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P R E F A C E

This book is an ode to physics.
I first fell in love with physics when I was a 

teenager. Admittedly, this was partly  because I re-
alised I was good at it. The subject seemed to be 
a fun mix of puzzle- solving and common sense, 
and I enjoyed playing with the equations, ma-
nipulating the algebraic symbols, and plugging 
in numbers so that they revealed the secrets of 
nature. But I also realised that if I wanted satisfy-
ing answers to the many deep questions about 
the nature of the universe and the meaning of ex-
istence bubbling up in my teenage mind, then 
physics was the subject I had to study. I wanted 
to know: What are we made of? Where do we 
come from? Does the universe have a beginning, 
or an end? Is it finite in extent, or does it stretch 
out to infinity? What was this  thing called quan-
tum mechanics that my  father had mentioned to 
me? What is the nature of time? My quest to find 
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answers to  these questions has led to a life spent 
studying physics. I have some answers to my 
questions now;  others I am still searching for.

Some  people turn to religion or some other 
ideology or belief system to find answers to life’s 
mysteries. But for me,  there is no substitute for 
the careful hypothesising, testing, and deducing 
of facts about the world that are the hallmark of 
the scientific method. The understanding we 
have gained through science— and physics in 
particular—of how the world is made up and 
how it works is, in my view, not just one of many 
equally valid ways of reaching the ‘truth’ about 
real ity. It is the only reliable way we have.

No doubt many  people never fell in love with 
physics, as I did. Perhaps they  were turned off 
from studying science  because they de cided, or 
perhaps  were told by  others, that it is a hard—
or a geeky— subject. And to be sure, getting to 
grips with the subtleties of quantum mechan-
ics can bring on a headache. But the won ders 
of our universe can and should be appreciated 
by every one, and gaining a basic understanding 
doesn’t take a lifetime of study. In this book, I 
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want to describe why physics is so wonderful, 
why it is such a fundamental science, and why it 
is so crucial to our understanding of the world. 
The  grand scope and sweep of physics  today are 
breathtaking. That we now know what (almost) 
every thing we see in the world is made of and how 
it holds together; that we can trace back the evo-
lution of the entire universe to fractions of a sec-
ond  after the birth of space and time themselves; 
that through our knowledge of the physical laws 
of nature we have developed, and continue to de-
velop, technologies that have transformed our 
lives— this is all pretty staggering. I still find my-
self thinking, as I write this: How can anyone not
love physics?

This book is intended to serve as an introduc-
tion to some of the most profound and funda-
mental ideas in physics. But the topics I cover 
are not ones you  will likely have encountered at 
school. For some readers, the book may be a first 
invitation into physics— one that  will entice you 
to learn more about it, maybe even pursue it as 
a lifelong journey of study and discovery, as I 
have. To  others, who may have gotten off on the 
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wrong foot with physics early on, it may serve as a 
gentle re introduction. For many, it may provoke 
won der at just how far humanity has come in its 
quest to understand.

To convey a working knowledge of what phys-
ics tells us about the nature of our world, I have 
selected an array of the most impor tant concepts 
in modern physics and attempted to show how 
they link together.  We’ll survey the vast range of 
this conceptual landscape, from the physics of 
the largest cosmic scales to that of the smallest 
quantum level; from physicists’ quest to unify the 
laws of nature to their search for the simplest pos-
si ble physical princi ples governing life; from the 
speculative frontiers of theoretical research to 
the physics that underpins our everyday experi-
ences and technologies. I  will also offer readers 
some new perspectives: ideas that we physicists 
have learnt to accept, but which we  haven’t done 
a very good job of conveying to  those outside our 
innermost circles of experts. For example, down 
at the subatomic scale, separated particles com-
municate with each other instantaneously despite 
being far apart, in a way that violates common 
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sense. This property, called nonlocality, may force 
us ultimately to revise our entire understanding 
of the structure of space itself. But, sadly, many 
non- physicists— and indeed some physicists—
misunderstand or misinterpret what this  really 
means.

A criticism levelled (usually by theoretical 
physicists) at many popu lar science books cov-
ering fundamental concepts in physics is that 
they  don’t always help the lay reader grasp what 
these concepts actually mean. In my view, this 
is  because the physicists who truly understand 
the concepts, and who write the research papers 
and come up with new theories, are not neces-
sarily the best at explaining their own ideas to 
non- physicists. But, in turn,  those who may have 
more experience and success with communicat-
ing their work to the public may not understand 
certain concepts deeply enough themselves to 
go beyond  simple analogies. Even if one un-
derstands the physics and can successfully (I 
hope) communicate with non- physicists, it is not 
a small challenge to explain terms like gauge in-
variance, duality, eternal inflation, the holographic 
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princi ple, conformal field theories, anti-de Sitter 
spaces or vacuum energy in a way that conveys 
real insight into the physics involved, without 
involving complex mathe matics. I have done my 
best, but  there may well be some readers who 
feel I could have done better. And, of course, 
this  will be true.

Nevertheless, if you wish to delve more deeply 
into any par tic u lar topics which I only touch on 
briefly  here, then  there are many books that do 
this brilliantly. I list at the end of the book some 
of  those I believe you would find the most acces-
sible and enlightening. Many of the books on this 
list describe the journey of scientific pro gress—
how physics has developed over the millennia 
since the ancient Greeks, how discoveries  were 
made, and how theories and hypotheses  were 
proposed and discarded.  These books often 
focus on the revolutions that have overturned 
previously held views about the universe and de-
scribe the leading players in  these historical ac-
counts. In this short book, however, I  won’t look 
back on how far  we’ve come; nor  will I say too 
much about how far we have yet to go (since I 
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don’t know, and also  because I suspect it is still 
a long way), although I  will focus in chapter 8 on 
what we know we  don’t know.

I have no par tic u lar theory to plug,  either. For 
example, when it comes to reconciling quantum 
mechanics with general relativity (the holy grail 
of modern theoretical physics), I do not subscribe 
to  either of the two main camps working  towards 
this goal: I am neither a string theory advocate 
nor a loop quantum gravity fan,1 since neither 
theory falls within my par tic u lar specialism; and 
when it comes to interpreting the meaning of 
quantum mechanics, I am neither a ‘Copenhag-
enist’ nor a ‘many worlds’ enthusiast.2 But, this 
won’t stop me from being somewhat polemical 
about  these issues now and then.

I  will also try not to become too embroiled 
in philosophical or metaphysical musings, even 
though  there is a temptation to do so when one 
is discussing some of the more profound ideas at 
the forefront of physics,  whether on the nature 

1   I  will of course explain what  these ideas involve  later.
2 Again, I  will explain  later.
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of space and time, the vari ous interpretations of 
quantum mechanics, or even the meaning of real-
ity itself. I do not mean by this that physics does 
not need philosophy. To give you an idea of how 
philosophy feeds into my subject at the most 
fundamental level, you may be surprised to know 
that physicists cannot yet even agree on  whether 
the job of physics is to figure out how the world 
really is, as Einstein believed—to reach some ul-
timate truth that is waiting out  there to be dis-
covered—or  whether it is to build models of the 
world and to come up with our best current stab 
at what we can say about real ity, a real ity that we 
may never truly know. On this  matter, I am on 
the side of Einstein.

To put it simply, I would argue that physics 
gives us the tools to understand the entire uni-
verse. The study of physics is a search for explana-
tions, but to embark on that search we must first 
ask the right questions, something phi los o phers 
are very good at.

And so, we  will begin our journey in a suit-
ably  humble frame of mind, one that, if  we’re hon-
est, we all share—as  children, as adults, and with 
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generations past and  future: one of not know-
ing. By thinking about what we  don’t yet know, 
we can think about how we can best find out. It 
is the many questions we have asked over the 
course of our  human history that have given us 
an ever- more- accurate picture of the world we 
know and love.

So,  here is the world according to physics.





T H E  W O R L D  A C C O R D I N G  T O  P H YS I C S





C H A P T E R 1

THE AWE OF 

UNDERSTANDING

While stories  will always be a vital part of  human 
culture, even in science— and our lives would 
be the poorer without them— modern science 
has now replaced many of the ancient mytholo-
gies and accompanying superstitious beliefs. 
A good example of how we have demystified 
our approach to understanding the world is the 
creation myths. Since the dawn of history, hu-
mankind has in ven ted stories about the origins 
of our world, and deities that  were instrumental 
in its creation, from the Sumerian god Anu, or 
Sky  Father, to the Greek myths about Gaia being 
created out of Chaos and the Genesis myths 
of the Abrahamic religions, which are still be-
lieved as literal truths in many socie ties around 
the world. It may appear to many non- scientists 
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that our modern cosmological theories about the 
origins of the universe are themselves no better 
than the religious mythologies they replace—
and, if you look at some of the more specula-
tive ideas in modern theoretical physics, you 
might agree that  those who feel this way have a 
point. But through rational analy sis and careful 
observation— a painstaking pro cess of testing 
and building up scientific evidence, rather than 
accepting stories and explanations with blind 
faith—we can now claim with a high degree of 
confidence that we know quite a lot about our 
universe. We can also now say with confidence 
that what mysteries remain need not be attrib-
uted to the super natural. They are phenomena 
we have yet to understand— and which we hope-
fully  will understand one day through reason, 
rational enquiry, and, yes . . .  physics.

Contrary to what some  people might argue, 
the scientific method is not just another way of 
looking at the world, nor is it just another cul-
tural ideology or belief system. It is the way 
we learn about nature through trial and error, 
through experimentation and observation, 
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through being prepared to replace ideas that 
turn out to be wrong or incomplete with bet-
ter ones, and through seeing patterns in nature 
and beauty in the mathematical equations that 
describe  these patterns. All the while we deepen 
our understanding and get closer to that ‘truth’—
the way the world  really is.

There can be no denying that scientists have 
the same dreams and prejudices as every one  else, 
and they hold views that may not always be en-
tirely objective. What one group of scientists calls 
‘consensus’,  others see as ‘dogma’. What one gen-
eration regards as established fact, the next gen-
eration shows to be naïve misunderstanding. Just 
as in religion, politics, or sport, arguments have 
always raged in science.  There is often a danger 
that, all the while a scientific issue remains unre-
solved, or at least open to reasonable doubt, the 
positions held by each side of the argument can 
become entrenched ideologies. Each viewpoint 
can be nuanced and complex, and its advocates 
can be just as unshakable as they would be in any 
other ideological debate. And just as with soci-
etal attitudes on religion, politics, culture, race, 
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or gender, we sometimes need a new generation 
to come along, shake off the shackles of the past, 
and move the debate forward.

But  there is also a crucial distinction to sci-
ence, when compared with other disciplines. A 
single careful observation or experimental result 
can render a widely held scientific view or long-
standing theory obsolete and replace it with a 
new worldview. This means that  those theories 
and explanations of natu ral phenomena that have 
survived the test of time are the ones we trust the 
most; they are the ones we are most confident 
about. The Earth goes around the Sun, not the 
other way around; the universe is expanding, 
not static; the speed of light in a vacuum always 
mea sures the same no  matter how fast the mea-
surer of that speed is moving; and so on. When a 
new and impor tant scientific discovery is made, 
which changes the way we see the world, not all 
scientists  will buy into it immediately, but that’s 
their prob lem; scientific pro gress is inexorable, 
which, by the way, is always a good  thing: knowl-
edge and enlightenment are always better than 
ignorance. We start with not knowing, but we 
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seek to find out . . .  and, though we may argue 
along the way, we cannot ignore what we find. 
When it comes to our scientific understanding 
of how the world is, the notion that ‘ignorance 
is bliss’ is a load of rubbish. As Douglas Adams 
once put it: ‘I’d take the awe of understanding 
over the awe of ignorance any day.’1

W H AT  W E   D O N ’ T  K N O W

It is also true that we are constantly discovering 
how much more  there is that we  don’t yet know. 
Our growing understanding yields a growing un-
derstanding of our ignorance! In some ways, as I 
will explain, this is the situation we have in physics 
right now. We are currently at a moment in his-
tory when many physicists see, if not a crisis in 
the subject, then at least the building up of a head 
of steam. It feels as though something has to give. 
A few de cades ago, prominent physicists such as 
Stephen Hawking  were asking, ‘Is the end in sight 

1 Douglas Adams, The Salmon of Doubt: Hitchhiking the 
Galaxy One Last Time (New York: Harmony, 2002), 99.
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for theoretical physics?’2 with a ‘theory of every-
thing’ potentially just around the corner. They said 
it was just a  matter of dotting the ‘i’s and crossing 
the ‘t’s. But they  were wrong, and not for the first 
time. Physicists had expressed similar sentiments 
towards the end of the nineteenth  century; then 
along came an explosion of new discoveries (the 
electron, radioactivity, and X- rays) that  couldn’t 
be explained by the physics known at the time 
and which ushered in the birth of modern phys-
ics. Many physicists  today feel that we might po-
tentially be on the verge of another revolution in 
physics as big as that seen a  century ago with the 
birth of relativity and quantum mechanics. I am 
not suggesting that we are about to discover some 
fundamental new phenomenon, like X- rays or ra-
dioactivity, but  there may yet be a need for another 
Einstein to break the current deadlock.

The Large Hadron Collider has not yet fol-
lowed up on its 2012 success in detecting the 
Higgs boson, and thereby confirming the ex-

2 This was the title of an article Hawking wrote in 1981: 
S. W. Hawking, Physics Bulletin 32, no. 1 (1981): 15–17.
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istence of the Higgs field (which I  will discuss 
later); many physicists  were hoping for the dis-
covery of other new particles by now, which 
would help resolve long- standing mysteries. 
And we still  don’t understand the nature of the 
dark  matter holding galaxies together or the dark 
energy that is ripping the universe apart; nor do 
we have answers to fundamental questions like 
why  there is more  matter than antimatter; why 
the properties of the universe are so finely tuned 
to allow for stars and planets, and life, to exist; 
whether  there is a multiverse; or  whether  there 
was anything before the Big Bang that created 
the universe we see.  There is still so much left 
that we cannot explain. And yet, it is hard not
to be dazzled by our success so far. While some 
scientific theories may turn out to be connected 
to each other at a deeper level than we thought, 
and  others may turn out to be entirely wrong, no 
one can deny just how far  we’ve come.

Sometimes, in the light of new empirical evi-
dence, we realise that we  were barking up the 
wrong tree. Other times we simply refine an idea 
that turns out not to be wrong, but just a rough 
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approximation that we improve upon to gain a 
more accurate picture of real ity.  There are some 
areas of fundamental physics that we might not be 
entirely happy with, where we know deep down 
that  we’ve not heard the final word, but which we 
nevertheless continue to rely on for the time being 
because they are useful. A good example of this 
is Newton’s universal law of gravitation. It is still 
referred to, grandly, as a ‘law’  because scientists 
at the time  were so confident that it was the last 
word on the subject that they elevated its status 
above that of a mere ‘theory’. The name stuck, de-
spite the fact that we now know their confidence 
was misplaced. Einstein’s general theory (note 
that it’s called a theory) of relativity replaced 
Newton’s law,  because it gives us a deeper and 
more accurate explanation of gravity. And yet, we 
still use Newton’s equations to calculate the flight 
trajectories of space missions. The predictions of 
Newtonian mechanics may not be as accurate 
as  those of Einstein’s relativity, but they are still 
good enough for nearly all everyday purposes.

Another example that we are still working on 
is the Standard Model of particle physics. This is 
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an amalgamation of two separate mathematical 
theories, called electroweak theory and quan-
tum chromodynamics, which together describe 
the properties of all the known elementary par-
ticles and the forces acting between them. Some 
physicists think of the Standard Model as nothing 
more than a stopgap  until a more accurate and 
unified theory is discovered. And yet, it is remark-
able that, as it stands now, the Standard Model 
can tell us every thing we need to know about the 
nature of  matter: how and why electrons arrange 
themselves around atomic nuclei, how atoms in-
teract to form molecules, how  those molecules fit 
together to make up every thing around us, how 
matter interacts with light (and therefore how al-
most all phenomena can be explained). Just one 
aspect of it, quantum electrodynamics, underpins 
all of chemistry at the deepest level.

But the Standard Model cannot be the final 
word on the nature of  matter,  because it  doesn’t 
include gravity and it  doesn’t explain dark  matter 
or dark energy, which between them make up 
most of the stuff of the universe. Answering 
some questions naturally leads to  others, and 
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physicists continue their search for physics ‘be-
yond the Standard Model’ in an attempt to ad-
dress  these lingering but crucial unknowns.

