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How much can physics explain? "Event-Symmetric Space-Time" presents a
startlingly integrated world view from the forefront of physics. So often we read
about the new quantum paradigm which has replaced the old mechanistic philosophy
of physics, but seldom do we find "what the paradigm is" spelt out so succinctly.
"The universe is made of stories, not of atoms.” (Muriel Rukeyser) This is the
storyteller's point of view. Through a literal interpretation of those words we
transcend causality and determinism to see the quantum multiverse as a whole.

Throughout this book, the author returns to the principle of event symmetry -- in
particle physics, in cosmology, in superstring theory, in epistemology. Coupled to
the storyteller's paradigm this new idea of philosophy and physics dares to free us
from the constraints of our intuition, to reveal natures truths. We are in the midst
of a revolution in our understanding of physics and the universe. This new
interpretation of superstring theory is slowly helping to bring physicists® long
search for the holy grail of knowledge to fruition.

At the debut of the twentieth century Einstein revealed how the laws of nature
are independent of any co-ordinate system. According to general relativity, no
matter how a reference frame of space-time is turned, pulled and stretched, the
laws of physics remain the same because gravity keeps track of the changes.
Einstein®s only restriction was that he did not allow space-time to tear. You cannot
cut out two pieces of space-time and swap them over expecting the forces of
nature to compensate, or can you? Research attempting to form a theory of
guantum gravity suggests that space-time can tear and reconnect in ways which
change its topology. This book suggests that Einstein’s symmetry must be
extended to allow space-time to be atomised into space-time events which can be
pulled apart and recombined in any permutation. The unified forces of nature must
permit this "event symmetry" just as gravity already permits the more restricted
co-ordinate transformations.

Recently theorists have discovered matrix models of superstring theories which
vindicate these ideas. In this new picture pioneered by Leonard Susskind at
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Stanford, the co-ordinates of space-time have been replaced by anti-commuting
matrices in the same way that quantum theory modified the commuting observables
of position and momentum seventy years before. Now it is space-time itself which
is being remoulded. In the limit where the co-ordinate matrices commute they can
be diagonalised simultaneously so that their eigenvalues represent the co-ordinates
of classical space-time events. The order of these events can be permuted under
the symmetry of the model and thus the principle of event-symmetry is realised.
In the true non-commuting geometry this is generalised to a matrix group
symmetry which unifies gauge symmetry and particle statistics. These features
had been previously predicted as a natural outcome of event symmetry. Other
predictions to be found in this book, such as the relationship between multiple-
guantisation and dimension, may further help string theorists to understand the
nature of space and time.

In a style which mixes technical notes with clear expositions, "Event-Symmetric
Space-Time" will be of interest to researchers in physics and interested non-
professionals alike.

"1 admired the way in which he so lucidly expressed such complex
ideas."

- Caroline Pretty, Assistant Editor, Penguin Books

"I must say that I like these idea quite a lot. 1 experimented with
strings on discrete lattices and found some very interesting behavior.
The strings were formed from sequences of links on an ordinary
lattice but I am convinced that one really must link any pair of points
so that the theory should have this huge permutation symmetry. 1|
think that physics at and beyond the Hagedorn temp will require such
concepts. In particular 1 do not believe that the black hole mess can
be sorted out without understanding these things."

- Leonard Susskind, Professor of Physics, Stanford
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The Storyteller

Between a story and the world

moments of slence a young voice from the front asked a question. "What is the difference

. he storyteller, surrounded by his enthralled audience, softly ended histae. After afew
between a story and the world?"

The goryteller replied "Thereis no big difference. The world isjust astory told with too much
irrdlevant detall "

"That's nonsensa!” The words came from a teacher listening from the back. "The world isred,
tangible, concrete. A story isjust made up fiction.”

"A child knows that a story can be asred as anything." said the storyteller. "As people grow
older they learn to separate a part they see asthe real world from the rest, but they are mistaken.
Some continue to regard certain stories as red which others come to regard asfiction. A sory is
not made up. It is discovered!”

The storytdler and the teacher might argue for many hours about what isred. For centuries
physica science has been based on a paradigm which considers the universe as red and material.
Other things are held gpart and regarded as part of the imagination. In the red world, events are
governed by the laws of physics and causdity. In our imagination anything goes.

As the second millennium draws to an end, science is searching for a new paradigm. Many
surprising discoveries have been made over the past century and causdlity has been cast into
doubt. Above dl our own place in the universe is a greet mystery. Often physicists have
remarked that the laws of physics seem to be designed so that life could evolve. But if the
universe was designed just for uswhy was it necessary that we evolve? Why not just put us
there? In quantum physics it seems to be impossible to separate the laws of physics from our role
as observers. Does the universe depend on us to work? And what about consciousness? What, if
anything, does it mean to be aware of our own existence? In the past these questions were
regarded as unscientific but now many scientists are trying to tackle them and the old paradigm
istotaly inadeguate.

Our storytdler sees the world differently. To him al stories dready exist and are redl. We do not
create them. We find them. The universe is no different. It might be helpful to see it as a coherent
callection of stories which unfold. He may not be able to persuade you to accept this
immediately, S0 in the best sorytdler's tradition, he asks you to suspend your disbelief. If you
can take his advice it will help you to come to terms with some of the unusud thingsin physics
which | am going to describe in this book. | want to tell you about how space can evaporate and
how time might change direction. Some people find such things hard to accept as a possible part
of red experience, yet somewhere, somewhen they may happen.
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Try to imagine thet there is a very large number of red or hypotheticd sorytdlersal teling

their favourite stories. They may bein thisuniverse - past, present or future - or perhapsthey are
somewhere ese, they may be very different from storytellers as we know them. It does not redlly
meatter. Some gorytdlerswill be telling the same stories as others, perhgps with different details,
or they may be telling stories which start the same but end differently. There are SO many

possible sorytdlersin our imagination thet thisis not redly a coincidence. Some will tell stories
which are sequels or prequels of others. Sometimes one story will seem to be the story of what is
going on next door to the location of another. Many of the storieswill be very imaginative when
compared to our limited experience. They may even make little sense to us, but somewherein
the whole collection any possible story is being told.

Stories can be broken down into components such as chapters, sentences and words. Those
elements might fit together in other ways. So the stories fit together to creste whole universes
like random jigsaws. Just for your entertainment here is a story broken down into phrases and
jumbled up. It is awell-known anecdote told by afamous physicist who himsdlf has an important
role to play in this chapter. Can the phrases be put together uniquely?

"Hee- heh- heh- heh-heh. Surely You're joking, M. Feynman."
and there are some | adies,

“I'"l'l have both thank you," | say,

I go through the door

and sone girls, too.

when | hear a voice behind ne.

still looking for where I'mgoing to sit,

"Would you like creamor |lenon in your tea, M. Feynman?
and |'mthinking about where to sit down

It's Ms Eisenhart, pouring tea.

and should | sit next to this girl, or not,

It's all very formal

when suddenly | hear

and how should | behave,

Y ou might solve this puzzle, either exactly or with adight variation which does not change the
meaning. If there were many more phrases, or if they were broken down into words you might
end up with agtory different from the origind. If | gave you just ajumble of letters and
punctuation marks, you could produce just about anything. Putting together the vast number of
stories which can be told would be the same. There would be no unique solution but you coud
make some order out of the chaos.

To undergtand the physics of event-symmetric space-time which | am going to explain, you must
imagine that the universe is built thisway. There are many possible stories and where sories fit
together in a sdf-congstent way they combine to form many different universes. Each of us has
alifewhich isagtory somewhere in these universes. We should not expect our future to be
completely determined since what we have experienced up to now could fit into many stories
with different endings. Even our pasts, and events happening e sewhere in our present, may not
be fully determined, yet we are guaranteed a consstent sory in the end. The storyteller's arena of
universesis cdled the multiver se and thisis the storytdller's paradigm.

If you are not very impressed, remember that a paradigm is not atheory. It isjust an empty
vessd within which you can place atheory. The sorytdler's paradigm is much more flexible
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than other paradigms such as mechanism, materidism and causdity. It needsto be if new
physicsis to be comprehensible.

Dreams of Rationalism

On the night of November 10th, 1619, René Descartes was serving in the army of the Duke of
Bavaria. They were in the midgt of the thirty years war which burned across the continent.
Outsdeit was bitterly cold and Descartes, 23 years old, had fallen into an uneasy deep in the
sove-heated room.

During that night he had three dreams, showing him his past, present and future. The first dream
terrified him. A ghostly presence showed him a melon which he interpreted as asign of solitude
and human preoccupations. He was in pain; a punishment. In the second dream he heard thunder
which brought home his present uncomfortable predicament, but the thunder was the Spirit of
Truth coming for him. He lay awake reflecting on these signs before having his third and most
reveding dream. In front of him on atable he saw two books, a dictionary and a book of poems.
A stranger appeared and showed him a poem, "Est et Non" by Pythagoras.

Thiswas the turning point in his life. He changed hisways. From that time on, Descartes would
pursue a recongtruction of knowledge based on physics and mathematics. He came to believe
that aunified system of truth was attainable. The redlisation of that vision has been sought by
generaions of scientists throughout the centuries which followed. Today we have not yet
reached it but we seem closer than ever before.

On that night in 1619 the time was certainly right for a new science. Just ten years before,
Gdlileo had looked to the sky with his telescope. He had seen mountains on the moon, the phases
of Venus, moons of Jupiter, sunspots and millions of new stars not known before. Never sncein
the history of our world, has one person announced a catalogue of So many unexpected
discoveries al a once. With these observations Galileo had crushed the old worldview and
physics of Aristotle. Now it was clear that the Earth was just like another planet circling the Sun
as Copernicus and Kepler had surmised. Gdileo dso judged that the same laws of physicswhich
act on Earth must aso rule the heavens. Just imagine the excitement of those times. Plainly it

was the beginning of something big. Much more could be seen and known than previoudy
thought possible. A new physics would have to be worked out to fit the new facts and a new
philosophy to go withit.

Descartes had heard of Galileo's discoveries as a 15 year old student at La Fléche. In response,
Descartes drew up a picture of the world as the workings of a complicated machine whose
moation is governed by smple physicd laws. He said that everything which hagppened must have
aprior cause. He hoped thet the right laws could be found by looking to mathematics and logic.
By knowing the equations and solving them, humankind would understand the mechanism of the
universe.

This Cartesan rationalism can be understood as two dements of causdity. Thereistemporal

causality which meansthat if we know the positions and velocities of dl particles a agiven
time, and the laws which govern the forces between them, then we can understand their motions
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at dl future times. To Descartes, rationalism aso meant that al things had a degper explanation

in terms of smpler causes. Thisisontological causality. Nothing comes from nothing. The
Cartesian philosophy was areaction to the scientific method which had been described by
Francis Bacon just afew years before. What mattered to Bacon was experiment and observation,
but Descartes put more weight on the use of rationa logic and deduction to work out how things
should be.

People often criticise scientific theories, saying that they do not explain anything. They say that
Maxwell's el ectromagnetism does not explain what charge or magnetic fields are, or that generd
relaivity does not explain what space-time or inertiais. Physiciss will argue that explanation in
this senseis not what counts. The important thing is that the theory provides a successful means
of predicting the result of experiments. The scientific method requires that physica theories must
be drawn up in response to observations and tested empiricaly. Anything moreisjust
metaphysica.

Y et physicigts are themsdlves dways searching for deeper explanations and often express their
wishes for an underlying theory from which dl phenomena can, in principle, be derived. What
scientists do is often different from what they report. To Descartes, experimentd results are just
hints that we need becauise we are not clever enough to work things out from first principles. He
admitted the shortcomings of his method and resorted to experiments himself, but he hoped to
rectify the matter later. Thelast in order of discovery would be the first in order of knowledge.
This dichotomy between the scientific method and Cartesian rationalism has survived intact
gnce the time of Descartes and Bacon and has become an ironic feature of scientific progress.
Descartes himself predicted that the journey on the road to that ultimate discovery wasto be a
long one taking centuries to follow.

Descartes became a great mathematician. He became the founder of anaytic geometry aswell as
modern western philosophy. When Newton spoke of "standing on the shoulders of giants' he
meant Descartes aswell as Galileo, Kepler and Copernicus who had set in motion the scientific
revolution during the previous century. Together those individuds, and many others who joined
them, established a new order which would last until the twentieth century. Newton used his
prodigious mathematica skills to bring Descartess dream to life. Applying Cartesian geometry,
he defined absolute space and time as the arena for deterministic mechanica law.

The pillars of asolute space, time and determinism were the supporting structures of physics
until the end of the nineteenth century. Then they crumbled, but the notion that dl cause comes
from the past and from deeper laws has remained as the foundation stone of al science.
Causdlity is now firmly embedded in our thought but it was not dways so. Before the
mechanigtic paradigm, philosophers viewed change as part of becoming towards a purpose. To
Arigtotle an acorn has a destiny to become atreg, it has telos and that iswhy it grows. At least
some of the cause was seen to liein the future. A child will become an adult, dways developing
towards perfection. Lead will become gold in the fullness of time. Descartes had expelled
Arigotlesfind cause, but Newton had reservations and believed that final cause may yet play its
part. What can be said of tempora causdity could dso be said of ontologica causdlity. The
reasons for existence may not al lie in the past or in the underlying laws of nature. We have
come too far to return to teleology and mysticism, but we need to prepare for awider view of
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causdity. There may be no first cause, no degpest cause, no find cause or highest cause; just a
sea of interdependent possihilities, a synthesis of consstent stories.

Light on Light

Among the many scientific discoveries made by Descartesis a contribution to opticswhich is
commonly known as Sndll's Sne law of refraction. It was named after the Dutch mathematician,
Willebrod VVon Roijen Snell who discovered it just prior to Descartesin 1625. Snell died just a
year after his discovery and did not publish, so the law was not widely known until Descartes
published it in 1637. The law tells us how light bends when passing between two mediums such
asar and glassand is crucid to our understanding of lenses and prisms.

The product of the refractive index and the sine of the angle of incidence of a ray in one medium
isequal to the product of the refractive index and the sine of the angle of refractionin a
successive medium.

Pgia.s.s

SINX =7 SNy

Descartes provided a derivation of Sndll'slaw which we now know to be incorrect, even though
it gave the right answer. He envisaged light as the maotion of smdl spherica particles. He could
seetha it is easy to explain light reflected from amirror as a stream of particles which bounce
off the smooth surface, as balls bounce from awall. The component of velocity of the particles
tangent to the surface does not change while the norma component is reversed. In accordance
with his generd methods, Descartes wanted a Smilar mechanica description of refraction. When
light passes from air into adenser medium such as glass, it turns towards the normd of the
surface. If the tangentid component of velocity isto remain unchanged for refraction asit isfor
reflection, light must go fagter in the denser medium.

Newton later perfected Descartes derivation and agreed with his conclusion. He clamed that
particles of light are attracted to denser mediums when they enter, and so gain momentum
perpendicular to the surface. We can compare the situation with bals which roll across aflat
surface until they descend a short downward dope onto ancther flat surface. They will gain
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energy and speed up, but only the normal component of velocity changes. The result isthet they
change direction, and if the initid veocity is fixed then the angles of deflection will mimic
Sndl'ssnelaw. Thisis the essence of the Cartesian-Newtonian mechanistic explanation of
refraction.

At that time, the French mathematician Marin Mersenne was acting as a clearing house for
scientific information in Europe. It is no accident that knowledge began to expand rapidly after
Johann Gutenberg introduced the printing press to Europe in 1450. Communication has dways
been of vitd importance in the development of science. Mersenne's role was the 17th century
equivaent of today's eectronic e-print archives on the internet. When he received Descartess
manuscript on optics in 1637 he circulated copies to other scientists including Fermat.

Fierre de Fermat was by profession a councillor of the French parliament, but his passion was
mathematics and his theoremsin number theory are legendary. When he read Descartes's
derivation of the sine law of refraction he was not impressed. For one thing, he felt that some
unjudtified assumptions had been made. He dso fdt that, if anything, light should dow down in
adenser medium, not gpeed up. The ensuing argument between Descartes and Fermat petered
out quickly without resolution.

Some twenty years later Fermat decided to try and conclude the matter by finding a better
explanation for refraction. His philosophy was very different from that of Descartes. Instead of
seeking amechanical analogy he fell back on the old ideaof Arigtotle that nature always takes
the most economical way. In 125 AD Heron of Alexandria had shown that the law of reflection
from amirror could be explained if rays of light were taking the shortest path from the source to
destination via the surface of the mirror. This can be easily seen by looking through the mirror at
the path of light before reflection. The ray traces a straight line from the gpparent position of the
object in the mirror to the destination.

If the angle of incidence were not the same as the angle of reflection it would not be a sraight
line and would therefore be alonger path.
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Fermat was interested in problems of finding maxima and minima before Newton and Leibniz
developed the generd methods of differential calculus. He considered the hypothesis that the
path of theray of light might give a minimum in the time taken for light to go from A to B. This
would work equaly well as minimum distance for reflection and could dso explain refraction.

Imagine that ingteed of alight ray passng into ablock of glass it isalife guard a the svimming
pool. While standing at position A she seesaswimmer in distress at position B. She needs to get
to him as quickly as possible but can run twice asfast as she can swim. To get from A to B inthe
shortest time she would have to follow the path shown.

It is not the path of shortest distance.

She must first get to apoint at the sde of the pool nearer to the swimmer. The optimum route is
given by the equivaent of Sndl'slaw,

28inx =1sin y

A ray of light going from apoint A to apoint B in arectangular block of glass with arefractive
index of two would take the same route. Thus, in 1657, Fermat showed that if light was being
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dowed down in amedium by afactor equd to its refractive index, then he could derive Snell's
gne law from aprinciple of least time. He was astonished that he got the same refraction law as
Descartes even though his dternative theory predicted adowing down of light in dense media
instead of a speeding up. It was not until 1850, amost 200 years later, that Jean Foucault was
able to messure directly the speed of light in different media. He confirmed that light dowed
down in water. Fermat was right and Descartes was wrong.

The beauty of Fermat's principle of leest timeisits generdity. Theimplication isthat aray of

light passing through any complex sat-up of mirrors and lenses takes a route which gives a least
alocd minimum of time to go from gart to finish. According to Descartess notion of causdlity,
Fermat's principle is a bizarre way to formulate alaw of physics. What we expect are laws which
alow usto begin with a starting point and direction for aray of light, and then work out the route
it takes and where it will end up. Of course, Fermat's principle can be used in thisway viaa
derivation of Sndl'slaw, but it seemsto work asif the light was given agtarting and end position
and then worked out the optimum route between them. This is quite asurd in terms of tempord
causdity.

By the mid 17th century the nature of light was a subject of hot debate. Important experiments by
the Italian Francesco Grimadi in 1648 were then becoming known. Grimaldi had observed
diffraction of light and proposed thet light had a wavelike nature.

At thistime awave theory of sound was dready well established. Galileo had studied avibrating
string and clarified the relationship between frequency and pitch in 1600. In 1636 Mersenne had
made the first measurements of the speed of sound by timing the return of an echo and in 1660
Robert Boyle demongtrated that sound could not travel through avacuum by placing abell ina
jar and pumping out the air. The conclusion was inescapable. Sound must be due to compression
waves travelling through the air. Using this theory, 1saac Newton was able to calculate the speed
of sound from firgt principles and obtain aresult in agreement with Mersenne's measurement.

Newton'srival, Robert Hooke, was one of those who wanted an analogous theory of light but he
failed to see that light must dow down in dense mediarather than speed up. In 1673 Ignace
Pardies corrected Hooke's oversight and provided a new explanation for Sndl's law. If light
propagated in a direction perpendicular to wave fronts and dowed down asit passed through a
dense medium, then waves become closer together and would be deflected in accordance with
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the sine law. Chrigtian Huygens agreed but wanted a deeper understanding. Why should the
wave theory be in agreement with Fermat's principle? Huygens was from Amgerdam so it is
easy to imagine how he might have seen the effects of water waves on the many cands of the
city as he walked home across the bridges. He developed an intuition for the behaviour of waves
which enabled him to grasp a deep relation between the wave theory of light and the principle of
least time. Newton and Huygens were both followers of Descartess mechanigtic philosophy, but
they had very different views of the road ahead. Newton liked Descartess theory of light and
incorporated it into his corpuscular theory. Huygens started from a different observation made by
Descartes, that crossed beams of light pass through each other without interacting. He must have
noticed that water waves and sound waves pass through each other in asimilar way. He could
not see how thiswould be possible for light if it was composed of streams of particles.

Huygens explained ingtead that light propagated from each point of aluminous sourcein
spherical waves. These are analogous to the circular waves propagating from a disturbance on
the surface of water, but with immense speed and short wavelength. The speed of light was
deduced by Olaus Roemer in 1676 to account for a discrepancy in the timing of eclipses of
Jupiter's moons. The short wavelength could be confirmed by an experiment which Newton
performed, now known as Newton's rings. Huygens noticed that if water waves pass through a
tiny hole smaler than their waveength they again soread out from that point in sphericad waves.
He said that spherica secondary waves propagated from any point but are only seen clearly
when abarrier shidds the contributions from other points. At that time the mathematics needed
to express the propagation of wavesin the form of differentid equations was not available, but
by combining Huygens's principle of secondary waves with the effects of interference, it is
possible to explain refraction and diffraction. It is even possible to see why Fermat's principle of
least time gpplies: Congtructive interference appears at points where light wave fronts passing by
different routes from the source arrive after the same time of travel so thet they arein phase. This
corresponds to the paths of least time. This conveniently reduced Fermat's principle to a deegper
wave principle which, to Huygens, had the greater merit of being explicitly causa and Cartesan.

Newton saw things very differently. In histheory, light was composed of particles or corpuscles.
These corpuscles undulated with a frequency depending on their colour. Thiswas his explanaion
for the experiment in which he was able to measure the waveengths of light of different colours
by observing the rings of light between two glass surfaces.

There the matter rested without further progress during the whole of the eighteenth century.
Newton's corpuscular theory and Huygens wave principle were seen as opposing theories.
Because of the huge success of Newton's mechanics and theory of gravitation, he was the greater
authority and hisideas were favoured. Newton objected to the wave hypothesis because light
casts a sharp shadow whereas sound and water waves can bend round an obstruction. Inthe
nineteenth century, opinion swung the other way. Thomas Y oung and Augustin Fresne were
fird to revive the wave theory of light with new theory and experiments to sudy interference and
diffraction. With the superior mathematical methods of Fourier and Laplace and the
experimental basis of Ampere, Faraday, Henry, Oersted and others, rapid progress was made.
James Clerk Maxwell presented the unified theory of dectromagnetism in 1864. Nine years later
he had derived the speed of light by supposing it to be aform of eectromagnetic wave. With
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this, dl aspects of light known &t the time including colour and polarisation could be explained.
Newton's corpuscular theory was no longer needed, it seemed.

Light-Quanta

Occasiondly an important breakthrough in physics comes about because of someone asking an
important question which others had not thought of. History will give the greater glory to the one
who finds the answer but often it is the person who posed the question who made the grester
contribution to science. Thiswas the case in 1860 when Gustav Kirchhoff asked: "Whét isthe
electromagnetic spectrum from a black-body?' He redised that the radiation insde auniformly
heated box must not depend on the characteristics of the walls, otherwise the second law of
thermodynamics could be violated by |etting radiation pass from box to another at adightly
higher temperature. In that case the energy in the radiation from an ided black body must be a
function of waveength and temperature which should be explainable solely in terms of
fundamental physics. However there was no theory &t that time which could be used to derive the
answer and experiment could give only arough guide. In the decades that followed Maxwell's
theory was to be found wanting when gpplied to Kirchhoff's smple question. As the nineteenth
century drew to aclose Lord Rayleigh showed that Maxwel's equations and the laws of
thermodynamics predicted a spectrum which worked well & low infra-red frequencies but which
would give anonsensicd increasing intengty of emission a higher ultra-violet frequencies. In

fact there would be an infinite radiation of heat. Something was badly wrong with the theory. In
Berlin at the world's best equipped physics laboratory of the time, two teams were paingakingly
measuring black-body radiation at temperatures from well below freezing up to as high as 1500
°C. Mog theorigts could do little better than guess equations which might fit the empirica

curves. Findly it was Max Planck who wrote down the correct law which fitted the deta. Then
Planck went a step further than guesswork. He concluded, reluctantly, that the spectrum at high
frequencies diminished because the radiation was emitted in discrete quanta. Thusin 1900, the
quantum era began.

It was not easy for physicists to accept the new idea. At firg it was thought that the quantisation
may apply only to emisson and perhaps absorption of light, and not as a property of light
propagation. For the first two decades of the twentieth century, Albert Eingein alone believed
that light quanta were red. He gpplied the same idea to explain the photoe ectric effect and
successfully predicted the correct law, E = hf - P, of photoelectric emission. In 1915 after 10
years of experiment a sceptical Robert Millikan conceded that the formulawas correct. It was
Eingtein who in 1909 saw the need for a theory of particle-wave dudity. It was hetoo, whoin
1917 saw thefirgt signsthat determinism was threatened. He understood that in the phenomenon
of simulated light emission, the exact moment at which each light quantum would be emitted,
could not be determined from the initid state. To Eingtein this was an unacceptable breskdown
of causdlity which he hoped to fix later in a deeper theory. To other physicists who followed it
became an experimentaly verified fact of life. The breskdown of causality was, however,
postponed by a semantic adjustment. We now say that quantum mechanicsis indeterministic
rather than acausa. We mean that dthough we cannot determine the outcome of an experiment,
the result is il influenced only by the past state and not the future. Cartesian tempora causdity
could live to see another century.
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In 1913 Nidls Bohr used the theory of light quantato explain the Bamer series of emission lines
in the spectrum of hydrogen, but what did it mean? In 1923, Arthur Compton derived the
relativistic expression for hard scattering of a quantum of light from an eectron. The term "light
quanta" was replaced by the word "photon™ asif to celebrate its wider recognition as a particle.
No longer would the redlity of photons be questioned. It was impossible to deny the particular
sde to their nature when the Compton effect was photographed in cloud chambers and energy
and momentum conservation wes verified.

The dmogt fantastic story of those discoveries and the years that followed have filled many
volumes on the history of science. In that golden age of physics many great scientists rose to the
chdlenge. Heisenberg, Pauli, Fermi, Schrodinger, Dirac, ... theroll-call is endless. Now is agood
moment to turn the clock back to the time of Newton and his theory of undulatory corpuscles.
One can only marve at the profound insight implied by this theory. To be sure, Newton was
wrong to think that light is faster in dense media. Huygens and Fermat were correct that it dows
down. It must dso be admitted that everything Newton had observed was later congstent with
the wave theory when it found its find form in Maxwdl's equations. Y et Newton's anticipation

of the quantum theory was no fluke. It grew out of a bdlief that the laws of physics were unified.
Following the chemist and philosopher Robert Boyle, he guessed that everything was built from
elementary units. It was Boyle who had christened them corpuscles. History recounts that this
was inspired by adchemist sympathies. They wanted to believe that any form of matter could be
transformed into another because they dreamt of becoming rich by transforming lead into gold.
But their guess that such transformations might come about by rearrangements of the condtituent
corpuscles was founded on many observations of other physical processes. It was natura for
Newton to suppose that light was produced by another transformation of this sort. We know now
that he was right, and we should not scoff just because the theory was not based purely on
empirica induction from solid observations.

With hindsght we can see the modern theory of light as a synthesis of the principles of Newton,
Fermat and Huygens. Explaining how, will lead up to my thesis of the storytdller's paradigm, but
first we must go back and trace the development of another principle.

ThePrinciple of Least Action

At the end of the seventeenth century, European mathematicians liked to show off their prowess
by posing and solving puzzles. The Bernoulli brothers particularly enjoyed this game and Jean
Bernoulli, the 10th child of Nicolaus Bernoulli, set an epecidly tricky problem for hisriva and
older brother Jacques. In 1690 he asked him to identify the curve of the brachistochrone, the
curve down which aparticle will dide in the shortest time from one given point to ancther. An
interesting application of this problem would be to build an underground train between two
towns powered only by gravity. Suppose the line was to go from the Bernoulli's home town of
Bade to Geneva, 259km to the south-west. By descending down a steep dope from Badle, it
could pick up momentum to cover the distance on frictionless tracks. Then, using its kinetic
energy, it would finish by climbing back up to Genevawhere it would come perfectly to rest.
What would be the optimum shape of the track to minimise the travel time? Jean failed to trip up
his brother with this problem and other mathematicians solved it too. Newton is reputed to have
cracked the problem overnight when it was given to him. The solution is a cycloid; the curve
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traced out by a point on the rim of arolling whed. To get from Bade to Genevathe train would
follow the sweep of apoint on acircle asit did afull revolution.

It would descend to a maximum depth of 82.4km where it would reach a speed of 4580 km per
hour and it would complete its journey in only 6 minutes 47 seconds.

(Feneva
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The brachistrochrone puzzle influenced other mathematicians to look for generd methods of
solving other smilar optimisation problems which involved curves, and so the calculus of
variationswas invented. Since it grew out of a physica problem, physicists wondered how the
new maths might be agpplied to Newton's laws of mechanics more widely. Remember that
according to Fermat's principle, aray of light follows the line of shortest time through any
system of mirrors and prisms. Could there be amore generd principle to be found? Gottfried
Leibniz was especidly keen on theidea. He did not like the Cartesian exclusion of fina cause
and saw Fermat's principle as an example that demonstrated his point.

But applying Fermat's principle directly to mechanics does not work. Particles do not seem to be
trying to get from A to B in the least time possible, otherwise they would accel erate towards their
dedtinations. A free particle goesin agraight line so its path has the minimum length, but it

would be better to have a principle which explains why it goes at constant peed too. Leibniz
proposed that mechanics optimises the use of another quantity which he cdled action. Later, in
1744, Pierre de Maupertuis discovered how to make thisidea work. For the single particle
subjected to no forces the action is energy multiplied by time which is dso haf momentum times
distance integrated dong the path. When a particle travels from A to B in afixed timeintervd, it
does s0 with the least possible action. Maupertuis attached grest philosophical sgnificance to
this principle and was ridiculed by Voltaire for doing so. Yet it is hard for a student learning
mechanics not to be struck by the beauty and generdity of the principle of least action when he
first encountersit. Richard Feynman was one such student who heard about it from his high
school physics teacher. The consequences for Feynman and for physics were profound, as we
shdl see.

The caculus of variaions and the principle of least action were further developed in the
elghteenth century by mathematicians such as Leonhard Euler and Joseph Lagrange. For any
mechanica system moving in an energy potentid, the action is defined as the kinetic energy
minus the potentid energy integrated with respect to time.
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When the system evolves from an initid Sateto afind date at given times, it does o in away
which minimises the action. Euler and Lagrange showed how to derive the equations of motion
of any system of particles from this principle. This energy difference in the integrad is now called
the Lagrangian and finding its form for more genera stuationsis the key to any problem of
theoretical physics. The principle of least action is a curious discovery from the point of view of
causdity in the same fashion asfor Fermat's optica principle of least time. Recdl that in
classicd mechanics (meaning deterministic motion without the quantum theory), given theinitid
positions and velocities of particles and the equations of force acting on them, you canin
principle predict their subsequent motion. Thisisthe principle of tempord causdity. However,
the principle of least action tells us how a system evolves given theinitid and find postions of
the particles and the equation for the action. It isasif the evolution of the system is determined
equdly by the past and future. Causdity is only found indirectly through the derivation of the
equations of motion and, apparently, our own psychological bias for prior cause.

Thenext in line to work on the action principle were William Hamilton and Carl Jacobi. They
developed techniques now known as the Hamilton-Jacobi formalism which took them to the
brink of discovering quantum mechanicsin 1834, eighty years before itstime. Recdl that
Huygens had used his theory of secondary waves to provide an explanation for Fermat's
principle which reconciled it with causdity. If Hamilton or Jacobi had consdered asmilar
explanation of the principle of least action they could easily have found quantum wave
mechanics. Asit turned out, we only see thiswith the hindsight which came from eighty more
years of experimentation. It isamusing to consider that we could write afictiond but amost
plausible sounding history in which mathematicians discovered dl the fundamental principles of
physics without ever doing an experiment! In practice, Descartes has to concede that we need
those empirical Sgnposts to keep us from straying onto false paths. Does it have to be that way
or isit just a human weskness?

Inthe red gtory it was 1923 that became the breskthrough year for quantum mechanics. Eingein
had aready suggested particle-wave dudity for light quantain 1909, but only when Louis de
Broglie suggested that the same must gpply to eectrons did dl become clear. He was only a
student & the time but he rediised immediatdly that the Hamilton-Jacobi theory pointed in that
direction. Duality was, and till is, a hard lesson to learn. It had to be accepted because it made
sense, at last, of Bohr's model of the atom. Many who would otherwise have doubted were
swayed by convincing experiments. Electron diffraction from metals was seen as the perfect
confirmation of deBroglie's matter wave theory. It was the time of the greatest revelaionsin
physics. Within three short years the full theory of quantum mechanics was established and ten
Nobel Laureates had earned their physics prizesin the process.

Feynman MeetsDirac

It isdifficult to think of two twentieth century physcigts less dike in character than Paul Dirac
and Richard Feynman. Born in Bristol, West of England, Dirac was a quiet genius, aman of few
words, over-typicaly the reserved Englishman. He was amagter of imaginative speculation;
exploiting mathematicd beauty to invent new physics. He discovered the rdativistic equation of
the eectron and founded quantum field theory. Later in life, he anticipated string theory,
membrane theory and magnetic monopoles thirty years in advance of their time. His masterpiece
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was the systematic congtruction of the quantisation process described in his book, "The
Principles of Quantum Mechanics'. It showed how to derive a quantum theory from any classica
Hamiltonian mechanics by introducing a quantum state vector and replacing classcal commuting
guantities with non-commuting quantum operators.

Feynman was born in New Y ork City, 16 years younger than Dirac. He was a popular genius, an
outspoken character, over-typicaly American. His approach to physics was practica and down
to Earth. He was brilliant at finding new ways to look at things more clearly and solving physicd
problems. He found the modern gpproach to quantum field theory and renormdisation. He
explained superfluids and tackled quantum gravity directly. He wrote a series of lecture notes on
theoretica physics which will remain sandard texts for decades to come. His masterpiece was an
dternative formulation of the process of quantisation using path integrals.

Despite these different styles, Feynman was a great admirer of Dirac's work. 1n 1946 they met
for the firg time at a series of lectures which had been organised to celebrate the bicentennid of
Princeton Universty. After giving atak, Feynman found Dirac resting on the lawn outsde by
himsdf, and went out to talk to him. He wanted to ask about an expression which Dirac had
written in a paper in 1933, aout the ration between quantum mechanics and the principle of
least action. Dirac had found what he thought was an approximate relationship but Feynman saw
that it was exact. This was his opportunity to ask Dirac if he actualy knew that. In fact Dirac had
not known but said it was a very interesting observation. As aresult, Feynman thought some
more about it and had a marvellous flash of indgght. Suddenly he could see avery direct and
intuitive relation between the classcd action and quantum theory.

Feynman's Sum Over Stories

To understand what Feynman came up with let usfirst look a the smple case of asngle

particle. In 1923 Louis De Broglie suggested that if light waves behave as particles, then other
particles must aso be consdered to have wave properties. Almost immediately Davisson and
Kunsman were able to verify De Broglie's conjecture by observing dectron diffraction effects. In
1926 Erwin Schrodinger came up with amore detailed wave theory in which the sate of the
particle a any timeis actualy described by a complex valued number assigned to each point in
gpace. Soon after that, Max Born interpreted Schrodinger's wave function as a description of the
probability of finding aparticle a any point in space. The probability dengity is given by the
square of the wave amplitude.

The wave evolves according to a wave equation which Schrédinger gave us and which was later
generdised by many others. Now Feynman, inspired by Dirac, redised that the evolution of the
wave could aso be described in terms of what he called "path integras'. The rdationship
between Feynman's path integrd and Maupertuiss principle of least action is the same as that
between Huygen's principle of secondary waves and Fermat's principle of least time. The square
was compl eted.
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Fermat — Huvgens

Maupertuis — Feynman

According to Feynman, in order to find the evolution of the wave function for asingle particle
between given starting and end times, we must consider dl possible starting points A, all
possible finishing points B and dl paths P which the particle could take in going from A to B.
The vaue of the wave function at the start time is a complex number which can be pictured as
the position of the hand of a clock. Suppose that initidly the particle has a definite pogition a A
s0 the wave function takes the value 1 there and zero everywhere else. We now want to know
what the wave function will look like at some later finishing time. Asapah Pfrom A to B is
traced out, the action can be caculated using the classica equations of Lagrange. Imagine that
the hand of the clock turns asif clocking up action aong the path until it getsto B so that it ends
up at some other position on the clock face. For each path from A to B there is a different
position vaue. To get the find amplitude of the wave function a B you have to sum up, or
integrate, the values for al the paths. This path integral has a built in normalisation so thet the
fina answer hasasengble vaue.

The evolution is wavelike since the turning hands of the clock are like the phase of awave.
When the dids read the same values they add together like congructive interference. When they
point in opposite directions they cancd like destructive interference. Congtructive interference is
most pronounced when paths near to the minimum of the action are added together. This
explains why the principle of least action describes the motion of the particle in the classca

limit.

The path integra makes sense, at ladt, of the theories of light of both Huygens and Newton.
Previoudy seen asrivals, they are now seen as complementary. The path integra incorporates
Huygen's secondary waves and generalises his explanation of Fermat's principle, but it dso
describes light as particles with an undulatory nature as Newton wanted.
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But quantum mechanics ded's with much more than just light. Any system which hasadasscd
principle of least action can be quantised usng the methods of Dirac or Feynman. A system of
many particles interacting through forces which conserve energy can be dedt with in thisway.
An exampleis an atom conggting of a nucleus with its entourage of dectrons. Classicaly we
would describe such a multi-particle system by giving the positions of each particle in space. The
quantum wave function of one particleis acomplex vaued function on the 3 co-ordinates of
pace, 0 it might have been expected that the quantum wave function of n particleswould
involve n such functions. In fact it is more complicated than that. The wave function isamuch
bigger complex vaued function of the 3n co-ordinates of the postions of dl the particles.

It isnon-locd in the sense that it does not just give independent wave functions for each particle.
It also describes correl ations between them. If agroup of n friends goes out to town for the
evening you could give a probability for each bar, club and cinema, that each friend will be there
at 11 o’clock. If there are h such haunts that they like to go to, there would be nh such
probabilities. However, these probabilities done would be a very poor description of the tota
behaviour because some friends like to stick together and are more likely to be found together.
There are actualy H' possible situations at 11 o'clock and to account for al possible
circumgtances you must give the probability for each one. The Stuation for particlesis amilar
except for afew important details. Firgtly, as dready said, the wave function gives a complex
number rather than ared number for each possihility. Also, there are an infinite number of

places the particle can be at any given ingtant, but it may be useful to suppose that space is
discrete and finite with only afixed number h of points. Another crucid distinction between
particles and our group of friendsis that particles do not have names. Thereis no way to tell
photons gpart. They are absolutely identica. This means that we cannot digtinguish the
difference in circumstance if any two photons are swapped over. We only need to give a
probability for the number of photons which can be found at each place. Thisislessthan H' but it
isdill alarge number.

Electrons are alittle different again. They are dso indistinguishable like photons, but they never
gppear together in the same place. Electrons are like agroup of anti-socid friends who detest
each other so much that each one avoids being found in the same haunt as any other. Particles
actualy have just these two kinds of socia behaviour. Either they are like photons and do not
mind being together, or they are like eectrons which stay apart. Particles which are like dectrons
are cdled bosons and those like electrons are called fermions.

In the path integral of the system we cannot ded with the path of each point separately because
they interact through dectromagnetic forces. We must consider dl ways in which the system of
many particles can evolve from a given classcd sarting sateto afind one. The action for each
such possible history contributes to the evolution of the wave function. | hope that the reason for
cdling it asum over stories is now emerging. We are looking at stories of particles, like astory

of agroup of friends who go out on the town. The story has a given beginning and agiven

ending and we must consder dl possible stories which fit; where they could be a each moment
of time. In the macroscopic world where physics gppears classical, we see only one story but we
know that in the microscopic world there are many stories. We are just seeing the one which
dominates through congtructive interference.
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It isworth taking a moment to contemplate the complexity of the system being described. If you
were an engineer charged with the task of programming a computer to Smulate agdaxy a a

level of detall where each particle is described individualy you would balk at the task. Even

doing it classcdly, you would require a high precision variable for each co-ordinate of somen =
107° particles, plus afield strength for the electromagnetic forces at each point of aclosgly

spaced lattice over the entire galaxy. That might need h = 108° points. If you are required to solve
the problem with quantum mechanics you need to cover the full wave function. If each particle
was behaving independently you could get away with about hn = 10°° variables, but the full
wave function requires more like (h/n)n = 10"10. Even with today's powerful computers some
further gpproximations will be necessary.

Sometimes people talk about the "many worlds' interpretation of quantum mechanics and the
multiverse of possible universes. Sceptics cannot accept it becauseit is hard to believe that so
many things are going on in pardld. Y et quantum mechanicsis atheory of many things
happening a once and the huge size of the wavefunction for dl the particles of the universeis
what makes quantum mechanics work. Today physicists are looking at ways to harness the
power which lies hidden in these functions. It may be possible to tame them in quantum
computers which will do many smultaneous computations as if they are each happening asa
separate story.

The Feynman sum over storiesis aredisation of the sorytdler's paradigm. It isthe most
fundamenta principle known in physics. The quantum theory is more general and more
fundamenta than any other theory because it must gpply to dl physicsif it gppliesto any. If we
wish to understand why we exist we should not look to the big bang where we think the universe
began because the tempord causdity of Descartesis not what this paradigm is about. Our redl
origins lie in the quantum principles which are held in the physics of dl timesand dl places.

