamental postulates of special relativity, which helped redefine our
understanding of not only space [x] and time [t], but energy [E] and mass [m]. However, the relativistic effects on energy and
mass will be discussed under the heading ‘Relativistic Lagrangian Density’ as the present discussion is more focused on the
merger of space and time into the unified concept of spacetime or more specifically the mathematics of spacetime coordinates.
Based on the first postulate above, and the recognition that [c] is a maximum velocity, we might quantify the separation of two
points in spacetime as follows:

[11]
However, the constancy of [c] in all frames of reference means that [11] must also hold for all other observers, such that we can
extend [11] as follows:

[12]
The use of upper and lower case symbols is simply to identify two different frames of reference. In ordinary 3-dimensional
space, we might define the differential distance in space from some coordinate origin [0,0,0] to some arbitrary point [x,y,z] as:

[13]
So, by the logic of [11] and [12], we might equally define a differential separation in spacetime as the ‘spacetime interval [ds]’ as
follows:

[14]
The implication that follows from [14] is that the spacetime interval [ds] is invariant in all inertial frames of reference, which is a
consequence of [c] being a universal constant. From a mathematical perspective, this physical description of switching between
different frames of reference is somewhat clumsy, such that the idea of a ‘metric’ was defined that encapsulates the

195 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
coefficients of the differentials associated with a specific description of spacetime. The concept of a ‘spacetime metric’ can be
reviewed along with an outline of ‘contravariance and covariant coordinates’, which is also relevant to the present discussion.
However, the following definition is provided for general reference:


A contravariant vector, or just a vector, is a quantity that changes with position [x] with respect to some other quantity,
e.g. time [t]. Velocity is an example of a vector defined by the change of position [dx] with time [dt], which results in
[v=dx/dt].



A covariant vector, or covector, is a quantity that is subject to a rate of change with position [x]. A scalar field of changing
temperature [g=dT/dx] might be used as an example.

In mathematical terms, it is often more convenient to label components of a coordinate system using a number called an index,
0

1

2

3

such that [ct→x ] and [x,y,z]→[x ,x ,x ]. On this basis, an event in spacetime can be described in terms of the coordinates of a
contravariant vector or covariant vector.

[15]
The mapping between contravariant and covariant indexing can be facilitated using a suitable metric, e.g. the Minkowski metric
of flat spacetime:

[16]
Based on [16], we might also say that the components of a covariant vector are related to the components of a contravariant
vector by a change in sign, as defined by the metric:

[17]
However, we can also extend the index notation used in the specification of coordinates to derivatives as follows:

[18]
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In the spacetime of special relativity, physical vectors can have spatial and time components and are referred to as ‘4-vectors’.
We can now represent derivatives using this notation, where the derivative of a field with respect to space would be defined in
terms of covariant 4-vectors written as:

[19]
Finally, we might also consider the concept of mapping between different coordinate systems in terms of switching between
different inertial frames of reference, which is often done using the ‘Lorentz transformation’. As a generalisation, the effect of
the Lorentz transform is described in terms of a change in the measurement of length [x], time [t] or mass [m] in the observer’s
frame of reference by a factor [γ]:

[20]
1.2.4.3.3

Classical Lagrangian and Hamiltonian

The basic concept of the Lagrangian [L] and Hamiltonian [H] have already been
introduced as an extension of Newtonian mechanics with the suggestion that both
these concepts have application within the domain of quantum mechanics. The
basic intention of the following series of discussions is to try to demonstrate how
these concepts still underpin many of the key concepts of quantum field theory.

[1]
In [1], the basic definition of the Lagrangian [L] and Hamiltonian [H] are presented
in terms of the kinetic energy [T] and the potential energy [U]. The initial notation
used to defined the kinetic energy is classical in form, where [v] corresponds to velocity and [x] to a 1-dimensional position in
space. We might begin to described the Lagrangian [L] in terms of the difference in these two energy forms, while the
Hamiltonian [H] is the sum of these energy forms. However, this can be misleading in some systems, where the potential
energy [U] is considered to be negative in sign, such that the sum of the kinetic and potential energy can be zero. In this
context, it is the Lagrangian [L] that is possibly more representative of the net energy contributing to the kinematics of the
system. Of course, we might realise that the equations in [1] needs to be extended, if they are to be more inclusive of the
effects of special relativity, which may also required some update of the notation used.
Note: The following discussion will juxtaposition both classical and differential notation simply to help in the transitional
understanding of the mathematics, which is now often used to described quantum fields.
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Today, many modern descriptions of physics prefer the use of momentum [p=mv] and
mathematics often prefers the use of differential operator to described the rate of
change of some variable, usually with respect to space [x] or time [t]. We might provide
examples of this process, based on [1], as follows:

Stanford University
The

crucial

step

towards

quantum field theory is in some
respects

analogous

to

the

corresponding quantization in
quantum mechanics by imposing
the commutation relations. Its

[2]

starting point is the classical

However, we can repeat the process in [2], but now switch to a differential format,
where the symbol for position [x] is generalised by the symbol [q]:

Lagrangian

formulation

of

mechanics, which is a so-called
analytical

formulation

as

opposed to the standard version
of Newtonian mechanics
[3]
So, in all respects, [2] and [3] are equivalent other than the form of the notation used, where the use of dot overstrike becomes
a shorthand for the first derivative with respect to time. From a learning perspective, immediately accepting the mathematical
abstraction can be problematic, because it can be all too easy to lose sight what is physically happening within the
mathematical manipulation of the equations. For this reason, it might be useful to initially work in reverse, by starting with the
abstraction of the ‘Euler-Lagrange equation’, as previously derived, and then substituting for Newtonian concepts:

[4]
So, for initial clarity, let us reverse-engineer the ‘evolution’ of the differential notation:

[5]
So, in [5], we see the abstraction of the notation towards the definition of the Lagrangian [L] purely as an abstract function of
position [q] and the rate of change of position with time, as connected with the potential and kinetic energy terms respectively.
Now let us consider each terms in [4] in a little more detail:

[6]
Having isolated the inner term of the first component in [4], we can proceed to infer some physical meaning to the expression
as a whole:
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[7]
Based on [7], we can now see that the first terms in [4] equates to the classical idea of a force [F], which means that the term
on the right, in [4], must also resolve to a force:

[8]
However, we might also recognise that the introduction of differential notation has highlighted the fact that the term on the
left of [4] could also be described in terms of the rate of change of a potential energy ‘field’ with respect to position [q]. Clearly,
this might be an important insight in the concept of any developing field theory.
1.2.4.3.4

Relativistic Lagrangian and Hamiltonian Densities

While the previous discussion has attempted to rationalise the use Lagrangian [L]
notation, we have not yet really taken in to consideration the implications of special
relativity. Again, for initial simplicity, let us start by considering the energy of a
classical free particle expressed in terms of the Lagrangian [L] and Hamiltonian [H]:

[9]
Of course, if we are to take into account the impact of special relativity, we need to
account for the effects on the rest mass [m0], although in the context of a field theory, we might wish to note that Einstein’s
2

equation [E=mc ] suggests that mass may only be a manifestation of energy:

[10]
As such, [10] now reflects some of the basic implications of special relativity in terms of the Lagrangian [L] and Hamiltonian [H].
However, we might initially described the free particle as being outside the effects of any potential field U(q), e.g. gravity or
charge, while the actual rest mass [m0] might be considered as part of the potential energy of the system.
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But how do we start extrapolating these ideas into a relativistic field theory?
We may begin by redefining [4], in the previous discussion, in terms of the results in [7] and [8], such that we may quantify the
rate of change of momentum [p] in time [t] with the gradient of a potential field in space [q]:

[11]
It might be recognised that up to now we have been defining the Lagrangian [L] and Hamiltonian [H] in terms of a scalar energy
quantity that exists at a single point in spacetime. In terms of migrating towards some sort of field description, it might make
more sense if these scalar quantities were translated into an energy density,
which implies it needs to become a function of some volume of space, which

Energy Density

might then be said to be more analogous to an energy field:

Refers to the amount of energy stored
in a given system or region of space per
unit volume. If relativity changes the
perception of distance, and therefore
volume, it must also change the
perception of energy density.

[12]

Note: It is highlighted that the idea of a localised energy density might also move us back towards an analogous
approximation of a ‘particle’. As such, the collective motion of this energy density would also have the attribute of
momentum [p=mv].
However, the concept of density has an additional relativity factor [γ], because density is mass per unit volume. Therefore, a
given density moving relative to you is subject to length contraction, which decreases the volume, while the mass is increased.
As a result, the equations given in [10] have to be multiplied by another
factor of [γ] when representing the density:

Vacuum energy
Is an underlying background energy that exists
in a volume of space, even when space is
devoid of particles, i.e. free space. The
concept of vacuum energy has led to the
concept of virtual particles, which is derived
from the energy-time uncertainty principle.

[13]
In [13], we now see the relativistic implication on the Lagrangian density, i.e. it remains constant in all frames of reference, so it
becomes an invariant quantity that then classifies it as a Lorentz scalar. As a result, the Lagrangian density has become a
fundamental quantity in the development of quantum field theory.

200 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
1.2.4.3.5

Lagrangian Field Theory

In many ways, the previous two discussions were simply an attempt to introduce, and justify, the terminology required to
describe a Lagrangian field. While this discussion must make changes to the interpretation of the Euler-Lagrange equation, its
form will remain essentially unaffected, such that it can still be used
as a starting reference point:

Lagrangian Formalism
This formalism covers the dynamics of a variety of
physical systems, including systems with finite and
infinite number of degrees of freedom, i.e. particles
and fields. It is based on the action principle, which is

[1]

a fundamental concept used in the construction of a
In this context, the Lagrangian [L] remains the difference between the

theory

describing

the

interactions

between

kinetic and potential energy of the system being described. However,

elementary particles as now associated quantum field

we now wish to migrate the previous description towards the idea of

theory.

the Lagrangian density [L] and the notion of a field [Φ] in 4dimensional spacetime. We have already quantified the relationship

General Properties

between the Lagrangian [L], the Lagrangian density [L] and the idea of

The form of the Lagrangian depends on which field

action as follows:

theory is considered, but in all cases, it is required to
satisfy a number of generic requirements. As a field
theory of the interactions of elementary particles, it is
assumed to be relativistic and invariant under Lorentz
transform.

[2]
However, as a general rule, the Lagrangian density [L] associated with a field depends only on the field [Φ] and its first
derivative, which we might express in the following notation:

[3]
The idea of action [S] is linked to the concept of a path of least action in which the variance of the action [δS] is minimised.
Conceptually, the Euler-Lagrange equation, in [1] above, is derived based on the idea that there are an infinite number of paths
connecting two points, but the actual path followed is the path of least action associated with minimum variance. However, in
the present context of fields, we need to modify the original derivation of the Euler-Lagrange equation to reflect the Lagrangian
density [L]

[4]
With reference to the definition of Lagrangian density [L] in [3], we need to vary the action with respect to both the field [Φ]
and the first derivatives of the field [∂μΦ] as follows:
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[5]
As in the original derivation, we can apply integration by parts to the second term in bracket () above after the following
substitution:

[6]
Again, the details of the integration by parts is not shown, but we can now substitute the result of [6] back into [5]:

[7]
By the same argument, as applied to the original Euler-Lagrange equation, the variance [δΦ] is arbitrary for all paths, such that
we can drop the term and set the contents of the brackets [] to zero and arrive at the Euler-Lagrange equation for a field:

[8]
For the purposes of this discussion, it may be useful to clarify that the notation [∂ μ] encompasses the definition of special
relativity in terms of 4-dimensional spacetime , i.e.

[9]
We might also reference back to the earlier discussion of the ‘Classical Lagrangian’ that highlighted the relationship between
the Lagrangian [L] and momentum [p]:
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[10]
However, this relationship has to also be updated in the context of a field, where the momentum [p] is refined as the
momentum density [ρ] as follows:

[11]
We might also correlate the Lagrangian and Hamiltonian densities
back to the classical expression:

Field Theories
Quantum

field

theories,

such

as

quantum

electrodynamics are often described in terms of the
Lagrangian and are translated to the rules used in
evaluating Feynman diagrams.
[12]

1.2.4.4

Mathematical Summary

It has been stated on several occasions that this section of discussions,
addressing the development of mathematics in quantum theory, is little
more than a beginner’s outline of the scope and complexities involved.
However, while the mathematics of quantum theory may appear
divorced from the human idea of physical reality, there is an argument
embedded in quantum theory that decouples the universe from the
clockwork determinism of classical physics. Therefore, this summary will
try to consider some of the issues, which might characterize the ‘purpose
of science’ now embedded in mathematics. For, in many ways, the
development of quantum mechanics through mathematics is possibly
reflective of a more profound shift in the purpose of science, which some
might identify in the words of Niels Bohr in 1934:
“the purpose is not to disclose the real essence of the phenomena, but only to track down, so far as it is possible,
relations between the manifold aspects of our experience.”
While the interpretation of Bohr’s quotes, in general, can often be misrepresented, the position taken in the quote above
might well be said to be in support of an epistemological, rather ontological, perspective when it comes to the purpose of
science. However, this does not necessarily mean that Bohr rejected the idea of some form of underlying physical reality, only
our ability to describe it via quantum mechanics.
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Again, for clarification, the generalised definition being applied is that ontology, i.e. the study of being, might be also be
used to describe a more fundamental search for the meaning of existence, possibly both physical and metaphysical. In
contrast, epistemology i.e. the study of knowing, is possibly more pragmatic in the scope of knowledge that is possible.
Therefore, in terms of the semantics defined above, Bohr’s quote seems to be more epistemological, because it appears to
restrict the purpose of science to limits defined by the theory of quantum mechanics, in 1935. Of course, in the context of
almost any debate about the implications of quantum theory, it is possible for others to come to a completely different
conclusion, so the question is simply tabled for further consideration:
Is quantum theory epistemological or ontological in scope?
In the previous discussions in this section, it appears that many of the
mathematical objects used to described quantum physics have no accepted
existence in terms of any classical definition of reality. Of course, at this point, we
possibly also need to table another question:

Proof and Truth
Proof

of

something

does

not

necessarily make it true, as it may
simply imply that a group of people
have been convinced of the evidence.

Does the human perception of classical reality exist?

As in legal law, people may be

Within classical mechanics, the state of a system at some later time can be
determined from the state at some earlier time. As a generalised example, we
might defined the initial state in terms of position and momentum along with all
the active forces within this system. However, this state of the system would
require epistemological knowledge of the initial state of system based on some

'proved' innocent or guilty, only for
this decision to be subsequently
overturned. As such, proof may be
transitory and therefore does not
implicitly equal truth.

form of observation and measurement. However, even in this conceptual idealisation of a classical methodology, there is a
general assumption that the observation and/or measurement of a system does not itself affect the system. Of course, with the
hindsight of quantum theory, we might now realise that it is very difficult to perform any form of measurement on a system
without causing some disturbance; especially if that system is a microscopically small quantum system. However, even with this
hindsight, many description of quantum experiments appear to start with an assumption of the system being in isolation, e.g.
as per the Schrodinger’s time evolution wave equation. This said, defining the potential scope of interaction within a quantum
system, as a whole, can lead to many other problems and interpretations, as illustrated in the following quote by Henry Stapp:
From the point of view of the mathematics of quantum theory it makes no sense to treat a measuring device as
intrinsically different from the collection of atomic constituents that make it up. A device is just another part of the
physical universe. Moreover, the conscious thoughts of a human observer ought to be causally connected most directly
and immediately to what is happening in his brain, not to what is happening out at some measuring device. Our bodies
and brains thus become parts of the quantum mechanically described physical universe.
While this philosophical conjecture may seem at odds within a discussion purporting to just outline some of the mathematics of
quantum theory, it is argued that this sort of philosophical debate has always accompanied quantum theory at every stage of
its development. From a historical perspective, it would seem that quantum mechanics has contradicted many previously
accepted assumptions, philosophical and well as scientific, from its inception and while its mathematical predictions appear to
have been verify through the observation and measurement of some final state, its explanation of the process has always
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remained open to philosophical interpretation. Initially, many physicists were

Laws of Physics

reluctant to accept Bohr’s position at face value; especially Einstein, who possibly

On reflection, it might be argued

never accepted the restriction of just an epistemological philosophy within science,

that the laws of physics are

especially if it was used to avoid the issue of ontological reality all together.

essentially based on a generalised

However, we might also wish to consider the issue of classical versus quantum

description

reality in another way, e.g.

formulated in mathematical terms,
which

Is the universe only defined by cause and effect?

or

describes

behaviour

of

model,

usually

the

empirical

some

system.

Therefore, while these laws may
In the 18th and 19th centuries, most scientists would have supported the idea that

provide a description of the system,

the universe was governed by physical laws, which could be established through

they do not necessarily provide a

scientific observation and experiment. However, this position was essentially

full explanation.

predicated on the idea of a deterministic universe, driven by cause to effect, which
might then exclude the idea of free will. For the argument is that if the universe is governed by deterministic laws, which
includes the action of humanity, there can be no such thing as human free will outside these laws. However, if we assume that
humanity does indeed have some degree of free will, beyond that dictated by physical cause and effect, we are led to the
rejection of the idea of determinism, but then require some explanation as to how free-will operate outside the classical
assumptions of physics.
Note: There is an interesting sub-argument within this debate, i.e. if universe is not governed by some form of
deterministic cause and effect, then the task of science is rendered impossible
However, history shows us that the development of quantum mechanics would
lead to a ‘new model’ of a universe that follows probabilistic rules, which does not
automatically lead to some sort of ‘preordained’ future. Therefore, while Einstein
argued that God does not play dice with the universe, the mathematics of quantum
theory may have given humanity the freedom to make its own destiny; even
though the mathematics may not really explained why or how this occurs.

205 of 329

Richard Feynman
There is no harm in doubt and
scepticism, for it is through these
that new discoveries are made.

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
1.2.5

Quantum Field Theory (QFT)

Quantum field theory (QFT) is often defined as the result of a union between
special relativity and quantum mechanics. As such, it is said to form the
foundation of the standard model, which is the theoretical framework in which
all known particles and interactions are described with the exception of
gravity. Quantum field theory (QFT) may also be described as the overarching
framework of mathematical and conceptual ideas, which represents the
evolution of pre-war quantum mechanics (QM), which branched into three
distinct developments:


Quantum Electro-Dynamics (QED)



Quantum Chromo-Dynamics (QCD)



Electro-Weak Theory (EWT)

However, we shall start by simply introducing some of the general

Gerard 't Hooft

ramifications of quantum mechanics in the post-war era. As the name might

Quantum Field Theory is one of those

suggest, quantum mechanics started out as an extension of classical

cherished scientific achievements that

mechanics in the sense that it still embodied the idea of ‘particles’ within the

have

atomic structure. However, some of the ambiguities of the wave-

successful than they should have, if one

particle debate would quickly spill over into the physics of fields, i.e.

takes into consideration the apparently

electromagnetism and gravitation. In this context, the generalised concept of a

shaky logic on which it is based. With

quantum field theory was thought to be better equipped to describe what was

awesome accuracy, all known subatomic

known of quantum systems, which had many degrees of freedom, plus the

particles appear to obey the rules of one

need to accommodate the spacetime invariance defined by relativity.

example of a quantum field theory that

become

considerably

more

goes under the uninspiring name of 'The
Note: Based on earlier discussions, it has been shown that the Compton

Standard Model'. The creators of this

wavelength is always smaller than the deBroglie wavelength. However,

model had hardly anticipated such a

in general terms, we might define the deBroglie wavelength as a

success, and one can rightfully ask to what

distance scale at which the wave-like nature of particles starts to

it can be attributed. We have long been

become apparent; while the Compton wavelength is the distance scale

aware of the fact that, in spite of its

at which the concept of any single point-like particle breaks down

successes, the Standard Model cannot be

completely.

exactly right,

So, as such, QFT might be said to have started out as an open-ended approach, which it was hoped might provide a more
productive framework for further developments, rather than necessarily being an all encompassing theory in its own right.
So how did QFT develop?
Based primarily on mathematical logic, QFT was often able to move well beyond the limits of empirical verification, which
opened up mathematical hypothesis to as much philosophical interpretation as scientific. As such, it might be said that the
scope of QFT proceeded on the basis of:
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Mathematical hypothesis



Limited scientific verification



Philosophic interpretations

So, within this somewhat abstracted framework, QFT was free to provide conceptual analysis of problems, which seemed to
have no solution within the original framework of quantum mechanics. For example, as a mathematical hypothesis, QFT was
not constrained to explain the quantum realm in terms of any physical reality, i.e. as a particle or a wave, as long as the logical
consistency of its equations could be verified against existing experimental data. However, while the outcome of these
equations was subject to some level of verification, i.e. the predicted end state, the actual reality of the process itself still
seemed opened to interpretation, both scientific and philosophical.
What was the goal of QFT within this framework?
The initial goal was possibly to provide a description that underpinned the particle model, but as the bullets above suggest,
much of QFT’s development was initially based on what appears to be little more than a mathematical premise and while the
outcome was still expected to align to experimental data, it did not necessarily demand any physical reality to be associated
with the description of the process itself. For example, in its earliest forms, quantum mechanics could not really describe a
photons in terms of a relativistic ‘particle’, since photons were assumed to have no rest mass and propagate at constant
velocity [c] in vacuum. As such, photons were often vaguely described as a by-product of an electron’s energy transition within
an atom, which was then outlined in terms of an early QFT/QED approach in Dirac's paper, published in 1927, entitled ‘The
quantum theory of the emission and absorption of radiation ’. It is this paper that coins the name ‘Quantum Electro-Dynamics
(QED)’ as being part of a ‘Quantum Field Theory (QFT)’ in which Dirac outlined the description of a photon in terms of the
quantization of an electromagnetic field. In so doing, Dirac helped established the foundations of both QFT and QED based on
the following assumptions:


The quantization of the electromagnetic field.



The relativistic nature of the electron.

However, while these early beginnings appeared to be pointing to the way forward, many problems subsequently emerged.
Possibly the most fundamental of these problems was associated with the apparent infinite self-energy of the electron in
connection to its own electromagnetic field. Worryingly, these infinite values appeared to suggest that the cause of the infinity
lay in the very premise of QFT and not in any specific calculation. Of course, this did not stop many people from trying to sidestep such problems using what might be described as form of mathematical ‘trickery’.
Were there other problems associated with theory and results?
In the immediate post–war period there was considerable interest in trying to explain the discrepancies between the empirical
and predicted results linked to Dirac’s relativistic equation, when applied to the hydrogen atom in terms of the magnetic
moment of its electron. In 1947, Hans Bethe was the first to explain the ‘Lamb shift’ in the hydrogen spectrum and, in so doing,
would help consolidate the ideas emerging under the heading of quantum electrodynamics (QED). What Bethe highlighted was
the deviation of the [2s] and [2p] levels of hydrogen, as determined by the Dirac equation, was due to a quantum electrodynamic effect, which could be computed through a process that was to become known as ‘mass renormalization’. The
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parameters, mass [m0] and charge [e0], which appeared in the original formulation of QED, did not align to the ‘measured’ mass
and charge of an electron. The ‘measured’ mass [m] of the electron is defined in terms of its momentum [p] within the
2 2

2 4

relativistic energy equation √(p c +m c ). Similarly, the ‘measured’ charge should be defined by the force between two
2

2

electrons, at rest, separated by a distance [r],as described by Coulomb’s law [ke /r ], where [e] is the ‘measured’ charge of an
electron. It was later shown by Julian Schwinger and by Richard Feynman that the divergence encountered in the low orders of
a ‘perturbation theory’ could be eliminated by re-expressing the parameters [m0] and [e0] in terms of the ‘measured’ values [m]
and [e] through the procedure of ‘renormalization’.
Perturbation theory can be described as an approximation method of a more complicated quantum system. The idea is
to start with a simple system, for which a mathematical solution is known, to which is added an additional ‘perturbing’
Hamiltonian that represents a weak disturbance to the system. If this disturbance is not too large, the physical quantities
associated with the perturbed system can be extrapolated based on the idea of continuity, i.e. as small 'corrections' to
the simpler system. These corrections, being 'small' compared to the size of the quantities themselves can be calculated
using approximate methods, such as an asymptotic series. As such, more complicated system can therefore be studied
based on knowledge of the simpler one.
However, Feynman's subsequent formulation of QED is often presented in terms of Feynman diagrams, which might appear to
contradict the position of QFT in that these diagrams seem to depict the paths of ’particles’. However, Feynman's mathematics
is based on calculating probability amplitudes based on the integral formulation of a field theory. In this context, the diagrams
only provide a method of visualizing the various terms of a perturbation series in the form of a flow of electrons and photons.
As such, Feynman’s use of the word ‘particle’ does not align to any classical concept or for that matter even imply any physical
existence. While we will return to some of the details of Feynman diagrams in later discussions, each element on these
diagrams can be introduced as simply being symbolic of some underlying mathematical expression, which in-turn defines the
probability amplitude of each path within a quantum system. Therefore, while QED still resorts to the semantics of ‘particles’,
QFT continues to exclude the classical idea of physical particles within its description of sub-atomic interactions.
Is there a physical explanation for renormalisation?
In terms of QED, part of the justification for renormalization was based on the idea of symmetric properties. For example, the
idea of Lorentz and gauge invariance made it possible to formulate, and physically justify, a finite result, which had not been
possible in earlier theories. While some initially questioned the validity of this approach, its results were justify by experimental
data, e.g.


The anomalous magnetic moment of the electron and the muon, caused by Lamb Shift, were avoided.



It provided the necessary corrections to the scattering of photons by electrons and the idea of pair production plus
the concept of bremsstrahlung or braking radiation.

So, by the early 1950’s, local quantum field theory was considered to be the most appropriate framework for the unification of
quantum theory and special relativity. As such, several local QFT theories were forwarded as a more fundamental description of
the ‘elementary particles’ that also explained their internal symmetries. Therefore, photons, pions, electrons, muons, and
neutrinos were all beginning to be described in terms of a localized excitations of an underlying field. However, it soon started
to become clear that meson theories were inadequate, when trying to account for the properties of all the new hadrons being
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discovered. In addition, an influx of new experimental discoveries appeared to be dashing any hope of a obvious transition from
QED to the formulation that described all the dynamics of the strong interaction. As such, by the end of the 1950’ s, QFT was
beginning to face a crisis of confidence, because of its inability to describe these strong interactions and the growing problems
of trying to invoke any sort of realistic model needed to explain the dynamics of hadrons. Therefore, efforts to develop a theory
for the strong interactions, based on the QED model, were essentially abandoned, although a local gauge theory, advanced by
Yang and Robert Mills in 1954, would prove to be influential at a later date. So, at this point, quantum theory is left with the
problem of not only trying to reconcile the semantics of the original particle model, but also how QFT might explain the
apparent existence of 4 fundamental forces or interactions:


Gravitation,



Electromagnetism,



Strong nuclear force



Weak-decay interactions

As such, there was a need for a theory that would help explain the strong, electro-weak and gravitational interactions. Initially,
even the unification of the electromagnetic force with the weak force prove to be an obstacle due to the lack of particle
accelerators with energies high enough to reveal the processes at work at the necessary energy levels within the atomic
structure. As a result, it took time for any understanding of the hadron sub-structure to appear based on the theoretical
development of the quark model.
The quark model was first proposed, independently, by physicists Murray Gell-Mann and George Zweig, in 1964, as parts
of an ordering scheme for hadrons. However, there was virtually no evidence of physical existence until the appropriate
scattering experiments were carried out in 1968. Subsequently, six types of quarks have been proposed based on
accelerator experiments, the last being the ‘top’ quark only being discovered in 1995.
However, even today, progress toward any sort of ‘unification’ based on
quantum field theory that incorporates the electromagnetic, weak and strong
forces might, at best, be described as slow; while any ideas on the ‘grand
unification’ inclusive of the gravitational force continues remain both elusive
and speculative.

Isaac Newton
"Heartily beg that what I have here done
may be read with forbearance; and that
my labours in a subject so difficult may be
examined, not so much with the view to

But why are so many complicated ideas required to describe such elementary

censure, as to remedy their defects."

particles?
In part, this question is raised simply to provide a transition into the following sub-pages of this discussion, which tries to
provide some initial outline of some of concepts that were developed within the QFT/QED framework of particle physics.
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1.2.5.1

Quantum Electro-Dynamics

As has been outlined, quantum field theory can be described as a composite of theories that attempts to explain the particle
model in terms of quantum dynamics. In this respect quantum electrodynamics is a description of the most fundamental
elements of the particle interaction model, i.e. electrons and photons, and is therefore an appropriate point to start. As a
generalization, QED is said to describe the dynamics of electrically charged particles, e.g. electrons, interacting by means of an
exchange of photons. However, mathematically, QED is described in terms of the complexity of a perturbation theory within an
electromagnetic quantum vacuum. In an attempt to address this inherent complexity, Richard Feynman, one of the key
contributors to the development of QED, gave a series of lectures on this subject, which he hoped could be understood by a
wider audience. These lectures were transcribed and published in 1985 and entitled ‘The strange theory of light and matter’. In
part, this opening section of discussion will attempt to review some of the examples outlined in this series of lecture, which
start with the reassuring premise that the complexity of QED can be described in terms of just three simple actions.


Photon go from one point in spacetime to another.



Electrons go from one point in spacetime to another.



Electrons emit or absorb a photon at a given point in
spacetime.

These actions are then represented in a visual form using a
notation that will eventually be described in terms of a
Feynman diagrams governed naturally enough by Feynman
rules, but which we shall simply introduce at this point in the
diagram right. Without going into the detail, it is possibly worth highlighting from the outset that these diagrams should not
necessarily be interpreted as existing in physical spacetime. Equally, while the photon is represented, by convention, as a wavy
line, it is not necessarily trying to promote a wave-like interpretation, in fact, Feynman might be said to be biased towards a
particle-like description. Finally, in many ways, QED does not necessarily explain how these event-interactions happen, but
rather constrains its goals to calculating the probability of an given event-interaction. So, by using the basic elements defined in
the diagram right below, we might represent an electron in a given point in spacetime, e.g. [A], and a photon in another point
in spacetime, e.g. [B], and consider how this system might evolve. One possibility is that the electron will move from [A] to [C],
while the photon moves from [B] to [D]. If we can calculate the probabilities of each of these sub-processes, i.e. E(AC) and
P(BD), then theory suggests the probability of E(AC) plus P(BD)
happening can be calculated as a product of the individual
results. However, the diagram right also suggests that there are
other possible permutations, as such, the probability of more
complex processes has to be calculated as a ‘superposition’ of
all possible outcomes. In practice, it might appear that there are
an infinite number of possibilities, which might suggest that this
process could turn into an impossible task. However,
perturbation theory linked to the idea of a ‘coupling
constant’ allows this complexity to be reduced in scope
depending on the accuracy required.
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But how is this description of probability reconciled with earlier descriptions?
As has already been outlined, quantum mechanics embodies a number of
ideas based on probability, which do not align with ‘real numbers’ but

Feynman Diagrams

rather ‘complex numbers’, which are then referred to as ‘probability

It is important not to interpret Feynman diagrams

amplitudes’ . However, in the following review of Feynman’s lectures on

literally. As such, the following caveats are

QED, the mathematics of complex numbers is side-stepped using the

highlighted in that 1) they imply nothing about

concept of an ‘arrow’ that has magnitude and direction, i.e. it is

how a particle gets from one point to another in

essentially a vector, where the square of the arrow length corresponds to

space or time, 2) they do not imply that the

the probability amplitude, which in-turn reflects the probability of an

particles are moving in straight or curved lines, 3)

event-interaction. As indicated, QED does not really offer up any

they do not imply that the particles are moving

explanation of these arrows as a physical description of reality, only that

with fixed speeds, 4) the representation of a

they appear to give the correct result. So, for a given process, if two

photon as a wavy-line does not imply that it is

probability amplitudes, e.g. [v] and [w], are involved, the probability of

more wave-like than an electron.

the process is defined by either:

[1]

.

We might initially try to quantify the rules regarding adding or multiplying the arrows [v,w] in the same way we might add or
multiply probability amplitudes, which are complex numbers in a complex vector space, e.g.

Addition and multiplication are known operations in the theory of

Richard Feynman

complex numbers. While the sum can be described in term of the

"The more you see how strangely Nature behaves,

parallelogram method illustrated, the same result can be obtained by

the harder it is to make a model that explains how

simply adding the start of one ‘arrow’ to the tail of the previous

even the simplest phenomena actually work. So
theoretical physics has given up on that."
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‘arrow’. The product of two arrows is an arrow whose length is the product of the two lengths, while the direction of the
product is found by adding the angles associated with each. The relevance of this description will be expanded in the context of
Feynman’s examples. It should also be noted that the fact that both photons and electrons can be polarized is not really taken
into account in these examples. In practice, the probability P(AB) will actually consists of 16 complex numbers or probability
amplitude arrows, which also require some further consideration of a quantity that Feynman refers to as [j], which is linked to
the concept of a coupling constant. However, this introduction is hopefully enough for us to proceed to ‘Feynman’s model of
QED’.
1.2.5.1.1

Feynman’s Model of QED

The following group of discussions will try to follow some of the examples laid out in a series
of lectures by Richard Feynman that we shall consider in terms of basic ‘photon interactions’
and ‘electron interactions’ . However, in this discussion, we shall start by considering some of
the most basic assumptions underpinning the classical model in terms of the probability of
light quanta, i.e. photons. For example, one of the most fundamental concepts in classical
physics, which describes the ‘nature of light’ is the idea of reflection from a surface, i.e. the
angle of incident equals the angle of reflection. However, this classical description masks an
issue that might be labelled as ‘partial reflection’ as illustrated in the diagram right. This
diagram shows the basics of an experiment to measure the partial reflection of light, where
the source of the light is assumed to be a stream of individual photons. On measurement, for
every 100 photons fired from the light source, 4 photons of light are reflected from the top
surface of the glass block, as detected at [A], while the remaining 96 photons are detected at
[B]. On this basis, we might quantify the probability of partial reflection to be 4%, i.e. 0.04, which based on previous discussion
of the wave function would suggest some sort of probability amplitude [Ψ=0.2] as defined in [1]:

[1]
However, given what we now know about the sub-atomic structure of the
glass block, it is very difficult to explain what determines whether an
individual photon of light is reflected or passes into the glass. Initially, it was
assumed that partial reflection resulted from the fact that the surface of the
glass was essentially made up of space between the atoms, which let most of the light through. Without making any
assumptions at this stage, the experiment simply suggests that we cannot predict whether a given photon will arrive at [A] or
[B]; although we can quantify the probability. While the idea of probability is not unknown in classical physics, e.g. statistical
mechanics of thermodynamics, there is a suggestions that the issue of cause and effect is not really understood at the quantum
level. So with this somewhat unsettling thought in mind, let us now consider a slight modification of the experiment above.