H O W  W E  P R O  G R E S S

More than any other scientific discipline, physics 
progresses via the continual interplay between 
theory and experiment. Theories only survive 
the test of time as long as their predictions con-
tinue to be verified by experiments. A good the-
ory is one that makes new predictions that can 
be tested in the lab, but if  those experimental 
results conflict with the theory, then it has to be 
modified, or even discarded. Conversely, labo-
ratory experiments can point to unexplained 
phenomena that require new theoretical devel-
opments. In no other science do we see such a 
beautiful partnership. Theorems in pure mathe-
matics are proven with logic, deduction, and 
the use of axiomatic truths. They do not require 
validation in the real world. In contrast, geology, 
ethology or behavioural psy chol ogy are mostly 
observational sciences in which advances in our 
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understanding are made through the painstaking 
collection of data from the natu ral world, or via 
carefully designed laboratory tests. But physics 
can only pro gress when theory and experiment 
work hand in hand, each pulling the other up 
and pointing to the next foothold up the cliffside.

Shining a light on the unknown is another 
good meta phor for how physicists develop 
their theories and models, and how they design 
their experiments to test some aspect of how 
the world works. When it comes to looking for 
new ideas in physics,  there are, very broadly, 
two kinds of researchers. Imagine  you’re walk-
ing home on a dark, moonless night when you 
realise that  there’s a hole in your coat pocket 
through which your keys must have fallen at 
some point along your route. You know they 
have to be somewhere on the ground along the 
stretch of pavement  you’ve just walked, so you 
retrace your steps. But do you only search the 
patches bathed in light beneath lampposts?  After 
all, while  these areas cover only a fraction of the 
pavement, at least you  will see your keys if they 
are  there. Or do you grope around in the dark 
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stretches in between the pools of lamplight? 
Your keys may be more likely to be  here, but they 
will also be more difficult to find.

Similarly,  there are lamppost physicists and 
searchers in the dark. The former play it safe 
and develop theories that can be tested against 
experiment— they look where they can see. This 
means they tend to be less ambitious in coming 
up with original ideas, but they achieve a higher 
success rate in advancing our knowledge, albeit 
incrementally: evolution, not revolution. In con-
trast, the searchers in the dark are  those who come 
up with highly original and speculative ideas that 
are not so easy to test. Their chances of success 
are lower, but the payoff can be greater if they are 
right, and their discoveries can lead to paradigm 
shifts in our understanding. This distinction is far 
more prevalent in physics than in other sciences.

I have sympathy for  those who get frustrated 
by the searchers and the dreamers, who often 
work in esoteric areas like cosmology and string 
theory, for  these are the  people who think noth-
ing of adding a few new dimensions  here or  there 
if it makes their maths prettier, or to hypothesise 
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an infinity of parallel universes if it reduces the 
strangeness in ours. But  there have been some 
famous examples of searchers who have struck 
gold. The twentieth- century genius Paul Dirac 
was a man driven by the beauty of his equations, 
which led him to postulate the existence of an-
timatter several years before it was discovered 
in 1932. Then  there’s Murray Gell- Mann and 
George Zweig, who in the mid-1960s in de pen-
dently predicted the existence of quarks when 
there was no experimental evidence to suggest 
such particles existed. Peter Higgs had to wait 
half a  century for his boson to be discovered and 
the theory that bears his name to be confirmed. 
Even the quantum pioneer Erwin Schrödinger 
came up with his eponymous equation with noth-
ing more than inspired guesswork. He picked the 
right mathematical form of equation even though 
he  didn’t yet know what its solution meant.

What unique talents did all  these physicists 
have? Was it intuition? Was it a sixth sense that 
allowed them to sniff out nature’s secrets? Possibly. 
The Nobel Prize winner Steven Weinberg believes 
it is the aesthetic beauty in the mathe matics that 
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has guided  great theoreticians like Paul Dirac 
and the  great nineteenth- century Scottish physi-
cist James Clerk Maxwell.

But it is also true that none of  these physicists 
worked in isolation, and their ideas still had to be 
consistent with all established facts and experi-
mental observations.

T H E  S E A R C H  F O R  S I M P L I C I T Y

The true beauty of physics, for me, is found not 
only in abstract equations or in surprising ex-
perimental results, but in the deep under lying 
princi ples that govern the way the world is. This 
is a beauty that is no less awe- inspiring than a 
breathtaking sunset or a  great work of art such 
as a Leonardo da Vinci painting or Mozart so-
nata. It is a beauty that lies not in the surprising 
profundity of the laws of nature, but in the decep-
tively  simple under lying explanations (where we 
have them) for where  those laws come from.3

3 Of course, beauty need not only be associated with sim-
plicity. Just as with  great art or  music,  there can also be beauty 
in the sheer complexity of some physical phenomena.
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A perfect example of the search for simplicity 
is science’s long and continuing journey to dis-
cover the basic building blocks of  matter. Take 
a look around you. Consider the sheer range of 
materials that make up our everyday world: con-
crete, glass, metals, plastics, wood, fabrics, food-
stuffs, paper, chemicals, plants, cats,  people . . .
millions of differ ent substances, each with its 
own distinctive properties: squidgy, hard, runny, 
shiny, bendy, warm, cold. . . .  If you knew noth-
ing of physics or chemistry, you might imagine 
that most materials have  little in common with 
each other; and yet we know that every thing 
is made of atoms, and that  there is only a finite 
number of differ ent kinds of atoms.

But our quest for ever- deeper simplicity does 
not stop  there. Thinking about the structure of 
matter goes all the way back to the fifth  century 
BC in ancient Greece, when Empedocles first 
proposed that all  matter consisted of four funda-
mental ‘ele ments’ (his ‘fourfold roots of every-
thing’): earth,  water, air, and fire. In contrast 
to this  simple idea, and around the same time, 
two other phi los o phers, Leucippus and his 
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pupil Democritus, proposed that all  matter was 
composed of tiny indivisible ‘atoms’. However, 
these two promising ideas conflicted with each 
other. While Democritus believed that  matter 
was ultimately made of fundamental building 
blocks, he thought  there would be an infinite 
variety of such differ ent atoms; whereas Em-
pedocles, who proposed that every thing was 
ultimately made up of just four ele ments, ar-
gued that  these ele ments  were continuous and 
infinitely divisible. Both Plato and Aristotle 
promoted the latter theory and rejected Dem-
ocritus’s atomism, believing that its simplistic 
mechanistic materialism could not produce the 
rich diversity of beauty and form of the world.

What the Greek phi los o phers  were  doing was 
not true science as we understand it today— apart 
from a few notable exceptions, such as Aristo-
tle (the observer) and Archimedes (the experi-
menter), their theories  were often not much more 
than idealised philosophical concepts. Neverthe-
less,  today, through the tools of modern science, 
we know that both of  those ancient ideas (atom-
ism and the four ele ments)  were, in spirit at least, 



The Awe of Understanding 17

along the right lines: that all the stuff making up 
our world, including our own bodies, and includ-
ing every thing we see out in space— the Sun, the 
Moon, and the stars—is all made of fewer than a 
hundred differ ent types of atoms. We also now 
know that atoms have internal structure. They are 
made of tiny, dense nuclei surrounded by clouds 
of electrons while the nucleus itself is made up 
of smaller constituents: protons and neutrons, 
which are in turn made of even more fundamen-
tal building blocks called quarks.

So, despite the apparent complexity of  matter 
and the immea sur able variety of substances that 
can be made up from the chemical ele ments, the 
truth is that the ancients’ quest for simplicity 
didn’t go far enough. As we understand phys-
ics  today, all the  matter we see in the world is 
made up of not the four classical ele ments of the 
Greeks, but just three elementary particles: the 
‘up’ quark, the ‘down’ quark, and the electron. 
That’s it. Every thing  else is just detail.

And yet the job of physics is more than just 
classifying what the world is made of. It is about 
finding the correct explanations for the natu ral 



18 chapter 1

phenomena we observe and the under lying 
princi ples and mechanisms that account for 
them. While the ancient Greeks might have de-
bated passionately about the real ity of atoms or 
the abstract connection between ‘ matter’ and 
‘form’, they had no idea how to explain earth-
quakes or lightning, let alone astronomical 
events such as the phases of the Moon or the 
occasional appearance of comets— although this 
didn’t prevent them from trying.

We have come a very long way since the 
Greeks of antiquity, and yet  there is also plenty 
that we still have to understand and explain. 
The physics I  will cover in this book is mostly 
the stuff we are confident about. Throughout, 
I  will explain why we are confident and point 
out what is speculative and where  there may 
be some wiggle room. Naturally, I anticipate 
that some parts of the story  will become out-
of- date in the  future. Indeed, an impor tant dis-
covery might be made the day  after this book’s 
publication that revises some aspect of our un-
derstanding. But that is the nature of science. 
Mostly, what you  will read about in this book is 
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established beyond reasonable doubt to be the 
way the world is.

In the next chapter, I explore the idea of scale. 
No other science so brazenly addresses such a 
vast range of scales, of time, space, and ener-
gies, as physics does, from the unimaginably tiny 
quantum world to the entire cosmos, and from 
the blink of an eye to eternity.

After gaining an appreciation for the scope 
of what physics can explain, we  will begin on 
our journey in earnest, starting with the three 
‘pillars’ of modern physics: relativity, quantum 
mechanics, and thermodynamics. In order to 
paint the picture of our world that physics has 
given us, we must first prepare the canvas, and 
in this case the canvas is space and time. Every-
thing that happens in the universe comes down 
to events that take place somewhere in space and 
at some moment in time. And yet, we  will see 
in chapter 3 that we cannot separate the canvas 
from the painting. Space and time themselves are 
an integral part of real ity. You may be shocked 
to discover just how differ ent the physicist’s 
view of space and time is from our everyday, 
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commonsense one, for it relies on Einstein’s 
general theory of relativity, which describes the 
nature of space and time and defines how we 
think about the fabric of the cosmos. Once this 
canvas is ready, we can proceed to prepare our 
paints. In chapter 4, I define what a physicist 
means by  matter and energy, the stuff of the 
universe: what it consists of, how it was cre-
ated, and how it behaves. One can think of this 
chapter as a companion to the previous one, 
because I also describe how  matter and energy 
are intimately related to the space and time in 
which they exist.

In chapter 5, I plunge into the world of the 
very small, zooming in and shrinking down to 
study the nature of the fundamental building 
blocks of  matter. This is the quantum world, our 
second pillar of modern physics, where  matter 
behaves very differently from our everyday ex-
periences, and where our grip on what is real 
becomes increasingly tenuous. And yet . . .  our 
understanding of the quantum is far more than 
a flight of fancy or mere intellectual diversion; 
without an understanding of the rules govern-
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ing the building blocks of  matter and energy, we 
would not have been able to build our modern 
technological world.

In chapter 6, we zoom out of the quantum 
world to see what happens when we put many 
particles together to make up larger, more 
complex systems. What do physicists mean by 
order, disorder, complexity, entropy, and chaos? 
Here, we encounter the third pillar of physics, 
thermodynamics— the study of heat, energy, 
and the properties of  matter in bulk. We are led 
inevitably to ask what makes life itself so spe-
cial. How is living  matter so differ ent from non-
living  matter?  After all, life must be subject to the 
same laws of physics as every thing  else. In other 
words, can physics help us understand the differ-
ence between chemistry and biology?

In chapter 7, I explore one of the most pro-
found ideas in physics, the notion of unification: 
the way we have sought, and found, over and 
over again, universal laws that bring together 
seemingly disparate phenomena in nature 
under one unifying description or theory. I con-
clude the chapter with a look at some of the 
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front- runners for an all- encompassing physical 
‘theory of every thing’.

By chapter 8 we  will have reached the limit of 
what we currently understand about the physi-
cal universe and can fi nally dip our toes in the 
vast ocean of the unknown. I explore some of the 
mysteries we are currently struggling with and 
speculate upon  whether we are close to solving 
them.

In the penultimate chapter, I discuss how the 
interplay of theory and experiment in physics 
has led to the technologies on which our mod-
ern world is built. For example, without quan-
tum mechanics, we would not have been able to 
understand the behaviour of semiconductors or 
invent the silicon chip, on which all of modern 
electronics is founded, and I would not be typ-
ing  these words on my laptop. I  will also take 
a look into the  future and predict how current 
research into quantum technologies is  going to 
revolutionise our world in unimaginable ways.

In the final chapter, I explore the notion of 
scientific truth, particularly in a ‘post- truth’ so-
ciety in which many  people remain suspicious 
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of science. How does the pro cess of science dif-
fer from other  human activities? Is  there such a 
thing as absolute scientific truth? And if the job 
of science is to seek out deep truths about nature, 
how should scientists convince wider society of 
the value of the scientific enterprise: the forming 
and testing of hypotheses, and rejecting them if 
they do not fit the data?  Will science ever come 
to an end one day when we know all  there is to 
know? Or  will the search for answers continue to 
lead us deeper down an ever-expanding abyss?

I promised you in the preface that I would try 
not to get too tangled up in philosophical mus-
ings, and yet  here I am  doing just that, and this is 
still only the Introduction. So, I  will take a deep 
breath and start us off again,  gently, with a sense 
of scale.
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SCALE

Unlike philosophy, logic, or pure mathe matics, 
physics is both an empirical and a quantitative 
science.1 It relies on the testing and verification 
of ideas through reproducible observation, mea-
sure ment, and experimentation. While physi-
cists can sometimes propose exotic or outlandish 
mathematical theories, the only true mea sure of 
their efficacy and power is  whether they describe 
phenomena in the real world against which we 
can test them. This is why Stephen Hawking 
never won a Nobel Prize for his work in the mid-
1970s on the way black holes radiate energy, a 
phenomenon known as Hawking radiation: the 
Nobel is only awarded to theories or discover-

1 Just for completeness, I should add that during the past 
couple of de cades a new discipline called experimental phi-
losophy has emerged.
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ies that have been confirmed  experimentally. 
Likewise, Peter Higgs and  others who made a 
similar prediction had to wait half a  century for 
the existence of the Higgs boson to be confirmed 
at the Large Hadron Collider.

It is also the reason why physics as a scientific 
discipline only began to make truly impressive 
advances once the tools and instruments necessary 
to test theories— through observation, experi-
mentation, and quantitative measurement— had 
been in ven ted. The ancient Greeks may have 
been brilliant at abstract thinking, developing 
subjects such as philosophy and geometry to 
a level of sophistication that is still valid  today, 
but— Archimedes aside— they  were not particu-
larly famous for their experimental prowess. The 
world of physics only  really came of age in the 
seventeenth  century, thanks to a large extent to 
the invention of the two most impor tant instru-
ments in all of science: the telescope and the 
microscope.

If we  were only able to understand the world 
we can see with our naked eyes, then physics would 
not have got very far. The range of  wavelengths 
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that can be ‘seen’ by the  human eye is just a sliver 
of the full electromagnetic spectrum, and our 
eyes are constrained to discerning only  those 
objects that are not too small and not too far 
away. While we can, in princi ple, see out to in-
finity, provided a sufficient number of photons 
make it to our eyes (and given an infinite amount 
of time for them to reach us!), this would not 
likely provide us with much useful detail. But, 
once the microscope and the telescope  were in-
ven ted, they opened up win dows on the world 
that dramatically increased our understanding, 
magnifying the very small and bringing closer 
the very far away. At last, we could make obser-
vations, and detailed mea sure ments, to test and 
refine our ideas.

On the 7th of January 1610, Galileo pointed his 
modified and improved spyglass up  towards the 
heavens and banished forever the notion that we 
were at the centre of the cosmos.2 He observed 

2 No doubt historians of science  will dispute this simplis-
tic claim. Galileo did not suddenly establish heliocentrism 
with his observations and  really only offered suggestive facts 
(like Jupiter’s moons).
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four of the moons of Jupiter and correctly 
inferred that Copernicus’s heliocentric model 
was correct— that the Earth goes around the Sun 
and not vice versa. By observing bodies in orbit 
around Jupiter, he showed that not all celestial 
bodies revolve around us. The Earth  isn’t at the 
centre of the cosmos, but is just another planet, 
like Jupiter, Venus, and Mars, orbiting the Sun. 
With that discovery, Galileo ushered in modern 
astronomy.

But it  wasn’t just a revolution in astronomy 
that Galileo would bring about. He also helped 
put the scientific method itself on a firmer 
foundation. Building on the work of the me-
dieval Arab physicist Ibn al- Haytham, Galileo 
‘mathematised’ physics itself. In developing 
mathematical relationships that describe, 
and indeed predict, the motions of bodies, he 
showed beyond doubt that, as he put it, the 
book of nature ‘is written in mathematical 
language.’3

3 A quote from Galileo’s famous book, The Assayer (Ital-
ian: Il Saggiatore), published in Rome in 1623.
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At the opposite end of the scale to  Galileo’s 
astronomical observations, a very differ ent new 
world was opened up by Robert Hooke and 
Antonie van Leeuwenhoek with the  microscope. 
Hooke’s famous book, Micrographia, published 
in 1665, contains stunning drawings of miniature 
worlds, from the eye of a fly and the hairs on the 
back of a flea to  individual cells in plants, that no 
one had ever witnessed before.