Second Quantisation

Thereisatwig in the tale of quantisation which was introduced by Pascua Jordan in 1925. A
sgngle particle which is quantised becomes afield, i.e. values assgned to each point in gpace like
the classica dectromagnetic fidlds. A field theory can aso be derived from a principle of least
action and can therefore dso be quantised. The field theory of the single particle Schrodinger
equation can be quantised in thisway asif it were acdasscd fidd. The result of this second
quantisation works out to be the same as the quantum theory of a many-particle system. The
Schrédinger equation islinear but quantisation can be applied to field theories with non-linear
terms. The interaction between the electromagnetic fidd and Dirac's equation for an dectronisa
non-linear rdlativistic generdisation of the Schrodinger equation. Thisis il called second
quantisation but not everyone likes the term used in this way. Many physcists prefer to think
that the first quantisation was a mistake and quantum field theory adoneis correct.
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The quantum field theories dways describe the quantum interactions of many particle systems.
Feynman was able to use his path integrals to understand the process better. He found that the
equations of quantum field theory could be written out as a sum over diagrams, now known as
Feynman diagrams, which show the paths and interactions of particles

The diagrams ook just like the paths of particles which described the first quantisation of many
particles except now there are nodes where particles can interact. There is asubtle dudity
between the fields and particles. Quantising particles gives fields, and quantisng fieds gives
particles. Like the cliché of anove about awriter, second quantisation is confusing and perhaps
there is more to be understood about what the double process means.

The Storyteller's Paradigm

A gory isaculturd thing. Different peoples of the world have different traditiond stories. If we
found that atribe in the Amazon knew a story which was identica to one told by the Eskimos,
we would think that it was either afantastic coincidence or that there had been some
communication between them. Science is different. We expect different countries to have smilar
theories about biology for example, but written in different languages. This would be true even if
they had not shared their discoveries because ther citizens are dl the same form of life and must
have the same biology. If we ever make contact with intdligent life on another planet we will be
interested to hear about their biology because it islikely to be rather different from terrestrid
biology. However, their laws of physics will surely be the same even though they expressthem
differently. They will know about conservation of energy and will have alist of particleswhich
matches ours once we have sorted out how to convert terms and units. Whét if there are different
universes where the laws of physics are different? What would life in those universes havein
common with us? We would expect them to know the same mathemeatics because mathematical
logic is more abstract than physics. They may choose different axioms as fundamenta and will
certainly have a different notation, but there should be a correspondence between what they
judge as true and what we do.

Pure mathematicians do not usualy use ideas from physics to decide what is worth studying. Y et
often mathematicians working independently discover the same theorems. Perhaps one day
computers will be so powerful that we will be able to smulate crestive thought in a computer.
Then we will verify that the same mathematica concepts can develop without any influence

from physics.
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According to Plato's theory of forms, the world of mathematics exigts in its own right and
knowledge is atainable through the study of logic. There is a hierarchy which puts maths a the
foundation, physics above, naturd history over that and cultural knowledge at the top. Thisisthe
scene of reductionism through Descartes ontological causdlity. All knowledge is dependent on
what is below, but in our lives we have more direct experience of our culture and naturd history.
Ultimately we want to explain our own perceptions. There is a pogtivist philosophy which takes
the opposite extreme to Platonism saying that only the things we perceive directly are redl.
Perhaps the truth is a mixture of both. Is there alarger relm beyond mathematics where
different rules of logic can betried out? Perhgps thereis, but it seemslike it must contain itself.

The role which mathematics playsin physicsis certainly acurious one. It istrue that
mathematics is the language of the universe. No physicist can work without it. A theory which is
expresad in words may have some meaning but it isimpossible to verify its correctness unlessit
is backed up with a mathematicad mode which makes testable predictions. It is hard to resist
believing in an even greater significance of mathematics because we find that the most abstract
concepts are applicable to the red world. It isthisthat Plato recognised so long ago.

If our experiences are like stories then the laws of physics are the grammar of the languagein
which it is written. But the same story can be told in many languages so how important is the
language of physics? We il could not tdll a story without words or something Smilar. The lavs
of physics can dso be written in many different equivdent ways and it isnot clear that any one
way is more fundamenta. Thisisaspecid characteridtic of the laws of physics. Feynman
remarked that if you modify the laws much you find that you can only write them in fewer ways.

In one language of physics, the Feynman diagrams are the words and sentences. We could
collect together many diagrams and connect them together in different ways just as we can put

together sentences to make paragraphs and chapters. The stories of our experience aretold in that

way. There are symmetries and dudities which trandate from one language to another. In the
Patonic sense those diagrams are the forms which exigt in the world of mathemétics. They join
together in every possible way which the rules of logic, the grammar, permit. There is no need
for tempord causdlity in this language. We do not need to look to some creetion event where the
universe was set in mation. Theilluson of tempora causdity itsef may emerge from such an
event but it does not have to be fundamentd. It isa part of our story but stories with less linear
structure are aso possible.

Wheat about the storytdller? Remember that in hismind he did not invent the story. He discovered
it. He himsdlf is part of another story. Perhaps this is reflected in the rule of second quantisation.
Why do the Feynman diagrams obey the particular rules they do? Those rules determine which
particles exist and how they interact. Do they represent some especidly rich language? If the
storytdler's paradigm were taken to itslogica conclusion there would be no fixed Feynman

rules. Feynman's sum over stories should be just part of amuch larger sum over dl posshilities.
All of these things remain mysterious and we do not yet know the full grammar and vocabulary

of physics.
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The Beauty of the Tiger

Natural Beauty

gaaxy has aform of beauty which istypica of complex organised systemsin our

universe. A tiger has another ement to its beauty which is dso very common in nature
but which is often only evident on close ingpection. We call it symmetry. The common meaning
of symmetry isawdl-baanced shape or design but it also has amore specific mathematica
meaning. Thetiger's shape and pattern are certainly well balanced but he has this mathematica
symmetry too. More specificdly, this symmetry of atiger isbilateral: Divide hisface and body
by averticd line, and the left hand sde isamirror image of the right hand Sde. Many animals
including us have bilaterd symmetry but it is especidly engaging on the tiger becauseit is seen
in his striped patterns.

.e do not have to examine nature very closdly to admireits beauty. A bird, aforest or a

A few animds and many flowers have more than bilaterd symmetry. A daisy or a garfish has
radial symmetry fromits centre. Crystals dso form symmetrical shapes such as octahedra and
cubes. A snowflakeisacrystd of ice with 6-fold radid symmetry and it is particularly €egant.
How does it acquire its shape?

The snowflake beginsiits life as a minute hexagond crysd forming in acloud. The origins of

this sructure lie in alattice arrangement of the water molecules which form the ice. During its
passage from the clouds to the ground, it experiences a sequence of changes in temperature and
humidity which causeit to grow a varying rates. Its history is recorded in the variations of
thicknessin its Six petds asit grows. This process ensures that each petd isadmogt identicd to
any other and accounts for the snowflake's symmetry.

When a snowflake is rotated through an angle of 60 degrees about its centre, it returnsto a
position where it looks the same as before. Its shape is said to be invariant (meaning unchanged)
under such atransformation It isinvariance which characterises symmetry in mathematics. The
shape of the snowflakeisdso invariant if it isrotated through 120 degrees. It isinvariant again if

it isturned over. By combining rotations and turning over it is possble to find 12 different
transformations which leave its shape invariant (including the identity transformation which does
nothing). We say that the order of the snowflake's symmetry is 12.
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Condder now the symmetry of aregular tetrahedron. That is a solid shgpe in theform of a
pyramid with atriangular base for which al four faces are equilaterd triangles. The shape of a
regular tetrahedron is invariant when it is rotated 120 degrees about an axis passing through a
vertex and the centre of the opposite face. It is dso invariant when rotated 180 degrees about an
axis passing through the midpoints of opposite edges. If you make a tetrahedron and experiment
with it, you will find that it aso has a symmetry of order 12. But the symmetry of the tetrahedron
is not quite the same as that of a snowflake. The snowflake has a transformation which must be
repested Sx times to restore it to its original position and the tetrahedron does not.

Mathematicians have provided precise definitions of what | meant by "not quite the same”’. The
invariance transformations or isometries of any shape form an dgebraic sructure caled agroup.
Y ou can consider composition of transformations as akind of multiplication. For example, two
isometries of the snowflake are arotation of 60 degrees clockwise (cal it @) and areflection
about the verticd axis (cdl it b). The transformations are composed by doing one and then the
other, afollowed by b. The result is areflection about a different axis set at 30 degreesto vertical
which isaso an isometry (cdl it ¢). This composition is expressed dgebraicaly asab = ¢, asif it
were amultiplication. The dgebraic structure defined by these dements of symmetry isthe
group. The order of the symmetry is the number of eementsin the group. Two groups are
isomorphic if there is a one-to-one mapping between them which respects the multiplication.
Two groups which are isomorphic are often regarded as essentially the same thing. The
symmetry group of a snowflake is not isomorphic to that of atetrahedron but it isisomorphic to
that of a hexagon. Groups can be considered to be a mathematica abstraction of symmetry.
Many of them have symbolic names. The symmetry group of the snowflake and hexagon is
cdled D6 while that of the tetrahedron is caled A4.

The higtorical origins of group theory can be traced back to tragic events of May 30th 1832. That
morning ayoung Frenchman named Evariste Galois died in adud. At 21 yearsold hislife was
dready atale of rgection and failure as amathematician, yet the night before he met his death he
wrote aletter which brought about arevolution in abstract thought. Galois developed a theory
about which polynomia equations could be solved exactly using smple arithmetic operations
such as addition, multiplication and square roots. Polynomias up to degree four could be solved
in thisway but quintic equations had been proven insoluble by the Norwegian mathematician
Niels Abel in 1823. Galois found that the answer lay in the group of permutations of the
solutions of the equations. A permutation isaway of rearranging or shuffling an ordered set of
objects. Suppose, for example, that there are Sx numbered objects in numerical order 1, 2, 3, 4,
5, 6. A possible permutation would be 3, 4, 1, 6, 5, 2. It can be shown as adiagram,
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1 23456

3416572

It is not redly the numbers which are important. It is the arrows which permute them. There are
720, (6! =1 x 2x 3x 4 x 5 x 6) different possible permutations of six objects.

A rotation of a snowflake can be regarded as a permutation of its arms. Number them clockwise
and look at the 60 degree rotation.

Thisisapermutation of the ams

L 234 5 g

6 1l 2345

Likewise areflection about the verticd axis is another permutation

1 2345

1 65432

Any of the twelve transformations which leave the shepe of the snowflake invariant can be
shown as a permutation. To gppreciate the agebraic structure of the group formed by the
transformations we need to see how they can be combined. Thisis how it works for the rotation
followed by the reflection
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"2 5 4 5 &
M 2 2 s
l b 94 3 ]
G 5 4 3 2

So combining permutations by joining the arrows is equivaent to performing one isometry
followed by another. Thisis the same as multiplication in the group of isometries.

Like ordinary multiplication of numbersthis kind of multiplication is associdive, i.e. abc) =
(ab)c for any three trandformations a, b and ¢, but unlike ordinary multiplication it is not dways
commutative (ab) != (ba). Thereis aways an identity which hasthe property, al = la=a Each
dement hasan inverse, aa = a'a= 1. These dgebraic rules are taken as the definition of a

group.

Permutations, symmetry and groups dl go together. A permutation isjust a one-to-one mapping
from some sat to itsdf. A symmetry isasubsat of permutations which leaves something (like
shape) invariant. The dgebraic structure of symmetries and the ways they combine is a group.
To complete the triangle any group can aso be seen as a collection of permutations of its own
elements because multiplication by any dement of the group is a one-to-one mapping onto itsdlf.

permutations

/N

Group e«——— Symimetry

The geometric symmetries of the snowflake and tiger are just one type of symmetry which leaves
the shape of an object invariant. The permutations on a set of n objects adso form agroup which
is cdled the symmetric group of the set or S, for short. All these things are very important in
physics but the theory of groups and symmetries so has its own intringc power and beauty
which makes it interesting to mathematicians.

Permutations are not only gpplied to finite sets. There are dso infinite order symmetries
described by infinite groups and permutations of infinite numbers of objects. The Smplest
exampleisthe group of rotationsin a plane about the origin. It describes part of the symmetry of
acircle and is known as U(1).
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Symmetry in Physics

Symmetry isimportant in physcs because there are dl kinds of transformations which leave the
laws of physcsinvariant. For example, we know that the laws of physics are the same
everywhere. We can detect no difference in the results of any self contained experiment which
depends on where we do it. Gdlileo redised just how universal this principle is when he looked

at the planets through his telescope in 1609. He saw moons going round Jupiter in the same way
as our moon goes round the Earth. He proposed that the laws of physics which describe the
motions of the planets should be the same as those which govern the mation of objects here. This
was very different from the way people had thought before. Another way to say the samething is
that the laws of physics are invariant under atrandation transformation which would displace dl
objects by the same distance in the same direction. Thisisakind of symmetry of physcswhich
isjust like the symmetry of shapes. The infinite order group of trandationsis a symmetry of the
laws of physics.

The next important example is rotation symmetry. The laws of physics are invariant under
rotations in gpace about any axis through some origin. An important difference between the
trandation symmetry and the rotation symmetry isthat the former is abelian while the latter is
non-abelian. An Abdlian group is one in which the order of multiplication does not metter, they
commute (ab = ba). Thisistrue of trandations but it is not true of rotations about different axis.

If the laws of physics are invariant under both rotations and trandations then they must dso be
invariant under any combination of arotation and atrandation. In this way we can aways
combine any two symmetriesto form alarger one. The amdler symmetries are contained within
the larger one. Note that the symmetry of a snowflake is dready contained within rotation
symmetry. Mathematicians say that the invariance group of the snowflake is a subgroup of the
rotation group. They are both subgroups of the full group of permutations of points of space
which leave the distance between any two points invariant.

Such symmetry isimportant because we can use it to test new theories of physics. Once we have
accepted that certain symmetries are exactly observed in nature we can check that any set of
equations looks the same after applying the transformations under which physicsis supposed to
be invariant. If they are not then they cannot form any part of the laws of physics.
Mathematicians often go much further than this and work out dl possible formsthe laws of
physics might take to respect the symmetry. Given trandational and rotational symmetry we
know that the equations can be expressed using scaars, vectors, tensors and spinors; quantities
which can be combined in certain ways such as using vector and scdar multiplications. Nature
has been kind to physicists. With these rules they waste much less time dreaming up usdess
theories of physics than they would if there was no symmetry. The more symmetry they know
about, the better physicists can do. Thisis one of the secret of their success.

Hidden Symmetry

Symmetry in physicsis not dways evident & first Sght. When we are comfortably seeted on the
ground we notice adigtinct difference between up and down, and between the horizontal and the
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verticd. If we describe the motion of faling objectsin terms of physica laws which have the
concept of vertical and horizonta built in then we do not find the full rotationd symmetry in
those laws. As another example, many ancient philosophers thought that the Earth marked a
specia place at the centre of the universe. In such a case we could not say that the laws of
physics were invariant under trandations. In medieva times the symmetry of rotationa and
trandationa invariance in the laws of physics remained hidden to philosophers despite many
centuries of observation and thought.

It was the Copernican revolution that changed al that. Nicolaus Copernicus described a
cosmology in which the Earth had no specid place and initiated a new freedom of thought taken
up by Galileo. Newton, in response to Galileo, discovered hislaw of gravity which could at the
same time account for falling objects on Earth and the motion of the planetsin the Solar system.
If the moon was subject to Earthly forces why did it not fal down like objects do on Earth.

Newton's answer was that the moon does fdl, but it moves horizontdly fast enough to keep it
from coming down. From that point on it could be seen that the laws of physcs are invariant
under rotations and trandations. It was a profound revelation. Whenever new symmetries of
physics are discovered the laws of physics become more unified. Newton's discovery meant that
it was no longer necessary to have different theories about what was happening on Earth and
what was happening in the heavens.

Once the unifying power of symmetry is realised and combined with the observation thet
symmetry is hidden and not dways recognised at first Sght, the unique importance of symmetry
isclear. Physcigs have discovered that as well asthe symmetries of space transformations, there
are also more subtle internal symmetries which exist as part of the forces of nature. These
symmetries are important in particle physics. In recent times it has been discovered that
symmetry can be hidden through mechanisms such as spontaneous symmetry bresking. Such
mechanisms are thought to account for the apparent differences between the known forces of
nature. This increases the hope that other symmetries remain to be found.

Conservation Laws

During the centuries which followed Galileo and Newton, physicists and mathematicians came
to redlise that there is a deep reationship between symmetry and conservation laws in physics.
Thelaw of conservetion of momentum is reated to trandation invariance, while angular
momentum is related to rotation invariance. Conservation of energy is due to the invariance of
the laws of physcswith time.

The relationship was findly established in avery generd mathematica form known as Noether's
theorem. Mathematicians had discovered that classica laws of physics could be derived from the
philosophicaly pleasing principle of least action. In 1918 Emmy Noether showed that any laws
of thistype which have a continuous symmetry, like trandations and rotations, would have a
conserved quantity which could be derived from the action principle.

Although Noether's work was based on classca Newtonian notions of physics, the principle has
survived the quantum revolution of the twentieth century. In quantum mechanics we find that the
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relationship between symmetry and conservation is even stronger. There are even conservation
principles related to discrete symmetries.

An important example of thisis parity. Parity is a quantum number which is related to symmetry
of the laws of physics when reflected in amirror. Mirror symmetry is the smplest symmetry of

al snceit has order two. If the laws of physics were indistinguishable from their mirror inverse
then according to the rules of quantum mechanics parity would be conserved. Thisis the case for
electromagnetism, gravity and the strong nuclear force. It was quite a surprise to physicisswhen
they discovered that parity is not conserved in the rare weak nuclear interactions. Because these
interactions are not sgnificant in our ordinary day-to-day life, we do not normaly notice this

asymmetry of space.

Simple laws of mechanics involving the forces of gravity and dectricity are invariant under time
reversal aswdl as mirror reflection. If you could freeze every particle in the universe and then
send them on their way with exactly reversed velocity, they would retrace thair history in

reverse. Thisisalittle surprising because our everyday world does not gppear to be symmetric in
thisway. Thereisadlear digtinction between future and padt. In the primary laws of physicstime
reversd isaso only broken by the wesk interaction but not enough to account for the perceived
difference. Thereis an important combined operation of mirror inverson, time reversal and a
third operation which exchanges a particle with its antiparticle image. Thisis known as CPT.
Again the universe does not appear to redlise particle-antiparticle symmetry macroscopicaly
because there seems to be more matter than anti-matter in the universe. However, CPT isan
exact symmetry of dl interactions, asfar as we know.

Relativity

There is another symmetry which isfound in ordinary mechanics. If you aretravelingina
modern high speed train like the French TGV, moving a constant Speed on along straight
segment of track, it is difficult to tell that you are moving without looking out of the window. If
you could play agame of billiards on the train, you would not notice any effects due to the speed
of the train until it turned a corner or dowed down.

This can be accounted for in terms of an invariance of the laws of mechanics under a Galilean
transformation which maps a dationary frame of reference onto one which ismoving at constant
gpeed. Galileo used this symmetry to explain how the Earth could be moving without us noticing

it but he used a ship a searather than atrain to demondrate the principle.

When you examine the laws of eectrodynamics discovered by Maxwel you find thet they are
not invariant under a Galilean transformation. Light is an eectrodynamic wave which moves a a
fixed speed c. Because ¢ is 0 fast compared with the speed of the TGV, you could not notice
this on the train. However, towards the end of the nineteenth century, afamous experiment was
performed by Michelson and Morley. They hoped to detect changes in the speed of light dueto
the changing direction of the motion of the Earth. To everyone's surprise they could not detect
the difference.
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Maxwell believed that light must propagate through some medium which he caled ether. The
Michelson-Morley experiment failed to detect the ether. The discrepancy was findly resolved by
Eingtein and Poincaré when they independently discovered specid relativity in 1905. The
Gdilean transformation, they realised, isjust an approximation to a Lorentz transformation
which is a perfect symmetry of dectrodynamics. The correct symmetry was therein Maxwdl's
equations al aong but symmetry is not dways easy to see. In this case the symmetry involved
an unexpected mixing of space and time co-ordinates. Minkowski later explained that relativity
had unified space and time into one geometric structure which was thereafter known as space-
time. Symmetry was again a unifying principle.

It s;emsthat Einstein was more strongly influenced by symmetry than he was by the Michelson
Morley experiment. According to the scientific principle as spelt out by Francis Bacon,
theoreticd physicists should spend their time fitting mathematical equations to empirica data.
Then the results can be extrgpolated to regions not yet tested by experiment in order to make
predictions. In redity physcists have had more success congructing theories from principles of
mathematical beauty and consstency. Symmetry is an important part of this method of attack. Of
course these principles are ill based on observations and empiricism serves as acheck on the
correctness of the theory afterwards, yet by usng symmetry it is possible to leap ahead of where
you would get to using just Smple induction.

Eingtein demondtrated the power of symmetry again with his dramatic discovery of generd
relativity. Thistime there was no experimenta result which could help him. Actudly there was

an observed discrepancy in the orbit of Mercury, but this might just as easily have been corrected
by some smal modification to Newtonian gravity or even by some more mundane effect due to
the shape of the sun. Eingein knew that Newton's description of gravity was inconsistent with
gpecid reldivity. Even if there were no observation which showed it up, there had to be amore
complete theory of gravity which complied with the principle of rdativity.

Since Gdileo's experiments with weights dropped from the leaning tower of Pisg, it was known
that inertid massis equa to gravitationd mass. Otherwise objects of different masswould fal a
different rates even in the absence of air resstance. Eingtein redised that this would imply thet
an experiment performed in an accelerating frame of reference could not separate the apparent
forces due to acceleration from those due to gravity. This suggested to him that alarger
symmetry which included accel eration might be present in the laws of physics.

It took severd years and many thought experiments before Einstein completed the work. He
knew that the equivaence principle implied that space-time must be curved, and the force of
gravity isadirect consequence of this curvature. In modern terms the symmetry he discovered is
known as diffeomorphism invariance. It means that the laws of physics take the same form when
written in any 4d co-ordinate system on space-time. The form of the equations which express the
laws of physics must be the same when transformed from one space-time co-ordinate system to
another no matter how curvilinear the transformation equations are.

The symmetry of generd relativity isamuch larger one than any which had been observed in

physics before Eingtein. We can combine rotation invariance, trandation invariance and Lorentz
invariance to form the complete symmetry group of specid relativity which is known asthe
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Poincaré group. The Poincaré group can be parameterised by ten real numbers. We say it has
dimenson 10.

Diffeomorphism invariance, on the other hand, cannot be parameterised by a finite number of
parameters. It isan infinite-dimensiona symmetry. Already we have passed from finite order
symmetrieslike that of the snowflake, to symmetries which are of infinite order but finite
dimengond like trandation symmetry. Now we have moved on to infinite-dimensond
symmetries and we dill have along way to go.

Diffeomorphism invariance is another hidden symmetry. If the laws of physics were invariant
under any change of co-ordinatesin away which could be clearly observed, then we would
expect the world around us to behave as if everything could be deformed like rubber.
Diffeomorphisms leave the physics invariant under any amount of stretching and bending of
gpace-time. The symmetry is hidden by the loca form of gravity just as the congtant vertica
gravity seemsto hide rotationd symmetry in the laws of physics. On cosmologicd scaesthe
laws of physics do show amore versatile form alowing space-time to deform, but on smaler
scaes only the Poincaré invariance is readily observed.

Eingein'sfidd equations of generd reativity which describe the evolution of gravitationa

fields, can be derived from a principle of least action. It follows from Noether's theorems that
there are consarvation laws which correspond to energy, momentum and angular momentum but
it is not possible to distinguish between them. A specid property of conservation equations
derived from the field equations is thet the total value of a conserved quantity integrated over the
volume of the whole universeis zero, provided the universeis dlosed. Thisfact is useful when
sceptics ask you where dl the energy in the universe came from if there was nothing before the
big bang! However, the universe might not be finite.

A find remark about redivity isthat the big bang bresks diffeomorphism invariance in quite a
dramétic way. It Sngles out one moment of the universe as different from dl the others. It is
even possible to define absolute time as the proper time of the longest curve stretching back to
the big bang. According to relativity there should be no absolute standard of time but we can
define cosmologica time snce the big bang. This fact does not destroy relativity provided the
big bang can be regarded as part of the solution rather than being built into the laws of physics.
In fact we cannot be sure that the big bang is a unique event in our universe. Although the entire
observable universe ssems to have emerged from this event it is likely that the universeis much
larger than what is observable. In that case we can say little about its structure on bigger scaes
than those which are observable.

Gauge Symmetry and Economics

Wheat about dectric charge? It is a conserved quantity so is there a symmetry which corresponds
to charge according to Noether's theorem? The answer comes from a smple observation about
electric voltage. It is possible to define an eectrogtatic potentia at any point in space. The
voltage of a battery isthe difference in this potentia between itsterminds. In fact thereisno

way to measure the absolute value of the eectrodtatic potentid. It isonly possible to measureits
difference between two different points. Voltage is relative. In the language of symmetry we
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would say that the laws of eectrostatics are invariant under the addition of avaueto the
potentia which is the same everywhere. This describes an internd symmetry which through
Noether's theorem can be related to conservation of dectric charge.

The dectric potentid isjust one component of the eectromagnetic vector potentid which can be
taken as the dynamicd variables of Maxwell's theory alowing it to be derived from an action
principle. In this form the symmetry is much larger than the smple one parameter invariance |
just described. It corresponds to a change in ascadar field of values defined at each event
throughout space-time. Like the diffeomorphism invariance of generd rddivity this symmetry is
infinite-dimengiond. Symmetries of this type are known as gauge symmetries. The principles of
gauge theories were first recognised by Herman Weyl in 1918. He hoped that the smilarities
between the gravitationa and eectromagnetic forces would herald a unification of the two. It
was many years before the full power of hisideas was gppreciated.

Thereisan anadogy of gauge symmetry in the world of finance. Condder the money which
circulaesin an economy. If one day the government wants to announce a currency devauation,
it has to be implemented in such away that nobody loses out. Every price can be adjusted to be
one tenth of its previous vaue, but everybody's wage must be changed in the same way, as must
their savings. If done correctly the effect would be cosmetic. The economy isinvariant under a
globa change in the scae of currency. It isasymmetry of the system.

Wheat about the combined system of economies of the different countries of the world? Any one
currency can revalue its currency but to avoid any economic effect the exchange rates with other
currencies mugt aso reflect the change. In this larger system there is a degree of symmetry for
each currency of the world.

Thisisandogousto alocd gauge symmetry which dlows a gauge transformation to take place
independently anywhere in space. Prices and wages are ana ogous to the wave functions of
matter. Exchange rates are like the gauge fields of gravity and el ectromagnetism. The purpose of
these fields which propagate the forces of nature is to dlow the gauge symmetry to change
locdly, just as varying exchange rates allow economies to adjust and interact. In both casesthe
variables change dynamicaly, evolving in response to market forces in the case of economy and
evolving in response to naturd forcesin the case of physics.

Both diffeomorphism invariance and the e ectromagnetic symmetry are loca gauge symmetries
because they correspond to transformation which can be parameterised as fieds throughout
gpace-time. In fact there are marked similarities between the forms of the equations which
describe gravity and those which describe e ectrodynamics, but there is an essentia difference
too. Diffeomorphism invariance describes a symmetry of space-time while the symmetry of
€lectromagnetism acts on some abstract internal space of the components of the field.

The gauge tranformation of € ectrodynamics acts on the matter fields of charged particles as
well as on the dectromagnetic fidds. In 1927 Fritz London noted that to implement the gauge
transformation the phase of the wave function of matter fields is multiplied by a phase factor,
which is acomplex number of modulus one. Such factors have no physicd effects since only the
modulus of the wave function is observable. Through this action the transformetion is related to
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the group of complex numbers of modulus one which isisomorphic to the rotation symmetry
group of thecircle, U(1).

In the 1960s physicists were looking for quantum field theories which could explain the weak
and strong nuclear interactions as they had aready done for the electromagnetic force. They
redised that the U(1) gauge symmetry could be generalised to gauge symmetries based on other
continuous groups. As | have dready said, an important class of such symmetries has been
classfied by mathematicians. In the 1920s Elie Cartan proved that a subclass known as semi-
simple Lie groups can be described as matrix groups which fal into three families parameterised
by an integer N and five other exceptional groups.

The specia orthogona groups SO(N)
The specid unitary groups SU(N)
The specia symplectic groups Sp(N)
Exceptiona Groups G2 F4 E6 E7 E8

Theinterna gauge symmetry should be made up of combinations of these groups. They can be
combined using a direct product denoted X in which both groups are independent subgroups.

The best thing about gauge symmetry isthat once you have sdected the right group the possible
formsfor the action of the fidd theory are extremdly limited. Eingtein found that for generd
relativity there is an dmost unique most Smple form with a curvature term and an optiona
cosmologicd term. For internd gauge symmetries the corresponding result is Y ang-Millsfidd
theory developed by Chen Ning Y ang and Robert Millsin 1954. Maxwell's equations for
electromagnetism are aspecid case of Y ang-Mills theory corresponding to the gauge group U(1)
but there is a generdisation for any other gauge group. From tables of particles, physcists were
able to conjecture that the strong nuclear interactions used the gauge group SU(3) which is
metaphoricaly referred to as colour. This symmetry is hidden by the mechanism of confinement
which prevents quarks escaping from the proton and neutron to reved the colour charge. For the
week interaction it turned out that the symmetry was SU(2) X U(1) but that it was broken by a
Higgs mechanism. There is a Higgs boson whose vacuum state bresks the symmetry at low
energies. By these uses of symmetry theoretical physicists were able to construct the complete
standard model of particle physics by 1972.

The rapid acceptance of gauge theories at that time was due to the discovery by 't Hooft and
Vdtman that Y ang-Mills theories are renormalisable, even when the symmetry is broken. Other
theories of the nuclear interactions were plagued with divergences when calculaions were
attempted. The infinite answers rendered the theory useless. These divergences are dso present
in Yang-Mills theory but a process of renormalisation can be used to cancd out the infinities
leaving sengble consgtent results. In the years that followed this discovery, experiments at the
world's greet particle accelerator laboratories have rigidly confirmed the correctness of the
standard modd . Of the four forces only gravity remainsin aform which stubbornly refusesto be
renormalised.

Supersymmetry
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Symmetry is proving to be a powerful unifying tool in particle physics because through
symmetry and symmetry bresking, particles which appear to be different in mass, charge, etc.
can be understood as different states of a single unified field theory. Ideally we would like to
have a completely unified theory in which al particles and forces of nature are related through a
hierarchy of broken symmetries.

A possible catch to this hope is that fermions and bosons cannot be related by the action of a
classcd symmetry based on agroup. One way out of this problem would be if al bosons were
revealed to be bound states of fermions so that & some fundamenta level only dementary
fermions would be necessary. Thisis an unlikely solution because gauge bosons such as photons
appear to be fundamentd.

A more favourable possibility is that fermions and bosons are related by supersymmetry.
Supersymmetry is an dgebraic congtruction which is a generdisation of the Lie group
symmetries dready observed in particle physics. It isanew type of symmetry which cannot be
described by aclassicd group. It is defined as a different but related agebraic structure which
dill has dl the essentid properties which make symmetry work.

If supersymmetry existed in nature we would expect to find that fermions and bosons camein

pairs of equa mass. In other words there would be bosonic squar ks and selectrons with the same
masses as the quarks and dectrons, aswdl as fermionic photinos and higgsinos with the same
masses as photons and Higgs. The fact that no such partners have been observed implies that
supersymmetry should be broken if it exigts.

It is probably worth adding that there may be other ways in which supersymmetry is hidden. For
example, If quarks are composite then the quark congtituents could be supersymmetric partners
of gauge particles. Also, superstring theorist Ed Witten has found a mechanism which dlows
particles to have different masses even though they are supersymmetric partners and the
symmetry is not spontaneoudy broken.

Supersymmetry unifies more than just fermions and bosons. It dso goes along way towards
unifying internad gauge symmetry with space-time gauge symmetry. If gravity isto be unified

with the electromagnetic and nuclear forces there should be alarger symmetry which contains
diffeomorphism invariance and internd gauge invariance. In 1967 Coleman and Mandula proved
atheorem which says that any group which contained both of these must separate in to adirect
product of two parts each containing one of them. In other words, they smply could not be
properly unified, or at least, not with classica groups. The adgebraic structure of supersymmetry
is asupergroup which is a generdisation and a classica group and is not covered by the
Coleman-Mandula theorem, so supersymmetry provides away out of the problem. There are ill
alimited number of ways of unifying gravity with internd gauge symmetry using

upersymmetry and each one gives atheory of supergravity.

Thereis now some indirect experimentd evidence in favour of supersymmetry, but the main
reasons for believing in its existence are purdy theoretica. During the 1970s it was discovered
that supergravity provides a perturbative quantum field theory which has better renormaisation
behaviour than gravity on its own. This was one of the firgt breskthroughs of quantum gravity.
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The big catch with supergravity theoriesis that they work best in ten or deven-dimensond
gpace-time. To explain this discrepancy with nature, theorigs revived an old idea cdlled Kaluza-
Klein theory which was origindly proposed as away to unify eectromagnetism with gravity
geometricaly. According to this idea Space-time has more dimensions than are apparent. All but
four of them are compacted into abal so smdl that we do not notice it. Particles are then
supposed to be modes of vibration in the geometry of these extra dimensions. Y ang-Millstheory
emerges from space-time curvature in the compacted dimensions so Kauza-Klein theory isan
eegant way to unify internd gauge symmetry with the diffeomorphism invariance of generd
relaivity. If we believe in supergravity then even fermionsfal into this scheme.

Supergravity theories were popular around 1980 but it was found to be just not quite possible to
have a verson with the right structure to account for the particle physics we know about. The
sovereign theory of supergravity livesin 11 dimensons and nearly manages to generate enough
particles and forces when compactified down to 4 dimensions, but unfortunatdly it was not
possble to get the Ieft-right asymmetry in that way. It was dso redised eventudly that these
field theories could not be perfectly renormalisable. Supergravity was quickly superseded by
superstring theory. String theories had earlier been considered as amodel for strong nuclear
forces but, with the addition of supersymmetry it became possible to consider them as aunified
theory induding gravity. In fact, supergravity is present in supersiring theories.

Enthusiasm for superstring theories became widespread after John Schwarz and Michael Green
discovered that a particular form of string theory was not only renormalisable, it was even finite
to al ordersin perturbation theory. That event Started many research projects which are a story
for another chapter. All 1 will say now isthat string theory is believed to have much more
symmetry than is understood, but its nature and full form are sill amystery.

Universal Symmetry

We have seen how symmetry in nature has helped physicists uncover the laws of physics.
Symmetry is aunifying concept. It has helped combine the forces of nature as well asjoining
gpace and time. There are other symmetriesin nature which | have not yet mentioned. These
include the symmetry between identica particles and the symmetry between electric and
magnetic fidds in Maxwdl's equations of dectrodynamics known as el ectromagnetic duality.
Symmetry is often broken or hidden so it is quite possible that thereis more of it than we know
about, perhaps alot more.

Let uslook again at the symmetry we have seen so far. There isthe SU(3)XSU(2)XU(1) internd
gauge symmetry of the of the strong, weak and e ectromagnetic forces. Since these groups are
gauged there is actudly one copy of the group acting at each event of space-time o the group
gructure is symbolically raised to the power of the number of points in the space-time manifold
M. The symmetry of the gravitationd force is the group of diffeomorphisms on the manifold
which isindicated by diff(?%1). However, the combination of the diffeomorphism group with the
internal gauge groupsis not adirect product because diffeomorphisms do not commute with
interna gauge trandformations. They combine with what is known as a semi-direct product
indicated by |X. The known symmetry of the forces of nature is therefore:
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G(7#) = difitor) < ( SUBYEXSUQRVEXULY*)

Thereis plenty of good reason to think that thisis not the full story. This group will be the
resdud subgroup of some larger one which is only manifest in circumstances where very high
energies are involved, such asthe big bang. Both generd rdativity and quantum mechanics are
full of symmetry so it would be naturd to imagine that a unified theory of quantum gravity
would combine those symmetries into alarger one. String theory certainly seems to have many
forms of symmetry which have been explored mathematicdly. Thereis evidence within string
theory that it contains a huge symmetry which has not yet beenrevealed. Whether or not string
theory isthe find answer, it seemsthat there is some universal symmetry in nature that has yet to
be found. It will be a symmetry which includes the gauge symmetries and perhaps aso others
such as the symmetry of identical particles and dectromagnetic dudity. The exisence of this
symmetry isabig clue to the nature of the laws of physics and may provide the best hope of
discovering them if experiments are not cgpable of supplying much more empirica data

What will the universal symmetry look like? The mathemétical dassfication of groupsis
incomplete. Finite smple groups have been classified and so have semi-simple Lie groups, but
infinite-dimensional groups appear in string theory and these are so far beyond classfication.
Furthermore, there are new types of symmetry such as supersymmetry and quantum groups
which are generdisations of classcad symmetries. These symmetries are agebraic congructions
which preserve an abgtract form of invariance. They turn up in severd different approaches to
quantum gravity including string theory so they are undoubtedly important. This may be because
of their importance in understanding topology. At the moment we do not even know what should
be regarded as the most general definition of symmetry let done having a dassfication scheme.

Particle Per mutations

The importance of the symmetry in asystem of identica particlesis often overlooked. The
symmetry group is the permutation group acting to exchange particles of the same type. The
reason why this symmetry is not consdered to be as important as gauge symmetry liesin the
relationship between classcal and quantum physics. There is an automatic scheme which alows
aclasscd system of fidd equations derived from a principle of least action to be quantised. This
can be done ether through Dirac's canonica quantisation or Feynman's path integrd. The two
are formdly equivaent. In modern quantum field theory adlasscd fidd theory is quantised.
Particles appear as a consegquence of this process. Gauge symmetry is asymmetry of the classcal
fidld which is preserved in the process of quantisation. The symmetry between identical

particles, however, does not exist in the classical theory. It gppears dong with the particles
during the process of quantisation. Hence it is a different sort of symmetry.

But the matter cannot Smply be Ieft there. In anon-rdativigtic gpproximation of atomic physics
it is possible to understand the quantum mechanics of atoms by treeting them first of dl asa
system of classcal particles. The system is quantised in the usua way and the result isthe
Schrodinger wave equation for the atom. This is known asfirgt quantisation because it was
discovered before the second quantisation of the Schrédinger wave equation which became a
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part of quantum field theory. In the firgt quantisation we have gone from adassicd particle
picture to afield theory and the symmetry between particles existed as a classica symmetry.

This observation suggests that the relationship between classca and quantum systemsis not so
clear asit is often portrayed and that the permutation group could also be a part of the same
universal symmetry as gauge invariance. This claim is now supported by string theory which
appearsto have a mysterious dudity between classca and quantum aspects. A further clue may
be that the dgebra of fermionic creation and annihilation operators generate a supersymmetry
which includes the permutation of identica particles. This opens the door to a unification of
particle permutation symmetry and gauge symmetry.

Event symmetry

Even now we can make some guesses. The universal symmetry must be fundamentd to the laws
of physics When the right symmetry is known the laws of physics might be fully determined by
the congtraints impaosed by invariance under the action of the symmetry. Surely it should be some
unique fundamental mathematica structure, but G(M), the symmetry group we have so far, is
dependent on the topology of the space-time manifold M. Should we expect the topology of
space-time to be fixed by the laws of physics? There are many different topologies which space-
time could have and it would seem too arbitrary to make the choice at so fundamentd alevel.
This poses quite a puzzle.

There are two possible solutions that | know of. The first isthe principle of event symmetry
which isthe centrd theme of this book. It says that we must Smply forget the topology of space-
time at the most fundamentd level and regard the space-time manifold as just a set of discrete
space-time events. The diffeomorphism group of any manifold is a subgroup of the symmetric
group of permutations on the set of pointsin the manifold. The internd gauge symmetries dso
fdl into this pattern. This solution to the puzzle generates many new puzzles and in later chapters
| will describe them and start to resolve them.

The second solution to this puzzle is to generdise symmetry using the mathematicd theory of
categories. A category can describe mappings between different topologies and agroup isa
gpecid case of acategory. If the concept of symmetry is extended further to include more
generd categoriesit should be possble to incorporate different topologies in the same
categorica structure. How should we interpret these two solutions to a difficult problem when at
first one solution seemed difficult to find? Is only one right, or are they both different aspects of
the same thing?

There seemslittle doubt that there is much to be learnt in both mathematics and physics from the
hunt for better symmetry. The intriguing idealis that there is some specid dgebraic Sructure
which will unify awhole host of subjects through symmetry, aswell as being at the root of the
fundamenta laws of physics
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In a Grain of Sand

Discrete M atter

idea that matter was made of indivisible units separated by void. He had been handed the

idea by his mentor Leucippus who had in turn heard about it from the lonian philosopher
Anaxagoras. Was it aremarkable piece of ingght or just alucky guess? At the time there was
certainly no compelling evidence for such a hypothess. Perhaps they were inspired by the
coarseness of natura materids like sand and stone. Theingght of Anaxagoras went far beyond
such observations and his theories of cosmologica origins were just as uncanny. Thereisno
accounting for the smilarity of these ideas to the modern view. With such bold dams
Anaxagoras had become one of the first heretics. He was punished for hisimpiety and his books
were burnt.

.t asegport in the Aegean around the year 500BC the philosopher Democritus pondered the

Democritus extended the atomic concept as far asit could go, claming that not just matter, but
everything e se from colour to the human soul must dso consst of atoms. These atoms were
indivisble but had different shgpes and could combinein avariety of waysto form the
substances of the world. He saw creation as the natural consequence of the ceasgless whirling
moation of alomsin gpace. Atomswould collide and spin, forming larger aggregetions of matter.