212 of 329

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

The goal of this revised experiment, shown left, is to measure the partial reflection from both the top and bottom surface of the
glass block. Based on the first experiment, we may have good reason to assume that the bottom surface would act like the top
surface and reflect 4% of the 96% of photons passing through the top surface. Unfortunately, this assumption does not appear
to be upheld in the experiment, where it seems that detector [A] can received between 0-16% of the source photons depending
on the thickness of the glass, as shown below. The results above suggest that the partial reflection oscillates between 0-16% as
the glass thickness is increased, from zero, to some unspecified thickness, such that we are left with questions:
How does the back surface affect the probability at A?
What happens if we introduce more surfaces ?
Clearly, this result is problematic from the perspective of a particle model, where light is described in the form of a photon. Of
course, given previous discussions of the ‘wave-particle duality’ in quantum theory, we might consider whether this has
something to do with a wave-like attribute of the photon. However, it seems that Feynman did not really try to explain the
results of the last experiments in terms of ‘cause and effect’, only its probability, which is now wrapped up in the theory of
quantum electrodynamics. In fact, it is this probabilistic approach that is now used to explain all fundamental interaction
between photons and electrons. However, while most descriptions nose-dive back into the mathematics at this point, Feynman
did attempted to explain the basic ideas within QED using vector ‘arrows’, the length of which is defined by the ‘probability
amplitude’ given in [1], but which might be illustrated as follows :

In practice, an experiment may be the
result of a series of probabilistic events,
which are added together to form
the final arrow, which reflects the
probability of the measured outcome
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However, we have started to run ahead of Feynman’s explanation, for we have to first understand how the direction of each
arrow is determined. In the context of the previous experiments describing partial reflection, Feynman describes each arrow in
terms of a hand on a stopwatch that turns very rapidly. The watch is started at the source and stopped when the photon
reaches either [A] or [B], such that the direction on the watch face defines the direction of the arrow.
Note: It would seems that Feynman often preferred to discuss QED in terms of the semantics of particle interactions
without making any obvious reference to the wave-like nature of these particles. However, the following explanation of
Feynman’s stopwatch is clearly predicated on the wave property of red light.
Feynman only indirectly describes this process in terms of a figure given as 36,000 rotations per inch for red light, which we
might elaborate a little. The rate at which the ‘stopwatch’ rotates is linked to the frequency of red light and the time taken to
travel 1 inch.

[2]
Of course, the total number of rotations, and therefore the final orientation of the arrow, is determined by the total path length
from the source [S] to either [A] or [B]. However, in order to explain the observe partial reflection from the top and bottom of
the glass block, another rule is introduced that is not really explained, or for that matter, logically obvious. First, we will
introduce the rule and then outline the explanation before returning to the logic supporting this rule.
In order to compute the answer correctly, the direction of the arrow associated with a photon reflected off the top
surface will be the reverse of that indicated by the ‘stopwatch’; while the direction associated with the bottom surface
will be maintained.
Let us consider an conceptual experiment where the thickness of the glass block approaches zero. Therefore, in the diagrams
below, we see examples of a photon arriving at [A] coming from top and bottom surface, conceptually separated by a distance
approaching zero.
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As such, we might conclude that the total path length between source and [A] from
the top or bottom surface must be approximately the same and therefore the
direction of the arrow by the stopwatch analogy would be approximately the same.
However, the diagrams reflect the additional rule above, where the direction from
the top surface is reversed, such that the sum of these two arrows becomes
increasingly small. So the conclusion of the diagram above suggests, quite logically,
that the probability of partial reflection from a sheet of glass approaching zero thickness, will also approach zero. However,
while the conclusion appears logical, the rule to reverse the direction of the arrows from the top and bottom surfaces appears
far from obvious. Classically, it can be highlighted that when light goes from one medium of index [n 1] to another [n2], the
reflected light at that interface undergoes a phase change as follows:

[3]
Therefore, the rule is consistent with the transition from air to glass in the experiment, but this does really explain why this rule
is applicable in the current quantum description. However, given that this is a well verified experiment, it is assumed that [3] is
equally applicable to quantum case, where this phase shift presumably takes place within the concept of a single photon!
OK, but have we explained the variation of probability with thickness?
Let us consider the case when the glass is just thick enough to allow the bottom pathway to correspond to another half turn
o

(180 ). As suggested by the diagram below, both arrows now point in the same direction, such that the probability amplitude is
the sum, i.e. 0.2+0.2=0.4, which by [1] gives an overall probability of 16%.

On this basis, we might reasonable predict, and confirm by experiment, that as we increase the thickness of the glass, the top
reflection will align to an arrow unchanging in direction, while the bottom arrow rotates with increasing thickness. This phase
o

shift of the top arrow to the bottom arrow will rotate through 360 , such that the sum of the arrows oscillates between a
minimum-maximum of 0-16%, as the following diagram attempts to illustrate:
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However, the diagram above also tries to highlight that period of this cyclic
nature is a function of the frequency of the light source, which drives the
rotation rate of the stopwatch used to define the direction of the arrows. So, at
this point, we have replicated the essential arguments of Feynman’s
introduction to quantum electrodynamics, which although clearly a gross
simplification of the mathematical ‘reality’ of this subject, may provide some
useful visual insights before applying this model to photons and electron

Richard Feynman
"You will have to brace yourselves for
this, not because it is difficult to
understand, but because it is absolutely
ridiculous: All we do is draw little arrows
on a piece of paper, that’s all!

interaction.
1.2.5.1.2

Photons Interaction

In this discussion, we shall try to extend Feynman’s model of QED to other well-know aspects of light, i.e. reflection, diffraction
and refraction, which might be said to be anchored in the idea of the ‘path of least time’ . Based on the previous introduction,
we have establish the average probability of reflection of a photon of 4% from a single surface given the caveats implied by
partial reflection as a function of glass thickness. For in the case of partial reflection, we saw that the final probability of
superimposing two arrows could led to a probability of between 0-16%. While we might recognize this phenomena in terms of
wave interference, it is then difficult to reconcile how the detector makes equally loud ‘clicks’ as the light intensity is reduced,
i.e. analogous to the photoelectric effect.
So does QED resolve this apparent paradox?
It is possibly an exaggeration to say that QED provides a resolution of the wave-particle duality issue in that its solution is
essentially constrained to a mathematical methodology, which then allows the probability of an given outcome to be calculated
without necessarily providing any physical rationale. However, this may also be understating the significance of the insights that
QED provides about physical phenomena, which it is hoped that the following example will help illustrate. In the context of
Feynman’s descriptive model, he provide just two basic rules:
1.

The probability of an event is equal to the square of the length of an arrow, such that the arrow length represents the
2

probability amplitude, e.g. an arrow of length 0.2 helps define the event probability of [0.2 =0.04=4%].
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2.

If an event can happen in different ways, an arrow is required for each way, which then need to be combined in a form of
vector addition. The final arrow is then drawn from the head to tail of the composite addition of arrows and defines the
resultant probability amplitude, which when squared gives the probability of all composite events.

So armed with this minimalist set of rules, let us try to examine the underlying principles of reflection in accordance with QED in
the following diagram, which initially appears consistent with the normal classical interpretation:

Snell's Law
Is a formula used to describe the
relationship between the angles
of incidence and refraction,
when referring to light or other
waves

passing

through

a

boundary between two different
isotropic media, such as water
and glass.
However, in-line with the assumption that light consists of a stream of photons, we might describe the light source [S] as
emitting photons of one colour, i.e. specific frequency, at very low intensity, i.e. one at a time. Any reflection of these photons
is then detected at [P]. Simply to prevent the possibility of photons going directly from [S] to [P] without any reflection, the
screen [Q] is inserted. Finally, the expected path of the reflected light is shown ‘bouncing’ of the centre of the mirror in
accordance with classical rule that the angle of incident equal the angle of reflection. However, it is by no means obvious that
this classical rule applies when considering just Feynman’s 2 basic rules above. In the context of these rules, it would seem that
the following diagram is just as valid:
Path of Least Time
Is sometimes known as Fermat's
principle and described in terms of
the path taken between two points
by a ray of light traversed in the
least time. In this context, Fermat's
principle was used to describe the
classical properties of light rays
reflected off mirrors, refracted
through
In a sense, the diagram above is drawn on the assumption that the probability of
the final event, i.e. photon detection at [P], is the sum of all possible, albeit
seemingly impossible, ways that a photon from [S] could arrive at [P], e.g. SAP,
SBP…SMP etc.

different

media

undergoing total internal reflection.
It was mathematically supported
using Huygens' principle and used
to derive Snell's law of refraction
and the law of reflection.

But surely this is a ludicrous idea?
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Well, it would certainly seem so from a classical perspective, but let us just pursue this idea a little further in any attempt to try
to verify which sections of the mirror are actively involved in reflection. To do this, Feynman describes the mirror being physical
divided into sections as illustrated below:

For the purposes of this discussion, we will simply accept that the probability amplitude associated with the arrow length is
essentially the same for all paths, even though the length of the each pathway will differ, i.e. SAP>SGP. However, the direction
of the arrow for each path will differ due to the difference in the travel time, previous discussed. So based on our assumptions,
so far, we might represent the original experimental configuration in terms of the mirror segments and various potential
pathways:

However, we might better represent the physical configuration above in terms of the travel time per mirror segment onto
which we might superimpose the direction of the arrow for that pathways, i.e.

What we might see in terms of the direction of the arrow for each segment is that the final arrow length, i.e. as a vector sum of
all the arrows, will primarily be determined by arrows [E..I]. This is because the somewhat random distribution of the arrow
directions [A..D] and [J..M] will tend to cancel out in terms of any net contribution to the length of the final arrow. However,
based on the implied time taken on the vertical axis of the graph above, we might also see that the final arrow is also reflective
of the paths of least time, which aligns to the classical prediction, i.e. a known point of verification.
So is the classical prediction essentially right?
While it may be fairly obvious that the QED description is different to the classical description, because the net sum of arrows
[E..I] clearly extends over a greater portion of the mirror than we might normally expect, we might not yet fully appreciate the
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scope of the contributions from [A..D] and [J..M]. For, at one
level, the cancellation of the arrows at the extreme edges of
the mirror might seem to be a bit of a conceptual fudge,
although the following description might be a more difficult
to ignore. The first diagram right, [ABC] corresponds to the
first 3 segments on the left of the mirror, which we might
normally assume takes no active part in reflection. However,
based on the previous description, the summation of all the
arrows in this section effectively cancel out by going in a circle. However, if this summation process is really taking place, we
should be able to see some experimental evidence by masking out sections within segments [ABC] which contribute to the
cancellation effect. The next diagram now attempts to show sections within the segments [ABC] being masked out so that that
a net arrow is produced with an effectively length and
direction, which should be verifiable by experiment. In fact,
this verification is obtained, although we might now refer to
the mirror as a diffraction grating. So, within this simplified
model of QED, we appear to have provided some
explanation, and justification, of a description of partial and
full reflection, plus the concept of diffraction.
So what about refraction?
In part, the reason for considering refraction is that it leads us nicely into a description of the path of least time, which has
some relevance in the derivation of Euler-Lagrange formula previously discussed. However, let us begin with a general
description of refraction in which we consider the possible pathways between a source [S] and destination [D] that includes air
and water.

From a classical perspective, we might wish to describe this process in terms of the refractive index of air [n1] and water [n2]
quantified in terms of Snell’s law:
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Classical Diffraction
Describes a process, where light, as a

[1]

wave, is bent around objects or
However, the QED model suggests that photons can go from the source [S] to the

spread out after passing through a

destination [D] in almost any number of ways. Again, each pathway would have a

gap, i.e. a diffraction grating. It is due

different travel time, which would result in each contributing arrow having a

to the wave's ability to spread in

different direction. Equally, based on Snell’s law in [1], we see the assumption that

circles or spheres in 2D or 3D

the speed of light [c] is slower in water [v2] in comparison to air [v1], which would

isotropic space and can be modelled

also affect the travel time.

on Huygens' Principle.

Note: the assumption that the speed of light [c] changes as a function of the refractive index of a given material, e.g. air
and water, needs to be challenged at the atomic level. At this scale, the space between sub-atomic particles is essentially
equivalent to a vacuum, such that light always travels at [c]. However, there is an effective slowing of [c] in the sense
that photons can collide with electrons, be absorbed
and then re-emitted, with a net delay in the
propagation speed.
So, according to the QED model, each possible pathway has
an associated arrow of equal probability amplitude, but a
different direction defined by the travel time linked to the
effective propagation speed in air and water. Again, we might
therefore create another plot of travel time against each
pathway. Again, we can see that the length of the final arrow, i.e. the probability amplitude, is effectively determined by those
component arrows centred around the point of least time in the diagram above. However, due to the differences in the
propagation speed in air and water, the path of least time does not align to the path of least distance, as outlined in the
following diagram:

So, again we see that the QED model produces what appears to be a compelling argument that our perception of light is a
vector sum of all the arrows, which in some way appear to have travelled all possible paths between [S] and [D]. The only
problem with this model is that it forces us to challenge one of the most fundamental assumptions of classical physics, i.e.
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Does light travel in straight lines?
In the previous example, the diagrams still suggested that light, i.e. photons, travelled in a series of straight lines between
source and it final point of detection. However, this was primarily for simplicity and we could have generalized the ‘picture’ of
all the potential pathways as follows:

What we might now realize is that the previous approach of plotting the travel time for each path and showing the direction of
the resulting arrows can be equally applied to the diagram above.

Again, only the paths near the conceptual straight line path [D] have arrows that point in essentially the same direction, which
therefore contribute effectively to direction of the final arrow. In contrast, while QED argues that the other paths ‘exist’, the
random distribution of these arrows cancel out, such that the probability amplitude of the final arrow aligns to the direction of
a straight line path between [S] and [P]. However, it might be worth pursuing this idea a little further in the following
configurations:
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In the diagram above, the blocks act as a screen to photons passing from [S] to [P]. However, if these blocks are spaced at a
reasonable distance, sufficient pathways exist in the QED model so that enough travel time pathways exist between [S] and [P],
such that the resultant final arrow, i.e. probability amplitude, aligns to a straight line, as previous described.

In the case above, the gap between the blocks is so close that only a few of the original pathways are now possible, such that
the probability amplitudes of a final arrow to [P] or [Q] starts to converge. In this case, the length of these final arrows is much
smaller than the original configuration, as not much light can pass through the smaller gap between the block, such that the
detectors at [P] and [Q] start to register similar counts of photons, even though there is no straight line path between [S] and
[Q]. However, we might counter this description with a classical perspective of diffraction in terms of Huygen's interacting
waves:

When the gap between the blocks is wider than the wavelength of the light, it produces a downstream interference effect. In
terms of classical wave mechanics, it is assumed that the gap, when wide enough, can act as a large number of point sources
spaced evenly across the width of the gap. As a consequence, the light downstream from these point sources is made up of
contributions from each source and if the phases of these contributions varies by [2π] or more, we find minima and maxima in
the diffracted light. In the case of a wide gap, the distribution of intensity appears to be centralised, analogous of the straightline path. However, if we continue to narrow the gap, we conceptually reduce the number of point source to one, such that the
downstream inference ceases to exist and all points, i.e. [P] and [Q] would have the same probability of receiving photons. In
part, we can see that there is a conceptual aspect to both these descriptions, i.e. the plausibility of infinite pathways versus the
idea of point sources.
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Note: In some respects it might be said that, in this case, both the classical and quantum descriptions are both
predicated on what amounts to a mathematical solution, which both align to experimental data, but where neither may
necessarily provide a definitive description of physical reality.
However, putting this philosophical interpretation on the back burner for now, Feynman went on to make another interesting
point in his lecture on this subject.
“When we try to squeeze light too much to make sure it is going in a straight line, it refuses to cooperate and begins to
spread out. This is an example of the uncertainty principle, i.e. there is a kind of complementarity between knowledge of
where light goes between the blocks and where it goes afterward, such that precise knowledge is impossible. I would like
to put the uncertainty principle in its historical place. When the revolutionary ideas of quantum physics were first coming
out, people still tried to understand them in terms of old-fashion ideas. But at a certain point the old-fashion idea would
begin to fail, so a warning was developed that said, in effect, your old-fashion ideas are no damn good. If you get rid of
the old-fashion ideas and instead use the ideas that I’m explaining in these lectures, i.e. adding arrows for all the ways
an event can happen, there is no need for an uncertainty principle.”
However, at this point, we are primarily using Feynman’s description to help us towards some sort of visualization of what we
might call quantum reality, which is clearly different from classical reality and may not necessarily reflect physical reality. Of
course, in the attempt to help visualize quantum reality, we may have started to lose sight of the underlying mathematical
formulation on which this theory is based. While we are trying to avoid all the details of the mathematics, the underlying
mathematics of QED is based on calculating the probability of compound events, which may happen in series or parallel to each
other. We might consider this aspect in the following diagram:

In this example, we see that the path from [S] to [C] can be sub-divided into two steps. The first step consists of [S] to [A], while
the second step is [A] to [C]. However, each step can be analyzed separately to produce its own ‘final arrow’ in which it starts
off as an arrow of unit length and given direction that is then subject to rotation and scaling. So, in the example above, we see
that step-1 produces an arrow that is rotated from 12 o’clock to 2 o’clock and scaled from unity to a length of 0.2, i.e. the
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probability amplitude of [SA]. Step-2 also starts from a unity arrow, which is then rotated from 12 o’clock to 5 o’clock, while
being scaled to a length of 0.3, the probability amplitude of [AC]. To get the probability amplitude of [SC], we effectively add the
rotations of each arrow, while multiplying the lengths of the arrow vectors, i.e.

[2]
Having now introduced some of the salient ideas linked to the QED description of light, i.e. as a stream of photons, it might be
useful to try to summarise the rules and ideas that appear to support the quantum properties of light. Let us start with a single
source [S] of monochromatic light being detected at [D].


Assume that [S] is radiating photons in all directions with a given intensity, which we might interpreted as the number of
photons radiated per second.



The number of photons arriving at [D] must be a function of the inverse square laws, which must also be linked to the
length of the arrow, i.e. the probability amplitude.



Each photon arriving at [D] has the same energy [E=hf] as leaving [S].



The rotation of an arrow is defined by the frequency [f] associated with a photon and the distance between [S] ad [D].



While the final probability arrow between [S] and [D] is the vector sum of the all possible pathways between [S] and [D],
the net result supports the general assumption that light travels in straight lines.

However, the result in [2] above indicates that there is another process to be accounted when there are multiple sources and
destination, which we might interpret as an inference effect.
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In the previous example, we have two sources [X,Y] and two destinations [A,B], such that we initially consider the probability
amplitude arrows for paths [XA] and [YB]. In line with the intensity of photons leaving [X,Y] and arriving at [A,B] being a function
of the inverse square law with distance, we might assume that the length of the arrows reduces by a factor of [0.5]. However,
the pathways [XA] and [YB] are defined to be equal in length, such that rotation of the arrow for each path is the same for
monochromatic sources of the same frequency. However, what we are describing is just one of many ways photons might end
up at [A,B] as two separate or independent process, such that the combined probability amplitude and direction is given by [2]
and illustrated in the inset diagram on the right above. Of course, we might now realise that there are other possible
permutations between sources and destinations.

The rules applied to this example are just the same as outlined above, i.e. the length of each arrow is a function of distance and
identical in the case of [XB] and [YA]. We might also assume that the difference between the distance [XA] compared to [XB]
and [YB] compared to [YA] is relative small in comparison to the actual distance; such that the length of arrow is essentially the
same as the previous example, e.g. [0.5]. However, given the estimated speed of rotation for red light, i.e. 36,3000, even a small
difference in length, between the two examples shown, could result is a substantial change in the rotation of the arrows. Of
course, both examples above simply represents different ways that need to be combined as per the rules implied in [2], e.g.

Given that each configuration leads to arrows having the same length, i.e. probability amplitude, the orientation of the arrows
when combined might led to a superposition of the final arrow length being some maximum or minimum. As such, this example
is alluding to the observed phenomena of inference. While this review is only a small subset of the examples in Feynman’s
lecture, the goal was only to provide an initial visualisation of the dynamics of photon interactions within QED, as opposed to
classical mechanics. In the next discussion, we will consider the issue of ‘electron interactions’
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1.2.5.1.3

Electron Interactions

In the previous introduction to Feynman’s QED model covering the basics of photon interactions, it was suggested that this
model could not predict whether a given photon would be reflected or transmitted by a glass block, only that we might
calculate the probability. In this context, the following probabilistic rules were defined:
1.

If an interaction can happen in alternative ways, we add the probabilities associated with each possible way.

2.

If an interaction can be described as a succession of steps, then we multiply the probability of each step.

Again, we are not being too rigorous in any of these definitions as the goal is simply to provide some visual counterpoint to the
mathematical complexity that is really required to describe any of these processes. Therefore, this discussion of basic electronphoton interactions will also continue with the premise of Feynman’s model based on rotating arrows, which allows the overall
probability to be defined as the square of the final arrow length, i.e. probability amplitude.

[1]
From our previous discussion of the ‘particle model’ we might described the ‘particle’ components in terms of fermions, rather
than bosons-like photons that act as the mediator of an interaction. Under the heading of fermions, we might focus on the fact
that most stable atoms consist of just 3 particles, i.e. protons, neutrons and electrons, while noting that protons and neutron
are not fundamental particles in the sense that they are ultimately described as an arrangement of up/down quarks. However,
it has already been highlighted that the interaction of quarks is described by another aspect of quantum field theory called
quantum chromodynamics, not quantum electrodynamics, which the primary focus of Feynman’s model. While, we shall only
use the Feynman’s model to provide a general description of the interaction of electrons mediated by photons, the full
description of QED covers all the leptons under the heading of fermions. As such, the interaction of this model reduces to just 3
actions:
1.

Photon can go from one point in spacetime to another.

2.

Electrons can go from one point in spacetime to another.

3.

Electrons can emit or absorb a photon at a given point in spacetime.

Action-1: Photon can go from one point in spacetime to another
While previous discussions have outlined some of the basic concepts, we now need to
consider the wider aspects of the 3 actions starting with the idea of photons moving in
spacetime. From the perspective of a space-time diagram, we would expect the photon
o

to be shown propagating with a velocity [c], such that it might be represented as a wavy line at an angle of 45 , as shown right.
We might also described the dynamics of this photon in terms of its probability amplitude to move from [x1,t1] to [x2,t2], which
we might denote P(AB); although in-line with previous descriptions of optical effect, we would have to consider the sum of all
possible paths between [A] and [B]. However, we might also note that the QED model was not based on an assumption that
light travels in a straight line, only that that the final arrow, i.e. probability amplitude, supports this observation as a net result.
So might QED consider pathways implying slower and faster values of [c]?
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Theoretically, it would appear so, although like non-straight paths, these time variant paths would imply a non-standard value
of [c] that have low probability amplitudes in comparison to the central pathway conforming to [c]. Equally, the slower and
faster pathways effectively cancel each other out over any measurable macroscopic distance.
Action-2: Electrons can go from one point in spacetime to another
The QED model basically describes a particle, such as the electron, moving between
two points in spacetime as a line between [A] to [B], although the velocity of the
particle can now range between v(0..c), such that the angle of the line might now range
o

from the vertical to 45 . It seems likely that the movement of a particle, like an
electron, might also be described in terms of some probability amplitude, which we
might label E(AB). However, while we might reasonably assume a straight-line path in
the absence of a force, as illustrated above, we might also suspect that other less
obvious pathways might also have to be taken into consideration. In the diagram
below, we see two permutations of a 2-stage path [ACB, AC’B] as well as a 3-stage path
[ADEB]. Conceptually, within this model, the electron can change its path between [AB]
in an infinite number of ways through an infinite number of stages. The implications of
having an infinite number of staged pathways is only indirectly addressed within this
QED model, but is linked to a mathematical process called perturbation theory:
Perturbation theory can be described as an approximation method of a more
complicated quantum system. The idea is to start with a simple system, for
which a mathematical solution is known, to which is added an additional
‘perturbing’ Hamiltonian that represents a weak disturbance to the system. If
this disturbance is not too large, the physical quantities associated with the
perturbed system can be extrapolated based on the idea of continuity, i.e. as
small 'corrections' to the simpler system. These corrections, being 'small' compared to the size of the quantities
themselves can be calculated using approximate methods, such as an asymptotic series. As such, more complicated
system can therefore be studied based on knowledge of the simpler one.
The formula for calculating E(AB) is actually very complicated, so the following ‘explanation’ is little more than a
characterization of the process. As implied, the value of E(AB) is the sum of every conceivable way the electron could go from
[A] to [B], which parallels the process previously outlined for photons. However, in the case of the electron description involving
2

multiple steps, there is an additional probability factor applied for each step, i.e. [n ].

[2]
2

4

Initially, we shall simply state that the factor [n] can be less than one, such that the exponentials, i.e. n , n , might quickly
converge to zero for pathways involving multiple steps. While an explanation of [n] is of key importance, we shall defer any
further discussion until after outlining the basic idea of an interaction between an electron and a photon.

227 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
Action-3: Electrons can emit or absorb a photon at a given point in spacetime
In the context of an atomic model, e.g. the Bohr model, an electron sits in a define
energy orbital. However, in quantum mechanics, an electron can transition into another
energy orbital through the emission or absorption of a photon. In QED, and especially
Feynman diagrams, this interaction is described as a ‘junction’ or ‘coupling’ point, which
the diagram right might suggest is taking place between an electron and a photon.
However, this diagram is somewhat misleading, when applied to a free electron outside
an atomic structure, because in normal circumstances a free-electron is not allowed to
emit or absorb a photon based on the arguments of the conservation of energy – see
discussion on ‘virtual particles’. However, the diagram below does have an important
role to play in Feynman diagrams, which will be outlined in more detail in a subsequent
discussions. So, for now, we will simply accept the implication of the diagram above at face value, while noting that some
important caveats need to be applied, at a later stage, which we might also link to another type of ‘coupling constant’. So let us
continue the review of some of examples raised
within Feynman’s lectures, staring with the idea of
2 electrons at initial points (1) and (2), which we
might perceive to end up at points (3) and (4). Of
course, just how many permutations have to be
considered is a key issue. In the diagram on the left,
we see a perfectly logical starting assumption,
although we might realize that if all electrons are
essentially identical, then the outcome on the right
may be equally valid. As such, both diagrams are
valid paths, which we need to resolve in terms of
some probability amplitude. Therefore, to calculate
the probability of electrons at points (1) and (2) ending up at points (3) and (4), we first determine the ‘arrow’ for (1) going to
(3) and (2) going to (4) and, as suggested by the diagram, the ‘arrow’ for (1) going to (4) and (2) going to (3). Finally, we add the
two arrows as an initial approximation of the final probability amplitude arrow.
But what other paths might have to be considered?
Based on earlier descriptions, it seems that almost
every conceivable pathway has to be considered,
which in the case of electron-photon interaction
includes the possibilities. In the diagram right, we
see the suggestion that as the electron proceeds
from point (1) to (3), a (virtual) photon is emitted
at point (5) and then absorbed at point (6). From
the perspective of the initial and final states, the diagram above might be said to be identical to the previous diagram discussed
and therefore is representative of an alternative path with its own probability amplitude. While this may already appear to be
getting impossibly complex, we might hope that the convergence suggested by perturbation theory might come to the rescue.
However, before discussing how this might help, we need to consider yet another complication in terms of the next diagram:
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It has been suggested that a photon can have probability
amplitudes associated with a velocity being both slower and faster
than [c]. Another non-intuitive possibility is suggested in option (c)
above, reflecting the conceptual idea that the photon emitted at
[5] may occur after it is absorbed at [6], i.e. photons can travel
backwards in time. While we will not pursue this idea in any detail,
at this stage, it is highlighted that there is an interpretation, known
as the ‘Transaction Interpretation’, which explores the implications
of this idea. However, for now, we will simply assume that we are
only dealing with a mathematical method for calculating
probability. One other illustrative example from Feynman’s lecture involving an electron and photon interaction, which might
be also be described in terms of the scattering of light analogous to ‘Compton scattering’. If described in terms of a particle
collision, involving an electron and photon, we might have an expectation of the electron and photon coming together and
ricocheting off each other in different directions. However, while inset (a) might appear to be generally representative of this
idea, what QED appears to be describing in inset (a) is the
inference that the electron ‘absorbs’ the photon, continues for a
little bit, then splits back into a electron and photon. In contrast,
inset (b) suggests an alternative in which the electron first emits a
photon before then absorbing another photon. Finally, inset (c)
suggests an even stranger sequence in which the electron first
emits a photon, as per (b), but then travels backwards in time
before absorbing another photon. However, an electron which
appears to move backwards in time can be described in a different
way, as an anti-particle of an electron, which has positive charge,
i.e. a positron. Given that we are simply introducing some of the
general ideas of QED, we will just say that every fermion particle has an anti-particle, which might be said to have a probability
amplitude that travels backwards in time and when colliding with its counterpart, annihilates releasing energy in the form of a
photon-pair. Clearly, there can be many more permutations, which now involve photons as the electron goes between two
points that introduce another type of couplings, as originally suggested above, i.e.
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While returning to one part of the original example above, i.e. inset left, we might also speculate on even more complex
pathways. If we return to the form of equation [1], we see that there was a coupling index [n] assigned to each stage of the
pathways between source and destination. In essence, we see a similar situation in the diagrams above, although we might
realise that any coupling involving an electron and photon might be defined in terms of a different set of physical attributes,
such that we might label it [j] instead of [n]. Let us consider the example on the left first:

[3]
In [3], we see the probability amplitude of the electron probability E(15) and E(53) coupled via [j] to the emission of a photon
probability P(56), which is absorbed and affects the probability amplitude of the path E(26) and E(64). Of course, it is clear that
the inset diagram on the right has more combinations, which we might quantify in the following way:


Every electron path, i.e. straight line, has a probability amplitude E(mn).



Every photon path, i.e. wavy line, has a probability amplitude P(mn).



Every coupling point has a [j], i.e. [5,6,7,8]

So in the second diagram, we have four (4) electron paths, two (2) photon paths and four (4) coupling points, which are all
combined as per [2]. However, if we review all the previous diagrams showing the possible paths between [1,2] and [3,4], we
started with a diagram with no photons, i.e. no [j] coupling points, then one with two [j], as shown in equation [2] and finally
the diagram on the right above would have four [j]. Without really explaining the nature of [j], it has a value [j<0.1], such that
2

4

[j <0.01] and [j <0.0001], such that we might recognise that while adding increasingly improbable paths is possible, they do not
necessarily add much to the final probability of an observed outcome.
But what physical interpretation is given to the couplings [n] and [j]?
The coupling indices [n] and [j] will be touched upon in slightly more detail in a subsequent discussion, while the goal at this
point is simply to suggest a physical basis of the interaction processes previously described.


Coupling Parameter [n]:
In a way, the parameter [n] might be described as the rest mass of an ideal electron, which goes from [A] to [B] via
the most direct path. However, the previous examples have indicated that this single path assumption is false, such
that ‘real’ rest mass [me] of an electron, as measured experimental always includes the corrections of the lower
probability paths.



Coupling Parameter [j]:
The second coupling parameter used by Feynman is denoted as [j] and is connected with the charge [e] of the
2

electron. However, today, it is more commonly discussed in terms of the fine structure constant [α], where [j =α] and
2

[α] is proportional to [e ].
So, as implied, if electrons only went from point to point by the most direct route in spacetime, [n] and [m e] would be the same
for an electron. However, this appears not to be the case, as ‘real’ electrons are said to emit and absorb a photon, which
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suggests that its probability amplitude also depends on [j]. As such, the
experimentally measured values of electron mass [me] and charge [e] differ from
the coupling parameters [n] and [j] used in the calculations of the probability
amplitude. Equally, when making these calculations, all possible coupling points
must be taken into consideration, i.e. to a conceptual resolution where these
points are effectively separated by zero distance. Of course, once the idea of

Richard Feynman
I can live with doubt, and uncertainty,
and not knowing. I think it's much more
interesting to live not knowing than to
have answers which might be wrong.

zero is introduced into a mathematical equation, the risk is that it can yield an infinite value, which is actually what happened in
QED. So there is an aspect associated with both [n] and [j] that leads to infinities in the calculations of the probability
amplitude, which needs to be discussed in the wider context of ‘QED renormalisation’.
1.2.5.1.4

Atomic Interactions

The previous discussions linked to Feynman’s QED model were essentially constrained to fundamental photon and electron
interactions. However, we might still use this model to make some general statements about other interactions within the
atomic particle model, e.g. electron-proton; although this type of interaction is normally considered to be part of the remit of
QCD, not QED.

We might consider both diagrams above as being representative of a hydrogen atom consisting of a single central proton, but
where the electron is now maintained at some distance through an exchange of photons acting as the force mediator of what is
classical described as an electromagnetic force. However, we can see that the diagram on the right is an extension of this model
in which a photon is first absorbed and then another emit at a later time. In part, we might suggest that this second model is
analogous to the scattering of light by an electron in an atom. As an approximation we might also describe the proton nucleus
of the hydrogen atom as a particle as stationary in space, where the coupling parameter [n] must now reflect the measured
mass of the proton, not the electron. We might also realise that the photon exchanges between the proton with positive
+

-

charge [e ] and an electron with negative charge [e ] might involve a reversal of the sign of the coupling parameter [j], e.g.