Today, the range of scales open to explora-
tion by humankind is astounding. With electron 
microscopes we can see individual atoms, just 
a tenth of a millionth of a millimetre across, 
and with  giant telescopes we can gaze out to 
the furthest reaches of the observable universe 
46.5 billion light- years away.4 No other sci-
ence studies such a span in scale. In fact, forget 
resolutions to the size of atoms, a team at the 

4 The most distant light we can see, from the edge of the 
observable universe, has been travelling  towards us for over 
13 billion years and so shows us what the universe was like 
when it was very young. However, due to the expansion of 
space, the origin of this light is now much further away than 
13 billion light- years.
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University of St Andrews in Scotland recently 
showed me something mind- blowingly impres-
sive when it comes to mea sur ing the smallest 
length scales.  They’ve come up with a way of 
mea sur ing the wavelength of light using a device 
called a wavemeter, to an accuracy of a single 
attometre—or one- thousandth of the dia meter 
of a proton. They did this by passing  laser light 
through a short optical fibre, which scrambles 
the light into a grainy pattern called ‘speckle’, 
and then tracking how this pattern changes with 
the minutest of adjustments to the wavelength 
of the light.

And it is not only the range of length scales 
that physics embraces; we can also mea sure 
time from the minutest fractions of the twin-
kling of an eye to cosmic eternities.  Here is a 
stunning example. In an experiment carried 
out in Germany in 2016, physicists mea sured 
a period of time almost too short to imagine. 
They  were studying a phenomenon called the 
photoelectric effect, in which photons  free up 
electrons by knocking them out of atoms. The 
pro cess was first explained correctly by Einstein 
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in 1905 in a famous paper for which he won the 
Nobel Prize many years  later (and not for his 
work on the theories of relativity, as you may 
have thought).  Today, this pro cess of knocking 
electrons out of materials is called photoemis-
sion and is the way we turn sunlight into elec-
tricity in solar cells.

In the 2016 experiment, two special  lasers 
were used. The first fired an almost unimagin-
ably short pulse of ultraviolet  laser light at a jet 
of helium gas. The duration of this pulse was 
a mere ten thousandth of a trillionth of a sec-
ond, or 100 attoseconds (10−18 seconds).5 The 
second  laser was lower in energy (its frequency 
being in the infrared range) and its pulse dura-
tion was a  little longer than the first. Its job was 
to capture the escaping electrons, allowing the 
researchers to calculate how long it had taken 
them to be knocked out. The researchers found 
that this was even quicker: a mere tenth of the 
duration of the first  laser pulse. What is in ter-

5  There are more attoseconds in a single second than  there 
have been seconds since the Big Bang.
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est ing about this result is that the knocked- out 
electrons actually drag their heels a  little. You 
see, helium atoms each contain two electrons, 
and the ones that are knocked out feel the influ-
ence of the partner they leave  behind, which, 
ever so slightly, delays the ejection pro cess. It is 
staggering to think that a physical pro cess taking 
just a few attoseconds can actually be mea sured 
like this in the lab.

In my own field of nuclear physics,  there 
are pro cesses that are even faster than this, 
although  these cannot be mea sured directly in 
the lab. Instead, we develop computer models 
to explain the dif fer ent structures of atomic 
nuclei and the pro cesses that take place when 
two nuclei collide and react. For example, the 
first step in nuclear fusion— when two heavy 
nuclei come together like coalescing drops 
of  water to make an even heavier nucleus—
involves the very rapid reor ga ni za tion of all 
the protons and neutrons from both nuclei 
into the new combined nucleus. This quantum 
pro cess takes less than a zeptosecond (10−21
seconds).
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At the other extreme of the time scale, cos-
mologists and astronomers have been able to 
work out the age of (our part of ) the universe so 
precisely that we are now confident that the Big 
Bang took place 13.8242 billion years ago (give 
or take a few million years). Our confidence in 
the accuracy of this value may sound arrogant 
to some— and even unbelievable to  those who 
still cling to the medieval idea that the universe 
is only six thousand years old—so let me explain 
how we come to this figure.

Let me first make two impor tant assumptions, 
which I  will discuss in more detail  later on, but 
will now just say that they are both supported 
strongly by observational evidence: (1) that the 
laws of physics are the same everywhere in our 
universe, and (2) that space looks the same in all 
directions (the same density and distribution of 
galaxies). This gives us confidence that we can 
use the observations we make from Earth, or via 
satellite observatories in orbit around the Earth, 
to learn about the entire cosmos.  Doing this has 
allowed us to work out the age of the universe 
in several differ ent ways.
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For example, we can learn a lot by studying 
the stars in our galaxy. We know how long stars 
can live, depending on their size and bright-
ness, which determines how fast they burn 
via thermonuclear fusion. This means we can 
work out the age of the oldest stars, which 
sets a lower limit on how old our galaxy is, 
which in turn gives us a lower limit on the age 
of the  universe. Since the oldest stars are about 
12 billion years, the universe cannot be younger 
than that.

Then, by mea sur ing the brightness and co-
lour of the light entering our telescopes from 
distant galaxies, we can work out how fast the 
universe is expanding, both now and in the 
past. The further out we look, the further back 
in time we are probing, since the light we see 
will have taken billions of years to reach us and 
is thus bringing us information about the dis-
tant past. And if we know how fast the universe 
has been expanding, we can wind back the 
clock to a time when every thing was squeezed 
together in the same place: the moment of the 
universe’s birth.
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Quite separately, by studying the tiny varia-
tions in the temperature of deep space (the 
so- called cosmic micro wave background) 
we can get an accurate snapshot of the uni-
verse as it was before any stars and galaxies 
had even formed, just a few hundred thou-
sand years  after the Big Bang. This allows us 
to pinpoint the age of the universe even more 
precisely.

While it is one  thing to say that physics allows 
us to learn about the universe at the shortest and 
longest distance and time scales, what I find 
equally remarkable is that we have discovered 
laws of physics that apply across the entirety of 
these ranges. Maybe you do not find this surpris-
ing; maybe it is natu ral for you to assume that 
the laws of nature that operate on the  human 
scale should also work on other scales of dis-
tance, time, and energy. But this should be far 
from obvious.

To explore this further, I  will introduce three 
concepts that are not always taught to students 
of physics, but which most certainly should be: 
universality, symmetry, and reductionism.
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U N I V E R S A L I T Y

The first ‘universal’6 law of physics was discov-
ered by Isaac Newton.7 Whether or not he saw 
an apple fall from a tree on his  mother’s farm, 
triggering him to develop his law of gravitation, 
or what the mathematical formula articulating this 
law looks like, are not of importance  here. The 
crucial point is that Newton realised that the force 
that pulls an apple to the ground has the same 
origin as the force that keeps the Moon in orbit 
around the Earth— that a  simple mathematical 
relation can describe both pro cesses equally 
well. The way objects behave due to gravity 
here on Earth is the same as the behaviour of the 

6 I am using the word  here in a very general sense and 
not in the more specific way as understood by some physi-
cists working in the field of statistical mechanics.  There, the 
term ‘universality’, as introduced by the American physicist 
Leo Kadanoff in the 1960s, is the observation that  there are 
properties for a class of physical systems that do not depend 
on their detailed structure and dynamics but can instead be 
deduced from a few global par ameters.

7 In fact, Robert Hooke’s work on gravitation preceded 
that of Newton.
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Moon around the Earth, the planets around the 
Sun, and the Sun around the centre of the Milky 
Way galaxy. The gravitational force that shapes 
life on Earth is the same force that has  shaped the 
entire universe since the Big Bang. The fact that 
Newton’s description of gravity was superseded 
by Einstein’s more accurate one more than two 
centuries  later does not detract from this insight 
about the universality of gravity.

Einstein’s general theory of relativity, which 
improved on the predictions of Newton, also 
gave us an entirely new description of real ity, 
which I  will explore in greater depth in the next 
chapter. Indeed, Einstein’s theory demonstrates 
a universality that is quite astonishing, and I  will 
mention just one aspect of it  here to highlight 
what I mean. The beautiful mathematical con-
struct that Einstein presented to the world in 
1915 is also still our current best theory on the 
nature of space and time, and it is extremely ac-
curate. It also correctly predicts that a gravita-
tional field  will slow down the passage of time: 
the stronger the field, the slower time runs. This 
effect has the strange consequence that time 
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ticks by ever so slightly slower in the Earth’s core 
(deep within its gravitational well) than it does on 
the surface. This difference in age that has accu-
mulated over the four and half billion years of our 
planet’s existence means that the core is in fact two 
and a half years younger than the crust. Put an-
other way, for  every sixty years of Earth’s history, 
its core has aged one second less than its crust. This 
figure has been calculated using the formula from 
general relativity, and it is not at all obvious how 
we might go about checking it experimentally, but 
such is our trust in the formula that no physicist is 
in any real doubt about its veracity.

If you think about the above prediction, you 
might find it somewhat paradoxical.  After all, if 
we  were to drill a hole through the Earth, then 
travel down to its centre, we would no longer 
feel the effects of gravity since the Earth would 
be pulling us equally in all directions—we would 
feel weightless. However, the effect on time is not 
due to the strength of the gravitational force at 
the centre of the Earth, which is zero, but rather 
to the gravitational ‘potential’  there. This is the 
amount of energy needed to pull a body from that 
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location out to a place far from Earth’s gravity 
entirely. A physicist would say that the core of 
the Earth is in the deepest part of the Earth’s po-
tential well, where the slowing of time is greatest.

We can even mea sure the difference in the rate 
of flow of time over a height of just a few me-
tres. A clock upstairs in your  house is in a slightly 
weaker gravitational potential (further from the 
Earth’s core) than a clock downstairs, and so runs 
ever so slightly faster. But this effect is extremely 
tiny: the two clocks would be out of sync by just 
one second  every hundred million years.

If you are feeling sceptical about all this, let 
me assure you that the quantitative effect of grav-
ity on time is very real indeed; if we  didn’t take 
it into account in modern telecommunications, 
the smartphone in your pocket would not be 
able to pinpoint your location anywhere nearly 
as accurately. Where you are on Earth relies on 
your phone sending and receiving signals from 
several GPS satellites in orbit. The time it takes 
for  these electromagnetic waves to cover the dis-
tance has to be known to within just a few hun-
dredths of a microsecond (so that your location 
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can be pinpointed to within a few metres). But 
this  doesn’t work if we assume that time runs at 
the same rate everywhere. In fact, the highly pre-
cise atomic clocks on board satellites gain around 
40 millionths of a second each day and so must be 
deliberately slowed down in order to match the 
rate of slower Earth- bound clocks. Without this, 
satellite clocks would gain time and your GPS 
location would drift by over ten kilometres each 
day— rendering the information useless.

What is also remarkable is that  those same 
equations of general relativity that predict the 
way gravity  causes tiny modifications to the rate at 
which clocks tick can also tell us about the longest 
time scales imaginable, mapping the history of the 
universe over billions of years all the way back to 
the Big Bang, and even predicting its  future. Ein-
stein’s theory of relativity applies equally well at 
the shortest and longest intervals of time.

But this universality only stretches so far. We 
know that, at the very tiniest of length and time 
scales, the physics of our everyday world ( whether 
according to Newton or Einstein) breaks down and 
must be replaced by the predictions of quantum 
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mechanics. Indeed, as I  will explain in the coming 
chapters, the very definition of time according to 
quantum theory differs dramatically from the way 
it enters into general relativity, which is just one of 
the many challenges still facing physicists in their 
attempts to combine relativity and quantum me-
chanics into one unified theory of quantum gravity.

SY M M E T R Y

The universality of the laws of nature has fasci-
nating mathematical origins and is linked with 
one of the most power ful ideas in science: sym-
metry. At a rudimentary level, every one under-
stands what is meant by a geometric shape that is 
symmetrical. A square is symmetrical  because if 
you draw a line vertically down its centre, split-
ting it in half (or  doing the same  thing with a 
horizontal or diagonal line), then swapping the 
two halves around  doesn’t alter its shape. You 
also achieve the same result if you rotate it in 
multiples of 90 degrees. A circle has even more 
symmetry,  because you can rotate it by any  angle 
without changing its appearance.
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In physics, symmetries can tell us something 
much deeper about real ity than just the invari-
ance of certain shapes when they are rotated 
or flipped. When physicists say that a physical 
system has a symmetry, they mean that some 
property of that system stays the same when 
something  else changes. This turns out to be a 
very power ful concept. ‘Global’ symmetries 
are when laws of physics remain the same ( there 
is no change in the way they describe some fea-
ture of the world) as long as some other change, 
or ‘transformation’, is applied equally every-
where. In 1915, Emmy Noether discovered 
that, wherever we see such a global symmetry 
in  nature, we can be sure to find an associated 
law of conservation (a physical quantity remain-
ing the same). For example, the fact that the laws 
of physics  don’t change when you move from one 
place to the next gives us the law of conservation 
of momentum, and the fact that the laws of phys-
ics  don’t change from one time to the next gives 
us the law of conservation of energy.

This has proven to be an extremely useful idea 
in theoretical physics and has deep philosophical 
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consequences. Physicists are always on the look-
out for deeper, less obvious symmetries that are 
hidden in their mathe matics. Noether’s theorem 
tells us that we  don’t ‘invent’ the mathe matics in 
order to have a way of describing the world, but 
rather, as Galileo observed, that nature speaks 
the language of mathe matics, which is ‘ there’, 
ready and waiting to be discovered.

The search for new symmetries has also helped 
physicists in their quest to unify the forces of na-
ture. One such mathematical symmetry— that is 
not so easy to explain—is called supersymmetry. 
We do not yet know if this is a true property of 
nature, but if it is, then it could help us solve a 
number of mysteries, such as what dark  matter 
is made of and  whether string theory is the cor-
rect theory of quantum gravity. The prob lem is 
that this symmetry predicts the existence of a 
number of as yet undiscovered subatomic par-
ticles.  Until we have experimental verification, 
supersymmetry remains just a neat mathemati-
cal idea.

Physicists have also learnt a lot— and picked 
up a stack of Nobel Prizes for their efforts—by 
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trying to find exceptions to the rules and laws 
that  these symmetries give us, an idea known 
as ‘symmetry breaking’. Have you ever sat at a 
circular dinner  table in restaurant or at a fancy 
function and forgotten  whether the side plate 
for your bread roll is to your left or your right? 
Before any of the guests at your  table touches 
anything, the neatly laid out arrangement of 
plates, glasses and cutlery is symmetric. Eti-
quette aside, it  doesn’t  really  matter which side 
your bread plate is on, but as soon as someone 
makes a choice and (correctly) places a bread 
roll on the side plate to their left, the perfect 
symmetry is broken and every one  else can fol-
low suit.

Symmetry breaking has helped physicists un-
derstand the building blocks of  matter: the ele-
mentary particles, and the forces between them. 
The most famous example relates to one of the 
two types of force acting within the confines of 
atomic nuclei, known as the weak nuclear force. 
Until the 1950s, the laws of physics  were thought 
to be exactly the same in a mirror reflection of 
our universe. This idea (swapping left and right) 
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is known as ‘parity conservation’ and is obeyed 
by the other three forces of nature: gravity, elec-
tromagnetism, and the strong nuclear force. But 
it turns out that the weak nuclear force, which is 
responsible for protons and neutrons transform-
ing into each other, breaks this mirror symmetry. 
It does not lead to exactly the same physics when 
left and right are switched over. This violation 
of reflection symmetry now forms an impor tant 
ingredient in the Standard Model of particle 
physics.

R E D U C T I O N I S M

Much of modern science has been built on the 
idea that to understand some complex property 
of the world, we need to break it down to its basic 
parts, like taking a mechanical clock apart to see 
how all the gears and levers fit together to make 
it work. This view, that the  whole is no more 
than the sum of its parts, is known as reduction-
ism, and it has been a staple of many disciplines 
in science to this day. The idea goes back to the 
Greek phi los o pher, Democritus, and his notion of 
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atomism— that  matter cannot be infinitely divided 
but is instead composed of basic building blocks. 
Later phi los o phers, like Plato and Aristotle, ar-
gued against atomism, believing that  there had to 
be something missing, which they thought of as 
‘the form of the  thing’, and which had to be added 
to the substance itself. Take, for example, the form 
of a statue. Its meaning and its essence are more 
than just the stone it is made of. This vague meta-
physical notion is not a part of modern physics. 
But thinking of  things in this way helps to make a 
clearer argument against reductionism.