These ideas were soon rivaled by the very different philosophies of Aristotle from the school of
Pato, who bdieved that matter was infinitely divisble and that nature was congtructed from
perfect symmetry and geometry. According to Empedocles substance was composed of four
continuous e ements; Earth, Air, Fire and Water. Only with the Idamic Cdiphates who studied
the earlier Greek philosophers, did the atomigtic theory hold out during the middle ages. Al-Raz
of Perdais credited with an aomidtic reviva in the ninth century but Aristotle€s physics
remained the dominant doctrine in European philosophy until the seventeenth century.

In the 1660s Robert Boyle, a careful chemist and philosopher proposed a corpuscular theory of
matter to explain behaviour of gases such as diffuson. According to Boyle there was only one
fundamenta element, al corpuscles would be identical. Different substances would be
congtructed by combining the corpuscles in different ways. The theory was based as much on the
achemig's bdief in the existence of a philosopher's sone which could turn lead into gold, asit is
was on empirical evidence. Newton built on the corpuscular theory. He saw the corpuscles as
units of mass and introduced the laws of mechanicsto explain their motion.

In 1808 the atomic theory was again resurrected by a school teacher and amateur scientist by the
name of John Daton. He discovered alaw of partia pressures of gases which revealed how
gases of equa volume contribute pressures in nearly integer ratios. He concluded that these were
ratios of atomic weights which were a characteristic of indivisble atoms. Thiswould also

explain chemica compaosition and the nature of the chemica e ements. Amedeo Avogadro
developed the molecular theory and his law that all gases a the same temperature, pressure and
volume contain the same number of molecules even though ther weights are different. By the

mid nineteenth century the number of moleculesin avolume of gas could be measured. Maxwell
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and Boltzmann went on to explain the laws of thermodynamics through the setigtica physics of
molecular mation. The atomic theory was having unprecedented success in explaining awide
variety of physica phenomena

Despite thisindirect evidence, positivists led by Ernst Mach remained sceptica about the kinetic
theory. They argued that Snce atoms could not be directly observed they are no more than
metaphysica congtructs with no basisin redity. The pressure of such disputes was too much for
Boltzmann who took his own lifein 1906. Ironicaly, Eingein had provided what would transpire
to be the clinching evidence for atoms just the previous year. In the early eighteenth century, a
biologst Robert Brown had observed random motion of particles suspended in gases. Eingtein
explained that this Brownian motion could be seen as direct experimental evidence of molecules
which were jogtling the particles with their own movements. In 1956 the field ion microscope
mede it possible to form images of individud atomsfor thefirs time.

How far has modern physics gone towards the ided of Democritus that everything should be
composed of discrete units?

The story of light pardldsthat of matter. The Greeks saw an aomistic theory of light asthe
explanation of light rays. In the Arabic world of the middle ages Al-hazen used abdligtic theory
of light to explain reflection. Newton extended Boyl€'s corpuscular theory to light even though
such a supposition had no empirica foundation at that time. Everything he had observed and
much more was later explained by Maxwdl's theory of Electromagnetism in terms of wavesin
continuous fields. It was Planck's Law and the photodectric effect which later upset the
continuous theory. These phenomena could only be explained in terms of light quanta. Today we
can detect the impact of individua photons on CCD cameras even after they have travelled
across most of the observable universe from the earliest moments of galaxy formation.

Those who resisted the particle concepts had, nevertheless, some good sense. Light and matter, it
turns out, are both particle and wave at the same time. This paradox is explained mathematicaly
as a consequence of quantum field theory but the interpretation remains unintuitive and
mysterious.

Asit turned out, the atomic theory of Daton was along way short of the end of the road for
divighility. The atom was split and broken down into its congtituent particles, and they werein
turn further divided. The way we now describe the composition of matter is no longer so smple.
When a neutron is observed to decay spontaneoudy into a proton, neutron, eectron and neutrino
we do not suppose that those four particles were parts of the neutron which broke apart. Particles
can trandform and interact in away which is not Smply divison and recombination of

immutable parts. Physicists continue their journey into the heart of matter, and the find picture

has not yet been seen.

Unification

Since Newton set the foundations of mechanics, the mgjor legps forward have come mostly in
the form of unification of two or more previoudy unrelated concepts. Newton took the first lesp
himsdf when he achieved the unification of celestid and terrestrid mechanics demanded by
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Gdileo. The Newtonian theory of gravity and dynamics could explain both the fal of an appleto
Earth and the motion of moons around Jupiter which Galileo had seen in 1609.

Two hundred years after Newton, James Clerk Maxwell unified dectricity, magnetism and light
into one theory of eectromagnetism. This unification was the result of a series of experiments
garting in 1820 when Hans Christian Oersted observed that an electric current deflected a
compass and Andre Ampere measured the corresponding reaction force on acurrent in a
magnetic fidd. Above dl it was Michae Faraday who appreciated the sgnificance of these
results and devised the experiments which would unvell the unity of nature. He showed thet a
moving magnet could induce a current in awire and aso noticed that amagnetic field could
change the polarisation of light passing through a medium. Faraday is regarded as possibly the
greatest experimental physicist who ever lived and he proposed the idea of force lines but he
never used equations to describe his theories. It was only when Maxwell gpplied mathematics to
the problem that the full power of eectromagnetic unification was redlised.

The atomic theory was the other important unification step of the nineteenth century. Prior to
1808 chemigtry was little more than a cata ogue of chemicals and their reactions, athough the
distinction between dements and compounds had been recognised by Antoine Lavoiser in 1786.
The molecular theory was also dready part of the kinetic theory of gases when John Ddton
proposed that molecules were composed of immutable atoms. By 1869 Dmitri Mendeleyev had
laid out the periodic table of the e ementsin order of atomic weights. By the end of the
nineteenth century most everyday observations could be accounted for in terms of well-known
physics, and some scientists thought that little remained to be understood. They failed to see the
lack of unity which remained in their theories. Mass, energy, space, time, charge, the ether and
atoms were the basic congtituents whase behaviour followed the laws of mechanics,
electromagnetics, gravity, chemigtry, eectricity and thermodynamics. Other sciences such as
biology and astronomy could have been regarded as reducible to these terms but the case for
vitdity in biology 4ill hed sway and astronomy was ill aredm gpart.

Even then there were other new phenomena, and unexplained enigmas were gppearing: By 1900
the electron, X-rays and nuclear radiation had been discovered. Experiments had failed to detect
the ether and eectromagnetism and thermodynamics could not explain black body radiation. The
gpectrd linesin light dready seen by Fraunhofer in 1814, the anomaous perihelion shift of
Mercury discovered by Le Verrier in 1859 and the photoelectric effect of Hertz in 1887, were dl
indications of future revolutions. That is easy for usto see now, but a the turn of the century

these things might just have easily been accounted for by making smal adjustments to known
physics. Many physicists were unprepared for what was to come, but not all. At the dawn of the
new century Henri Poincaré wrote that there was awhole new world of which none had expected
the existence but that further progress would show how these complete the generd unity.

Our greatest lesson of the twentieth century iswhat Poincaré foresaw, that the universe is
governed by a profound unity of physica law. The revelation began with the specid reldivity of
Poincaré and Eingtein which Minkowski recognised as a unification of space and timeinto a
single space-time geometry. Mass and energy were then also seen as equivaent, or at least
interchangeable. In the same decade the Planck- Eingtein theory of light quanta brought together
electromagnetics and thermodynamics. Then Eingtein unified space-time and gravity into one
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theory of genera reaivity and the atomic theory was reduced to quantum mechanics by Bohr,
Heisenberg, Schrédinger and others. The quantum theory aso produced an unexpected
unification of particles and waves. Later, when Dirac brought together specid relaivity and
guantum mechanics he predicted anti-matter particles which were found shortly after. At the
sametime asdl this unification, new things like the nuclear forces, new particles, superfluidity,
and quantum spin were being found but they were dl part of the new physics. The total number
of fundamenta concepts needed to account for nature had diminished dragticaly.

By the end of thefirgt haf of the century the theory of quantum e ectrodynamics was complete.
The world was then recovering from the second world war. Physicists had served their part, for
better or for worse, by developing radar and the atomic bomb. No doubt it was by way of
repayment, or the hope of further military spin-offs, that they were granted funds to build the
large accelerators which were to dominate the discoveriesin physics of the following decades.
Suddenly there was a new wedlth of particles and properties to explain. In 1960 physicswas a
messy catalogue of particle properties, but the lesson had aready been learnt and the search for
unity prevalled again. Y ang-Mills gauge theories were the key to understanding the forces. By
the mid- seventies the quark theory, quantum chromodynamics and the e ectro-weak force were
part of astandard modd of particle physics.

At the end of the twentieth century physicsis able to explain much more than everyday
observations. It can explain just about every fundamenta observation that we have been capable
of making up to now, from the laboratory to the cosmos. The last quarter of the century has been
atough time for experimenters. They were impotent in their search for new phenomena and
could do no more than verify the sandard model in ever greeter detail. That is not to say that
experiments made no contribution to knowledge since the mid- seventies. While the standard
mode has been verified, many new theories which were advanced have been ruled out through
negative results, alowing the theorigts to concentrate their efforts on those which remain.

But the main impetus which has been pushing forward the front of physics over the last twenty
years has come from a belief in complete unity. According to conventiond wisdom among
physicigts, the process of unification will continue until al physicsis unified into one neat and

tidy theory. Thereisno apriori reason to be so sure that this must happen. It is quite possible that
physicigs will dways be discovering new forces, or finding new layers of structurein particles,
without ever arriving a afind theory. It is quite Smply the unified nature of the laws of physics

as we currently know them, the lesson of the twentieth century, that inspires the belief that we

are getting closer to that end.

After physicigts discovered the atom, they went on to discover that it was composed of electrons
and a nucleus, then that the nucleus was composed of protons and neutrons, then that the protons
and neutrons were composed of quarks. Should we expect to discover that quarks and electrons
are made of smaller particles? Thisis possible but there are reasons to suppose not. Firgtly there
are far fewer particlesin the standard modd than there ever were at higher levels. Secondly, their
interactions are described by a clean set of gauge bosons through renormaisable field theories.
Composite interactions, such as pion exchange, do not take such atidy form. These reasonsin
themsdlves are not quite enough to rule out the possibility that quarks, eectrons and gauge
bosons are composite but they reduce the number of ways such atheory could be congtructed. In
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fact al viable theories of this type which have been proposed are now dl but ruled out by
experiment. There may be afurther layer of sructure but it islikely to be different. It is more
common now for theorists to look for ways thet different eementary particles can be seen as
different states of the same type of object. The most popular candidate for the ultimate theory of
thistype is superstring theory, in which dl particles are just different vibration modes of very
smdl loops of dring.

Physcigts congtruct particle acceerators which are like giant microscopes. The higher the energy
they can produce, the smaller the wavelength of the colliding particles and the smdler the
distance scale they probe. In thisway, physicists can see the quarks inside protons, not through
direct pictures but through scattering data. They have aready examined quarks at ascale of 10°%°
metres and they till look pointlike. Such resolution isimpressive giventhat atoms have atypicd
size of 10™° metres and nucleons have structure on the scale of 10°'° metres. Suppose you have a
cannon ball about 10 centimetres in diameter in your hand. Imagine you scde it up until itisas
big as the Earth (afactor of 10°). The bumps and scratches on the surface would have become
mountain ranges and greet ravines. As you waked over the surface you could look down at the
ground and would see that it is made of atoms scaled up to the size of marbles 1 or 2 centimetres
across. Each atom would be ahazy cloud of dectrons around the tiny nucleus which gppears as
just apoint in the centre.

Now scae one of those atoms again by the same factor. It would now be about the size of Pluto.
The nucleus will have expanded to a huge jumble of nucleons, each the Sze of a house but
gppearing as afuzz of quarks. If you could now stop one of the electrons or quarksin the atom
and look at it closdy with the naked eye, you would be seeing it on the scale which today's
biggest accelerators have probed, so we know that it would still ook like apoint. Despite this
impressve achievement we have only gone haf way towards the smalest scde. If the
superstring theory is right and dectrons and quarks have no structure until you see them on the
sring scae, it will be necessary to scde them up twice again by the same factor before they
become visible as little loops of string. The atom, now scaled up by afactor of 10*2, would then
be about a million light years across. The scale of inner space is asimpressive as the scale of
outer space.

In the first decade of the 21t century new accelerator experiments at CERN will probe beyond
the eectro-weak scde. Thereis some optimism that new physics will be found but nothing is
certain. After thet, experimentd particle physcs may become more difficult. Thereisalimit to
how much funding for larger accderators can be found, even with many nations clubbing
together. Perhaps other observationa clueswill come from cosmic rays and big bang cosmology.
Perhaps experimenters will get lucky and find a better way to accerate particles. If they could
have awish granted it might be the discovery of astable charged dementary particle with a 1000
times the mass of the proton. It could then be produced in quantity and accelerated to much
higher energy. Alternatively they might ask for anew form of stable matter which can be built
into superdense substances. Even with such luck there is along way to go before reaching the
scale of grand unification, but ingenuity and the unexpected should never by underestimated in
experimenta physics.
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In any case, that empiricd routeis just the low road, and thereis an dternative high road which
the theorists can take while the lower remains blocked. Progress may come from the
mathematical search for grester unity. The electromagnetic and nuclear forces are now only
partidly unified. They ill have separate coupling strengths in the standard model. There are

a0 three generations of quark-lepton matter quadruplets and that need to be explained. Perhaps
there should be unification of the gauge bosons of the force fieds and the fermionic matter

fiedlds. Above dl gravity must be brought together with the other forces. That will require a
unification of generd rdativity and quantum mechanics. By searching through the mathematica
possibilities for new forms of unity, physicists may be able to bypass the huge gep in energy
between current day experiments and the higher unification scales. Ironicdly, as aresult of such
endeavours, we may aready know more about physics at distance scales of 10%° metres than we
do at scales of 10%* metres.

Quantum Gravity

The search for atheory of quantum gravity is reputed to be one of the most difficult puzzles of
science. In practica termsiit is probably of no direct relevance in our lives and may even be
impossible to verify by experiment. But to physcigsit isther holy gral. It may enable them to
complete the unification of dl fundamentd laws of physics.

The problem which they face isto put together generd rdativity and quantum mechanicsinto
one sAf consgent theory. The difficulty isthat the two parts seem to be incompatible, both in
concept and in practice. A direct approach, attempting to combine generd relativity and quantum
mechanics, while ignoring conceptua differences, leads to a meaningless quantum field theory
with unmanageable divergences. Conceptudly, it is the nature of space and time, seen differently
from each sde, which present the fundamentd differences. There have, in fact, been many
attempts to create atheory of quantum gravity. From some of these it appears that the
combination of generd relativity and the quantum theory will aso be a unification of much

more. It will probably require al four forces and the maiter fields to be brought together. It may
aso require a deeper unification of space-time and matter. If thisistrue, a complete theory of
quantum gravity will then be the redisation of Descartess visonary dream. It will bethefind
step on the long road of unification which he foresaw.

Einstein's Geometr odynamics

Generd rddtivity is Eingein's monumenta theory of gravity and it is rightly seen asthe most
elegant physicd theory we know. It was partidly anticipated by the mathematician Bernhard
Riemann who developed alarge part of the mathematics of curved surfaces. In 1854 he gave a
lecture "on the hypothesis which underlie geometry” and speculated that physica objects may be
a consequence of non-Eudlidean dructures in space on both large and smdll length scales.

Eingein's specid rdaivity was the culmination in 1905 of the work of many physcists such as
Lorentz and Poincaré. Mechanics and eectrodynamics were placed in a new kinematic
framework in which space and time were no longer absolute. When Minkowski described a
geometric formulation of specid reativity in which space and time were combined into asingle
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space-time continuum, &t firg Eingein did not like it. Soon he changed his mind as he recognised
that this geometric way to understand reltivity was more easy to generdise than his origind
mechanica gpproach. He wanted to extend relativity to include gravity. His geniusis
demonstrated by the way in which he was able to perceive the correct principles which were
needed and follow their consequences to the right conclusion.

Generd rdaivity is based on two fundamenta principles. The principle of relativity which states
that al basic laws of physics should take aform which is independent of any reference frame,

and The principle of equivalence which saesthat it isimpossble to distinguish (locdly) the
effects of gravity from the effects of being in an accelerated frame of reference,

Eingtein struggled with the consequences of these principles for severd years, congtructing many
thought experiments to try to understand what they meant. He had aready recognised the value
of the equivaence principle in 1907. Findly he learnt about Riemann's mathematics of curved
geometry and in 1912 redlised that a new theory could be constructed in which the force of
gravity was a consequence of the curvature of space-time.

In congtructing that theory, Eingtein was not sgnificantly influenced by any experimenta result
which was a odds with the Newtonian theory of gravity. He knew of the anomalous precession
of the perihdion of Mercury and hoped that a new theory might explain it but there is no route to
develop generd reativity directly from such an observation. He dso knew, however, that
Newtonian gravity was inconsstent with his theory of specid relaivity and he knew there must
be a more complete salf consistent theory. A Smilar inconsistency now exists between quantum
mechanics and genera relativity and, even though no experimenta result is known to violate
ether theory, physicists now seek a more complete theory in the same spirit.

By 1915 Eingtein's work was complete. The force of gravity was now a consequence of
geometrodynamics, the dynamic geometry of space-time. The equations for the gravitationa
field are complicated but are an dmost unique consegquence of the rdivity principles which
require that they must be independent of any co-ordinate system. Eingtein calculated the motion
of Mercury in histheory and found that the rdativigtic corrections to the Newtonian prediction
correctly accounted for its anomal ous motion. He then predicted that star-light passing the sun
would be deflected by twice the Newtonian amount. Arthur Eddington measured this deflection
on a South American expedition to observe a solar eclipse in 1919. When he announced to the
world that the result agreed with the prediction of generd reativity, Eingein became a
household name synonymous with "genius'.

In the decades that have followed Eingtein's discovery, anumber of other experimenta
confirmations of generd relativity have been found, and geometrodynamics has become the
cornerstone of cosmology. There dill remains a possibility that it may not be accurate on very
large scdes, or under very strong gravitationd forces. There are, however, no dternative theories
with the force of eegance found in generd redivity. The fortuitous discovery by Hulse and
Taylor of abinary pulsar in 1974, made it possible to test and verify generd rdatividic effectsto
very high precison. Still, the theory is sure to break down findly under the conditions which are
believed to have existed at the big bang where quantum gravity effects were important.
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One of the mogt spectacular predictions of generd reldivity is that adying star of sufficient mass
will collgpse under its gravitational weight into an object so compressed that not even light can
escapeits pull. Such collapsed objects were designated "black holes' by John Whedler in 1967
and the picturesque term has stuck. Astronomers now have a growing list of celestia objects
which they bdlieve are black holes because of their apparent high density and because of
evidence of maiter apparently faling slently through the event-horizon. The accuracy of
Eingein's theory may be stringently tested again in the near future when gravitationd wave
observatories such as LIGO come on-line to observe such catastrophic events as the collisons
between black holes.

The Planck Scale

The Quantum theory was founded before Eingtein began his theory of relativity but it took much
longer to be completed and understood. Max Planck's observations of quantaiin the spectrum of
black body radiation first produced sgns that the classical theories of mechanics were due for
magor revisions.

Unlike generd rddivity which was essentidly the work of one man, the quantum theory

required mgjor contributions from Bohr, Eingtein, Helsenberg, Schrodinger, Dirac and many
others, before a complete theory of quantum e ectrodynamics was formulated. In practical terms,
the consequences of the theory are more far reaching than those of generd relativity.
Applications such as trangstors and lasers are now an integra part of our lives and, in addition,
the quantum theory alowed us to understand chemica reactions and many other phenomena.

Despite such spectacular success, confirmed in ever more detail in high energy accelerator
experiments, the quantum theory is il criticised by some physicists who fed that its
indeterministic nature and its dependency on the role of observer suggest an incompleteness. For
others the mgor task isto combine generd relativity and quantum mechanics. Opinions differ as
to how much revision of quantum mechanicsis required to achieve it. Perhgps quantum
mechanics is more fundamenta than generd rdativity or perhgpsit isthe other way round. The
answersliein the redms of ultra-high energy physics, well beyond what can be attained
experimentally with known techniques. This leaves us with theory as the only means of moving
ahead for thetime being at leadt.

At firgt thought it might seem ridiculous to suppose that we can invent valid theories about
physics at high energies before doing experiments. However, theorists have aready

demonstrated a remarkable facility for doing just that. The sandard modd of particle physics
was devised in the 1960s by theoretical physicists. It described the physics of energies severd
orders of magnitude beyond what had been observed before. Experimentalists have spent the last
three decades verifying it. The reason for this success is that physicigts recognised the

importance of certain types of symmetry and saf-consstency conditionsin quantum field theory
which led to an dmaost unique modd for physics up to the eectro-weak unification energy scae,
with only afew parameters such as particle masses to be determined.

The situation now is alittle different. Experimentalists are about to enter anew scale of energies
and theorigts do not have a single unique theory about what can be expected there. They do have
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someidess, in particular it is hoped that supersymmetry may be observed, but we will have to
wait and see.

Despite these unknowns there are other more general arguments which tell us things about what
to expect at higher energies. When Planck initiated the quantum theory he recognised the
ggnificance of fundamenta congants in physics, especidly the speed of light (known as ©),
Boltzmann's congtant (known as k) and Planck constant (known as h). Scientists and engineers
have invented a number of systems of units for measuring lengths, masses, temperature and time,
but they are entirdly arbitrary and must be agreed by internationa convention. Planck redlised
that there should be anaturd set of unitsin which the laws of physicstake asmpler form. The
most fundamentd congtants, such as ¢, k and h would smply be equa to one unit in that system.

If one other suitable fundamental congtant could be sdected, then the units for measuring mass,
length and time would be determined. Planck decided that Newton's gravitational constant
(known as G) would be agood choice. Actually there were not many other constants, such as
particle masses known at that time, otherwise his choice might have been more difficult. By
combining ¢, h, k and G, Planck defined a system of units now known asthe Planck scale. In
1899 hewrotethat it is possible to give units for length, mass, time and temperature which retain
their meaning for dl time and dl cultures, even extraterrestrid ones. He caculated that the
Planck unit of length is very small, about 10°*° metres. To build an accelerator which could see
down to such lengths would require energies about 10'° times larger than those currently
available. The Planck scaleis not very good for practical engineering, partly because the units
are mostly either too small or too big compared with everyday quantities. More importantly, it is
not possible to make accurate enough measurements using Planck units because it would be
necessary to measure the mass of an object by measuring its gravitationa pull on other objects.
However, Planck units are very convenient for physicists studying quantum gravity because the
values of the congtants ¢, h, k and G are equa to one and can be | €eft out of the equations.

Physcigts have since sought to understand what the Planck scale of units signifies. One
possihility isthat at the Planck scale al the four forces of nature, including gravity, are unified.
Physcigswho specidisein generd relativity have adifferent idea. In 1955 John Wheder argued
that when you combine generd rdaivity and quantum mechanics you will have atheory in

which the geometry of space-timeis subject to quantum fluctuations. He computed that these
fluctuations would become significant if you could look at space-time on length scales as smdl

as the Planck length. Sometimes physicists talk about a space-time foam at this scde but we do
not yet know what it redly means. For that we will need the theory of quantum gravity.

Without redlly knowing too much for certain, physicists guess thet at the Planck scae al forces
of nature are unified and quantum gravity is Sgnificant. It is a the Planck scale that they expect
to find the find and completely unified theory of the fundamenta laws of physics.

It seems clear that to understand quantum gravity we must understand the Structure of space-time
at the Planck length scale. In the theory of generd relativity space-timeis described as a smooth
continuous manifold but we cannot be sure that thisis correct for very small lengths and times.
We could compare generd relativity with the equations of fluid dynamics for water. They

describe a continuous fluid with smooth flowsin away which agrees very wdl with experiment.
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Y et we know that at atomic scales, water is something very different and must be understood in
terms of forces between molecules whose nature is completely hidden in the ordinary world. If
space-time dso has a complicated structure at the tiny Planck length, way beyond the reach of
any conceivable accederator, can we possibly hope to discover what it is?

If you asked a group of mathematicians to look for theories which could explain the fluid
dynamics of water, without them knowing anything about atoms and chemistry, then they would
probably succeed in devisng awhole host of mathematica models which work. All those
modes would probably be very different, limited only by the imagination of the matheméticians.
None of them would correspond to the correct description of water molecules and their
interactions. The same might be true of quantum gravity in which case there would be little hope
of finding out how it worked without further empirical information. Nevertheless, the task of
putting together generd relativity and quantum mechanics together into one self consgtent
theory has not produced awhole hogt of different and incompatible theories. The clever ideas
which have been developed have things in common. It is quite possible that dl the ideas are
partially correct and are aspects of one underlying theory which iswithin our grasp. It istime
now to look a some of those idess.

The Best Attempts

The physics of the dectromagnetic and nuclear forcesis successfully described by quantum field
theories which are constructed by gpplying a quantisation process to the classcal field equations.
Thisis not a graight forward matter. Troublesome infinite quantities gppear in the caculaion of
physca quantities. A messy renormaisation must be goplied to make the answersfinite,
Although it cannot be said for sure that this defines a mathematicaly rigorous theory, it does a
least provide an apparently consistent means of calculation and prediction. It is rather fortuitous
that thisworks. Only asmall class of field theories can be renormalised in this way and the ones
which describe the known particles are the right sort.

In this scheme, particles are a consequence of the field quantisation and are seen asless
fundamentd than the fidd waves out of which they appear. The particles carry spinin integer or
haf-integer multiples of Planck's constant. They may be spin zero, spin ahaf or spin one
according to the type of field which is quantised. All the known fundamenta fermions such as
quarks and eectrons are spin haf. The gauge bosons which mediate the eectromagnetic and
nuclear forces are spin one. There are o thought to be Higgs particles which have spin zero but
they have not yet been found in experiments. The interactions between these particles can be
most easily worked out using a perturbation theory. The clearest form of thisis adiagrammatic
system which was worked out by Richard Feynman.

In principle it should be possible to gpply the same quantisation methods to the gravitationa
fidd. It is necessary to first congtruct a system of nortinteracting graviton particleswhich
represent a zero order gpproximation to quantised gravitational wavesin flat space-time. These
hypothetical gravitons must be masdess particles carrying spin two, because of the form of the
gravitationd field in generd rdativity. The next sep isto describe the interactions of these
gravitons using the perturbation theory. Feynman himsdlf spent a sgnificant amount of time
trying to get it to work, but for gravity this smply cannot be done in the way that works for the
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Y ang-Mills gauge fields. The cdculaions are plagued by infinite quantities which cannot be
renormalised. The resulting quantum field theory isincgpable of giving any useful result.

Because quantum gravity is an attempt to combine two different fields of physics, there are two
digtinct groups of physicists involved. These two groups form a different interpretation of the
falure of the direct atack. The rdaivists say that it is because gravity cannot be treated
perturbatively. To try to do so destroys the basic principles on which reativity was founded. It is,
for them, no surprise that this should not work. Perturbation theory requires that you define a
fixed gpproximate background and tregt the full physcsasif it was a perturbative deviation from
there. The fixed background bresks the reativistic symmetry of generd covariance. On the other
hand, particle physicigts say that if afield theory is non-renormaisable then it is because it is
incomplete. The theory must be modified and new fields might have to be added to cancel
divergences, or it may be that the observed fields are gpproximate composite structure of more
fundamental congtituent fields.

Supergravity

Thefirg Sgnificant progressin the problem of quantum gravity was made by particle physicigs.
They discovered that a new kind of symmetry caled supersymmetry was very important.
particles can be classed into two types; fermions such as quarks and eectrons, and bosons such
as photons and Higgs particles. Supersymmetry dlows the two typesto intermix. With
supersymmetry we have some hope to unify the matter fields with radiation fields.

Particle physicigts discovered that if the symmetry of space-time is extended to include
supersymmetry, then it is necessary to supplement the metric field of gravity with other matter
fields. Miraculoudy these fields led to cancellations of many of the divergences in perturbative
quantum gravity. This has to be more than coincidence. At firdt it was thought that such theories
of supergravity might be completdy renormaisable. After many long cadculations this hope
faded. A strange thing about supergravity was that it works best in ten or deven-dimensond
gpace-time. Thisingpired the reviva of an old theory from the 1920s caled Kduza-Klein theory,
which suggests that space-time has more dimensions than the four obvious ones. The extra
dimensions are not apparent because they are curled up into asmal sphere with a circumference
as smdl asthe Planck length. This theory provides a meansto unify the gauge symmetry of
generd rdativity with theinternd gauge symmetries of particle physics.

The next big step taken by particle physicists came dong shortly after. Two physicists Michael
Green and John Schwarz were looking at a theory which had origindly been studied as a theory
of the strong nuclear force but which was actudly more interesting as atheory of gravity because
it induded spin-two particles. This was the new beginning of string theory. Combining string
theory and supergravity to form superstring theory quickly led to some remarkable discoveries.
A few dring theoriesin ten dimensions were perfectly renormalisable and finite. Thiswas

exactly what they were looking for.

It seemed once again that the solution was near a hand, but nature does not give up its secrets so

eadly. The problem now was that there is a huge number of ways to gpply Kauza-Klein theory
to the superstring theories. Hence there seem to be a huge number of possible unified theories of
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physics. The perturbative formulation of string theory makes it impossible to determine the
correct way.

Canonical Quantum Gravity

While particle physicists were making much noise about superstring theory, relaivists have been
quietly trying to do things differently. Many of them take the view that to do quantum gravity
properly you must respect its diffeomorphism symmetry or general covariance. Starting from the
old quantisation methods of Dirac it is possble to formaly derive the Wheeler-DeWitt equation
together with a Hamiltonian constraint equation, which describe the way in which the quantum
date vector should evolve according to this canonical approach.

For along time there seemed little hope of finding any solutions to the Whedl er-DeWitt
equation. Then in 1986 Abhay Ashtekar found away to reformulate Eingteln's equiations of
gravity in terms of new variables. Soon afterwards away was discovered to find solutions to the
equations. Thisis now known as the |oop representation of quantum gravity. Mahematicians
were surprised to learn that knot theory was an important part of the concept.

The results from the canonical approach seem very different from those of sring theory. Thereis
no need for higher dimensions or extrafields to cancd divergences. Relativigts point to the fact
that a number of field theories which gppear to be unrenormalisable have now been quantised
exactly. Thereisno need to ingst on arenormaisable theory of quantum gravity. On the other
hand, the canonica gpproach il has some technica problemsto resolve. It could yet turn out
that the theory can only be made fully consstent by including supersymmetry.

Aswell asther differences, the two gpproaches have some striking smilarities. In both cases
they are trying to be understood in terms of symmetries based on loop like structures. It seems
quite plausible that they are both aspects of one underlying theory. Other mathematica topics are
common features of both, such as knot theory and topology. Indeed there is now a successful
formulation of quantum gravity in three-dimensiona space-time which can be regarded as either
aloop representation or a string theory. A small number of physicists such as Lee Smolin are
looking for amore general common theory uniting the two approaches.

Non-Commutative Geometry

A technique which introduces such a minimum length into physics by quantising space-time was
attempted by Hartland Snyder in 1947. In andogy to the non-commuting operators of postion
and momentum in quantum mechanics, Snyder introduced non-commutative operators for space-
time co-ordinates. These operators have a discrete spectrum and so lead to a discrete
interpretation of space-time. The model was Lorentz invariant but failed to preserve trandation
invariance so no sensible physica theory came of it. Similar methods have been tried by others
since and although no complete theory has come of these ideas there has been a recent upsurge
of renewed interest in quantised space-time, now re-examined in the light of quantum groups and
non-commutative geometry. The treditiona definition of afidd in physcsisafunction from the
co-ordinates of space-time eventsto field variables which may be real, complex or whatever.
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Fields can be multiplied together event by event. Differentid operators which act on the fields

are defined using the continuous nature of the space-time co-ordinates. The equations of

evolution for the fields are specified using these operations which ensure their causa and local
nature. In the new approach fields are defined by their algebraic properties and space-time co-
ordinates are ignored. Fieds are any kind of mathematica structure which can be multiplied
together and which can be operated on by some operators which obey rules ana ogous to those of
differentiation, such as Lebniz rule for products.

If enough agebraic rules are applied the new type of filds will be equivaent to the old
traditiond definition for a space-time with some kind of topology. If the rules are dlowed to
differ then a more generd gtructure than space-timeis defined. The rule which isthe most likely
candidate for change is that fields should multiply together commutetively. Thisis analogous to
the step taken in going from classica to quantum physics where observables are replaced by
non-commuting observables. Now the same idealis used to define non-commutative geometry.

The technique can aso be applied successfully to groups by generalising the agebraic properties
of afunction from the group to the real numbers. The result in this case is the discovery of
quantum groups which have al the important dgebraic properties of functions on a group except
commutivity. Space-time structure can be derived from its group of symmetriesin away which
can be generdisad to quantum groups. The result is various forms of quantum space-time. The
hope of this program is that generd relaivity and quantum field theories can a'so be generdised
and that the results will not suffer from the infinite divergences which are the primary obstacle to
atheory of quantum gravity.

Black Hole Thermodynamics

Although thereis no direct empiricd input into quantum gravity, physcists hope to accomplish
unification by working on the requirement that there must exist amathematically self consstent
theory which accounts for both generd rdativity and quantum mechanics asthey are separately
confirmed experimentally. It isimportant to stress the point that no complete theory satisfying
this requirement has yet been found. If just one theory could be congtructed then it would have a
good chance of being correct.

Because of the stringent congtraints that self consistency enforces, it is possible to construct
thought experiments which provide strong hints about the properties a theory of quantum gravity
hasto have. There are two physica regimesin which quantum gravity islikely to have
ggnificant effects. In the conditions which existed during the firsg Planck unit of timein our
universe, matter was so dense and hot that unification of gravity and other forces would have
been reached. Likewise, asmal black hole whose mass corresponds to the Planck unit of mass
aso provides a thought laboratory for quantum gravity.

Black holes have the classical property that the surface area of their event horizons must dways
increase. Thisis suggestively smilar to the law that entropy must increase, and in 1972 it led
Jacob Bekengtein to conjecture that the area of the event horizon of ablack holeisin fact
proportional to its entropy. If thisis the case then a black hole would have to have a temperature
and obey the laws of thermodynamics. Stephen Hawking investigated the effects of quantum
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mechanics near ablack hole using semi-classicd approximations to quantum gravity. Againg his
own expectations he discovered that black holes must emit thermal radiation in away consstent
with the black hole entropy law of Bekengtein.

Thisforces us to conclude that black holes can emit particles and eventudly evaporate. For
asronomica sized black holes the temperature of the radiation is minuscule and certainly
beyond detection, but for smal black holes the temperature increases until they explode in one
find blast. Hawking redised that this creates a difficult paradox which would surdy tel usa
great dedl about the nature of quantum gravity if we could understand it.

The entropy of a system can be related to the amount of information required to describeit.
When objects are thrown into a black hole the information they contain is hidden from outside
view because no message can return from ingde. Now if the black hole evaporates, this
information will belost in contradiction to the laws of thermodynamics. Thisis known asthe
black hole information loss paradox.

A number of ways on which this paradox could be resolved have been proposed. The main ones
ae

The logt information escapes to another universe

The find stage of black hole evaporation hdts leaving a remnant particle which holds the
information.

There are drict limits on the amount of information held within any region of spaceto
ensure that the information which enters a black hole cannot exceed the amount
represented by its entropy.

Something ese happens which is so strange we cannot bring ourselves to think of it.

The firgt solution would imply a breakdown of quantum coherence. We would have to
completdy change the laws of quantum mechanics to cope with this Stuation. The second case is
not quite so bad but it does seem to imply that smdl black holes must have an infinite number of
quantum numbers which would mean ther rate of production during the big bang would have
been divergent.

Assuming that something has not been missed out, which is a big assumption, we must conclude
that the amount of entropy which can be held within aregion of spaceislimited by the areaof a
surface surrounding it. Thisis certainly counterintuitive because you would imagine that you

could write information on bits of paper and the amount you could cram in would be limited by
the volume only. Thisis fase because any attempt to do that would eventualy cause ablack hole
to form. Note that this rule does not force us to conclude that the universe must be finite because
there is a hidden assumption that the region of spaceis static.

If the amount of information is limited then the number of physical degrees of freedomin afield
theory of quantum gravity must dso be limited. Inspired by this observation, Gerard 't Hooft,
Leonard Susskind and others have proposed that the laws of physics should be described in terms
of adiscrete field theory defined on a space-time surface rather than throughout space-time.
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They liken the way this might work to that of a hologram which holds athree-dimensiond image
within its two-dimensond surface.

Rather than being rgjected as a crazy ides, this theory has been recognised by many other
physicigs as being congstent with other ideas in quantum gravity, especidly string theory.

If Susskind is right, this solution to the information loss problem may have even stranger
consequences. What happensin the case of an observer, Mr. X, who falsinto a black hole. From
his point of view he will pass through the event horizon without incident and continue to his
gruesome fate at the black-hole sngularity. Any knowledge and information he carries will say
with him till the end. To an outside observer, Miss Y, the Situation must be different.

Gravitationd time dilation ensures that she will watch Mr. X dow down so much as he
approaches the event horizon that he will never crossit. Eventudly he will fade from her view

but the information he carries mugt il be accessble. If Miss' Y waits long enough the black

hole will evgporate and the information will be returned in the radiation At least it should bein
principle even if it istoo jumbled to be read in practice.

Thereisaconceptua difficulty which accompanies this Stuation. The course of events as
witnessed by Mr. X isvery different from that seen by MissY. If they are ever brought together
inacourt of law and asked to account for what happened to the information their sories will not
be congstent. Mr X will clam he carried it to his cosmic grave where time ended for him but
MissY will say thet it never got past the event horizon and was brought back into the outside
universe as the hole evaporated. The judge and jury will be forced to conclude that one of them
was lying. This paradox is resolved by the smple fact that the two witnesses never can be
brought back together. Presumably this must even be true if the black hole harboured a
wormhole through to another universe through which Mr. X could escape hisfate.

Susskind has cdled thisthe black hole complementarity principle in deference to Niels Bohr's
complementarity principle of quantum mechanics. Just as thereis no conflict between the dud
properties of matter as both particle and wave because no observation brings them into
contradiction, so too thereis no conflict between the contrary observations of Mr. X and Miss Y.
The implications of Susskind's principle may be even harder to contemplate than Bohr's. In
ordinary quantum mechanics observers who can communicate freely should be able to agree
what the probability of future eventsis. However, if one plansto take a swan dive into a black
hole he may not agree on the most likely future events with his partner who plans to rest outside.
This removes physics further from the conventiona causd paradigms. The full implications may
only be understood when we have a complete cons stent theory which embraces the new
complementarity.

Although there has been considerable progress on the problem of quantising gravity, it seems
likely thet it will not be possible to complete the solution without some fundamenta changein

the way we think about space-time. To face the quantum gravity chalenge we need new ingghts
and more new principles like those which guided Eingtein to the correct theory of gravity.

|sTherea Theory of Everything?
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Thisisagood moment to take a pause and look a where we are. If the physicslesson of the
twentieth century is that progress comes through unification, then how far can that unification
go? It ssemslikdy that it will continue until al fundamenta physica laws are unified. Thereis
more than unification of the four fundamenta forces. We have aso seen how space and time,
meass and energy, thermodynamics and gravity and much more have become unified. The find
step may lead to a unification of matter and space-time. Will that be the end of physics?

At one point supergravity looked very promising as atheory which might unify dl physics. At

the time | was a student &t Cambridge University where Stephen Hawking was taking up his
position as the new Lucasian professor of mathematics. There was greet anticipation of his
inaugura lecture to take place on 29th April 1980. Even though | made a point of turning up
early | found only standing room &t the back of the auditorium. It was an exciting talk a which
Hawking made some of his most quotable comments. He cautioudly predicted that the end of
theoretica physcswasin sght. The god might be achieved in the not-too- distant future, perhaps
by the end of the century.

But early hopes faded as the perturbative ca culations in supergravity became difficult and it
seemed lesslikely that it defined arenormalisable fidd theory. There were other difficulties such
asthe problem of fitting in the distinction between left and right which we find in the week

force. Hawking pointed out himsdf that he was joining alist of physicists who had thought they
were near the end. Faraday thought a unification of gravity and e ectromagnetism would lead to a
complete theory but he could not detect any effect linking the two as he had with dectricity and
magnetism. After the rgpid progress in the foundations of quantum mechanics in the 1920s Max
Born told ameeting of scientigts that physics would be over in Sx months. Eingein, in hislater
years, d o thought that a unified theory was within reach. Those hopes were premature.

In 1985 The phrase "Theory of Everything" entered the minds of theoretical physicigs. It came

up in articles written for science magazines such as New Scientist and Science and later appeared
in the title of anumber of books. The discovery that set things going was that the heterotic
superstring theory isfinitein al orders of perturbation theory and has the potentia to encompass
al the known theories of particle physics and gravity too. In other words it provided potentidly a
unified theory of dl the known underlying laws of physics

It was not long before scientists from other disciplines and physicists too, started to question the
vdidity of the clam that superstring theory was atheory of everything. For one thing it did not
reslly make any testable predictions, leading some to retort that it was more like a theory of
nothing. More to the point, they questioned whether any theory of physics could rightly be called
atheory of everything. They were quiteright.