[1]
So what we are effectively describing is the process of ‘classical reflection’ not in terms of light bouncing of the surface of a
material, but as a more fundamental electron-photon interaction within the structure of an atom. As such, we will need to
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come back to qualify the proton-electron interactions via mediating photons of electromagnetism in terms of ‘virtual photons’.
So, within the limitations of this model, we might describe a hydrogen atom as a system in which the electron orbital is
maintained by exchanging photons between the particle concept of a central proton and ‘orbiting’ electron. However, to
extend this model to helium, i.e. two protons and two electrons, we need to note that two electrons in an atom orbital cannot
have identical quantum numbers, due to Pauli’s exclusion principle, which extends to other ½-spin fermions, but not integer
spin bosons, like the photon. As such, we might still describe the electrons of the helium atom, with opposite spin, as occupying
the same orbital, i.e. 1s shell. Clearly, if we now try to extend this model to a lithium atom, which has 3 protons and 3
electrons, we might recognise that the third electron must be associated with another electron orbital further away from the
proton nucleus. Elements, such as lithium, having only one electron in an outer orbit form the common group known as metals,
which have the property of being good conductors, i.e. the outer electron can easily become a free electron. In contrast, helium
with its complete inner shell is an insulator in the form of an inert gas. While we should not push this model too far, it might still
be said that the particle model builds on the same 3 actions defined by QED, i.e.


Photons go from one point in spacetime to another, i.e. P(AB)



Spin-½ particles go from one point in spacetime to another, i.e. E(AB)



Electrons emit or absorb a photon at a given point in spacetime, i.e. [j]

Of course, while these actions may appear simple, the probability permutations that they can describe appear infinite in more
ways than one. As such, just knowing these rules is just the first step in understanding the complexity of all photon interactions.
Ultimately, the simplisticity of this model has to given way to mathematical complexity, but hopefully the general principles
embodied in Feynman’s model description have provided some useful insights as we now try to extend in this on-going
overview of quantum field theory.
We always have had a great deal of difficulty in understanding the world view that quantum mechanics represents. At
least I do, because I'm an old enough man that I haven't got to the point that this stuff is obvious to me. Okay, I still get
nervous with it. And therefore, some of the younger students, you know how it always is, every new idea, it takes a
generation or two until it becomes obvious that there's no real problem. It has not yet become obvious to me that
there's no real problem. I cannot define the real problem, therefore I suspect there's no real problem, but I'm not sure
there's no real problem. Richard Feynman
While it is hardly scientific, humans often have an intuitive feeling whether a ‘solution’ is right because there is a simplistic
elegance to its description. This ‘feeling’ is often equated to the law of parsimony, or Occam's razor, which suggests that if
competing hypotheses predict equally well, then the one with the fewest assumptions should be selected. However, at this
point, many may begin to wonder whether much of modern quantum theory feels intuitively right because it lacks the elegance
of simplisticity. Of course, in the absence of any alternative hypothesis, it is possible that the universe actually requires this
complexity to describe it most fundamental building blocks, although our intuition might still tell us otherwise.
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1.2.5.2

Quantum Concepts

We started this discussion of post-war developments in quantum theory anchored
in the description of the particle model. However, within this process, the
ambiguity of the wave-particle duality appears to have been subsumed into the
semantics of conceptual point-particles and quantum fields. However, the physical
reality of such concepts also started to be questioned within the development of
the development of QFT mathematics, which appeared to be based on evermore
abstracted concepts. In fact, it might appear that Feynman’s QED model is little
more than a set of rules, which facilitate the calculation of probabilities for some
given experimental configuration. However, we cannot ignore the fact that if we
repeat the same experiments, many times, the probability empirically derived
from experiments also corresponds to the calculated probability, when expressed
as a ratio of the number of occurrences per the total number of trials.
Is there a consensus of opinion on such issues?
While the description of quantum theory as a set of mathematical rules for
determining the probabilities of macroscopic events may not be completely
accepted, even by practicing physicists, they probably prefer to focus on the
success of quantum theory to formulate, predict and underpin the success of the
sub-atomic particle model to-date. They may also like to highlight that the view of
quantum theory as ‘just’ a probability theory is one held by those to have failed
to grasp the ‘tangible’ details within its mathematical abstraction. Of course, this

Marvin Chester
Meaning does not reside in the
mathematical symbols. It resides in
the cloud of thought enveloping these
symbols. It is conveyed in words; these
assign meaning to the symbols.

is a suggestion that must exclude most of the human race.
So is it only ignorance that questions quantum theory?
This is a question you must really answer for yourself, as to some extent it depends on what you believe the purpose of science
to be. For example, some may support Niels Bohr’s apparent position in respect
Ludwig Bolztmann

to the science of quantum mechanics:

How awkward is the human mind in
“the purpose is not to disclose the real essence of the phenomena, but

divining the nature of things, when

only to track down, so far as it is possible, relations between the

forsaken by the analogy of what we

manifold aspects of our experience.”

see and touch directly.

In essence, this might be described as a pragmatic epistemological position, which simply accepts that there will always be
limits to the scope of knowledge, especially in the quantum realm that cannot be overcome. As such, the requirement to
describe any sort of physical reality beyond the ability of mathematics to predict certain outcomes may be little more than a
‘fool’s errand’. While this may ultimately be true, others have continued to question the value of science that appears to reject
the existence of any meaningful objective reality. So, for anybody taking their first steps into this subject, like me, Feynman’s
lectures are a great starting point, as they give you a chance to obtain some broader perspective on the abstraction without
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being overwhelmed by mathematics. However, in many respects, Feynman’s
lectures seem to be the exception rather than the rule; for it now appears that most
descriptions of quantum field theory are dominated by mathematics with little
attempt to explain, or justify, the theory in any physical terms. For this reason, this
section will ‘attempt’ to link some of concepts which were introduced in Feynman

Kedar Joshi
Certainty is the most vivid condition
of

ignorance

and

the

most

necessary condition for knowledge.

model in terms of some sort of physical description:


Virtual Particles



Coupling Constants



Bare Parameters



Renormalisation



Symmetry

Again, the goal is only to try to provide an introduction of some of these concepts

What are virtual particles?

in a fairly descriptive manner, which bypasses the most of the mathematical

They are the can of worms you are

complexity.

just about to opened.

1.2.5.2.1

Virtual Particles

As we expanded the discussions of Feynman’s QED model of electron interactions, many of the diagrams started to include
pathways representing with what possibly have to described as 'conceptual' quantum interactions between an electron and a
photon. For example, it was highlighted that aspects of Feynman diagrams might be misleading, when applied to a free electron
outside an atomic structure, because in normal circumstances a free-electron is normally not allowed to emit or absorb a
photon based on the arguments of the conservation of energy. In the context of an early atomic model, e.g. the Bohr model, an
electron sits in a define energy orbital, although the electron can transition into another energy orbital through the emission or
absorption of a photon. In this context, we might consider the photon as representing an energy exchange defined by its
frequency [E=hf]. However, in QED, and especially Feynman diagrams, this interaction is described in terms of a ‘junction’ or
‘coupling’ point, e.g.

Previously, in classical mechanics, the idea of a force might be related to a potential field, such that one particle acts on another
by producing a gradient at a distance. However, in quantum field theory, the idea is explained in terms of a change in
momentum of a particle, i.e. electron, as it emits or absorbs a boson, i.e. photon, such that momentum is transferred by the
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boson. However, in the first diagram on the left above, it might be argued that there is a violation of the conservation of
energy, when considered from the rest frame of the incoming electron. In this frame, the electron only has rest mass energy,
2

i.e. E=m0c , while after the collision we have an electron, with the same rest mass energy, moving with respect to the original
frame, i.e. it has additional kinetic energy, plus there is the addition of the photon energy. We might also have to consider
whether the annihilation of the electron and positron shown on the right leads to any violations of the conservation laws.
So do Feynman diagrams allow any violation the conservation of energy and momentum?
In practice, the way the Feynman diagram resolved this issue was to proposed

Matt Strassler

that these 3-particle vertices only appear as part of a larger diagrams, never in

The best way to approach the virtual

isolation, such that the internal lines can be said to never exist as free particles

particle concept, I believe, is to forget you

and are therefore not constrained to have the correct mass for their particle

ever saw the word 'particle' in the term. A

type. In fact, virtual particles are described as having mass, even when they

virtual particle is not a particle at all. It

are part of massless forms, such as photons. Within in this apparently abstract

refers precisely to a disturbance in a field

descriptions, such particles are known as ‘virtual particles’ to which the

that is not a particle. A particle is a nice,

relativistic energy equation may not necessarily apply for the brief moment of

regular ripple in a field, one that can travel

their ‘existence’:

smoothly and effortlessly through space,
like a clear tone of a bell moving through
the air. A 'virtual particle', generally, is a

[1]

disturbance in a field that will never be

In the QED approximation method known as perturbation theory, the particle
system being illustrated can go through intermediate ‘virtual states’ that have
a different energy to the initial and final states, which we might link to

found on its own, but instead is something
that is caused by the presence of other
particles, often of other fields.

the ‘uncertainty principle’ when expressed in terms of time and energy. However, because these intermediate states only last a
very short time, i.e. they are essentially transitory, the energy state of the system can be uncertain. However, while the idea of
virtual particle may have become part of the quantum reality of modern theory, others still question this reality:
“Virtual particles are part of the imagery of quantum field theory. They are figurative language for abstract
mathematics, used by experts and laymen as imagery for giving abstract recipes for calculating scattering amplitudes an
appearance of intuitive meaning. However, any attempt to take this language literally gives a very misleading and
unscientific view of the microscopic world………… Thus it seems impossible to place the superficial virtual particle picture
on a sound scientific footing. It is a picture valid only if restricted to the superficial level where no detailed inquiries are
made. It is like ordinary people using the word ghost to describe a fleeting but fear-provoking experience. It makes sense
only as long as you don't ask about their precise properties. But once you start asking how fast a ghost is travelling,
things no longer make sense, since the concept of a ghost is not intended to be applied literally.”
Professor Arnold Neumaier
In practice, the electron-positron annihilation vertex, illustrated in the diagram above, cannot exist in terms of just one photon
by the conservation of momentum, but in the form of a photon pair, where the resulting momentum sums to zero, as
illustrated below.
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So, to summarise, when an electron–positron annihilation occurs, the collision results in the creation of a pair of photons. i.e.

[2]
The net result of this process must satisfy a number of conservation laws, which includes the conservation of charge,
momentum and energy. As such, this forbids the creation of a single photon although this process is allowed within the
isolation of a single vertex of the Feynman diagram.
How can colliding ‘particles’ result in a charge attractive force?
It appears that that the answer also lies in Heisenberg's uncertainty principle. For example, when calculating the probability
amplitude that some amount of momentum [p] gets transferred between two particles, localised in spacetime, the uncertainty
principle implies that any accuracy associated with the momentum must be accompanied by a corresponding uncertainty in
position. In fact, it is assumed that a virtual particle with definite momentum [p] has a wavefunction with no definite position.
Since the wavefunction is essentially everywhere, the photon can be created by one particle and absorbed by the other,
irrespective of their relative positions to each other. As a result, if the momentum transferred by the wave is orientated away
from the receiving particle towards the emitting one, the effect appears to be an attractive force.
How real are the wavefunctions?
Clearly, it is possible to continue this debate simply by citing different opinions. However, for now, it might be sensible to
simply accept that Feynman diagrams should not necessarily be interpreted literally, i.e. they do not represent physical
trajectories. However, the uncertainty principle does appear to support the suggestion that virtual photons can impart
momentum, which may be interpreted as either an attractive or repulsive force.
The calculational tool represented by Feynman diagrams suggests an often abused picture according to which “real
particles interact by exchanging virtual particles”. Many physicists, especially non-experts, take this picture literally, as
something that really and objectively happens in nature. In fact, I have never seen a popular text on particle physics in
which this picture was not presented as something that really happens. Therefore, this picture of quantum interactions
as processes in which virtual particles exchange is one of the most abused myths, not only in quantum physics, but in
physics in general. Indeed, there is a consensus among experts for foundations of QFT that such a picture should not be
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taken literally. The fundamental principles of quantum theory do not even contain a notion of a “virtual” state. The
notion of a “virtual particle” originates only from a specific mathematical method of calculation, called perturbative
expansion. In fact, perturbative expansion represented by Feynman diagrams can be introduced even in classical physics,
but nobody attempts to verbalize these classical Feynman diagrams in terms of classical “virtual” processes. So why such
a verbalization is tolerated in quantum physics? The main reason is the fact that the standard interpretation of quantum
theory does not offer a clear “canonical” ontological picture of the actual processes in nature, but only provides the
probabilities for the final results of measurement outcomes. In the absence of such a “canonical” picture, physicists take
the liberty to introduce various auxiliary intuitive pictures that sometimes help them think about otherwise abstract
quantum formalism. Such auxiliary pictures, by themselves, are not a sin. However, a potential

Myths and Facts

problem occurs when one forgets why such a picture has been introduced in the first place and

Hrvoje Nikolic

starts to think on it too literally. Hrvoje Nikolic
1.2.5.2.2

Coupling Constants

Another concept raised by the Feynman QED model was connected to the
idea of different types of coupling constants, e.g. [n] and [j]. However, as an
initial generalisation, a coupling constant might be said to be any number that
helps quantify the strength of some interaction. For example, Newton's
gravitational constant [G] can be described as the coupling constant for
gravitational interactions. In contrast, electromagnetic interactions are said to
involve a coupling constant, which is often referred to as the ’fine structure
constant’. As previously demonstrated, we might described a particle
interaction as a process in which the probability amplitudes [A] of various
alternative paths have to be calculated and combined in order to determine
some overall probability. We might characterise this process in the following
way:

State of Play
In the 1970's, the original standard model
of particle physics contained 19 physical
constants covering the masses of the
particles and the strengths of the
electroweak and strong forces. Today, the

[1]

standard model requires 25 physical
So, based on [1], we see that the final probability amplitude is calculated as a

constants, which have no real explanation

sum of a series of terms with increasing powers of the generic coupling

other than that they appear to be

constant [g]. More specifically, low energy electromagnetic interactions can be

fundamental constants of nature.

defined in terms of the dimensionless fine structure coupling constant [α], which is small in comparison to unity, such that
higher powers, as suggested in [1], quickly become negligibly small. However, there are cases where the coupling constant can
be greater than unity, such that the higher powers in [1] become bigger, not smaller. Such situations cannot be addressed by
perturbation theory and require another theory, which specifically describes strongly coupled interactions, e.g. quantum
chromodynamics as opposed to quantum electrodynamics.
How were these constants determined?
Historically, the idea of the ‘fine-structure constant’ can be traced back as early as 1916 and linked to the issue of the observed
atomic spectral lines, as first predicted by the Bohr model. The first physical interpretation of the fine-structure constant [α]
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was as a ratio of the velocity of the electron in the first circular orbit of the relativistic Bohr atom to the speed of light in the
vacuum. However, the idea of the ‘coupling constant’ can also be described in terms of the ‘Lagrangian’ or ‘Hamiltonian’ of a
system being split into a ‘kinetic’ part and an ‘interaction’ part, where the coupling constant determines the strength of the
interaction part with respect to the kinetic part. As such, the idea of a coupling constant would come to assume some
importance in the domain of quantum field theory and its description of particle interaction.
Where does the fine structure constant fit into the Feynman diagram?
In the context of Feynman diagrams, as previously discussed, a vertex connection is a

Physical Constants

place where ‘particles’ can be created or annihilated. In the case of the

A physical constant is a universal

electromagnetic interaction there is only one basic vertex which couples a photon to a

constant that is dimensionless, i.e.

charged particle with strength proportional to its charge. For interactions of photons

it has no associated units, such

with electrons, which ignore the issue of spin, the vertex factor is of size [-ge], where

that its numerical value is the

[ge] can be described as a dimensionless coupling constant, which represents the

same under all systems of units.

strength of the interaction between the particle and the force carrier, i.e. the photon,

The best known example is the

at that vertex. From a classical perspective, we might suspect that an electromagnetic

fine structure constant [α] with

interaction might been proportional to the electromagnetic force, such that the

the approximate value 1/137.036

coupling strength would also be proportional to the electric charge of the particle, i.e.
Max Born
If the fine structure constant [α]
were bigger than it really is, we
should not be able to distinguish
matter from ether and our task to
dis-entangle the natural laws

[2]

would be hopelessly difficult. The
As already highlighted, this number is small and in Feynman diagrams, which use the

fact however that alpha has just

symbol [j], each successive vertices contributes less and less to the final result, such

its value 1/137 is certainly no

that the sum can be cut-off at a given level of precision.

chance, but itself a law of nature.
It is clear that the explanation of
this number must be the central
problem of natural philosophy.

[3]

However, despite the apparent logic associated with [2] and [3], you might still wonder as to the actual derivation of [αe]
including [1/ħc]. In this respect, you are not alone as its derivation also puzzled the inventor of the Feynman diagrams as
suggested in the following quote:
“(the coupling constant) has been a mystery ever since it was discovered more than fifty years ago, and all good
theoretical physicists put this number up on their wall and worry about it. Immediately you would like to know where
this number for a coupling comes from, is it related to [pi] or perhaps to the base of natural logarithms? Nobody knows.
It's one of the greatest damn mysteries of physics, a magic number that comes to us with no understanding by man.”
Richard Feynman: 1985
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While some progress on the source of the fine structure constant has been made since Feynman statement in 1985, it is still an
issue of debate. However, rather than pursuing this debate at this stage, the following table simply provides some correlation
between the equations and various related values:
Variable

Electromagnetism

Gravity

Force

Coupling
Constant

β-constant
α-constant)
Ratio of

-19

In the table above, the electromagnetic example is based on the charge between two electrons, where [e=1.60*10 C].
In contrast, the example used for the gravity calculation are based on the gravitational mass of two protons, where
-27

[mp=1.67*10 kg], but which also have the same, albeit opposite, charge as an electron. Therefore, the ratio of the
electromagnetic and gravitation coupling constants shown at the bottom of the table is reflective of the comparative strength
of these two fundamental forces, i.e. the gravitation force is some 36 orders of magnitude small than the electromagnetic
force.
What about magnetic forces given that we are describing electromagnetic interactions?
-

Starting from the classical idea of an electron as a particle of negative charge [e ], it was reasonable to assume some form of
angular momentum related to both its ‘orbital’ motion and ‘spin’. Continuing with the classical description, spin might be
perceived as the electron literally rotating about an axis with angular momentum [L], where the magnetic moment [μ] is
defined as:

[4]
Here [me] is the measured electron rest mass, while the angular momentum [L] might be interpreted as the spin angular
momentum, the orbital angular momentum, or even the total angular momentum. However, irrespective of which definition is
used, the classical prediction was shown not to agree with experimental data by a factor [g], i.e.
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[5]
However, the implied generality of [4] can be focused on the spin magnetic moment for an electron by adopting the following
notation:

[6]
Where [S] denotes the electron spin angular momentum and the spin factor [gS≈2], which is approximately twice that predicted
by classical mechanics.

[7]
In this context, [mS] is the spin quantum number and the spin factor [gS] was originally linked to the Dirac equation and thought
to have a value of (2), but subsequently determined to have the value of:

[8]
While the value shown in [8] is only two thousandths larger than the value assumed by the Dirac equation, this correction is
said to describe an ‘anomalous magnetic dipole moment’ of the electron, which arises from the electron's interaction with
‘virtual photons’. The one-loop contribution to the anomalous magnetic moment of an electron is found as follows:

[9]
As such, [9] returns us to the idea of the fine structure constant [α]. Originally, the experimental data linked to the fine
structure spectra of a hydrogen atom and the Stern-Gerlach experiment, showing the deflection of charged particles in a
magnetic field, suggested that an electron has an intrinsic angular momentum, independent of its orbital angular momentum.
Subsequently, it was shown that there were only two possible states for quantized spin angular momentum, i.e. [±½]. While
classical mechanics could support the idea of both angular momentum and a magnetic moment linked to a spinning sphere of
charge, it quantized value of [±½] could not.
But what about Feynman’s [n] constant?
As Feynman outlines, the parameter [n] is actually associated with the mass of the fermion particle, e.g. electron. However, we
need to review this concept within the wider context of ‘bare parameters’.
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1.2.5.2.3

Bare Parameters

The previous Feynman’s QED model also introduced a parameter, labelled [n],
which appeared to ‘weight’ the probability amplitude associated with a given
conceptual pathway along which a particle might move in spacetime. While this
parameter is not really discussed in any detail, it was suggested that this
parameter masked a fundamental problem at the heart of quantum
electrodynamics,

which

of ‘renormalisation’ to

be

was

only

discussed

later
next.

resolved

through

However,

before

a

process
discussing

renormalisation, there may be some value in trying to outline a concept
sometimes known as ‘bare parameters’ that are linked to the determination of
mass and charge of a particle like the electron; although we shall start with
another questioning quote:

Scott Adams
Scientists often invent words to fill the
holes in their understanding. These
words are meant as conveniences until
real understanding can be found.
Words such as dimension and field and
infinity are not descriptions of reality,
yet we accept them as such because
everyone is sure someone else knows
what the words mean.

“It is rather remarkable that the modern concept of electrodynamics is not quite 100 years old and yet still does not rest
firmly upon uniformly accepted theoretical foundations. Maxwell’s theory of the electromagnetic field is firmly
ensconced in modern physics, to be sure, but the details of how charged particles are to be coupled to this field remain
somewhat uncertain, despite the enormous advances in quantum electrodynamics over the past 45 years. Our theories
remain mathematically ill-posed and mired in conceptual ambiguities which quantum mechanics has only moved to
another arena rather than resolve. Fundamentally, we still do not understand just what is a charged particle.
Walter Gandy
The only purpose of the previous quote is to act as a counterpoint to the apparent acceptance of the mathematical concepts
being discussed having physical reality. While the quantum description might ultimately be proved correct, or possibly more
correct in its predictions, there may still be some benefit in a little scepticism as, in practice, a ‘bare’ charge is never seen and
we only ever measure an effective charge shielded by polarized virtual electron/positron pairs.

However, the existence of a larger ‘masked’ charge may be seen as a valid conclusion of high energy-momentum interactions in
as much as they approach closer to the central charge, as illustrated in the diagrams above. However, in QED, the bare charge
of an electron is actually considered to be infinite and due to the field-energy near this infinite central charge, the bare mass of
the electron is also considered to be infinite. We might try to add to this description of the bare mass by making reference to
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the apparent infinite self-energy of the electron in connection to its own electromagnetic field. So, in this context, quantum
field theory had to face up to some serious theoretical difficulties, which appeared to result in infinite contributions, when
computed using the perturbation techniques in the early days of QED development.
Is there any parallel to the classical calculation of force as the radius approaches zero?
Actually, the issue known as the ‘electron self-energy problem’ was also recognised within classical electromagnetic field theory,
linked to the electron being assigned a finite size. In this context, the charge on an electron generates an electromagnetic field,
such that the forces between the charge and the field produced a type of electromagnetic tension around the particle. This
2

‘tension’ corresponds to the internal energy stored within the field, but according to Einstein’s most famous equation [E=mc ],
this energy must also have an equivalent mass. This process of ‘self-interaction’ between the electron's field and its own charge,
then adds to the effective mass of the particle. The earliest models of the electron as a finite charged sphere had a classical
radius [r0]:

[1]
From [1], we might approximate the electromagnetic self-energy as follows:

[2]
Based on [2], it seemed that the rest mass of an electron was essentially electromagnetic in origin; although experiments
suggested that the electron radius was much smaller than the value [r0] shown in [1]. For example, recent high-energy
electron–positron scattering experiments suggest an upper limit to the electron radius as:

[3]
So, over the years, a number of physicists have tried to develop schemes to avoid the apparent divergence of the
electromagnetic self-energy of a point-particle electron, e.g. Dirac and Feynman to name just two. However, we might simply
generalise the main arguments for the purposes of this discussion.


Point charges are quantum ‘objects’ and, as such, classical electrodynamics breaks down as the quantum domain is
approached.



Point charges do not exist as ‘real’ particles having a finite size, such that the problem is one of mis-interpretation the real
nature of the wave-particle.



By a process of mathematical formalism, the radius of a charge can be reduced to zero without introducing infinities.
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As a result, the early phase of post-war developments struggled to reconcile the ideas of classical electromagnetism with the
quantum perspective of the electrodynamic properties of electrons, photons and other elementary particles. However, while
the first two points above might have been a natural assumption in quantum field theory, there was still the practical problem
connected to its calculations, which appeared to produce an infinite answer for the mass [n] of an electron, as used in
Feynman’s QED model. Finally, in order to try and resolve this
problem, the idea of ‘renormalization’ was introduced in which the
electron was given an infinite ‘bare’ mass that would cancel out the
infinity arising from its self-energy. The ‘measured’ mass was then
defined as the difference between these two infinities, which returned
a finite quantity and appeared to be support the process of
renormalisation, at least, in terms of the experimental results, if not
the theory.
1.2.5.2.4

Douglas Adams
"It is known that there are an infinite number of
worlds, simply because there is an infinite
amount of space for them to be in. However,
not every one of them is inhabited. Any finite
number divided by infinity is as near nothing as
makes no odds, so the average population of all
the planets in the Universe can be said to be
zero. From this it follows that the population of

Renormalisation

the whole Universe is also zero, and that any

We might introduce the general concept of renormalisation as a

people you may meet from time to time are

mathematical method in which an infinite theoretical limit is then

merely products of a deranged imagination."

converged towards some finite measurable limit. Based on the
previous description of ‘bare parameters’, we might realise why this

A Source of Infinity

approach might be of value within Feynman’s QED model. Of course,

The infinities in QED originate in the fact that

as the previous discussion also tried to point out, it is not just quantum

the measurement of the electric field [E] in

theories that have struggled to reconcile infinities. For example, if we

identically prepared systems tends to differ,

step back to the classical description of an electromagnetic field, we

due to the electric field being subject to

also run into a problem with infinity:

quantum

fluctuations.

Therefore,

adjacent

measurements of the field, e.g. at points [x] and
[x+a], are effectively independent and so can
fluctuate relative to one another. As a result, a
quantum electric field are said to be subject to
infinite

fluctuations

at

vanishingly

small

quantum scales, which are not seen at a

[1]

classical scale.
In [1], we see the classical interpretation of the force between two
charges [q1,q2], which can also be interpreted as an electric field strength [E] surrounding charge [q1], as measured by a unit
test charge [q2]. While there is an implied infinity as the radius [r] is increased, the limit of [E] in this case falls to zero, such that
there is no infinity associated with any measurable value. However, we can see that this is not the case as the radius [r] falls to
zero, implying that [E] increases to infinity. In terms of any physical interpretation, we might realise that there is a problem with
the theory, as expressed in [1], as the radius approaches zero, even though measured values of [E] appear to conform to [1] for
all other values, i.e. [r>0]. However, we might also approach this problem from a practical perspective, e.g. physical particles
have to occupy some physical volume, which would then put some lower limit on the radius in [1] on the basis that point
charges with zero radius cannot exist physically.
But why raise this issue at this point?
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In some respect, Feynman’s QED model is still predicated on the idea of
a point-charge in as much as when making calculation of the
probability amplitude, all possible coupling points are taken into
consideration, i.e. to a conceptual resolution of zero distance. The
apparent consequence of this possibly overly abstract model is that the
energy associated with the electric field around the electron becomes
infinitely large, which is not so different from [1]. However, in contrast
to practical limit place on [1] above, QED seems to resort to what
amounts to a mathematical procedure called ‘renormalization’ in order
to remove the infinities from its equations, so that the theory aligns
with experiments. While it appears that this approach is now accepted,
it is possibly true to say that many physicists are still uncomfortable
with some of the assumptions underpinning one of the most
fundamental theories in modern physics. This also extends to some of
the founders of quantum mechanics, e.g.

Infinite Fluctuations
The idea that vanishingly small quantum scales
giving rise to infinite fluctuation appears to be at
the root of the problem within any quantum field
theory, because the derivatives of a field [E]
diverge as the separation scale approaches zero.
In perturbation theory, such fluctuations lead to
a divergence of the sum of the pathways
included

in

the

probability

amplitude

calculations, i.e. intermediate paths or states can
be associated with arbitrarily large momentum
and energy. In order to give any meaning to the
probability amplitude calculations, it was first
necessary to ‘regulate’ the scale of the
fluctuations by having a sort of upper limit to the

"Renormalization is just a stop-gap procedure. There must be
some fundamental change in our ideas, probably a change just

energies involved, such that the infinities could
be ignored, if not necessarily explained.

as fundamental as the passage from Bohr's orbit theory to quantum mechanics. When you get a number turning out to
be infinite which ought to be finite, you should admit that there is something wrong with your equations, and not hope
that you can get a good theory just by doctoring up that number." Paul Dirac: 1933
Of course, some might rightly point to the fact that Dirac’s quote originates from the earlier pre-war years of quantum
mechanics, rather than the post-war years of quantum field theory. However, this objection cannot be so easily levelled against
the following quote:
"The shell game that we play ... is technically called 'renormalization'. But no matter how clever the word, it is still what I
would call a dippy process! Having to resort to such hocus-pocus has prevented us from proving that the theory of
quantum electrodynamics is mathematically self-consistent. It's surprising that the theory still hasn't been proved selfconsistent one way or the other by now; I suspect that renormalization is not mathematically legitimate."
Richard Feynman: 1965
However, in fairness, it should also be pointed that 5 Nobel prizes in physics have been won for work heavily dependent on the
idea of renormalization, i.e. 1965, 1979, 1982, 1999 and 2004. The first being Feynman himself for his contribution to QED,
despite the concerns raised above in the same year.
OK, but what about some details?
While the in-depth mathematical details are beyond the scope of this discussion, some attempt might be made to describe the
quantum processes involved. The infinities in QED originate because the electric field [E] linked to identically prepared systems
is subject to random quantum fluctuations. As a result, the quantum electric field does not reflect the smooth undulations as
assumed in classical theory, but rather more like a ‘sea of fluctuations’ that becomes infinite in size at vanishingly small length
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scales. These infinite fluctuation are at the root of the problem of
quantum field theory, because the derivatives of a field [E] diverge as
the separation scale approaches zero. Therefore, in perturbation
theory, the fluctuations at the quantum scale result in a divergence of
the sum of the pathways included in the probability amplitude
calculations, i.e. intermediate paths or states can be associated with
arbitrarily large momentum and energy. In order to give any meaning
to the probability amplitude calculations, it was first necessary to
‘regulate’ the scale of the fluctuations by having a sort of upper limit to
the energies involved, such that the infinities could be ignored, if not
necessarily explained. Of course, the introduction of the upper limit
might appear quite arbitrary, especially given the apparent importance
of quantum fluctuation to the whole premise of quantum theory.
However, while the upper limit is effectively removed at the end of the
calculation, this last step is still the source of much debate within the
renormalization procedure, as a whole, and many still question its

Vacuum Energy
Is the conceptual energy thought to exist in space
even when space is devoid of particles. The
concept of vacuum energy has been deduced
from the concept of virtual particles, which is
itself derived from the energy-time uncertainty
principle.

Using

the

upper

limit

of

the

cosmological constant, the vacuum energy in a
cubic metre of free space has been estimated to
be 10-9 Joules. However, in QED, consistency with
the principle of Lorentz covariance and with the
magnitude of the Planck Constant requires it to
have a much larger value of 10

113

Joules per cubic

metre. As such, this might be an alternative
explanation of the 'source of infinity'

validity.
Is it possible to be a little more physically descriptive of the issues?
So far, it has been suggested that the ‘infinities’ arising from the sum of the paths diverge quickly as energy-momentum values
approach infinity or when the distances involved approach zero. Some of the most serious effects leading to these infinities are
sometimes referred to as ‘ultraviolet divergences’ where the implied frequency [E=hf] links these effects to energy. However,
there are also ‘infrared divergences’ that we might simply link to increased wavelength at this stage.
OK, but what are ultraviolet divergences?
These divergences are linked to the value of the electric charge possessed by the electron, which we might initially describe as a
point charge, situated at some point in space and surrounding this charge is an effect known as ‘vacuum polarization’ to be
described below. Now assume that at some point close to this charged particle, a ‘virtual’ pair of particles is created, e.g. an
electron and positron, which the laws of conservation require annihilate in a very short period of time. The time period being
defined by Heisenberg’s energy-time uncertainty relationship:

[2]
We might try to represent this process in diagram (a) right,
where the ‘virtual’ photon also leads to the creation of the
virtual electron-positron pair within the electric field of the
electron lying along the path [E]:
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The inset (b) above represents the creation of other virtual particles
that take place outside the effective electric field at [E], which are
therefore considered to have no observable effects on [E]. However,
in the context of inset (a), the electric field [E] does have an opposing
effect on the virtual electron-positron pair due to their different
charge polarity. As such, the virtual electron is repelled by [E], while
the virtual positron is attracted, such that a small physical separation
is created during their brief existence. In fact, based on the previous
discussion of Feynman’s QED model, we might assume that this
process of virtual particle creation and annihilation is taking place all
the time, which leads to the model of ‘vacuum polarization’ that inturn reduces the measured value of the electron charge.

Vacuum Energy
Is the conceptual energy thought to exist in space
even when space is devoid of particles. The
concept of vacuum energy has been deduced
from the concept of virtual particles, which is
itself derived from the energy-time uncertainty
principle.