Let’s take another example:  water. We can 
study the properties of a molecule of H2O as 
much as we want: the geometry of the bonds 
between the oxygen and hydrogen atoms and the 
quantum rules that govern this, the way  water 
molecules stick together and arrange them-
selves, and so on. But we would not be able to 
deduce the property of ‘wetness’ of  water by 
looking solely at its constituent parts down at 
the molecular level. This ‘emergent’ property 
only becomes apparent when trillions of  water 
molecules come together in bulk.



46 chapter 2

Does this then imply that the  whole is more 
than the sum of its parts, in the sense that  there is 
some extra physics that we need to include to ex-
plain, for example, the bulk properties of  matter? 
Not necessarily. The idea of emergence— that 
there are qualities of the physical world, like heat 
or pressure or the wetness of  water, that do not 
have counter parts at the level of atomic physics—
does not mean that  there is more to a system than 
the sum of its parts, provided  those emergent 
properties are still only built upon more funda-
mental concepts, such as the electromagnetic 
forces between subatomic particles in the case 
of  water.

The reductionist enterprise continued when 
physicists in the nineteenth  century attempted 
to understand the properties of complex sys-
tems that could not be explained by the  simple 
laws of Newtonian mechanics.  Towards the end 
of that  century, James Clerk Maxwell and Lud-
wig Boltzmann developed two new subfields 
of physics— thermodynamics and statistical 
mechanics— which helped physicists to learn 
about systems made up of many pieces by look-
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ing at them ‘in bulk’. (We  will look at  these areas 
of physics more deeply in chapter 6.) Thus, while 
it is true that we cannot mea sure the temperature 
or pressure of a gas by looking at how its individ-
ual molecules vibrate and bump into each other, 
we still know that temperature and pressure are 
due to nothing more than the collective behaviour 
of individual molecules. What  else can  there be?

But while this simplistic reductionist line of 
thinking is not wrong—in the sense that  there is 
no extra physical pro cess that magically appears 
when we zoom out from the molecular scale—it 
is of  limited usefulness when trying to describe 
the properties of a complex system. What we 
require is not ‘new’ physics, but ‘more’ phys-
ics, in order to learn about and understand how 
certain properties can emerge in a system from 
the collective behaviours of its constituents. The 
Nobel laureate Philip Anderson summed this 
view up in the title of a famous paper: ‘More is 
differ ent.’8

8 In this paper, published in 1972 [P. W. Anderson, Sci-
ence 177 (4047): 393–96}], Anderson made his argument 
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But knowing that more physics is needed 
when we put the constituent parts (the particles, 
atoms and molecules) together to make up bulk 
matter is not the same as saying we know what 
that missing physics is. This becomes clear if we 
try to find a unified picture of the physical uni-
verse. We are still unable to derive the laws of 
thermodynamics from the Standard Model of 
particle physics, for example—or indeed to do 
the reverse, since it is not obvious which of  these 
two pillars of physics is the more fundamental. 
And we are even further away from understand-
ing more- complex structures, such as what dis-

against extreme reductionism. He used as an example the 
hierarchy of scientific disciplines arranged in a linear order, 
from physics, as the most ‘fundamental’ science, to chemistry 
to biology to psy chol ogy to the social sciences. This hierarchy 
did not imply, he claimed, that one subject is just an applied 
version of the one below, since ‘at each stage, entirely new 
laws, concepts and generalizations are necessary, requiring 
inspiration and creativity to just as  great a degree as in the 
previous one. Psy chol ogy is not applied biology nor is biol-
ogy applied chemistry.’ As an argument against reductionism, 
I regard this as somewhat weak.  Whether or not a concept is 
fundamental does not depend on how profound it is, or how 
much inspiration or creativity was required to understand it.
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tinguishes life from non- life.  After all, you and I 
are still only made up of atoms, yet being alive 
is clearly more than just a  matter of complex-
ity, for a living organism is no more complex in 
terms of its atomic structure than an identical 
but recently deceased organism.

And yet . . .  maybe we can dream of a time 
when we are able to have a single unified physi-
cal theory that underpins all natu ral phenomena. 
Until then, suffice it to say, a reductionist line 
of thinking only gets us so far, and we need to 
use differ ent theories and models depending on 
what we are trying to describe.

T H E  L I M I T S  O F  U N I V E R S A L I T Y

Despite our quest for laws of physics that are 
universal, the limits of reductionism point to 
the fact that sometimes the world can behave 
very differently at differ ent scales and needs to 
be described and explained using the appropri-
ate model or theory. For example, on the scale 
of planets, stars, and galaxies, gravity domi-
nates every thing—it controls the structure of 
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the cosmos. But it plays no role, that we can de-
tect, down at the atomic scale where the other 
three forces (electromagnetism and the strong 
and weak nuclear forces) dominate. Indeed, 
prob ably the biggest unresolved prob lem in 
the  whole of physics— one we  will return to in 
chapter 5—is that the laws of physics that de-
scribe our everyday, so- called ‘classical’ world 
of  matter, energy, space, and time simply  don’t 
work when we shrink down to the world of in-
dividual atoms, where the very differ ent rules of 
quantum mechanics come into play.

Even at the quantum level, we often need 
to choose the appropriate model that is most 
applicable to the system we wish to study. We’ve 
known since the early 1930s, for example, that 
the atomic nucleus is made up of protons and 
neutrons; but in the late 1960s, it was discov-
ered that  these particles are not elementary, 
and are in fact made up of even tinier, more 
fundamental constituents: the quarks. This 
has not meant that nuclear physicists  were 
forced to describe the properties of nuclei 
using quark models. A simplistic reductionist 
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approach might suggest that this is necessary 
for a deeper, more accurate description of the 
atomic nucleus. But that would not be very 
helpful. To a very good approximation, when 
describing the properties of nuclei, protons and 
neutrons behave as though they are structure-
less entities and not composite systems of three 
quarks. So, while their properties and behaviour 
must ultimately be due to their deeper structure, 
this is not apparent or necessary if we wish to 
understand properties like the shape or stability 
of a nucleus. In fact, even within nuclear physics 
itself, a number of very differ ent mathematical 
models are employed— each applying best to a 
certain class of nucleus;  there is not a universal 
theory of nuclear structure.

This is what I mean by the world behaving 
differently at differ ent scales of size, duration, 
and energy. While two of the wonderful  things 
about physics are the universality of many of its 
theories and the way we can understand more 
about a system by digging deeper and under-
standing how its parts relate to the  whole, it is 
also true that we often have to choose the most 
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appropriate theory depending on the scale we 
are interested in. If you want to fix your wash-
ing machine, you do not need to understand 
the intricacies of the Standard Model of par-
ticle physics— even though washing machines, 
like every thing  else in the world, are ultimately 
made up of quarks and electrons. If we tried to 
apply our most fundamental theories about the 
quantum nature of real ity to  every aspect of our 
day- to- day lives, we  wouldn’t get very far.

Now that we have explored both the potential 
and the limitations of what physics can tell us—
from the power of the mathematical symmetries 
underpinning our physical laws, to the sheer 
scale over which  these laws can be applied, to the 
limitations of reductionism and universality—we 
are ready to get down to business. In the next 
chapter, I begin with the first of the three fun-
damental pillars of physics: Einstein’s relativity.



C H A P T E R 3

SPACE AND T IME

In such a short book I am unable to cover all 
areas of physics, fascinating though so many of 
them are. Instead, I have distilled our current 
understanding of the physical universe down to 
three central pillars: three pictures of real ity that 
come from very differ ent directions. The first of 
these, introduced in this chapter and the next, is 
built on the work of Albert Einstein in the early 
twentieth  century. It lays out our pre sent under-
standing of the way  matter and energy behave 
within space and time on the very largest scales 
due to the influence of gravity—an understand-
ing that is encompassed in his famous general 
theory of relativity.

In order to paint Einstein’s picture of the 
world, we must start with the canvas itself. Space 
and time are the substrates in which all events 
take place. However, such concepts are slippery. 



54 chapter 3

Common sense tells us that space and time 
should be in place from the start— that space is 
where events happen and the laws of physics are 
acted out, while the inexorable passage of time 
is, well, just is. But, is our commonsense view of 
space and time right? An impor tant lesson physi-
cists must learn is to not always trust common 
sense.  After all, common sense tells us that the 
Earth is flat, but even the Ancient Greeks un-
derstood that its sheer size meant we could not 
easily discern its curvature, but that  there  were 
simple experiments they could perform to prove 
that it was in fact a sphere. Similarly, everyday 
experience tells us that light has the properties 
of a wave and therefore cannot also behave as 
though it  were made up of a stream of individual 
particles. If it  were, how could we explain in-
terference patterns? And yet it has been proven 
beyond doubt, through careful experiments, that 
our senses can deceive us when it comes to the 
nature of light. And when it comes to the quan-
tum world, we must abandon many everyday no-
tions based on  simple intuition if we are to truly 
understand what is  going on.
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Learning not to always trust our senses is a 
valuable skill that physicists have inherited from 
the phi los o phers. As far back as 1641, René Des-
cartes argued in his Meditations on First Philoso-
phy that in order to know  things about the ma-
terial world that  were absolutely true, he first 
needed to doubt every thing, often despite what 
his senses  were telling him. This  doesn’t mean 
that we cannot believe anything we are told or 
shown, but that, according to Descartes,  those 
material  things he judges to be true ‘demand a 
mind wholly  free of prejudices, and one which 
can be easily detached from the affairs of the 
senses’.1

In fact, long before even Descartes considered 
this, the medieval scholar Ibn al- Haytham began 
a philosophical movement in the early eleventh 
century known in Arabic as al- Shukuk (The 
Doubts), and he wrote extensively, particularly 
on the celestial mechanics of the Greeks, that 

1 From the 1911 edition of The Philosophical Works of 
Descartes (Cambridge University Press), translated by Eliza-
beth S. Haldane, p.135.
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one should question past knowledge and not 
take what one is told without evidence. This is 
why physics has always been an empirical science 
relying on the scientific method of testing hy-
potheses and theories through experimentation.

Nevertheless, some of the most impor tant 
breakthroughs in physics have been the results 
of the logical conclusions drawn not from real 
experiments or observations, but from ‘thought 
experiments’, whereby the physicist considers 
some hypothesis and devises an imaginary ex-
periment that can test its consequences. Such an 
experiment may or may not be pos si ble to per-
form in practice, but it can still provide us with 
a valuable tool to learn about the world through 
the power of logic and reasoning alone. Some 
of the most famous thought experiments  were 
conducted by Einstein and helped him develop 
his theories of relativity. Once his theories  were 
fully developed of course they could be tested in 
real laboratory experiments.

When it comes to the meaning of space and 
time the difficulty we have is not surprising, for 
we are ourselves imprisoned within them, and it 
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is hard to  free our minds from their confines and 
‘see’ real ity from the outside. And yet, incred-
ibly, this is pos si ble to do. In this chapter, I  will 
outline our current understanding of the nature 
of space and time— a cele bration of the debt we 
owe to Einstein and his two beautiful theories 
of relativity.

H O W  D O E S  A  P H YS I C I S T 

D E F I N E  S PA C E  A N D  T I M E ?

An impor tant characteristic of Newtonian phys-
ics is that space and time have a real existence 
in de pen dent of the  matter and energy that exist 
within them. But phi los o phers the world over 
had contemplated this idea long before New-
ton. For instance, Aristotle believed that empty 
space did not exist in its own right— that with-
out  matter  there can be no space. Much  later, 
Descartes argued that space was no more than 
the distance (or ‘extension’) between bodies. Ac-
cording to  these two  great thinkers, the space 
inside an empty box only exists  because of the 
confines of the box— take away the walls of the 
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box, and the volume that was inside it no longer 
has any meaning.

But let us explore this example a  little. What 
if you subsequently discovered that the box was 
sitting within the empty space of a larger one? 
Does the space within the smaller box,  after its 
walls are removed, continue to exist now that 
it forms a part of the volume in the larger box? 
And must it therefore have been a real ‘ thing’ 
all along? Imagine now that the empty smaller 
box— where, by empty, I mean truly devoid of 
anything: a vacuum—is moving in a vacuum con-
tained within the larger box. Is the empty space 
inside the smaller box the same empty space as 
it moves, or is it occupying differ ent parts of the 
space within the larger box? This is easy to an-
swer if we replace the ‘empty space’ inside the 
sealed smaller box with  water. As the box moves 
around within a larger volume of  water, we can 
accept that it keeps the same  water molecules 
inside it while displacing the  water outside as it 
moves. But what if  there is no  water? And what if 
we now get rid of the physical walls of both boxes, 
and every thing  else in this imaginary universe, so 



space and time 59

that all that is left is nothingness? Is that nothing-
ness still something? Does this empty space exist 
ready to be filled with  matter, or to be contained 
within the confines of a box? Maybe I am just ask-
ing the same question in differ ent ways, but only 
because it is by no means a trivial one.

Isaac Newton believed that space has to exist 
in order for  matter and energy to be contained 
within it and for events to take place within it. 
But space exists, he argued, only as an empty 
nothingness, in de pen dently of the laws of phys-
ics that govern the behaviour of  matter and en-
ergy within it. For Newton, space is the canvas 
on which real ity is painted. For without space—
and time, of course—to fix events to, how would 
we be able to assign coordinates to locate events? 
Surely, they must happen at ‘some point’ in space 
and at ‘some moment’ in time. Without absolute 
space and time in place, how can we hope to an-
chor real ity?

But was Newton right? The answer we can 
give  today is both yes and no. (Sorry.) He was 
correct in the sense that space is real—it is more 
than just the gaps between  things, as Descartes 
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had argued. But he was wrong about space hav-
ing an absolute existence in de pen dently of what 
it contains.

These two statements sound contradictory . . .
until you learn about Einsteinian relativity. Ein-
stein proved that absolute space and absolute 
time do not exist as separate entities. But to ap-
preciate why this notion is necessary, I need to 
introduce you to the first of his two theories of 
relativity.

E I N S T E I N ’ S  S P E C I A L  T H E O R Y

Until Isaac Newton completed his work on the 
laws of motion, debates about the nature of time 
were considered to be the domain of philoso-
phy and metaphysics rather than proper science. 
Newton described how objects move and behave 
under the influence of forces, and since all mo-
tion or change requires time to make any sense, 
time had to be included as a fundamental part 
of his mathematical description of the world. 
But Newtonian time is absolute and relentless; 
it flows at a constant rate, as though  there  were 
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an imaginary cosmic clock ticking off the sec-
onds, hours, days, and years in de pen dently of 
the events and pro cesses taking place in space. 
Then, in 1905, Einstein brought the Newtonian 
world crashing down by revealing how time is 
connected to space at a deep level.

Einstein’s conclusion was that time is not ab-
solute: it  doesn’t run at the same rate for every-
one. If I see two simultaneous events— say, two 
flashes of light from sources on  either side of 
me— then someone  else moving past me at that 
very moment  will not see them happening at the 
same time, but rather one slightly  after the other. 
This is  because the rate of flow of time for each 
of us depends on our state of motion relative to 
each other. This weird notion is one of the very 
first lessons of relativity theory and is called the 
relativity of simultaneity. Let us take a step back 
and look at  these concepts more carefully.

Consider how sound waves travel to your 
ears. Sound is,  after all, nothing more than the 
vibration of air molecules that pass on energy 
through their collisions. Without  matter (air) 
there would be no sound. In space, no one can 
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hear you scream, as the byline to the 1980s movie 
Alien correctly pointed out.

Einstein’s insight was to suggest that, unlike 
sound waves, light waves do not need a medium 
to carry them. His theory rested on two ideas 
(known as the princi ples of relativity). The first, 
originating with Galileo, states that all motion is 
relative and that  there is no experiment that can 
be performed to show that someone or some-
thing is truly at rest. The second princi ple states 
that light waves travel at a speed that is in de-
pen dent of the speed of the source of the light. 
Both  these ideas seem reasonable,  until you dig 
a  little deeper into their implications. Let us con-
sider the second idea first— that light moves at 
the same speed for every one— and carry out a 
simple thought experiment.