The term Theory of Everything is a desperately mideading one. Physicists usudly try to avoid it
but the media gpparently cannot help themsdves. "Physcigs on the verge of finding theory of
everything." 1t makes too good a headline. If physicists find a complete unified set of equations
for the laws of physics, then that would be a fantastic discovery. The implications would be
enormous, but to cal it atheory of everything would be nonsense.
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For one thing, it would be necessary to solve the equations to understand anything. No doubt
many problemsin particle physics could be solved from first principles, perhaps it would be
possible to derive the complete spectrum of eementary particlesincluding thelr relative masses
and the coupling congtants of the forces which bind them. However, there would certainly be
limits to the solvability of the equations. We dready find that it is dmost impossble to derive
the spectrum of hadrons composed of quarks, even though we believe we have an accurate
theory of strong interactions. In principle any set of well-defined equations can be solved
numericdly given enough computer power. The whole of nuclear physics and chemistry ought to
be possible to calculate from the laws we now have. In practice computers are limited and
experiments will never be obsolete.

Furthermore, it is not even possible to derive everything in principle from the basic laws of
physics. Many thingsin science are determined by historical accident. The foundations of
biology fdl into this category. The find theory of physcswill not tell us how life on Earth
originated. The most ardent reductionist would retort that, in principle, it would be possible to
derive alig of dl possble forms of life from the basic laws of physics Such judtification is
week. No theory of physicsislikdy to answer dl the unsolved problems of mathematics,
chemidry, biology, asronomy or medicine.

Findly it must be said that even given a convincing unified theory of phydcs, it islikey that it
would dill have the indeterminacy of quantum mechanics. This would mean that no argument
could findly lay to rest questions about paranormal, religion, destiny or other such things, and
beyond that there are many matters of philosophy and metaphysics which might not be resolved,
not to mention an infinite number of mathemetica problems.

But string theorists never clamed that their work was applicable to any of these things. Steven
Weinberg tried to darify what it was dl about in his 1988 book "Dreams of a Find Theory".
Physcigts, he argued, are seeking to take the last step of unification on aclimb which started as
least as far back as Newton. Those steps could lead us towards one "Fina Theory" in which all
the underlying laws of physics are unified. Weinberg'sterm "Find Theory" is actudly not much
better than "Theory of Everything". It suggests, to some, that the theory will mark the end of
science and there will be no new theories after. Again, thisis not what is meant. Finding the findl
laws of physicswill be like arriving at the summit of the highest mountain. It is a specid place
from where you can see far, but getting there does not mean you have been everywhere.

In my youth | found time to explore the mountains of Scotland where lived. Often asyou climb
one of those rounded pesks, you see ahead what appears to be the top. As you get closer you
redisethat it isafdse summit with afurther climb beyond. Sometimes there are severd of them
before you reach the true summit and at last take in the panoramic view, if the mist and rain have
cleared. Approaching the fina theory of physics seemsto be avery smilar experience. There
have aready been many fase summits and again we see another ahead. A mountaineer dways
knows that there isafind summit and it can be reached if he has the courage to continue. Can
physicigts know that their summit is there too? Hawking fedsthat it is. After Cambridge the next
time | had the opportunity to hear Hawking lecture was 17 years on at a conference for string
theorigts.
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Hawking had never moved on from supergravity to string theory as other physicists had, until
then. Hisliking for strings gppeared to have improved when it was discovered in 1995 that string
theories can be unified under a mysterious form of supergravity in 11 dimensons. Hawking must
have felt that he had been vindicated in his prediction that supergravity was near the end. With a
characterigtic touch of humour hetold us, "twenty years ago, | said there was a 50/50 chance that
we would have a complete picture of the universe in the next twenty years. That is ill my
estimate today but the 20 years start now."

There are afew who are not so certain. John Taylor in his book "When the clock struck zero”
argued that there could be an infinite structure of levels of physicd law to find. No-one thinks
that there will be afina theory of mathematics and if mathematicsis so strongly reflected in
physics why should there be alimit to its gpplication? For what my opinion isworth, | too think
we redly are near the summit.

| s Space-Time Discrete?
Seeking the ultimate indivisible

discrete components. Today history is repesting itsdlf for athird time and now it is gpace-
time which is threatened to be reduced to discrete events. The idea that space or time could
be discrete has been arecurring one in the scientific literature of the twentieth century and its
origins go back much further. A survey of just afew examples reveds that discrete space-time
can actualy mean many things and is motivated by avariety of philosophicd or theoretica
influences. Aswe shdl seg, it isonly recently that theories of quantum gravity have suggested
the true scale a which the structure of space-time breaks up.

ne have seen how atomic physics and quantum mechanics have reduced matter and light to

It has been apparent Since early times that there is something different about the mathematica
properties of the real numbers and the quantities of measurement in physicsat smdl scaes.
Riemann himsdlf remarked on this disparity even as he congtructed the formaism which would
be used to describe the space-time continuum for the next century of physicsin 1876.

In mathematics numbers have unphysical properties like being an exact ratio of two integers.
When you measure adistance or time interva you cannot declare the result to be arationd or
irrationa number no matter how accurate you manage to be. Furthermore it gppears that thereis
alimit to the amount of detall contained in avolume of space. If we look under a powerful
microscope a agrain of dust we do not expect to see minuscule universes supporting the
complexity of life seen at larger scales. Structure becomes smpler at smdler distances. Surely
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there must be some minimum length a which the smplest dements of naturd structure are
found and surely this must mean space-time is discrete rather than continuous?

This style of argument tends to be persuasive only to those who dready believe the hypothesis. It
will not make many conversons. After dl, the modern formaism of axiomatic mathematics
leaves no room for Zeno's paradox. In the fifth century BC the philosopher Parmedies and his
disciple Zeno of Eleatried to discredit the senses by posing paradoxes about the divighility of
space-time. In arace between the Archiles and the tortoise, the tortoise was given a head sart.
To catch him up Archiles mugt first haf the distance between them, then haf the remaining
distance again. No matter how many times he halves the distance he will not have caught the
tortoise. If gpace and time areinfinitely divisible Archiles cannot pass the tortoise according to
Zeno. Such thoughts influenced the atomists of ancient Greece, and a more complete philosophy
of atomic space and time was developed by the Kalam of Bahgdad from the Sth century.

But axiomatic mathematics has dispdled Zeno's paradox. It is possible to talk aout limits and
infinity without reaching any mathematica contradiction and it can be proven that the sum of an
infinite number of having intervas s finite. Although some philosophers such as Bertrand
Russdl perssted with such arguments and developed a detailed and generd philosophy of
atomism, there are few physicistis who would agree that logic and philosophy done can tell us
whether or not space and time are discrete.

However, experimentd facts are a different matter and the discovery of quantum theory with its
discrete energy levels and the Heisenberg uncertainty principle led physicists to speculate that
gpace-time itself may be discrete as early asthe 1930s. In 1936 Einstein expressed the genera
feding that the success of the quantum theory pointsto a purely agebraic method of description
of nature and the dimination of continuous function and space-time continuum from physics.

Hea senberg himsdlf noted that the laws of physics must have a fundamentd length in addition to
Planck’s congtant and the speed of light, to set the scale of particle masses. At the time it was
thought that this length scale would be around 10™*°m corresponding to the masses of the
heaviest dementary particles known at the time. Searches for non-locd effectsin high energy
particle collisions have now given negative results for scales down to about 10°m and today the
consensus is that it must correspond to the much smaller Planck length a 10%°m.

The belief in some new space-time structure a small length scales was reinforced with the
discovery of ultraviolet divergencesin Quantum Field Theory. From 1929 it was found that
infinite answers appear when you sum up contributions to a physica quantity from waves of ever
gmaller wavelength. In 1930 Viktor Ambarzunmian and Mitrij Dmitrevich Iwanenko were the
first of many physicists to propose that space should be treated as discrete to resolve the
problems. Even after it was found possible to perform accurate caculations by a process of
renormaisation in 1948 many physicigts felt that the method was incomplete and would bresk
down a smadller length scales unless anaturd cut-off was introduced.

Another aspect of the quantum theory which caused disquiet was itsinherent indeterminacy and

the essentid role of the observer in measurements. The Copenhagen interpretation seemed
inadequate and dternative hidden variable theories were sought. It was felt that quantum
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mechanics would be a gtatistical consequence of amore profound discrete determinigtic theory in
the same sense that thermodynamics is a consequence of the kinetic gas theory.

L attice Theories

One way to provide asmdl distance cut- off in field theory isto formulate it on a discrete lattice
with space-time events placed in aregular array like the molecules of acrystd. The numericd
method for solving differentid equationsis to replace continuous pace or time by discrete
intervals as an gpproximation. This has been used since a least the eighteenth century and the
possihility of applying such techniques to a discrete geometry of space was investigated by
Oswad Veblen and William Bussey as early as 1906 but only later wasit studied in any depth.

Classcd fidd theories are described in terms of quantities which vary continuoudy over space
and time according to certain wave equations. For example, € ectromagnetism has an dectric
field and amegnetic fidd each of which is described by three real numbers for each event of
space-time. The equations which determine how they evolve are Maxwdl's equations. The
equations have derivatives in them which only make sense on continuous space and time, so if
space-timeisredly adiscrete lattice the equations will have to be replaced by some dternative
which avoids the derivatives and gpproximates the origina equations a large scales.

To make things smpler we will look a how this could be done for asmpler wave equation. The
measdess Klein-Gordon equation in two dimensions has just one fild value a each event. The
vaue will be acomplex number since the Klein-Gordon equation was first proposed as a
relatividtic generdisation of the single particle Schrédinger equation. Usudly it is denoted by @
(x,t). The equetion is asfollows:

&g &
L?Tf—&—?erggﬁ:O

This has solutions which describe localised wave packets of energy like particles of massm
moving at less than a gpeed of 1 unit which is the speed of light. In discrete space-time the values

of ¢ae only defined on the Sites of alattice which are spaced regularly a a distance d gpart in
the gpace dimensions and dso in the time dimension.
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-----------------------------------------------------------------------

The derivatives which appeared in the wave equation can no longer be defined exactly but they
can be gpproximated using finite differences. E.g.

& P(x, 1) _ Pl +d,t)-2¢(x)+ ¢(x —d, 1)
& d’

If thisand aamilar gpproximation for the time derivative is subdtituted into the Klein-Gordon
equation we get an equation which iswell defined on the lattice,

Artrd)t fri=d) fx+d - fx=dt) | a4
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to red life but on amuch smdler scae. A sceptic might ask about what happens between the
discrete time steps or what lies in the space between the Sites of the lattice. The answer issmply
that there is nothing between. The sites are the only events of space-time which exist and the
fiddsinteract directly with their neighbours. Particles are formed as wave packets which are
gpread over many Sites of the lattice so we never need to think of them astravelling between
gtes.

L attice Quantum Field Theory

Part of the beauty of lattice theories istheir smplicity. Continuum field theories are expressed in
terms of differentid equations while lattice theories are written with Smple arithmetic operaions
such as subtraction. This economy of conceptsis even more striking when we move on from the
classicd theory to the quantum. Quantum field theory is notorioudy difficult to learn because it
requires many mathematica concepts to describe. Even with these things understood quantum
field theory is not as complete and rigoroudy defined as a mathematician would want. In
contrast, lattice quantum field theories are quite smple, and so long as we do not concern
oursalves with the continuum limit, they are usualy wdl defined.

Quantum field theory as expressed by Richard Feynman gtarts from the Lagrangian formalism.
In the case of the Klein-Gordon equation a Lagrangian density is defined asfollows:

8

The modulus squared of the complex numbersis usad so that the Lagrangian isdwaysred. The
actionisgiven by

S() = | L(g)dxd

By the principle of least action for the classicd filed theory, this must be minimised subject to

boundary conditions which fix the vaue of ‘535& any given gart and end times. By an gpplication
of the calculus of variations the Klein-Gordon field equations can be derived from this principle.
According to Feynman the quantum theory replaces the principle of least action with a path
integra which defines a trangtion amplitude for going from each initid fied configuration to a
find one.

Lstg)
P=[e™ " D¢

The path integral must be taken over al possible evolutions of the field between the gart and
end. Not only does this sound complicated, it is not even possible to define rigoroudy except
when the field equations are linear. Ordinary integration has been around since Newton and
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Leibniz and was rigoroudy defined by Riemann in the eighteenth century. Peth integras only
appeared in the latter half of the twentieth century and are till not well defined accept in
redtricted cases. Informaly the path integra isasum over dl possible waysthe fidd can vary
over space and time but defining exactly what such an infinite-integral meansislesssmpleto
do.

By comparison the lattice verson of the same thing is much easier to grasp. The lattice
Lagrangian isjust a discretised verson of the continuum Lagrangian.

| _ : -
L:i.;a(xw,ﬁ g;ﬁ(x,r)l _Igﬁ(x,r+ci; gﬁ(x,r)rJr Pl of

The action isa sum over the lattice Stes.

S=> d*L(x,1)
x ¥

The classicd lattice field equations dready given above can be derived from the action reatively
easly by just requiring that the action is minimised with respect to variation of eech field

vaigole @ (x.1).

The ldtice quantum fidd theory is then specified in asmilar way as for the continuum field

except that now the integrd is amulti-variable integra over each fidd variable. This may ill
sound complicated but a least multi-varidble integrds are well defined (when they converge)
which isabig improvement over path integrals. If we bdlieved that space-time was a lattice we
would never have to worry about problems like renormalisation because the lattice spacing sets a
cut-off scade which turns the divergences of fidd theory into well-defined finite answers. Such
convenience does not make them right, of course, but it might count for something.

L attice Gauge Theories

It isingructive to see how lattice theories work in more complicated cases. We know that the
standard model of particle physicsis built around gauge theories so it would certainly be worth
while to look at gauge theories on the lattice. The obvious thing to do would be to take the
continuum Lagrangian for Y ang-Mills theory and replace dl the derivatives with finite
differences as we did for the Klein-Gordon equation. | have not described the Y ang-Mills
equations here so instead we shall see how |attice gauge theories can be formulated directly from
the symmetry principles of gauge theory applied to the lattice Klein-Gordon Lagrangian.

The action for two-dimensond Klein-Gordon theory can be written differently by expanding the
squares and collecting together the square termsin the sum over lattice Stes. Actudly the square
terms from the difference terms cance in the sum and we are left with asum over an dterndive
Lagrangian.
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o 2Re[ @(x. ¢ +d) flx.t)]  2Re[ #(x +d.) fx.1)] .\

" " mahéx,zjf

Recall the gauge symmetry for the eectromagnetic field isinvariance of the wave equation when
the wave function is multiplied by a complex phase.

#(x,8) = & g(x, 1)

The Lagrangian for the lattice Klein Gordon equation is dready invariant under this

transformation when the phase 4 (x,t) isagloba congtant, independent of x and t. The
principles of gauge theory require usto introduce a gauge field in such away that the Lagrangian
isan invariant even when the phase is not a congtant. As it sands the Lagrangian is not invariant
because the fild vaues a (x,t) are directly multiplied by field values a (x+d.t) and (x,t+d).
Notice that the mass term does not suffer this problem and is dready invariant.

Remember the andogy between gauge fields and economics. Multiplying field values together a
different placesis like trying to exchange money between different countries with different
currencies. An exchange rate must be used. In the gauge theory the exchange rate is a phase
factor U which isaunit complex number. Since the Lagrangian has products extending between
any dte and its nearest neighbours we must introduce such afactor on each link between sites of
the lattice in both space and time directions. We will use Ui(x,t) for the variables linking site (x,t)
to (x+d,t) and (x,t+d).

Bl t+d)
Usfx,t)
_ pen Y ey

These phases are the fidld values of the gauge field. They represent the e ectromagnetic force on
the lattice. When aloca gauge transformation changes the matter field variables by a phase
which can vary from one ste to another, the gauge field must so be adjusted, just as exchange
rates must be modified by afactor if the values of currencies change.

The gauge transformation is as follows.
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U (x,t)—> eim’”Uz(.x, e 1o

With these fields the Lagrangian can be modified to be gauge invariant. It suffices to introduce
the gppropriate gauge field in between the product of matter field terms. For example

2Re[¢ (x,¢ + d)d(x,1)]
d

becomes

2Re[¢" (1,1 + D (x, D%, 1)]
d

Thisterm and dl othersin the Lagrangian are then invariant under the loca gauge
transformation. However, the Lagrangian is still incomplete because the gauge fidd itsef must
have some dynamics. The Lagrangian should include a term made purdly from gauge fields and,
of course, it must be gauge invariant and redl. It turns out that a suitable form for thistermisa
product of four gauge fields round a square of links on the lattice (known as a plaquette).

Lo = BRE[U 000U, (x + &, )T £ + YU (x, £)]

B. isjust a coupling constant parameter which controls the strength of the eectromagnetic
force. When thisterm is added to the matter fidd it gives alattice versgon of eectromagneticsin
two dimensions. In 1974 Ken Wilson discovered this elegant Lagrangian and generdised it to a
form which even gives a discrete lattice gpproximation to Y ang-Mills theory with other gauge
groupsin any number of dimensons. Using Wilson's formulation of lattice QCD has been an
important part of amethod for performing numerica caculations to study theoreticaly the
structure of particles composed of quarks and held together by the strong nuclear force of
guantum chromodynamics.

L attice gauge theory is an approximation to Y ang-Mills theory which may become exact when
the lattice spacing tends to zero if the fields and coupling congtants can be suitably renormalised.
Here we are more interested in the possibility that |attice theories could be an exact description
of physics at very smdl length scaes. The smple form of the theory and its degant discrete
verson of gauge invariance are pointsin its favour but what about space-time symmetry? Léttice
theories on aregular lattice have discrete trandationd invariance because the equations can be
displaced by any multiple of the lattice pacing dong any of the spatid axis. The same gppliesin
the time direction. The greater difficulty lieswith rotationa and Lorentz invariance or more
generdly with co-ordinate transformations. Only ninety degree rotations are a symmetry of the
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theory. If space-time was such alattice there would be a preferred set of space axisand a
preferred reference frame but such things contradict reativity and have never been observed.

If the continuum limit is not to be restored by taking the limit where the lattice spacing goesto
zero then the issue of the loss of rotationd invariance must be addressed. A space-time
congdructed as a discrete lattice is andlogous to a crystal whose atoms are arranged on aregular
aray. At firg Sght theinterna structure of acrystal solid appears isotropic but there its
mechanica properties can be carefully measured to determine the directions in which the atoms
are aligned. If space-time was aregular laticeitsloss of rotationd invariance would o be
present even though it might not be detectable with present technology. Lorentz invariance
would aso be logt so relativity would be violated in away which is hard for theorigts to accept.

The fact isthat lattice theories of space-time cannot easily be ruled out but they are just too plain
ugly to beright! The laws of physics seem to be based on degant principles such as symmetry
which help determine the correct form the laws of physics must take. If we abandon those
principles we have little hope of making progress. L attice theories are arbitrary in their form.
Thereisan infinity of ways to gpproximate any field theory on alattice. How would we know
which isright if experiment can never probe a sufficiently smdl length scaes? This arbitrariness
isthe price you pay whenever you abandon a principle of symmetry.

Nevertheless, the fact thet we can accommodate gauge invariance on the lattice may be tdling us
something. If we could represent diffeomorphism invariance in such a clean discrete form too,
there would be some hope. The discrete version of diffeomorphism invariance is permutation
invariance. Diffeomorphisms are one-to-one mappings of the set of space-time eventsto itsdf
which preserve its continuum properties. Permutations are one-to-one mappings of a discrete set
of eventsto itsdf. We cdl this event symmetry. The event-symmetric andogue of alattice gauge
theory is a gauge glass with events each linked to each other using gauge fids. The lattice
dructure is discarded. This gives a complete modd of symmetries but how could such a
gructureless modd be anything to do with physics?

Fading M otivations

Over the years many of the problems which surrounded the development of the quantum theory
have diminished. Renormalisation itsdf has become acceptable and is proven to be a consstent
procedure in perturbation theory of Y ang-Mills gauge field physics. The perturbation series itself
may not be convergent but Y ang-Mills theories can be regularised non-perturbatively on a
discrete lattice usng the prescription introduced by Ken Wilson. There is good reason to believe
that consstent quantum field theory can be defined on continuous space-time &t least for non-
abdlian gauge theories which are asymptoticaly free. In lattice QCD the lattice spacing can be
taken to zero while the coupling congant is systematically rescaled. In the continuum limit there
are an infinite number of degrees of freedom in any volume no matter how smdl. Thiswould be
a counterexample to any claim that physica theories must be discrete.

Quantum indeterminacy, which was ancther motivation for looking to discrete space-time, has

a so become an acceptable aspect of continuum physics. In 1964 John Bell showed that most
ideas for local hidden variable theories would violate an important inequality of quantum
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mechanics. This inequdity was directly verified in a careful experiment by Alain Aspect in 1982.
There are dill those who try to get round this with new forms of quantum mechanics such as that
of David Bohm, but now they are aminority pushed to the fringe of established physics. Hugh
Everett's thesis which leads us to interpret quantum mechanics as the dynamics of amultiverse
has been seen as aresolution of the measurement problem for much of the physics community.
Others are amply content with the fact that quantum mechanics provides the same way of doing
caculations no matter what interpretation is used.

Without the physica motivation discrete space-time has been disfavoured by many physicists but
others have found reason to persst with the idea.

It from Bit

In the late 1970s the increasing power of computers seems to have been the ingpiration behind
some new discrete thinking in physics. Monte Carlo smulations of |attice field theories were
found to give useful numerica results with surprisingly few degrees of freedom where andytic
methods had made only limited progress. Their newly found close contact with computers seems
to have led some physicists to wonder if the universeisitsaf some sort of giant computer.

In 1947 Claude Shannon laid the foundations of information theory. The smalest unit of
information used in computers is the binary digit or bit. Each bit can just have avaue O or 1 but
many bits can record vast amounts of information in the form of numbers or binary coded
characters. Shannon's information theory turned out to be important in physicsaswell as
computers. It seems that the entropy of a systlem may be ameasure of the amount of information
it contains but it is difficult to make sense of such an idea unless the amount of information in a
physica sysem isfinite If the positions and orientations of molecules can be specified to any
degree of precision then there is no limit to the number of bits needed to describe the sate of a
gasin abox so entropy from information may only make senseif there is some minimum
distance which can be measured.

Such reasoning has created a school of thought about the role of information processing in the
fundamenta laws of physics. John Whedler has sought to extend this idea so that every physica
quantity derivesits ultimate Sgnificance from bits. He cdlsthisidea "It from Bit." For Wheder
and hisfollowers the continuum is a myth, but he goes further than just making space-time
discrete.

Space-timeitsdf, he argues, must be understood in terms of a more fundamenta pregeometry. In
the pregeometry there would be no direct concepts of dimension or causdlity. Such things would
only appear as emergent properties in the space-time idedisation. All would be the consequence
of complex interactions based on very smple basic dements, just as a complex piece of
computer softwareis built from asmple sat of indructions.

There are many different ingtruction sets which have been used to control computers. In RISC
processors the number of different ingtructionsis kept to aminimum. In the theory of computers,
without the practical congraints of efficiency, it is possible to reduce the instruction set to very
few dementsindeed and 4till be able to useit to do any computation which is theoreticaly
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possible. Such amachineis caled a universal computer. In 1979 while | was a student | attended
an extra-circular course on logic given by the mathematics professor John Conway. He

introduced the class to a hypothetical computer called a Minsky machine which had been devised
by computer science theorist Marvin Minsky. The computer can store an unlimited number of
non-negative integer vaues which are given varidble names a, b, ¢, ... etc. The computer obeys
two fundamenta ingructions:

(2) increment a variable by adding one. E.g. the instruction to increment variable a can be
written scheméticaly like this

(!
at
!

(2) decrement a variable by subtracting one, unlessit is zero in which case branch E.g.
the indruction to decrement varigble b or branch is shown asfollows

o

The branch with the double arrow istaken if b is zero on entering the circle. A program for a
Minsky machine is adiagram made up of these two ingructions. Here is an example of asmple
program to add ato b.

start o
here

S end
here

20
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If you want an interesting puzzle to solve try and work out what is the largest number which a
Minsky machine can generate in avariable when it sopsif it isonly alowed to have k
indructions where k is some small number of your choice.

In one lecture of the course, Conway showed us a program he had written for a Minsky machine
which could caculate the nth prime number. It had only 16 ingtructions and he chalenged usto
do better. The next week | showed him how to do it with only 14 ingtructions. Can you do better
dill? Here is the program. Start with al variables set to zero except n. When you arrive a the
end p will be the nth prime number. This Minsky machine program illustrates how the smplest

of rules can be used to generate non-trivid systems. Perhgps some equally smple set of rules
will account for physics.

end
here

O

Cdlular Automata

A smilar ideawhich seems closer to the redl world isthe cdlular automata. Cellular automata
became popular in the 1970s with Corway's invention of the Game of Life. Its Smple rules made
it popular with people who liked recrestional mathematics and was partly responsible for
Conway's popularity as a lecturer.

The game of lifeis played on atwo-dimensiond array of square cdlls. Each cdl a any given
time step is ether dive or dead. The date of the game a the next time step is determined by
rules which are meant to mimic the life and deeth of living cdls. If aliving cdl & one moment is
isolated or it is accompanied by no more than one other living cdl in the nearest neighbouring 8
cdls, it will be dead the next moment through lack of support. If it is surrounded by two or three
living cdlsin its neighbourhood it will continue to live but if there are more it will die from over
comptition. On the other hand, a cell which is dead will be revived if it is surrounded by exactly
three living cells. Otherwise it remains dead. When these rules are applied iteratively to an initid
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picture of living and dead cdlls, the system evolves and patterns emerge. A computer can readily
be made to smulate the game and display the progress.

Typicdly regions of cdlswill die out or stabilise into patterns which do not change such asan
isolated square of four cells, or which repeat such asaline of three cdls. Fromtimetotimea
group of living cellswill appear to separate from the activity and move away on its own. These
are cdled gliders. The most common variety reflects about adiagond axis after each second step
and moves diagondly.

Despite its smple rules defined on a discrete lattice of cells the game has some featuresin
common with the laws of physics. Thereisamaximum speed for causal propagation which plays
arole smilar to the speed of light in specid rdativity. Even more intriguing is the comparison of
gliderswith dementary particles. Cedlular automata go a step further than lattice field theories.
Even the continuous va ues of the field variables have been replaced with discrete quantities.

A gresat dedl of research has been done to find out how cdllular automata like this one behave on
very large arrays. Numerical smulations suggest that stable regions develop but some activity
can continue for along time. It ssemsthat self organised criticality is established. This means
that the system stops evolving leaving steady or cyclic configurations of cdls, but asmal
perturbation such as a glider wandering in from outside can st the thing off again like a spark
lighting afire. Little is known about how cdlular automata might behave on very large arrays
and over ver5y large numbers of time steps. Recdll that the smallest scales in physics seem to be
around 10*° m. To correspond in size to our universe, a cdlular automaton would have to have

an array of something like 10°4° cdlls.

Despite its smple rules the game of life has sufficient complexity that we cannot imagine how an
array that big would behave. On large scales some kind of physicd lawvs may emerge from the
datistica behaviour of the system. It is quite possible that complex organised structures would
evolve. It is plausble that some cellular automata specified in 3-dimensons may be sufficiently
interesting places for life to develop indgde them. At present we have no idealif such things are
likely. For those seeking to reduce physics to Smple deterministic laws this was an ingpiration to
look for cdlular automata as toy models of particle physics despite the obvious flaw that they
broke space-time symmetries. Edward Fredkin is one of those people who suggests that the
universe redly does operate like a gigantic computer. Fredkin is a computer specidist with an
interest in physics who has managed to influence a number of respected physicists to take the
idea serioudly.

In 1981 Fredkin was one of the organisers of a conference at MIT which he wanted to be called
something like "On computational modes of physics™ Fredkin managed to persuade Richard
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Feynman to be the keynote speaker at the meeting, but when Feynman heard the title he said
"Wdl if you have that as a name, and it implies that there are computationa models of physics,
then | am not coming.” Thetitle was changed to "Physics and computing” and so Feynman went.
However, by time Feynman arrived to give histalk he had changed his mind and gave atak
about computational models of physics. He and many other speskers spoke about cdllular
automata which were very topica by then. Other speakers a the conference included Whedler,
Minsky and Fredkin himsdf. This conference and especidly the presence of Feynman was very
influentia on the subject.

There has been some progress towards using cdllular automata to study hydrodynamics and
turbulence but there seems to be an impassable hurdle when we attempt to apply the automata to
quantum physics. The evolution of automatalis ways based on what happenslocaly to any cdll
in the array, but Bdl's inequaity and the experiments of Aspect and others strongly suggest that
guantum redlity isnot loca in such a strong sense.

Anather notable physicist who has been influenced by Fredkin is Gerard 't Hooft. Heis not put
off by locdity arguments and suggests thet the states of a cdllular automaton could be seen asthe
bass of aHilbert space on which quantum mechanics is formed. Although the ideatis not
popular, some interesting things may yet be learnt from such research.

Discretenessin Quantum Gravity

We have seen how some of the early mativations behind theories of discrete space-time have
faded with time, but recently new evidence has comein to take their place. It is only when we try
to include gravity in quantum theory that we find solid reason to believe in discrete space-time.
With quantisation of gravity dl the old renormaisation issues return and many new problems
aise.

Whichever agpproach to quantum gravity is taken the conclusion seems to be that the Planck
length is a minimum size beyond which the Heisenberg Uncertainty Principle prevents
measurement if goplied to the metric fidld of Eingtein Gravity. In ordinary quantum field theory
the ability to measure smdl distancesis limited only by the energy of the particles available and
according to relativity there should be no theoretica limit to energy. When gravity isincluded,
however, the metric itsalf becomes uncertain. At smdler distances the quantum fluctuations of
the metric become more significant until, a the scale of the Planck length, it isimpossible to do
any reliable measurements.

Does this mean that space-time is discrete a such scaes with only afinite number of degrees of
freedom per unit volume? Recent theoretica results from string theories and the loop-
representation of gravity do suggest that space-time has some discrete aspects at the Planck
scae. These are akin to the discrete quantum numbers of the quantum mechanics of an atlom
which gtill aso has a continuum description so the answer may be that space and time have a
dua discrete and continuous nature.

The far reaching work of Bekenstein and Hawking on black hole thermodynamics has led to
some of the most compelling evidence for discreteness at the Planck scale. The black hole
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information loss paradox which arises from semi-classica trestments of quantum gravity isthe
nearest thing physcigs have to an experimentd result in quantum gravity. Itsresolution islikey
to say something useful about a more complete quantum gravity theory. There are severd
proposed ways in which the paradox may be resolved most of whichimply some problematica
breskdown of quantum mechanics while others lead to seemingly bizarre conclusons.

One gpproach is to suppose that no more information goes in than can be displayed on the event
horizon and that it comes back out as the black hole evaporates by Hawking radiation.
Bekengtein has shown that if thisis the case then very drict and counter-intuitive limits must be
placed on the maximum amount of information held in aregion of pace. It has been argued by 't
Hooft that thisfiniteness of entropy and information in a black-hole is dso evidence for the
discreteness of gpace-time. In fact the number of degrees of freedom must be given by the areain
Planck units of a surface surrounding the region of space. This has led to some speculaive ideas
about how quantum gravity theories might work through a hologrgphic mechaniam, i.e. itis
suggested that physics must be formulated with degrees of freedom distributed on atwo-
dimensond surface with the third spatia dimension being dynamicaly generated.

At thispoint it may be appropriate to discuss the prospects for experimentd results in quantum
gravity and smd| scae space-time structure. Over the past twenty years or more, experimental
high energy physics has mostly served to verify the correctness of the slandard modd of particle
physics as established theoretically between 1967 and 1973. We now have theories extending to
energies way beyond current accelerator technology but it should not be forgotten that limits set
by experiment have helped to narrow down the possibilities and will presumably continue to do
0.

It may seem thet thereisvery little hope of any experimenta input into quantum gravity research
because the Planck energy is so far beyond reach. However, atheory of quantum gravity would
amogt certainly have low energy consequences which may be in reach of future experiments.
The discovery of supersymmetry, for example, would have significant consequences for
theoretical research on space-time sructure.

L attice Quantum Gravity

If discrete space-time is afeature of quantum gravity then the early ideas of lattices and cdllular
automata were just not inventive enough. A latticeis surely too rigid a structure to modd curved
space-time. Generd reativity is about invariance of the form of laws of physics under co-
ordinate transformations but the space-time co-ordinates are redly artificid congructs without
any direct physcal bass. In 1961 Tulio Regge came up with away of doing relativity without

any co-ordinates. He imagined space-time as a network of points joined together by links,
triangles, tetrahedrons and pentahedroids. These are Smplexes of dimension 1 to 4. The structure
is analogous to the faceted surface of a geodesic dome. Just as the curving vaults of amodern
building can be approximated by a surface of flat triangles, so too can curved space-time by
gpproximated to any desired accuracy with the smplicia structure of the Regge skeleton.

The concept is very much like alattice except that it is not rigid. Instead of varying fidd vaues
on stes the length of the links between the Sitesis dlowed to be variable. It is sufficient to
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specify how the Sites are connected and the lengths of al the links. Then the size and shape of dl
the smplexes can be determined. The curvature of the space-time surface can be derived from
the angles of the smplexes around any ste. It is possible to work out the equations which
express the dynamics of the structure and which reduce to Eingtein's fidld equations of genera
reldivity in the limit where the 9ze of the Smplices becomes very smdl. The Regge cdculusis
therefore a discrete verson of generd relativity. Useful numerica smulations of ether the
classca or quantum dynamics can be done on afast computer.

To Regge this discrete space-time was just an gpproximation scheme which would give ordinary
generd rddivity in thefinelimit. To usit could aso be a pregeometric model of space-time,
vaid even while discrete. If space-time was a Regge skeleton we would have to find some rules
about how it should be split into smplexes. Loss of space-time symmetry is aso aproblem just
asit waswith aregular lattice.

An dternative scheme which has proved to work better in numerica studies of quantum gravity
israndom triangulation. Instead of varying the lengths of the linksjoining Stesthelinks are dl
the same length and the way space-time is divided into Smplexesis varied. Space-time curvature
varies with the number of Smplexes which meet a each ste. The path integrd of quantum

gravity isthen effectivdly asum over dl the ways of triangulating afour-dimensionda surface.

The action can be given in terms of just the numbers of smplexesin thelattice. Discrete effects
are averaged out so that rotationd symmetry is exact in the quantum verson. Thisisan
interesting pregeometric modd though it would be surprising if it was anything like redlity.

Pregeometry

For John Wheder amplicia space-time was not radica enough. He demanded a pregeometry
much more basic than the space-time manifold or any discrete gpproximation to it. A true
description of the structure of space-time at the smallest scales may require us to discard some

other properties which it appearsto have at larger scales. For example, dimension may not be a

fundamental quantity. We know that space-timeisfour-dimensiona on scales a least aslarge
10°*® m which have been probed with particle accelerators, but at the Planck scale the number of
dimensons may change. It may even become a vague concept with no definite meaning. Other
features which space-time physics may lose dong with continuity indudeits metric, topology,
symmetry, locality or causality. We cannot be sure that space-time events have aprecise
meaning or that quantum mechanics works the same way. In short it is difficult to imagine what
space-time may belikeat dl.

Any pregeometric model can be characterised according to which of the highlighted propertiesin
the previous paragraph it throws out and which it keeps. For example, lattice models discard
continuity and symmetry but keep dimension, metric, events, etc. Cdlular automata also discard
quantum mechanics. Some physcigs have played the game of building toy models which throw
out dl but afew of these concepts, the ones which they fed might be the most fundamentd.
They might try to keep causdity, locality and quantum mechanics for example, because they
think these things are of primary significance and must be part of the laws of physics a the most
fundamenta level. Another feature like topology, a metric or even information might be thrown
injust to seewhat it led to.
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Before about 1980 only arare few physicists had made any serious attempts at this sort of thing.
The best examples were Hartland Snyder with quantum space-time, David Finkdgtein with his
quantum net dynamics, Carl von Weizsécker with Ur-theory and Roger Penrose with spin
networks and twigters. Then in the 1980s and early 1990s there was a flurry of new speculative
ideas. Thetime seemed right for bold idesas. Chris Isham and others looked at the quantum
mechanics of spaces with just a distance metric between scattered points, or topologies of sets or
even just random networks of links between space-time events.

Isthere redly any hope that such methods can tell us something about the real world? Physcigts
have succeeded before with theories they devised with little more than mathematics and insight.
Dirac was a strong advocate of the power of mathematical beauty as an indicator of truth and
successfully predicted the positron on such abasis. If you examine the pregeometries which have
been studied up till now it is easy to dismiss them because none is complete,

However, rather than discarding each one because of some feature which does not correspond to
redlity, you can aso look for features which seem promising. Better theories can then be
produced by combining things from different models which might work well together. It seems
improbable that someone is going to have complete success by such methods aone, but if clues
from superstring theory and canonica quantum gravity are dso considered there may be some
hope.

Sadly, thereis little encouragement or funding for such speculative research. Happily there are
dill ahand full of physcists and one or two journads which keep it dive.

The M etaphysics of Space-Time

Space and time have been favourite subjects of debate for philosophers since a least the ancient
Greeks. The paradoxes of the infinite and the infinitesma are renvented each day by children
with inquisitive minds. How can space be infinite? If it is not infinite what would lie beyond the
end? Can the universe have a beginning and an end? What is the smalest thing and what can it
be made of ? What istime? Do time and space redly exist?

How have modern physicigts learnt to dedl with these questions? The smplest answer istheat they
use mathematics to congtruct models of the universe from basic axioms. Mathematicians can
define the system of red numbers from set theory and prove al the necessary theorems of
cdculusthat physicigts need. With the system of red numbers they can go on to define many
different types of geometry. In thisway it was possible to discover non-Euclidean geometriesin
the nineteenth century which were used to build the theory of generd rdativity in the twentieth.

The sdf conagtency of generd rdativity can be proven mathematicaly from the fundamenta
axioms within known limitations. This does not make it correct, but it does make it aviable

mode whose accuracy can be tested against observation. In thisway there are no paradoxes of
the infinite or infinitesma. The universe could be infinite or finite, with or without a boundary.
Thereisno need to answer questions about what happened before the beginning of the universe
because we can construct a self-congstent mathematica modd of space-timeinwhich time hasa
beginning with no before.
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So long as we have a consistent mathematical mode we know there is no paradox, but nobody
yet has an exact modd of the whole universe. Newton used a very smple modd of space and
time described by Euclidean geometry. In that modd space and time are separate, continuous,
infinite and absolute.

Thisis consgtent with what we observe in ordinary experience. Clocks measure time and
normaly they can be made to keep the same time within the accuracy of their working
mechanisms. It asif there were some universa aosolute standard of time which flows congtantly.
It can be measured gpproximately with clocks but never directly.

So long asthere is no complete theory of physics we know that any modd of space-timeislikdy
to be only an gpproximation to redlity which gppliesin a certain restricted domain. A more
accurate modd may be found later and athough the difference in predicted measurement may be
amall, the new and old modd may be very different in nature. This means that our current
modd s of space and time may be very unredistic descriptions of what they redly are even
though they give very accurate predictions in any experiment we can perform.

Philosophers sometimes try to go beyond what physicists can do. Using reason done they
consder what space and time might be beyond what can be observed. Even at the time of
Newton there was opposition to the notion of absolute space and time from his German riva
Lebniz. He, and many other philosophers who came after, have argued that space and time do
not exist in an absolute form as described by Newton.

If we gtart from the point of view of our experiences, we must recognise that our intuitive notions
of gpace, time and motion are just models in our minds which correspond to what our senses
find. Thisisamodd which exigts like a computer program in our head. It is one which has been
created by evolution because it works. In that case there is no assurance that space and time
redly exist in any absolute sense.

The philosophica point of view developed by Gottfried Leibniz, the Bishop Berkdey and Erngt
Mach is that space and time shoud be seen as formed from the rel ationships between objects.
We experience objects through their relationships with our senses and infer space and time more
indirectly. The mathematical modes used by physcigsturn thisinsde-out. They start with

space and time, then they place objectsin it, then they predict our experiences as aresult of how
the objectsinteract.

Mach believed that space and time do not exist in the absence of matter. The inertia of objects
should be seen as being aresult of their relation with other objects rather than their reation with
gpace and time. Eingtein was grestly influenced by Mach's principle and hoped that it would
follow from his own podulates of rddivity.

In the theory of specid relativity he found that space and time do not exist as independent
absolute entities but Minkowski showed that space-time exists as a combination of the two. In
Generd Redtivity Eingtein found, ironicdly, that the correct description of histheory must use
the mathematics of Riemannian geometry. Instead of confirming Mach's principle he found that
gpace-time can have a dynamic structure in its own right. Not only could space-time exist
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independent of matter but it even had interesting behaviour on its own. One of the most gartling
predictions of generd rdativity; that there should exist gravitationd waves, ripplesin the fabric
of space-timeitsdlf, may soon be directly confirmed by detection in gravitationd wave
observatories. In short, relativity succeeded in showing that al motion isreative but it failed to
congtruct a complete relationd mode of physics.

Eingtein's use of geometry was o degant and compelling that physcigs thereafter have dways
sought to extend the theory to a unified description of matter through geometry. Examples
incdude the Kaluza- Klein moddls in which space-time is supposed to have more than four
dimensionswith al but four compacted into an undetectably smal geometry. Thisis the opposite
of what the philosophers prescribed. Thus physicists and philosophers have become dienated
over the subject of gpace and time during the twentieth century.

Recent theories of particle physics have been so successful that it is now very difficult to find an
experimenta result which can help physcists go beyond their present theories. As aresult they
have themsdlves started to sound more philosophica and are dowly reviewing old idess. The
fundamenta problem which faces them is the combination of generd rdativity and quantum
theory into a condgstent modd.