Using

the

upper

limit

of

the

cosmological constant, the vacuum energy in a
cubic metre of free space has been estimated to
-9

be 10 Joules. However, in QED, consistency with
the principle of Lorentz covariance and with the
magnitude of the Planck Constant requires it to

Note: As described, vacuum polarization might be forwarded
as the physical basis of charge renormalization, where the field
surrounding the electron induces a small charge separation in

have a much larger value of 10

113

Joules per cubic

metre. As such, this might be an alternative
explanation of the 'source of infinity'

virtual electron-positron pairs momentarily created out of the vacuum. This process then reduces the charge of the
electron from its infinite ‘bare value’ to its observed or measured value; although we might still wish to question an
infinite value of the bare charge in any form of physical reality.
So while the idea of vacuum polarisation seems plausible, we still might have a nagging doubt as to why the scale factor
between the bare and measure value of charge, and by association its mass, is effectively infinite. Of course, we might now see
why the idea of an upper limit or ‘cut-off’ was introduced in the outline above. However, irrespective of any gut-feel regarding
renormalisation, it is now appears to be a required, and a generally accepted, feature of QFT, and in particular QED, in order to
obtain any meaningful finite answer for the probability amplitude of a given interaction. So given that this discussion cannot
resolve this debate, we might simply table a question:
Does the need for renormalisation question the validity of any quantum field theory?
Based on the argument that the results obtained using renormalisation appear to be supported by experiments, it validity may
be said to be justifiable, if not verifiable. As such, it is possibly only the lack of any obvious physical process that is being
questioned. However, Feynman also raised another aspect to this debate, which we might also wish to consider:
“So the framework of amplitudes has no experimental doubt about it: you can have all the philosophical worries you
want as to what the amplitudes mean, if indeed they mean anything, but because physics is an experimental science and
the framework agrees with experiment, it’s good enough for us so far.”
To be honest, I have a profound problem with this position. Not in respect to the assertion that physics is an experimental
science, as clearly any science needs to be verified by experiments, but rather with the inference that this is all science aspires
to be. For it would seem for many, the goal of science should extend beyond just a mathematical models, which while capable
of predicting the probability of an given quantum overcome, may not yet be able to explain whether, or why, it should be
accepted as a true description of physical reality – whatever that means.
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1.2.5.2.5

Symmetry

While the concept of symmetry is not one that has been touched in the
previous QED model, it is a concept of some importance in the general
description of quantum field theory. Therefore, it seems worthy of some
introduction at this point. In the field of physics, symmetry has come to
imply some form of ‘invariance’ or lack of change, typically when subject to
a coordinate transform. This concept is particularly important in quantum
physics, because it would seem that all the laws of nature reflect some form
of fundamental symmetry. At the classical level of reality, we have an
intuitive idea of an object being symmetric, e.g. under rotation, although we
might also understand that this attribute of physical symmetry may only be
an approximation. For example, if we examine a classical object under a
microscope, we might quickly realise that physical imperfections are not
replicated in perfect symmetry. Of course, these imperfections in the
definition of classical symmetry may have no real impact on the physics of

Quantum Symmetry

classical everyday objects, because classical results might be said to

While we might accept the idea that some

implicitly represent an approximation. However, at the quantum level of

form of symmetry could become exact,

reality, the mathematical description of symmetry of quantum objects, e.g.

when applied to very simple objects, our

electrons, ceases to be an approximation. So, in contrast to a classical object,

normal intuition is that such a property

a quantum objects, such as an electron, has a very limited number of states

should not unduly affect the physics of such

of existence. In plain English, we might simply say that an electron has to

objects. However, this assumption was to

remain perfectly symmetric under any transform change.

be proved wrong in the quantum realm.
The situation was summarized by Richard

But how does such an idea change the physics?

Feynman as follows: "if there is a physical
situation in which it is impossible to tell

At one level, we might simply assume that if a classical object only has

which way it happened, it always interferes;

approximate symmetry, then a more exact symmetry would only facilitate

it never fails." The word 'interferes' in this

the need for a small increase in accuracy in the underlying physics. However,

context is simply a way of saying that such

the assumption that exact symmetry in quantum objects would only make a

objects fall under the rules of quantum

small difference, i.e. based in the accuracy of the approximation, appears to

mechanics in which they behave more like

be incorrect. In fact, when a quantum object is defined in terms of its

waves that interfere than like everyday

symmetry, it also implies that the rules of classical physics cease to be

large objects.

applicable and the system must be modelled using the more complex, and
typically far less intuitive, rules of quantum physics. So while we have not been too specific about the details of symmetry, it
might still be generally understood as to why the idea becomes more important in quantum mechanics. When physical systems
make the transition from classical to quantum objects, the idea of symmetry changes from an approximation to an exact
description, which also has implications on the mathematics. In fact, it is often argued that the underlying nature of a quantum
objects becomes so closely associated with its mathematical descriptions that it becomes the only meaningful description, i.e.
the idea suggests that physical objectivity may become a meaningless concept; although such an idea is still subject to
much philosophical debate.
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1.2.5.2.5.1

An Outline of Gauge Theory:

In the current context, ‘gauge invariance’ corresponds to ‘gauge symmetry’ that can be associated to the property of an
unobserved field, which when subject to different configurations results in identical observable quantities. A theory that
supports such a property is called a ‘gauge theory’, while a transformation from one such field configuration to another is
associated with a ‘gauge transformation’. So gauge invariance is a type of symmetry that describes the property of a field to
undergo a transformation that still results in the same identical observable quantities.
We can also introduce the idea of gauge symmetry in terms of classical electromagnetism. For example, an electric field
can result in an observable quantity called the potential difference, i.e. voltage, which is a relative measure typically
defined with respect planet Earth. Of course, it would be possible to choose another ‘zero’ reference to measure the
relative potential [V] of the electric field. However, given that the potential [V] can be parameter of Maxwell's equations,
so must any other measure of potential after the appropriate gauge transformation. Therefore, the laws of physics
governing electricity and magnetism, as defined by Maxwell equations, are invariant under gauge transformation, such
that Maxwell's equations must have the attribute of gauge symmetry.
So this kind of ‘invariance’ under a transformation also comes under the general description of symmetry, but as outlined, this
attribute becomes increasingly important in any quantum description. In fact, the suggestion is that gauge symmetry becomes
so important in the ‘field’ of quantum mechanics that we might wish to consider its role in unifying quantum mechanics with
electromagnetism, i.e. quantum electrodynamics. In this context, gauge symmetry must apply to both electromagnetic waves
and electron waves from which it might be inferred that both of these symmetries have to be related. Therefore, if some gauge
transformation is applied to electron waves, then a corresponding transformation must be applicable to the potentials that
describe electromagnetic waves. As such, it appears that a gauge theory can be linked to a field theory, where the fields and
potentials are described by a symmetry group, i.e. the gauge group. As highlighted, classical electrodynamics exhibits gauge
symmetry because it is invariant under redefinition of the electrostatic potential, which ultimately aligns to the conservation of
electric charge. However, in quantum theory, the phase of the wave function describing a system can be changed without
altering the outcome provided that all wave functions are changed in the same way, everywhere in space. So, in a gauge theory
there has to be a group of transformations of the field variables, i.e. the ‘gauge transformations’, which leave the physics of the
quantum field unchanged and it is this requirement that defines the ‘ gauge invariance ’ and the symmetry governing its
equations. Theoretical physicist adopted the idea of gauge invariance because it appear to be fundamental to so many ‘particle’
interactions, i.e. gravitational, electromagnetic, strong, and weak, such that it has become a building block of the standard
model.
1.2.5.2.5.2

An Application of Symmetry:

So, over time, the idea of symmetry has become accepted as an important concept, which was then applied to the weak and
the electromagnetic interactions of hadrons; and later, extended to encompass low energy, strong interactions. This said, the
initial development of this idea appeared to have reached a restrictive limit, around 1967, when some of its predictions were
seen to be in conflict with experimental data. Therefore, during much of the 1950’s and 1960’s, it may be fair to say that
progress in classifying, and understanding, the ever-increasing number of hadrons only reflected the general idea of symmetry.
So, while symmetry did become a fundamental concept of modern particle physics, it is probably true to say that it was initially
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only used as a tool to help the organisation and classification of particles. However, the theoretical idea of symmetry was to
receive support in the form of two developments in the second half of the 1950’s:


Lee and Yang realised that parity is not conserved in the weak interactions



Yang and Mills extension of spin symmetry to a local symmetry, analogous to the gauge invariance in QED.

Yang and Mills essentially introduced a new framework to describe elementary particles, which is still used in the foundation of
most elementary particle theories. However, while it is claimed that its predictions have been successfully tested, its
mathematical foundations are still another matter of debate. However, the perceived success of the Yang-Mills theory lies in its
ability to describe the strong interactions of elementary particles in terms of what is often termed the ‘mass gap’ in which all
quantum particles have positive masses, even though its wave-like properties travel at the speed of light. Later, it was noted
that in quantum field theories, symmetries could be realized in different ways. For example, it was possible to have the
Lagrangian [L] invariant under some symmetry, although this symmetry could not be maintained in the vacuum ground state. In
this case, it was said that symmetry was ‘spontaneously broken’. When symmetry is broken in the global context, the boson is
described as having zero mass and spin. If the symmetry is broken in the local context, the ‘global’ boson disappears and is
replaced by a gauge boson with mass, which is then associated with the ‘Higgs mechanism’ . In 1967, Steven Weinberg and
Abdus Salam independently proposed a gauge theory of the weak interactions that unified the electromagnetic and the weak
interactions and made use of the Higgs mechanism. Their model incorporated an idea previously forwarded by Sheldon
Glashow, in 1961, as to how a gauge theory might be used to describe weak interactions in which the weak force was mediated
by gauge bosons. Originally, Glashow approach had been questioned because of its dependency on gauge bosons with mass
and the suspicion that such a theory would not support renormalisation. Only later, in 1972, did Gerard ’t Hooft proved that this
was not the case and so gauge theory and the mathematical framework of symmetry in QFT continued to play a major role in
the development of modern particle physics.
1.2.5.3

Quantum Interaction

While accepting that mathematical abstraction is now deeply embedded in
the description of quantum field theory; it is possible that such descriptions
are only meaningful to those who have had many years of exposure to such
concepts. Therefore, in previous sections, we started to review the idea of
'quantum dynamics’ in terms of Feynman’s QED model. In this respect, this
section is a continuation of a more descriptive overview of the quantum
dynamics used to describe the most elementary particle interactions. Such
interactions can encompass the very small and very fast, which requires
consideration of both quantum mechanics and special relativity, which
underpins QFT. As has been suggested, the entirety of QFT is both very broad
and mathematically complex; therefore this section of the discussion will

Conservation Laws
Quantum interactions are still subject to a
number of conservation laws. These 'laws'
are

in

addition

to

the

classical

conservation laws, such as conservation of
energy and charge, which still apply to all
particle
quantum

interactions.

Two

conservation laws

additional
are the

conservation of baryon number and the
conservation of lepton number.

continue to focus on a more visual description QFT, which is embodied in the idea of Feynman diagrams. While the technical
aspects of these diagrams extends beyond the previous Feynman QED model, it should be recognised that these diagrams are
still primarily an aid and not a full description in themselves. The fundamental interactions of QFT are actually described in
terms of an invariance of internal symmetry transformations known as local gauge transformations . As a result, the dynamics
of electromagnetism, the weak interaction and the strong interaction can also be described in terms of local gauge theories,
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which have now developed to form the theoretical basis of the standard model of particle physics. The verification of this model
is said to rest on three sources of experimental data:


Collisions in which particles are fired at one another and the details of

Entropy & Decay

the resulting scatter or the emission of new particles analysed.

Entropy

suggests

that

any

localized

particle of finite mass should be unstable,



Observation of the spontaneous decay of one state into other states.



Observation of states in which one or more particles are bound together

higher entropy. This idea is stated in terms

to form composite particles with specific properties.

of the 'totalitarian principle' in which every

since decay into smaller particles provides
a distribution into a lower energy state or

process that is not forbidden must occur.
While such benchmarks suggest that the standard model has passed all

Therefore, any decay process which is not

experimental checks to-date, it is possibly worth saying that few actually

observed

believe this model to be the final word on this subject. Therefore, despite its

occurring by some conservation law.

must

be

prevented

from

successes, it should be recognised that the standard model is not complete or
capable of fully predicting the outcome of many fundamental interactions. For example, apart from the more obvious omission
of any form of gravitation unification, electroweak theory and quantum chromodynamics are also not fully unified, which then
requires many parameters to be inserted manually based on data established by experimentation, but not explained by theory.
However, we shall start with the most basic components of the particle model, which come under the heading of fermions,
which are then sub-divided into leptons and quarks. While this model fragments into many hundreds of potential particles, it
might be said that most of the world around us is built from a very small subset of just 4 fundamental particles:
Leptons

Quarks

electrons

e

up

u

e-neutrino

νe

down

d

But we now know that there are (at least) two extensions of the particle set above that appear to differ by mass:
Leptons

Quarks

muons

μ

strange

s

μ -neutrino

νμ

charm

c

Leptons

Quarks

tau

τ

truth

t

τ -neutrino

ντ

beauty

b

This sub-division of particles is sometimes classified in terms of generations, i.e. I, II, III, in which the prime difference appears
to be increasing mass. Why this is so is still an open question that the model does not really answer. However, these
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generations of particle also differ in their ‘lifetimes’ such that the subsequent generations, i.e. II and III, are extremely short
lived. In order to describe the ‘interactions’ between this mix of fundamental particles, we might still reference the classical
notion of the fundamental forces, which are simply listed below, but were previously outlined under the heading: ‘Forces versus
Interactions’:


Gravity



Electromagnetic



Weak Nuclear



Strong Nuclear
Wave-like Interactions

So while we might reduce the complexity of all potential particle

The wave-like quantum behaviour of individual

interactions to a very small subset, we still need to offer some sort of

particles is rarely seen because particles tend to

explanation of the process of interaction. Earlier discussions have

interact with their environment, i.e. via gravity

alluded to the possibility that this process might be accomplished using

and electrical interactions plus thermal radiation.

one of a number of mathematical formulations, but these approaches

These interactions result in a transition from

are not necessarily easy to understand in any descriptive way, due to

quantum to classical states due to a behaviour

an inherent complexity, which requires an in-depth understanding of

called decoherence. Decoherence has been

many mathematical concepts. However, there may be a way to extend

observed in electrons, atoms, small molecules

the level of visualisation of some of the key particle interactions using

and more recently in macroscopic objects.

the technique known as ‘Feynman diagrams’.
1.2.5.3.1

Feynman Diagrams

Feynman diagrams are pictorial representations of the behaviour
of subatomic particles, named after the physicist Richard
Feynman, who first introduced them, around 1948, as part of the
development of quantum electrodynamics (QED). However, the
diagrams have subsequently found application in quantum field
theory, in general, where the theoretical calculation of probability
amplitudes requires the use of rather large and complicated
integrals over a large number of variables. Feynman’s key insight
was to realise that these complex integrals had a regular
structure, which could be represented in a graphical form. As
such, a Feynman diagram can describes a number of possible
‘paths’, which can join and split as a graphical representation of
what is now described as:
"a ‘perturbation’ contribution to the transition amplitude
of statistical field theory".
However, this statement may not actually explain anything to most people and therefore may work better as a justification as
to why we shall only focus on a basic interpretation of the diagrams:
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So where to start?
As an example of the type of problem that QFT/QED attempts to

Feynman Diagrams

describe, let us consider the interaction between an electron and a

Essentially, the diagrams can be thought of a

positron, where the positron is the anti-particle counterpart of the

graphical way

electron. As such, the positron has an electric charge of [+e] plus ½-

interaction. The point where lines come together

spin and the same mass as an electron. Normally, when a low-energy

is called a vertex, and at each vertex, the

positron collides with a low-energy electron, we might expect

conservation laws are invoked, which governs

annihilation to occur, resulting in the production of two or more

subsequent particle interactions. For each vertex

gamma-ray photons. However, in practice, there are several

must conserve charge, baryon number and

permutations of this collision, where the outcome depends on the

lepton number. Only lines entering or leaving the

dynamic cross-section of the particles, which turns out to be a

diagram represent observable particles.

to

represent

a

sub-atomic

function of energy [E] that will be detailed further in a subsequent
discussion. However, we shall begin with a particular variant of this particle-pair collision known as Bhabha scattering, which
can be described as the scattering of an electron off a positron involving the exchange of a photon.

The first Feynman diagram on the left represents the electron emitting a photon at the upper vertex, which is then absorbed at
a later time by the positron at the lower vertex, such that time moves to the right. It may therefore seem strange that this
collision has also to be described in terms of the positron emitting a photon, which is then absorbed at a later time by the
electron, as shown in the middle diagram. For it turns out that to in order to determine the probability, both the left and middle
processes have to be summed together, such that the photon is finally represented by the vertical wavy line, as shown in the
right-hand inset. At this point, its needs to be highlighted that the spatial representation within a Feynman diagram should not
be taken literally, as the lines do not necessarily reflect a particle’s physical trajectory. However, in the current discussion, the
horizontal axis might be interpreted as time, although there appears to be no fix convention as to whether time is shown on the
horizontal or vertical axis. Therefore, the orientation adopted in subsequent diagrams will always be clarified in each of the
following discussions. Either way, there is no direct correspondence in the diagram to any classical notion of distance. However,
in the context of the diagram above, the arrows on the lines might be interpreted as identifying a particle moving forward in
time to the right, as opposed to an anti-particle moving backwards in time, when pointing to the left. We might try to initially
clarify this situation in the diagram below, where the arrows on an anti-particle point away from initial-state vertex and a vertex
involving final state particles.
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General Note: It is important to recognise that a vertex is simply a symbol, it does not represent tracks of particles in
space and it is not a space-time diagram. Normally, the diagram is read from left to right, where the left-hand side
reflects the particle states before the interaction and the right-hand side showing the particle state after the interaction.
There is no explicit convention as to whether the time axis is vertical or horizontal. However, a forward facing arrow
usual denotes a particle travelling forwards in time, while a backward facing arrow might initially be interpreted as a
particle travelling backwards in time, it also represents an anti-particle travelling forwards in time.
By way of a clarification of some of the general rules associated with these
diagrams, photons effectively act as their own anti-particles and therefore carry
no arrow label; although in the case of the photon, a separate line type is used by
way of identification. In the case of the Bhabha scattering example, the photon is
also an ‘internal line’ that begins and ends within the diagram, which implies that
this particle cannot be physically observed within the context of this interaction,
i.e. it is a virtual particle. This conclusion might also be interpreted from the fact
that the photon’s existence appears to start and end at the same point on the
+ -

time axis. However, the interaction of the particles [e e ] in the initial state and
+ -

the appearance of ‘another’ set of particles [e e ] in the final state might also
occur by yet another completely different mechanism, whose diagram is obtained
o

by rotating the final diagram by 90 . In this case, the electron and positron first
annihilate and in the process create a photon, which at a later time converts its
+ -

energy back into another [e e ] pair. As such, we are alluding to two general
classes of particle interaction, i.e. scattering and annihilation, in which each Feynman diagram reflects the probability
amplitude for each potential interaction. However, in practice, the calculation of a specific outcome requires the sum all
possible ‘paths’ to be taken into account and, so far, only 2 possibilities of Bhabha scattering have been illustrated. In the
following diagram, we see the suggestion of many other possibilities:

However, this is not necessarily a major problem since there is a ‘coupling constant’ associated with each vertex connection, as
illustrated above. For it turns out that the coupling constant in this case is small and each successive vertices contributes less
and less to the final result, such that the sum can be cut-off at a given level of precision. This procedure is formally described by
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a perturbation series expansion, but depends crucially on the coupling being small, i.e. < 1. However, this issue is far more
problematic when it comes to describing strong interaction, where the couplings can be much larger.
1.2.5.3.2

Feynman Rules

Feynman is quoted as saying that to learn QED you have two choices: “you can go through seven years of physics education or
read my book”. However, this was really a tongue-in-cheek comment linked to his simplified model to understanding
QED, as previously reviewed. While much of this section follows the format of Feynman’s QED model in order to avoid
addressing the mathematics of QED head-on, Feynman diagrams are really only an initial interpretative tool, which leads to a
mathematical formalism known as ‘Feynman Rules’. The following Feynman diagram is only presented as an example of the
increasing complexity:

General Overview
Feynman

diagrams

are

representative of the underlying
mathematics of Feynman rules,
which depend upon an interaction
Lagrangian. In QED, the interaction
Lagrangian describes an interaction
of a fermionic field with a bosonic
gauge field.

However, while this discussion cannot avoid all the mathematical complexity
implied by the diagram above, we might side-step most of it by only considering the

Descriptive Rules

simplest of diagrams, which completely ignores the issue of quantum spin. We will

# Each integration coordinate is

start with an introduction of some of the rules associated with the diagram above:

represented by a vertex.
# A bosonic propagator is

1.

The first rule is simply pragmatic, such that for the process of interest, we

represented by a wiggly line

draw a Feynman diagram with the minimum number of vertices.

connecting two points.
# A fermionic propagator is

2.

The lines can be annotated to identify the particle types, e.g. e , e , while

represented by a solid line

the arrows on each line suggest a direction in spacetime, such that

connecting two points.

-

+

antiparticles, e.g. positron e , would 'appear' to be moving backwards in

# A bosonic field is represented by a

time.

wiggly line attached to the point.

+

# A fermionic field is represented by
3.

The incoming and outgoing particles can also indicate 4-momentum [p1,

a solid line attached to the point

p2..pn]. The idea of 4-momentum is an extension of the classical concept

with an arrow toward the point.

of 3-dimensional momentum to 4-dimensional spacetime.

# A fermionic field is represented by
a solid line attached to the point
with an arrow from the point.
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4.

Internal momentum can also be labelled, denoting the difference using [q1, q2..qn].

5.

At each vertex is a coupling factor [-ig], where [g] is a coupling constant that quantifies the strength of the interaction,
which can be related to the fine coupling constant [α] as follows:

6.

We also need to calculate the probability amplitudes for each line, which in practice are solutions of the Dirac
equation for electrons, i.e. spin particles, and the Klein-Gordon equation for photons, i.e. no spin particles. However,
in the context of Feynman diagrams they are called propagators and for the purposes of this simplified discussion, we
shall only consider a generalised propagator, where the mass of an electron would be [m e], while the mass of a
photon would be zero:

7.

Each vertex has a delta function, which we might initially describe as representing the idealized point mass or point
charge of the associated line particle. At this stage, we shall simply characterise this function in the form:

In the expression above, [kn] reflects the 4-moment of the particles at a given vertex. If the arrow leads outward, then
[k=p or q] is minus for that line. The delta function [δ] is required to conserve momentum, at each vertex, such that
the total momentum might be considered to go to zero, such that this function returns a value of 1.
8.

Finally, we need to integrate over each internal 4-momentum [kn] not fixed by the energy-momentum conservation
with a weight given as follows:

However, integrating over all possible momentum configuration leads to a divergent integral, which is ultimately
resolved by renormalisation procedures.
So based on the previous steps, we arrive at an integral that reflects the probability amplitude of the Feynman diagram, as a
whole, although this is expressed in terms of a permutation of [M] probabilities:
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In practice, the actual calculations can be very complex, which is why Feynman implied that understanding this process can take
7 years of graduate education. Therefore, we shall consider these rules in the context of two examples, i.e. tree
diagrams and loop diagrams, which are gross simplifications of, not only the mathematics, but the actual physics. However, it
is hoped that this simplification may, at least, serve as an introduction of the basic ideas, if not the actual details.
1.2.5.3.2.1

Example-1: Tree Diagram

The diagram below is an abstraction of a particle interaction, where two particle [A+A] form the initial state of the system,
which then undergo an interaction, such that the final state of the system is [B+B]. For the purpose of this example, we need
not be specific as to the type of particles involved and it should be note that the orientation of the axes has changed, such that
time is now represented on the vertical axis.
Tree Diagrams
In QED, there are two basic types of treelevel Feynman diagrams. 1) A 't-channel'
diagram in which the electrons exchange
a photon. 2) A 'u-channel' diagram,
which is sometimes referred to as
crossing symmetry. See Mandelstam
variables for more details.

However, we can also described the diagram above in terms of the momentum associated with some initial state as [p1+p2],
while the final state momentum is [p3+p4]. So let us now consider the first coupling point:
Feynman Propagator
The propagator represents the
probability amplitude for a particle to
travel from one place to another in a
given time or to travel with a certain
energy and momentum. Propagators
are used to represent the contribution
of virtual particles on the internal lines
of Feynman diagrams.
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To the left of the diagram, we can see that some form of interaction has taken place, signified by the red dot, which results in
red [A] forming green [B] and yellow [C] with an associated coupling factor [-ig]. There is also a suggestion that the initial state
moment [p1] must now be reflected in [p3] and the internal momentum of [C], i.e. [q]. Note, the simplicity of this example is not
really considering [C] as a virtual particle , which may violate the normal assumption of the conservation of momentum within
the bounds of the uncertainty principle; although the laws of conservation are always maintained at the vertex or coupling
junction. However, we might realise that the following coupling point also has to be defined:

The Delta Function
Can be thought of as representing a
narrow, but large amplitude, which
when integrated has a value of unity.
As such, it is sometimes thought of as
an infinitely high, infinitely thin spike at
some point in spacetime that is
representative of an idealized point
mass or point charge with a
normalised value of unity, which was
originally introduced by Paul Dirac.
If we view this interaction from the perspective of momentum, then yellow [C]
has a momentum derived from the previous interaction, i.e. [q=p1-p3], which is
then combined with the momentum of red [A], i.e. p2, and imparted to green [B].
However, the main point being raised at this stage is that any integral over all
2

pathways now has to account for the product of both coupling points, i.e. (-ig) . If
we now simply assume that [C] is a particle with mass [mC], we might quantify
the propagator associated with the internal yellow line shown above as:

From a mathematical perspective, the
Dirac delta is not strictly a function,
because any extended-real function
that is equal to zero everywhere,
except at a single point, must have
total integral zero. Therefore, the delta
function is only permitted as a
mathematical object, when it appears
inside an integral, where it is defined
as a distribution..

[1]
At this point, it might be worth reminding ourselves as to the overall process being developed. We are seeking to quantify the
probability amplitude for the entire diagram illustrated above, which has been generalised in terms of Feynman’s rules:

[2]
In order to build the integral implied by [2], we need to combine the product of the coupling factors with the propagator in [1],
i.e.
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[3]
Based on [2], we also need to build the delta [δ] functions, which are required to comply with the conservation of momentum
at each vertex-coupling. As such, the left-hand diagram below shows that [p1=p3+q], while the right-hand diagram shows that
[p4=p2+q]:

Alternatively, we might defined the momentum relationships in the diagram above, where red signifies inbound and blue
outbound, in the following form:

[4]
Based on [4], we can now specify the delta functions for this example as follows:

[5]
Therefore, based on the generalised integral in [2], we have to add these terms to our expanding expression:

[6]
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Again, as required by [2], we now need to extend the integration of [6] to all internal lines, which in this example is just a single
2

instant. Note in the result below, we first expand the square of minus [i], i.e. (-i) =-1, and then move the [i] from within the
integral leaving –[i]

[7]
What we might also note in [7] is the resolution of the internal momentum [qj] in terms of the inbound and outbound
momentum [pj], which as an observable outcome has to comply with the conservation of momentum.

[8]
As such, [8] is a reflection of the conservation of momentum for this interaction as a whole, where the delta function can be
thought of as representing a narrow, but large amplitude, which when integrated has a value of unity. We can now complete
the integral for this interaction by integrating over all internal lines:

[9]
This grossly simplified example of a Feynman diagram is sometimes called a tree
diagram because it does not have any internal loop, which is the subject of the next

Richard Feynman

example. However, it will again be highlighted that this example should only be

A great deal more is known than

considered as a starting point to more in-depth descriptions of both the mathematics

has been proved.

and physics required to really understand these diagrams.
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1.2.5.3.2.2

Example-2: Loop Diagrams

In essence, we start with the same basic premise as the previous example, i.e. two particles [A+A] form the initial state of the
system, which then undergo an interaction, such that the final state of the system is [B+B].

Loop Diagrams
First, a forest diagram is one
where all the internal lines have
momentum, which is determined
by the external lines and the
condition that the incoming and
outgoing momentum are equal at
each vertex - see Tree Diagram. In
contrast, a diagram that is not a
Again, we might describe the diagram above in terms of the momentum associated
with some initial state as [p1+p2], while the final state momentum is [p3+p4]. However,
it is clear that there is some additional complexity regarding the internal paths and
coupling points, which we might quantify in terms of the next diagram:

forest diagram is called a loop
diagram. Two lines joined to each
other can have any momentum,
since they both enter and leave
the same vertex. However, in a
loop diagram, the number of kintegrals, which are left
undetermined by momentum
conservation is equal to the
number of independent closed
loops in the diagram.

Each of the red dots in the diagram above represent a coupling point with a coupling factor [-ig], where the overall process
being developed is generalised in the form:

[1]
4

As such, the integral over all pathways now has to account for the product of 4 coupling points, i.e. (-ig) . However, if we
assume that a particle with mass [mC] is associated with [q1], this mass cannot be maintained at the next coupling point, such
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that we have to assign [mA] to [q2] and [mB] to [q3], which finally recombine to [mC] at [q4]; although we retain the generalised
form of the propagator:

[2]
Unfortunately, we have to add all these permutations to our expanding integral as defined in [1], although the multiples of
4

(i) can be cancelled to [+1] straight away:

[3]
Again, we require that the delta [δ] functions to comply with the conservation of momentum at each vertex-coupling, as
illustrated in the next diagram, where red is inbound and blue outbound.

We can quantify the momentum relationships in the diagram above as follows:

[4]
Based on [4], we can now specify the delta functions for this example as follows:

261 of 329

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

[5]
However, to comply with the specification of Feynman’s rules in [1], we need to combine [3] and [5], while doing a little bit of a
rationalisation of the format:

[6]
While this is beginning to look horrendous, hopefully it can be seen that this process is still a replication of the basic rules laid
out at the start. However, the inclusion of internal loop paths certainly makes this process unwieldy to say the least and we still
have to integrate over all the internal paths, i.e. q1, q2, q3, q4.

[7]
So for brevity, we will simply quantify the expanded integral as a combination of [6] and [7]. However, we need to try and
quantify the internal momentum [qj] in terms of the external momentum [pj]. The best place to start is [4] and re-arranging:

[8]
We can see that there are 2 direct mapping of [q1] and [q4], such that we can substitute these values in [8] back into [5] to get:

[9]
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We can also substitute for [q1] and [q4] into the other 2 integrals:

[10]
As such, [9] and [10] now allows us to progress the combination of [6] and [7]

[11]
However, we know from [4] and [8] that:

[12]
Therefore, we can now substitute for the [q2] term in [11] such that:

[13]
This allows us to update [11] to:

[14]
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At this point, we have one more numerator term in [14] that we would like to resolve in terms of the delta [δ] function.
Examination of [8] shows that there two equivalences for [q2+q3] that suggest this expression collapses to zero. We shall
illustrate the substitution that highlight a basic assumption of the particle system being described, i.e. that the inbound
momentum is conserved by the outbound moment:

[15]
So based on [15], we can make another substitution:

[16]
Finally, to satisfy the requirement of the integral define in [1], we have to add the weighting define by the internal line, i.e.

[17]
With the reminder of the weighting within Feynman’s rule we can now complete the integral as follows:

[18]
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This is as far as we can really go in terms of trying to solve the integral for this example as we cannot quantify the scope of [q3]
within the centre of the diagram. For example, if we assume that [q3] can become large, see discussion of bare parameters, the
integral in [18] might be approximated as follows:

[19]
In order to address the implications of [19], the first step might be described as introducing a form of cut-off procedure,
i.e. renormalisation, which provides a finite solution without losing its Lorentz invariance. We might try to quantify this cut-off
in terms of the following factor that is added to the integral above:

[20]
Here [M] represents a cut-off mass, which we might assume to be very large and associated with the idea of the bare mass, as
previously discussed, such that as [M] goes towards infinity, the factor in [20] go towards unity. So, as a generalisation, the
implied infinities associated with the physical values of [m] in Feynman rules effectively ignore the divergent contributions
from higher-order diagrams.
Note: In part, the purpose of presenting these examples was simply to highlight some of the computation complexity
associated with these calculations, which today are automated via computer programmes. Of course, the mere mention
of the word ‘computer’ might draw our attention to the old adage: garbage in, garbage out. However, what might
concern some is apparent level of mathematical abstraction, which now seems to surround this entire subject, such that
we may only hope that the few people capable of following the mathematics are as equally capable of questioning the
physics.
1.2.5.3.3

Collision Notation

At this point, you may be wondering what happened to all the
mathematical notation discussed in an earlier section. However, as
pointed out, Feynman diagrams are primarily a useful visual method
for describing a given interaction, especially in a learning environment;
where the complexity of the mathematical notation may only be the
preferred choice of the mathematician and possibly the theoretical
physicist. As indicated, familiarity of this notation, such that quantum
interaction can be readily understood is not easily acquired and
therefore the following discussion is, yet again, just an overview based
on an interaction referred to earlier as a ‘Bhabha scattering’. As
illustrated, this is an interaction between an electron and a positron,
which annihilates at [x2], producing a [γ] photon of energy. However,
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after a small amount of time, at [x1], the [γ] photon appears to ‘transmute’ back into an electron and a positron. Again, we see
that antiparticles, like positrons, are represented by lines with arrows pointing opposite to the normal direction of time. So
while the diagram above is suggestive of a Feynman representation, the purpose of this discussion is to outline the description
of this collision in a notational form, which extends the Dirac notation introduced earlier.
Note: For reasons that are far from obvious, the reverse numbering [x2] to [x1] seems to be a standard adopted in QFT.
Of course, those of you with a suspicious mind might think it is just another ‘ruse’ to confuse the innocent, but let us
assume not for the moment.
As suggested above, we can described this interaction as the ‘destruction’ of the electron and the positron at [x2] resulting in
the ‘creation’ of a [γ] photon, which is followed by the ‘destruction’ of the photon resulting in the ‘creation’ of an electron and
positron at [x1]. Of course, we might now realise that the [γ] photon exists as an internal event within this collision, such that it
is described as a ‘virtual’ particle, which may not be totally ‘real’ in that it is extremely short-lived and essentially undetectable.
However, if this is the case, might we ask:
Scattering & Annihilation
Is the existence of the photon just a mathematical assumption?

Scattering theory and experiments
underpins one of the key tools in

In some respect, many aspects of the quantum description have always appeared

particle physics. Almost everything

intangible, simply because the theory itself suggests that certain internal

we know about particle physics has

mechanisms of quantum reality are not directly ‘visible’ and may be beyond any

been discovered by scattering

form of direct verification. Therefore, irrespective of the apparent sophistication

experiments, e.g. Rutherford’s

that separates QFT from its origins in QM, the basic outcome is still the same, i.e.

discovery of the nucleus, the

the specification of some form of probability for the outcome of some given

discovery of sub-atomic particles,

interaction. However, the notation used to quantify the mathematical process can

such as quarks. We might model a

be defined in terms of a ‘transition amplitude’ associated with going from some

collision as either elastic or inelastic,

initial state to some final state; where the square of the (transitional amplitude)

2

corresponds to the overall probability of a given interaction.

which may result in scattering,
absorption or annihilation.