Imagine an approaching car on an empty 
country road. The sound waves from its engine 
will reach you ahead of the car since they are trav-
elling faster, but their speed has to do with how 
quickly the vibrating air molecules can transmit 
them; they do not reach you any quicker if the 
car speeds up. What happens instead is that they 
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get compressed to shorter wavelengths. This is 
the well- known Doppler effect that we recog-
nise as the change in pitch of the car as it finally 
reaches you and goes past. When it is receding, 
the waves of sound are emitted from a progres-
sively longer distance away and therefore reach 
us stretched to longer wavelengths, and hence a 
lower pitch. So, while the wavelength of sound 
waves depends on the speed of their source, 
the speed of the waves themselves relative to 
us (how long they take to reach us) does not 
change  unless we start moving through the air 
towards the approaching car. So far, so good, I 
hope.

Light is differ ent. It does not need a medium 
to travel through, and with re spect to which we 
can mea sure its speed. This means that no one 
has a privileged position in which they can say 
they are truly at rest and therefore can reliably 
mea sure the ‘true’ speed of light. Einstein con-
cluded from this that we should all mea sure light 
to have the same speed regardless of how fast 
we are moving relative to each other. (Provided, 
that is, we are not undergoing any acceleration 
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or deceleration while mea sur ing the speed of the 
light some distance away from us.2)

Now consider two rockets approaching each 
other at constant speed close to that of light. But 
they have no reference point to argue over who 
is, or  isn’t, moving. An astronaut on board one 
rocket sends a pulse of light  towards the oncom-
ing second rocket, mea sur ing the speed of the 
pulse as it travels away from him. Since he can 
quite legitimately claim to be at rest, floating 
in empty space, while the other rocket is  doing 
all the moving, he should see the light moving 
away from him at its usual speed of just over 
one billion kilometres per hour,3 and he does 
indeed see this. But at the same time, the astro-
naut in the second rocket can also legitimately 
claim to be floating stationary in space. She too 

2 This is a technical detail. Basically, general relativity 
deals with non- inertial reference frames where spacetime 
appears curved due to gravity or acceleration. In such non-
inertial frames, you only mea sure light to have a constant 
speed as it passes close to you.

3 The speed of light in empty space is 1.0792528488  billion 
km/hr.
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will therefore expect to mea sure the speed of 
the light reaching her to be just over one bil-
lion kilometres per hour (since, like the sound 
waves from the car, the light’s speed should not 
depend on the speed that its source is approach-
ing her). And she does indeed mea sure light to 
have this speed. It would seem, therefore, that 
both astronauts mea sure the same light pulse 
to be travelling at the same speed, despite mov-
ing  towards each other themselves at near light 
speed!

This strange nature of light turns out to be a 
property of the speed at which it can travel rather 
than of light itself— a speed that is the maximum 
pos si ble in our universe and which stitches space 
and time together into one fabric. For the only 
way light can travel at the same speed for all ob-
servers regardless of how fast they themselves 
are moving relative to each other is if our con-
cepts of distance and time change.

Here is another example. Imagine that you, 
on Earth, send out a series of light pulses, or 
flashes, into space to chase down a friend who 
has headed off in a very fast rocket— a power ful 
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futuristic one that can travel at 99  percent of the 
speed of light. You  will mea sure the light pulses 
to be travelling away from you at one billion kilo-
metres per hour and therefore slowly overtaking 
your friend’s rocket at just 1  percent of the speed 
of light, in the same way that a car in the fast lane 
of a motorway that is travelling just  little faster 
than one in the slow lane overtakes it at a speed 
that is the difference between their two speeds. 
But what does your friend in the rocket see if she 
tracks the overtaking light pulses? Relativity the-
ory tells us that she  will see them overtaking her 
at one billion kilometres per hour. Remember, 
the speed of light is constant, and all observers 
see it travelling at the same speed.

The only way for this to make sense is if time on 
board the rocket is ticking by at a slower pace 
than for you on Earth. That way, what you see as 
the slow overtaking of a light pulse past the rocket 
win dow, your friend sees as a light pulse flashing 
past,  because very  little time will have elapsed 
on the rocket’s slower- ticking clock— although 
for your friend, the clock is ticking at a normal 
rate. Thus, one of the consequences of all observ-
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ers seeing light moving at the same speed is that 
we all mea sure distances and times differently. 
And we do indeed see this: the constancy of the 
speed of light for all observers is a fact, verified 
experimentally over and over again, and without 
which our world wouldn’t make sense.

The special theory of relativity resolves this 
counterintuitive situation beautifully by com-
bining time and space in order to retrieve some-
thing that we can all agree on. Imagine the  whole 
of space is contained within a vast rectangular 
three- dimensional box. To define an event tak-
ing place within the box we assign to it x, y, and 
z coordinates (indicating its position relative 
to the three axes of the box) along with a value 
for time (when the event took place). Common 
sense would tell us that the time value is quite dif-
fer ent from the three numbers defining the event’s 
location in space. But what if we could add a time 
axis to the three of space? It would need to be 
in a ‘direction’ that is at right  angles to each of 
the three spatial axes, which is impossible for 
us to visualise. This would result in a combined 
four- dimensional volume of space- plus- time. 
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An obvious simplification to help us with this 
visualisation is to sacrifice one of the dimen-
sions of space and collapse our 3- D volume onto 
a two- dimensional surface, leaving the freed-up 
third dimension to use as the time axis. Now, 
think of this static block of space and time as a 
giant loaf of sliced bread, where the time axis lies 
along the length of the loaf. Each slice of bread 
is a snapshot of the  whole of space at a single 
moment, while successive slices correspond to 
successive times. This is known in physics as the 
block universe model. While it is only three-
dimensional (two of space and one of time), we 
must not forget that it  really represents a four-
dimensional construct: 4- D spacetime. Mathe-
matically, we  don’t have a prob lem dealing with 
four dimensions; it’s just picturing them that is 
not pos si ble.

Perceiving 4- D spacetime from the outside, we 
would experience the totality of existence, not 
only of all space, but of all times: past, pre sent, 
and  future, coexisting and frozen. It is an impos-
sible viewpoint, an omniscient one,  because in 
real ity we are always trapped within the block 
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universe and we experience the passage of time 
as a steady crawl along the time axis, moving 
smoothly from one slice of the loaf to the next, 
like frames in a movie stacked alongside each 
other instead of end to end on a reel. The reason 
the concept of the block universe is so useful is 
because it allows us to understand our differ ent 
perspectives according to relativity theory. Two 
observers moving at high speed relative to each 
other might each rec ord two events— say, flashes 
of light— but they  will not agree on how far apart 
those flashes are or the time interval between 
them. This is the price we must pay if we are to 
all see light moving at the same speed. Viewed 
within the four dimensions of the block universe, 
spatial distances and time intervals can be com-
bined, so the separation between any two events, 
called the spacetime interval,  will be the same for 
all observers. Their disagreement about distances 
and times, if treated separately, turns to be noth-
ing more than differ ent perspectives in spacetime. 
You and I can look at a cube from differ ent  angles 
so that what I see as its depth (the distance mea-
sured along my line of sight)  will not appear the 
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same to you if you see it face on. It depends on 
the  angle at which we are looking at it. But we can 
nevertheless agree that it is a cube of equal- length 
sides, and that any differences are just down to our 
differ ent perspectives. The same is happening in 
the 4- D block universe. We  will always agree on 
spacetime intervals between events.

Event 1

Event 2

Space axis in A’s frame

Space axis in B’s frame

Time axis in
A’s frame

Time axis in

B’s frame

Spacetime interval
between the two
events is the same
in both frames

Distance between 
events according to A

Time between 
events according to A

F IGURE 1.  Events in spacetime— two observers, A and B, mov-
ing at high speed relative to each other, both see two events 
(flashes of light), which are separated in both space and time. 
They  will not agree on the distance between the events, or on 
the time duration between them. This is  because their space 
and time axes are differ ent. But in 4- D spacetime ( here two di-
mensions of space are ignored for simplicity) the (spacetime) 
interval between the two events in both frames is the same: 
the two right- angled triangles have the same hypotenuse even 
though each has a differ ent space distance and time distance.
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Einstein’s relativity teaches us that we must 
view  things within 4- D spacetime, in which both 
spatial and temporal distances become just a 
matter of perspective. No observer has the right 
to claim that their perspective of space and time 
is more correct than any other,  because we  will 
all agree once space and time are combined. 
Individual perspectives of space and time sepa-
rately are relative, but combined spacetime is 
absolute.

E I N S T E I N ’ S  G E N E R A L  T H E O R Y

Just as the special theory merges space with time, 
Einstein’s general theory of relativity links space-
time with  matter and energy, which I  will discuss 
further in the next chapter, to give a more pro-
found explanation of the concept of gravity than 
that of Newton. According to Newton, gravity is 
an attractive force: an invisible rubber band be-
tween masses that pulls them together and acts 
instantaneously between them no  matter how 
far apart they are. Einstein gives us a deeper and 
more accurate explanation: that the strength of 
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the gravitational pull that a body feels is a mea-
sure of the curvature of spacetime around it.

Again, this curvature is not something we can 
visualise. It is impossible to imagine flat 4- D space-
time, let alone when it’s curved. For most every-
day purposes, Newton’s depiction of gravity as a 
force is a good enough approximation to real ity, 
but its shortcomings become ever more evident 
when gravity gets a lot stronger, such as when we 
approach a black hole, or if we need to mea sure 
distances and times very accurately, such as on-
board GPS satellites. In such cases, we are forced 
to abandon the Newtonian picture and fully em-
brace Einstein’s vision of curved spacetime.

Since gravity is defined by the curvature of 
spacetime, this means that it influences the pas-
sage of time as well as the shape of space. For us, 
embedded within spacetime, this effect mani-
fests itself as a slowing down of time, in a simi-
lar way to what we see when objects move close 
to the speed of light. The stronger the gravity, 
the slower a clock  will tick compared to one far 
from the source of the field, in a ‘flatter’ region 
of spacetime.
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Unfortunately for  those who prefer complex 
ideas explained in plain language rather than 
dense mathe matics, most attempts by physicists 
to describe how and why time runs more slowly 
in stronger gravity fall short of  either explaining 
the phenomenon correctly or explaining it at all. 
But I  will try.

Just as two  people moving relative to each 
other  will, according to special relativity, mea sure 
each other’s clock ticking at a slower rate, a simi-
lar situation arises between the two observers if 
they are a fixed distance apart, but one of them is 
feeling a stronger gravitational pull— say, on the 
surface of the Earth, while the other is hovering 
far out in space. Again, the two of them  will dis-
agree on the time interval between events. As 
before, their clocks  will tick at differ ent rates: 
being deeper within the Earth’s gravitational 
well, where  there is more spacetime  curvature, 
the Earth observer’s clock will tick more slowly. 
However, unlike in special relativity, the situation 
here is no longer symmetrical, as she would see 
the clock out in space ticking more quickly. In a 
very real sense, gravity slows the flow of time. 
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We can say that the reason that a body ‘falls’ to 
Earth is  because it always moves to where time 
runs the slowest—it is trying to age more slowly. 
Isn’t that beautiful?

So much, then, for the effect of gravity on 
time. But what about space? What does general 
relativity tell us beyond the somewhat unhelp-
ful remark that gravity ‘ causes space to curve’? 
Remember how both Aristotle and Descartes 
argued that, without any  matter to fill it, space 
did not have an in de pen dent existence? Well, 
Einstein would take this a step further. Accord-
ing to his general theory,  matter and energy cre-
ate a gravitational field, and spacetime is nothing 
more than the ‘structural quality’ of this field. 
Without the ‘stuff ’ contained within spacetime, 
there is no gravitational field and hence no space 
or time!

This may sound somewhat philosophical, 
and I suspect even some physicists  will be un-
comfortable with it. The prob lem is, in part, 
down to the way we teach physics. We tend 
to start with special relativity and ‘flat’ space-
time ( because it is easier to teach and  because 
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Einstein hit upon it first), then we pro gress 
on to the more difficult general relativity, in 
which this flat spacetime is filled with  matter 
and energy, causing it to curve. In fact, con-
ceptually we should think of it the other way 
around, beginning with  matter and energy 
within spacetime. This way, special relativity is 
just an idealised approximation that only works 
when gravity is so weak that spacetime can be 
regarded as ‘flat’.

The point I wish to make is a subtle one, 
and you can take solace from the fact that even 
Einstein himself did not fully appreciate its im-
plications to begin with. Two years  after com-
pleting the general theory, he wrote a popu lar 
science book (or ‘booklet’, as he referred to it) 
entitled Relativity: The Special and the General 
Theory (A Popu lar Exposition), which was first 
published in German in 1916. Over the next 
four de cades of his life, as he honed his un-
derstanding of what the maths told him about 
the universe, he would add appendices to this 
booklet. In 1954, the year before he died, he 
wrote his fifth and final appendix: two dozen 
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pages of prose containing some of the most 
profound ideas ever produced by the  human 
mind.

To understand Einstein’s thinking, we must 
understand the concept of a ‘field’ in physics. 
The simplest definition of a field is that it is a 
region of space containing some form of en-
ergy or influence, in which  every point can be 
assigned a value that describes the nature of the 
field at that point. Think of the magnetic field 
surrounding a bar magnet. The field is stron-
gest close to the poles of the magnet and be-
comes progressively weaker the further away 
in space from the magnet we get. The pattern 
of iron filings that arrange themselves along 
the magnetic field lines is simply their way of 
reacting to the field they are immersed in. But 
the point I wish to make sounds too obvious to 
warrant stating: the magnetic field needs space 
to exist in.

In stark contrast, the gravitational field, as 
described by Einstein and created by the mere 
existence of  matter, is more than just a region of 
influence within space and time. It is spacetime. 



space and time 77

Einstein went to  great lengths in appendix 5 of 
his ’booklet’ to clarify his thinking on this. In a 
new preface to the 1954 edition, he says:

[S]pacetime is not necessarily something to 
which one can ascribe a separate existence, 
in de pen dently of the  actual objects of physi-
cal real ity. Physical objects are not in space, 
but  these objects are spatially extended. In 
this way the concept of ‘empty space’ loses 
its meaning.

Then, in appendix 5, he clarifies this further: 
‘If we imagine the gravitational field . . .  to be re-
moved,  there does not remain a space of the type 
(1) [i.e., flat spacetime], but absolutely nothing.’ 
Flat spacetime, ‘judged from the standpoint of 
the general theory of relativity, is not a space 
without field, but a special case . . .  which in it-
self has no objective significance. . . .  There is no 
such  thing as an empty space, i.e., a space with-
out field.’ He concludes, ‘Spacetime does not 
claim existence on its own, but only as a struc-
tural quality of the field.’ Building on the ideas of 
Aristotle and Descartes, Einstein generalised the 
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notion that  there is no space without material 
bodies and showed that  there is no spacetime 
without a gravitational field.

Just like our magnetic field, the gravitational 
field is a real physical  thing—it can bend, stretch, 
and undulate. But it is also more fundamental 
than the electromagnetic field: the electromag-
netic field needs the gravitational field to exist, 
since without a gravitational field  there is no 
spacetime.

E X PA N S I O N  O F  S PA C E

There is one final point I wish to make before I 
move on. A common confusion many have with 
the idea of spacetime curvature becomes appar-
ent when physicists describe the expansion of 
the universe. If spacetime is one big static four-
dimensional block, what does it mean when 
physicists talk about it expanding? How can 
something that includes time embedded within 
it expand?  After all, the word ‘expand’ suggests 
something changing with time, but that some-
thing contains time! The answer is that the ex-
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pansion of space that we observe through our 
telescopes does not involve any stretching of 
the time coordinate too. It  isn’t spacetime that 
is stretching, but rather only the three dimensions 
of space expanding as time moves forward. Al-
though spacetime is in some sense demo cratic, 
with time as just one of the four dimensions, we 
can algebraically manipulate the equations of gen-
eral relativity (by which I mean recast them in a 
slightly differ ent form) so that all distances  will 
now be multiplied by a ‘scale  factor’ that increases 
as time moves forward and only space expands.

Remember also that this expansion only hap-
pens in the vast expanses in between the galax-
ies,  because within the galaxies themselves the 
gravitational field that holds them together is 
strong enough to withstand the overall cosmic 
expansion. Galaxies are like the raisins embed-
ded within a loaf of rising bread in the oven. The 
loaf expands, but the raisins themselves remain 
the same size— they just become more separated 
from each other.

In terms of the block universe, imagine that 
our local spacetime sits within a ‘bread universe’ 
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in which successive slices of the loaf, as we move 
along the time axis from past to  future, get big-
ger. Floating outside of spacetime, you’d just see 
the static loaf with its increasing slice sizes. But 
from our vantage point trapped within the loaf 
(or within a figurative raisin within the loaf ), all 
we can experience is successively larger slices, 
and so we see a point (a distant galaxy, say) mov-
ing further away from us as we move through 
the slices.