According to quantum theory avacuum is not empty. It isa sea of virtud particles. Thisisvery
different from the way that space and time were envisoned in the days of Mach. In atheory of
quantum gravity there would be gravitons, particles of pure geometry. Surely such an ideawould
have been a complete anathema to Mach. But suppose gravitons could be placed on a par with
other matter. Perhgps then Mach would be happy with gravitons after al. The theory could be
turned on its head with space-time being aresult of the interactions between gravitons.

Leibniz might dso have been satidfied with such an answer. In his philosophy everything is
constructed from monads. These could be packets of energy or more abstract entities. A discrete
space-time would fit in well with the idea. Discrete dements of space-time can be put on a par
with particles of matter suggesting the find unification of gpace-time and maiter.

In string theory, the most promising hope for a complete unified theory of physics, we find that
gravitons are indeed on an equa footing with other particles. All particles are believed to be
different modes of vibration in loops of string. Even black holes, one of the ultimate
manifestations of the geometry of gpace-time are thought to be examples of single loops of string
in avery highly energised mode. There is no quditative distinction between black holes and
particles, or between matter and space-time.

The problem isthat there is as yet no mathematical model which makes thisidentity evident. The
equations we do have for strings are somewhat conventiond. They describe strings moving in a
background space-time. And yet, the mathematics holds strange symmetries which suggest that
gring theories in different background space-times and even different dimensons are redly
equivaent. To complete our understanding of string theory we must formulate it independently

of space-time. The Stuation seems to be analogous to the status of eectrodynamics at the end of
the 19th century. Maxwell's equations were described as vibrations in some ether pervading

Get any book for freeon:  www.Abika.com

76



EVENT-SYMMETRIC SPACE-TIME

space. The Michelson-Morley experiments failed to detect the hypothetica ether and sgndled
the start of ascientific revolution.

Just as Eingtein banished the ether as a medium for eectromagnetism we must now complete his
work by banishing space-time as amedium for string theory. The result will be amodd in which
space-timeis recovered as aresult of the relationship between interacting strings. 1t will be the
first step towards areconciliation of physics and philosophy. Perhapsit will be quickly followed
by a change of view, to a point from where dl of our universe can be seen as a consequence of
our possible experiences just as the old philosophers wanted us to see it. What other ways will
we have to modify our understanding to accommodate such a theory? Not al can be foreseen.

Soisitor isn't it?

There do seem to be good reasons to suppose that space-time is discrete in some sense @ the
Planck scale. Theories of quantum gravity suggest thet there is a minimum length beyond which
measurement cannot go, and aso afinite number of significant degrees of freedom. In canonica
guantisation of gravity, volume and area operators are found to have discrete spectra, while
topologica quantum field theoriesin 2+1 dimensions have exact lattice formulations.

At the same time, the mathematics of continuous manifolds seems to be increasingly important.
Topologica structures such as instantons and magnetic monopoles gppear to play their part in
field theory and string theory. Can such things be formulated on a discrete space?

Hawking says that he sees no reason to abandon the continuum theories that have been so
successful. Itisavdid point but it may be possible to stisfy everyone by invoking a discrete
structure of gpace-time without abandoning the continuum theories if the discrete-continuum
dudity can beresolved asit was for light and matter.

The philosopher Immanud Kant may have had some insight into this question. The human mind
can pose questions about nature which have contradictory but perfectly logical answers. One
such question is whether the world is made of eementary parts. The answer can be both yes and
no. The riddlie may be resolved through a dud theory of space-time which has both discrete and
continuous aspects.
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What About Causality?

Causality in the news

children. A survey had shown that parents who divorce or separate tend to have smdler
B children. According to the team who conducted the study thisis scientific evidence of how
conditionsin childhood can have lifdong consequences.

n read a news article recently which reported that family conflict can stunt the growth of young

But how right were they? To conduct the survey someone visited schools and measured the
height of many children with the same age. The results were then compared datidticaly with the
circumgances of their parents. Presumably they found a gatidtically significant negative
correlation between height and indicators of family conflict such as divorce, thus proving the
link. Fine so far, but can we conclude that the conflict caused children to be smdler? Would it
not have been equdly vaid to conclude that having small children leads to divorce? The scientist
in charge speculated that stress may reduce the amount of growth hormone that young children
produce.

In fact he applied his prejudices and drew a conclusion which sounds reasonable without
redlisng that the converse was aso a possible explanation of the survey results. It is not difficult
to believe his theory but there was nothing from the survey which proved it. In fact the redl
reason behind the corrdation may have been one or more third factors such as wedth. Children
of poorer families may have worse standards of nutrition resulting in dower growth, and lack of
money might aso lead to higher divorce rates. Another cause may have been a genetic trait
which shows up in both the growth and temperament of family individuas. Such effects are
equaly likely to show up as a corrdation in the survey but the news article said nothing about
such possihilities.

The difference between the possble conclusions from the survey is not just one of semantics.
People reading the article could blame their frequent family rows for having asmal child. Such
fedings of guilt are unlikely to help the Stuation. They may have been right but | suspect they
would have been wrong. Surveys such as this are common and are often reported in the media by
people who do not appreciate the traps that Satistics can lead usinto.

When responsible scientists wish to establish causd links between different effects they are more
careful. For example, when anew drug istested it is necessary to know how effectiveit isand
what sde effectsit may produce. To do this a group of volunteersis selected for trids. The group
isdivided in two a random and one haf is given the drug. The other hdf is given a placebo pill
which is known to have no effect. Nobody taking part knows which group they are in. Both
groups are then monitored for possible effects. The effect isknown to be red if it is Significantly
more noticeable amongst those who took the drug than those who took the placebo. It isthen
certain that taking the drug redly caused the effect. The difference between this example and the
survey isthat the choice of who got the drug and who did not was controlled. In the survey
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which claimed to link height and family gtrife there was no control over whose parents were
divorced which were not so it was impossible to distinguish cause from effect or rule out other
factors with certainty.

Causality in Physics

Suppose your child bumped into atable and an expensive vase fell off, smashing into pieceson
the floor. Would you conclude that her carelessness caused the vase to be broken? Probably you
would, but why would you not conclude that the vase faling off the table caused her to bump,
quite innocently, into the table? Y our response might be that, for one thing, the vase was broken
after her collison with the table so the direction of the causd link isincontestable. Thisreflects
the modern concept of causality: Cause precedes effect. Y et the logica relation between the two
events, her bumping into the table and the vase fdling off, are symmetricaly related. If one has
happened the other probably hastoo. Isit just our preudices which have made us favour a causa
link or isit judtified by physcs?

Philosophers such as David Hume have been scepticd about these notions of causdlity. In 1740
Hume questioned the basic idea of causation. It is sometimes thought that his rejection of
causation implies argection of scientific laws but it does not. What it redly impliesisargection
of free will. Compare the case of the broken vase with the survey and the medicd trids. Which
does it more closely resemble? Y ou might argue that it is more like the medicd trids because a
person has control over whether or not they do something like bump into atable. They have free
will. The vase breaking is a response to an action of free will, even if it was an accident. If an
action is controlled then it must be the cause rather than the effect. If we accept the contention of
Hume we deny any ditinction between cause and effect so we must so deny our free will.

Causdity was not dways characterised so smply asit istoday. In ancient Greece, at the Lyceum
in Athens, Arigtotle taught that there were four types of cause: the material, the formal, the
efficient and thefinal. If you build a boat he would have said that the cauises were the materias
you used, the plans you drew up, the labour you put into it and what you wanted to do withit. If
any of these four things were not there, the boat would not be made.

In terms of modern physics we would regard the efficient and find cause as the two extremes of
temporal causality, that is, causdity related to time. The efficient causeisthe initid set of
conditions and the find causeisthefina set of conditions. Likewise we can regard the materia
and forma causes as two opposite views of ontological causality, that is causality related to the
way in which something is formed.

Let usimagine another example. Y ou are very proud because you have successfully grown a
good crop of potatoes in your back garden. Y ou bring a handful in to show your daughter saying
"Look, | grew some potatoes!” "Why did they grow?"' sheinquires, as children do. How would
you respond? Just suppose that you are rather philosophical in your ways and you respond
according to which types of causdity you believe in. The conversation might continue as

follows

"They grew because of biologica processes such as photosynthesis.”
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"Why are there biological processes like photosynthesis?*
"because of atoms and the laws of chemistry which make biologica processes work™
"Why are there atoms and laws of chemigry?'

"because of nuclear physics and dectromagnetic forces which make atoms out of protons, and
electrons?’

"why...?"

"because of more elementary particles and laws of physics which we don't know everything
about yet!"

These answers characterise areductionist or atomist who believesthat al explanation can be
reduced to underlying laws of physics which may one day be explained through some deep
principle of mathematics. Aristotle would say that you had invoked the materia cause.

In another mood you might answer differently:

"They grew because | planted them”

"Why did you plant them?"

"because | knew they would be good to eat when they were ready”

"Why did you know?"

"because | learnt such thingsin school”

"Why did you go to school ?*

"because along time ago people redised that having an education was useful”

...and so on.

Thistime the conversation might continue through the history of humanity, life on Earth and
cosmology until you explain that everything is aresult of what happened at the big bang. Of
course we are stuck again because we cannot say what caused the big bang. Thismay be a
strange way to explain why potatoes grow but it is exactly how conventiond wisdom describes
causdity in physcs. Arigotle would have called it the efficient cause.

Since the 17th century scientists have replaced Arigtotl€'s four causes with just those two: The
efficient or prior cause and the meterid cause, or physical laws. The finad and forma causeis

gone. Descartess mechanigtic causdity isthe most widely accepted today. We would say that a
cause of an event is any preceding event without which it would not have happened. In addition
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to thistempord causdity many physcists believe that there are fundamentd laws of physicsto
which are other phenomena can be reduced. This reductionism isthe materid causeand it is
what isleft of the ontological causdlity.

If your mind is opened a little by my story of the survey in the news article, then you may dso be
reedy to reconsder your notions of causdlity in physics. How would you explain the growth of
your potatoesif you believed in afind cause?

"They grew to become potatoes'

"Why did they become potatoes?

"So that we could eat them and grow oursalves'

"Why do we grow?"

"So that we can become strong enough to do our jobs'

Eventudly it ssemsthat thiswill lead towards some ultimate unknown destiny of humanity.

These days most scientists do not believe in destiny but Aristotle would defend the find cause. A
seed grows because it is destined to become a plant and produce more seeds. His error is eadly
exposed if we tear up the plant before it matures. It grew just the same to begin with even though
thefind cause was taken away. The same would not be true if we intervened before the seeds
grew. Prior cause seemsto be more right than find cause but notice that we have invoked our
freewill again to proveit.

It could be harder to explain growth in terms of the formal cause. We would have to suppose that
the potatoes grew because it had a design purpose. Y ou might say:

"They grew because if they didn't we would have nothing to eat. Then we would not be here to
ask such questions!”

Thismay sound like an invdid explanation at fird. Yet it is an explanation which might be given
by someone who advocates the anthropic principle. Such people clam that the laws of physics
and other aspects of our world are the way they are because they must be that way for usto be
here. Reductionism and the anthropic principle are opposing philosophies of ontologica

causdity. They correspond to Arigtotles materiad and forma cause respectively. Aristotle
accepted both types of explanation but most people prefer one or the other.

Let us put ontologica causdity asde for now and consider tempora causdity in more detail. Do
the laws of physicsjudtify Descartes who threw out find causein favour of prior cause?

To keep things Ssmple, let us start by considering just classical Newtonian mechanics. Theform
which the laws of physicstake s crucid to our understanding of causality. Newton's laws take
the form of aset of differential equations describing the motion of particles under forces that act
between them. If we know the initid positions and velocities of dl the particles a an initia time
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then their positions are determined at any future time. So does this form for the laws of physics
alow usto justify our concept of tempord causdity, that cause comes dways from the past and
precedes its effect? It would seem S0 because theinitia conditions seem to be causing dl that

happensin the future.

Thereisacatch. The laws of physicsin this form can be made to work identically in reverse. If
we know the final state of a system we can just as easily determine its past. Furthermore, the
classcd laws of mechanics do not dlow any room for free will. All actions are predetermined by
any complete past state. They are dso postdetermined by any future state. Newton's laws do not
explain why past events are the cause of future events.

A Block Universe

It isdifficult to think clearly and rationdly about causdity becauseit is bound up with our
experience. It is sometimes difficult to separate logical deduction from intuition. We are so used
to the flow of timethat it isadmost impossible to detach oursalves from it and appreciate time as
part of physics. Time flows past while space remains, yet since the debut of the theory of
reldivity we have known that the distinction between space and timeis not so profound.

To gppreciate the physics without being mided by intuition we must imagine oursalves separated
from space and time. We need to imagine space-time as a Sngle entity which does not evolve.
Like ablock of existence, the universejust is. Our lives are worldlines through the block
gretching between birth and death. We might equaly well say that they stretch between degth
and birth. On dose examination we can tell which way our lives went from past to future
because we recognise the symptoms of ageing but there are no time stamps built in to space-
time. The block universe has no past, present or future. It is just a collection of events.

If the universeisfinite and closed with a beginning at the big bang and an end at the big crunch
you can think of it asakind of rugby ball shaped surface which narrows at either end. Space-
timeisfour-dimensona and has nothing outside or inside but we have to visudise it as atwo-
dimensiond surface Stting in space. This limitation of our minds does not matter. We do not
have to visudise something to understand it.
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People often discuss what came before the big bang. Some think that there must have been
something. Others say there was nothing. When we think about the block universe we see that
there was no "before’. The surface of the sausageis dl that thereisto the universe and timeis
part of it. We should not think of an empty space around it Since that space does not exist. Of
course we do not know that the universe isredly rugby bal shaped and there could have been
something before the big bang, but it is not necessarily so. We should not let our experience
influence our reasoning since our experienceis limited to asmdl part of the universe and
prejudices our judgement. It is not easy to imagine a universe which is curved but which has no
outside, no before and no after, but we can describe the shape of space-time mathemeticdly
without referring to anything outside, so an outside is not necessary. Asking about what came
before the big bang is like asking what comes before the letter A in the aphabet. Asking about
what is outsde the universe or whereit is, is like asking what is outsde the dphabet or where it
is. It isnowhere or everywhere. It justis.

Neverthel ess, we can imagine that we are examining the universe from outsde asa
psychologica crutch to support out thoughts. We look closdy to seeif there are Sgns of
causdlity but if we are outside we have no control over events. We are in the place of someone
who does a survey and tries to establish causd relationships between things we observe. Without
control any judgement about causdlity is subjective. We may be able to measure a correlaion
between certain sets of events but we have no definitive way of knowing which is cause and
which is effect unless we could draw from our experience of how we think past influences

future.

Does such aview of ablock universe from outside make sense? It isaclassicd view which
ignores the quantum nature of the world. In quantum mechanicsit isimpossible to separate
observer from observed. It is difficult to know what is the sgnificant of quantum theory to
causdlity. There are many different interpretations of quantum mechanics and some would
suggest a different answer to others. Time is an infamous problem when gpplied to quantum
mechanics and generd rdativity. Without atheory of quantum gravity we cannot be sure of any
response to the question.

| will adopt a position on quantum mechanics which extends the block universe metaphor. Our
gpace-time can be cut like adiced sausage. Each thin dice represents the universe a one
momert in time and records the Sate of everything classcdly a that ingtant. According to
physicist Julian Barbour, the quantum multiverse is a hegp of dices. The hegp containsdl
possible dices from dl possible universes and is not ordered. Time and change have no absolute
meaning and just represent the different ways that the dices can be put back together to make
histories of the universes. Our passage through the quantum world is just one of many possble
seguences which can follow from each ingtant. A different analogy of the same notion has been
described by David Deutsch. Each diceis a sngpshot of the universe. They can be put together as
framesin a sequence of film which tellsthe story of auniverse. Indeed, thisisthe film verson of
the storytdller's paradigm. Our experience of the universeislike a showing of the film, but even
when the film lies in the can the universe il exists without any frame singled out as the present
moment. The unordered hegp of dl possble framesis the multiverse.
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Eingtein and Minkowski taught us that space and time cannot be separated. A universe can be
diced up in different ways just as a sausage could be diced at different angles. A naturd
development of the time dice andogiesisto break each dice down further into smdl morsels. If
space-timeis minced up findy enough the multiverse is reduced to a hegp of events. Therules
which tell us how they can be put back together are the Feynman rules of quantum gravity,
whatever they may be. Just like a story broken down into sentences and then words and then
|etters, there are fewer components each time. The finer the universeis chopped, the smdler is
the hegp, but each bit can be used many times and combined in an infinity of different
permutations. Such aview of the universe seems to demand event symmetry. The hegp is
unordered and shuffling its contents has no consequence to the multiverse. It should follow that
event symmetry, the symmetric group acting to permute space-time events, should be part of the
universd symmetry of nature.

Where does this leave the present? At some time we al ask oursalves "why now?' What
distinguishes this moment from others? Given that the universe lasts many hillions of yearsit
seems a fantastic coincidence that the present even fdls within our lifetime. Of coursethisis
nonsense. It could be no other time than “now". When we view the block universe we see dl
moments a a glance. There before us are dl the moments when we asked "why now?" It
becomes a stupid question, atrick of our psychology which has aneed to know something it cdls
consciousness. Within the universeit is a hotly debated subject. From outside the question loses
its meaning and we judge it differently. It is fortunate that we do not need to apply our

philosophy of physicsto our everyday lives otherwise we would lose dl sense of purpose.

The Second Law of Thermodynamics

Itisdl very wdl to say that tempora causdity is not absolute, but then we must explain why it
issuch agood illusion. How about the laws of thermodynamics? If we have a system of many
particles then we cannot determine dl their positions and velocities exactly. When we know only
some datistical information about them they obey laws which seem not to be reversible. The
second law of thermodynamics says that entropy must dways increase. Could this be linked to
causdity?

Indeed, the continual increase of entropy is intimately linked to our perception of causdlity.
Entropy isameasure of disorder in a system and defines a thermodynamic arrow of time which
can be linked to the psychologica arrow of time. Thereis, however, a catch again. The second
law of thermodynamicsisinexplicable in terms of the underlying laws of physicswhich, asfar
aswe know, are reversble. Thisis enshrined in atheorem of reativisic quantum field theory
which proves the necessty of CPT conservation.

The increase of entropy can be understood in certain idedlised experiments. For example, take
two closed containers filled with gases which are each in thermd and chemical equilibrium, and
alow them to mix by connecting the two systems without alowing any energy to escape or

enter. When the systern comes back into equilibrium the entropy of the final state can be shown
theoreticdly to be higher than the combined entropies in the two origind systems. This seemsto
be theoretical evidence for increasing entropy and it is confirmed by experiment, but we must not
be mided. The assumption that prepared systems tend towards equilibrium has been judtified, but
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theory would tdll usthat they tend towards equilibrium in the past aswell asthe future. We are
victims of our prejudices about causdity again and have devised an argument with circular
reasoning to support it.

Such attempts to prove the second law of dynamics originated in the 19th century with the work
of physicists such as Ludwig Boltzmann. Such afeat can never be achieved because the laws of
physics are time symmetric and it isimpossible to derive atime asymmetric result from time
symmetric assumptions. Boltzmann dipped in some time-asymmetric assumptions in order to
derive the result. Physcists have devised many other arguments for why entropy always
increases, trying to get round the problem of CPT symmetry.

Here are afew possibilities

CPT symmetry exchanges matter for antimatter so perhaps entropy would decrease for
antimatter.

Fault: Electromagnetic radiation cannot be digtinguished from its
antimatter image, and yet it obeys the second law of thermodynamics.

CPT symmetry does not apply to the collapse of the wavefunction in quantum mechanics
which is atime asymmetric process.

Query: Does this mean thet the third law of thermodynamicsis not vaid
for classca datisticad mechanics?

CPT consarvation is violated by quantum gravity.

This could be true but can the laws of thermodynamics be a result of
quantum gravity whose effects are normdly thought to be irrdlevant
except in the mogt extreme physica regimes?

Entropy increases as aresult of the fact that it Started very low at the beginning of time.
Thusit isdueto theinitid conditions being set in a specid way, and from then on it
could only increase.

But then why were initid conditions st rather than fina or mixed
boundary conditions?

When | was an undergraduete student | naively thought that physicists understood entropy. Some
have produced arguments based on any or dl of the above possihilities. In retrospect | think now
that 1 should be no more convinced by any of those arguments than | should if | heard someone
arguing that family strife stunts the growth of children based on the correlaion reported in the
survey. One of the difficultiesis that we do not realy have an ided definition of entropy for
systems which are not in equilibrium. We can understand it as a measure of disorder in aclosed
system. More generdly we have to resort to some kind of coarse graining process in which we
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imagine that a nontequilibrium systemn can be seen as made of smal sub-systems, or grains,
which arein equilibrium themselves but not in equilibrium with each other.

Entropy might be better understood in terms of informetion. It can be linked to the number of
bits which are needed to describe a system accurately. In a hot disordered system you need to
goeaify theindividual state of each particle, while a cold lattice can be described in terms of its
lattice shape, Size and orientation. Far less information is needed for the low entropy system.

The claim that entropy increases because it started low in the big bang is perhaps the one which
has falen into conventiona wisdom, even if it is admitted that we do not understand why it
darted low. Perhgpsit is because of some huge unknown symmetry which was vaid at the high
temperatures of the big bang and broken later. Thisisaso my opinion but | think thet if the
universe were closed we would have to gpply the argument in reverse at the big crunch too.

In acompletdy determinigtic system the evolution of the system is equaly well determined by
itsfind state as by itsinitid so we could argue that the amount of information in the system must
be congtant. The difficulty there is that we are assuming an exact knowledge of satewhichis
impossible. In any case, quantum mechanicsis not deterministic. If we make a perfect crysta
with an ungtable isotope, as time passes some of the atoms will decay. The amount of
information needed to track the decayed atoms increases. Perhaps, then, it redly is quantum
mechanics and the collgpse of the wave function which is responsible.

If physicigts used to think they understood entropy then their faith was deeply shaken when
Stephen Hawking and Jacob Bekengtein discovered that the laws of thermodynamics could be
extended to the quantum mechanics of black holes. The entropy is given by the area of the black
hole but its temperature can only be understood through quantum mechanicd effects. This shows
that classical understanding of thermodynamicsis indeed incomplete and perhgps only a
complete theory of quantum gravity can explain the lavsfully.

Could the Univer se be Gold?

In the mid 1960s there was awidely held belief that the universe should be closed. The smple
homogeneous cosmologica models can describe a space which isfinitein size, curving
gradudly so thet it eventudly joins back on itsdf like the surface of a sphere. Time would start
a the big bang from where it expands for many hillions of years. Eventualy, according to the
equations of generd reativity, gravity must arrest the expansion and it will contract again like a
bal faling back to Earth towards its fina crunch.

At present the universe is certainly expanding, as demongtrated by Hubble in 1929 when he
garted measuring the red-shifts of far away gadaxies and correlating them to their distance. This
defines a cosmologica arrow of time which distinguishes past from future. In 1962 J. E. Hogarth
suggested the possibility that this cosmologica arrow could be linked to the thermodynamic
arrow of time. Thomas Gold proposed that when the universe starts to contract the increase of
entropy might reach aturning point. As the universe collgpses history would run in reverse.
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Needless to say, Gold's mode of the universe is quite controversd. Intuition suggests that the
arrow of time cannot change direction. It would be a complete reversa of causdity with events
being determined by the future instead of the past. In 1985, Stephen Hawking unexpectedly came
out in support of Gold. He published a paper demongtrating that atime reversal wasto be
expected because the physics of the find crunch must be the same as the physics of the big bang.
We might try to understand the quantum date of the entire universe by using Feynman's path
integra formulation of quantum mechanics. We must form a sum over dl possible space-time
manifolds dlowed in generd reativity. Hawking has argued that we can understand entropy in
thisway if the universeis an entirely closed system, finite in both time and space but with no
boundary. There would be noinitid or find conditions to worry about, and both the end and start
of the universe would be a consequence of the same laws of physicswhich are obeyed &t dl
times. If the laws of physics are time reversd invariant we should then expect the end to be like a
reversed playback of the beginning.

Before Hawking's paper had passed through the publishing process he was already under
pressure to change his mind. His colleagues Laflamme and Page set out to convince him thet he
had made an error. Before the paper went to press they succeeded and he added a note to the
paper admitting his mistake. He now claims that there are two possible ways a universe could
dart or end. One has low entropy the other high. The only consstent pictureisonein whichitis
low at one end and high at the other hence tempora symmetry is broken.

I this argument could be made solid then it would be a powerful one. The path integral
formulation avoids problems of time since it isasum over al possble universes rather than an
evolution with separate boundary conditions. However, Hawking's method uses an incomplete
semi-classica description of quantum gravity. The argument could only be made complete when
we understand quantum gravity better. Until then it is an open question whether or not a closed
cosmologica modd will have atimereversd a hdf time or not.

There remain very few scientists who have argued in favour of a Gold universe and stuck to it.
Most cosmologists have sought reasons to rule it out and have often claimed success. Asthe
philosopher Huw Price has shown, most of those arguments are based on double standards of
reasoning. Often time asymmetric conclusons are drawn from time symmetric assumptions. This
isjust about impossible unless there is some spontaneous symmetry bresking such as that
proposed by Hawking.

Intuition suggests that the arrow of time could never reverse. If we could meet other intelligent
life-forms who are evolving in reverse, many paradoxes would present themsdves. Ther past
would be our future. What would there be to prevent them from telling us about eventsin our
future? Suppose we decided they were athreat and decided to destroy them. If we succeeded
they would cease to exist in their own past. What is to prevent us from bringing about such a
paradoxica stuation?

The only reasonable answer must be that the arrow of time will only reverse when we are long
gone and other time-reversed life-forms are not there ether. In other words, the epoch in which
the universe will reverse its collgpse must be lifdess. Some people aready find it hard to accept
that the human race must be extinguished at the big crunch. To suggest that we cannot even
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aurvive for haf aslong even when there is no such catastrophe to wipe us out seems dmost
unthinkable. After many trillions of years the stars will have faded. The universe will be a cold
place, hard to live in with so few sources of energy. Could we not at least hope to build a
powerful computerised automaton which could be programmed to hibernate through the aeons,
using the least power possible to steer away from black holes and other places where it would be
destroyed? If so it would be able to take a message of our past into the future? In the collapsing
universe it might revive and deliver a message to the anti- thermodynamic inhabitants of the other
half of space-time. Sadly the answer must be no since it would create unresolvable paradoxes,
but unless we can explain what would stop it we must give up the possibility of a Gold universe.

Anti-thermodynamic light from the future

Although such reasoning may be what mativates disbelief in reversd of time's arrow, most
attempts to rule out the Gold universe have concentrated on arguments which may be smpler
and more certain. Physicists such as Murray Gell-Mann have asked about the fate of starlight.
We know that starlight can cross the universe for billions for years without being absorbed. Each
photon loses energy asit is red-shifted by the expanding universe but il it can continue with
only avery smal chance of hitting another particle. As the universe expands the matter becomes
more thinly spread. The chance of a collison grows smdler. According to a caculation by Jason
Twamley and Paul Daviesin 1995, a photon which heads out into space has only asmall
probability of being lost no matter how long the universe lasts before it arrives in the collgpsing
universe. If that is so then mogt of the light being emitted by stars now will be present in the

collapse.

Conversdly, the time-reversed stars of the future will absorb photons because they are time
reversed. Those photons should be around now. Could we see them?

Gdl-Mann believesthat if they are there they could be detected. He says that they would add to
the background light of the universe which could be measured. If the light is not there a Gold
universe might be ruled out. Huw Price pointed out thet it is not so smple. The light from future
gars cannot be detected smply by looking at the night sky with a telescope. These photons
would be heading for atime reversed star in the future. If you block their passage with any kind
of detector such as a photographic film they will smply not be there because they would not then
be around in the future. Their behaviour is distinctly acausa. According to Price they would be
invisble by ordinary means.

If you hold up a piece of paper in space. Photons of future starlight would not be absorbed.
Instead they would be emitted asif they were being drawn out of the paper by a future cause.

Y ou are probably thinking that al thisis dready just too absurd to be possible anyway, but you
must suspend your disbelief until a contradiction with ether logic or observation has been
reached. Light drawn off a surface like this would not register in the ordinary way. It is actudly
quite difficult to predict what would really happen because the photons are acausal and the paper
is not. Would the effect of the photons be detected before or after they are emitted? Despite such
logicd difficulties we know that energy must be conserved what ever happens. This means that
energy will be drawn off the paper. It should be detectable in principle.
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It is not absolutely clear whether or not observation can dready rule this out but | think they can.
The anti-thermodynamic radiation would be present at many waveengths. Light photons may be
difficult to detect in thisway but radio waves would be likely to affect radio telescopes and
gammarayswould aso surdly leave their mark. Above dl an anti- thermodynamic cosmic
background radiation destined for the big crunch would be smilar in energy and temperature to
the cosmic background radiation from the big bang. Instead of imparting heet to a detector it
would teke it away. The net effect of both the big bang and big crunch radiation would be no
heating. Y et the heet of the cosmic background was detected by Andrew Mckdlar in cosmic
cyanogen aslong ago as 1941 even before its significance was recognised.

A Crystal Ball

There is another reason why we should suspect that anti-thermodynamic radiation is not present
in the universe today: If it was, we would be able to use it to send messages back in time.

When you hold up your hand to light it casts a shadow behind it. Even faint starlight casts such a
shadow. What about our anti-thermodynamic light from the future? If you could expose your
hand to anti-thermodynamic radiation you expect it to have photons drawn off it destined for
some anti-thermodynamic star in the distant future as the universe collgpses. Radiation would
surround your hand but instead of casting a shadow behind the direction the light is travelling,
there would be akind of anti-shadow in front of it from the direction the radiation is coming.
Thisis smply because light in front of your hand is blocked in its passage towards its destiny.

If you move your hand in front of alamp, the shadow moves with it. Because of the finite speed
of light there is dways adight delay and the movement of the shadow lags behind the movement
of your hand by an imperceptible amount. The anti-shadow cast by anti-thermodynamic light
behaves differently. It is not difficult to see that it must move ahead of the hand, anticipating
every move by the ingtant of time it would take the light to travel from the shadow to the hand.

This effect could be used in principle to send messages back in time. To do it effectively the
distance from the hand to where the shadow was cast would have to be made large. A mirror
could be used to reflect the shadow from along distance away back to a point near where the
hand is moving. By detecting the anti- shadow you could see what your hand is about to do. You
could literdly use hand sgnds to send messagesinto the padt. It is difficult to see how the
paradoxes presented by such a phenomenon could be avoided unless anti- thermodynamic light is
invisble, but as| have aready argued, it should be detectable. Either anti-thermodynamic light is
not available to us or we will have to face up to these paradoxes.

Mixing or Meeting

The arguments | have presented so far have made the assumption that a Gold universe would
contain amix of what we have been cadling anti-thermodynamic matter (or radiation) with
ordinary thermodynamic matter. For anti-thermodynamic matter the arrow of timeisreversed
and its behaviour is affected by future causes. Thisisthe opposite of the more familiar
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thermodynamic matter for which cause precedes effect. Thermodynamic and anti-
thermodynamic maiter might co-exist in the present universe.

Thereis an dternative way in which a Gold universe might work. It could be that
thermodynamic and anti-thermodynamic maiter and radiation never mix. Instead they might
mest in the middle of time when thermodynamic matter may dowly transform into anti-
thermodynamic matter. Thermodynamic matter would only be present in the expanding haf of
the universe and anti-thermodynamic matter would only be present in the collgpsing haf .

Think again about the e ectromagnetic radiation. Remember it was argued that light left over
from the gars in the expanding universe and the cosmic background radiation would survive into
the collgpsing half. It was assumed that this radiation would be randomly digpersed so thet it
would strike any objects that are around during the collgpse. However, this assumes that each
photon is causdly influenced only by its dim and distant past, never the future. On reflection this
is not what would be most probable. It is more likely that the radiation would fal under the
influence of its destiny if the collgpse is anti-thermodynamic. In that case the photons which are
radiated from stars now and pass into the collgpsing phase of the universe will be the same
photons which are anti-thermodynamically absorbed by the anti-thermodynamic sarsin the
collapse. If this were to be the case then there would likewise be no anti-thermodynamic
radiation from the future around now and we would not be able to send paradoxical messages
back in time. There would be no incongstency.

Y ou might think that a huge coincidence would be required for al the photons emitted by stars
now to conspire to fal onto anti-thermodynamic sars in the future, but the whole point isthat a
low entropy phase of the universe dready gppears as afantadtic Satistica fluke. This comes
about because theinitia and find state force it to hgppen and the rest of time has to cope withiit.
It drives evolution and other acts of the universe which would otherwise seem highly

improbable. A fluke such as photons travelling through the aeons and hitting an anti-
thermodynamic star must be weighed againg the equdly unlikely events which must heppen if it
hits a cold anti-thermodynamic surface.

Matter and Anti-matter

| have been saying alot about anti-thermodynamic matter and radiation and you might have been
wondering if it isrdated to anti-matter. They are certainly not the same thing because thereis no
digtinction between photons and anti- photons yet we can talk about thermodynamic radiation and
anti-thermodynamic radiation in terms of whether they are causdly effected by the past or future.

Substance made out of protons, eectrons and neutrons is a different matter. Time reversd (T)
adoneisnot an exact symmetry of nature but if we combine it with charge conjugation (C) and
parity inverson (P) we do get an exact symmetry caled CPT. This operation effectively
exchanges matter and anti-matter. In 1967, Andrel Sakharov found away to account for why the
universe is dominated by matter with very little anti-matter. It is due to the dight CP violating
effectsin the nuclear forces. In the heat of the big bang these would have been sgnificant

enough to account for the imbaance left over from the first ingtants. If thisis correct then a
amilar effect must goply in reverse a the big crunch which we are assuming is anti-
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thermodynamic. The aarming consequence is that the collgpsing phase shdl be dominated by
anti-matter.

It is going to be more difficult to explain how thermodynamic matter can transform into anti-
thermodynamic anti- matter somewhere around the middle of time because CP violating effects
areimprobable a low temperatures. If the universe lasts long enough the problem will be

resolved because protons can decay to produce positrons and then the eectrons can anti-decay to
make anti-protons. But the half life of this processis at least 10°2 years, so unlessthe universeiis
st to live much longer than that there is a problem. Proton decay could be forced to happen as
the satistically least costly way of making the transformation but if so it would probably be
happening aready. Experiments which try to detect proton decay say otherwise.

A second possihility isthet al the maiter fdlsinto black holes where maiter isindistinguisheble
from anti-matter. The anti-matter would then have to emerge from white holesin the reverse
fashion. This brings us to the next problem. Where are the white holes? Unlessthe universe is
going to go on long enough for dl the protons to decay we will need them. Even if it is going to
go on long enough for the protons to decay, there are other particles such as neutrinos which may
never reach an equilibrium state with an equa mix of particles and anti- particles. Only photons
and other particles which are their own anti- particles can be guaranteed to carry over from the
expanding phase to the collgpsing phase without spoiling the time symmetry.

Black Holes, White Holes.

If black holes can solve the matter to anti-matter problem, they themselves may present a greater
problem. It isafundamenta property of black holesin classica genera rddivity that they
swalow up matter which can never escgpe again. They can only get bigger and bigger. Thisis
the second law of black hole thermodynamics. How then, can the black holes which form from
collapsed stars and galaxies in the expanding universe be reconciled with an anti-thermodynamic
collgpsing universe?

The gravitationd field equations of classical generd relativity are symmetric under time reversd
just asfor dl the other forces. To complement black holes there can aso be white holeswhich
arethe time reversa of black holes. Just as black holes swallow matter, aways get bigger and
can never be destroyed, white holes can release matter, dways get smaller and can never be
created. If black holes survive after the first haf of the history of the universe asthe classicd
theory says they must, then a Gold universe must likewise contain white holes which are their
time reversd. Those white holes would have to be out there now and must have been dready
there at the big bang, even though the true cause of their creation isin the future,

The white holes would be dormant, waiting for the distant future when their destiny will be to
release dl the anti-thermodynamic anti- matter which makes up the anti-stars of the collapsing
universe.

There seem to be some probable inconsistencies in this scenario. We should be able to detect

those white holes because they will act as gravitationd lenses even if they are donein deep
intergadactic space. Astronomers are increasingly finding that black holes are common and that
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they range in Sze from afew solar masses up to billions of solar masses. The white holes would
have to be at least as common and as big. We do see gravitational lenses but they appear to be
dueto ordinary galaxies and it dready seems unlikely that we can account for SO many white
holesin the universe. There are other conceptud problemsif white holes are around. What if
they were to collide with ordinary stars, galaxies or even dust. White holes must attract ordinary
matter yet it is not supposed to be able to fal in. Dormant white holes would be very paradoxica
objects, especidly if we could locate them. The difficulties would be even greeter in the early
universe where they would inevitably have had a sgnificant influence.

It beginsto look like we have findly found alikely contradiction which would rule out a Gold
universe, but once again we have only consdered the mixing solution for black and white holes.
Could there be a better meeting solution as there seems to be for radiation and maiter? The only
way out would be if black holes could somehow transform gently into white holes. Then there
would be no need to account for white holesin the universe now. The black holes which are
being discovered dl over the universe now, would transform into the complementary white holes
which will have to be around in the collapsing universe.

The transformation of black holesinto white holes is not easy to understand. In classicd physics
it Imply cannot happen. In quantum mechanics the Stuation is allittle different. According to
Hawking, black holes radiate and can lose mass. When Hawking considered the possibility of a
Gold universe he considered whether it would be possible for the transformation to happen. A
black hole would become quiet when dl the matter around it had been pulled in. It could gently
radiate but any black hole of the size we have found them to be would be too large to radiate
sgnificantly. How could it switch to throwing out metter like awhite hole?

Asamatter of fact, adormant black hole would be virtualy indistinguishable from a dormant
white hole from an externd point of view. The gravitationd field around them is the same. Only
interndly are they different. Hawking argued that if ablack hole comesinto thermd equilibrium
with the radiation that surroundsiit, so thet it radiates the same as it takes in, then it should bein a
time symmetric date. This leaves open the possibility that the transformation could take place.
From outside the black hole Hawking radiation would just gppear to get stronger until what was
ablack holeis behaving just like awhite hole. What would happen internally? A black hole has
an internd singularity which liesin the future of anyone who fdlsin, whereas a white hole must
have one in the past from which any outgoing matter originates.

H- Dieter Zeh is one physicist who has continued to study this possibility. Matter which fell into
the black hole would seem to be frozen on the event horizon from the point of view of someone
who gtays outsde. Zeh has suggested that quantum effects could Smply causeit to turn round
and come back out again. The black hole sngularity would never form. Unfortunately it is
difficult to envisage how the dynamics could work. The curvature & the event horizon of alarge
black hole is dight and quantum effects should be small. From the point of view of what we are
trying to imagine here there is an even worse problem. We were going to clam that the matter
which fdl into the black hole would later re-emerge as anti- matter from the white hole, but if it is
the same matter which turns round and heads back out it cannot change from matter to anti-
matter.
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It isinteresting that Stephen Hawking il believes that black holes and white holes are identical
when they are very small. Such virtua quantum black/white holes must be part of the vacuum
but they are very different from the macroscopic ones which form from collapsed stars. They
would be more like dementary particles and may even turn out to be the same thing as particles
when we understand quantum gravity. It would be extraordinary if large black holes could so
be identified with white holes. They would have to have both a future and past Sngularity.

Asit happens, the classic static model of a black hole found by Schwarzschild does have a future
and past sngularity, but amore redistic mode of ablack hole which formed from a collapsng
dar cannot have such time symmetry in classca generd rddivity. If it is possblefor it to

happen when quantum gravity effects are taken into account it will be very different from what
we expect classicdly. Y e, despite the strangeness of the idea, the possibility cannot be ruled out.
The closest description of what it would be like in the language of physics we understand would
be that the indde of ablack hole would be a quantum supposition of the wave functions of a
black hole and awhite hole.

The black hole complementarity principle proposed by physicists considering the information
loss problem gives further hope to the possibility that ablack hole can transform into awhite
hole. The principle assarts that there is no inconsstency between the point of view of an observer
who falls past the event horizon of a black hole towards its Sngularity and another observer
outsde who sees him stop at the horizon and eventually return as therma Hawking radiation. If
thisis true then we should also accept that there is no inconsstency if there is athird observer
who emerges from the event horizon asif it were awhite hole too. It isasif the event horizon
were a cross-roadsin time.

The Shape of Thingsto Come

| have put together a picture of a Gold universe in which a closed universe expands from a big
bang then collapses towards a big crunch. The collgpsing phase will be like the expanding phase
only in reverse. Galaxies, sars and planets will be made of anti-matter and will absorb light and
other radiation rather than emitting it and will run their history in reverse. Life would aso evolve
backwards driven by a decreasing entropy unlike the increasing entropy of the expanding phase.

The sources of low entropy are both the initid and the find Sngularity of the universe. Thusit
hastwo origins. Entropy followsits natural statistical tendency to increase away from those
origins where some unknown principle of quantum gravity must be responsible for the
extraordinary low entropy. Although life evolves backwards, intdligent life in the collgpsing
phase will have experiences smilar to ours. Ther future is our past and they can find no record
of it.

Thelight radiation from our thermodynamic stars, as well as the cosmic background radiation
which fills space today, will survive into the collgpsing phase. It will gradudly transform from
being thermodynamic to being anti-thermodynamic. All matter made of particles with massis
mogt likdly to fal into the black holes which are the dead remnants of stars and galaxies. Even
neutrinos must follow such afate, which may only be possble for them if they have asmdl
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meass. The black holes themsdlves will dowly transform to white holes from which the anti-
thermodynamic matter of the collgpsing phase emerges.

Perhaps the mogt difficult part of thisvison for usisthe fate of ourselves and other life. It cannot
survive until the collapse or even leave any reminder of its past. Otherwise there might be a
paradoxical mixing of thermodynamic and anti-thermodynamic life. The universe will seeto it
that this does not happen and its job will certainly be made easier if the universe growsto avery
old age before the expansion stops.