So what is different between this QFT notation and QM?
One of the fundamental differences is that QFT defines ‘creation’ and ‘destruction’ operators acting on states, i.e. kets, which
collectively quantify the transition amplitude. We can illustrate the general idea using the following characterisation of
transition amplitude for the diagram above, although the actual notation has been modified for textual referencing and grossly
simplified in some aspects so that the general concept might be more easily understood.

[1]
By way of initial explanation:


+ -

+ -

The ket |e e >x2 represents the initial state of the incoming electron and positron at [x2], while the bra <e e |
represents final state of the outgoing electron and positron at [x1].
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[Ψ(D-)] is an operator that destroys an electron at [x2], while [Ψ(D+)] is an operator that destroys a positron at [x2].



Likewise, [Ψ(C+)] creates a positron at [x1] and [Ψ(C-)] creates an electron at [x1].



[Ac] is an operator that creates a virtual photon at [x2] and [AD] is the operator that destroys the virtual photon at [x1]

When the virtual particle is represented as a mathematical function, it is known as the Feynman propagator, because it
represents the propagation of a virtual particle from one event to another. However, using this notation, we will try to describe
what happens to the ket part of the transition amplitude as we proceed through the various intermediate state interactions. At
+ -

[x2], the incoming particles |e e >x2 are destroyed by the destruction operators, i.e. Ψ(D-) and Ψ(D+), such that the transition
amplitude becomes:

[2]
+

Descriptively, we might say that the destruction operators have acted on the original ket |e e> leaving the vacuum ket |0>, i.e.
there are no particles. The numeric factor [K2] is not explained, at this point, but is required by the formal mathematics of QFT.
Next, the virtual photon propagator, linked to the operator [AC], creates a virtual photon at [x2], which then propagates to [x1],
where it is annihilated by [AD]. This process leaves the vacuum ket |0> on the right along with an additional numeric factor [Kγ]:

[3]
The remaining creation operators in [3] then creates an electron and positron out of
the vacuum at [x1], i.e. the newly created ket |e+e>X1, which is accompanied by a
factor [K1]:

Cross-Section
Both classical and QM scattering
phenomena are often described in
terms of the scattering cross-section [σ].
In this context, collisions are
characterised by a differential crosssection defined as the ratio of the

[4]

number of particles scattered into a unit
solid angle per unit time per divided by

In [4], the ket and the bra now represent the same state, i.e., the same particles at a

incident flux.

point in spacetime, such that the inner product is not zero. At this point, there are
no operators left to invoke, only numeric quantities, which can be moved outside the bracket and re-labelled [S]. However,
inner product of a multi-particle state with itself always equals unity. For example, if we had ended up with a ket different than
the bra, the inner product would be zero, because the two different states would be orthogonal, e.g.

[5]
As such, the illustrative Feynman diagram, which was our starting point, can be described as an evolution of the original state,
i.e. the ket, towards the final state, i.e. the bra. At each step, the various operators act on the ket to change it into the next
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intermediate state and finally arriving at a point where the ket equals the bra and what is left is the ‘transition amplitude’ that
can be used to quantify the probability of the interaction:

[6]
While we shall only provide a brief description of the numeric factors in [7] below, they might be said to depend on each
particle’s momentum, spin, and rest mass:

[7]
Based on earlier discussion, we might realise that the actual solution also depends of an integration process and the probability
of the collision quantified in terms of the scattering cross-sections to be discussed next. However, in QFT, the solutions to the
relevant wave equations are not states, or particle, but rather operators that create and destroy states. As such, different
solutions exist to create or destroy every type of particle, and its anti-particle, which extends way beyond the scope of this
introduction.
1.2.5.4

Quantum Kinematics

In some respects, the previous section of discussions was trying
to strike some balance between the mathematical abstraction
of quantum field theory with some sort of visual framework,
based on Feynman diagrams. However, it might be worth
returning to what might described as the kinematics of
quantum interactions in which a system of particles might still
be described in terms of the energy and momentum
conservation laws. However, we will start with the following
diagram

of

an

electron-positron

interaction,

which

is

deliberately presented in a form more analogous to a classical
billiard ball collisions between two particles, which collide and
then ricochet off each other in different directions. However, in
the quantum realm, the first point of difference with the
description of a billiard ball collision relates to the idea of the

Kinematics
Was originally a branch of classical mechanics, which
described the motion of objects and systems of objects
without direct consideration of the cause of the motion.
In this context, the study of kinematics was often
referred to as the geometry of motion.

scattering cross-section [σ]. Here we might define the cross-section [σ] as being related to the probability of a collision event
happening. We also have to reconcile the idea of a scattering cross-section [σ] collision probability with the transition2

probability amplitude |Ψ| within a Feynman diagram. To do this, we also need to define the idea of a differential crosssection, i.e. [dσ/dΩ], where [Ω] is the solid angle into which the particles are scattered.

[1]
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However, while we might initially consider the cross-section of a billiard ball in terms of its geometry, i.e. its physical radius, a
collision between an electron and positron in the quantum domain has an extended cross-section, which is proportional to the
probability of a wave-particle being scattered by another wave-particle and therefore dependent on other factors, e.g.
wavelength and permittivity plus the ‘shape’ and ‘size’ of the wave-particles. In this context, the scattering cross-section allows
an important comparison of what theory predicts to what experiments measure. In line with the basic diagram above, we shall
assume that the colliding particles have equal relativistic energy [E],
such that we might determine the total energy [ET] as:

Quantum Geometry
While we might consider the cross-section of a
billiard ball in terms of its geometry, i.e. its physical
radius, a collision between an electron and positron
in the quantum domain has an extended crosssection, which is proportional to the probability of a

[2]

wave-particle being scattered by another waveparticle and therefore dependent on other factors,

In the high-energy relativistic range assumed, the electron rest mass
2

energy [m0c ] is assumed to be negligible in comparison to the

e.g. wavelength and permittivity plus the ‘shape’ and
‘size’ of the wave-particles.

kinetic energy [pc]. As a result, we might approximate this collision
in terms of a massless particle travelling close to the speed of light [c], where the differential cross section is independent of
the particle’s rest mass [m0]. For the purposes of this introductory example, we shall also assume that the electron and positron
have no polarization, i.e. particle spin is random. So, based on all these simplifying assumptions, the cross section for electronpositron scattering within the collision frame of reference depends on only two variables, i.e. the individual particle energy [E]
2

and the scattering angle [θ]. However, the cross section still has the units of area, i.e. length , such that we might speculate that
a relationship exists between energy [E] and length in terms of deBroglie wavelength definition:

[3]
So, in the context of all these general assumptions, the cross-section [σ] must be proportional to the square of the wavelength
given in [3]:

[4]
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Despite the number and scope of the approximations made, experiments have shown that, as a generalisation, the higher the
energy of the incoming particles, the more likely they are to miss each other, i.e. the cross section is inversely proportional to
energy [E], as illustrated in the graph below.

However, the actual theoretical prediction for the electron-positron scattering cross section was first derived by H. J. Bhabha in
1935 and has the more impressive form, which we will simply reference.

[5]
Following normal convention, the variable [e] corresponds to the ‘measured’ electron charge, but where the results of Bhabha’s
formula defines the differential cross-section, which is related to the probability transition amplitude, as originally shown in [2].
However, this amplitude is also equal to the sum of two terms as represented by a Feynman diagram.
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The first term in Bhabha’s formula essentially reflects the collision represented in the second diagrammatic component above,
i.e. scattering, while the last term corresponds to the first diagrammatic component, i.e. annihilation, while the middle term in
[5] corresponds to a superposition of these two components. As such, in this context, a Feynman diagram is essentially a visual
representation of the formula for the quantum probability associated with each type of interaction. In the first diagram, the
electron and positron annihilate to form a virtual photon, which converts into another electron and positron. While, in the
second diagram, the virtual photon is exchanged between the electron and the positron. Thus, electron-positron scattering can
occur either in the form of annihilation or scattering, but where both of these processes are said to contribute to the overall
probability. So it is a rule of these diagrams that in order to compute the probability, i.e. the cross section, we first add the
separate amplitudes together, then square the result:

However, the total probability is not simply the sum of the two terms shown, but also the cross term, due to quantum
superposition of these amplitudes. If we include the factors omitted from the proportionality implied in the diagram above, the
formula becomes:

Compared to [4], we might see that the diagrams evaluate to a number without units and might therefore be considered to be
Lorentz-invariant, while the cross section itself is defined in terms of an effective area, which may not be Lorentz-invariant. As
2

such, it is the [1/E ] term that gives the cross section the correct units and the correct properties under Lorentz
transformations.
1.2.5.4.1

Classical Kinematics

From a classical starting point, collisions require a kinematic
description, which we might initially anchor in the idea of an elastic
collision, where the total energy and momentum are conserved.
While this model will require revision as we integrate the ideas of
special relativity with quantum field theory, it might still provide a
useful framework on which to build. Therefore, let us step back and
just consider an elastic collision between two particles with
momentum [p1] and [p2] and mass [m1] and [m2]. As such, [p1] and
[p2] might be described as the initial state of this system, which changes to a final state to be represented by [p3] and [p4]. The
measurement of these variables are initially defined in terms of some laboratory [LaB] frame of reference.
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In the context of the LaB frame, shown above, [p2] is initially
stationary. So, within the initial system defined by particles [p1] and
[p2] we have associated masses [m1] and [m2] with velocities [v1]
and [v2] relative to the inertial LaB frame. However, we might also
define another frame of reference known as the centre-of-mass
[CoM] frame in which it is the centre of mass that is always at rest,
i.e. before and after the collision. As such, the diagram right is
representative of the transform into the CoM frame. While we can
descriptively refer to either the LaB or CoM frames, it is more
convenient to denote these frames within any mathematical formulations using either the unprimed or prime (‘) extension
respectively. As such, we might define the CoM velocity [V] with respect to the LaB frame as follows:

[1]
As defined, the CoM frame velocity [V] is relative to the LaB frame, where [P] is the total momentum associated with the initial
state, i.e. [p1] and [p2], which also suggests that the CoM frame can be modelled as a system with a single central mass [M]
moving with velocity [V]. In the case of the initial state in the LaB frame, [p2=0], such that we might modify [1] as follows:

[2]
Of course, in respect to the CoM frame itself, [V=0] and [p1’=-p2’], such that the CoM frame always has zero net momentum. If
we describe the diagrams above in terms of a non-relativistic collision, we might convert the variables in the LaB frame into the
CoM frame using classical Galilean transformations as follows:

[3]
So, in terms of [3], time is still an absolute concept in both frames of reference. However, in this generalise description of
classical kinematics, we have not really quantified the cause of the particle motion, which in many cases results from mutual
interactions, i.e. there are no external force involved. If so, we might define particle mass [m 1] to be located at position vector
[r1] and the second particle mass [m2] to be located at position vector [r2], where [m1] exerts a force [f21] on [m2]. Equally, using
Newton's third law, [m2] must exert an equal and opposite force [f12=-f21], on [m1], such that we may develop the equations of
motion for an inertial observer:

[4]
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[5]
However, because [f12=-f21], we can further rationalise [5]:

[6]
Where [a12] corresponds to the acceleration of [m1] with respect to
[m2], but possibly a more useful insight is the concept of the ‘reduced mass
[ μ ]’ of the two-particle system:

Scattering Cross Section
The basic concept of a cross section is
defined in terms of an 'area' in which
scattering occurs. While the geometric cross
section of a spherical target can be specified
2

in term of [πr ], the effective radius [r] does
not have to align to its geometric measure.
[7]
In practice, when two particles approach one another, a process of mutual interaction changes the motion of each particle,
such that there must be some form of exchange of both momentum and energy between the particles, which at some level
might be interpreted as a kinematic collision. However, we might now realise that this does not necessarily mean that the two
particles have physically collided as per a billiard ball collision. As such, we might visualise a region, as represented by the
yellow zone in the diagram above, where the effects of particle interaction becomes measurable, such that it might be linked to
the idea of a scattering cross section that is physically larger than the size of the particles involved – see discussion below. Of
course, even at the molecular scale, we might recognise that the particle types involved prior to the ‘interaction’ may not
necessarily correspond to particle types after the interaction. For example, atom [A] might collide with molecule [BC] resulting
in molecule [AB] and atom [C]; although such collision might best be described under the heading of chemistry rather than
QFT. However, the basic description above still applies to many high-energy particle collisions that underpin the theory of QFT
in as much as an experiment can prepare the particles to be in a known initial state, prior to collision, after which measurement
determines the final state. If the theory is analytically correct, it will be able to predict the probable outcome of the final state
of the particles based on the known initial states. While the actual calculations can be very complex and somewhat esoteric, the
basic principle of the conservation of momentum and energy still apply to the overall interaction process. i.e.

[8]
While, for the purposes of this discussion, we need not quantify the nature of any potential energy [U] involved in the collision
process, we might realise that while the total energy [E] must be conserved, potential energy [U] might be converted in to
kinetic energy [T] and vice versus.
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Scattering & Interaction
Neutron scattering involves no charge
repulsion, so there is no appreciable

[9]

scattering unless the impact parameter is
In [9], we see the kinetic [T] and potential [U] energy of the various particles

less than the 'effective radius' associated

before and after the collision, suffixed [B,A] respectively. However, we can still

with strong nuclear interactions. As such,

quantify the kinetic energy [T] in terms of momentum:

the cross section is smaller for a given
target geometry, since the probability for
interaction depends upon the strength
and range of the interaction. In the case
of neutrino interactions, the crosssections are very small, since they
governed by the physics of weak nuclear

[10]

interactions.

The actual conversion of kinetic energy [T] into potential energy [U] and vice versus cannot be quantify in this generic
description, although we can generalise the exchange as follows:
Collision Types
[11]

If there is no change in either the total
kinetic or potential energy before and

Based on [11], we might see that when [Q=0], there can be no change in either

after the collision, we might denote this

the total kinetic or potential energy before and after the collision, which might

state as [Q=0] and class this type of

be said to define an elastic collision. In contrast, when [Q<0], this type of

collision as an elastic collision. If [Q<0],

collision results in a reduction of kinetic energy [T] and a corresponding

this type of collision results in a reduction

increase in potential energy [U], which is referred to an inelastic-endoergic

of kinetic energy [T] and a corresponding

collision. Alternatively, when [Q>0], there is an increase in kinetic energy [T]

increase in potential energy [U], which is

and a corresponding decrease in potential energy [U], which are referred to as

referred to an inelastic-endoergic

inelastic-exoergic collisions. However, we might now use the definition of [Q]

collision. Alternatively, when [Q>0], there

to combine [10] and [11]:

is an increase in kinetic energy [T] and a
decrease in potential energy [U], which
are referred to as an inelastic-exoergic
collision.

[12]

We can also transpose [12] in to the CoM frame, where the total momentum is always zero, such that [p1=-p2] and [p3=-p4],
such that [12] reduces to:

[13]
We might also use the definition of reduced mass [μ], as defined in [7] :
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[14]
Before leaving this classical description, we might try to clarify the concept of the collision cross-section as a classical quantity
that provides information regarding the probability of interaction within some collision process. This process is defined by the
initial and final states of the particles, but where the probability of scattering does not directly relate to the physical geometry
of the target particles. As such, the collision cross-section refers to some effective area over which two or more particle may
interact, e.g. a field, such that there is a probabilistic transition between the initial state to final state. We can start by defining
a differential cross-section [dσ] in the LaB frame in terms of the number of particles associated with the initial and final states.
For the purposes of this definition, we shall consider a particle being scattered with respect to a ‘target’ positioned at the origin
of the LaB frame.

Based on the diagram above, we can see that the scattered particle is measured as passing through a small surface at a solid
angle [dΩ]:

[15]
Where [θ] is the polar angle and [Ф] corresponds to the azimuth angle with respect to the incident direction of the particle
beam. Based on this definition, the differential cross-section is defined as:

[16]
Where [Nb] is the number of incident particles, [Nt] is number of particles placed at the target and Ns(θ,Ф) is the number of
particles scattered through a unit solid angle [dΩ]. While this is not a description of a QFT interaction, it might be better
understood why the semantics of ‘particle’ still permeates much of QFT.
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1.2.5.4.2

4-Vector Momentum

The previous discussion was an attempt to outline some of the basics of classical kinematics, which we will need to extend into
the realm of relativistic particle collisions. In this discussion, the goal is to simply outline how the concept of 4-momentum
develops out of the relativistic energy equation:

[1]
While there is much in Feynman’s QED model that appears to be
abstracted from our intuitive understanding of physical reality, the
previous discussion of the collision cross-section and classical kinematics
might have raised some questions as to how much of a quantum
electron-positron collision can still be physically observed as opposed to
mathematically inferred. In the diagram right, we might define the
electron-positron (p1,p2) pair being associated with an initial state that
can be observed, such that the electron-positron (p3,p4) pair on the right
might be aligned to some final state, which can also be observed or, at
least, measured in some way. The diagram right presents no specific
details as to the nature of the collision within the yellow zone, but it is an
overall requirement that the initial and final observable states must
comply with the conservation of energy and momentum, as well as
charge. In fact, according to Feynman’s rules, the laws of conservation
must be adhered to at all vertex coupling points, e.g. as the point of
intersection in the annihilation example shown right. Therefore, following
on from the previous discussion of classical kinematics, it might be useful
to establish an initial descriptive model, which is essentially classical, so
that the conservation of energy may be considered as a scalar quantity,
while the conservation of momenta has to be considered as a vector
quantity. As such, the inbound positron and electron particles are
assigned energy values (E1) and (E2) and momenta (p1) and (p2)
respectively. As a scalar quantity, the energy of the inbound positron and
electron is combined and assumed to be converted into the virtual
photon during annihilation, i.e.

4-Vectors
Based on the effects of special relativity, the
energy-momentum of a particle can be
expressed in terms of a 4-vector. As such, the
length of a 4-vector is invariant under a
coordinate transformation. The invariance of a
spacetime 4-vector is associated with the fact
that the speed of light [c] is a constant in all
frames of reference. However, the net effect
of the invariance of the energy-momentum 4-

[2]

vector manifests itself in the rest mass energy
However, at this point, it might be sensible to highlight that ‘virtual

of a particle.

photons’ do not necessarily conform to the description of ‘real photons’ ,
when it comes to the conservation of energy. Likewise, we might consider the conservation of momentum, for the annihilation
diagram above, in terms of a 2D model such that the combined momentum of the positron and electron would be the sum of
the [x,y] components of (p1) and (p2).
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Examination of the previous annihilation diagram might suggest that the y-components of
(p1) and (p2) might cancel, leaving only the x-components of momentum being conserved in
the photon. If so, vector geometry would imply:

Energy-Mass Equivalence
In the context of particle
collisions in different frames of
reference, we have to also take
into consideration the

[3]

equivalence of energy and
2

While the suggestion of an analogous billiard ball collision might be inappropriate, in the
current context, it is only intended as a reference model for some of the ideas that still
seem to apply, if the conservation of energy and momentum have to be enforced at all
collision vertices within a Feynman diagram.

mass, i.e. E=mc . As such, the
rest mass can simply reflect the
total energy and momentum of
a system of objects, which is
the same in all frames of
reference related by Lorentz
transformations. In the centre
of momentum [CoM] frame,
the invariant mass of a system
is simply the total energy
2

divided by [c ]. In other
reference frames, the energy
of the system increases, but
when the system momentum is
subtracted, the invariant mass
remains unchanged. If objects
within the system are in
However, as already highlighted, Feynman diagrams should not be taken as a literal

relative motion, then the

presentation of spacetime, where in the case of annihilation the virtual photon may appear

invariant mass of the system

to only exist in time and then only in space in the two diagram above. However, this is said

will differ from the sum of the

to be a consequence of the diagrams being drawn in momentum space and either diagram

rest masses. This also equals

could have been drawn with the photon at an angle, which would have then been more

the total energy of the system

suggestive of some sort of physical propagation in both time and space. In practice, the only

divided by [c ]. For example,

difference between the ‘annihilation’ and ‘scattering’ is in the definition of the initial and

the kinetic energy of the

final states. As such, the differences in the internal interaction is only reflected in how the 4-

molecules in a bottle of gas

momentum of the virtual photon is defined in terms of the external momenta of the

would be measured as part of

particles. However, it may still not be clear as to how energy-momentum is being

invariant mass of the bottle

transferred to and by the virtual particle, i.e.

and therefore interpreted as its

2

rest mass. The same is true for
Is this a particle interaction or some form of quantum wave superposition?

massless particles in such
systems, where their energy

Of course, such question go to the core of QFT, which ultimately has to be quantify in terms

appears to add to the rest

of quantum mechanics, perturbation theory, electrodynamics and special relativity plus a lot

mass.

of abstracted and sophisticated mathematics. However, from the perspective of trying to
gain some general understanding of the physics, it might be worth some initial review of the idea of 4-vectors before further
considering some the mathematical formalism linked to this subject:

277 of 329

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

[4]
Note: For the purposes of this initial introduction, 4-vectors will be denoted with an overstrike, while a 3-vector will be
highlighted in bold.
As indicated, QFT is predicated on combining quantum mechanics and special relativity, such that we might initially describe 4position in terms of a Minkowski spacetime diagram:

[5]
Here (x0,x0’) are the generalisation of time (ct) in two different frames of reference, while (x1,x1’) represent a 1-dimensional
separation in space, such that the spacetime interval [s] or proper time [τ] are invariant in all frames of reference. At this point,
we might simply highlight that the invariance of a spacetime interval [s,τ] is linked to the Lorentz factor [γ]. On this basis, we
might now extend the 4-vector concept to velocity and momentum:
Scale of Collisions
An elastic collision is defined as one in
which there is no loss of kinetic energy
in the collision. So, by the same logic,

[6]

an inelastic collision is one in which

However, in the case of 4-momentum, we might re-arrange the definition of the
scalar component (p0), such that it is linked to energy (E):

kinetic energy is lost in the form of its
conversion to some other form of
energy. At the macroscopic level, all
collisions between objects will convert
some of the kinetic energy into some
other forms of energy, such that no
large scale collisions are perfectly
elastic. However, momentum is
conserved in inelastic collisions, while

[7]

collisions in an ideal gas may also
As such, we might substitute the result in [7] back into [6]:

approximate elastic collisions, as do
scattering interactions of sub-atomic
particles, which are deflected by the
electromagnetic force.

[8]
We might now interpret [8] in two ways. First, by analogy to a Minkowski spacetime diagram, as referenced in [5], which was
shown to lead to an invariant quantity called the spacetime interval. However, there is an implication in [8] that if we plot
energy against momentum, we might end up with another invariant quantity, although this might be best explained in terms of
4-momentum, which is constrained to 1-dimension:
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[9]
In [9], we see the encapsulation of the relativistic energy [E] equation being sourced from the definition of 4-momentum,
where rest mass energy is the invariant quantity in all frames of reference. However, what may not be obvious from the form of
[9] is that this is an expression of the relativistic energy of just one particle, which has an energy associated with (p 0) and a 1dimensional momentum (p1) that is analogous to the rule encapsulated in a Minkowski spacetime diagram, as per [5]. However,
we might clarify this situation in terms of two particles using the notation [p1=u] and [p2=v]

[10]
In the context of [10], the sum of [ pu+pv ] represents the addition of two 3-dimensional vectors in space, such that the result of
the annihilation collision aligns to the form in [3]:

[11]
The angle [θ] is the sum of the incident angle of the particles [u,v] with respect to the horizontal in the annihilation diagram,
o

o

o

2

which if [45 +45 =90 ] reduces the last term to zero. Based on [9], we might give the invariant quantity (m 0c) the label [s],
which will later be discussed in terms of 1 of 3 Mandelstam variables.

[12]
By way of cross reference to standard text, which use natural units, the equation in [12] is often reduced to the following form:

[13]
However, the effects of relativity causes both kinetic energy and momentum to increase in comparison to the rest mass energy,
such that the latter might become negligible in comparison to the other terms in [12]:

279 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
Lewis Carroll
"What's one and one and one and one and
one and one and one and one and one and
one?" "I don't know," said Alice. "I lost count."
"She can't do addition," said the Red Queen."
[14]
While a ‘real’ photon would defined its energy and momentum in terms of [E=hf] and [p=E/c], a virtual photon has some
notional concept of rest mass energy, as defined by [s]. So, by way of a summary:
A virtual particle is said to be ‘off-shell’ because it does not comply with the relativistic equation in [9], because virtual
particles, such as a photon can have (+/-) mass. This type of mass gives rise to the terminology of an ‘off-mass shell’,
which might be better described as ‘borrowed energy’ within the confines of the energy/time variant of the uncertainty
principle. So while the conservation of energy and momentum must apply at the vertex of a Feynman diagram, the
virtual photon associated with either annihilation or scattering can assume an off-shell mass/energy, while all observed
particle remain on-shell.
1.2.5.4.3

4-Vector Kinematics

In part, we are still tracking the basic transition of collision kinematics from 3-dimensional classical physics to 4-dimensional
relativistic physics. The previous discussion has introduced the basic idea of 4-momentum, which links the concepts of
relativistic energy and momentum to 4-dimensional spacetime. However, the use of 4-vector also introduces a step function in
μ

the mathematical formalism in which a point in spacetime is specified by the notation [x ], where [μ=0,1,2,3] and reflects the 4
axes of spacetime:

[1]
μ

μ

As described, [x ] is a four-vector, where the use of an upper [x ] index denotes a contravariant vector, while a lower [xμ] index
denotes a covariant vector. Contravariant and covariant vectors can be linked through the definition of a generic metric tensor
[g]:

[2]
However, the form of the generic metric [g] can best be described in terms of a 4x4 matrix:

[3]
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By way of cross-reference to the previous discussion, the ‘distance’ between two points in Minkowski spacetime is referred to
as the spacetime interval [ds], which we might now define in the notation introduced so far:

[4]
We might also make reference to the ‘Einstein summation convention’ in which the summation [∑] symbol is dropped for
expressions with repeated indices:

[5]
When adopting this convention, the formulations shown in [2] becomes:

[6]
μ

μ

If [a ] and [b ] are four-vectors, then the scalar product could be defined using the following notation:

[7]
0 0

The [a b ] component is isolated in [7] to simply highlight that this quantity is always a scalar in the definition of a 4-vector and
therefore invariant in all frames of reference. We might also adapt the notation in [7] to show the scalar product of the 4-vector
[xμ] with itself and make further cross-reference to different forms of notation:

[8]
As such, we have essentially returned to the starting of the earlier introduction of 4-vectors, which are composed of an
invariant scalar quantity and a 3-vector:

[9]
While the notation can become a little esoteric, the basic ideas of relativistic kinematics are still rooted in the relativistic energy
equation, which defines the relationship between the scalar energy [E] and three-momentum vector [p] of a relativistic massive
particle:
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[10]
In [10], we explicitly identify the rest mass of a given particle using the notation [m 0], while the speed of light [c] essentially
represents a conversion factor between energy and mass. For the purposes of this discussion, we might also be more explicit
about the idea of relativistic energy [E] and 3-momentum, which in-turn is defined by its 3-velocity [v]:

[11]
Where [γ] is Lorentz factor of special relativity, which we can now reduce to the notational form of 4-momentum:

[12]
So armed with the mathematical formalism described above, we might now return to the kinematic description of the LaB and
CoM frames originally described in terms of ‘classical kinematics’. Again, we will define the centre-of-mass [CoM] frame to be
moving with a uniform velocity [V] along the z-axis with respect to the LaB frame, but now we need to consider the implication
following on from the introduction of the Lorentz factor [γ] in [11] above, which leads to ‘distortions’ of space in the direction of
motion and the measurement of relative time. However, in order to explicitly identify which frame, i.e. LaB or CoM, is being
referenced in the following expression, the LaB frame will be identified using the suffix [L] and the Com frame with the suffix [C],
e.g.

[13]
The Lorentz transformation of the space-time coordinate between two difference frames of reference can now be presented in
the matrix form:
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[14]
For clarification, the Lorentz factor [γ] defined in [11] is now also revised to reflected the velocity [V] of the CoM frame with
respect to the LaB frame:

[15]
The logic of [14] can also be extended to the energy-momentum four-vector, noting that we are considering a particle that is
moving along z-axis only:

[16]
However, we also need to note that the total 3-momentum [p] in the CoM frame is always zero, which implies that [pzc=0] such
that we are led to the conclusion that:

[17]
The development of quantum mechanics (QM) to relativistic quantum mechanics (RQM) to quantum field theory (QFT) requires
the effects of special relativity to be included into the description of particle scattering. However, despite all the mathematical
abstraction along the way, quantum collisions still appear to retain the basic physics as originally outlined in terms of classical
kinematics, which is possibly re-assuring for those who like a bit of physical reality in their physics.

283 of 329

the mysearch.org.uk website
All great truths begin as blasphemies
copyright ©: 2004-2015
_______________________________________________________________________________________________________
1.2.5.4.4

Mandelstam Variables

The Mandelstam variables are quantities that correspond to energy,
momentum and angles of the particles in a collision-scattering process, which
are Lorentz-invariant. When generally describing the interaction between two
particles, we have primarily made reference to two types of Feynman
diagrams associated with ‘annihilation’ and ‘scattering’, which we might also
label as the ‘s-channel’ and the ‘t-channel’ respectively plus a third variant

Stanley Mandelstam
Is a physicist, born in 1928, who
introduced the relativistically invariant
Mandelstam variables into particle
physics in 1958. He is currently Professor
Emeritus of Particle Physics at Berkeley.

known as the ‘u-channel’.

These ‘channels’ are then described in terms of 3 variables known as the Mandelstam variables [s,t,u]. The use of these
variables helps define the interactions in a way that preserves Lorentz invariance, which is advantageous when relativistic
effects have to be taken into consideration. As outlined in earlier discussions, when relativistic effects come into play, the idea
of 3-dimensional momentum has to be extended to 4-dimensional
Mandelstam Variables

spacetime, i.e. momentum becomes a 4-vector.

Are defined by the letters [s,t,u] and correspond
to the s-channel, t-channel, u-channel, when
represented in the Feynman diagrams depicting
different possible scattering events. Each
variable reflects an interaction that involves the
[1]

exchange of an intermediate particle whose 4momentum squared equals [s,t,u] respectively.

In the format of [1], we see the 4-momentum defined in terms of scalar
energy [E] and its 3-momentum vector components in Cartesian [xyz] space. We have also shown how [1] can be extended to
two points in spacetime, such that we see the emergence of an invariant quantity that aligns to the rest mass.

[2]
So one interpretation we might make of [2] is that the square of rest mass energy corresponds to the square of its 4momentum provided that speed of light [c] is used as an appropriate constant of proportionality. However, equation [2] also
forms the basis of the definition of the [s] variable within Mandelstam variables.
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[3]
We might interpret [s], as defined in [3], as reflecting the square of the 4-momentum before and after a given type of collisions,
which is also proportional to the square of the invariant rest mass of the particles. However, we can also assert the principle of
the conservation of 4-momenta in all collision types outlined in the diagram above must also conform to the relationship:

[4]
As such, the first Mandelstam variable [s] can also be defined based on the square of [4], which being 4-momentum can also be
expanded as per [3]:

[5]
We can extend the definition in [5] to construct the other Mandelstam variables by exchanging 4-momenta to the opposite side
of the equation, while maintaining the conservation of momentum for all permutations:

[6]
Likewise, by the same process:

[7]
So, as a generalisation, the variable [s] is a measure of how much rest energy is available for the interaction and therefore what
might be created, while [t] reflects the momentum transfer, i.e. amount of momentum that one particle gives to another
particle. Again, with reference to the diagram above, we can see that an s-channel interaction is analogous to the earlier
descriptions of an ‘annihilation’ collision in which the two particles essentially become a single a combined entity, e.g. gamma
photon, such that [s] reflects the centre-of-mass energy or invariant mass of the system. Equally, the diagram shows that a tchannel interaction is analogous to a ‘scattering’ process in which the particle do not physically collide, but rather interact
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within the definition of some ‘ scattering cross-section’ . However, we might also be interested in how these definitions adapt
to the effects of special relativity when considering high-velocity collisions.

[8]
Clearly, as the particle velocity [v] approaches [c], the momentum terms in [8] comes increasingly significant with respect to
the rest mass energy terms. As such, in the relativistic limit, the rest mass can be neglected and we are led to the following
approximation:

[9]
Before continuing, it might be worth highlighting how [9] comes to its approximation, which is rooted in the 4-momentum
definition given in [2]:

[10]
Within the relativistic limit, the 4-momentum terms outweigh the rest mass energy, such that [10] collapse to the
approximation shown in [9], i.e.

[11]
So, on the basis of [9] and [10], we might summarise the relativistic limit of all 3 Mandelstam variables as follows:

[12]
However, it would seem that the application of the Mandelstam variables is basically another kinematic description of twoparticle collisions in terms of variables that remain invariant in all frame of reference. While this is undoubtedly a useful tool for
cross-checking the results of relativistic experiments, it is not clear that they provide any further fundamental insight to the QFT
interaction process, as described by QED and Feynman diagrams.
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1.2.5.5

Fundamental Interactions

In this final section, we return to the fundamental interaction defined by the QFT particle model. While aspects of this model
are difficult to understand in that much of the theory appears to be orientated towards mathematical predictions rather than
any fully verified description of the physical process involved, QFT has apparently proved itself to be a very successful approach
in describing the fundamental interactions of the particle model. An interaction is described as fundamental when it cannot be
described in terms of any other known interactions, i.e. electro-magnetism, strong nuclear, weak nuclear and gravitation.
Historically, these interactions have been described in terms of non-contact forces. As a generalisation, these interactions are
now described in terms of approximation method known as perturbation theory with the possible exception of gravitation. In
this approach, the interaction is 'mediated' by the exchange of gauge bosons between particles. However, it is highlighted that
there are situations where perturbation theory does not adequately describe the observed phenomena.