Despite all  these deeply profound concepts, 
every thing about spacetime that I have described 
in this chapter comes from just one of the three 
pillars of modern physics. But space, according 
to relativity theory, is smooth and continuous. 
If we zoom in, smaller and smaller, we  will ul-
timately reach the domain of the second pillar 
of modern physics, quantum mechanics, where 
every thing is fuzzy and subject to chance and un-
certainty. What then happens to space and time 
at  these tiniest of length scales and shortest of 
intervals?  Will spacetime itself become grainy, 
like the pixels of an image magnified beyond its 
resolution? Maybe. We  will come to that soon.
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The block universe in relativity also says that 
we can think of time as static and unchanging, 
with past, pre sent, and  future coexisting as part 
of four- dimensional spacetime. But the third pil-
lar of physics, thermodynamics, tells us that the 
idea of time as ‘just another dimension’ is inad-
equate. Thermodynamics describes the way sys-
tems change with time; more than that, it gives 
a directionality to time that is missing from the 
three dimensions in space. In de pen dently of our 
own perception of time flowing in one direction 
only— born from the fact that we remember 
the past, live in the pre sent, and anticipate the 
future— there exists an arrow of time that points 
from the past to the  future, ruining the neat sym-
metry of the block universe.

But we are not yet ready to explore  these next 
two pillars of physics. First we must fill our space-
time with stuff:  matter and energy. The lesson 
from Einstein is that  matter, energy, space, and 
time are all intimate companions. We  will explore 
what this means in the next chapter.



C H A P T E R 4

ENERGY AND 

MAT TER

The general theory of relativity is mathemati-
cally encapsulated in what is known as Einstein’s 
field equation (actually a set of equations that 
can be written together in a compact form on a 
single line). But equations always have two sides 
separated by an ‘=’ sign, and the shape of space-
time is only half of the equation. I now wish to 
explore the other side.

Einstein’s equation expresses how a gravita-
tional field, or rather, the shape of spacetime, is 
determined by  matter and energy. It is often said 
that his field equation shows how spacetime is 
curved by  matter and energy and, at the same 
time, how  matter and energy behave in curved 
spacetime. The point is that, just as  matter and 
energy cannot exist without somewhere to exist 
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in,  there would, equally, be no spacetime with-
out  matter and energy. So, let us explore what we 
know about the ‘stuff ’ of the universe.

E N E R G Y

Energy is one of  those concepts we all feel we un-
derstand intuitively. For example, we say we feel 
‘low on energy’ if  we’re hungry, tired or unwell; 
conversely, if  we’re fit and well, we may feel ‘en-
ergetic’ enough to head for the gym. Sometimes, 
people use the term in a very unscientific way 
in phrases like ‘I could feel the positive energy 
in the room,’ or ‘You are giving off a lot of nega-
tive energy’. In physics, the concept of energy 
indicates the capacity to do work; thus, the more 
energy something has, the more it is able to do, 
whether that ‘ doing’ means moving  matter from 
one place to another, heating it up, or just storing 
the energy for  later use. The notion of energy has 
been used widely in physics for a  couple of cen-
turies, ever since it was found to be more useful 
as a concept than the admittedly more tangible 
notion of ‘force’— since we can feel forces, but 
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we do not always have a direct sense of energy 
if it is not in the form of heat or light.

The definition of energy as the capacity to 
do work does nevertheless link it to the idea 
of a force, for when we use the term ‘work’ in 
physics, we generally mean the ability to move 
something against a resisting force. For example, 
I need energy to move a heavy piece of furniture 
along the ground against the force of friction, 
or to lift something above my head against the 
pull of gravity. Similarly, a battery expends en-
ergy pushing an electric current through a cir-
cuit against a conductor’s re sis tance; and the 
heat energy stored in steam produces pressure 
to power turbines that transform this energy into 
electricity, which can then be used to produce 
mechanical work—or light and heat again.

Energy comes in many differ ent flavours: a 
moving body has kinetic energy; a body in a 
gravitational field has stored potential energy; 
and a hot body has thermal energy due to the 
motion of its atoms. But while all of this is cor-
rect, it  doesn’t get to the heart of what energy 
actually is.
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Let us begin with the law of conservation of 
energy, which states that the total amount of 
energy in the universe is constant. This follows, 
through Noether’s theorem, from a deeper idea 
of time symmetry: that all the laws of physics 
are ‘time translation invariant’, which leads to 
the total energy of a physical pro cess being con-
served over time. This has led to profound new 
insights, such as the prediction of the existence 
of new elementary particles. The conservation 
of energy also tells us that perpetual motion ma-
chines are impossible, since energy cannot be 
continually conjured up from nowhere.

On the face of it, you might think that this is 
all  there is to it: the total amount of energy in a 
system (indeed, in the entire universe) is con-
served, even though it changes from one form to 
another. But  there is something deeper about the 
nature of energy that I have not yet mentioned. 
In a rather loose sense, we can divide it into two 
types: useful energy and waste energy— a distinc-
tion that has profound consequences linked to 
the arrow of time. We know we need energy to 
run our world, to feed our transport and our 
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industries, to generate the electricity we use to 
light and heat our homes, to run our appliances 
and to power all our electronic devices. Indeed, 
energy is required just to sustain life itself.

Surely this cannot last forever. So,  will we one 
day run out of useful energy? Zooming out, we 
can think of the entire universe as a wound-up 
mechanical clock that is slowly  running down. 
But how can this be so if energy is always con-
served? Why  can’t energy circulate in definitely, 
changing from one form to another, but al-
ways  there? The answer turns out to be down 
to  simple statistics and probability, and what is 
known as the second law of thermodynamics. 
But if you  don’t mind, I  will save that discussion 
until chapter 6. For the moment let us move on, 
from energy to  matter.

M AT T E R  A N D  M A S S

Whenever we talk about the nature of  matter, 
we also need to understand the concept of mass. 
At the most basic level, the mass of a body is 
a mea sure of the amount of ‘stuff ’ it contains. 



energy and  matter 87

In everyday language, mass is often taken to 
mean the same  thing as weight. This is fine on 
Earth since the two quantities are proportional 
to each other: if you double a body’s mass you 
will also double its weight. But out in empty 
space, a body has no weight, even though its 
mass stays the same.

However, even mass does not always remain 
constant. The faster a body moves, the more its 
mass increases. This is not something you  will be 
taught at school, and Isaac Newton would have 
found it astonishing,  because it is yet another 
consequence of the nature of spacetime as eluci-
dated by Einstein’s Special Theory of Relativity. 
If you are wondering why we  don’t see this in 
everyday life, it is  because we do not typically 
encounter  things moving close to the speed of 
light, where the effect becomes noticeable. For 
example, a body moving at 87  percent of the 
speed of light, relative to some observer,  will be 
mea sured by that observer to have double the 
mass it has when it is not moving, and a body 
moving at 99.5  percent of the speed of light  will 
have ten times the mass it had when it was ‘at 
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rest’. But even the fastest bullet only travels at 
0.0004  percent of the speed of light, which means 
we generally do not experience relativistic ef-
fects or changes in moving bodies’ masses.

The increase in the mass of a body as it reaches 
a significant fraction of the speed of light does 
not mean that it grows larger in size, or that the 
number of atoms it contains increases, but rather 
that it gains more momentum (making it harder to 
stop) than you might expect based simply on its ‘at 
rest’ mass. According to Newtonian mechanics, a 
body’s momentum is the product of its mass and 
its speed, meaning that its momentum increases 
in proportion with its speed— you double its speed 
and its momentum doubles. But Newtonian me-
chanics says nothing about masses increasing 
when a body is moving. Special relativity gives us 
a differ ent (and more correct) ‘relativistic’ formula 
for momentum, which is no longer proportional 
to a body’s speed. In fact, momentum becomes 
infinite when a body reaches light speed.

This is a useful way of understanding why 
nothing can travel faster than light (another of 
the predictions of Special Relativity). Think of 
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the energy needed to make a body move faster. 
At low speeds, this energy gets transferred into 
kinetic energy (energy of motion) as the body 
speeds up. But the closer the body gets to the 
speed of light, the harder it gets to make it go 
even faster, and the more of the energy being put 
into it gets used to increase its mass instead. This 
notion leads to the most famous equation in phys-
ics: E = mc2, which links mass (m) and energy (E) 
together (along with the square of the speed of 
light, c) and suggests that the two quantities are 
transformable into each other. In a sense, mass 
can be thought of as frozen energy. And  because 
the speed of light squared is such a large number, 
a small amount of mass can be converted into 
a large amount of energy, or conversely, a large 
amount of energy freezes into very  little mass.

Therefore, we see that the law of conserva-
tion of energy is more accurately generalised to 
the law of conservation of energy and mass: the 
total amount of energy plus mass in the universe 
is constant over time. Nowhere is this notion 
clearer or more impor tant than in the subatomic 
world, where E = mc2  led to an understanding of 
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nuclear fission and the unlocking of the energy 
of the atomic nucleus. And it is E = mc2 that lies 
behind half a  century of accelerator laborato-
ries in which beams of subatomic particles are 
smashed together at ever higher energies to 
create new  matter— new particles— out of the 
energy of the collision. But  there are rules asso-
ciated with what sort of  matter particles can be 
created from energy, and we  will discuss some 
of them in the next section.

T H E  B U I L D I N G  B LO C K S  O F   M AT T E R

From the moment, over a  century ago, when Er-
nest Rutherford, with the help of Hans Geiger and 
Ernest Marsden, probed the interior of atoms for 
the first time, by aiming alpha particles at a thin 
gold leaf and watching how many passed through 
it and how many bounced back, physicists have 
been obsessed with delving ever deeper into the 
subatomic world. They first revealed the structure 
of atoms themselves— electron clouds surround-
ing a tiny, dense nucleus. Then, they looked in-
side the nucleus itself to discover that it is made 
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of smaller building blocks, protons and neutrons. 
And eventually, they zoomed in even deeper to 
reveal the elementary quarks hidden within the 
protons and neutrons. To give you an idea of scale, 
if an atom  were blown up to the size of a  house, 
then the volume within a proton or neutron in 
which the quarks are confined would be the size 
of a single grain of salt. And remember that atoms 
themselves are incredibly tiny: you can fit more 
atoms into a single glass of  water than  there are 
glasses of  water in all the oceans of the world.

At school, we learn about the electromagnetic 
force in the form of electrical or magnetic attrac-
tion or repulsion, but it plays an even more cru-
cial role down at the atomic scale. Atoms bond 
together in all sorts of combinations, to make 
simple molecules and complex compounds and ul-
timately the huge variety of differ ent materials we 
see around us. But how the atoms bind together 
comes down to the way their electrons arrange 
themselves around the nuclei, which is of course 
the very essence of chemistry, and this binding to-
gether of atoms to make up the stuff of our world 
is almost entirely due to the electromagnetic force 
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between the electrons. In fact, together with grav-
ity, the electromagnetic force is responsible,  either 
directly or indirectly, for nearly all the phenomena 
we experience in nature. On the microscopic scale, 
materials are held together by the electromagnetic 
forces between atoms. On the cosmic scale, it is 
gravity that holds  matter together.

Within the atomic nucleus is a very differ ent 
world. Since nuclei are made up of two types of 
particles, positively charged protons and neutral 
neutrons (collectively called nucleons), electro-
magnetic repulsion between the protons should 
force nuclei apart; and gravity is far too weak 
at this tiny scale to be of any use. And yet the 
constituents of nuclei are held together tightly. 
This is thanks to a differ ent force that works as a 
glue to stick protons to neutrons and even pro-
tons to protons, despite the repulsion of their 
positive charges. It is called the strong nuclear 
force and is felt most strongly between the even 
tinier constituents of protons and neutrons: the 
quarks themselves, which are bound together by 
‘force carrier particles’ called gluons. Thus while 
quarks are attracted to each other by exchanging 
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gluons, a quark and an electron interact via the 
electromagnetic force ( because they both have 
electric charge) by exchanging photons.

The quantum rules governing the struc-
ture, shapes and sizes of atomic nuclei are very 
complicated and  will not be discussed  here. 
Ultimately, however, it is the interplay of the 
repulsive electromagnetic force between the 
positively charged protons and the attractive
nuclear force between all nucleons (which is it-
self a remnant of the ‘strong’ force— the internal 
‘gluonic’ attraction between the quarks within 
the nucleons) that contributes to the stability of 
nuclei, and hence of atoms, and hence of all the 
matter around us, including us.

There is also another force— the fourth and 
final (known) force of nature, which is also—
mostly— confined within atomic nuclei. It is 
known simply as the weak nuclear force, and 
it arises from the exchange of W and Z bosons 
between certain particles (in the same way that 
quarks exchange gluons and electrons exchange 
photons). Like the strong nuclear force, this weak 
force also acts over very short ranges, and we 
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do not to see its effects directly. However, we 
are very familiar with the physical pro cesses 
triggered by this force, as it  causes protons and 
neutrons to transform into each other, which in 
turn leads to beta radioactivity: charged parti-
cles ejected from nuclei. Beta particles come in 
two types: electrons and their antimatter part-
ners, positrons, which are the same as electrons 
but with opposite charge. The pro cess is quite 
simple: if a nucleus has an imbalance between 
the number of protons and neutrons it contains, 
leading it to become unstable, then one or more 
protons or neutrons  will transform into the other 
to redress the balance. In the pro cess,  either an 
electron or a positron is created and ejected (en-
suring that electric charge is conserved). Thus, 
a nucleus with too many neutrons  will undergo 
beta decay in which a neutron  will change into 
a proton, and an electron is emitted, its negative 
charge cancelling out the positive charge of the 
created proton as is required (since the original 
neutron had no charge). Conversely, an excess 
of protons prompts one of them to convert into 
a neutron plus a positron that carries off the 
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proton’s positive electric charge, leaving a more 
stable nucleus  behind.

Protons and neutrons each contain three 
quarks, which come in two types (or ‘flavours’) 
known somewhat unimaginatively as ‘up’ and 
‘down’.  These two flavours carry dif fer ent 
fractions of electric charge. A proton contains 
two up quarks, each with a positive charge 
equivalent to two- thirds of the negative charge 
of an electron, and one down quark with nega-
tive charge that is just one- third of the elec-
tron’s. Added together they make up +1, the 
correct positive charge of the proton. The neu-
tron, on the other hand, consists of two down 
quarks and one up quark, so its total charge is 
zero.

In total, six differ ent flavours of quarks exist, 
each with a differ ent mass. As well as the up and 
down quarks that make up atomic nuclei, the 
other four are called ‘strange’, ‘charm’, ‘top’, 
and ‘bottom’— all arbitrarily chosen names. 
These quarks are heavier than the ‘up’ and the 
‘down,’ but only exist fleetingly. Fi nally, in addi-
tion to electric charge, quarks also have another 
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property known as colour charge, which relates 
to the strong nuclear force and helps explain the 
way quarks interact with each other.1

Electrons belong to another class of particles, 
called leptons, of which  there are also six types. 
Along with the electron,  there is the muon and 
the tau (short- lived heavy cousins of the elec-
tron) and three types of neutrinos (very light, al-
most undetectable particles that are formed dur-
ing beta decay). Leptons do not feel the strong 
nuclear force and do not carry colour charge.

To summarise, according to our current un-
derstanding, the Standard Model of particle 
physics tells us that  there are, overall, two kinds 
of particles: the  matter particles (the fermions), 
which include six flavours of quarks and six lep-
tons; and the force carrier particles (the bosons), 

1 As well as the threesomes of quarks making up nucleons, 
they can also come in pairs (strictly, quarks and antiquarks) 
to make up another class of particle called mesons. We still 
do not know for sure if quarks can combine to make more ex-
otic composite particles, such as so- called tetraquarks, which 
would be made up of two quarks and two antiquarks, or pen-
taquarks, with four quarks and one antiquark.
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which include the photon, the gluons, the W and 
Z, and of course the Higgs, which I  will discuss 
later on.

If all this sounds unnecessarily complicated, 
then you’ll be relieved to hear that for most 
practical purposes it  needn’t be so. Every thing 
you see: all the stuff that makes up our world, 
including our own bodies, and every thing we see 
out in space: the Sun, the Moon, and the stars, 
is all made of atoms, and all atoms are, in turn, 
made up of just two kinds of particles: quarks 
and leptons. Indeed, all atomic  matter consists 
of just the first two quark flavours (the up and 
down), plus one of the leptons (the electron). 
Although you may be surprised to know that the 
most common matter particle is the neutrino.