Wider Perspectives

The universe can only be as Gold proposed if it isfinite and closed. This used to be the preferred
model of theoretical cosmology. Cosmologists favoured a universe which isfinite in space and
time mostly for philosophica reasons. These days they are generdly more open minded. Still it
ismaost common to read about the standard homogeneous cosmol ogies which were first worked
out by Alexsandr Friedmann in 1922. These can be either open or closed. The closed case
corresponds to the geometry of the Gold universe but the open oneis asymmetric in time. There
isasngle big bang from which the entire universe emerges and then expands forever. Spaceis
infinite and time is indefinite into the future. There would be no need for any time reversd in

such auniverse.

The question of homogeneity has aways been a controversa onein cosmology. In 1933 just a
few years after Hubble had shown that the universe is expanding, Arthur Milne proposed
homogeneity as acosmological principle. It is certainly aconvenient principle because
homogeneous modes of the universe are much easier to andyse, but why should we believeit is
true? Even in the 1930s Fritz Zwicky was arguing for the presence of gaactic clugtersin the
cosmoas, evidence for less homogeneity than others wanted. In 1953 Gérard de Vaucouleurs also
produced evidence for large scale structure but still most were sceptics. In the 1980s when
detailed maps of the distribution of galaxies were produced the doubters had to concede. There
are huge voids and walls on scaes which extend to a significant fraction of the Sze of the
observable universe.

Our measurements of the cosmic microwave backgrounds show a high degree of isotropy and
thisis taken as proof that the universe is homogeneous on larger scaes. Our observation is
limited by a horizon defined by the age of the universe and the speed of light. Thus we cannot
observe anything beyond about 15 billion light years disance. Why should we imagine that the
gze of the universeisasmilar order of magnitude to its current age? We have been unable to
mesasure the extent to which space is curved and cannot place limitson itsSze.

Martin Rees has compared our view of the universe with a seascape as seen from aship in the
middle of the ocean. Asfar as the eye can see it seems unchanging except for the waves which
we see a close range. The view is limited to the horizon and beyond who knows what there is. It
seems to be only an application of Occam's razor which justifies the assumption that space is
homogenous on scaes hundreds of orders of magnitude larger than the observable horizon.
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Occam's Razor

Occam's (or Ockham's) razor is a principle atributed to the 14th century logician and Franciscan
friar; William of Occam. Ockham was the village in the English county of Surrey where he was
born. The principle Sates that " Entities should not be multiplied unnecessarily.” Sometimesit
isquoted in one of its origingl Latin formsto giveit an ar of authenticity.

" Pluralitas non est ponenda sine neccesitate”
"Frugrafit per plura quod potest fieri per pauciora”
" Entia non sunt multiplicanda praeter necessitatem”

In fact, only the first two of these forms gppear in his surviving works and the third was written
by alater scholar. Many scientists have adopted or reinvented Occam's Razor. Isaac Newton
dated the rule: "We are to admit no more causes of natura things than such as are both true and
aufficient to explain their gppearances.”

The most useful statement of the principle for scientigtsis, " When you have two competing
theories which make exactly the same predictions, the onethat issmpler isthe better."

In physics we use the razor to cut away metaphysica concepts. The canonica exampleis
Eingtein's theory of specid reativity compared with Lorentz's theory that ruler's contract and
clocks dow down when in motion through the Ether. Eingtein's equations for transforming
space-time are the same as Lorentz's equations for transforming rulers and clocks, but Eingtein
and Poincaré recognised that the Ether could not be detected according to the equations of
Lorentz and Maxwdll. By Occam's razor it had to be eiminated.

But the non-existence of the ether cannot be deduced from Occam's Razor aone. It can separate
two theories which make the same predictions but does not rule out other theories which might
make a different prediction. Empirical evidenceis dso required and Occam himsdlf argued for
empiricism, not againd it.

Ernst Mach advocated a verson of Occam's razor which he caled the Principle of Economy,
dating that " Scientists must use the simplest means of arriving at their resultsand exclude
everything not perceived by the senses.” Takentoitslogica conclusion this philosophy
becomes positiviam; the belief that what cannot be observed does not exist. Mach influenced
Einstein when he argued that space and time are not absolute but he also gpplied positiviam to
molecules. Mach and his followers claimed that molecules were metaphysical because they were
too smdl to detect directly. Thiswas despite the success the molecular theory had in explaining
chemical reections and thermodynamics. It isironic that while gpplying the principle of economy
to throw out the concept of the ether and an absolute rest frame, Eingtein published dmost
smultaneoudy a paper on Brownian mation which confirmed the redity of molecules and thus
dedlt ablow againg the use of pogtivism. The mora of this story isthat Occam's razor should
not be widded blindly. AsEingtein put it in his autobiographica notes:
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"Thisis an interesting example of the fact that even scholars of audacious spirit
and fine ingtinct can be obstructed in the interpretation of facts by philosophica
prejudices.”

Occam's razor is often cited in stronger forms than Occam intended, asin the following
satements...

"1f you have two theories which both explain the observed facts then you should usethe
samplest until more evidence comes along"”

"The smplest explanation for some phenomenon ismorelikely to be accurate than more
complicated explanations.”

"1f you have two equally likely solutionsto a problem, pick the smplest.”

" The explanation requiring the fewest assumptionsis most likely to be correct.”
... or inthe only form which takes its own advice...

" Keep thingssimple!”

Notice how the principle has strengthened in these forms which should be more correctly caled
the law of paramony, or the rule of smplicity. To begin with we used Occam's razor to separate
theories which would predict the same result for al experiments. Now we are trying to choose
between theories which make different predictions. Thisis not what Occam intended. Should we
not test those predictions instead? Obvioudy we should eventualy, but supposewe are a an
early sage and are not yet ready to do the experiments. We are just looking for guidancein
developing atheory.

This principle goes back &t least asfar as Aristotle who wrote " Natur e oper atesin the shortest
way possible." Aristotle went too far in believing that experiment and observation were
unnecessary. The principle of smplicity works as a heurigtic rule-of-thumb but some people
quoteit asif it isan axiom of physics. It isnat. It can work well in philosophy or particle

physics, but less often so in cosmology or psychology, where things usually turn out to be more
complicated than you ever expected.

Simplicity is subjective and the universe does not aways have the same ideas about smplicity as
we do. Successful theorists often speak of symmetry and beauty aswell as smplicity. Paul Dirac
sad that if requirements for smplicity and beauty clash we should drive for mathematica

beauty first and smplicity second. The law of parsmony is no subgtitute for insight, logic and

the scientific method. It should never be relied upon to make or defend a conclusion. As arbiters
of correctness only logica consstency and empirica evidence are absolute. Dirac was very
successful with his method. He congtructed the rdativigtic field equation for the dectron and
used it to predict the positron. But he was not suggesting that physics should be based on
mathematical beauty alone. He fully appreciated the need for experimenta verification.
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The find word falsto Eingtein, himself a master of the quotable one liner. He warned,

" Everything should be made as smple as possible, but not smpler.”

An Inhomogeneous Universe

If there is enough matter in the expanding universe space will have a postive curvature and the
expangon will be dowing down. Eventudly it will siop and start to recollapse. If the best
observationa datawe have istaken at face vaue thereis not enough matter and the universe will
continue to expand. It used to be thought that there would be sufficient unseen dark matter to
place the universe near the critical point between eventud collapse and continued expansion but
aseries of indirect observations now seems to indicate otherwise. Unless further corrections
change the Situation again we must now assume that the universe is not the smple closed
cosmology.

Now cosmologigts are turning to the open homogeneous cosmologies as the most likely modd of
our universe. Time darts a a big bang sngularity and space isinfinite from that moment

onwards. The obsarvable universe isa smadl finite part of the whole universe which liesinsde
the light cone traced back to the big bang. In the diagram below, the size of the observable
universe appears bigger near the singularity but thisis not an isometric diagram. In fact the
universeis expanding asillustrated by the sequence of fixed length rulers which get smdler with
time just as ascale gets smaler on aflat map of the world with increasing distance from the

poles.

The net result is that the Sze of the obsarvable universe shrinks to zero near the horizon even
though the whole universe remainsinfinite.
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Thismodd of the universe poses some paradoxes. The singularity gppears as aregion of infinite
extent yet it is everywhere uniform and flat. There is nothing mathemetically inconsstent about
such auniverse and it does not come into contradiction with any known laws of physics, but isit
areasonable mode of the universe? The uniformity suggests a difficult horizon problem: How is
it co-ordinated over the infinite extent of the universe just an ingtant after the big bang. In afinite
closed universe the horizon problem can be explained away by invoking inflationary theories,
but no matter how rapidly the universe may have expanded in the firgt instants you cannot
explain correlations over unlimited distances.

One possible way to explain this homogeneity would be Penrose's Weyl curvature hypothesis.
This suggests that there is some physica law which gpplies to singularities and ensures that the
Weyl part of the curvature tensor must be zero there. That would be sufficient to resolve the
problem and it is quite possible that it could be a consequence of the unknown theory of quantum
gravity which is Sgnificant at the Sngularity. However, the sngularities which form in black
holes cannaot be subject to the same law since black holes arefinite in size. The only known
digtinction between black hole singularities and the big bang is that the former dways stsin the
future light cone of al observerswhile the latter isin the past. A law which appliesto one and
not the other would have to break CPT invariance. Penrose has conjectured this possibility but
the favourite theories of quantum gravity like superdtring theory are dl CPT invariant. What is
the solution to this puzzle?

In truth there are severd acceptable resolutions, but which is the most reasonable? How should
Occam's razor be applied here? We could postulate two physicaly different types of sngularity
for the big bang and black holes to keep the smplest homogeneous model dive, or we can bresk
CPT, or we can discard the homogeneous universe. In my opinion the last of theseisthe
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preferred but thisisjust my philosophica pregudice. | would like the universe to be symmetrica
intime. It does not have to be so clearly symmetrica in shape asthe Gold universe. It may have
arandom didribution of regions where time's arrow points in different directions and others
where the absence of matter or therma equiilibrium makes the direction of flow indeterminate.
All this must be happening far beyond our currently observable horizon. This description of
redlity fits best the storyteller's paradigm since it means the universe is more diverse. Of course
the universe has no obligation to satisfy anyone's philosophical preferences but it is at least worth
while exploring this posshility. A future unified theory may be able to tell uswhat the universe
islike on very large scales, but it might equaly well remain an unanswerable question.

|s The Big Bang a White Hole?

When people hear about the big bang theory they often ask "Where is its centre?' The standard
answer isthat it has no centre because it is expanding uniformly everywhere. In giving this
answer cosmologists are forgetting about aternative models which Georges Lemaitre first
discovered in 1927 when he developed Friedmann's origind work into the big bang theory.
Lemaitre found solutions to the equations of genera relativity which are centred on apoint in
gpace. They areinhomogeneous spherically symmetric modd's of the universe which have been
rediscovered many times since, but they are rarely considered as plausible cosmologica models
on very large scales.

Thetime reversa of Lemaitre's models can aso describe the formation of a black hole from a
pressureless, sphericaly symmetrica, non-rotating cloud of dust. A particular case of thiswas
studied by Oppenheimer and Snyder in 1939. A sphere of dust is uniform in dengty with empty
gpace outside. The dust sphere collgpsesto form ablack hole. The interesting thing about this
solution of the equations of gravity isthat the geometry insde the sphereisidentica to the
standard homogenous cosmology of Friedmann except that it runsin reverse. The lesson to be
learnt from thisis that the same mode in reverseis a possible modd of the big bang. It looks
identical to the standard homogeneous big bang within aregion which might cover the whole
observable universe.

In other words, the big bang could be awhite hole which is indistinguishable from the standard
cosmological models for restricted observers such as us. Lemaitre's solutions were more genera
than this. The dengity of the dust could vary gradudly away from the centre, but so long as the
variation was gradud this could describe the universe with our observable universe being one
smadl region well within the event horizon.

The idea that the big bang may be awhite holeis not popular with many serious cosmologists.
One reason isthat classcaly white holes cannot form. Since | have discounted causdlity | can
accept the possibility of awhite hole as easily as | can ablack hole. Indeed, the white hole could
aso be ablack hole in accordance with Hawking's complementarity. Once it was thought that the
universe consisted of just our galaxy which had a centre and no stars outside a certain limit. Now

| am suggesting that the big bang could be asmilarly isolated object on amuch larger scde. Just
as our gaaxy turned out to be one of many, so too may the big bang.
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It is quite possible, asfar as we can tell, that the big bang is actudly just a huge white hole which
formed in alarger universe. Perhaps on some huge scde there is a population of black and white
holes of vadly different Szes. What does that say about the laws of thermodynamics? We can
expect that indde avery large white hole timés arrow is flowing away from the singularity as we
observe in our neighbourhood of the universe. The opposite can be expected in avery large black
hole. The big bang is represented by alarge object which is both a black hole and awhite hole
with time flowing outwards in both directions which we would cal past and future. There might
be many such objects in the universe. Within them there are amdler black holes which form

from collgpsing sars. These will eventualy emerge from the large white hole and may
subsequently fal into another large black hole. Then their arrow of time will reverse asthey
become white holes.

According to thismode black holes dways become white holes as the arrow of time reverses yet
there are two digtinct possibilities. For smal black and white holes the arrow of time dways
flowsin, while for large ones it dways flows out. Thisis not inconsstent. The arrow of time

must be mogt strongly influenced by the largest sngularity in the past light cone. Thefull
explanaion will have to await amore unified theory of physics. The effects of quantum gravity
near a Sngularity must determine the extent of its homogeneity and low entropy. Over dl the
universe is not governed by tempord causdity. Time flowsin both directions. For example, the
near flatness of the universe near the big bang is due to influence from the future, not the past.

Occam's razor does not have a very good track record in cosmology. Usually space turns out to
contain more complexity than we imagined before we looked. It will be billions of years before
we are able to see beyond the current horizon defined by the speed of light. In the shorter term,
theory is our only hope to know what the structure of space-timeislike on very large scaes.

Time Trave

Apart from entropy there are other aspects of causdity. We know that in generd relaivity causa
effects are limited by the light cones which are part of the geometry of space-time. But the
geometry isitsdf dynamic. In generd rdativity it is possible to congtruct space-time models
which have closed time-like paths. If such things redly exist in the universe we would be able to
travel back to our past.

Traditionaly physicists have smply said that such universes must be ruled out because if we
could travel back to our past we could change our history, which seems to raise contradictions.
Recently some physicists have started to question this assumption. It seems possible that
quantum mechanics may dlow dosed time like curves through space-time wormholes to be
congtructed, at least in principle. The contradictions which were thought to be a consequence of
time travel do not stand up to close examination.

Perhaps it would be possible to travel back to the past and see our parents but some chance event

would prevent us from being able to change their lives in ways which we know never happened.
If that is a correct interpretation then it attacks our faith in our own free will.
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Thereis perhaps little that we can conclude reiably about causdity from our current
undergtanding of physics. Only when we have found and understood the correct theory for
quantum gravity will we be able to know the truth. We may be prevented from finding that
theory if we hold fast to our prejudices.

The Superstring Supermystery

Everything or Nothing?

grestest advancein physics of dl time, if it isright. They found that a particular quantum field
theory of supersymmetric stringsin 10 dimengons givesfinite answersa dl ordersin
perturbation theory. This was a breakthrough because the superstring theory had the potentid to
include al the particles and forces in nature. It could be a completely unified theory of physics.
By 1985 the press had got hold of it. Articles gppeared in Science and New Scientist. They called
superdtrings a Theory Of Everything.

Mn 1984 Michad Green and John Schwarz made a discovery which might turn out to be the

Following the media reports about string theory there was an immediate backlash. People
naturaly asked what this Theory Of Everything had to tel us. The answer was that it could not
yet tell us anything, even about physics, yet. On closer examination it was reveded thet the
theory is not even complete. It exists only as a perturbation series with an infinite number of
terms. Although each term iswell defined and finite, the sum of the series will diverge.

To understand string theory properly it is necessary to define the action principle for anon
perturbative quantum field theory. In the physics of point particlesit is possible to do this at least
formdly, but in string theory success has evaded dl atempts. To get any useful predictions out
of string theory it will be necessary to find non-perturbative results. The perturbation theory
samply breaks down at the Planck scale where stringy effects should be interesting.

More bad news was to come. Systematic analys's showed that there were really severd different
ten-dimensiond superstring theories which are well defined in perturbation theory. If you count
the various open and closed gring theories with al possible chirdity modes and gauge groups
which have no anomdies, there are five in dl. Thisis not bad when compared to the infinite
number of renormalisable theories of point particles, but one of the origind sdlling points of

string theory wasiits uniqueness. Worse till, to produce afour-dimensond dring theory it is
necessary to compactify six dimensionsinto asmall curled up space. There are estimated to be
many thousands of ways to do this. Each one predicts different particle physics. With the
Heterotic string it is possible to get tantaisingly closed to the right number of particles and
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gauge groups. At the moment there are just too many possibilities and the problem is made more
difficult because we do not know how the supersymmetry is broken.

All this makes string theory look less promising. Some critics cdled it atheory of nothing and
advocated a more conservative gpproach to particle physics tied more closely to experimenta
results. Yet alarge number of physicists have perssted. There is something about superstring
theory which is very persuasive.

Why String Theory?

The most commonly asked question from the public about string theory is Why? To understand
why physicists sudy string theory rather than theories of surfaces or other objects we have to go
back to its origins. Thefirgt person to consider string theories was Paul Dirac in 1950. Dirac had
away of doing physics which few others managed so well. His motto was that "mathematics can
lead usin adirection we would not take if we only followed up physica ideas by themsdves.”
Thewholeideaof it will seem crazy to most people who have not seen this principle a work, but
many theoretical physcists now practice the same technique.

In 1950 it was known that physics holds fast to solid principles including the principle of
relativity, causdlity and the quantum version of the principle of least action. These impose very
tight mathematica congtraints on the kind of theories you can build. One day those principles
may be superseded but it is not easy to modify them without destroying the successes of the past.
Y ou cannot just replace linear quantum mechanics with some non-linear version and expect it to
make sense, nor can you break the symmetries of reldivity without invaidating the whole thing.
There is more sense in thinking about how physica theories can be generdlised within these
principles and that is what Dirac was doing.

At the time particle physics was understood in terms of quantum field theory derived from
quantised interaction of point particles. Thereis very limited scope for rdaivigtic theories of this
type which are renormdisable. We now know that Y ang-Mills theory with spin haf and spin
zero particles with afew possible interaction termsis al that is permitted. Dirac conddered the
possihility that more generd theories might start from string-like and membrane-like objects
rather than point particles. It may seem like awild idea but actualy there is not much ese you
can do without revisng our concepts of space-time or quantum mechanics. As amathematica
problem in its own right you can study the full class of possible theories of p-dimensond

surfaces, known as p-branes moving in D-dimensiond space. 0-branes are just particles, 1-branes

are grings and 2-branes are membranes. Y ou can work out al the ways these objects might
interact which are consstent with relaivity and then try to work out which of those can be
consgtently quantised and which are conastent with causdity. The find step would beto see
which of the remaining possibilities matches the red world. It is an ambitious program which is
far from easy to complete.

Asit turned out Dirac's ideas about strings and membranes were forgotten and history delivered
sring theory by aless direct route. In 1968 physicists were trying to understand the nature of the
strong nuclear interactions which held the quarks together in nucleons. It was by no means clear
that quantum field theory was adequate to solve the problem. Even the quark hypothesis was not
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universally accepted dthough experiments were just beginning to see signs of their effects. One
way to tackle the problem was to work directly with the matrix of scattering amplitudes, the S-
matrix, which describes how hadronic particlesinteract. Instead of trying to derive it from some
underlying field theory it could be considered fundamental. The rules of quantum mechanics and
relativity restrict the S-matrix to satisfy a set of equations. It was hoped that afew more
additiond principles might pin it down to some unique form.

An extra principle which would help was aform of dudity. When two particles come together,
interact and scatter off each other they could have done one of two things. It could be that they
exchanged an intermediate particle, like an eectron and positron exchanging a photon. Or, it
could be that they join to form a new particle which then reverts back to the origina two, like an
electron and pogitron which annihilate briefly and are then recrested from a photon. These two
scattering modes are known as the t-channd and s-channel respectively. For strong interactions it
was found experimentdly that these two amplitudes were approximately the same. There might
be a principle which meant thet the two channels were somehow redlly the same thing. Could
there be an underlying interaction which possessed such dudity exactly?

<

t-channel g-channel

No sooner had the idea been thought of when Gabridle Veneziano came up with asmple
formulafor the scattering amplitude which did indeed possess this dudity. He gave no modd of
what it was going on during the scattering process, just aformulawhich satisfied the congtraints
on the S-matrix. It was not long before the answer emerged suddenly from three different people.
Lenny Susskind, then at Y eshiva University published his "Dud-symmetric theory of hadrons'.
Holger Nidsen of the Niels Bohr indtitute in Copenhagen called his paper "An dmost physicd
interpretation of the dual N point function” while Y oichiro Nambu in Chicago produced "Quark
mode and the factorisation of the Veneziano amplitude”. 1t was 1970 and string theory had been
reborn.

By that time the evidence in favour of quarks as congtituents of the proton and neutron was
becoming more convincing, but nobody could understand why they were never seen on their
own. They seemed to be bound together insde the hadrons. According to string theory "bound”
was judt the right word. The quarks were aways attached to the end of strings which resisted
them being pulled apart. When stretched too far it would break but a new quark anti-quark pair
formed from the energy released would take hold of the lose ends. The process could dso
reverse when strings join together. In space-time the strings sweep out a surface or world sheet.
The scattering of two mesons would now be described by a process in which two strings joined
momentarily and then broke. When the world sheet is drawn the explanation for dudity suddenly
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becomes clear. The same picture can be interpreted as either at-channe or s-channe scattering

N C

String theory was consdered as atheory of strong interactions for some time but it had
problems. It only worked correctly in 26-dimensiond space-time, not a very physica festure.
Eventudly this theory gave way to another theory called Quantum Chromo Dynamics which
explained the strong nuclear interaction in terms of colour charge on gluons. In any case, string
theory may have sounded good for mesons made of two quarks but protons have three. A string
cannot have three ends. It looked like string theory was about to be lost for a second time.

String theory suffered from certain incongstencies gpart from its dependence on 26 dimensions
of space-time. It also had tachyons, particles with imaginary mass which mugt travel fagter than
light. Tachyons could reek havoc with causality and would destabilise the vacuum, but string
theory had dready cast its spell on asmall group of physicists who fdt there must be something
moreto it. Pierre Ramond, Andre Neveu and John Schwarz looked for other forms of string
theory and found one with fermionsin place of basons. The new theory in 10 dimensons was
supersymmetric and, magicaly, the tachyon modes vanished.

What then was the interpretation of this new model? Schwarz teamed up with Joel Scherk and
found that at low energies the strings would gppear as particles. Only at very high energies
would these particles be reveded as bits of ring. The strings could vibrate in an infinite tower
of quantised modes in an ever increasing range of mass, spin and charge. The lowest modes
could correspond to dl the known particles. Better ill, the spin two modes would behave like
gravitons. The theory was necessaxrily a unified theory of al interactions including quantum
gravity. In 1978 the leading candidate for a super unified theory was €even-dimensiona
supergravity and superdtrings were largely ignored. Despite early hopes, supergravity was not
quite renormaisable and it just failed to have the right properties to explain the left-right
asymmetry of particle physics. Then came the historic 1984 paper of Green and Schwarz and
their discovery of dmost miraculous anomaly cancelationsin one particular theory. Almost
ingtantly superstrings took over as the hottest topic of research.

Get any book for freeon:  www.Abika.com



EVENT-SYMMETRIC SPACE-TIME

To come back to the original question, why string theory? The answer is Smply that it hasthe
right mathematical properties to be able to reduce to theories of point particles at low energies,
while being a perturbatively finite theory which includes gravity. The smple fact isthet there are
no other known theories which accomplish so much. Of course physicists have now studied the
mathematics of vibrating membranesin any number of dimensions. The fact isthat there are only
acertain number of posshbilitiesto try and only the known siring theories work out right in
perturbation theory.

Of courseit is possble that there are other completely different self-consistent theories but they

would lack the important perturbative form of string theories. The fact isthat string theorigts are
now turning to other p-brane theories. Harvey, Duff and others have found equations for certain
p-branes which suggest that salf-consgtent field theories of this type might exist, even if they do
not have a perturbative form.

All IsString

In 1985 string theory developed rapidly. It was discovered to have arich and compelling
mathematica structure which persuaded a growing band of physiciss that it must be the next
sep forward. All particles were imagined to be tiny threads vibrating like resonating guitar
grings. The strings can be open ended or they can be closed loops. The different harmonics
correspond to different particles with different mass, oin, charge etc. In experiments physicists
will only have seen the first few modes of vibration among the particles we know since most of
them will have relatively high mass. There are modes which can have as high amass and spin as
you may demand. The strings are not made of anything in particular. It iswrong to say they are
made of energy because energy is actudly just one of the propertiesthey carry. They are best
thought of as strands of pure substance with length but no thickness.

One of the strengths of string theory isthat it dso included masdess spin two bosonsin its
repertoire. These were identified as gravitons, quantum particles of gravity. Physcists had
thought before then that they could see how to fit together the electromagnetic and nuclear forces
but the gravitationa force had been abig problem. Now they were replacing quantum field
theory, which could not include gravity, with string theory which must include it.

By 1981 Green and Schwarz had identified two separate types of superdtring theory. Typel is
the theory of open strings but it must include closed sirings as well to be complete. The other
known as Type Il has only closed strings. In the Type 11 theories the basons and fermions appear
as wave modes which circle round the strings in opposite directions. Thereisaverson of ether
type for each gauge group, but the breskthrough of 1984 was the discovery thet the quantisation
of Typel isonly free of infinities when the gauge group is SO(32) .

They dso found that Type Il theory worked with the same group and that it had two versions
Typellaand Typellb. In 1985 the family of string theories was enlarged by the arrivd of the
heterotic string. This verson discovered a Princeton by David Gross, Jeffrey Harvey, Emil
Martinec and Ryan Rohm, aso had two versons which were finite. One with gauge group
SO(32) again, and the other with ES%ES. The tota number of possbilities was therefore five,
sometimes denoted I, I1a, 11b, HO and HE. No other theories with the same good behaviour can
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be found. String theorists would like to have a unique theory so five is an embarrassment of
choice. On the other hand it is much better than the Stuation regarding quantum field theory
which works with any gauge group and awhole variety of possible matter fields, yet cannot
unify al the forces.

All five superdtring theories only work in 10 dimensions, 9 space dimensons plus 1 time
dimengion. If they have anything to do with red physics then six of the space dimensions must

be rolled up or compactified just as atwo-dimensiona sheet of paper can berolled into anarrow
tube which becomes a one-dimensond line. If the distance around the compact dimension is

very small, perhaps the Planck length, then we would not be aware of it. While thereis only one
way to roll up one dimension giving atubular cross-section which isacircle, more dimensions

can berolled up in many different ways. With two dimensions there is dready the choice of a
sphere, torus or other surfaces with more than one hole.

These are topologicdly distinct and for any given choice of compactification for each string
theory a different theory of the universe with different particlesis found. The number of ways
you can go about reducing string theory to four dimensionsin this fashion isjust mind boggling.
It istoo difficult to find the one which should correspond to our universe.

String theory is a superb example of unification. Through supersymmetry, matter is united with
force. Thereis only onetype of object; the string. If it vibrates one way it can be a quark, another
way it is an eectron, change its mode again and it becomes a force carrying photon or even a
graviton.

But by 1988 string theory was in trouble. Past history shows that breakthroughsin physicsare a
firgt largely ignored until experiment forces the community of physicists to accept them. Such

had been the case with atoms, relativity, parity violaion, quark theory and e ectrowesk
unification. By contragt string theory was immediately taken up by a huge proportion of
physicists and then it failed to make any experimenta predictions which could be tested. Richard
Feynman was one of those who spoke againgt his mostly younger colleagues who supported
gring theory. He did not like the fact that string theorists were not caculating anything which
would alow them to check their ideas empiricaly.

Y et they carried on. String theory was till young and rather than |etting its critics stop them they
would rise to the challenge. The acknowledged leader in the fight to understand string theory is
Ed Witten. He spesks in avery different tone, explaining that the critics do not seem to have
fully grasped the scope and richness of the structure involved in string theory. They are too
impatient for quick answers.

Duality

In 1986 one of the niggling problems in superdiring theory was the fact thet there were 5
different versions. Which one would correspond to our world and what is the point of the other
four? Then there was a sequence of big discoveries which brought new hope.
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A fine example of the rich and beautiful structure of string theory is T-dudity, short for target
gpace dudity. The target space of a string theory isjust the space-timein whichitisplaced. The
five principa superdtring theories are most & homein flat ten-dimensiond space-timeinfinitein
al directions, but they can dso be placed in space-times where some of the dimensions have
been compactified.

The smplest case is where one of the space dimensionsisrolled up round acircle of radiusR. A
string theory in such a space-time gppears like a nine-dimensond theory of strings. The rolled
up dimension becomes invisble and the compeactification radius R becomes just one of many
arbitrary parameters.

Since there are five superstring theoriesin 10 dimensions and only one way to compactify to 9
dimensions, you would expect there to be five supergtring theories in 9 dimensionstoo. In actua
fact there are only three. The two different heteratic theories in 10 dimensions, HE and HO,
reduce to the same nine-dimensiond theory. The compactification radii Re for HE and Ry for

HO heterotic string appear as a parameter in this theory but they arerdated inversdy Re = &
/Ro . HE isrecovered asthe limit of the nine-dimendond string theory as Re is made large and
HO isthelimit as Ry is made large. So the two heterotic string theories are redly two aspects of
the same theory. They are said to be T-dua. The same magic can be applied to the two Typel |
theories. Ilais T-dud to I1b. Thisleaves uswith just three separate superstring theories Typel,
Typell and Heterotic.

That is how the Stuation sood in 1993 but then another kind of dudity was found. It concernsa
relation between electric charges and magnetic monopoles.

Maxwell's equations for €lectromagnetic wavesin free space are symmetric between eectric and
magnetic fidds A changing magnetic fidd generates an dectric fiddd and a changing magnetic
field generates an dectric one. The equations are the samein each case, gpart from asign
change. If you take the equations and switch the eectric and magnetic fidds, while changing the
sgn of one of them, you arrive back at the same form. The free fields without charges are
invariant but if eectric charges are included there must aso be magnetic charges to complete the
symmetry. However, it is an experimenta observation that there are no magnetic monopole
charges in nature which mirror the electric charge of dectrons and other particles. Despite some
quite careful experiments only dipole magnetic fields which are generated by circulating eectric
charges have ever been seen.

In classica dectrodynamics there is no incongstency in a theory which places both magnetic and
electric monopoles together. In quantum eectrodynamics thisis not so easy. To quantise
Maxwell's equations it is necessary to introduce a vector potentia field from which the dectric
and magnetic fields are derived by differentiation. This procedure cannot be done in away which
IS symmetric between the ectric and magnetic fieds.

Forty years ago Paul Dirac was not convinced that this ruled out the existence of magnetic

monopoles. Again motivated by mathematica beauty in physics, he tried to formulate a theory in
which the gauge potentia could be singular dong a string joining two magnetic chargesin such a
way that the sngularity could be displaced through gauge transformations and must therefore be
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consdered physcaly inconsequentia. The theory was not quite complete but it did have one
saving grace. It provided atidy explanation for why eectric charges must be quantised as
multiples of a unit of eectric charge.

Inthe 1970s it was redised by 't Hooft and Polyakov that grand unified theories which might
unify the strong and dectro-wesk forces would get around the problem of the singular gauge
potential because they had amore generd gauge structure. In fact these theories would predict
the existence of magnetic monopoles. Even thair classica formulation could contain these
particles which would form out of the matter fields as topological solitons.

Thereisasmple modd which gives an intuitive idea of what atopologica soliton is. Imagine
firgt agtraight wire pulled tight like awashing line with many dothes pegs strung aong it.

Imagine that the clothes pegs are free to rotate about the axis of the line but that each oneis
attached to its neighbours by dastic bands on the free ends. If you turn up one peg it will pull
those nearby up with it. When it islet go it will swing back like a pendulum but the energy will

be carried away by waves which travel down the line. The angles of the pegs gpproximate afied
aong the one-dimensond line.

The equation for the dynamics of thisfield is known as the sine-Gordon equation. It isapun on
the Klein-Gordon equation which isthe correct linear equation for ascaar fidd and which isthe
first order gpproximation to the sine-Gordon equation for smdl amplitude waves. If the sine-
Gordon equation is quantised it will be found to be a description of interacting scdar fiddsin
one dimension.

e
L

The interesting behaviour of this system gppears when some of the pegs are swung through a
large angle of 360 degrees over the top of the line. If you grab one peg and swing it over in this
way you would create two twists in the opposite sense around the line. These twists are quite

stable and can be made to travel up and down theline. A twist can only be made to disgppear in a

collison with atwig in the opposite direction.

These twists are examples of topological solitons. They can be regarded as being like particles
and antiparticles but they exist in the classical physics syssem and are agpparently quite different
from the scdar particles of the quantum theory. In fact the solitons dso exist in the quantum
theory but they can only be understood non-perturbetively. So the quantised sne-Gordon
equation has two types of particle which are quite different.

What makes this equation so remarkable is that there is anon-locd transformation of the field

which turnsiit into another one-dimensiona equation known as the Thirring modd. The
transformation maps the soliton particles of the sne-Gordon equation onto the ordinary quantum
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excitations of the Thirring model, so the two types of particle are not so different after dl. We
say that thereis a dudity between the two modds, the sine-Gordon and the Thirring. They have
different equations but they are redly the same because there is atransformation which takes one
to the other.

The relevance of thisis that the magnetic monopoles predicted in GUT's are a so topologica
solitons, though the configuration in three-dimensiona space is more difficult to visudise than

for the one dimension of the clothedine. It would be niceif there was asmilar dudity between
electric and magnetic charges as the one discovered for the sine-Gordon and Thirring equations.
If there was then a dudity between eectric and magnetic fields would be demongtrated. It would
not be quite a perfect symmetry because we know that magnetic monopoles must be very heavy
if they exig.

In 1977 Olive and Montenen conjectured that this kind of dudity could exigts, but the
mathemétics of field theories in 3 gpace dimengons is much more difficult than thet of one
dimension and it seems beyond hope that such aduality transformation can be constructed. But
they made one step further forward. They showed that the dudity could only existin a
supersymmetric verson of a GUT. Thisis quite tantdisng given the increasing interest in
supersymmetric GUT'swhich are now considered more promising than the ordinary variety of
GUT'sfor awhole host of reasons.

Until 1994 most physicists thought that there was no good reason to believe that there was
anything to the Olive-M ontenen conjecture. Then Nathan Seiberg and Ed Witten made a
breakthrough which rocked the worlds of physics and mathematics. By means of aspecid set of
equations they demongtrated that a certain supersymmetric field theory did indeed exhibit
electro-magnetic dudity. As abonus their method can be used to solve many unsolved problems
in topology and physics. The dudity exchanges strong coupling with weak coupling. Thisisvery
ggnificant for theories like QCD where the strong coupling limit is not understood.

Thiskind of dudity is now known as S-dudity to disinguish it from T-dudity. In string theory
S-dudity isvery naturd. Thereisagenerd rule about the dimensons of dud objects. An

"dectric' pl-brane which isafundamenta congruct of atheory in D dimensions can have a p2-
brane "magnetic" soliton when pl + p2 =D - 4. In the familiar case the eectric and magnetic
chargesin D=4 are particles, i.e. 0-branes. In D=10 gtring theory the strings are 1-branes so their
duas must be (10-4-1)-dimensond 5-branes. In the last year physicists have discovered how to
apply tests of dudity to different string and p-brane theories in various dimensons. Conjectures
have been made and tested. This does not prove that the dudlity is correct but each time atest has
had the potentid to show an inconsstency it hasfailed to destroy the conjectures.

It now seems that any string theory with sufficient supersymmetry must have an S-dud waiting
to be found. What makes this discovery so useful isthat the dudities are a non-perturbative
feature of string theory. Now many physicists see that p-brane theories can be as interesting as
gring theories in a non perturbetive setting. Using T-dudlity we made reduced the five
superstring theories to three. Now with S-dudity we can make further links which leave them dl
connected. Typel is S-dud to HO while HE is S-dud to I1a (but only when compactified to Sx
dimensons). The last of thefivellb is saf dud.

Get any book for freeon:  www.Abika.com



EVENT-SYMMETRIC SPACE-TIME 110

That was not quite the end of the story. If these five theories are dl part of the same thing then
what isthat thing? The answer, it seems, isthat they are dl derived from something caled M-
theory in 11 dimensons. M-theory islike string theory except that it is atheory of membranes
(2-branes) rather than strings (1-branes). It dso has an S-dudity between its 2-branes and
solitonic 5-branes. All five string theories are specid points in the parameter space of this one
theory, but so is deven-dimensond supergravity theory, the same theory that string theory
ousted as the most popular super-unified theory in 1984.

Supgravity

M-theory

56

Thismay be too smple a picture of M-theory which redly includes open and closed strings,
membranes, p-branes etc. Each of the string theories gppears in some corner of M-theory where
particular states become weakly coupled and can be described using perturbation theory.

It would be wrong to say that very much of thisis understood yet. There is dill nothing like a
correct formulation of M-theory or p-brane theoriesin ther full quantum form, but there is new
hope because now it is seen that dl the different theories can be seen as part of one unique
theory. The best way to formulate that theory is not yet known.

Black Strings

Asif one mgor conceptua breakthrough was not enough, string theorists had to come to terms
with awhole wave of new finds which started around 1994. Just as physicists have been quietly
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speculating about dectro-magnetic duality for decades, afew have aso speculated that somehow
elementary particles could be the same things as black holes so that matter could be regarded as a
feature of the geometry of space-time.

It is curious that various Sellar objects under the influence of strong gravity pardld various
entities from particle physics. A white dwarf dar islike an aom in that it ressts collgpse due to
the Pauli exclusion principle. A more massive star will collapse further to a neutron star which is
like agtable nucleus. A stronger gravitationd force can reduceit to aquark star whichislike a
neutron. Thefina stage of gravitationa collgpse reduces the star to a black hole. If the analogy
continues to hold, the black hole should be like a quark or other elementary particle.

Thetheory started to look alittle less ridiculous when Hawking postulated that black holes
actudly radiate particles. The process could be likened to a very massve particle decaying. If a
black hole were to radiate long enough it would eventualy lose so much energy that its mass
would reduce to the Planck scde. Thisis still much heavier than any dementary particle we
know but quantum effects would be so overwhelming on such ablack hole that it would be
difficult to see how it might be digtinguished from an extremely unstable and massve particlein
itsfind explogon.

To make such an idea concrete requires afull theory of quantum gravity and since string theory
clamsto bejust that, it seems a naturd step to compare string states and black holes. We know
that strings can have an infinite number of states of ever increasing spin, mass and charge.
Likewise ablack hole, according to the no hair conjecture isaso characterised only by its spin,
mess and charge.

With magnetic dudity we can add magnetic charge to thelis. It is therefore quite plausible that
there is a complementarity between string states and black hole states, and in fact this hypothesis
is quite consgtent with al mathematica tests which have been gpplied. It is not something which
can be established with certainty smply because thereis not a suitable definition of string theory
to prove the identity. Nevertheless, many physicists now consider it reasonable to regard black
holes as being Sngle string states which are continualy decaying to lower states through
Hawking radiation.

It was discovered that if you consider Planck mass black holesin the context of string theory
then it is possble for space-time to undergo a smooth trangtion from one topology to another.
This means that many of the possible topologies of the curled up dimensions are connected and
may pave away to asolution of the selection of vacuum dates in string theory.

String Symmetry

Superdiring theory isfull of symmetries. There are gauge symmetries, supersymmetries,
covariance, dudities, conforma symmetries and many more. But superstring theory is supposed
to be a unified theory which should mean that its symmetries are unified. In the perturbative
formulation of string theory that we have, the symmetries are not unified.
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One thing about string theory which was discovered very early on was that at high temperatures
it would undergo a phase trangtion. The temperature a which this happensis known asthe
Hagedorn temperature after a paper written by Hagedorn back in 1968, but it wasin the 1980s
that physicists such as Witten and Gross explored the significance of thisfor string theory.

The Hagedorn temperature of superstring theory is very high, such temperatures would only have
existed during the first 10-43 seconds of the universe existence, if indeed it is meaningful to talk
about time in such Stuations at dl. Caculations suggest that certain features of string theory
smplify above this temperature. The implication seemsto be that a huge symmetry is restored.
This symmetry would be broken or hidden at lower temperatures, presumably leaving the known
symmetries asresiduals.

The problem then is to understand what this symmetry is. If it was known, then it might be
possible to work out what string theory isredly dl about and answer dl the puzzling questions it
poses. Thisis the superstring mystery.

A favourite theory isthat superstring theory is described by atopological quantum field theory
above the Hagedorn temperature. TQFT isa specid sort of quantum field theory which hasthe
same number of degrees of gauge symmetry asit has fields, consequently it is possble to
transform away dl field variables except those which depend on the topology of space-time.
Quantum gravity in (2+1)-dimensond space-timeisa TQFT and is sufficiently smple to solve,
but in the red world of (3+1)-dimensona Eingein Gravity thisis not the case, or so it would
seem.

But TQFT initsdf is not enough to solve the superstring mystery. If space-time topology change
isaredity then there must be moreto it than that. Mogt physicists working in string theory
believe that aradica change of viewpoint is needed to understand it. At the moment we seem to
be faced with the same kind of strange contradictions that physcists faced exactly 100 years ago
over dectromagnetism. That mystery was findly resolved by Eingtein and Poincaré when they
dissolved the ether. To solve string theory it may be necessary to dissolve space-time atogether.