While some may dispute the suggestion that QFT is not fully verified, this statement is made on the basis of the number
of different interpretations stemming from quantum physics over the last 100 years, many of which appear to persist to this
day.
Note: When initially exposed to QFT, it can appear strange as to why a field theory remains so dependent on
the semantics of a particle paradigm. While it is clear that at some scale, the particle model is more convenient and may
actually make more descriptive sense, there would seem to be a fundamental ambiguity in the nature of a particle within
a quantum field description, where the particle as no tangible substance in the accepted sense. At the quantum level,
nature appears to only be left with waves, fields and energy, such that the concept of physical mass might only be
quantified in terms of an energy density. Of course, in the context of quantum physics, the semantics of the word
‘particle’ has been redefined within the wave-particle duality debate to describe elementary particles, which behave like
point particles, while the wave nature is a consequence of the probability amplitudes that quantum theory uses to
describe them. Of course, whether the scope of this misunderstanding is entirely down to semantics might still be
questioned.
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Within the scope of QFT, the field theory of electromagnetism and the strong interactions have now been described in terms of
Quantum Electrodynamics (QED) and Quantum Chromodynamics (QCD). While the quantum description of the weak
interaction is now encompassed within the so-called Electroweak theory. However, it appears that we can still correlate the
classical description of the fundamental forces of nature to the QFT description of boson interaction as follows:
Force

Boson

Spin

Mass

Range

EM

Photon

1ħ

Massless

∞

Weak

W,Z

1ħ

80/90

10 m

Strong

Gluon

1ħ

massless

∞/10 m

Gravity

Graviton

2ħ

massless

∞

-18

-15

2

Note: mass given in GeV/c and gravitons are still hypothetical
As previously outlined, in QCD, colour charge might initially be said to play a similar role to the electric charge in QED, where
gluons [g] now replace photons [γ] as the mediator of the interaction between quarks [q]. However, there are major
differences in the description of QCD and QED based on there being 3 types of colour charge (red, green, blue). However,
colour charge is another conserved quantity at all interaction vertices, as is the case for electric charge in QED. The gluons carry
the attribute of colour charge, as illustrated in the diagram below:

So, as per the first example above, when a red quark converts into a blue quark and gluon, the gluon has to carry a red-antiblue
colour charge to conserve colour charge at the vertex. However, while the diagrams above are representative of a QCD process,
not QED, Feynman diagrams can still be used to represent the process of quarks emitting and absorbing gluons. The strong
interaction of QCD takes place within the nucleus of an atom and while a hypothesis was forwarded as early as the 1930’s,
experimental evidence indicating the scope and complexity of the exchanges would not really start to emerge until the 1960’s.
Note: Colour Confinement
Quarks and gluons are colour-charged particles associated with the strong interaction, similar in scope to electricallycharged particles that interact by exchanging photons. Colour-charged particles cannot be found individually and, for
this reason, the colour-charge quarks are confined in groups, i.e. hadrons. These composites are colour neutral, but
originally the theory of the strong interactions could not explain why the quarks combined only into baryons, i.e. 3quark, and mesons, i.e. quark-antiquark. Only later was this property explained in terms of colour neutrality, so that
quark combination such as [ud] or [dd] can never be experimentally observed. As such, colour charge is a conserved
property. Therefore, when a quark emits or absorbs a gluon, that quark's colour must change in order to conserve colour
charge. Therefore, colour confinement is the name given to the reason as to why colour charged particles, e.g. quarks,
cannot be observed in isolation.
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In addition to the photon mediated interactions of QED,
essentially limited to the lepton group, and the gluon mediated
interaction of QCD, essentially limited to quarks, there are also
weak interactions mediated by W,Z bosons. However, all quarks
and all leptons carry the ‘weak charge’ and therefore participate
in weak interactions, i.e. while neutrinos, within the lepton group,
do not carry electric or colour charge, they do participate in the
weak interaction. As the previous table suggests, there are two
types of weak interaction, which we might describe as ‘charged
current’ interactions when mediated by the exchange of [W±]
0

bosons and ‘neutral current’ interactions when mediated by [Z ]
bosons. The remainder of this discussion will simply try to provide
an overview of the scope of interactions, which might be
described as ‘fundamental’. In the diagram right, we see a basic
illustration of a proton-proton interaction, defined in terms of its
0

(uud) quark constituents, mediated by a [π ] meson exchange,
where the associated colour charge must be conserved at each vertex interaction. In contrast, the first diagram below shows an
example of a [W] boson mediated weak process in which a neutron undergoes beta decay, while the second example shows a
[Z] boson mediated weak process, where a neutrino undergoes an elastic scattering with an electron. What is also being
illustrated in the diagrams above is that the charge-current interaction changes the type or ‘flavour’ of the participating
particles, such that a down [d] quark transforms into an up [u] quark in beta decay. This change of ‘flavour’ is a feature of the
weak interaction.
But is there any sort of guiding principles
within all these type of interactions?
It might be argued that one guiding principle
is that all elementary particles will try to
decay into a state with a smaller rest mass
unless prevented by some conservation law.
So, for example, photons and neutrinos are
stable because they are considered to have either no mass or no obvious mass, such that there is no smaller rest mass particle
into which to decay. In contrast, electrons are the smallest electrically charged particles and are stable by virtue of the fact that
any further decay would break the law of charge conservation. In a similar fashion, protons are considered to be the smallest
baryons and if found to decay would appear to violate the law of baryon number conservation. However, one possible decay
0 +

33

channel has been identified as [υ→π e ], but not verified, which would suggest a proton lifetime of ~10 years. In this context,
each unstable particle will have its own characteristic lifetime determined by which fundamental interaction is responsible for
the decay. For example, a decay process associated with strong interaction is ~10
-16

~10

seconds and weak decays starting at ~10

-13

-23

seconds, while the electromagnetic decay is

seconds and ranging upwards into minutes and years. Again, by way of

illustrative examples, we might consider the link between the lifetime and decay interactions associated with sigma baryons,
0

+

where the [∑ ] baryon consists of [uds] quarks, while the [ ∑ ] baryon consists of [uus] quarks.
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Particle

Quarks

Mass

Interaction

Q-energy

Decay Time

0

0

208Mev

10 s

+

0

189Mev

10 s

73Mev

10 s

∑

0

uds

1385

∑ → Λ+π

∑

+

uus

1189

∑ → p+π

∑

0

uds

1192

∑ → Λ+γ

0

-23
-10
-19

While all these process are associate with similar amounts of liberated kinetic energy, as defined by the Q-value, and quark rest
mass, it is not immediately obvious as to why they have such different decay lifetimes. The answer, as suggested above, must
lie in the types of interactions involved and now illustrated below:
Particle
∑

0

Interaction
0

∑ → Λ+π

0

Q-energy

Decay

208Mev

10 s

-23

Examination of the diagram shows that the decay is linked to a strong interaction, which has a stated characteristic decay of ~
-23

10 s, in which one of the up [u] quarks emits a gluon and decays into a [uŭ] pair. However, every state remains colour neutral
and no quark flavour change takes place.
Particle
∑

+

Interaction
+

∑ → p+π

0

Q-energy

Decay Time

189Mev

10 s

-10

-10

In the case above, we see a decay process linked to a weak interaction, which has a relatively long decay time ~10 s. Equally,
-

the internal [W ] boson exchange results in a double quark flavour change.

290 of 329

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

0

0

Interaction

Q-energy

Decay Time

73Mev

10 s

0

∑ → Λ+γ

-19

0

The transition [∑ → π +Λ] above is not possible as the rest mass energy (1192) is lower than the required 1256Mev, although a
reduced energy state with the same quark content exists, i.e. Λ(uds), and so the electromagnetic [γ] decay shown is followed.
As a general rule, if strong decay is not possible, then electromagnetic decay will always precede weak decay.
Is it possible to summarise the general principles?
As a generalisation, we might state that most quantities are conserved at
every interaction vertex within Feynman diagrams, although the
following comments may provide some caveats:


As previously discussed, the kinematics of an interaction defined in
conserved at all interaction vertices.

interactions, other than gravity, might arise
from a single interaction linked to symmetries
that broke down in the early universe.
Subsequently, a Theory of Everything (ToE)



Likewise the electric charge is always conserved by all interactions.



While electromagnetic and weak interaction do not interact with the
colour charge of strong interaction, colour charge is conserved at all
strong interaction vertices.

tried to integrate GUT with a quantum gravity
theory, which presumably would have to
include ideas from string theory, loop quantum
gravity and twistor theory in order to gain any
wide acceptance. Alternatively, some theories
have speculated on a fifth force, which might

At all interaction vertices, the number of quarks must be
maintained, irrespective of any change in the quark flavour. This
process is often described in terms of the conservation of the baryon
number [B] within nearly all interaction of the standard model.



A Grand Unified Theory (GUT) was a proposals
to show that all of the fundamental

terms of energy and momentum, i.e. linear and angular, are always



Speculation and Beyond

explain the apparent accelerated expansion of
the universe due to 'dark energy', as well as
'dark matter', which currently have no
description within the standard model.

Quarks do not only carry electric charge, but also have additional charges such as colour charge and weak isospin.
However, because of a phenomenon known as ‘colour confinement’, a hadron cannot have a net colour charge, i.e. the
total colour charge of a particle has to be zero, i.e. white. However, as indicated, a quark can have one of three colour. For
normal hadrons, a white colour can thus be achieved in one of three ways:

291 of 329

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

A quark of one colour with an anti-quark of the corresponding anti-colour corresponds to a meson with baryon
number 0.



o

Three quarks of different colours correspond to a baryon number [+1].

o

Three anti-quarks form an anti-baryon with baryon number [−1].

Historically, the baryon number was defined before the quark model was fully established, so rather than changing the
definitions, a quark is assigned one third the baryon number and, in this context, it might be more accurate to speak of the
conservation of quark number.



The strong force is not associated with how leptons interact and electromagnetic vertices do not change the lepton type,
-

-

e.g. e →e +γ. However, weak interactions can change the lepton type, but only within the same generation of particle, i.e.
I, II or III. Therefore, the electron number, muon number or tau number must be individually conserved within all
interactions.


The quark ‘flavour’ can be linked to the up/down quantity, which has to be conserved by all electromagnetic and strong
interactions, but not so by weak interactions. The weak interaction can mediate processes like ‘ beta decay’ that is the
only interaction that can change quark flavour and is said to provide an explanation for the relatively long lifetimes of the
following particle decays:
Interaction
Λ → p+π
0

+

-

Decay Time
-10

2.6*10 s
-

K →π +π

-10

0.9*10 s

These states are the lightest baryon and meson that contain a strange quark, i.e. Λ=uds, and so the only way in which they can
decay to a lighter state is via a weak decay which can change a strange [s] quark into an up [u] quark, which has the relatively
long decay time.
1.2.5.5.1

The Nature of Symmetry

The word 'symmetry' can suggest a number of attributes ranging from a general
aesthetic proportionality through to a more precise definition of 'self-similarity'
that can be quantified in both physical and mathematical terms. However,
despite this somewhat nebulous general definition, physicists had started to
suspect, by the early 20th century, that many of the most fundamental
interactions within nature appear to be associated with some sort of symmetry.

The Scope of Symmetry
In physics, symmetry describes a

But what sort of symmetry are we talking about?

feature of a physical system that

We might initially start with the intuitive idea of rotational symmetry in which an
object rotated through an angle of 360° is expected to end back in its original
state. However, when this idea of symmetry was applied to quantum objects, it
was found that the angular momentum of an rotating object must be quantized in
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units of [ħ]. In the late 1930’s, it was also found that this symmetry was broken by particles like electrons, protons and neutrons
having 1/2-spin, i.e. an angular momentum of [ħ/2]. This then led to realisation that the half-integer spins of neutrons and
protons is associated nuclei with an odd number of nucleons, while nuclei having an even number of nucleons must have
integer angular momentum in units of [ħ]. Equally, in contradiction to our intuitive understanding of rotational symmetry,
particles with half-integer spin must be rotated by 720°, not 360°, before they return to their initial state. In addition, it was
suspected that symmetry might be a ‘quality’ that was conserved during experiments, such that the idea of symmetry, when
extended into physics, might explain the scope of all conservation laws. In terms of the basic particle model, three types of
symmetry were initially thought to hold true:


Charge (C) conjugation that results in the reversing the electric charge and all the internal quantum numbers.



Parity (P) or space inversion, which reverses the space coordinates, but not time.



Time reversal (T) replaces [t] by [-t] such that time derivatives of momentum and angular momentum would also be
reversed.

However, violation of each of these symmetries would later be found in
isolation, although the combination of all three, i.e. CPT, seemed to be more
persistent. As such, CPT invariance has been the subject to much study over
the years and showed to be invariant under Lorentz transformations. As a
generalisation, we might still liken symmetry properties to the reflection in a
mirror, where some properties of the nucleus, when linked to space, time or
charge are effectively reversed. For example, if a nucleus were made out of
anti-matter, i.e. anti-protons and anti-neutrons, its beta decay would behave
in essentially the same way; although the mirror image would represent the preferred direction of electron emission in each
case. However, we might cite a story told by Richard Feynman to illustrate this point:
Suppose you were in two-way contact with some alien species, but only by telegraph, i.e. light flashes or radio signals.
The well known procedures of SETI starting with prime numbers and progressing to pictures, physics, and chemistry
information could be used to develop a common language and arrive at a good level of communication. You could tell
the alien how tall you are by expressing your height in mutually understood wavelengths of light. You could tell the alien
how old you are as some large number of ticks of a light-frequency clock. Now you want to explain how humans shake
hands when they meet, and you describe extending your right hand. ‘Wait a moment!’ says the alien. ‘What do you
mean by right?’
Until 1957, there would have been no way of answering the alien’s question, although it might now be possible to describe a
parity experiment in which the experiment is rotated until the electrons come out in the ‘upward’ direction, i.e. as defined by
gravity, such that the front edge of the rotating nucleus moves from right to left or clockwise in respect to the angular
momentum. However, this works only because of a parity violation associated with weak interaction, at the quantum level, that
then allows left and right to be identified. If the ‘mirror’ not only reversed spatial direction, but also changed matter to
antimatter, then the experiment in front of the mirror would look just like its mirror image. For changing both [C] and [P]
preserves [CP] symmetry, because the separate violations of [P] symmetry and [C] symmetry cancel out and, in so doing,
preserves [CP] symmetry.
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However, it is highlighted that these symmetry violations arise only within
weak interactions, not strong or electromagnetic interactions, such that
they only show up in beta decay. While there are fundamental reasons for
assuming nature supports CPT symmetry, any violation of [CP] symmetry
must also imply [T] symmetry violation. However, the symmetry of time is
problematic in terms of human perception, as we only have intuitive
experience of time moving in one direction. However, at the quantum
level, there is no obvious frame of reference to be explicit about the
direction of time. Therefore, an electron emitting or absorbing a photon
can equally appear valid depending on your assumption about the
direction of time. Until 1964 it was thought that [CP] was a universal
symmetry, until experiments involving the decay of the long-lived neutral
[K] meson was observed that, without going into the details, suggested
that the symmetry CP could be violated. However, if CPT symmetry is to
be preserved, then the CP violation would have to compensated by a
violation of time reversal invariance. While some later experiment have
suggested the possibility of direct [T] violations, the invariance of CPT
symmetry is still thought to hold in all known cases.

Quantum Particles
There are 2 possible ways in which a quantum
particle might be identified. First, we might
quantify the physical attributes of a particle,
e.g. mass, electric charge and spin. This clearly
works in as much as we can distinguish
protons from neutrons for example. However,
quantum particles of the same type, e.g. all
electrons, appear to have completely
equivalent physical properties. Second, we
might still be able to identify a given electron
by its trajectory in spacetime. For if we can
determine the position of a specific particle in
spacetime, with infinite precision, there would
be no ambiguity in identifying a given
electron. However, the problem with this
approach is that it contradicts the uncertainty
principle, which states that quantum particles
do not possess definite positions during the

But is matter and anti-matter truly symmetric?

periods between measurements. Instead, they

Despite the assumptions connected to symmetry, it is possible that the
time-reversal invariance, when linked to [CP] violations might have
resulted in a fundamental asymmetry within the universe, i.e. the
imbalance between matter and anti-matter. At the quantum level, it is
assumed that matter and anti-matter are always created together in 1:1
correspondence. As such, high-energy collisions are expected to produce

are governed by wavefunctions, which simply
define the probability of finding a particle at a
given position. Equally, over time, this wave
function tends to spread out and overlap,
such that it becomes impossible to distinguish
each particle in a dynamic quantum system.

an equal numbers of quarks and anti-quarks, which is contradicted by the universe appearing to have a preference for matter
over anti-matter. However, CP violation in the [K] meson might suggest a decay mode that reflect the universal preference for
0

matter. For the [K ]meson does not have enough mass for the decay process to produce protons. Therefore, it is possible that a
decay asymmetry might have led to a much higher probability linked to the creation of protons, instead of anti-protons in the
early universe. On a mass basis, anti-matter only exists in the universe in the form of anti-protons, present in very small
quantities in cosmic rays, plus as positrons, i.e. anti-matter electrons, produced in some radioactive decays.
Steven Weinberg

So is the idea of symmetry still important?

We have simply arrived too late in the history
While the concept of symmetry has been subject to several

of the universe to see this primordial

interpretations, based on experiments to-date, it is still generally thought

simplicity easily. But although the symmetries

to ‘reflect’ some form of ‘invariance’ when connected to a coordinate

are hidden from us, we can sense that they

transform. So while, at the classical level of reality, we may have an

are latent in nature, governing everything

intuitive idea of an object being symmetric, e.g. under rotation, we might

about us. That's the most exciting idea I know:

also understand that this attribute of physical symmetry may only be an

that nature is much simpler than it looks.
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approximation. However, at the quantum level of reality, the mathematical description of symmetry of quantum objects, e.g.
electrons, may cease to be an approximation because quantum objects, such as electrons, have very few states of existence.
While it was a reasonable assumption that an exact symmetry in quantum objects might only make a small difference, i.e.
within the limit of the classical approximation, it appears that quantum symmetry can lead to profoundly different properties.
Therefore, when a physical system makes the transition from a classical to quantum object, the idea of symmetry changes from
an approximation to an exact description, which also has implications on the mathematics. In fact, it is often argued that this
profound change in the underlying nature of a quantum objects becomes so closely associated with its mathematical
descriptions that it becomes the only meaningful description, i.e. we are left again to question the reality of any form of
physical objectivity.

1.2.5.5.2

Predicting Interaction

Within the development of the standard particle model,
certain types of interactions and decays have been seen to
be common, while other not so. As a consequence, the
study of various particle interactions then led to a number
of additional conservation laws, which appear able to
predict the probability of a given particle interaction. While
the scope of conservation laws has expanded in the field of
quantum physics, classical conservation laws still apply in
the form of energy, momentum and charge conservation at
the vertices within all Feynman diagrams. However, in the
quantum realm, the idea of the additional conservation laws
associated with the baryon number and the conservation of
lepton number has been added. We have also to consider
the implication that any localized particle, of finite mass,
should be inherently unstable on the basis that its decay
into smaller particles provides more ways to distribute the
energy and, in so doing, aligns to the principle of entropy
nd

rooted in the 2 law of thermodynamics. Therefore, in this
context, any decay process which might be thought to
occur, but is not observed, must be being prevented from
doing so by the imposition of some form of conservation
law. This general principle might then be said to underpin
the rules for predicting whether particle interaction and
decay will occur. However, another aspect of predicting
whether an interactions is possible is called ‘crossing

Standard Model
All particles and their interactions observed to date can be
described almost entirely by a quantum field theory
comprising of 17 forms of elementary particles, i.e. 12
fermions, 4 vector bosons and 1 scalar boson plus a
complement of associated anti-particles. However, these
types of particles can combine to form the hundreds of
apparently distinct particles observed since the 1960s. It
might also be noted that the increase in the number of
particle types appears to be directly related to the energy put
into particle collision experiments.

symmetry’, which simply implies that any known interaction can be used as a starting point to predict other related interactions
by ‘crossing’ particles from one-side of the interaction equation to the other, while turning it into the corresponding
antiparticle. For example, let us start from the conceptual interaction:
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[1]
By the rules outlined above, a related interactions can be predicted on the basis that
any of the particles can be replaced by its antiparticle on the other side of the
interaction, e.g.

Totalitarian Principle
Physicist Gell-Mann is said to have
borrowed the quote: "Everything
not forbidden is compulsory"
expression from the book 'The
Once and Future King' by T.H.
White to describe the state of
particle physics around the time he
was creating the Eightfold Way,

[2]

which was a precursor to the

In [2], the overstrike character indicates the antiparticle of the original particle in [1].
The idea of crossing symmetry can be applied to all known particles, even the photon
which is its own antiparticle. One example of the crossing principle can be illustrated
in the interactions known as 'Compton scattering’

and ‘electron-positron

annihilation’ .

quark-model of hadrons. The
statement is in reference to a
surprising feature of particle
interactions, i.e. that any
interaction which is not forbidden
by a small number of simple
conservation laws is not only
allowed, but must be included in
the 'sum over all paths' which

[3]

contribute to the outcome of the
interaction. Hence if it isn't

As such, the observation of Compton scattering would lead to the prediction of pair

forbidden, there is some

annihilation and the production of a pair of photons. Another example of crossing

probability amplitude for it to

symmetry may be inferred from experiments leading to the detection of the neutrino.

happen.

[4]
So it would seem that physicists can go a long way in predicting particle interactions armed with only a basic knowledge of the
conservation rules previously outlined, i.e.
Is electric charge conserved?
Is it a decay or interaction?
What type of process is at work?
If there are photons involved, it can be concluded that electromagnetic interactions are involved, while if neutrinos are
involved, then weak interaction process must also be included. By this logic, if the process involves hadrons, i.e. quarks, you
might reasonably predict the involvement of strong interactions. In practice, hadrons normally interact via strong interaction
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because its coupling strength is so much larger than the electromagnetic or weak couplings. However, exceptions do occur
when the overall interaction involves leptons, which do not couple via the strong interaction or if there is a know violation of
one of the conservation rules e.g. quark flavour conservation.

The diagram above tries to illustrate some interactions involving weak and electromagnetic couplings. The example on the left
relates to a weak interaction consisting of a neutrino scattering off an electron or quark, while the example of the right shows
an electromagnetic interaction involving the lepton pair production from a pion-nucleon scattering. Again, in practice, the weak
interaction will only occur if all other decay possibilities are ruled out i.e. the only way to transform into a lower energy state is
to undergo a quark flavour change.
Is lepton number conserved?
Is baryon number conserved?
In a strong or electromagnetic process, is quark flavour conserved?
In the case of a decay, is mass-energy conserved?
However, it should also be highlighted that a decay process, unlike an interaction, is a ‘centre-of-mass’ phenomenon in as much
that it does not matter how much energy the decaying state has in the LaB frame, if the mass-energy on the left-hand side is
less than the right-hand side, the decay cannot happen e.g.

[5]
In this case, the decay of a free proton is not kinematically allowed, because
the mass of a proton is less than the mass of neutron and electron. So, it
would again appear that we have ended up at a point where much of the
detail of the particle model is predicated on basic conservation laws in
combination with classical and relativistic kinematics without obvious
recourse to the abstract complexity of QFT. Of course, this is not to imply
that QFT can be ignored, but it does possibly hold out the hope that more
people might understand the basic principles at work.
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1.2.6

Quantum Philosophy

In Part-1: The Pre-War Years, we covered the development of a number of concepts, which appeared to contradict the
established view of classical physics at that time. The implications of these quantum concepts would, over a period of some 2030 years, come to be accepted in what is now known as the Copenhagen Interpretation. However, this acceptance was far from
universal, even between the founders of quantum theory, and the debate surrounding its interpretation of objective reality
continues to this day.

To allow this section of the discussion to continue without immediate reference to earlier discussions, we might try to
summarise some of the more far reaching implications linked to the Copenhagen Interpretation. From a classical perspective,
these implications would not only question the assumed deterministic nature of reality, but ultimately come to question
whether it was possible for science to even describe any sort of objective reality:
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According to the original formalism of QM, there is no clear distinction
between particles and waves, at least, as often perceived in terms of classical
physics. However, where similar semantics are used in QM, they normally
infer a description of point particles and wave functions, while in QFT these
concepts become increasingly submerged within a description of a system
defined in terms of states and observables, which are then collectively
modelled as a virtual statistical ensemble. In this respect, deBroglie’s original
description of a matter-wave appears to have become lost within a
mathematical construct, which has no agreed objective existence.
However, this interpretation was not, and is still not, universally accepted, such that
we might identify a number of distinct philosophical positions that will initially be
defined as ranging from ‘objective’ to ‘subjective’ descriptions of reality. However,
this philosophical debate might be anchored to almost any number of starting points,
which then lead to different conclusions about the quantum model, e.g.


QM is incomplete/wrong, therefore cannot fully describe an objective reality.



QM is complete/right, therefore it must describe a quantum reality.



QM is only partially verified, therefore its description is still hypothetical.



QM is a mathematical construct therefore can only describe a subjective reality.



etc.

David Mermin
"Contemporary physicists come in
two varieties. Type 1 physicists are
bothered by EPR and Bell's Theorem.
Type 2 (the majority) are not, but
one has to distinguish two subvarieties. Type 2a physicists explain
why they are not bothered. Their
explanations tend either to miss the
point entirely (like Born's to
Einstein) or to contain physical
assertions that can be shown to be
false. Type 2b are not bothered and
refuse to explain why."

In many respects, this scope of opinion appears to have gone hand-in-hand with the development of quantum mechanics from
its inception, despite its obvious predictive successes along the way. However, while the actual issues that drive people to
different opinions can be very complex, the basic problem might possibly be summarised in quite a simple question:
Based on known facts, what is quantum theory actually telling us?
Naturally, the development of quantum mechanics in the post-war era would have started out being influenced by earlier
philosophical debate, but it would also have been guided by the growth of supportive experimental data, which suggested
quantum reality was indeed fundamentally different to any description anchored in classical mechanics. However, as
experimental data continued to grow in apparent support of the somewhat more ‘metaphysical’ interpretations of quantum
mechanics, so the idea of a physical or objective reality appear to give way to a purely mathematical description of reality.
But what arguments supported such assumptions?
Possibly, at this point, we need to step back and widen the context of the discussion to consider our own perception of reality.
As has been touched on in other discussions, what we, as human beings, perceive as physical is based on an internal construct
within our brains derived from inputs from our senses. As such, our perception of reality is intrinsically ‘subjective’ based
on evolutionary physiology and ever-changing worldviews, e.g. cultural beliefs. From this perspective, we might realise that it is
possible for different people to have different perceptions of reality, which must become increasingly obvious when the
argument is extended to different life-forms, e.g. apes, mammals, fish, insects. However, returning to the domain of scientific
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knowledge, we might realise that developments over the last 2000 years have come
to profoundly changed the way most of us understand the world around us, i.e.
what constitutes our understanding of reality. As such, we have seen the solidity of
our world give way to atoms, which might be described as point-particles in the
vastness of the sub-atomic vacuum of space interconnected by fundamental forces.
Now, within the scope of QFT, we are being asked to consider the ‘physicality’ of
the sub-atomic structure, where the only tangible concepts left might be the idea of
a quantum waves within quantum fields.

Karl Popper
"But it is certainly not possible to
insist on one hand that the
formalism is complete and to insist
on the other hand that its
application to 'the actual' actually
demands a step which cannot be
derived from it."

But what are quantum waves and quantum fields?
In practice, the questions regarding the ‘real’ nature of a quantum wave appear to be seldom asked these days, possibly
because the classical concept of a wave has become subsumed within the mathematical definition of the wave function. As
such, the interpretation of the wave function has essentially become dependent on a mathematical construct of space, e.g.
phase or momentum. When the discussion of quantum fields does occur, it is usually anchored in some initial perception of an
electromagnetic fields, which can then quickly become lost in the extended description of static, scalar, vector and/or spinor
fields. Likewise, while QFT still appears use the semantics of particles in many of its descriptions, this usually only infer the
mathematical construct of a point-particle, which does not necessarily have any implied physical existence, despite any initial
misconceptions anchored in classical physics.
So what, if anything, physically transports energy and momentum from A to B?
While you might start to question the point of this discussion, it is simply trying to highlight the trend whereby theoretical
physics has become increasingly dependent on mathematical constructs to the point where mathematics becomes our most
fundamental description of reality. For example, in the first chapter of
Roger Penrose’s book ‘The Road to Reality’ he provides the diagram to
illustrate the perception of reality in terms of a threefold relationship:
“Plato made it clear that the mathematical propositions, the
things that could be regarded as unassailably true, referred not
to actual physical objects like the approximate squares, triangles,
circles, spheres, and cubes that might be constructed from
markers in the sand or from wood or stone, but to certain
idealized entities. He envisaged that these ideal entities
inhabited a different world, distinct from the physical world.
Today, we might refer to this world as the Platonic world of
mathematical forms”
However, while most might accept the growing necessity of mathematical models, as a critical ‘tool’ of modern science, we
might also need to consider a more profound question about the nature of reality, as described by the mathematics within
quantum theory.
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Does quantum theory question the existence of any physical objective reality?
The development of quantum theory represents a progression of scientific
thinking, which we might initially anchor in Planck’s introduction of quantized
energy and Einstein’s suggestion that light has a particle-like nature as well as
a wave-like nature. Later, Compton’s work appeared to confirm Einstein’s
idea about light photons having a particle-like nature, which deBroglie then
extended to electrons having a wave-like nature, such that the whole waveparticle duality debate would be re-opened. Subsequently, Schrodinger
developed a wave solution, which although still rooted in classical wave
mechanics included a number of key changes. First, the switch to the complex
form of the wave equation, developed by Euler, which allowed Schrodinger to
st

create a solution that used the 1 differential with respect to time, while also
replacing the physical concept of amplitude [A] with the abstracted symbol
st

[Ψ]. By using the 1 differential form, Schrodinger was then able to directly
substitute for the dispersive relationship between wave number [к] and
angular frequency [ω] and replace these terms with equivalent energy [E] and
momentum [p] expressions rooted in deBroglie hypothesis.

Daniel Castellano
Quantum mechanics, to put it gently, is not
the most philosophically lucid theory in
physics. Its conventional interpretations
include fantastic claims that strike at the
realist and empiricist underpinnings of
modern science. Among these claims are
the principle of superposition, where an
object can be in an existentially
indeterminate physical state, or
simultaneously in contrary physical states;
wave-particle duality, where fundamental
particles are thought to become wave-like
in between observations; and a more
general observation problem, where the
mere act of observing a quantum system
necessarily alters it. These are just a few of
the bizarre paradoxes of quantum
mechanics. More troubling than their

But how should such paradigm shifts be interpreted?

presence, perhaps, is the fact that most

Based on classical wave mechanics , the square of the wave amplitude [A]
corresponded to energy, but Max Born would interpreted the square of the
amplitude [Ψ] as simply the mathematical probability density of finding a
particle in a certain location in space.

physicists do not perceive these paradoxes
as problematic. If quantum mechanics
contradicts Aristotelian logic and
philosophical realism, so much the worse
for logic and philosophy. Quantum
mechanics has been empirically verified,

Was this a pivotal change in scientific thinking?

we are told, so we must boldly embrace

The question is raised because, in some respects, Born’s interpretation of the

what is counterintuitive.

probability amplitude might be seen as the point where mathematical reality started to take some precedence over the idea of
physical reality. Of course, from a physical perspective, it is not unreasonable to assume that the probable location of a particle
would coincide with the location of maximum energy. However, Dirac’s Equation would, in some ways, complete a
mathematical transformation of a classical wave function, subject to relativistic energy consideration, into a purely
mathematical description requiring 4x4 matrices in which complex numbers were needed to represent any notion of a quantum
spin state.
But does this mathematical perspective really question the very nature of objective reality?
In the same timeframe, the Copenhagen Interpretation forwarded the idea that quantum waves were primarily a mathematical
construct, which should not necessarily be interpreted as having any objective reality. However, at some level, quantum theory
still appears able to predict the outcome of an apparently ‘physical’ process, at least, in the sense that there are processes
involving energy [E] and momentum [p] that can be measured. As simplification of the details, such issues might suggest why
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the Copenhagen Interpretation has never been fully accepted, even in the
scientific community, and why alternatives have subsequently been sought. So, in
many ways, we might summarise the following discussions in a single question:

Groucho Marx
"A very interesting theory, it makes no
sense at all.''

Does mathematics simply model reality or does it become reality itself?
1.2.6.1

Premise, Verification and Conclusion

As outlined in the previous discussion, the pre-war years established many of the
foundation principles, along with an initial philosophical interpretation, which in
many respects are still associated with quantum theory today. However, it might
be argued that this initial era of quantum mechanics also brought about an
equally significant change in the underlying methodology of science, as reflected
in the title of this discussion. In this context, we should possibly clarify the scope
of ‘hypothesis’ as being distinct from ‘theory’, as it will be suggested that a theory
has to be subject to some experimental observation or verification, although not
necessarily conclusive, before it becomes more widely accepted. In contrast, a
hypothesis may be little more than a speculative assumption, possibly only
sustained by the consistency of its mathematical argument.

Non Sequitur
Is Latin for 'it does not follow' and, in
formal logic, it is an argument in which
its conclusion does not follow from its
premises. Therefore, in a non sequitur
argument, the conclusion might be true
or false, but the argument itself is
fallacious because there is a
disconnection between the premise
and the conclusion.