A  B R I E F  H I S T O R Y  O F 

M AT T E R  A N D  E N E R G Y

So how and when did all this  matter come to be 
in the first place? To understand this we need to 
zoom back out again and explore the cosmos on 
the largest scales.
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That our universe is expanding has been 
known for almost a  century. Astronomers ob-
served the light from distant galaxies to be 
stretched towards the red end of the electro-
magnetic spectrum (or, redshifted), indicating 
that  these galaxies are moving away from us. In 
fact, the further away galaxies are, the greater the 
redshift of their light and so the faster they must 
be moving. However, seeing galaxies receding in 
every direction does not mean that we occupy a 
privileged position in the centre of the universe. 
Rather, it means that all galaxies are moving away 
from each other,  because the space between them 
is stretching. Note that this expansion does not 
apply within clusters of galaxies, like our Local 
Group: the Milky Way, Andromeda, and a hand-
ful of smaller galaxies, which are close enough to 
each other to be gravitationally bound and thus 
able to resist the expansion of space.

But what, you may ask, has the expansion of 
the universe to do with the origin of  matter and 
energy? Well, this expansion is one of the most 
compelling pieces of evidence we have for the 
Big Bang— the moment 13.82 billion years ago 
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when our part of the universe was born in a state 
of incredibly high temperature and density. Put 
simply, if the universe we see is expanding now, 
with the galaxies flying apart, then every thing 
must have been closer together in the past. At 
some point in time, if we go back far enough, 
all the  matter, as well as the space containing 
it, must have been squeezed together.  There is 
therefore no location in the universe that we 
could travel to, plant a flag, and claim that the Big 
Bang happened  there. The Big Bang happened 
everywhere in the universe. And just to confuse 
you further, if the universe is infinite in size now 
(as it may well be), then it would have to have 
been already infinite in size at the Big Bang (since 
you cannot expand something finite to make it 
infinite— unless you have infinite time to do it!). 
That the Big Bang happened everywhere within 
already infinite space, rather than at some par-
tic u lar ‘place’, is an impor tant concept to grasp.

A more up- to- date, and conceptually more 
logical, take on this notion is that the Big Bang we 
refer to is only a ‘local’ event. It created just the 
vis i ble universe we are able to discern, whereas 
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the entirety of the infinite universe contains other 
distant regions of space beyond what we could 
ever see, and which had their own big bangs. This 
is one of the ways of explaining the idea of a mul-
tiverse, which I  will come to in chapter 8.

There is plenty of other evidence to support 
the Big Bang theory, too, such as the relative 
abundances of the light ele ments. About three-
quarters of the mass of all the  matter we see in 
the universe is in the form of hydrogen, and one 
quarter is helium (the next lightest ele ment).2
Only a tiny amount exists of all the other ele-
ments, most of which  were made in stars long 
after the Big Bang. This dominance of hydrogen 
and helium in the universe is predicted by the 
Big Bang theory and is exactly what we observe. 
And the  great  thing is that we  don’t need to travel 
around the universe to determine this composi-
tion. The light we collect in our telescopes car-

2 Note that I used the word ‘mass’  here. In terms of num-
bers of atoms in the universe, about 92% are hydrogen and 
only 8% are helium ( because helium is four times the mass 
of hydrogen).
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ries within it the telltale signature of the distant 
atoms that have produced it or that it has passed 
through on its journey to Earth. The fact that 
we can learn about the ingredients of the uni-
verse just by studying the light that reaches us 
from space is one of the most beautiful notions 
in science.

The other piece of evidence in support of the 
Big Bang— the discovery of which in 1964 fi-
nally confirmed the theory beyond reasonable 
doubt—is the existence of the so- called cosmic 
micro wave background (or CMB) radiation. 
This ancient light that fills all of space originated 
at a time, not long  after the Big Bang, when neu-
tral atoms first formed, during a period in the 
universe’s history called the ‘era of recombina-
tion’. It took place 378,000 years  after the Big 
Bang, when space had expanded and cooled 
enough for positively charged protons and 
alpha particles3 to capture electrons and form 

3 Alpha particles are nuclei of helium, the next lightest 
ele ment  after hydrogen. They consist of four nucleons: two 
protons and two neutrons.
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hydrogen and helium atoms. Before this, elec-
trons would have been too energetic to stick to 
the protons and alphas to make neutral atoms; 
consequently, photons (the particles of light) 
couldn’t travel very freely without bumping 
into and interacting with  these charged par-
ticles, so the  whole of space would have taken 
on a foggy glow. But, once the universe cooled 
enough for atoms to form, space became trans-
parent and the photons  were set  free. This light 
has been travelling across the universe in all di-
rections ever since.

This first light has also been losing energy as 
space expands, but not by slowing down, since 
light always travels at a constant speed. Instead, 
it is the wavelength of the light that has been 
stretched with the expansion of the space it is 
moving through, so that  today, billions of years 
later, it is no longer in the vis i ble part of the spec-
trum, but in the form of micro waves. Astrono-
mers have mea sured this micro wave radiation 
and found it to correspond to a temperature 
of deep space of a  little less than three degrees 
above absolute zero, a value that agrees with the 
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prediction of the Big Bang theory— which, by 
the way, was made before the mea sure ment.

But let us go back to an even  earlier time in 
our universe’s life, long before atoms  were even 
formed. It began as a stupendously hot  bubble of 
energy and, within a trillionth of a second, had 
cooled enough for subatomic particles, quarks 
and gluons, to form— condensing out from this 
energy as space expanded. To begin with,  these 
particles  were very energetic and roamed around 
unconfined in a hot soup called the quark- gluon 
plasma, at a temperature of trillions of degrees 
Celsius. Then, when the universe was a mere 
millionth of a second old, they began to clump 
together to form protons and neutrons (along 
with other heavier particles).  Matter then went 
through vari ous stages of evolution in  those first 
few seconds, with differ ent particles forming and 
disappearing. It is  here that we encounter one of 
the biggest outstanding unanswered questions in 
physics: the mystery of the missing antimatter.

A few years  after Paul Dirac predicted its exis-
tence in 1928, antimatter was discovered by Carl 
Anderson in cosmic rays: high- energy particles 
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from space that collide mainly with oxygen and 
nitrogen molecules in the Earth’s upper atmo-
sphere to produce a shower of secondary par-
ticles, including the electron’s antiparticle, the 
positron. We now know that all elementary 
matter particles (the fermions) have mirror-
image antimatter partners.4 When an electron 
and positron come into contact, they completely 
annihilate each other with their masses combining 
and transforming into pure energy via E = mc2.

The reverse of this annihilation pro cess is also 
continuously taking place down at the tiniest 
scales. If we could magnify the quantum realm, 
we would see particles and their antiparticles 
popping in and out of existence all the time in a 
constant exchange between  matter and energy. 
Thus, a photon, which is no more than a lump of 
electromagnetic energy, can transform itself into 
an electron and a positron in a pro cess known 
as pair creation. But, in the very early, dense 
universe, when particles and antiparticles  were 

4 The other type of particle, the force carriers like photons, 
are called bosons and technically do not have antiparticles.
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appearing and disappearing,  matter for some 
reason came to dominate over antimatter. The 
fact that we are  here at all indicates that this 
must have been so. We have yet to understand 
what happened to the ‘missing antimatter’ that, 
luckily for us, gave rise to the extra profusion of 
matter we see  today.

A few minutes  after the Big Bang, the condi-
tions  were right for protons (nuclei of hydro-
gen) to fuse together to make helium5 plus a tiny 
amount of ele ment number three, lithium. But 
as the universe expanded further, the tempera-
ture and pressure dropped below the threshold 
for heavier nuclei to be formed via the fusion of 
lighter ones. This is  because, for nuclear fusion 
to take place, the fusing nuclei must be energetic 
enough to overcome the mutual repulsion of their 
positive charges, but below a certain  matter den-
sity and temperature, this no longer happens.

A  little  later,  after the era of recombina-
tion, atoms began to clump together  under the 

5 Technically, there are several steps here, including the 
beta decay of protons into neutrons.
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influence of gravity— and I am holding back on 
the vital role played by dark  matter  here, but  will 
say more about it in chapter 8— and primordial 
gas clouds (proto- galaxies) began to form, and 
denser clumps of gas within them  were squeezed 
together even more dramatically by gravity  until 
they heated up sufficiently for the pro cess of fu-
sion to begin once again. Stars ignited, and the 
thermonuclear reactions taking place inside 
them produced new ele ments: carbon, oxygen, 
nitrogen, along with many of the other ele ments 
we find on Earth.

Most of this first generation of stars in the uni-
verse no longer exist, since they would have ex-
ploded as supernovae long ago, spewing much of 
their elemental contents out into space, leaving 
behind compacted  matter in the form of neutron 
stars or black holes. Heavier ele ments— that is, 
anything beyond iron in the periodic  table— are 
only created during violent events such as novae, 
supernovae, and neutron star mergers. The hot-
ter and the more extreme the conditions in a star, 
the further the nucleosynthesis pro cess is able 
to go, and the heavier the ele ments that can be 
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formed, such as silver, gold, lead, and uranium. 
This is  because the interiors of stars only reach 
the required temperature and density to make 
heavier ele ments during  these final intense mo-
ments of their lives, when they are densely com-
pressed, while at the same time violently shedding 
their outer layers.

The  matter ejected from exploding stars blends 
with interstellar gas, which can clump together 
again to form a new generation of stars. The fact 
that we find such heavy ele ments on Earth tells 
us that our Sun is such a second- generation star 
(at least). It is why you might have heard it said 
that we are all quite literally made of stardust, for 
indeed it is within stars that many of the atoms 
in our bodies  were made.

Now that I hope I have given you a sense of 
how  matter was formed in the universe and the 
intimate relationship between  matter and en-
ergy, space and time, we are ready to plunge 
down into the microcosm, a world of the very 
small that cannot be described by the general 
theory of relativity. It’s time to explore the sec-
ond pillar of physics: quantum mechanics.



C H A P T E R 5

THE QUANTUM 

WORLD

In 1799, Joseph Banks, president of the august 
Royal Society of London, founded a new estab-
lishment: the Royal Institution of  Great Britain, 
with the aim of introducing ‘useful mechanical 
inventions and improvements’ and ‘teaching [the 
general public] courses of philosophical lectures 
and experiments’. Ever since then, the Ri, as it 
is commonly known  today, has continued to put 
on public lectures and events, including its Fri-
day Eve ning Discourses— public lectures deliv-
ered in its Faraday lecture theatre— which have 
been an integral part of its programme since they 
were set up by Michael Faraday himself in 1826. 
I have had the honour of giving two of  these, the 
last one in 2013, when I talked about the subject 
of this chapter: quantum mechanics.
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Quantum mechanics is seen, quite rightly, as 
the most fascinating, yet at the same time most 
mind- boggling and frustrating scientific theory 
ever devised by humankind. In a par tic u lar seg-
ment of my lecture at the Ri, I discuss the famous 
‘two- slit experiment’, which describes what the 
American physicist Richard Feynman called the 
‘central mystery of quantum mechanics’.  After 
outlining just how astonishing the results of the 
two- slit experiment are— subatomic particles, 
fired one by one through a screen with two nar-
row slits in it, behaving as though they each 
travel through both slits at once, and giving rise 
to an interference pattern on a second screen—
I issued a challenge to my audience. If anyone  were 
able to come up with a ‘commonsense’ account of 
how this is pos si ble, they should get in touch with 
me, as they  will no doubt be up for a Nobel Prize.

I said this as a lighthearted joke— safe in the 
knowledge that no one has ever found a  simple 
explanation of this classic result despite many 
de cades of debate and hundreds of ingenious 
tests, leading physicists to reluctantly conclude 
that what ever is  going on  really does not have 
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a commonsense explanation. This  really is the 
way  matter behaves in the quantum world, and 
we just have to accept it. I also assumed, when 
I cast down the proverbial gauntlet, that I was 
addressing just the few hundred members of the 
Ri audience that Friday eve ning. But the Ri posts 
much of its educational material online, which 
included my lecture; and since then I have re-
ceived hundreds of emails from amateur scien-
tists claiming to have solved this central quantum 
mystery and suggesting that maybe physicists 
have forgotten to consider this or that mecha-
nism or detail.

I used to respond, but I confess that I  don’t 
any more. So, let me make amends for my lack 
of correspondence with  those folks who con-
tinue to puzzle over the mysteries of quantum 
mechanics, and describe some of its most impor-
tant, and non- intuitive, features. In this chapter 
we  will take a brief look at what this second pillar 
of modern physics tells us about the microcosm. 
Having devoted my own research  career, now 
careering into its fourth de cade, to its study and 
application, first in nuclear physics and more 
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recently in molecular biology, you  won’t be sur-
prised to hear that I regard quantum mechanics 
as the most power ful and impor tant theory in all 
of science.  After all, it is the foundation on which 
much of physics and chemistry is built, and it 
has revolutionised our understanding of how the 
world is built from the tiniest of building blocks.

A  Q U A N T U M  M E C H A N I C S  P R I M E R

The status of physics  towards the end of the 
nineteenth  century appeared to be complete. 
It had produced Newtonian mechanics, elec-
tromagnetism, and thermodynamics (which I 
will talk about in chapter 6) and showed that 
together  these three areas of physics success-
fully described the motion and behaviour of 
all everyday- size objects and pretty much all 
phenomena we encounter around us, from 
cannonballs to clocks, storms to steam trains, 
magnets to motors, and pendulums to plan-
ets. Collectively, the study of all  these  things 
is referred to as Classical Physics, and it is still 
predominantly what we are taught in school. 
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However, classical physics, while still pretty 
good, is not the  whole story. When physicists 
turned their attention to the microscopic con-
stituents of  matter— atoms and molecules—
they discovered new phenomena they  couldn’t 
explain with the physics they knew. It seemed 
that the laws and equations they  were using no 
longer applied. Physics was about to undergo 
a seismic paradigm shift.

The first major theoretical breakthrough— the 
concept of the ‘quantum’— was made by the Ger-
man physicist Max Planck. In a lecture in Decem-
ber 1900, he proposed the revolutionary idea that 
the heat energy radiated by a warm body is linked 
to the frequency at which its atoms vibrated, and 
consequently that this radiated heat is ‘lumpy’ 
rather than continuous, emitted as discrete pack-
ets of energy, which became known as quanta. 
Within a few years, Einstein had proposed that 
it  wasn’t just Planck’s radiation that was emitted 
in lumps, but that all electromagnetic radiation, 
including light, came in discrete quanta. We now 
refer to a single quantum of light— a particle of 
light energy—as a photon.
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Einstein’s proposal, that light is quantum in 
nature, was more than just a hunch. It explained 
one of the biggest outstanding scientific myster-
ies of the time, called the photoelectric effect— a 
phenomenon in which light, when shone on a 
metal surface, can knock electrons out of the 
metal’s atoms. This effect could not be explained 
if light  were a wave  because if so, then increasing 
the intensity (the brightness) of the light would 
mean increasing its energy, and we would ex-
pect the electrons knocked out from the metal 
to fly off faster. But, they  don’t.  There are just 
more of them. But if the energy of the light is 
proportional to its frequency rather than its in-
tensity, as Einstein proposed, then increasing 
its frequency (for example, from vis i ble to ultra-
violet) would cause the electrons to be knocked 
out with more energy. And, conversely, keeping 
the frequency (colour) of the light the same but 
increasing its brightness would just mean that 
more photons would be produced, and more 
electrons knocked out. This is exactly what is 
seen in experiments, and Einstein’s explanation 
fitted beautifully.
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And yet  there was, and still is, plenty of con-
trary evidence suggesting that light is made up of 
waves rather than a stream of particles. So which 
is it? Is light a wave or a particle? The answer, 
frustratingly, flying in the face of intuition and 
common sense, is that it can behave like  either, 
depending on how we look at it and the sort of 
experiment we devise to probe it.

And it is not just light that has this schizo-
phrenic nature. Particles of  matter, such as elec-
trons, can exhibit a wavelike nature, too. This 
general notion, tested and confirmed for almost 
a  century now, is known as wave- particle dual-
ity and is one of the central ideas of quantum 
mechanics. This does not mean that an electron 
is both a particle and a wave at the same time—
but rather that, if we set up an experiment to 
test the particle- like nature of electrons, we find 
that they do indeed behave like particles. But 
if we then set up another experiment to test 
if electrons have wavelike properties (such as 
diffraction or refraction or wave interference), 
we see them behaving like waves. It’s just that 
we cannot carry out an experiment that would 
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show both the wave and particle nature of 
electrons at the same time. It is absolutely vital 
to stress  here that, while quantum mechanics 
correctly predicts the outcomes of such ex-
periments, what it does not tell us is what an 
electron is— only what we see when we carry 
out certain experiments to probe it. The only 
reason this no longer drives physicists crazy 
with exasperation is that we have learnt to ac-
cept it. This balance between how much we can 
si mul ta neously know about an electron’s par-
ticle nature (its position in space) and its wave 
nature (how fast it is travelling) is governed by 
Heisenberg’s uncertainty princi ple, which is 
regarded as one of the most impor tant ideas in 
the  whole of science and a foundation stone of 
quantum mechanics.