In string theory as we understand it now, space-time curls up and changes dimension. A
fundamenta minimum length scale is introduced, below which al measurement is possible. It
will probably be necessary to revise our understanding of space-time to appreciate what this
means. Even the relation between quantum mechanics and classica theory seemsto need
revison. String theory may explain why quantum mechanics works according to some string
theorigts.

All together there seem to be rather alot of radical steps to be made and they may need to be put
together into one legp in the dark. Those who work a quantum gravity coming from the side of
relativity rather than particle physics see things differently. They believe that it is essentid to

day faithful to the principles of diffeomorphism invariance from generd reativity rather than
working relative to afixed background metric as string theorists do. They do not regard
renormaisability as an essentid feature of quartum gravity.

Get any book for freeon:  www.Abika.com

112



EVENT-SYMMETRIC SPACE-TIME 113

Working from this direction they have developed the canonica theory of quantum gravity which
isadso incomplete. It isatheory of loops, tantdisngly smilar in certain ways to string theory,
yet different. Relativigts such as Lee Smolin hope that there is away to bridge the gap and
develop a unified method

The Principle of Event Symmetry

The Bucket of Dust

any theoretica physicigts, and other people besides, will ask themsdlves at sometime

"What could the most fundamentd laws of physcsbelike?' It is next to impossible to find

the answer but it is still aussful question to think about. Most people will give an answer
tainted by what they are familiar with. Descartes thought the answer would be mechanica and
causal because that was what was familiar a the time. Today we might think of quantum
mechanics instead.

Aswe ascend a mountain the scenery changes. We may pass from grassy pastures to harsher
dopes, through dpine forest, up rocky diffstill beyond the snow line we find the summit. Aswe
climb the mountain of scientific truth our experience is smilar. What will remain of our familiar
surroundings when we reach the top, if indeed there is atop. When we passed from the land of
classcd certainty to the indeterminism of quantum mechanics Eingein sad it waslike the
ground had been pulled out from under us leaving nothing to stand on. He was left behind as
others climbed on. Aswe rise higher space-time is fading from our grasp and we have even less
to hold on to.

A philosopher would tdll you that the only thing which remains a the top is the redm of our
perceptions. According to the storytdler's paradigm the universe is no more than the sum total of
al possible experiences which can be percaived. Thisisredised in the multiverse of quantum
mechanics described by Feynman's path integra. Thus some remnant of quantum mechanics
should be vdid on a least the finad dopes. All ese must emerge further down the levels of
thought. Indirectly we apprehend events and the relations between them. According to a
dictionary an event is anything which happens, but to aphysicist an event isaso a point of
Space-time; a place and a moment where something could happen.

Events are dso what the physicist seesin his experiments when particles come together and
interact. Particle physics, both theoretical and experimenta is the pursuit of the most basic events
and the rules which join them. Space-time is made of events but events are more fundamenta
than their when and where. Space-time forms out of the rel ationships between events.
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In 1925 Alfred North Whitehead, philosopher of science, asked usto regard events as primordid.
Space-timeis congructed by us from the prehenson of events. A physics based on eventsis
sometimes caled Whiteheadian but the origins of such philosophy can be traced back through

the monadology of Leibniz to the atomigtic doctrine of space and time in the Kalam of tenth
century Baghdad, and perhaps beyond to the ancient Greeks.

With heavy irony John Archibald Whedler described a universe congtructed out of events asa
bucket of dust”. He sought a pregeometry for space-time but fdt that starting from the set of
eventsis premature. A deeper guiding principle must be found.

The Universal L attice

After | had finished my doctorate in 1985 | dso wondered what the fundamenta laws of physics
might be like. My thesis had been about Iattice gauge theories so | was used to thinking about
Space-time as made up of discrete events (or lattice Stes) with links joining nearest neighbours
together. Fields are represented by numbers attached to events and links. It isjust an
approximation trick for doing calculations. The continuum is supposed to be regained from the
cubic array of the lattice in the limit when the distance between lattice points goes to zero. In fact
the sites can be linked in other ways, so long as they make some kind of four-dimensiond lattice,
The continuum limit should be the samein dl cases

| imagined what might happen if the fixed linkage structure of the lattice was discarded. It could
be made dynamic dlowing any steto link to any other nearby ste a random. Why not even
dlowing linkage to any ste no matter how far away? For maximum smplicity each site should
have no preferences for which other sitesit likesto link to. When doing lattice gauge theory
cdculations, the path integral of quantum mechanics becomes asum over different
configurations of the field variables welghted by afactor related to the action. Dynamic links
changing a random fit into the sum quite naturdly. It now includes asum over dl the ways of
linking up the lattice Stes aswell as asum over the vaues of the field variables. Y ou can even
look for interesting physics in models where there are no field variables, just random links
between events.

This paints arather strange image of the universe. Events and links between events would be
fundamenta objects but there would be no built in structure to space-time, no continuity, no
dimension. The dynamics would be determined by the form chasen for the action as afunction of
the way the events were linked up. It might take into account the number of links meeting at each
event, the number of triangles which form and other smilar quantities which depend on the
network of connections. For the right choice of action, lattices with afour-dimensond sructure
might be favoured and the structure of space-time could be determined dynamicaly. In some
gppropriate limit a continuum might emerge. If it could be done it would show how the laws of
physics, including the nature of space-time, could be derived from much smpler equations than
those normally used to specify them.

Such speculations are often naive and unlikely to work out right, which iswhy Wheder likened

such modelsto a bucket of dust. Nevertheess you have to try these things out because if you do
not make afew mistakes you never learn anything. The attractive thing about the idea for me was
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that you could amulate such systems on a computer and watch what happened. The results | got
were not overly encouraging. Thereis no Smple and naturd way to specify the dynamics of the
lattice so that it tends to form structures like space-time, unless you build in some preference for
which sites want to join up. To go further it would be necessary to think more carefully about
how space-time is expected to behave.

Witten's Puzzle

Back in 1958 John Wheder suggested that when generd rdativity and quantum theory were put
together there would be astonishing things going on & the very smdll length scale known as the
Planck length (about 10>° metres). If we could look down to such distances we would see space
changing wildly. In generd rddivity gravity results from space-time curveture. If gravity is
quantised the curvature should fluctuate. Whed ers rough calculations showed that at the Planck
scde the fluctuations would be so wild that space would be likely to tare open forming
microscopic wormholes and other topologica variations. The structure of this space-timefoam
has been a mysterious area of research ever since.

Topology change is found to be an important feature of superstring theory, so again string
theorists seem to be on the right track. When they try to understand together the concepts of
topology change and universa symmetry they come up againg a strange enigma known as
Witten's Puzzle after the much cited string theorist, Ed Witten, who first described it.

The difficulty isthat both diffeomorphism invariance and internd gauge symmetry are drictly
dependent on the topology of the space. Different topologies lead to non-equivdent symmetries.
The diffeomorphism group of smooth mappings on a sphere is not isomorphic to the
diffeomorphism group on atorus. The same gpplies to interna gauge groups. If topology change
is permitted then it follows that the universd symmetry must, in some fashion, contain the
symmetry structures for al alowable topologies at the same time. Witten admitted he could
think of no reasonable solution to this problem.

An old maxim of theoretical physics saysthat once you have ruled out reasonable solutions you
must resort to unreasonable ones. As it hgppens there is one unreasonable but smple solution to
Witten's puzzle. It can dready be identified as a property of the universd lattice where any event
has no preference for which other eventsit connectsto. Thisimplies asmple permutation
Symmetry on events.

Congder diffeomorphismsto begin with. A diffeomorphism is a suitably smooth one to one
mapping of a space onto itself. The set of dl such mappings form agroup under composition
which is the diffeomorphism group of the space. A group is an dgebraic redisation of symmetry.
One group which contains al possible diffeomorphism groups as a subgroup is the group of dl
one-to-one mappings irrespective of how smooth or continuous they are. This group isthe
symmetric group on the manifold. Unlike the diffeomorphism groups, the symmetric groups on
two topologicdly different space-times are dgebraicdly identica. A solution of Witten's puzzle
would therefore be for the universal group to contain the symmetric group acting on space-time
events.
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Thisiscdled The Principle of Event Symmetry which gatesthat: The universal symmetry of
the laws of physics includes the symmetric group acting on space-time events

The principle of event symmetry is redised by the universd lattice, but it is more generd. The
universd latticeis anaive modd of space-time whereas event symmetry is adeep principle
which solves the puzzle of combining symmetry and topology change. There are dso
philosophica reasons for holding to the principle of event symmetry. According to the
gorytdler's paradigm, the multiverse describes dl ways of putting together events. The events
are taken from a hegp within which they are not ordered. If something is not ordered then it does
not matter how its contents are mixed up. They can be permuted without consequence. The
symmetric group is asymmetry of the heap.

In its Smplest form, event symmetry isredlised in ahegp of discrete events. The universd lattice
isagood example. But the symmetric group can be a subgroup of alarger group alowing the
individudity of eventsto be blurred. There are other ways of indluding event symmetry within
larger symmetries. Y ou can have a mapping from alarger symmetry onto asmaler one which
preservesits structure. Thisis caled a homomorphism. Y ou can dso deform symmetries by
introducing amore generd symmetry structure with a deformation parameter which reduces to
something containing the symmetric group for one specid case of that parameter. | will describe
examples of dl of these. The beauty of event symmetry is reveded in the ways it can become
part of the full universal symmetry.

Space-Time and Soap Films

There are anumber of reasons why this principle of event symmetry may seem unreasonable.
For one thing it suggests that we must treat space-time at some level as adiscrete set of events.
In fact, as | have dready explained, there are plenty of reasons to beieve in discrete space-time.
Theorists working on quantum gravity in various forms agree that the Planck scale definesa
minimum length beyond which the Heisenberg uncertainty principle makes measurement
impossible. In addition, arguments based on black hole thermodynamics suggest that there must
be afinite number of physical degrees of freedom in aregion of space.

A more direct reason to doubt the principle would be that there is no visible or experimenta
evidence of such asymmetry. The principle suggests that the world should look the same after
permutations of space-time events. It should even be possible to swap events from the past with
those of the future without consequence. This does not seem to accord with experience. Event
symmetry cannot be a principle of nature unlessit iswell hidden. Since the symmetric group
acting on space-time can be regarded as a discrete extension of the diffeomorphism group in
generd rativity, it isworth noting thet the diffeomorphism invariance is not dl that evident

ether. If it were then we would expect to be able to distort space-time in ways reminiscent of the
mogt bizarre hdl of mirrors without consequence. Everything around us would behave likeit is
meade of liquid rubber. Ingead we find that only asmall part of the symmetry which includes

rigid trandations and rotations is directly observed on human scales. The rubbery nature of
Space-time is more noticeable on cosmologica scales where space-time can be distorted in quite
counterintuitive ways.
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If space-timeis event-symmetric then we must account for space-time topology asit is observed.
Topology is becoming more and more important in fundamenta physics. Theories of magnetic
monopoles, for example, are heavily dependent on the topological structure of space-time. To
solve this problem is the greatest chalenge for the event-symmetric theory.

To get amore intuitive idea of how the event symmetry of space-time can be hidden we use an
anaogy. Anyone who has read popular articles on the Big Bang and the expanding universe will
be familiar with the andogy in which space-time is compared to the surface of an expanding
balloon. The andogy is not perfect since it suggests that curved space-time is embedded in some
higher-dimensiond flat space, when in fact, the mathematica formulation of curvature avoids

the need for such athing. Neverthdess, the andogy is useful so long as you are aware of its
limitations.

We can extend the balloon andogy by imagining that space-time events are like a discrete set of
particles populating some higher-dimensiond space. The particles might float around like agas
of moleculesinteracting through some kind of forces. In any gas mode with just one type of
molecule the forces between any two molecules will take the same form dependent on the
distance between them and their rlative orientations. Such a system is therefore invariant under
permutations of molecules. In other words, it has the same symmetric group invariance as that
postulated in the principle of event-symmetric space-time, except that it applies to molecules
rather than events.

Given this analogy we can use what we know about the behaviour of gasesand liquidsto gain a
heuritic understanding of event-symmetric space-time. For one thing we know that gases can
condense into liquids and liquids can freeze into solids. Once frozen, the molecules stay fixed
relative to their neighbours and form rigid objects. In a solid the symmetry among the forces il
exigts but because the molecules are held within asmdl place the symmetry is hidden.

Another less common form of matter gives an even better picture. If the forces between
molecules are judt right then aliquid can form thin films or bubbles. Thisisfamiliar to us
whenever we see sogp suds. A soap film takes aform very smilar to the balloon which served as
our analogy of space-time for the expanding universe. The permutation symmetry of the
molecular forcesis hidden and dl that remainsis a surface. The same ideaworksin higher
dimensons so it is possible that four-dimensiona space-time may condense out of something

like agas of events, just like the formation of a sogp bubble. Curvature of space-timeissmilar to
the curvature of the surface of the soap film.

Permutation City

In 1991 | had worked out the basic ideas behind the principle of event symmetry. At that time
was working as a contract software engineer and was isolated from front line research in
theoretica physics. | did not take my physics very serioudy and | imagined that such asimple
and obvious notion as event symmetry would have been considered aready by physcists. They
would, | thought, have aready extracted any useful consegquences there might be. | was wrong.
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Two years later the world went through a new revolution in information technology: the internet.
Its impact on science rivals the introduction of the printing press into Europe in the fifteenth
century. The internet had dready existed for sometime. | had used it myself asaresearch
student in 1984 when | used to control computersin Germany from my base in the University of
Glasgow. But in 1993 the internet came out of academic ingtitutes into the wider world, where |
was then working as a programmer in France. | gained access to usenet and the world wide web
and | regained access to what was happening in physics. | could download the latest papersin
physics which appeared as dectronic pre-prints each day. | could search databases of papers
compiled over the previous twenty years. Best of dl, | could write my own papers and circulate
them on the internet. In April 1994 my fird tentative paper about event-symmetric space-time
emerged and drew no response.

| decided that it would be prudent to find out who else had done smilar work in the past. Using
on-line databases | searched the literature for papers with titles that had anything to do with
discrete space-time and then followed their hyperlinked references and citations to find other
relevant papers. | discovered the work on Wheder, Finkelstein and others which | had not heard
of before. There were, in fact, just afew examples of such work which dared to speculate about
the small scade structure of space-time with mode s not unlike my universd lattice. Some of what

| found was more mathematicaly sophidticated, yet not one example expressng the principle of
event symmetry cameto light. | continued my work. A couple of years later a contact on the
internet told me about a book which discussed ideas smilar to mine. It was not a physics book. It
was 'Permutation City', a science fiction nove by Greg Egan, but it was a science fiction novel
with more interesting things to say about the philosophy of physics than many physcigts or
philosophers.

In 2045 the protagonist, Paul Durham, programs asimulation of himsalf into a compuiter.
Applying the strong Al hypothesis, the story line continues from the point of view of the copy. It
is another invocation of the soryteller's paradigm. A computer smulation can be regarded as a
sophisticated way of recounting a story. Asthe storyteller told us, there is no need to distinguish
between the story and redlity. Durham performs some experiments with his copy, now referred to
as Paul, in the smulation. He divides the program up and changes the order in which sates are
computed. The events of Paul's smulated life are permuted but he does not experience anything
different from normdl.

Paul tries to understand what is happening to him in terms of the theory of generd rddivity.
Rdativity declares that points of view of different observers are equdly vaid, but only observers
whose reference frames can be related by continuous co-ordinate transformations. The mapping
between the events of Paul's existence and the events of space-time outside the computer were
discontinuous. In reldivity influences have to be locdised travelling from point to point a a
finite vdocity. Paul thought that if you chop up space-time and rearrange it, then causa structure
would fall gpart.

Finally Paul gppreciates the principle of event symmetry, or as Egan cdlsit; the dust theory. It

would be anew principle of equivaence, anew symmetry between observers. Rdativity threw
out absolute space and time but it did not go far enough. Absolute cause and effect must go too.
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Permutation City was firgt published in 1994 and parts were adapted from a story called 'Dugt'
which was firg published in Isasac ASmov's Science Fiction Magazine, July 1992.

More Symmetry

When Eingtein decided to try to revise Newton's gravity he was advised not to waste histime.
The problem was regarded as too difficult. Einstein persisted and succeeded againgt short oddsin
formulating a rlaivigtic theory of gravity because he recognised the importance of the principle
of equivalence. He deduced that the principle required curved space-time and reduced it to a
need for generdly covariant equations. Thiswas the powerful symmetry which we now call
diffeomorphism invariance. It was sufficiently stringent as a requirement that Einstein was able

to deduce the essentid form of the field equations for gravity leaving only Newton's gravitationd
congtant and the possihility of acosmologica congtant to be determined empirically.

The principle of event symmetry is stronger, in a sense, than diffeomorphism symmetry because
itislarger, but it aso dlows for more generd modds of space-time as discrete sets. Eingtein was
able to assume that space-time was a continuous manifold with one tempora and three petia
dimensions. We no longer have such aredtriction and consequently there are too many possible
way's to devise event-symmetric theories. Event symmetry on its own is not very powerful. To go
further the symmetry must be extended.

So far we have seen how the principle of event-symmetric space-time alows usto retain space-
time symmetry in the face of topology change. Beyond that we would like to find away to
incorporate interna gauge symmetry into the picture too. It turns out that there is an easy way to
embed the symmetric group into matrix groups. Thisisinteresting because, asit happens, matrix
models are dready studied as Smple modes of string theory. String theorists do not normally
interpret them as models on event-symmetric space-time but it would be reasonable to do soin
the light of what has been said here.

To see how event-symmetry leads naturally to matrices consider how the universal random
lattice may be represented. Each event could be labelled with an index i. For each pair of events
(i, ]) there may or may not be alink joining them in the lattice. This could be represented by a
matrix of variables a; each of which is zero or one. One indicates thet eventsi and j are linked,
and zero indicates that they are not linked.

a!j = {Iﬂ.

a)’:’ = 0
So the date of the random lattice is specified by a symmetric square matrix with zero diagona
other entries may be zero or one.

To put amodd of agauge theory on thislattice, field variabl&‘n"ﬁ'i can be associated with each

event and gauge variables U;; with each link. The field variables form a column vector @ and the
gauge variables can again be collected together in amatrix A. If it isaZ» gauge theory, the
elements of the matrix are now aways zero or plus or minus one. The matrix A can be
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symmetric but it may be more convenient to make it antisymmetric since the diagona dements
are then necessarily zero without imposing an extra condition. Gauge invariant quantities which
could be used in an action for thismode can be expressed in matrix notetion e.g.

S=md'® + D" AD + 17 A]

A gauge transformation can be effected as a smilarity transformation on the matrix and vector.
That is,

O ->DT
A T7rAT

For the Z, gauge transformétion T is a diagona matrix with 1 and -1 down the diagonal. For
example,

1 0 0
=01 0
0 0 -

All of this generdises easly to other gauge groups. For an SO(N) gauge transformation T isa
block diagona matrix with blocks of N by N orthogona matrices down the diagondl.

What about event symmetry? A permutation of eventsis aso asymmetry of an action expressed
in matrix notation as above. Columns and rows of the matrix and vector are permuted. This can
a0 be effected by asmilarity transformation T which is a permutation matrix. l.e. T hasa
single dement equa to 1 in each row and column and al other eements equd to zero. For
example,

7=

- o

1 0
0 1
0 0

Now that we have put interna gauge symmetry and event-symmetry into amilar formsit is
tempting to unify them. In both cases the Smilarity transformations are orthogonal matrices. If

thedementsof @ and A are dlowed to be any red numbers the matrix action has afull
symmetry of orthogona matrix transformations whichincludes the gauge transformations and
event permutations as specid cases. The same can be done with other gauge groups using
orthogona or unitary matrix models.

In these models the totd symmetry of the system is a group of rotation matrices in some high+
dimensiond space. The number of dimensions corresponds to the total number of space-time
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events in the universe, which may be infinite. Permutations of events now correspond to
rotations in this space which swap over the axes.

S0 does this mean that the universal symmetry of physicsis an infinite-dimensiona orthogond
matrix? The answer is probably no since an orthogona matrix istoo smple to account for the
gructure of the laws of physics. For example, orthogond groups do not include supersymmetry
which isimportant in superdtring theories. The true universa symmetry may well be some much
more el aorate structure which is not yet known to mathematicians.

Before moving on it is worth taking note of how the amount of symmetry has increased in going
over to matrix models. In conventiond gauge theory there are afew degrees of symmetry for
each event S0 the symmetry is of dimension N; the number of space-time events. With the matrix
mode there is a degree of symmetry for each independent element of the matrix so the symmetry
isof dimension N2. Thisisjust the first step towards the much larger symmetries which may be
present in the universe.

|dentical Particles

Theorigts often talk about unifying the gauge symmetries which are important to our
understanding of the four naturd forces. There are, however, other symmetriesin nature which
are rardly mentioned in the context of unification. These symmetries take the form of an
invariance under exchange of identica particles. For example, every dectron in the universe is
the same, they dl have the same charge, mass etc. If we swap one eectron in the universe with
another the universe will carry on as before.

The symmetry involved hereis described by the symmetric groups, just like event-symmetric
space-time. Obvioudy we should ask oursdves whether or not there is any connection between
the two. Could the symmetric group acting to exchange identical particles be part of the
symmetric group acting on space-time events? If it were, then that would suggest a deep relation
between space-time and matter. It would take the process of unification beyond the forces of
nature towards a more complete unification of matter and space-time.

Aswe shdl seit is naturd to combine the permutation symmetry of particles and event-

symmetry and it will imply a unification of particle atistics and gauge symmetries which has
now become apparent in supersiring theories.

Clifford's L egacy

Onitsown, the principle of event-symmetric space-timeis not very fruitful. What is needed isa
mathematical model which incorporates the principle and which gives body to some of the
gpeculative idess outlined above.

It turns out that such amodd can be constructed using Clifford agebras. These dgebras are very
smplein principle but have aremarkable number of gpplicationsin theoretica physcs. They
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first appeared to physicigts in Dirac's rdativistic equation of the eectron. They aso turn out to be
aussful way to represent the agebra of fermionic annihilation and creation operators.

If we regard a Clifford algebra as an agebra which can creste and annihilate fermions at space-
time events then we find we have defined a sysem which is event-symmetric. It can be regarded
as an dgebraic description of a quantum gas of fermions.

Thisistoo smple to provide agood modd of space-time but there is more. Clifford dgebras dso
turn out to be important in congtruction of supersymmetries and if we take advantage of this
observation we might be able to find a more interesting supersymmetric model.

The definition of Clifford Algebrasis very smple. It is an algebra generated by a set of dements
4% such that

Yy Yy = 253.
A genera dement of the adgebra can be expressed as sums of products of these dements. Since
they square to one each need appear only once in any product. If there is one generator for each
of N space-time events then the algebra has 2" independent terms. To each of thesewe can

assign afidd variable. Each one isthe coefficient of k different Hwith k <N and can be
interpreted as afield varigble for ak-smplex with the k events as vertices. In comparison with
the matrix modd which had afield variable for each event and each pair of linked events, a
modd using Clifford dgebras will have these plus a variable for each triplet of events, each
quadraplet etc.

Back to Superstrings

Supergtring theory was an important part of the motivation for proposing the principle of event-
symmetric space-time in the first place. String theorists seem to believe that the subject they are
studying is dready the correct theory of physics, but they are probably missing the key to
understanding its most naturd formulation.

The stuation seemsto pardld Maxwel's theory of eectromagnetism as it was seen at the end of
the 19th century. Many physicists did not accept the vaidity of the theory at that time. Thiswas
largely because of the apparent need for amedium of propagation for light known as the ether,
but experiment had failed to detect it. Eingtein'stheory of specid redivity showed why the ether
was not needed. He did not have to change the equations to correct the theory.

Instead he introduced aradica change in the way space and time were viewed. It islikdy that
the equations we have for string theory are aso correct, athough they are not as well formed as
Maxwdl's were. To complete the theory it is again necessary to revise our concept of space-time
and remove some of its unnecessary structure just as Eingtein removed the ether.

It would be natura to search for an event-symmetric string modd. We might try to generdise the

fermion model described by Clifford agebras to something which was like agas of strings. A
string could be just a sequence of space-time events connected in aloop. The most significant
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outcome of the event-symmetric program o far isthe discovery of an agebra which does just
that. It is an dgebraic model which can be interpreted as an agebra of strings made of closed
loops of fermionic partons.

The result is not sophisticated enough to explain dl the rich mathematica sructuresin string
theory but it may be a step towards that goal. Physicists have found that new ideas about knot
theory and deformed algebras are important in string theory and aso in the canonica approach to
guantisation of gravity. This has inspired some physicists to seek deeper connections between
them. Through aturn of fate it gppears that certain knot relations have a clear resemblance to the
relations which define the discrete event- symmetric ring dgebras. This suggests that thereisa
generdisation of those agebras which represents strings of anyonic partons, that isto say,
particles with fractiona satistics.

Event-Symmetric Physics

What can thistheory tdl us about the universe? Since it isincompleteit islimited. The one place
where atheory of quantum gravity would have most significance would be at the big bang. In the
firg jiffy of existence the temperature was so high that the structure of space-time would have
been disrupted. It is known that in String theory there is a high temperature phase trangtion in
which the full symmetry isredised. If the principle of event-symmetric space-timeis correct

then that isamuch larger symmetry than people have previoudy imagined. At such high
temperature space-time would cease to exist in the form we would know it, and only a gas of
interacting strings would be |€eft. A reasonable interpretation of this sate of affairs would be to
say that space-time has evaporated. The universe started from such a state, then space-time
condensed and therest is history.

Event-Symmetric
String Theory

Leap Frog

theories. Although they gppear conceptualy smilar to quantum field theories with particles

replaced by strings and higher-dimensiona p-branes, it has become clear that string theories
are redly an dtogether different and much stranger anima. For quantum field theories space-
timeisjug adatic arenawithin which the action is played out, but in string theory space-timeis
part of the show. String theory seems to understand the small scale structure of space-time better
than we do. The best part of itstrick isto fool usinto thinking that space-timeisred, flat and

mn my mind, the principle of event symmetry would be a mere curiogty if it were not for string
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continuous. We should not be fooled into taking this for anything other than the clever illusion
which it must surely be.

There have been many amazing discoveries about superstring theory, but there are Hill some
deep conceptud problems concerning the way it is formulated. The most profound of theseis
that string theory does not directly account for the equivalence principle. We know that
superstring theory has gravitons and supergravity is therefore a component of the effective
theory of gtrings a low energy. Supergravity is generdly covariant and so incorporates ordinary
generd relativity with its equivaence principle. Thus string theory seemsto include the
equivaence principle, but the formulations we know are not generally covariant. There are
versons which are Lorentz covariant but that is along way short of the general covariance
under dl co-ordinate transformations. It is alittle surprisng and frugtrating thet thisis the case
and it may well be akey part of why we do not fully understand string theory.

The principle of event-symmetric pace-time is the solution which | propose as aresolution of
the superstring mystery. Event symmetry is a step beyond the diffeomorphism invariance of
generd covariance. If we can formulate string theory in away which is event-symmetric we can
leap frog over the conceptud hurdles.

Eight Reasonsto Believe

Why should anyone believe that string theory is event-symmetric? | cannot prove it to you but |
can give saven good reasonswhy | think it isright. The firgt isthe problem of general
covariance | just described. If string theory cannot be made covariant it seems hopeful that it
may be event-symmetric instead.

Another reason which | dready covered is the solution to Witten's puzzle. Topology change and
the universal symmetry put together are difficult to reconcile without event symmetry.

The third reason isthe presence of avery large symmetry of string theory beyond its Hagedorn
temperature. It is not known what this symmetry is but it seems to reduce the effective number of
degrees of freedom enormoudy. It islikely that there must be one dimension of symmetry to
match each degree of freedom of the string. No mere gauge symmetry can achieve this but event
symmetry is much larger than any gauge theory in quantum field theory.

Next | cite theimportant idea that strings can be considered as composites of discrete partons;
particles bound together like beads on a necklace. Space-time too seemsto have a discrete
character. This picture may seem opposed to the usual formulation of strings as cords of
continuous substance, yet it can explain many mysteries epecidly in the context of black holes.
Inthat caseit is easy to picture strings as loops connecting discrete points of space, and with
such discreteness, event symmetry is easlly imagined.

After that comes matrix models. String theory may ultimately be described by something like a
modd of random matrices whose rows and columns may index particles, colours of gauge
Symmetry or space-time events. Models on event-symmetric space-time aso drive physics
towards the dynamics of matrices. The matrix model which seems to contain the essence of M-
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theory can be interpreted in any of these ways, bringing event symmetry astep clearer. A
unification of gauge symmetry and particle statistics was a prediction of the principle of event
symmetry which soon after gppeared as a feature of this matrix modd.

Then there are the new S-dudities which reverse the roles of solitons and particles, or more
generdly, solitonic p-branes with fundamenta p-branes. But string theory dso has instantons,
sometimes caled (- 1)-branes because they have one less dimension than particles which are 0-
branes and two fewer than strings which are 1-branes. Ingantons are excitations of afield which
exig for an indant. Their importance in non-abelian gauge theories such as QCD has been
known for many years and now they are playing astarring role in string theories too. In passing
through a dudity transformation the ingtanton must reverseits role with afundamenta (- 1)-brane
and what other character can that be than a space-time event? Like particles and any other p-
brane ingtantons have gatistics, a symmetry over their permutetions. This symmetry must be
dud to a corresponding symmetry of space-time events, event symmetry.

| have now given saven bits of evidence that event symmetry is afeature of sring theory. Some
of them are more convincing than others. None of them are absolutdly conclusive. The fina
proof would be aversgon of string theory which explicitly exhibited event symmetry and which
was equivaent to the familiar string theories. | cannot offer that yet, but | can describe some
string inspired super symmetries which appear to lead the way. These supersymmetries are
especidly degant and, of course, they include event symmetry.

String Inspired Symmetry

Superdtrings are, of course, full of supersymmetry. They dso have other symmetry which comes
in various forms and includes dl the types of symmetry which have been observed in nature, as
well asdmog dl others which have ever been sudied but never yet seen. String theory is meant
to be a unified theory of everything so its symmetries should aso be unified but apparently they
are not. When a st of physicad equationsis found their symmetry does not dways jump out at
you from the gtart. For example, Maxwell's equations for €ectromagnetism at first only appeared
to have rotational and trandationa invariance. Later they were found to be invariant under the
Poincaré group of specid reativity and then they were found to have an interna gauge
symmetry. These symmetries can be made much more explicit by reformulaing themin a
different but equivdent way. It islikely that string theories dso have much more symmetry than
we now recognise, but it is hidden because we are forcing ourselves to write the equations in
terms of concepts which we are accustomed to.
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There have been many discoveries or near discoveries of new symmetry in string theory, but
thereis one which | found particularly inspirationd. It was the string inspired symmetries of
Michio Kaku. Symmetry is about groups o to discover anew symmetry dl you redly need isa
way of defining an associative product with an inverse and a unit on whatever objects come to
mind. So how might open ended strings be multiplied? Strings can interact by joining together at
their ends so we could think about multiplying them in asmilar way. Think of open strings as
continuous paths through space starting a one point and ending at another. We will multiply
them together by joining them together if the end of the first coincides with the start of the
second, cancelling out the part where they join.

Take one dtring A starting at a point W passing through point X and ending at point Y and
multiply it by another string B which gartsat Y, passes back through X and ends a Z. B follows
the same path in reverse as A took from X to Y. The product C=AB isthen the path from W to Z
passing through X and following the same path as A between W and X and the same path as B
between X and Z. This product of gtringsis nicely associdtive, i.e. (AB)C = A(BC) but it fals
miserably to make agroup. It has no unit, no inverses and it only defines multiplication for

grings which join together &t their ends.

What we are looking for is the stringy generdisation of gauge symmetry. The group dements of
ordinary local gauge theories are described by afidd, that is an eement of the base group a each
event in space-time.

For example, if we are taking about the U(1) gauge symmetry of the dectromagnetic fied there
isan dement of U(1) (i.e. acomplex number of modulus one) at each event. In other words the
gauge transformation is pecified by afunction f(X) from space-time events X to the complex
numbers. The charged matter fields are gauge trandformed by multiplying by this phase factor at
each event with the accompanying gauge transformation of the eectromagnetic field. To
generdise this, think of events in space-time as possible points that a particle worldline can pass
through. The stringy generdisation of a gauge trandformation would be specified by afunction
f(A) from dl possible string paths A to the complex numbers. A gtring path isjust one of the path
segments through space-time which we have aready thought about. So what we are redlly
looking for is a group of objects with a complex number assgned to each gring.
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Gauge transformations are multiplied together by on asmple event by event basis. If f(X) isone
gauge trandformation and g(X) is another, then the product h(X) isjudt,

WX)=f(X)g(X)

For grings we do things alittle differently like this,

WC)=2 f(A)g(B) : C=AB

Thesumisover dl parsof srings A and B whose product according to the previous definition is
C. For acomplete fidd there would be an infinite number of such strings and the sum becomes a
difficult to define integrd, but we will not worry about this detall just yet.

This definition of string gauge fidds actudly includes ordinary particle fiedd gauge
trandformationsif a particle & X isidentified with a zero length string which sarts and ends a
the same point X. A little thought will show that string fields which are non-zero only for such
gringswill multiply together in the same way as particle fields. Now we can aso see that this
multiplication has a group-like identity. It is the string field which is equa to onefor every zero
length string and zero for dl others. Not dl string fields have inverses for this multiplication but
some do, and the set of those that do forms a group. This group is then what we will consider as
the generd gauge group for continuous open gtrings. It is essentidly the symmetry which Kaku
defined in 1988.

Of course we would need to define some modd of string dynamics which was invariant under
the action of this group. That is what Kaku tried to do with some success.

These open gtrings, however, are less interesting than closed strings, formed from closed loops.
Indeed open string theory isincomplete without closed strings dlong side. Kaku tried to work out
averson of gauge symmetry which aso worksfor closed strings. It is not so easy. Closed strings
can interact by coming together and joining where they touch to form asingle loop, but if you
multiply loops together by joining them in this way you do not get an associative agebralike we
did by joining open strings at their ends. Kaku solved the problem by looking at the commutators
of the product and defining a supersymmetry in aclever way, or at least he dmog solved it. In
fact there were cases which did not quite work out. The symmetry was flawed and sadly it never
proved ussful as away to understand string gauige symmetry.

Discrete String Theory

Now | will turn to another question. Are strings discrete? In string theory as we currently know it
there is not much indication that string theory is discrete. Strings are described as continuous
loops in space. However, there has been some interesting work by Susskind and otherswhich
does seem to suggest that string theory could be discrete. 1t may be possible to describe strings as
objects made of small partons strung together. These partons would not exist as hard objects but
can be conceptudly subdivided and rejoined. They are points on the string which describe the
topology of its interactions.
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If the partons can be subdivided then they must be permitted to have fractiona Stetistics. They
must live on the string world sheet. The statistics of awhole loop of string would be the sum of
the fractiona dtatistics of its partons and would be an integer or half integer so that the string can
livein three-dimensiona space. If space-time is event- symmetric and we wish to consder event-
symmetric sring fidd theory, then a discrete string gpproach is essentid. The partons of the
string can be tied to the events through which the string passes. It will be permitted to pass
through space-time eventsin any order it likes. In thisway strings can tie together the events of
space-time and provide an origin of topology in an otherwise ungructured event-symmetric
universe.

If gtrings are formed from loops of partons with fractiond gtatistics then it seems naturd to alow
them to be knotted. We should look for ways of describing this dgebraicdly in an event-
symmetric sring theory.

String theorigts are now aso turning to higher-dimengond p-brane theories. If strings can be
made of partons then surfaces, or 2-branes, can be made from strings. The process could
continue ad infinitum. Space-time itself might be viewed as a membrane built in thisway. There
may be structures of dl dimengonsin physcs. The two-dimensiona string world sheets and
three-dimensiona space-time are more visible only because they stland out as a consequence of
some as yet unknown quirk in the maths.

Event-Symmetric Open String Theory

In 1994 | decided that if | was to do anything serious with the principle of event symmetry |
would have to gpply it to string theory. String theory seemed to be crying out for a new type of
symmetry and | thought that event symmetry could be apart of it. The obvious place to begin
was from was Kaku's string gauge symmetry. They can be reconstructed for discrete strings with
interesting results. Imagine space-time as alarge number N of discrete events which are
arbitrarily numbered 1, 2, ..., N. In analogy to continuous strings, an open ended string will be
defined smply by the sequence of events it passes through. An example would be

A= 15213
A generd string of length 4 might be written

B = abcd

a b, cand d are variables for the events the string passes through.

The shortest permissible strings have length 2 because they must have @ least start and end
points, even if these coincide at the same event. Strings can be any finite length from the 2
upwards.

These strings are taken as the defining basis of avector space. Thisis just away of saying that
we are going to look at fields defined over these strings as we did for continuous fields. Thefidd
isafunction from the set of al strings to the complex numbers. Those fields can be added,
subtracted and multiplied by complex number congtants like vectors, so we cdl the collection of
fields over strings a vector space.
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| define multiplication of strings where the end of one coincides with the start of the other by
joining them together and summing over dl posshbilities where identical events are cancelled. If
they do not meet it is convenient to define the product to be zero. eg., usng adot for the product

5431.12 = 5432
1234.4351 = 123351 + 1251
637.346= 0

The multiplication is associative. It defines not a product for the strings, but a product for the
vector space. It also has a unit. Just as the unit for continuous strings came from the shortest
grings with just the same start and end point, so aso the unit for this algebraisthe sum,

=11+ 22+ 33+ ...+NN
Whét | have defined then, is an infinite-dimensond unita associative agebra

From any such agebra a group can be formed smply by taking the subset of everything which
has an inverse. This group could be the dgebra of a symmetry of discrete open strings. Of course
we would need to define some model of string dynamics which was invariant under the action of
this group. This can be done in the same way asiit is done for random matrix modes. In fact,
what | have defined isredly just an extengon of matrix agebra since the sub-agebraformed of
grings of length two multipliesin the same way as N by N matrices.

A bendfit of the discrete string verson isthat it is easy to go from the bosonic discrete open
gring to the supersymmetric verson. Strings of even length are taken to be bosonic and strings
of odd length are taken to be fermionic. This describes arather smple sort of gring theory which
does not do very much except have super-symmetry. The interpretation is that these are open
strings made of discrete fermionic or bosonic partons at space-time events. The modd is event-
symmetric in the sense that the order in which the events are numbered isirrdevant, but the
transformations of event symmetry which would permute the numbering of events are not a part
of the symmetry dgebra Thisis adisgppointing failure which means that string gauge symmetry
and genera covariance are not yet unified for open strings.

Event-Symmetric Closed String Theory

Can we do the same thing with discrete closed strings? Kaku had attempted this with his
formulation of string gauge theory so why not?

What is needed is a Lie superalgebra defined on abasis of closed discrete cycles. It actualy took
me quite alot of investigation before | discovered the correct way to do this. | started by writing
down gtrings of events just like for open strings, but if they are closed strings the starting point
should not matter. For example aloop which went through the events numbered 2, 5, 3, 4 and 1
returning back to 2 can dso sart and return at any other of the five events, so long asit went
round in the same cyclic order. Thisis sgnified by equations such asthis,

25341 = 53412 = 34125 = 41253 = 12534

| found that if the number of eventsin aloop iseven it is better to use,
7134 = -1347 = 3471 = -4713
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Y ou cannot do that for strings of odd length because you would go round the cycle and arrive
back at the beginning and find that the string was minusiitsalf. It is not easy to define a product
directly for two closed strings and make it associative but to construct groups al you redlly need
to define is acommutator in the algebra. i.e.
[A, Bl = AB-BA

Commutators satisfy a gpecid equation known as the Jacobi relation

[[A, B]. C] +[[B,C], Al +[[C,A],B] =0
Since closed drings are meant to interact by joining together | tried defining commutators by
cancelling out bits of strings wherever they went through the same events. | experimented
endlessly to work out which rules about sign factors could fit in with the Jacobi equations. |
discovered that | could get it to work, but only for even length strings. The cancdllation of
common bits of string must only be done when there is an odd number of them in arow. In short
there was only one way to make it work and it seemed lucky that it worked &t dl.

What about odd length strings, were they to be excluded? The answer was not difficult to guess
as with open strings the odd length loops could be considered as fermionic. The commutators for
fermionic variables must be replaced with anti- commutators where the minus sign is changed to
aplus sgn. These define a supersymmetry dgebrain place of aclassca symmetry. Thiswasa
very satisfying result. | had found mysdlf forced to use supersymmetry for closed strings even
before | had begun to think about any dynamics, or anomaies or any of the things which were
usudly used to judify supersymmetry in string theory.

There was one other satisfying result. The way the strings of length two commuted with al other
strings was exactly what was required to define a rotation matrix acting on the vector space
where events correspond to axis. A rotation can be used to permute axis, in other words, event
symmetry must be part of the symmetry algebra | had discovered. This seemed to happen only
by chance, if the Signs had needed to be different, or it had been necessary to cancel out even
length bits of string instead of odd length bits, this would smply not have worked. Yet | had had
no choicein the matter. It was asign that | was doing something right. It meant thet if | built a
model of strings with this supersymmetry agebra, it would have space-time symmetries unified
with internd gauge symmetry; something that had never been achieved with gtring theoriesin
continuum space-time.

| wanted to know if the supersymmetry algebra | had discovered was aready known to
mathematicians. The way the relations worked out was rather mysterious. Usualy when you find
something like this there turns out to be some deeper explanation of why it exists. Anything |
could turn up might help me understand what to do next.