So is quantum mechanics, hypothesis or theory?
While most might reasonably argue that QM/QFT is an accepted theory, subject to much experimental verification, there is
clearly an aspect of quantum mechanics that still unsettles many people, such that we may wish to table another question:
If QM/QFT is a verified theory, why are there still so many different interpretations?
Clearly there is an aspect of uncertainty, not so much with the verified results, but rather with the premise of some of the
assumptions that have not be verified. For example, we might cite the premise of the wave function collapse, which is a general
assumption of the theory, which has not been verified and on which many of the interpretations differ. As such, it would appear
that we might have to question this assumption and that of an entangled quantum state prior to the assumed collapse of a
wave function. For if the wave function itself only exists as a mathematical construct, what reality do we assign to any
subsequent description linked to this concept? In fact, it was this type of debate that led Schrodinger to question the physical
or ‘ontological’ description of the wave function and, by 1935, he appears to have conceded the point in the following quote:
“I am long past the stage where I thought that one can consider the wave function as somehow a direct description of
reality.”
For it seems that many were able to argue that Schrodinger’s wave function exists outside of what most people might initially
assumed to be the objective reality of ‘physical spacetime’, but which mathematicians might describe in terms of ’configuration
space’. Therefore, in order to understand how quantum mechanics continued to develop in the post-war years, we possibly also
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need to outline the nature of mathematical space, as opposed to what we might intuitive consider physical space. The following
list is purely illustrative, and not exhaustive, of the apparently ever-expanding description of mathematical space:


3D Space to 4D Spacetime



Configuration to Phase Space



Hilbert to Fock Space

Quantum Methodology
It might be argued that any
methodology has to be based on

The idea of 3-dimensional space is a fairly intuitive concept for most people given
that we have sensory capability to directly perceive space extending along one of 3
axes. However, the idea of 4-dimensional spacetime, as required by special
relativity, might be said to be more of an abstract concept, although central to the
ability of physics to describe the effects of relativistic motion within a mathematical
framework. As such, we might immediately see a requirement that extends beyond
the normal human perception of space and time. In this context, phase space is
another coordinate system described in terms of position [q] and momentum [p] of
the particles within the system. In practice, the motion of an ensemble of particles
in phase space can be reduced in complexity by employing statistical mechanics.
Through such concepts it is possible to calculate the state of a system, at any given
time in the future or the past, using the ideas of Hamilton or Lagrange mechanics.
Of course, we can still relate phase space back to a possibly more basic description
of ‘physical space’ using a simple illustration in which two particles [p1] and [p2] are
said to have independent trajectories in terms of 3-spatial dimensions and 1-time
dimension, e.g.

some form of logical reasoning. If so,
we might define 2 distinct modes of
reasoning, i.e. deductive and
inductive, where the former goes
from premise to conclusion, while the
latter goes from observation to
conclusion. As such, we might equate
observation to verification, while the
basis of a premise might remain more
subjective. If, in the field of quantum
physics, direct observation is limited,
then it might also be argued that the
scientific method will become
increasingly dominated by deductive
reasoning, such that we must more
closely examine the foundations of its
premise(s).

[1]
However, while the transition into quantum mechanics often prefers to model a system of particles, as an ensemble system,
similar in scope to statistical mechanics, it does so based on the probability density associated with Schrodinger wave equation.
As such, a two particle ensemble would conform to the following generic description:

[2]
We can see that the conceptual form of [2] now requires 7 parameters to define the probability of all possible combinations of
location within the 2 particle example. However, for N-particles, the definition of configuration space requires 3N+1
dimensions, i.e. 3 spatial dimensions for each particle plus one for time. Equally, in quantum mechanics, it is said not to be
possible to define the probability model for [p1] and [p2] in isolation, i.e. before the wave function collapse, because
components of the system may exist in an entangled state. So, proceeding towards evermore abstraction, we might define
Hilbert space as another mathematical concept that generalizes the notion of Euclidean (3D) space. As such, it extends the
ideas of vector algebra and calculus in 2D/3D space to a conceptual space of possibly infinite dimensions. However, the idea of
Hilbert space can be extended, yet further, by introducing the concept of Fock space as an algebraic construct of quantum
states representing an unknown number or statistical ensemble of particles from a single particle Hilbert space. Within these
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different definitions of ‘space’, we might see one of the fundamental issues that has led to so many differing interpretations of
quantum mechanics, which may be more reflective of a philosophical debate about the mathematics, than the actual physics, in
the absence of any definitive empirical verification. Therefore, in the spirit of the philosophical debate to follow, it might not be
totally inappropriate to precede the discussion of quantum interpretations with some possibly contentious, but thoughtful,
quotes:
Physics is becoming so unbelievably complex that it is taking longer and longer to train a physicist. It is taking so long, in
fact, to train a physicist to the place where he understands the nature of physical problems that he is already too old to
solve them. Eugene Paul Wigner
While those on the wrong side of the dividing line of experience might not like to admit it, they might still acknowledge the
amount of time now required to come to any appreciable understanding of just one branch of modern physics may have
already extended beyond a human lifetime. Of course, this then raises the question as to who is qualified to judge the totality
of physics:
Nobody knows more than a tiny fragment of science well enough to judge its validity and value at first hand. For the rest
he has to rely on views accepted at second hand on the authority of a community of people accredited as scientists. But
this accrediting depends in its turn on a complex organization. For each member of the community can judge at first
hand only a small number of his fellow members, and yet eventually each is accredited by all. What happens is that each
recognizes as scientists a number of others by whom he is recognized as such in return, and these relations form chains
which transmit these mutual recognitions at second hand through the whole community. This is how each member
becomes directly or indirectly accredited by all. The system extends into the past. Its members recognize the same set of
persons as their masters and derive from this allegiance a common tradition, of which each carries on a particular
strand. Michael Polanyi
In essence, the quote above suggests that there may no longer be much room for a polymath in modern science, even if they
exist, as the complexity expands beyond that of any individual endeavour. As such, this might explain the institutional
segregation of knowledge in which each branch of science establishes its own hierarchy of authority. Of course, if you accept
that science is still subject to the human condition, then the implications of the next quote may not seem so contentious:
I know that most men, including those at ease with problems of the greatest complexity, can seldom accept even the
simplest and most obvious truth if it be such as would oblige them to admit the falsity of conclusions which they have
delighted in explaining to colleagues, which they have proudly taught to others, and which they have woven, thread by
thread, into the fabric of their lives. Count Leo Tolstoy
While some may reject the suggestion that science can ever be deflected from its truthful endeavour, it may still be argued that
science does not develop in isolation of the human condition. If so, then we might still reference Maslow’s hierarchy of human
needs and recognise the influence of esteem and power at the apex of this hierarchy.
“Unwilling to confess their ignorance of the formula or unable to question its relevance to the question at hand, his
opponents accepted his argument with a nod of profound approval”
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Clearly, by way of counter-argument, many may wish to point out that this position is far too cynical and simply point to the
many important insights gained through quantum theory in the post-war era. With this counter-position tabled, we shall now
turn our attention to the various interpretations of quantum mechanics to see if they help to refute the apparent accusation
being made. However, before doing so, the following footnote might be seen as an example of where deductive premise can
lead, for in the absence of verification, it may well be as valid an interpretation as any of those about to be reviewed!
Abstract: A Cybernetic Interpretation of Quantum Mechanics - Ross Rhodes
This paper surveys evidence and arguments for the proposition that the universe as we know it is not a physical, material
world but a computer-generated simulation, a kind of virtual reality. The evidence is drawn from the observations of
natural phenomena in the realm of quantum mechanics. The arguments are drawn from philosophy and from the results
of experiment. While the experiments discussed are not conclusive in this regard, they are found to be consistent with a
computer model of the universe. Six categories of quantum puzzles are examined: quantum waves, the measurement
effect (including the uncertainty principle), the equivalence of quantum units, discontinuity, non-locality, and the overall
relationship of natural phenomena to the mathematical formalism. Many of the phenomena observed in the laboratory
are puzzling because they are difficult to conceptualize as physical phenomena, yet they can be modelled exactly by
mathematical manipulations. When we analogize to the operations of a digital computer, these same phenomena can
be understood as logical and, in some cases, necessary features of computer programming designed to produce a virtual
reality simulation for the benefit of the user.
1.2.6.2

Quantum Interpretations

Over the years, considerable progress has been made based on experiments
with individual quantum systems. Based primarily on technological progress,
it is now possible to actually perform, in part, certain aspects of the earlier
‘gedanken’ thought experiments on which so much emphasis was originally
placed. However, in many ways, this progress has only succeeded in drawing
attention to the more fundamental problems of understanding, and
interpreting, the full implications of quantum theory for which no definitive
consensus has yet been reached. In many respects, it might be argued that
many of the interpretations, to be discussed, may well be based on the
philosophical preference of its author. So while an interpretation may be
underwritten by a certain amount of mathematical justification, each remains
beyond any reasonable form of empirically verification and, as such, cannot
be completely refuted, no matter how improbable. In this respect, it is
important to note that nearly all of these interpretations are in full agreement
with each other regarding theoretical predictions and experimental
observations. As such, there may be no obvious way of deciding, at this time,
which of these interpretations is right, or wrong, although this state of affairs
might explain why so many interpretations persist.
So what purpose do these interpretations serve?
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At one level, an interpretation might simply debate the formalism of quantum theory in terms of the premises that underpin its
equations, which ultimately lead to the predictions on which it is quantitatively judged. Alternatively, other interpretations may
focus more on the ‘ontological’ versus ‘epistemological’ debate centred on the underlying nature of reality. However, from the
practical perspective of the following discussions, we might list a number of questions that many people might ask themselves
along the way:
In what reality does quantum wave superposition exist?
In what reality does the collapse of the quantum wave take place?
Can entanglement be explained in any other way?
What is the role of the observer in the measurement process?
Why is the description of quantum processes so complex?
Again, it needs to be stressed that there is no overwhelming consensus that suggests any of the interpretations represent
anything more than hypothesis, i.e. speculation, at this point in time. As indicated, in some respects, many are little more than
philosophical conjecture on which further assumptions have been extrapolated, which ultimately lead to unverified or
unverifiable conclusions. As such, we will only review a selection of the interpretations in the table below, primarily to reflect
the scope of opinions that have existed and, to some extent, still exist in modern quantum theory.
WF

WF

Hidden

Observer

Real

Collapse

Variables

Role

1926

No

No

Agnostic

None

No

Pilot Wave

1927

Yes

No

Yes

None

No

Copenhagen

1927

No

Yes

No

None

No

von Neumann

1932

Yes

Yes

No

Causal

No

Quantum logic

1936

Agnostic

No

No

?

Agnostic

Bohm

1952

Yes

No

Yes

None

No

Many-worlds

1957

Yes

No

No

None

Yes

Time-symmetric

1964

Yes

No

Yes

No

Yes

Stochastic

1966

No

No

No

None

No

Many-minds

1970

Yes

No

No

?

Yes

Consistent histories

1984

Agnostic

No

No

?

Yes

Objective collapse

1986

Yes

Yes

No

None

No

Transactional

1986

Yes

Yes

No

None

No

Gravitational

1994

Yes

Yes

No

None

No

Relational

1994

No

Yes

No

Intrinsic

Yes

Interpretation

Date

Ensemble
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In the context of the table above, it might be argued that the original Copenhagen

Daniel Castellano

Interpretation tried to restrict the scope of conjecture to that of quantum mechanics

"What is really going on in nature

being a mathematical tool. As such, while it might be capable of accurately

when we are not looking? To

determining the probability of an event occurring in the quantum realm, it deferred

suppose that such a question has a

from too much speculation as to why ‘quantum reality’ appears to work as it does.

definite answer entails a belief in

As a result, other interpretations were developed that tried to address this ‘missing

objective reality, that is, a reality

piece’ in our understanding by attempting to explain how ‘mechanical determinism’

outside of the thinking, perceiving

emerges from the description of 'mathematical probability. For the sake of brevity,

subject. If we ask in what sense

the central aspects of discussion will be limited to just two experimental aspects,

anything may exist or be when we

which have been previously discussed, i.e.

are not looking, we are making an
ontological inquiry, for we are not



Double slit experiment

considering the attributes of this or



The EPR experiment

that entity, but of the act or reality
of being as such. When we ask

While most interpretations try to remain within the boundary of any accepted

broad questions about the reality of

experimental results, it is clear that they are also attempting to address issues,

wavefunctions, which characterize

which extend beyond any accepted explanation of verifiable science. Therefore,

every type of physical entity, we are

while the links in the previous table point to overviews of established positions, any

really asking questions of ontology."

discussion of the various interpretation tends to expand the scope of the debate to
include a wider perspectives of the issues, e.g.


Double-Slit Experiment:
Intuition suggests that no wave interference pattern will occur when photons, as particles, pass through one or other of
the two slits. However, in contradiction to this intuition, an inference pattern does emerge as successive photons
seemingly passes through one or the other of the two slits. While we might make some general reference to the waveparticle duality of photons, there is no obvious ‘mechanical’ solution that can be visualised in terms of a Huygen’s wave
front or how far this wave front extends around the wave-particle. Basically, there is no accepted structural model of a
photon. However, as a ‘mathematical’ solution, QM is free to define the photon as a probability amplitude associated with
some given wave function, which is then able to pass through both slits, even though there is no obvious corresponding
mechanical description. We might even extend the idea of a photon being represented as a probability amplitude, as
discussed under Feynman’s QED model, such that the mathematical model of the photon not only ‘travels’ the two paths
through the slits, but every conceivable path, i.e. the sum over all paths. However, again, we appear be left with no
obvious mechanical counterpart to this mathematical solution.



Bell’s Theorem:
Bell’s theorem or inequalities relates to statistical measurements made by observers on pairs of particles that have
interacted and then separated, such that they might be described as entangled. However, over time, a set of inequalities,
similar to Bell´s original inequality, have been defined that might now be generally referenced as Bell’s theorem. If Bell's
theorem is correct it suggests the results predicted by quantum mechanics cannot be explained by any theory, which
preserves locality, while supporting hidden variables. However, none of the tests to-date has met all the conditions
required by the theorem, while many of the conditions imposed on local hidden variable theories have been criticized as
overly restrictive. Therefore, many argue that results to-date cannot necessarily be cited as conclusive proof of non-
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locality. As such, we are left to consider whether this mathematical conjecture provides adequate grounds on which to
reject the existence of an objective reality.


EPR Experiment:
Based on Bell’s inequality, it is often assumed that there can be no accepted quantum mechanical solution that can avoid
the issue of non-locality, such that there is no obvious mechanical explanation of quantum entanglement. If we define an
entangled state in terms of quantum spin, when a measurement causes the ‘assumed’ collapse of an entangled wave
function, it immediately determines the spin of both particles, irrespective of the distance between them. As such, there is
a suggestion of some quantum effects that travel faster than light, which have led to the description of ‘spooky action at a
distance’ that have no obvious propagation mechanism.

The only point of raising these issues at this stage is to highlight the need to decide

Philip K. Dick

whether any of the following interpretations really provide an adequate, or

Reality is that which, when you stop

probable, solution in terms of both its mathematical and mechanical description of

believing in it, doesn't go away.

reality.
1.2.6.2.1

1927: Pilot Wave Interpretation

Today, the

Copenhagen Interpretation

is often described as the

interpretation supported by the founders of quantum mechanics, although
in reality it was primarily a limited consensus of a small group of scientists
supported by the weight of authority of Niels Bohr. Therefore, this opening
discussion of the various interpretations of quantum mechanics will try to
provide a little more historical perspective to the sequence of events, and
ideas, which to some extent came to a head in 1927. As we have already
covered, in 1924, deBroglie Phd thesis had extended the wave-particle
duality debate to include matter waves, which he would describe in terms
of a pilot wave that guides the particle. Subsequently, in 1926, Schrodinger
presented his wave formulation of quantum mechanics, which in essence
raised a question that everybody has been trying to answer ever since:
What is a quantum wave and what does the wave function represent?
Schrodinger realised that because the wave function included complex
numbers, it may not be a tangible object that could be measured.
However, given that the square of a complex number results is a real
number, it might still be associated with some physical property that could
be measured. Initially, Schrodinger had argued that the square of the wave
function might correspond to the distribution of charge density at some
point in spacetime. Following on from this idea, Schrodinger forwarded an
initial interpretation of the wave function as a wave packet that could
replace the concept of an elementary particle, e.g. electron, at the lowest
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At the 1927 Solvay Congress, de Broglie
presented a pilot wave interpretation of the
wave function. De Broglie suggested that the
wave function was a real physical field that
affected the motion of material objects. He
proposed that it was a discovery of a kind with
the electric and gravitational fields. Indeed,
the Schroedinger equation can be recast to
reflect this view. [true so far]. De Broglie's
interpretation withered under the direct
objections raised by Pauli which he was unable
to convincingly repudiate. [not true]. It
expired under the indifference of
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level of reality. As such, Schrodinger was suggesting that all elementary

Ho-Kim et al: 2004

particles were an illusion in as much that they only existed in the

Clear evidence for wave field existence from

subjective reality of human perception, while in quantum reality such

matter wave optics. Ultracold atomic gases

entities had to exist as waves. However, this interpretation was to quickly

have dominant wave behaviour. Can

run into problems when it was argued that the component superposition

manipulate by optical devices. Significant

waves, required to construct the wave packet, were dispersive. Later, it

quantities of matter diffracted, focussed,

was realised that Schrodinger’s waves would also have to exist in some

reflected etc. Also matter wave amplification

form of abstracted multi-dimensional space, which did not align to any

experiments: production of output of atoms

‘normal’ perception of physical reality. However, over this same period,

with particular properties from BEC reservoir

Max

of atoms in a trap using process similar to

Born

had

be

studying

not

only

deBroglie’s

hypothesis

and Schrodinger wave proposal, but making significant contributions

stimulated emission of light in a laser. If

to Heisenberg’s matrix formulation. As a result of this work, Born had

matter wave can be subject to and utilized in

come to reject Schrodinger’s physical interpretation of the wave function,

such a process, it logically follows matter wave

which was already beginning to unravel, and started to forward his own

must exist in order to act and be acted upon.

alternative interpretation, which would eventually come to challenge one
of the most fundamental tenets of classical physics, i.e. determinism. In this context, Born suggested that the square of the
wave function was only representative of a probability density. As such, the time-evolution of Schrodinger’s wave equation
could only help define the mathematical probability of an elementary particle occupying some point in spacetime.
So what reality, if any, would such an interpretation actually describe?
In many ways, Born’s idea would come to represent the ‘ensemble’ or ’statistical’ interpretation of quantum mechanics, which
might also be described as a minimalist interpretation in that it essentially abstained from making any speculative statement
concerning the nature of any physical or objective reality, although this position was considered substantial enough to help
Born win the 1954 Nobel prize for Physics.
But what of deBroglie’s Pilot wave interpretation?
In the historical context of the 1927 Solvay Conference, DeBroglie tried to present his Pilot Wave interpretation, although in
many respects his idea was caught in the cross fire between Bohr’s emerging Copenhagen interpretation, which encompassed
Born’s probability density, and Schrodinger wave mechanics. As such, deBroglie initial pilot wave interpretation never ‘took
off’ as it was essentially dismissed by virtue of having no backer with the necessary ‘weight of authority’. However, we might try
to summarise the salient points of this interpretation for reference:


It is first example of a hidden variable theory.



It subscribes to realism in that objects exist independently of an observer.



It subscribes to non-locality compatible with Bell's theorem.

It is also essentially a deterministic theory in that the position and momentum of a particle is assumed to exist, albeit as hidden
variables, such that any observer cannot know the precise value of these variables, which is why uncertainty remains. Overall,
an ensemble of particles have an associated matter wave, which collectively evolves as described by the Schrödinger wave
equation. However, each particle will follow a deterministic trajectory, guided by the wave function, such that the density of
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the particles conforms to the magnitude of the wave function. While the particle is guided by the wave function, the latter is
not influenced by the particle. While the Pilot Wave interpretation was not widely accepted in the pre-war years, the idea was
to be later taken up, in the post-war era, by David Bohm. This aspect will be expand under the Bohm Interpretation discussion.
1.2.6.2.2

1927: Copenhagen interpretation

While we have already discussed the Copenhagen Interpretation in the context of the pre-war years, it is probably worth
putting this interpretation into some overall perspective of developments that have led to the current spread of ideas.
"The most widely taught approach to interpreting quantum mechanics is the so-called 'Copenhagen interpretation',
which is actually a collection of varying, even contradictory, opinions proffered by Niels Bohr and Werner Heisenberg,
among others. Common features of this interpretive approach include: (1) the wavefunction as a probabilistic
description of phenomena; (2) Bohr’s 'complementarity principle', where matter exists simultaneously and
contradictorily as a wave and a particle; (3) the impossibility of knowing non-commuting properties at the same time,
per the Heisenberg uncertainty principle; (4) the principle of superposition, where matter may exist simultaneously in
two contrary well-defined states; (5) the 'collapse of the wavefunction' and various paradoxes where reality is altered by
the act of observation." Daniel J. Castellano
In many way, the Copenhagen interpretation might now be better described as
the initial ‘holding position’ that sought to abstain from too much speculation
following the early formulation of quantum wave mechanics based on:


deBroglie’s matter waves (1924)



Schrodinger’s wave equation (1926)



Born's probability interpretation (1926)



Heisenberg's uncertainty principle (1927)



Bohr's complementarity principle (1928)

As such, this holding position was predicated on a number of assumptions linked
to the idea that quantum knowledge depended on the state of the wave
function. However, given the suggestion that a discrete particle does not exist
prior to the wave function collapse, it was then inferred that objective reality
itself may not exist prior to measurement. Bohr himself questioned the objective
reality of quantum waves, since these waves required complex numbers, which
he assumed had no physical meaning. However, he also took a somewhat
contradictory position in arguing that atoms were ‘real’ and not just a
mathematical construct.


The double-slit experiment:
Here it was argued that the wave function collapse has to occur as soon as you know the path of the electrons. In some
respect, it did not seek to speculate further and simply held to the position that this was simply a property of the quantum
reality, which could not be explain any further.
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The EPR paradox:
Based on limited experimental data, it was initially assumed that quantum mechanics provided an accurate mathematics
model of quantum reality, which simply bypassed the issue of objective reality by maintaining that any description of
quantum reality had to be restricted to a probability function. However, in many respect, the full implication of the EPR
paradox was not really understood within the pre-war years, and possibly not even now, such that any interpretation of
locality and causality was initially highly speculative.

From a historical perspective, most commentaries suggest that Bohr argued his case against Einstein and won. It might also be
said that in the 80+ years that have passed, there has been no significant breakthrough that can be used to absolutely refute
the Copenhagen position. However, while the Copenhagen interpretation was generally accepted as a basis of the standard
model, there was, and possibly still is, a sense of dissatisfaction in that it appears to simply side-step the key issue of objective
reality by its assertion that science is simply denied further access to quantum realm. As a result, others have sought an
alternative interpretation that either avoids or better explains the perceived paradoxes in quantum mechanics.
1.2.6.2.3

1952: Bohm Interpretation

The Bohm interpretation can be linked to deBroglie’s earlier idea of ‘pilot waves’ that
guides elementary particles, such as electrons. In the context of deBroglie’s original
idea, particles are guided by a wave function, which evolves according to the
Schrödinger wave equation that never collapses. Thus, in this theory, electrons have a
physical reality as particles, where in terms of the double-slit experiment, the particle
must go through one slit or the other. However, the slit selected is not a random
process, as it is governed by the pilot wave, which then results in the observed
interference pattern. This said, the simultaneous determination of a particle's
position and momentum is still subject to the usual uncertainty principle constraint.
However, as already stated, the initial acceptance of the Copenhagen interpretation
seemed to just side-step the issue of wave-particle duality by reducing all discussions
to the probabilistic nature of quantum mechanics. However, in 1952, David Bohm
rekindled the wider debate by suggesting that there was not just one ‘entity’, which
might sometimes be described in terms of a particle and, at others, as a wave, but
two ‘entities’ that simultaneously exist as a particle and a wave. Within this concept,
the particle is said to exist within the region defined by the wave function [ψ], such
that some might claim that the Bohm interpretation is more representative of a deterministic objective model. However, while
this interpretation was capable of predicting the outcome of a quantum measurement and, to some extent, the implied
superposition within the wave equations; the theory was dependent on the idea of ‘hidden variables’ and the subsequent idea
of ‘non-locality’ in order to satisfies Bell's inequality.
The principle of locality states that an object is only influenced directly by its immediate surroundings. However,
experiments were beginning to suggest that quantum entangled particles must violate either the principle of locality or
question the scope of objective reality. The validity of Bell's theorem, published in 1964, suggested that any classical
hidden-variable theory, which is still consistent with quantum mechanics, would have to be non-local, requiring
instantaneous or faster-than-light ‘interaction’ between physically separated entities.
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Today, the Bohm or Bohmian interpretation, which Bohm himself described as a causal or ontological interpretation, is possibly
still considered to be the main alternative to the Copenhagen interpretation. The Bohm interpretation is based on the following
principles:


Every particle has a definite trajectory, although details of the trajectories position and momentum remain hidden.



The state of a N-particle ensemble is affected by a 3N-dimensional field, which guides the motion of the particles.



While deBroglie called this the pilot wave, Bohm referred to it as the ψ-field. This field influences the motion of the
particles in the form of a quantum potential derived from the ψ-field.



This 3N-dimensional field is defined by a wave function that evolves according to the Schrödinger equation, although
the positions of the particles do not affect the wave function.



The particles form a statistical ensemble with a given probability density.

In the recent years there has been a resurgence of interest in Bohm’s interpretation.
Initially, based on mathematical conjecture and limited experimental evidence, it
appeared that Bohm interpretation should be rejected. However, over time, there is
an increasing school of thought, which has argued for the possibility of a causally
hidden variables.


At present quantum physicists tend
to avoid the issue by adopting the
attitude that our overall views
concerning the nature of reality are
of little or no importance. All that

Double-Slit Experiment:
In general terms, the Bohmian interpretation addresses the duality of both
particle and wave properties raised within the double-slit experiment in quite an
obvious way, based on its description above. The physical trajectory associated
with each particle can only pass through only one slit, but Bohm’s 3Ndimensional [ψ] field, i.e. deBroglie’s pilot wave, can pass through both slits and,
in so doing, guides the trajectory of particle to its final position within the
observed inference pattern. However, while the description might be ‘quite’
obvious, the reality of this description is another matter entirely, as most
aspects are still essentially conceptual.



David Bohm

counts in physical theory is
supposed to be the development of
mathematical equations that permit
us to predict and control the
behaviour of large statistical
aggregates of particles. Such a goal
is not regarded as merely for its
pragmatic and technical utility:
rather, it has become a
presupposition of most work in
modern physics that prediction and

EPR Experiment:
In contrast, even the conceptual resolution of the entanglement within the
standard Bohm interpretation is far from obvious, although not necessarily

control of this kind is all that human
knowledge is about.

impossible. While some might question aspects of Bell’s theorem, the general consensus is that quantum entanglement is
not compatible with local reality. Now just saying that the Bohm interpretation is non-local does not really explain
anything. For example, there is an implicit suggestion that the non-local correlation of entangled particle states must be
associated with some sort of superluminal, i.e., faster than light, signalling, which appears to contradict the theory of
special relativity. In recent years, there have been several attempts to upgrade the Bohm interpretation within a
relativistic framework by showing that special relativity does not explicitly reject the possibility of superluminal velocities
under certain circumstances. While understanding these arguments goes beyond the scope of this discussion, it is argued
that within a generalized form of relativistic mechanics, the particle is not only influenced by gravitational and
electromagnetic potentials, but also by a scalar potential, e.g. as defined by Bohm. The exact dynamics of this field are, of
course, conceptual, but speculate on the possibility of negative field values that could then lead to superluminal velocities.
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Evolving out of this interpretation is a basic description of ‘Bohmian’ mechanics, which was originally rooted in a non-relativistic
framework, despite the speculative discussion of non-locality above. However, originally, Bohmian mechanics might be said to
have failed to address other aspects of modern theory, such as particle creation and annihilation characteristic, which is now
defined within a relativistic quantum field theory. Such statements do not amount to a rejection of the Bohm interpretation,
only a recognition of its limitations, as original published by Bohm in 1957, and the need to provide specific proposals, as per
entanglement above, by which the Bohm interpretation might be upgraded. In this context, there now appears to be some
renewed interest in challenging all of the original objections, raised by some of the most notable names in the development of
quantum physics, e.g.
Bohr: 1934
"The quantum postulate implies a renunciation of the causal space-time coordinates."
Born: 1949
"No concealed parameters can be introduced with the help of which the non-deterministic description could be
transformed into a deterministic one. Hence if a future theory should be deterministic, it cannot be a modification of the
present one but must be essentially different. How this could be possible without sacrificing a whole treasure of wellestablished results I leave to the determinists to worry about."
Feynman: 1965
"How does it really work? What machinery is actually producing this thing? Nobody knows any machinery. Nobody can
give you a deeper explanation of this phenomenon than I have given; that is, a description of it."
Wheeler: 1983
"Every attempt, theoretical or observational, to defend such a hypothesis (the notion of hidden variables supplementing
the wave function description) has been struck down."
Clearly, even today, the source of these quotes carries a considerable weight of authority, which those wishing to pursue a
career in this field might well take into consideration before publicly disagreeing with them, as suggested by this next quote:
Mike Towler: 2009
‘Bohrian rhetoric of finality and inevitability’. `We see that it cannot be otherwise’. `This is something there is no way
round', `The situation is an unavoidable one', complementarity is `most direct expression of a fact..as the only rational
interpretation of quantum mechanics', `obvious', `evident', `clear from the outset', `a simple logical demand', `we must
recognize', `it is imperative to realize'...........Circular demonstrations of consistency disguised as compelling arguments
of inevitability. Those who do not agree are `unable to face the facts' and disagreeing with the masters of the universe
thus becomes bad for your career..
However, today, any search of the Internet related to the Bohmian interpretation will now throw up any number of papers that
appear to support this basic concept, although many now extend or refine some of the arguments of Bohm's original
interpretation. The following extracts from a paper by Marius Oltean, in 2011, entitled: De Broglie-Bohm and Feynman Path
Integrals, is cited purely by way of an example:
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Abstract:
The de Broglie-Bohm theory offers what is arguably the clearest and most conceptually coherent formulation of nonrelativistic quantum mechanics known today. It not only renders entirely unnecessary all of the unresolved paradoxes at
the heart of orthodox quantum theory, but moreover, it provides the simplest imaginable explanation for its entire
(phenomenologically successful) mathematical formalism. All this, with only one modest requirement: the inclusion of
precise particle positions as part of a complete quantum mechanical description. In this paper, we propose an alternative
proof to a little known result—what we shall refer to as the de Broglie-Bohm path integral. Furthermore, we will show
explicitly how the more famous Feynman path integral emerges and is, in fact, best understood as a consequence
thereof..............
Conclusion:
The Feynman path integral is conventionally understood as a sum over all (infinite) possible paths connecting (q,t) and
(q0,t0), each of these contributing with an amplitude found by integrating the classical Lagrangian. However, these paths
are understood not be real paths, i.e. along which the particle actually moves. (Of course, in orthodox quantum theory,
such a concept does not even exist). Rather, they are seen merely as mathematical tools useful for computing the
evolution of the wavefunction. In this sense, the Feynman path integral is nothing more than a reformulation of the
Schrodinger equation. However, de Broglie-Bohm theory requires a bit more than this to make the quantum picture
complete: namely, that the particle actually does move along one of the possible paths, in accordance with the guiding
equation. As we have seen, the evolution of the wavefunction can in this case be calculated, quite elegantly, by
integrating the quantum Lagrangian along this one single path i.e. the particle’s de Broglie-Bohm trajectory. It should
then come as no surprise that the Feynman method of summing over all paths can be constructed with the de BroglieBohm theory at its basis.
While noting the possible shift in position on what might be described as the edge of mainstream physics, it is unclear how any
'hidden variable' interpretation puts quantum theory on any firmer ground than the Copenhagen interpretation, when it comes
to the issue of empirical verification.

1.2.6.2.4

1957: Many-Worlds Interpretation

In 1957, Hugh Everett outlined an idea that would become
known as the many-worlds interpretation (MWI), although in his
first publication, Everett did not actually mention the phrase
‘multiple worlds’. Equally, in truth, Everett’s work was largely
ignored for over two decades, not necessarily because its
premise appeared to have no verifiable basis, but possibly
because it was just too outlandish, even by quantum standards,
to be taken seriously. As such, it was possible that many
physicists simply hoped that a better theory would emerge, in
the intervening years, which would allow a return to some sort
of classical determinism.
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However, as it turned out, the accumulation of experimental data over
the last 100 years has done nothing to swing the debate decisively
towards any given interpretation. However, we shall simply start by
outlining the two key assumptions of the MWI, which departs it from
the earlier Copenhagen interpretation:


the MWI interpretation, which he termed his
'relative state' formulation. Discouraged by the
scorn of other physicists for MWI, Everett ended

The wave function of an object represents all the information
about the object and does not depend on an observer or hidden
variables. As such, the wave function has an independent existence
as an object of reality, although the nature of this reality might still
be questioned.



Hugh Everett III
Was an American physicist who first proposed

his physics career after completing his Ph.D and
pursued a career in top secret military research.
Everett, who believed in quantum immortality,
died suddenly at the age of 51 probably caused
by obesity, chain-smoking and alcohol. In his will,
he asked that his remains be disposed with the

The wave function aligns to a deterministic wave function at all
time. The observer plays no role and there is no such thing as
a collapse of the wave function.

trash after his death. His wife kept his ashes in an
urn for a few years, before complying with his
wishes.

Within this interpretation, we might initially define both the object and the observer as being part of some composite system.
However, when an event takes place, the spread of probabilities inferred by the wave function results in the observer being
‘split’ into a number of parallel realities, each observing just one specific outcome. In other words, there is the inference that
reality itself splits into many-worlds, which then exists independently of each other, i.e. as parallel universes, each becoming a
separate objective reality.

As a consequence, this interpretation would appear to lead to an unimaginably large exponential growth of ‘many-worlds’
where each parallel reality in-turn can then generate independent events that leads to further unconnected realities. On first
exposure to this idea, John McEnroe’s quote might come to mind:
You cannot be serious?
While this interpretation might well lead to some sort of conceptual resolution of the double-slit and EPR experiment plus the
issue of the wave function collapse, it is predicated on a very large conceptual assumption, which appears to be non-testable at
any time soon. It is also unclear if it really addresses the issue of whether the wave function has any form of physical existence
in any of the worlds. However, at this point, let us continue to consider the implications of the MWI in terms of the ‘yardstick’
defined by the double-slit and EPR experiments.
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The double-slit experiment:
As discussed, Richard Feynman’s QED model develop the idea of a ‘sum-over-histories’ or ‘path-integral’ formalism of
quantum mechanics, which we might put along aside Schrodinger’s wave and Heisenberg’s matrix approaches. Each of
these approaches are said to be essentially equivalent, in terms of results, but the path-integral formalism might provide a
better insight into the MWI. In the path-integral approach, the wave function of a single particle reflects the contributions
of all possible paths, where each path is weighted according to its probability, such that the final expression corresponds
to the sum or integral over all paths. This approach could therefore be conceptually extended to a system with N-particles,
but where the path integral is now summed over 3-N configuration space for all world-paths, which overlap. However, if
we try to determine which slit the wave passes through, the interference pattern is broken because the worlds can no
longer overlap and a specific manifestation of the wave function, i.e. a quantum particle, is now said to exist in one specific
world or reality. So, within this description, some alternative ‘worlds’ must pre-exist, and overlap, prior to any
measurement, which then separates into specific disconnected realities after any measurement is taken.