In 1995 a strange coincidence helped me out. | saw a paper about the role of Borcherds agebras
in superstring theory. Borcherds was aname | recognised. The agebras had been discovered by
an old friend of mine. | had become aguatinted with Richard Borcherds at high school when we
used to participate in mathematics competitions. In fact Richard and | had been the joint winners
of the 1978 British Mathematica Olympiad. We had both been in the same British team for the
International Mahematica Olympiads two years running and then we knew each other a
Cambridge Universty.
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However, we had very different tastesin what kind of maths we liked. Richard was definite that
he wanted to do pure maths, whereas | was becoming interested in mathematica physics. It was
abit of asurpriseto discover 15 years later that Richard had made his name from a discovery
about gtring theory, but he had approached the subject as a pure mathematician to study its
symmetry. He had found a rigorous way to define an infinite-dimensiond supersymmetry

agebra of string theory which was of interest to mathematicians.

| sent an e-mall to Richard with an explanation of my super-symmetry adgebra | knew that they
were not the same thing but perhaps there would be a relation between them. | was alittle
surprised when Richard quickly replied to tell me that my agebradid not quite work. He had
found a particular case which failed to satisfy the Jacobi identity. In fact he too had dready
looked at Kaku's definitions of superstring gauge theory and had found that they were flawed. He
eedly found asmilar fault in my discrete sring versons.

Fortunatdly, as S0 often happens, the flaw itself gave the clue to how it should be repaired. | had
to extend my agebra to include more than oneloop at atime, and | had to dlow them to interact
by touching at more than one point of contact so that two loops which could come together and
glit into two others. At firg it seemed like this was going to be even harder to define but | found
that actudly there was a conceptualy smpler way to do it. This new way would give further
clues about what the algebra meant.

Start with aset E of N events. Write sequences of events in the same way as for the open sirings

A= abcdef, a, b, .. EE
To introduce closed loops we define permutations on these sequences. The permutation can be
shown as arrows going from each event to another (or itsdf). An example would look like this,

S |
g it e ol e b
Iy

The permutation is composed of cycles. In the example there are two cycles, one of length 2 and
one of length 4. But the order of the events across the page is dso important.

As before these objects form the basis of avector space. An associative agebrais defined on
these objects by smply taking multiplication to be concatenation of two of these objects
together. The empty sequence is aunit for thisagebra A more interesting agebrais now formed
by factoring out a set of relationships among these dements. The relations are defined in the
following diagram.
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1T = |
beZZC%b
~ 11

This says that the order of two events can be interchanged keeping the loop connections intact.
The signisreversed and if the two events are the same an extra reduced term must be included.

To get acomplete relation the ends of the string in these diagrams must be connected to
something.

o
%
o

If they are just joined together the following two equations can be formed,

Y [

a b + b a = 20,
| e

v v v
:b—l— b a :265:15_-,

The firgt shows the cydlic rdationships for aloop of two events. The second is the anti-
commutation relation for two loops of single events.

Since the relationship can be used to order the events as we wish, it is possible to reduce every
thing to a canonica basswhich isaproduct of ordered loops. A more convenient notation
without the connections shown is then introduced.

(ab...c) =

s |

This notation alows the rdaions to be written in away smilar to those of the open strings, but
now the cydlic rdations mean tha they must be interpreted as closed loops.

The dgebrais associative and it is condgstent to consider combinations of loops with an odd total

number of events as fermionic, and with an even number of events as bosonic. So again this
generates a supersymmetry using the appropriate commutator and anti-commutators. Asfar as|
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know thisinfinite-dimensiona supersymmetry has never been studied by mathematicians. It is
possble that it can be reduced to something well known but until thisis demongtrated | will
assume that it isorigind and interesting.

Here are afew important properties of the discrete closed string algebra which did not apply to
the open string agebra.

Closed gtrings which do not have any eventsin common commute or anticommute. This
isimportant because it can be interpreted to mean that strings only interact when they
touch.

The dgebra contains a subagebraisomorphic to a Clifford dgebra. It dso hasa
homomorphism onto a Clifford agebrawhich is defined by siripping out the string
connections. Thisisimportant because the algebra of creation and annihilation operators
for fermionsis dso isomorphic to a Clifford agebra. This judtifies the interpretation of
thisdgebraasamodd of discrete closed strings made from fermionic partons.

The length two strings generate an orthogona group acting on the vector space spanning
events. The symmetric group permuting events exists as a subgroup of this. It follows that
the symmetry of event-symmetric space-timeisincluded in this supersymmetry.

Algebraic String Theory

Although greet dtrides have been taken towards an understanding of nonperturbative string
theory, thereis dlill little progress towards a formulation which shows manifest general
covariance. In previous work | have tackled the issue by employing the principle of event-
symmetry as ameans of incorporating topology change. Space-time is regarded as a discrete set
of events with the permutation group on the events being contained in the universal symmetry of
physics. The symmetric group on eventstrividly contains the diffeomorphism group over any

topology.

It may be that string theory has to be formulated in the abosence of space-time which will then
emerge as aderived property of the dynamics. Another interpretation of the event-symmetric
gpproach which embodies this is that instantons are fundamenta. Just as solitons may be dud to
fundamenta particles instantons may be dud to space-time events. Event-symmetry isthen dud
to ingtanton gtatistics. In that case a unification between particle Satistics and gauge symmetry
follows on naturdly from the principle of event-symmery. It is encouraging thet this unification
aso appears in the matrix model of M- Theory.

Thefind string theory may be founded on a mixture of geometry, topology and agebra. The
dud theory origins of string theory hide a clue to an underlying dgebraic nature. In dud theories
the s-channd and t-channel amplitudes are supposed to be equal. At tree levd, in terms of
Feynman diagrams this means thet,
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B>—< C | I |
A D A D
This diagram could aso be distorted to look like this,
A B (5 A B C
D D
Thisfigureisfamiliar to many mathematicians who recognise it as a diagrammetic
representation of the associative law,

D=(AB)C=A(BC)
In developing an dgebraic string theory the first step would be to define creation and
annihilation operators for strings andogous to Dirac's operators for basonic and fermionic
particles. It might be possible to do thisif strings are described as composites of particleslike a
sring of beads. The creation and annihilation operators can then be strings of ordinary bosonic or
fermionic operators. The algebras | have just defined are symmetry agebras for superstrings but
they are aso isomorphic to agebras of string creation and annihilation operators so they
represent the firgt steps towards an agebraic theory of strings.
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|s String Theory in Knots?

hen | was a mathematics student at Cambridge back in 1980, | remember going to one of
John Conway's popular lectures which he gave to the mathematics clubs. This one was
jabout knot theory. Conway performed a series of tricks with bits of rope to demonstrate

various properties of knots. A fundamenta unsolved problem in knot theory, he told us, isto
discover an dgorithm which can tell when aloop of string isaknot or not.

It is possible to tie up closed loops of string into complicated tangles which can nevertheless be
untied without cutting the string. But suppose | gave you atangled loop of string. How could you
determineiif it could be untied?

Conway showed us a clever trick with groups which enabled him to determine that some knotted
loops could not be untied, but there were others which were not classified in this way. Conway
had generdised a polynomid invariant of knotsfirst discovered by Alexandria many years ago.
The Conway Polynomia was quite a powerful tool to distinguish some knots from others, but it
could not separate dl. | remember thinking at the time that this was a piece of pure maths which
would never have any useful gpplications gpart from providing away of proving that your boat
cannot dip its moorings, perhgps. Mathematicians ddight in thiskind of problems.

Ten years later adramatic change had taken place. Knot theory now looked like it was going to
have applications to solving quantum gravity and probably other problems in condensed matter
theory. Louis Kauffman had even written a substantial book caled Knots and Physics (World
Scientific). Conway's Knot Polynomiad had been generdised and the problem of classifying
knots seemed all but solved.

To summarise, | will lig just afew points of interest here:

Knot theory isimportant in understanding the physics of particles with fractiond

datigtics: anyons or parafermions. These particles, which can exist in one or two
dimensions have properties between fermions and bosons. The symmetric group isthe
symmetry of fermions and bosons, while the braid group from knot theory plays the same
role for anyons.

Knot theory isimportant in canonicaly quantised quantum gravity. Where knotted loop
states provide a basis of solutions to the quantum gravity equations. Thisis described in
the important loop representation of quantum gravity.

Knot theory is closdy rdated to quantum groups. These are a generdisation (or
deformation) of classica Lie groups and are important in condensed matter theory, string
theory and other physics. Knot theory seemsto be very closdly related to symmetry.

Quantum groups are aso used to congtruct Topologica Quantum Feld theories which can be
used to find invariants of manifolds.

From this point on things are going to get more technical and | am going to assume thet the
reader knows some maths.
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Strings and knots

Knotted loops have turned out to be important in the canonica gpproach to quantum gravity and
it is natura to wonder if these |oops are the same stuff as the strings of string theory, the other
important approach to quantum gravity. It would be nice to think that the two are related, surdy
it isnot a coincidence, but we must not become carried away.

By way of illustration condder the following:

When Wheder took some of the first steps in the development of canonical gravity he used the
term "superspace’ to refer to the three-dimensiona geometry of space which describes the Sates
of the theory. Similarly, in the early days of string theory, they discovered that space-time
symmetry must be generalised to something they also called " superspace” . Are these two types
of superspace related? Surely it is not a coincidence!

But, of course, it was just a coincidence. Whedler's superspace has nothing to do with the new
supergpace of superstring theories. They are very different. Likewise, most string theorists hold
the opinion that there is probably no connection between the loops of the loop representation of
quantum gravity and the strings of string theory. The knot which the loops make in space cannot
pass through each other without changing the quantum state discontinuoudy. On the other hand,
superstrings can pass through each other and themselves without consequence. Despite this there
isasmal group of people such as John Baez and Lee Smolin who have suggested that there
might be a connection al the same. The strings and loops both have a common origin in gauge
theories and they share some mathematics such as quantum groups in their description.

The Symmetric Group to the Braid Group

The principle of event-symmetric space-time States that the universal symmetry of physics must
have a homomorphism onto the symmetric group acting on space-time events. Now the
symmetric group can be defined by the following relations among the trangposition generators &,
&, 3.
aga = gag
aa=1

The braid group is defined in the same way but with only the former rdation. Put into words, this
means that the braid group describes a symmetry where it does not matter in which order you
exchange things but if you exchange two things then exchange them again you do not necessarily
get back to where you were before.

Thereis ahomomorphism from the braid group onto the symmetric group generated by the
second relaion. This means that the braid group is dso a candidate for part of the universa

symmetry according to the principle of event-symmetric space-time. In that case space-time
events would behave like particles with fractiona datistics.

A String made of anyons?
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It isamogt certainly incorrect to model strings as loops of fermions. They mugt have some
continuous form. To achieve thisin an event-symmetric framework it will be necessary to
replace the fermions with partons having fractiond datistics which can be divided, i.e. anyons.

Defining creation and annihilation operators for anyonsis not asmple matter. Various schemes
have been proposed but none seem idedl. However, here we have the advantage that our anyons
are strung together. The statistics and symmetries of anyons must be described by knot theory.

The commutation relations used to generate the closed string algebra will remind anyone who
knows about knot polynomias of Skein relations. This suggests a generdisation may be possible
if the string connections are replaced by knotted cords which can be tied. These could be subject
to the familiar Skein relations which define the HOMFLY polynomidl.

S

In the specia case where g=1 and z=0 this rdlaion says that string can pass through itsdf. Thisis
what we have for the strings which join the fermions. The crucid question is, are there
generdisations of the parton commutation relations which are consstent with the generd Skein
relation?

Oneway to do it isasfollows, but doesthis define a consstent algebra? It is not easy to say

without some interpretation of what these symbols mean. A deeper understanding could guide us
towards the right solution.

<

@ @ b = g b g ==z,
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Multiple Quantisation

»
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Baron Carl Friedrich von Weizsicker had an inauspicious beginning to his career as aphyscist.
In 1938 he had made an important contribution to the theory of the ‘carbon cycle of nuclear
fusonin gstars. Thenin 1939 war broke out and Weizsacker became akey scientist under
Hesenberg in the team which failed to build the atomic bomb for Nazi Germany. After the war
he became a director of a department in the Max Planck Indtitute of Physicsin Gottingen, but the
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centre of research in physics had then shifted to America and working in Germany &t that time
must have seemed like being cut off from the main action.

Perhaps that iswhy Weizsicker came up with afundamenta idea which seemed completely out
of touch with what anybody else was doing at the time. He proposed a bold theory of away that
space-time and physics might be congtructed from a single bit of information by repestedly
applying the process of quantisation.

A binary digit or bit can take the value zero or one. Y ou could think of a bit as about the Smplest
universe possible. Any amount of information can be coded using a sufficient number of bits.

The universe is quantised, so quantise the bit. Now you have the quantum of spin-1/2, the spin of
an dectron which can take to values, spin-up or spin-down. The spin Sateis aunit length vector

with two complex components which rotates under the action of SU(2) matrices.

This group is dso a double covering of SO(3); the group of rotationsin three-dimensiona space.
Weizsécker wrote the two components as u wherer = 1 or 2, so he called them urs and the
theory was ur-theory, but ur- isaso aprefix meaning ‘origind’ or ‘primitive in German so there
is a double meaning.

Just as bits can be combined to make volumes of information, urs can be combined by tensor
products to define higher-dimensiona state spaces. It is aso possible to quantise a second time,
each u- of the quantum bit is replaced with a crestion and annihilation operator, just aswhen a
harmonic oscillator is quantised. This defines a more structured object which includesthe
symmetries of space-time. Jugt as quantisation of afied generates a multi- particle theory, the urs
can be quantised again. This third quantisation generates a primitive form of field theory.

Perhaps further quantisation can produce more of the structures of physics but the work remains
incomplete.

Penrose Spin Networ ks

In 1971, Roger Penrose initiated an inspired attempt to derive the properties of space-timefrom
combinatorics. Like Weizsacker, he recognised the importance of spin-haf and the way spins
can be combined to make higher spins. Penrose was able to define discrete networks of spins
which possessed geometric properties of three-dimensiond space. Later a connection was found
between the spin networks and Regge's discrete lattice approach to quantum gravity. It was
discovered that spin networks solved quantum gravity in three dimensions. If only this could be
extended to four dimensions we would have found the holy grail of physics, atheory of space-
time combining generd relativity and quantum mechanics. However, gravity in three dimensons
ismuch smpler than in four dimensions. There are no gravitationa wavesin a universe with one
less space dimension than ours.

But spin-networks turned out to be significant for four-dimensiond quantum gravity too. Using
the canonica quantisation methods which had led to the loop representation, relativists
discovered that spin-networks should define a base of ates for quantum gravity. If only they
could discover the correct dynamics the breskthrough would be complete. There has aready
been much progress towards a four-dimensona theory of spin foams.
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An interesting aspect to this story which makes it rlevant here, is aremarkable parale between
the spin-network program started by Penrose and the ur-theory of Weizsécker. Both are based in
properties of SU(2) spinors. In ur-theory these spinors are regarded as the first quantisation of a
bit, and are then quantised twice more. Spin networks are aso derived by quantisng SU(2)

twice, but in rether different ways. SU(2) isfirst quantised to give the quantum group SUy(2), an
agebraic deformation of the origina group which was discovered in the 1980s. Then in 1992
Boulatov showed how you could define a quantisation of functions on quantum groups which
formed spin networks. This achieved the same end as Weizsicker but in a matheméticaly more
powerful form.

What dl this suggestsis that multiple quantisation is of some fundamenta importance to

physics. It had been known since nearly the beginning of quantum theory that second
quantisation was the way to congtruct quantum field theory, but this has aways been regarded as
aquirk rather than afundamenta feature. The first quantisation is often seen as amistake of little
sgnificance. Some physicists even want to get rid of the term second quantisation because they
didike that interpretation so much. It is possible that they will turn out to be utterly wrong and
Weizsacker's multiple quantisation will be seen as a great ingght many years ahead of itstime
when he first wrote about it in 1955.

What is Quantisation?

Quantisation as aformal process was introduced by Dirac as a generdisation of Heisenberg's
mechanics of non-commuting matrices. Dirac showed that in principle you can take any classicd
system based on aprinciple of least action and turn it into a quantum theory. Y ou just have to
systematicdly find the momenta p; corresponding to each position variable x; in the system and
then subgtitute operators for each position and momentum such that they satisfy a commutator
relation,

[x,, p,]=ho

i

The operators act on a state wavefunction ¥ which evolves accordi ng to agenerd form of the
Schrodinger equation.

If Planck's congtant h were zero this would merely mean that al operators commute like red
numbers, which iswhat happens in classical mechanics. Quantum mechanicsissaidto bea
deformation because it reduces to classica mechanics as a special case.

It israther curious that this process of quantisation exists. We now think of classical mechanics

asjust an gpproximation to the real quantum mechanics. The fact that it is possible to derive the
quantum mechanics from the classca gpproximation through a process of quantisation isjust a

handy trick of nature to which we should attach no greet significance, or should we?

The fact that we have to do a second quantisation to get field theory isdso just a curiosity, after

al, it only works exactly for asmple non-rdativigic sysem of non-interacting eectrons. In the
redl world the Schrédinger equation must be modified to make it rdativistic and gauged to
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introduce forces between the firgt and second quantisation. This certainly mucks up the
procedure. Then again, it isvery curious that things should work that way a al. Could multiple
quantisation as we now understand it nevertheless be an echo of some deep fegture of the fina
theory which just happens to become messed up as that theory is reduced to the approximation
we know of it?

In modern times the term quantisation has been used to mean things other than what Dirac and
Feynman meant. A symmetry from aclassca matrix group like SU(N) can be quantised to give
aquantum group SUy(N). Here quantisation is another type of deformation. g is acomplex
number parameter and in the specid case where g = 1 the quantum group reduces to the classical
one. Thisisnot quite the same process as Dirac's quantisation but the andogy goes further than
just borrowing the terminology. Thereisared sensein which quantisng a group with g=exp(ih)
isvery smilar to quantisng a system of mechanics. The suggestion is thet there is some much
more genera agebraic process of quantisation of which both these things are a specia case. We
do not yet know what that general processis.

Since Dirac'sfirg formulation, other equivalent waysto quantise aclassca system were found.
The mogt reveding of those was Feynman's path integrd. Again you could in principle take any
classica system with an action and quantise it using the path integra to define how the wave
function evolves. Mathematicians have found ways in which quantum groups can arise through
path integration too, but it isless direct.

Peth integrals may give aclearer picture of what quantisation redly is. Quantisng asystem

which has different states seems to have something about al the different ways of going from A

to B which are two different states of the system. In quantum mechanics these ways are the
possible time evolutions of the system between the two states but it may be possible to generdise
the concept further. In quantum field theory multiple particle systems are a derived consequence
of quantising aclasscd fidd theory.

Strangely, there are other types of particle which gppear as solutions of some classca systems.
They are cdled solitary waves or just solitons. A specid kind of soliton was discovered to be a
solution of classica non-abelian gauge theories and they are interpreted as magnetic monopoles.
What makes these epecidly strangeisthat they exist in the classicdl system and yet there may
be a dudity between monopoles and the ectricaly charged particles which only appear in the
quantum field theory. The dudity mixes up classical and quantum. There could be no clearer
sgnd that the role of quantisation in physicsis more specid than it has often been given credit
for.

The Supersymmetric ladder

| shall now demondtrate a supersymmetric ladder construction which generalises the discrete
fermion string symmetry. This congtruction may explain why structures of so many different
dimensions are important in string theory. It may aso provide some clues about what multiple
quantisgtion is.
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The fermionic operators which are strung together in the discrete string modd form a Heisenberg
Lie superagebra when the strings are removed. The universa enveloping dgebra of thisisthen a
Clifford dgebra. | would like to repest the string congtruction starting from agenerd Lie
superdgebra. To keegp things smple | will begin with just an ordinary Lie dgebraA.

As before, the dements of the Lie-algebra can be strung together on strings but this time the
commutation relationswill ook like this,

- L §

AB - B A = [AB]

T XA

The commutation relations can be shown to be consistent with the Jacobi relations provided the
functors satisfy the following associdivity relaionship,

Tav

and dso the smilar coassociativity relationship upside down. In thisway we can take out Lie
agebra A and generate anew Lie dgebraL(A). The process can be generdisedto alLie
superalgebra. In the case where A is a Heisenberg supera gebra there is a homomorphism from
L(A) onto the discrete string algebrawhich | defined previoudy. So this process can be regarded
asagenerdisation.

The interesting thing to do now islook a what happensif we apply the L ladder operator to the
gring dgebra. This can be visudised by circling the discrete strings around the network so that
they are replaced with tubes. The interpretation is that we generate a supersymmetry agebra as
string world sheets. The ladder operator can be applied as many times as desired to generate
higher-dimensiona symmetry algebras. Furthermore. There is dways a homomorphism from
L(A) back onto A. This makesit impossible to gpply the ladder operator an infinite number of
times to generate a single algebrawhich contains al the previous ones.

This last observation raises some interesting mathematica puzzles. The dgebraformed by

applying the ladder operator an infinite number of timeswill have the property that it is
isomorphic to the agebra formed by applying the ladder operator to itsdlf. It is certainly of
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interest to ask whether this Stuation actualy arises after just afinite number of steps of the
ladder. Would it be too daring to conjecture that the a gebra becomes complete after only 26
gepsin the ordinary Lie algebra case and 10 stepsin the supersymmetric case?

To progress further it will be necessary to study more generd categories like those defined by
Skein relations. Mahematica physicists such as Louis Crane have looked at ways to construct n-
categories by stepping up aladder of dimensions. The symmetries | have described here could be
ardated to such structures. The hope isthat afull theory of quantum gravity and string theory

can be constructed algebraicdly in such afashion.

Theladder of dimensions

In string theory thereis evidence that membranes and space-times of various different
dimensions play important roles. According to a principle of p-brane democracy we should not
regard any particular objects as more fundamental than others. Some may be seen as composites
in one manifestation but in adua theory the roles may be reversed. What smple explanation can
account for such adiversity of fundamentd objects.

It is possible to go down the scale of dimensions by compactifying space-times. From M-theory
in 11 dimensons or Ftheory in 12 dimensionsit is possible to congtruct the important critical
gring theoriesin 10 dimensons. The strings themsalves arise by winding membranes round the
compactified dimensions so embedded objects can aso be reduced in dimension. To construct
such theories from firgt principles it may be necessary to go the other way and open up hidden
dimengions but what is the process which performs this operation?

The suggestion of this chapter isthat it is quantisation which alows us to go back up the
dimensiond ladder. Thisis supported in string theory by the observation that second quantised
gring theory in 10 dimensonsisfirg quantised M-theory in 11 dimensions. In generdl we should
expect a k-times quantised D-dimensiona theory to correspond to a (k- 1)-times quantised theory
in (D+1) dimensions.

The ultimate theory may have the property that it is equivdent to itsdf under quantisation. In
other words, quantisation acts as a symmetry on the theory. Thisis consistent with the
observation of dasscd/quantum dudities in compeactified string theories. Invariance under
quantisation may be afundamenta principle which explains p-brane democracy.

Quantisation raises the dimensions of objects as well. Quantisation of a p-brane generatesa
(pt+1)-brane. Everything is ultimately built out of instantons and the process of compostion is
multiple quantisation, but ingtantons too can be regarded as higher-dimensiona objectswhich
have been compactified so the process has no bottom as well as no top.

This dream of a structured theory of p-branesinvariant under quantisation will only be redised if
asuitable definition of quantisation can be found. It must be an dgebraic definition which can be
gpplied recursvely. The best candidate for amathematicd discipline in which such a definition
may be possible is category theory and its generdisation to n-category theory. Category theory is
away to describe objects and morphisms between them. n-categories permit higher-dimensiond
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processes which map between morphisms. It is known that n-categories are related to n-
dimengond topologica quantum field theories but thereis still much about them which is not
understood.

Mathematicd physicists such as John Baez have been studying their propertieswhich relate
beautifully to quantum theory and geometry. If the process of quantisation could be defined as a
condructive mapping from an n-category to an (n+1)-category the link between dimension and
quantisation would be established. A complete theory may be defined asthe &) -category which
is equivaent to itsalf under quantisation.

The Theory of Theories
The Theory That Flies

severybody knows, the job of atheoretica physicigt isto invent theories of the universe. A
nor‘r professond might ask aphydcig "What is charge?' or "What istime?' or "What is
igravity?' He will be disappointed when the physicist replies that his theories do not even try
to explain what these things are. Theories are just mathematical models which make predictions
about how they will behave in experiments.

When pressed the physicist will probably admit that he does physics because he too seeks deeper
explanations of what things are and why things are the way they are in the universe. One day he
hopes to understand the most basic laws of physics and he hopes that they will provide an answer
to the mogt difficult question of dl, "Why do we exig?'

Physcigts can be justly proud of the fact that dmost everything in physics can be accounted for
with just asmal number of basic equations embracing generd relativity and the standard model
of particle physics. There remain many puzzles but those will probably be solved once a unified
theory of quantum gravity and the other forcesis found. Such atheory would be the find
fundamenta theory, athough it will not be the end of physics. The equations may be cast in

other forms but they would aways be exactly equivaent. Thereisno a priori reason why such a
theory should exist but, as Steven Weinberg arguesin "Dreams of aFina Theory", the
convergence of principlesin modern physics seems to suggest thet it does.

How many physicists have not wondered what principle of smplicity and beauty underlies that
find theory? Could we not take an intellectud leap and work it out from what we aready know?
Surely the equations which describe the evolution of the universe a its most fundamentdl leve
must possess some magica properties to distinguish them al the other equations which merdly
describe hypotheticd universes. What could be so unique about them that they take on alife of
thar own? As John Wheder put it: What makes them fly?
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Some people imagine that some reason for existence was present at the moment of creation.
Some cause must have brought the universe into being in a"big bang”" and the laws of physics
were set there and then, they say. | have dready argued againgt such tempora causdity in all
formsand | aso see no reason to believe that the Big Bang is not a unique event in the cosmos.
Thet leaves ontologica causdity which iswhat | am discussng here.

The Nature of Nature

If thereisredly aunique principle on which the laws of physics are founded then to understand

it we should look for cluesin the nature of nature, or as Feynman cdled it; the character of
physicd law. Onething is clear: Nature uses mathematics. If this were not the casg, if nature was
governed ingtead by a committee of demons who made nature follow their whims, then there
would be little hope for us to understand physics and predict the outcome of experiments or
invent new technology. Scientists would be replaced by sorcerers.

The relaionship between physics and mathematics seems to be much deeper than we yet
understand. In early history there wasllittle distinction between a mathematician and a physicist
but in modern times pure mathemeticians have explored their subject independently of any
potentia application. Mathematics has an existence of its own. Those pure matheméticians have
congtructed a huge web of logica structures which have aremarkable inner beauty only apparent
to those who take the time to learn and explore it. They would usudly say that they discovered
new mathematics rather than invented it. It isamost certain that another intelligence on another
planet, or even in adifferent universe, would have mathematicians who discover the same
theorems with just different notation.

What becomes so surprising is the extent to which mathematical structures are gpplicable to
physics. Sometimes a physicist will discover auseful mathematical concept only to be told by
mathematicians that they have been studying it for some time and can hep out with along list of
useful theorems. Such was the case when Heisenberg formulated a theory of quantum mechanics
which used matrix operations previoudy unfamiliar to physicigs. Other examples abound,
Eingtein's gpplication of non-Euclidean geometry to gravitation and, in particle physics, the
extensve use of the classfication of Lie groups.

Recently the mathematica theory of knots has found a place in theories of quantum gravity.
Before that, mathematicians had considered it an area of pure mathematics without gpplication
(except to tying up boats of course). Now the role played by knotsin fundamental physics seems
so important that we might even guess that the reason space has three dimensonsisthat it isthe
only number of dimengons within which you can tie knotsin strings. Such is the extent to which
mathematicsis used in physics that physicigs find new theories by looking for beautiful
meathematics rather than by trying to fit functions to empirical data as you might expect. Dirac
explained that it was thisway that he found his famous equation for the eectron. The laws of
physics seem to share the mathematician's taste for what is beautiful. It is a degp mystery asto
why this should be the case. It iswhat Wigner called "the unreasonable effectiveness of
mathematics in the natura sciences'.
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It has aso been noted by Feynman that physical law seems to take on just such aform that it can
be reformulated in severd different ways. Quantum mechanics can be formulated in terms of
Heisenberg's matrix mechanics, Schrédinger's wave mechanics or Feynman's path integrals. All
three are mathematicaly equivaent but very different. It isimpossible to say that oneis more
correct than the others.

Perhaps there is a unique principle which determines the laws of physics and which explains why
there is such atight relationship between mathematics and physics. Some people imagine that the
principle must be one of smplicity. The laws of physcs are supposed to be the smplest possible
in which inteligent life could exigt. | condder this anon-gtarter. Smplicity is very subjective.

Y ou might attempt to define smplicity objectively by measuring the minimum length of a
computer program designed to carry out a Smulation of the universe but | do not accept thet this
isworkable. The smplest complex universe might then be something like a cdllular automaton
and the details would depend on the syntax of the computer language we choose. A principle of
amplicity would suggest thet thereis an optimal smplest form of the laws of physics whereas

we have seen that they want to be expressed in many equaly vaid mathematica forms.

Furthermore, if the laws of physics were merely some isolated piece of mathematics chosen for
its Smple beauty then there would be no explanation why so much of mathematicsis
incorporated into physics. There is no reason why one set of equations should "fly*. The
fundamentd principle of physics mugt be something more generd. Something which embraces
al of mathematics. It is the principle which explains the nature of nature. So what isit?

Can we ask why?

Perhaps we need to be more modest and first ask oursalves if we have the right to ask questions
about why we exist. Do why questions make sense? Causdlity originadly meant the principle that
everything has a cause. We have come to doubt this, especidly in the temporal form which says
that everything has a cause in the past. A neutron left on its own for afew minutes spontaneoudy
decays. Nothing came in from outside to make it happen and there is no clock indde a neutron
which counts down to the moment at which the decay must be set off. It just hgppens without a
cause. There are, however, reasons why neutrons decay. It can be explained in terms of the
interactions to which its condtituents are subject. Does everything have such an ontologica
cause?

Firg ask the question in mathematics where we think we understand the rules better. Let ustake
an example. Why is Pythagoras's theorem true? It is easy to prove. Look at these pictures
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The two outer squares are the same size and shape and so are the areas of the four right triangles
indde. Therefore the remaining areas indde must dso be equa o the square on the hypotenuse
isequd to the sum of the squares on the other two sides. This proof makes the theorem
obvioudy true a aglance but isit the reason why it istrue?

In an dternative proof aright triangle is divided in two by aline perpendicular to the hypotenuse
likethis

Thetriangle is split into two smdler right triangles and examination of the angles shows that

they must both be the same shape asthe origind but with different Sze and orientation. It is
known that the areas of such smilar shapes are proportiona to the square of the length of asde
such as the hypotenuse. Once the hypotenuse of each the three trianglesisidentified it is then
easy to see that Pythagorass theorem follows.

Now we have two aternative proofs and hence two dternative reasons for why the theorem is
true. Thereis no obvious relation between them so they appear to be distinct reasons. We can at
least say then that thereis no unigque reason why something is true in mathematics. Pythagoras
theorem follows by such proofs from the axioms of geometry chosen by Euclid, but modern
mathematics is often founded on a different set of axioms such as those of st theory. Using sets
it is possible to congtruct amode of the naturd numbers, then the rationa numbers and then the
redls. Euclidean space is then defined using Cartesian co-ordinates and the distance between two
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pairs of co-ordinates is defined to be the answer given by Pythagoras theorem. In this gpproach
Pythagorasis true (for some triangles at least) by definition.

Certainly there are some theorems in mathematics which have direct proofs which can be
consdered to be the unique reason that they are true. In generd, truth in mathematicsis
independent of proof and "why" questions cannot be said to have absolute answers. If thisistrue
in mathematics then we should not expect it to be different in physics. No such absolute causdity
can be guaranteed. We may wdll find areason "why" for many things that happen but they might
not be unique and may often not exist &t al. The question "why do we exist?" probably does not
have afind answer but we might at least hope to understand why the laws of physics take the
form that they do — as yet unknown — even if the answer is not unigue.

Many Anthropic Principles

The universe is populated by an impressive menagerie of objects which exhibit organised
complexity; acrystd, aflower, aplanet, agtar, agdaxy. They exis on al length scaes from the
atomic to the cosmologicd. Mogt impressive of dl (that we know of) are living beings like
ourselves.

Examination of the way that chemigtry, nuclear physics, astrophysics, cosmology and other
sciences are dependent on the detalls of the laws of physics suggests that the existence of so
much complexity is no accident. The precise values of various congtants of nature, such asthe
fine structure congtant, seem to be just right to alow organised complexity to develop. Perhaps
we might even say, just right to dlow life to develop. There are many famous examples such as
the nuclear resonance of carbon-12 which was predicted by Fred Hoyle in 1953. He redised that
without it the higher weight eements would not have formed and we would not exis.

This observation has ingpired much faith among physicists and philosophersin the anthropic
principle. The anthropic principle supposes that the laws of physics are indeed selected so that
intelligent life has a maximum chance of developing in the universe. Believers ask usto congder
firs why our planet Earth is so well suited to the evolution of life while other planetsin the solar
system seem to be more hosgtile. The answer is that we would not be on this planet to consider the
question if it were not suitable for life to evolve here. The same principle can then be extended to
the whole universe.

One way to understand the anthropic principle is to imagine that dl possble universes exigt with
avdidity which isequd to our own. When we say dl possible universes we might mean any
system which can be described by mathematics. Each such system has a set of physicd laws
which alow its structure to be determined in principle. Sometimes they will be smple and
beautiful and often they will be complex and ugly. Sometimes the phenomenology of such a
system will be dull or essly determined and nothing interesting will happen. Sometimesiit will

be so complicated that nothing can be determined, even a hypothetical computer smulation
would reved little of interest in the turmoil of those universes. Somewhere in between would
exig our universe which hasjugt the right balance of equationsin its physicd laws for intdligent
lifeto exigt and explore the nature of its environment.
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Another interpretation of the anthropic principle, developed by Lee Smalin, isthat thereis one
universe with aset of physica laws much as we know them. Those laws may have a number of
variableswhich determine the physical constants but which can vary in certain extreme
Stuations such as the collgpse of massive arsinto black holes. Universes governed by such
laws might give birth to baby universes with different physical constants. Through a process of
natural selection universes might evolve over many generations to have congtants which are
conducive to further procreation.

This might mean that they are optimised for the production of black holes and, from them, more
baby universes. Within this population of worlds there will be some with laws conduciveto life,
indeed, the production of black holes may be linked to the existence of advanced life-forms
which could have an interest in fabricating black holes as energy sources. This scenario makesa
number of demands on the nature of physica laws. In particular, it is essentia that some physica
parameters such as the fine structure congtants should be able to vary rather than being
determined by some equation. Future theories of quantum gravity may tel usif thisis so.
Smolin's explandtion of the laws of physcs cals on tempord causdity so it isnot in line with the
philosophy of this book.

|sthe Anthropic Principle Enough?

The Anthropic Principle is compelling enough for us to wonder if it can determine the laws of
physics on its own. | know of no convincing argument that it can. Thereis nothing in the
anthropic principle which explains why so many of the most degant discoveries of mathematics
are 0 important in physics. There is nothing to explain why there is so much symmetry in
physics, or why the eegant principle of least action isimportant or even why the laws of physics
should be the same in one place asthey are in another.

Y ou might try to argue that the laws of physics have to take a certain form because otherwise
they would be impossible to understand. | don't buy it! | am convinced that a suitable
mathematica system, perhaps even something as smple as acdlular automaton, can include
aufficient complexity that intelligent life would evolve within it. There must be a huge variety of
possible forms the laws of physics could have taken and there must be many in which life

evolves. In the case of cdlular automata, the cdlular physicigsliving in it would probably be

able to work out the rules of the automata because its discrete nature and smple symmetry would
be clear and easily uncovered. They would not need to know so much sophisticated mathematics
as we do to explore the physics of our universe.

The anthropic principle may wdl play arolein shaping our universe. The arguments given by its
proponents include lists of ways in which the laws of physics are apparently tuned to suit life. It
is hard not to be swayed even taking into account that we cannot be sure that life will not
deveop in different unknown ways in universes with different laws. Whether or not the principle
isvalid as an explanation for some of the characteristics of nature and the values of its
parameters | beieve that there must be some other principle which explains those other aspects
of physicd law.
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To understand the Theory of Theories we start from the same premise as we do with the
anthropic principle, i.e. that dl mathematicaly consstent models exist just as our own universe
exigs. We can smply take this to be our definition of existence,

We know from Feynman's Path Integral formulation of quantum mechanics that the evolution of
the universe can be understood as a superposition of dl possible historiesthat it can follow
classcdly. The expectation vaues of observables are dominated by a small subset of
possibilities whose contributions are reinforced by congructive interference. The same principle
isat work in gtatistical physics where avast Sate space is dominated by contributions at
maximum entropy leading to thermodynamic behaviour.

We might well ask if the same can be gpplied to mathematica systemsin generd to reved the
laws of physics as auniversa behaviour which dominates the space of dl possible theories and
which transcends details of the congtruction of individua theories. If this was the case then we
would expect the most fundamentad laws of physcs to have many independent formulations with
no one of them standing out as the smplest. This might be able to explain why such alarge
subset of mathematics is so important in physics.

Can we use the Theory of al Theories to explain why symmetry is so important in physics?
Thereisapartid answer to this question which derives from an understanding of critical
behaviour in gatigtical physics. Condder alattice gpproximation to a 'Y ang-Mills quantum field
theory in the Euclidean sector. The Wilson discretisation preserves a discrete form of the gauge
symmetry but destroys the space-time rotational symmetry. If we had more cardlessy picked a
discretisation scheme we would expect to break al the symmetry. We can imagine a space of
discrete theories around the Y ang- Mills theory for which symmetry islost a dmogt dl points.
The symmetric continuum theory exigis a a critica point in this space. Asthe critica point is
approached correlation lengths grow and details of the discretisation are lost. Symmetries are
perfectly restored in the limit, and details of al the different discretisations are washed out. If
thisisthe case then it seemsthat the critical point is surrounded by a very high density of points
in the space of theories.

Thisis exactly what we would expect if universal behaviour dominating in theory space wasto
exhibit high symmetry. It aso suggests that a dominant theory could be reformulated in many
equivaent ways without any one particular formulation being evidently more fundamentaly
correct than another. Perhaps ultimately there is an explanation for the unreasonable
effectiveness of mathematics in physics contained in this philosophy.

If physics soringsin such afashion from al of mathematics then it seems likely that discovery of
these laws will answer many old mathematica puzzles. Thereisno a priori reason to believe
that mathematica theories should have some universa behaviour, but if they did it might explain
why thereis so much cross-reference in mathematics. Perhgps mathematicians sense intuitively
when they are near the hot spots in the space of theories. They notice the heightened beauty, the
multitude of unexpected connections. Eventudly, left to their own devices mathematicians might
be capable of finding the centra source of the heat, if physicists do not get therefird.
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| am not done in thinking dong these lines. Physcigt Holger Nidlsen has made asimilar
conjecture and Edward Fredkin has suggested that the laws of physics may befoundin a
universdity class of cdlular automata. The generd philosophy isthe Soryteler's paradigm. All
dories are out there, told as mathematica possibilities. The rules of physics follow from a
dominating universal property of the ensemble of universes.

| think thereforel am...

S0, isit redly possble to derive the laws of physics from pure mathematics without any
reference to empirical observations as Descartes thought? If the Theory of Theoriesis correct
then the answer should be "yes'. At firg it ssemsrather hard to make progress with the theory of
theories beyond the philosophica conception, sinceiit is necessary to define an appropriate
topology and measure in the space of dl mathematical theories. Mathematicsis just too large for
this orisit?

Perhaps we could search for auniversa behaviour in the set of dl possible computer programs.
The set is sufficiently diverse to cover dl mathematics because, in principle, we can write a
computer program to explore any mathematical problem. John Whedler proposed this as a place
to start and called it It From Bit. Simple computer programs can be very complex to understand,
but we are not interested in understanding the details of any one. We are concerned about the
universa behaviour of very big programs randomly written in some (any) computer language.

The varigbles of alarge program would evolve in some kind of satistica manner. Perhapsthe
details would fade into the background and the whole could be understood using the methods of

datistica physics. Suppose one system (one theory, one universe) had a number N of variables;
its degrees of freedom.

a, &, ... AN

In addition there must be an energy function,

E(a, @, ... an)

In the system, a possible set of vaues for these variables would gppear with aweight given by

Z = exp[- E(ay, &, ... a)]

| have not said much about the values of these variables. They could be discrete variables or red
numbers, or points on a higher-dimensgond manifold. Somewhere in this complete set of
systems you could find something close to any mathematica universe you thought of. For
example, cdlular automatawould exist as limiting cases where the energy function forced
discrete variables to follow rules.

What did | mean when | said "close"? Two different sysemswould be isomorphic if therewas a

one to one mapping between them which mapped the weight function of one onto the weight
function of the other. We could define a distance between two systemns by finding the function
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mapping one to the other which minimised the correlations between them. This defines ametric
gpace with the minimum correlation as metric.

A powerful property of metric spacesis that they can be completed by forming Cauchy
sequences. Hence we can define alarger set of theories as the completed metric space of
daidicd sysems. By means of this technique we include even renormalisable | attice gauge
theories into the theory space. The renormalisation process can be defined as a Cauchy sequence
of finite datistica sysems. It remainsto define a naturd measure on this space and determine if

it hasauniversa point where the tota measure within any small radius of this point is larger than
the measure on the rest of the space.

Needlessto say, thisis quite a difficult mathematical problem and | am not going to solveit.
Perhaps | did not really get much further than Descartes!
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