The EPR-experiment:
The following discussion is possibly less of an explanation and more of a series of issues, which might be associated with
the MWI explanation of a modified EPR experiment. Let us consider an example, where observers are located on two
space-stations, e.g. [A] & [B], separated by some arbitrary large distance, e.g. 10 light-years. Therefore,
any ‘normal’ signalling would take a minimum of 10 years, if restricted to light speed. Let us also assume, at a point close
to [A], a quantum system is evolving as described by Schrodinger’s wave equation, such that a composite ‘pion’ particle
with zero charge and spin disintegrates into an electron and a positron, where each must ultimately have opposite spin.
While presumably still in a quantum entangled state, the electron and positron are described as ‘propagating’ in opposite
directions, through the vacuum of space, towards [A] & [B] respectively. Given that we are questioning, rather than
explaining how this interpretation addresses the EPR experiment, let us table some specific questions concerning this
example so far:
Does it make sense to describe the pion particle disintegrating into an electron and a positron, while in a quantum
superposition wave state?
How does a quantum wave propagate energy and momentum, if only a mathematical construct?
On the assumption that the original pion was close to [A], the electron, or wave function component, might arrive at [A] in
a matter of days, while it might take the positron 100’s of years to reach [B], assuming that it does not bump into any
electrons on route. At [A], an observer measures the spin of the electron, but within the context of the MWI, it is assumed
that this observer now has to split into two realities, i.e. one who measures up-spin, and one who measures down-spin, as
the MWI suggests that the wave function doesn’t collapse, therefore both spin probabilities have to exist, albeit in
different realities. In the first split reality of [A], it would seem that there is an electron with down-spin, such that there
must be a positron with up-spin heading towards [B]; while in the other split reality, there is an electron with up-spin and a
positron with down-spin heading towards [B]. As such, there appears to be the suggestion that two split observers must
eventually exist at [B], i.e. in different but associated realities, destined to measure a positron with corresponding spin.
However, while this interpretation may be said to avoid the issue of the wave function collapse, it appears to raise just as
many questions as answers, e.g.
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How are measurements at [A] affected by pre-existing ‘worlds’?
When do the two split observers at [B] come into existence?
The questions above are also reflective of the suggestion in the double-slit experiment description that some alternative paths
must pre-exist, and overlap, prior to measurement. As such, this interpretation seems to lead to many other questions related
to extending the MWI to encompass entirely separate universes, e.g.
Is the scope of these universe localised to each quantum system?
Does the MWI lead to an essentially infinite number of universes?
Does the MWI account for the apparent duplication of energy in each reality?
If, as the questions above imply, there is the suggestion that MWI requires a separate universe to be created for each
probability within each instant of a wave function, we might also have to question the conceptual scope of the conservation of
energy. However, it is clear that such questions may not be addressed, in the near future, in the absence of any likely empirical
evidence, as captured in the following comment:
In 1997, Max Tegmark at Princeton University proposed an experiment to prove that MWI was correct. It involved
pointing a loaded gun at your head and pulling the trigger. Of course, you will only survive in those universes where the
gun, for whatever reason, fails to go off.
It is worth pointing out that in the two examples given above, the number of probabilities is constrained to just two, e.g. twoslits or two spin options. However, each possibility is said to separate into different ‘worlds’
instead of the wave function just collapsing. In more complex systems, it would seem that there
might a very large range of probabilities, which it can only be assumed might also split into
separate worlds. As such, the exponential increase in the number of ‘worlds’ could quickly
extend beyond ‘enormous’ to ‘hugemungous’.
1.2.6.2.5

1970: Many Minds Interpretation

The many-minds interpretation (MMI) may initially be considered as an extension of the manyworlds interpretation, which was first forwarded by Hugh Everett in 1957. However, according
to the MMI, the separation of ‘worlds’ is a product of the mind of an individual observer and not
a physical one. The concept was first introduced, in 1970 by H. Dieter Zeh, and is connected
with the idea of quantum decoherence, which is briefly outline below:
Quantum Decoherence:
Represents the loss of coherence or phase between the components of a system in quantum superposition. It is this loss
of phase within the process of quantum superposition that leads to the perception of a classical outcome. In this context,
quantum decoherence is said to only give the perception of the wave function collapse and the mechanism by which the
classical ‘determinism’ appears to emerge out of quantum probability. The process of decoherence is said to occur when
a system interacts with its environment in a way that cannot be reversed, i.e. it is constrained by the laws of
thermodynamics. This ultimately prevents the components in quantum superposition from interacting with each other.
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Before continuing, it might also be useful to outline what is sometimes
referred to as ‘unitary evolution’ connected by the time-evolution of the
quantum state, as described by Schrodinger's wave equation. At the
quantum scale, the state of a system is said to be a superposition of
probability states, each weighted by a complex number that remains
constant in time. Therefore, while the system remains in quantum reality,
i.e. not subjected to measurement, these multiple states might all be
considered to be co-exist at this level of reality. However, in classical

Heinz-Dieter Zeh
Was born in 1932 and is a Professor Emeritus
of the University of Heidelberg and
theoretical physicist. He is one of the
developers of the many-minds interpretation
and the discoverer of decoherence, as
described in his 1970 paper.

reality, the system can only exist in a single state due to the process of quantum decoherence. As such, the concept of unitary
evolution is referring to the time evolution of the superposition system in quantum reality. So, in many ways, what all
interpretations are seeking to explain is the perception of the apparent ambiguities surrounding the time evolution of a
quantum system, i.e.


First by the unitary evolution of the Schrödinger equation within quantum reality.



Then, in terms of some sort of perception of a wave function ‘collapse’ or ‘split’ into a state of classical reality.

Through the totality of this process, the system might be described as evolving from the multiple probabilities associated with
its quantum states to just one classical state. However, in concept, we might extrapolate the scope of the problem to a
quantum system that represents the totality of the universe in which the process of observation would have to exist outside the
system, i.e. outside the universe. If so, this might lead to an interesting question:
Would this deny the existence of any sort of classical reality within the universe itself?
One logical, albeit speculative way out of this perceived problem is to
simply assume that no observer can exist outside the universe, i.e.
analogous to an atheist position, such that the universe, as a whole, only
exists in a quantum state, i.e. there is no classical reality at this level, such
that the perception of classical reality is only a construct of the mind
perceived from within the universe. Therefore, according to the MMI, it is
consciousness that splits rather than the universe itself and, as such,
consciousness only perceives a subjective collapse of the wave function. So,
the MMI is predicated on the idea that the entire universe is ’always’ in a

Heinz-Dieter Zeh
According to my attempts to understand
them, reality is systematically denied in the
Copenhagen interpretation in order to
circumvent consistency problems, such as 'Is
the electron really a wave or a particle?'. If
there is no reality, one does not need a
consistent description

quantum superposition state and the wave function cannot actually collapse, as it is part of the universe Therefore, it may be
argued that it must be the mind of the observer that splits for each and every observation, i.e. measurement, they make of any
quantum system within the universe. While somewhat analogous to the MWI, when a mind perceives a classical outcome, it
does so in parallel to a potentially infinite number of copies of the observer, where each ‘copy’ or ‘instance’ observes a
different outcome as defined by the range of quantum states in superposition. However, this discussion itself may have lost
touch with any sort of reality at this point, although this opinion is intrinsically subjective by definition, and according to this
interpretation, is one that I undoubtedly refute in another subjective reality.
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1.2.6.2.6

1986: Transactional interpretation

The Transactional Interpretation (TI) was developed by John Cramer and

John Cramer

originates from about 1986. This interpretation is technically quite

Was born in 1934 and is a professor of physics

complex and therefore this discussion will only provide the most basic of

at the University of Washington. He originated

introduction of its underlying concepts. The interpretation is based on a

and published a paper on "The Transactional

more objective approach that employs an explicitly non-local

Interpretation of Quantum Mechanics" (TIQM)

`transaction' which describes any quantum event as a `handshake`

in 1986, which was based on the Wheeler-

executed through an exchange of `advanced` and `retarded` waves,

Feynman Time-symmetric theory.

which are respectively associated with `forward-in-time` and `backwardin-time` processes. An advanced wave is a valid solution to a wave equation, but the wave is required to a have negative energy
and propagate backwards in time. As this behaviour is not observed in nature, these solutions are not normally used, but are
retained in the transaction interpretation.

As understood, an advanced wave at [1], as shown in the diagram above, is offered by the emitter and can be considered to be
moving backwards in time. The absorber then responds via a retarded wave as a form of confirmation. This advanced-retarded
handshake is the basis of the transactional interpretation of quantum mechanics. When the retarded wave is received at [2],
i.e. at some time in the future, the process effectively erases all traces of the advanced wave, thereby preserving causality. The
very nature of the quantum world means that this mechanism cannot be observed at the level of the classical world.


The double-slit experiment:
Again, only a basic interpretation is attempted. The advanced waves passes through both slits, but are moving backwards
in time. The retarded waves are subject to interference in the sense that the confirmation is either minimal or maximal inline with interference eventually produced.
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The EPR paradox:
The correlation of spin within the EPR experiment is guaranteed by the advanced wave moving backwards in time, which is
then confirmed by a retarded wave moving forward in time. This transaction process then accounts for the apparent nonlocality of what appears to be an instantaneous synchronisation of the emergent particle properties.

However, this interpretation would seem to raise some fairly important issues concerning causality, even if we assume the
effects cannot be directly observed. There are two basic principles of causality, which are described in terms of the strong and
the weak principle. Basically, the strong principle states that a cause should always precede its effect in all realities, while the
weak principle is confined to the classical world. Given that observation of the quantum world is restricted, it would appear that
this interpretation is not subject to even conceptual verification, which is consistent with many of the more esoteric
interpretations.
Cosmic Note:
Most negative solutions are often discarded, because they require an object to travel backwards in time. However, in
1941, John Wheeler and Richard Feynman proposed an idea that two waves, travelling forwards and backwards in time,
would be produced in some electromagnetic interactions that were a valid solution within the physics of quantum
theory. However, in the context of cosmology, these waves would only be cancelled out, if they were equal in size, which
requires the wave from the future to be the same size as the wave from the past, which might then imply that the
universe had to be the same size, in the future, as it was in the past, i.e. it would suggest more of a steady state model.
1.2.6.2.7

1994: Gravitational Objective Reduction

The essence of this idea is embedded in its title, such that gravity, i.e. the

Roger Penrose

curvature of spacetime, becomes an 'objective' cause for the 'reduction' or

Was born in 1931 and is often described as a

collapse of the wave function. It was propose by Roger Penrose, in 1994,

mathematical physicist. So, while he is the

and is included because it is possibly reflective of a trend towards

Emeritus Rouse Ball Professor of

interpretations, which appear to be seeking some sort a 'ontological'

Mathematics at University of Oxford, he is

explanation of the wave function collapse, which doesn't necessarily

also internationally known for his scientific

suspend our belief in the processes at work. Of course, while this may

work in general relativity and cosmology plus

make it plausible, and philosophically more acceptable to some, it does not

his collaborations with Stephen Hawking.

necessarily make it correct. The concept is based on the idea that
existence, in the quantum universe, appears to be defined as alternative probabilities that have to be described as a
superposition of weighted complex numbers called `probability amplitudes`. Note, it was the presence of complex numbers,
which led Bohr to believe that quantum theory did not describe reality, only a mathematical prediction. Each alternative path
relates to a quantum state, where only the sum total eventually emerges as an observable in classical terms. So, while the
system remains at the quantum level, it can evolve in time according to its wave function. Penrose describes this deterministic
process as ‘unitary evolution’, denoted by the letter [U]. At some point, which is not well defined or well understood, the
quantum universe emerges into the classical universe and the complex-weighted superposition seem to no longer persist.
When this happens, the sum of all possibilities seems to converge to just one alternative; Penrose calls this process, the
reduction of the state vector, denoted by the letter [R]. In order to describe the [R] process as objective, there needs to be
some explanation of the transition between [U] and [R] beyond the nebulous implications of a `wave function collapse`
between two states.
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As you might expect, in the case of Gravitational [OR], Penrose speculates
whether gravity could be the influencing factor in the collapse of the wave
function. As being described, Gravitational [OR] is when a wave function
collapse takes place automatically and is linked to a critical amount of
energy and time separating the elements of superposition. Only a system
with sufficient mass can govern the reduction of its own state, otherwise
the system remains in superposition or else gets entangled with its
environment, which in-turn, can then lead to the wave function collapse.
Given the level of mathematics associated with this idea, it is fair to say that
the following description is only analogous of the processes involved. When
applying Heisenberg's Uncertainty Principle to the lifetime [T] of an unstable
nucleus, such as Uranium-238, we could also consider whether there is a
time uncertainty proportional to its energy uncertainty, i.e.

Pros & Cons
[1]

David Deutsch, from Oxford’s Centre for
Quantum Computation, endorses the many

9

In the case of Uranium-238, its lifetime is ~10 years, corresponding to an
energy uncertainty for each nucleus of about 10

-51

joules, which in-turn can
2

be translated to a mass uncertainty via Einstein's equation [E=mc ]. This
gives an uncertainty factor of ~10

-44

for its total mass. What Penrose draws

attention to is that the superposition state may also be unstable due to this
inherent uncertainty, where the life of a superposition state is proportional
to gravitation self-energy [Eg]:

worlds theory. He dismisses Penrose's
interpretation as 'based more on aesthetics
than science', as no experimental anomalies
have been observed. However, Penrose has
responded that if his prediction is true, no
experiments have been performed at the
particular 'one graviton' level where
quantum theory becomes overwhelmed by
macroscopic effects

[2]
This equation suggests that the quantum superposition of 2 possible states should collapse into one, in the timescale [Tg], when
in the presence of gravitation self-energy [Eg]. However, there are no stationary solutions for the wave function of a single free
particle with positive mass, therefore the wave function would require some form of modification to account for the
gravitational effect. Whether this interpretation could ever be empirically tested is unclear.
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1.3

A Flawed Perspective?

To be clear from the outset, it is recognised that just having spent some time
‘trying’ to understand the scope of quantum mechanics, and its evolution into
quantum field theory, is not a qualification that allows the last 100 years of
scientific development to be summarised with any authority. However, while
in the land of the blind, the one-eyed scientist might talk with some authority,
it is not clear that he has a true perspective of reality. In this context, it is
accepted that the following discussion may only be a flawed perspective of a
lay-person that attempts to reflect on some of the wider issues surrounding
quantum theory and the state of theoretical physics in general. Let us start
with the assumption that quantum physics is the current mainstream
description of the most fundamental workings of the universe. If so, some
insight to its rationale is also a matter of interest to any lay-person wishing to
put their own personal ‘big questions’ into some sort of perspective. On this
basis, my own summary of the previous review would be:
At one level, quantum physics appears to be a successful mathematical
theory for predicting the outcome of certain experiments. It also
appears to have been successful in its ability to underwrite the experimental evidence supporting the particle model of
physics in terms of both quantum electrodynamics and quantum chromodynamics. However, despite this success, there
is clearly a level of fundamental concern regarding its ability to provide any cogent description of quantum reality, as
reflected in the scope of conflicting interpretations.
How people might respond to this summary may well depend on whether they agree with the ‘shut up and calculate’ school of
thought or not. While the phrase ‘shut up and calculate’ is often be attributed to Paul Dirac or Richard Feynman, it is in fact due
to David Mermin, who is the Horace White Professor of Physics Emeritus at Cornell University. However, in the current context,
what is meant by this school of thought is possibly more by way of a philosophical preference regarding the ‘purpose of
science’. For example, a pragmatist might logically argue that a concept or theory should only be evaluated on how effectively it
explains and predicts phenomena, as opposed to how accurately it describes any form of objective reality. However, in this
respect, it could be argued that Ptolemy’s mathematical geocentric model was just such an pragmatic approach, which
predicted phenomena much better than the earlier model of Aristotle, but one that would ultimately be overturned because it
failed to truly describe an objective reality. Therefore, while possibly accepting the ‘shut up and calculate’ position within the
practicality of applied physics, it appears overly restrictive in the field of theoretical physics, which in many ways still provides
an important counterpoint to the competing worldviews of philosophy or theology.
So what is the purpose of science?
Well, from a pragmatic perspective, it might be argued that science should not be drawn into philosophic speculation about the
nature of the universe, as its true purpose is to impartially separate fact from fiction within the constraints of what is known
and what is verifiable. However, this has always seemed somewhat of an idealistic position, because scientists are possibly even
more interested in the ‘big unanswered questions’ that extend beyond current knowledge than most.
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But still, should scientists leave speculation to the philosophers and the theologians?
Clearly, whether they should appears to be a moot point, if in practice most do
not and we accept the value of scientific speculation to act as the catalyst of
change, which in turn influences both philosophical and theological thinking.
This said, it would appear that the methodology of science has always imposed
additional constraints on the nature of any scientific speculation, over and
above the ground rules of philosophy and theology. Historically, it might be said
that the methodology of science has been based on two forms of logical
reasoning, i.e.


Modern physicists do not have a single
picture of the way the world really is.
Instead there are eight ideas of
'quantum reality'. These eight views of
reality are quite different; yet all are
considered by leading scientists to be
valid, or a least successful in terms of
explaining experiments.

Deductive Reasoning:
Is a logical process that goes from premise to conclusion. However, logical
deduction can proceed from a premise that is not true. Therefore, if the
premise is wrong, so might be the conclusion, i.e. while remaining logical it
is still incorrect. In some respects, this form of reasoning might be said to
underpin philosophic thinking.



David Bergman

~~~~~~~~~~~
1) There is no deep reality.
2) Reality is created by observation.
3) Reality is an undivided wholeness.
4) Reality consists of a steadily
increasing number of parallel universes.
5) The world obeys a non-human kind of

Inductive Reasoning:

reasoning.

Is also a logical process, but one that goes from observation to conclusion.
In this respect, it might be argued that inductive reasoning is more
reflective of the methodology of classical science anchored in verification.

6) The world is made of ordinary
objects.
7) Consciousness creates reality.
8) The world is twofold, consisting of

The inference to the methodology of ‘classical science’, as opposed to ‘modern
science’ in the form of quantum physics, possibly needs some clarification.
Clearly, science has always involved both deductive and inductive reasoning.
For example, a speculative premise might form the basis of a hypothesis, which
is then subject to experimental observation, i.e. verification, that helps
underpin the validity of any conclusion. While quantum physics does not
abandon this methodology, it is clear that the process of observation, i.e.
verification at all stages from |A> to <B|, is far more difficult in comparison to
classical physics. As such, it might be argued that quantum theory has become
increasingly dependent on deductive reasoning, anchored in a premise, which
then proceeds on the basis of mathematical logic. Of course, quantum
physicists might rightly point out that accepted theory is still predicated on
experimental verification, although the process between |A> and <B| remains
unobserved and, in many cases, unexplained. So, it might be argued that after
having ‘shut up and calculated’, theoretical quantum physics then continues to
build on the basis of deductive reasoning, i.e. a mathematical premise. This is
not a criticism of theoretical science, as long as the foundation of any premise
is not forgotten.
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Looking back at the worst times, it always seems that they were times in which there were people who believed with
absolute faith and absolute dogmatism in something. And they were so serious in this matter that they insisted that the
rest of the world agree with them. And then they would do things that were directly inconsistent with their own beliefs in
order to maintain that what they said was true.
It might be fair to say that this partial quote by Richard Feynman is being used outside its original context, see below, for it is
not clear who Feynman is referring to by ‘there were people’. While it is possible that he was not referring to scientists, ‘who
believed with absolute faith and absolute dogmatism in something’, it is not impossible that this could be applied to some
scientists. Therefore, the following sentence, which actually precedes the quote above, may possibly now be seen in a different
perspective, where absolute certainty remains an elusive concept, even in science:
Admitting that we do not know and maintaining perpetually the attitude that we do not know the direction necessarily
to go, permits a possibility of alteration of thinking, of new contributions and new discoveries for the problem of
developing a way to do what we want ultimately, even when we do not know what we want.
The point of the preceding perspective is primarily to illustrate that we
are all essentially searching in the darkness of limited knowledge,
although it is accepted that some of us might be additionally hampered
by periodic blindness. Therefore, while the lay-person might not really be
qualified to judge the details of quantum physics, in terms of the full
complexity of its mathematics, many will still seek some understanding
of the scientific arguments to counter-balance what might be little more
than an initial philosophical or theological preference concerning the
nature of the universe. As stated at many points throughout this
website, many of the discussions are guided by the principles of William
Clifford in his essay entitled ‘The Ethics of Belief’. So, it is on this basis
that the following ‘duty of inquiry’ is pursued, although some of the
speculations may well extend beyond the ‘limits of inference’:
Does an external physical reality exist irrespective of any human perception of this reality?
While the first part of this question may seem like it may have either a yes/no answer, it is qualified by human perception in
which we rationalise reality in terms of the limitation of our human sense, e.g. sights and sounds. We might also add to this
complexity by asking whether the idea of time is simply an aspect of human consciousness, which does not necessarily have any
separate existence in terms of the spacetime of relativity or at the level of quantum 'reality'. However, let us start by initially
considering these two issues separately, such that we might cite the limitations of human sensory perceptions using a quote
taken from a book called 'Why We Feel: The Science of Human Emotions' :
Most of us believe that the world is full of light, colours, sounds, sweet tastes, noxious smells, ugliness, and beauty, but
this is undoubtedly a grand illusion. Certainly the world is full of electromagnetic radiation, air pressure waves, and
chemicals dissolved in air or water, but that non-biological world is pitch dark, silent, tasteless, and odourless. All
conscious experiences are emergent properties of biological brains, and they do not exist outside of those brains.
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Most us will probably accept the idea of ‘emergent properties of
biological brains’ , but what about the physical existence of the
stimulants

of

these

sensory

perceptions,

e.g. ‘electromagnetic

radiation’ and ‘chemicals’. As we approach the quantum scale, the idea
of chemicals dissolved into atoms, which then sub-divide to fundamental
particles, such as electrons and quarks that turn out to have no obvious
substance within the wave-particle duality description of quantum
mechanics.

David Mermin
My complete answer to the late 19th century
question 'what is electrodynamics trying to tell
us' would simply be this: Fields in empty space
have physical reality; the medium that supports
them does not. Having thus removed the
mystery from electrodynamics, let me
immediately do the same for quantum
mechanics: Correlations have physical reality;

If so what aspect of physical reality might remain?

that which they correlate, does not. The first

From the perspective of general physics, there has always been the idea
that space and time provide the stage on which events play out,
although this analogy also needs the idea of energy as the source of any
2

drama. In this context, we might use either Einstein’s [E=mc ] definition
of mass-energy or Planck’s [E=hf] definition of radiation-energy,
although both would need some mechanism by which scalar energy

proposition probably sounded as bizarre to most
late 19th century physicists as the second
sounds to us today; I expect that the second will
sound as boringly obvious to late 21st century
physicists as the first sounds to us today. And
that's all there is to it. The rest is commentary.

moves in space-time. At this level of speculation, all that can be suggested is the idea of some sort of wave, which has an
intrinsic ability to transport potential energy between two points in space, but which has also to be separated in time. While a
gross generalisation, the previous description is not necessarily at complete odds with the quantum wave-field description,
although we might have to question some of the assumptions, not only in terms of the relative nature of spacetime, but the
gravitational curvature of spacetime.


Relative Spacetime:
If we let go of the idea of tangible matter in favour of some wave-like manifestation of energy, we seem to progress
towards some description of reality in which space contraction and time dilations occurs as a more natural consequence of
the relative perspective of waveforms in propagation. However, while the effects of space contraction disappears when
the different frames of reference return to the same inertial frame, the effects of time dilation on biological cells would
appear to be more persistent. However, the idea that relative motion could make the whole idea of elapsed time within
the universe entirely relative might still be questioned, i.e. see discussion ‘Are the effects of relativity real?’



Curved Spacetime:
The idea that spacetime can be curved or distorted by gravitational mass, i.e. an energy density, might suggest that space
may have some physical properties that extend beyond the abstraction of its mathematical geometry. We might also note
that the accepted model of cosmology requires space to expand in volume as a function of time. So what is the relationship
between space and energy? Would any distortion or expansion of space represent a change in concentration of energy
and reflect the need for energy to seek some lower equilibrium state? Can the propagation of energy be associated with
some sort of waveform dependent on the ‘physical’ properties of space? If so, can the properties of space change such
that any propagation speed through space may not be constant?

While there is no pretence that the previous suggestions are anything but pure speculation, they do try to respond to the
original question as to whether any physical reality exists beyond human perception. While it is accepted that those of the ‘shut
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up and calculate’ school of thought might strongly disagree with such speculation, it is not clear that they are yet in a position
to disprove the existence of some objective physical reality, although they might construct a logical philosophical argument for
why they hold to their position in the face of such speculation!
But what about the perception of time?
Clearly, human beings have an intuitive sense of time, although they invariably have difficulties in describing the concept of
time in any rigorous manner. However, in many ways, physics also appears to have had some difficulty in reconciling its idea of
physical time with the conscious experience of time.


Classical mechanics seems to suggest that time is an absolute parameter, which is only reversible in terms of its equations.
Within this description, cause-and-effect appears to be linked in a deterministic manner, although it is not clear that such a
description offers any real explanation of time or addresses the problem of free-will within such a rigid deterministic
model. Of course, even within classical physics, it was realised that deterministic systems might be subject to chaotic
processes, which might only be described in terms of statistical mechanics or thermodynamics.



Classical thermodynamics in its description of entropy there is the clear suggestion that time cannot be reversed, although
this premise may be said to be a statistical approximation of an aggregated system, i.e. an ensemble of particles. So while
the system, as a whole, suggests the irreversibility of time, it does not necessarily exclude the reversibility of time when
applied to individual particles within the system. This may leave the door open for quantum physics – see below.



Special relativity obviously redefines time as a relative parameter and possibly as an integrated parameter within
spacetime. However, while special relativity can lead to different relative measures of elapsed time, causality appears to
be maintained, such that there can be no obvious reversal of time, only time dilation, although some interpretations of the
maths associated with negative energy may contest this argument.



Quantum mechanics (QM) and its extension into Relativistic-QM (RQM) appears vague on some matters. Originally, in
QM, position [x] was considered as an operator, while time [t] was only treated as a variable. However, this asymmetry
was problematic in terms of special relativity. Therefore, in QFT, position [x] and time [t] are now both considered as
variables, while its description of fields is quantified in terms of operators. Therefore, it is not clear that RQM has anything
more to say than QM or special relativity, i.e. if causality is maintained, then time must remain essentially irreversible.
However, there may be some implicit reference to the granularity of time, i.e. non-continuous, in the definition of Planck
time; although this would not necessarily change the overall ‘arrow of time’.



Quantum Field Theory is possibly open to more interpretations based on the conceptual nature of virtual particles and the
Feynman-Wheeler idea of advanced and retarded waves, e.g. as defined by John Cramer’s transactional interpretation.
With reference back to classical thermodynamics, entropy suggests that time is irreversible, but doesn’t quantify what
might happen at the individual quantum particle level. Again, as far as it is understood, virtual particles can conceptually
travel backwards or forwards in time within the limits of the Heisenberg uncertainty principle, when quantified in terms of
energy and time. However, virtual particles as defined within Feynman diagrams are said to be unobservable and
therefore we appear to be forwarding a conceptual ‘probability’ not a verifiable argument. Again, without understanding
all the details of the Feynman-Wheeler idea, one counter-argument against this idea appears to come from cosmology in
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that for the advanced and retarded waves to cancel out in the present, the size of the universe in the past and future
would have to be the same size, which is a bit of a problem within the Big Bang model.
Clearly, there is some scope in the definition of time, as summarised above, such that it might be argued that time might be
absolute or relative, discrete or continuous, reversible or irreversible etc. However, while the scope of the irreversibility of time
within QFT might be questioned, the non-deterministic aspect of quantum theory appears to be better aligned to the human
condition than the determinism of classical physics. In classical physics, time might be assumed to be reversible simply because
its mathematics does not question the premise of the reversibility of time, such that we simply proceed to the conclusion that
‘cause and effect’ are also linked in a deterministic manner. If so, there would appear to be little scope for free-will, which many
would argue is essential for there being any purpose to life, especially sentient life. Of course, the issue of ‘free-will’ opens
another 'bag-of-worms' associated with any debate within physics, simply because science, as a whole, is still struggling with
the definition that might accurately separate sentient intelligence from living cells from a chemical reaction , even before we
start to worry about the fundamental form of their underlying reality, i.e. point particles or wave energy. However, the
extension of classical physics to include the observations of thermodynamics would suggest that time only flows in the forward
direction, because if it were to be reversed, the entropy of an isolated system could decrease in violation of the second law of
thermodynamics.
So is time reversible or irreversible?
As outlined above, there is considerable scope in the description time within different branches of physics, before we can even
begin to worry about the somewhat philosophical debate of free-will, which is therefore best deferred to another discussion.
However, it might be argued that any holding position should be anchored in the accepted methodology of science, i.e. based
on both deductive and inductive reasoning. In this context, we must consider any notion of time based solely on deductive
reasoning, i.e. conclusion from premise, as speculative; while those supported by inductive reasoning, i.e. conclusion from
observation, would appear to be on firmer ground. For any review of the many papers that touch on the question of time
would appear to suggest that most ideas are simply forwarded on the basis of a mathematical premise, which has no direct
verification in observation. So, on this basis, let us re-consider the following question:
Is the idea of quantum uncertainty enough to destroy the arrow of time?
At the macroscopic level, all empirical evidence suggests no, such that it might be argued that all systems do adhere to the
‘arrow of time’ , i.e. time only flows in the forward direction, with one caveat. While all macroscopic systems are subject to
nd

entropy in the form of the 2 law of thermodynamics, they are not totally deterministic. As a consequence, even if two systems
could be created in exactly the same initial state, e.g. |A>, and then subject to apparently identical conditions, quantum
probability could always lead to a different outcome, e.g. <B| or <C|.
Does this position really change the accepted perception of time?
Well, before trying to answer this question, even speculatively, there are a number of possible issues that should be tabled. The
first issue is whether time is really continuous or whether it is also subject to some form of quantum granularity. The second
issue is connected to the persistence of time dilation, as raised above under the heading ‘Relative Spacetime’ . In terms of
the Planck scale, we appear to have some measure of time, i.e. ~10
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meaningless or, at least, becomes unquantifiable, but whether this negates the aggregated impression of the arrow of time
seem questionable, as this scale exists beyond the reach of verifiable science. Equally, while quantum theory might speculate
that unobservable virtual particles can move backwards in time within the quantum limits of Heisenberg’s uncertainty principle,
there appears to be no doubt that the initial state |A> and some observable state <B| or <C| are always separated in time in
the forward direction. In contrast, the second issue connected to time dilation does not question the direction of time, only the
perception of its rate, i.e. elapsed time, in different frames of reference. While this is clearly an important consideration, it is
not clear that it contradicts our most basic intuitive perception of time or the abandonment of the concept in general use.
So where is all this speculation leading?
At one level, it might be rightly argued that the nature of the
speculation being outlined is simply a philosophical preference to
maintain the ‘possibility’ of some sort of physical objective reality.
However, this preference persists after a fairly time-consuming, if
possibly futile, attempt to understand the full complexity of the
current quantum model, which now appears to rest on so much
mathematical abstraction that many respected physicists now feel
justified in abandoning any notion of physical reality. As such, Roger
Penrose original diagram might have to be re-drawn, as shown
above, to reflect the suggestion of physical objective reality fading
into the background in favour of the idea of a subjective reality
accompanied only by some form of mathematical reality. However,
at this point in ‘time’, such a suggestion remains unverified, and
possibly unverifiable, while many of the contested issues remain
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open to debate. So, on this basis, it might be argued that it is simply
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mathematical models that the need for any form of physical
verification might be eventually questioned and abandoned. If so, it might lead to the perception that the methodology of the
scientific worldview is not so different from the belief systems that underpin so many theological worldviews. If so, an
increasing number of people may give up on the complexity and abstraction of the scientific worldview in favour of one, which
appear more understandable, even though possibly based on only religious ideology.
Is this extrapolation of the scientific debate simply too far-fetched?
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It would seem that you only have to look around the world today to see the effects of nation-states abandoning secular
principles in favour of a majority that have either been converted or indoctrinated into some religious ideology, which then
starts to infiltrate and then overpower the political system. In essence, the survival needs of most people and the desire for
power are not so different as they were thousands of years ago. As such, the following picture is only intend to reflect this
concern and does not assume that this danger only comes from one source, as possibly indicated by the quote below the
picture.

Among the values shared implicitly by all Americans are 1) that persons ought to be free to do as they please so long as
they do no harm to others, and 2) that every person is entitled to hold an opinion, and that no person's opinion is
necessarily or intrinsically more valid than any other's. The radical religious right does not play by those rules at all. From
their point of view, those assumptions are secular and therefore simply wrong. The notion of compromise is alien to the
radical religious right, because from their point of view either a belief comes from God, and is therefore absolutely and
eternally true, or it comes from the secular world and ultimately from Satan, and is therefore utterly false, no matter
how reasonable it may seem. Michael Webb
Although this may well be an extreme, and possibly alarmist, summation of
religious fundamentalism, the key point being raised is that science does not
develop in a vacuum outside the changes now taking place in all mainstream
societies around the world. While science cannot change the 'reality' of its
findings, it possibly should take some more time to reflect on the importance of
its role in the formation and maintenance of any rational worldview.
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A. Koestler
The progress of science is strewn, like an
ancient desert trail, with the bleached
skeletons of discarded theories which once
seemed to possess eternal life.