The uncertainty princi ple puts a limit on what 
we can mea sure and observe, but many  people, 
even physicists, are prone to misunderstanding 
what this means. Despite what you  will find in 
physics textbooks, the formalism of quantum 
mechanics does not state that an electron can-
not have a definite position and a definite speed 
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at the same time, only that we cannot know both 
quantities at the same time. A related common 
misunderstanding is that  humans must play some 
kind of crucial role in quantum mechanics: that 
our consciousness can influence the quantum 
world, or even bring it into existence when we 
mea sure it. This is nonsense. Our universe, all the 
way down to its elementary building blocks at 
the quantum scale, existed long before life began 
on Earth—it  wasn’t sitting in some fuzzy limbo 
state waiting for us to come along, mea sure it, 
and make it real.

By the mid-1920s, physicists  were beginning 
to realise that the concept of quantisation is more 
general than just the ‘lumpiness’ of light or the 
‘waviness’ of  matter. Many physical properties, 
familiar to us as continuous, are, in fact, dis-
crete (digital rather than analog) once you zoom 
down to the subatomic scale. For example, the 
electrons bound within atoms are ‘quantised’ in 
the sense that they can only have certain specific 
energies and never energies in between  these 
discrete values. Without this property, electrons 
would continuously leak energy while orbiting 
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the nucleus,1 meaning that atoms would not be 
stable and complex  matter, including life, could 
not exist. According to nineteenth- century (pre-
quantum) electromagnetic theory, negatively 
charged electrons should spiral inwards  towards 
the atom’s positively charged nucleus. But their 
quantised energy states prevents this from hap-
pening. Certain quantum rules also define which 
energy states the electrons occupy and how they 
arrange themselves within atoms. As such, the 
rules of quantum mechanics dictate how atoms 
can bind together to make molecules, making 
quantum mechanics the foundation of the  whole 
of chemistry.

Electrons are able to jump between energy 
states by emitting or absorbing the correct 
amount of energy. They can drop to a lower state 
by emitting a quantum of electromagnetic en-
ergy (a photon) of exactly the same value as the 
difference in energies between the two states 

1 The term ‘orbit’  here is in fact wrong, since atoms are 
not miniature solar systems and electrons are not localised 
particles like tiny planets  going round the sun.
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involved. Likewise, they can jump to a higher state 
by absorbing a photon of the appropriate energy.

The sub- microscopic world, down at the scale 
of atoms and smaller, therefore behaves very dif-
ferently from our familiar everyday world. When 
we describe the dynamics of something like a 
pendulum or tennis ball, or a bicycle or a planet, 
we are dealing with systems comprising many tril-
lions of atoms, which are far removed from the 
fuzziness of the quantum realm. This allows us to 
study the way  these objects behave using classical 
mechanics and Newton’s equations of motion, the 
solutions of which are an object’s precise location, 
energy or state of motion, all knowable si mul ta-
neously at any given moment in time.

But if we wish to study  matter on the  quantum 
scale, we must forgo the mechanics of New-
ton and use the very differ ent mathe matics of 
quantum mechanics. Typically, we would solve 
Schrödinger’s equation to calculate a quan-
tity called the wave function, which describes 
not the way an individual particle move along 
definite path, but the way its ‘quantum state’ 
evolves in time. The wave function can describe 
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the state of a single particle or group of particles 
and has a value that provides us with the prob-
ability of, say, finding an electron with any given 
set of properties or location in space if we  were 
to mea sure that property.

The fact that the wave function has value at 
more than one point in space is often wrongly 
taken to mean that the electron itself is physically 
smeared out across space when we are not mea-
sur ing it. But quantum mechanics does not tell 
us what the electron is  doing when we are not 
looking— only what we should expect to see when 
we do look. If you are not reassured by this state-
ment, you are not alone. It is not meant to reas-
sure you (or to discourage you, for that  matter); it 
is simply stating what all physicists agree on when 
it comes to the meaning of quantum mechanics.

Beyond this,  there is a  whole host of differ ent 
ways of explaining the nature of the quantum 
world.  These are known as the ‘interpretations’ 
of quantum mechanics, and the arguments be-
tween advocates of  these differ ent views have 
raged for as long as quantum mechanics has been 
around and show no sign of abating.
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W H AT  D O E S  I T  A L L  M E A N ?

Despite its tremendous success, if we dig a  little 
deeper into what quantum mechanics tells us 
about the microcosm, we could easily lose our 
minds. We ask ourselves, ‘But how can it be so? 
What am I not ‘getting’?’ The truth is, no one 
really knows for sure. We do not even know if 
there is any more to ‘get’. Physicists have tended 
to use terms like ‘strange’, ‘weird’, or ‘counter-
intuitive’ to describe the quantum world. For, 
despite the theory being powerfully accurate 
and mathematically logical, its numbers, sym-
bols and predictive power are a façade hiding 
a real ity we find difficult to reconcile with our 
mundane, commonsense view of the everyday 
world.

There is, however, a way out of this predica-
ment. Since quantum mechanics describes the 
subatomic world so remarkably well, and since 
it is built on such a complete and power ful math-
ematical framework, it turns out we can man-
age just fine by learning how to use its rules in 
order to make predictions about the world and 
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to harness it to develop technologies that rely 
on  those rules, leaving the hand- wringing and 
head- shaking to the phi los o phers.  After all, this 
laptop I am typing on would not exist  were it 
not for the development of quantum mechan-
ics that  allowed us to create modern electronics. 
But if we take this pragmatic attitude, we must 
accept that we become no more than quantum 
mechanics ourselves— prac ti tion ers and techni-
cians who do not care how or why the quantum 
world behaves the way it does, but who simply 
accept it, and move on.  Every fibre of my being 
tells me that this should not be enough for a 
physicist. Is it not the job of physics to describe
the world? Quantum mechanics, without an 
interpretation of its equations and symbols, is 
just a mathematical framework that allows us to 
calculate and predict the results of experiments. 
That should not be enough. Physics should be 
about explaining what our results tell us about how 
the world  really is.

The fact that many physicists  will not agree 
with this statement is a failing that can be traced 
back to one of the greatest thinkers in the history 
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of science: the  father of quantum mechanics, 
Niels Bohr. So influential was he that even as 
I write this I feel a sense of guilt— that I am 
betraying one of my  great heroes. And yet I 
must stand true to my convictions. Without 
doubt, Bohr’s philosophical views have  shaped 
the way generations of physicists think about 
quantum mechanics, but they have also, in the 
eyes of an increasing number, discouraged and 
stifled pro gress. Bohr argued that it is wrong to 
think that the task of physics is to find out how 
nature is—or to know the ‘real essence of the 
phenomena’— but rather to concern itself only 
with what we can say about nature: the ‘aspects 
of our experience’.  These two opposing views, 
the first ontological and the second epistemo-
logical, can in fact both be correct: what a physi-
cist should be able to say about nature, even at 
the quantum scale, should be the same as how 
nature is, or as close to it as we can get, but al-
ways trying to edge closer. This ‘realist’ view is 
one that I have always found myself siding with 
in the end, despite having serious doubts now 
and again.
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On the other end of the scale,  there is a danger 
lurking in the shadows should we overstress the 
weirdness of quantum mechanics rather than 
focussing on its power and success as a scien-
tific theory. For  doing so attracts the  attention of 
charlatans just as a bright light attracts moths. 
The undeniably inexplicable predictions of 
quantum mechanics— such as entanglement, 
i.e., separated particles being instantaneously 
linked across space— have over the years pro-
vided fertile ground for all manner of pseudo-
scientific nonsense, from telepathy to home-
opathy. Generations of physicists have been 
trained to follow Bohr’s pragmatic dogma—
known as the Copenhagen interpretation of 
quantum mechanics, named  after the city of 
Bohr’s famous Institute for Theoretical Phys-
ics where so much of the  earlier mathematical 
foundations of the theory  were laid out in the 
mid-1920s—in part to avoid the sort of philo-
sophical musings that can spill over into new- age 
baloney.

Like all physics students for generations, I 
was taught quantum mechanics by first being 
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introduced to its historical origins and the work 
of Planck, Einstein, Bohr, and  others. But my 
education quickly moved on to the mathematical 
techniques (the toolkit) I needed to make use of 
the theory. And along with the maths, I learnt a 
pile of concepts named  after the theory’s found-
ing  fathers: Born’s rule, Schrödinger’s equation, 
Heisenberg’s uncertainty princi ple, Pauli’s ex-
clusion princi ple, Dirac notation, Feynman dia-
grams . . .  the list goes on. But while all of this 
is impor tant to know if we are to make sense of 
the quantum world, what I was not taught  were 
the arguments and philosophical debates that 
took place between all  these  great physicists, 
which lasted throughout their lives and which, 
to a large extent, remain unresolved.

Much of the interpretational difficulty with 
quantum mechanics revolves around the so-
called ‘mea sure ment prob lem’: How does the 
ephemeral quantum world come into sharp 
focus when we carry out a mea sure ment? 
Where is the boundary between the quantum 
and the classical worlds— between  things that 
do not have well- defined properties when left 
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to their own devices, and the reassuring solidity 
of what we mea sure and see? Many of the found-
ing  fathers— men such as Niels Bohr, Werner 
Heisenberg, and Wolfgang Pauli— believed it 
was pointless to worry about such  matters and 
advocated following the Copenhagen philoso-
phy I described  earlier. They  were happy to 
split the world in two, quantum behaviour and 
classical behaviour, without tying down how 
one transitioned into the other upon mea sure-
ment. To them, quantum mechanics worked 
and that was enough. But this positivist atti-
tude can hinder the advance of science. While 
it may well help lead us to a better understand-
ing of some phenomena and even to developing 
new technologies, it does not help us to truly 
understand.2

The history of science is littered with ex-
amples of this sort of attitude. One of the most 

2 Of course, my Copenhagenist colleagues would vehe-
mently disagree with me  here. They would argue that they do 
understand all  there is to be understood about what quantum 
mechanics can and cannot tell us and that it is the realists who 
refuse to accept or understand this.
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obvious comes from ancient cosmology. For two 
millennia, from antiquity  until the birth of mod-
ern science,  there was an almost universal hege-
mony and ac cep tance of the geocentric model of 
the universe: that the Earth is at the centre of 
the cosmos and that the Sun, along with all the 
planets and stars, orbits around us. A positiv-
ist back then would have argued that since this 
model works so well in predicting the motion 
of heavenly bodies, it was unnecessary to look 
for alternative explanations for how or why they 
moved across the sky in the way we see. Indeed, 
there was a time when the geocentric model was 
more accurate at matching astronomical ob-
servations than the correct, and much simpler, 
Copernican heliocentric model. But interpret-
ing a theory in a par tic u lar way ‘just  because 
it works’ is intellectual laziness, and certainly 
not in the true spirit of what physics should be 
about. The same should be true of quantum me-
chanics. The renowned quantum physicist John 
Bell once famously said that the aim of phys-
ics is to understand the world, and ‘to restrict 
quantum mechanics to be exclusively about pid-
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dling laboratory operations is to betray the  great 
enterprise’.

Sadly, too many physicists, even  today, do 
not grasp this— yet another argument for 
why philosophy is not just pointless navel gaz-
ing, but can contribute to the advancement of 
science. If you  were to conduct a poll among 
quantum physicists (at least  those who care 
about such  matters), you would find that a sig-
nificant, though decreasing, fraction  will still 
adopt the pragmatic Copenhagen view. But a 
growing number see it as an abdication of the 
role of physics and instead subscribe to one of 
a number of alternative interpretations— a list 
that includes such exotic- sounding ideas as the 
many worlds interpretation, the hidden vari-
ables interpretation, the dynamical collapse 
interpretation, the consistent histories interpre-
tation and the relational interpretation— and I 
have left out a number of  others. No one knows 
which, if any, of  these differ ent ways of describ-
ing real ity at the quantum scale is the correct 
one. They all work; they all make, so far, the same 
predictions of the  results of experiments and 
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observations,3 and all emerge from the same 
mathe matics. Sometimes, advocates of  these 
differ ent interpretations can defend them dog-
matically, treating their favourite version  almost 
like religions, which is not how  science is  going 
to pro gress.

And yet, slow pro gress is being made in trying 
to understand the quantum world. Experimen-
tal techniques are becoming ever more subtle, 
and certain explanations are being ruled out. 
The hope is that one day we  will indeed find out 
how Nature  really does perform her quantum 
trickery. If this sounds sensible to you,  there are 
plenty of physicists who  will disagree. The posi-
tivists argue that science is nothing more than a 
tool for predicting the outcome of experiments 
and that  those who worry about what quantum 
mechanics tells us about real ity by reading more 
than they should into its mathe matics are indeed 
better suited to  doing philosophy instead. In fair-

3 Although some realist interpretations, such as spontane-
ous collapse models, do make predictions that  others do not, 
and so are in princi ple testable.
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ness, not all advocates of this positivist, Copen-
hagenist view of real ity have been dismissive 
of attempts to dig deeper. In the early 2000s a 
new anti- realist interpretation called Quantum 
Bayesianism (or Qbism) appeared, whose pro-
ponents see real ity as being entirely subjective 
and down to personal experience. Critics have 
even likened it to solipsism.

Choosing an interpretation of quantum me-
chanics should be more than just a  matter of 
philosophical taste. The fact that they all make 
the same predictions about the world does not 
mean that all  these interpretations are equiva-
lent or that we are  free to choose the one we 
like the best on a whim. Explaining some aspect 
of real ity through physics is a two- step pro cess. 
First, we find the mathematical theory, which 
of course may or may not be correct. But if we 
believe it is right— like Einstein’s field equations 
of general relativity or Schrödinger’s equation 
in quantum mechanics— then we next need 
ways of  interpreting, or explaining, what the 
mathe matics means.  These are the stories we 
attach to the maths. Without them, we cannot 
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connect our symbols and equations, however 
aesthetically pleasing we find them, to the physi-
cal universe we observe. And we need to find the 
right story just as much as the right mathemati-
cal theory.

The differ ent interpretations of quantum me-
chanics paint very differ ent pictures of real ity: 
either  there are parallel universes (the many 
worlds interpretation) or  there are not;  either 
there is a physical nonlocal quantum field (the 
pi lot wave hidden variables interpretation) or 
there  isn’t. Nature does not care about our petty 
squabbles regarding the correct interpretation 
of quantum mechanics—it gets on with  doing 
things the way it does, and exists in de pen dently 
of our perceptions. If we have a prob lem with 
agreeing on how the quantum world behaves, 
then that is our prob lem. Einstein believed this. 
He was a realist, too. He believed that physics 
should be about describing how the world  really 
is, and if  there is more than one description that 
fits the mathe matics of quantum mechanics, 
then we should not be satisfied. I feel I am in 
good com pany in this regard.
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E N TA N G L E M E N T,  M E A  S U R E  M E N T,  

A N D  D E C O H E R E N C E

That said, even Einstein could get  things wrong 
on occasion. One of the most profound and in-
explicable predictions of quantum mechanics is 
the idea of entanglement. In the quantum world, 
two or more particles can be linked across space 
instantaneously in a way that almost defies logic. 
Technically, this is known as nonlocality, and it 
can be encapsulated in the idea that what hap-
pens ‘over  here’ can instantaneously affect, and 
be affected by, what happens ‘over  there’. We 
say that the two particles are described by the 
same ‘quantum state’: the same wave function. 
Einstein always felt uncomfortable about nonlo-
cality and entanglement, deriding it as ‘spooky ac-
tion at a distance’, and refused to accept that any 
communication between subatomic particles 
could travel across space faster than light, as that 
would violate special relativity. But in princi ple, 
particles located at opposite ends of the universe 
can still be connected in this way. Entanglement 
was shown by the quantum pioneers to follow 
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naturally from their equations, and experiments 
carried out in the 1970s and ’80s confirmed that 
Einstein was wrong on this: we now know em-
pirically that quantum particles  really can have 
an instantaneous long- range connection. Our 
universe  really is nonlocal.

Today, many researchers working in fields 
such as quantum optics, quantum information 
theory, and even quantum gravity see a pro-
found link between entanglement and the central 
prob lem of mea sure ment in quantum mechan-
ics. We must first acknowledge that a quantum 
system— say, an atom—is in real ity part of its sur-
rounding world, and so treating it as isolated is 
not strictly correct. Instead, we must include in 
our calculations the influence of its surrounding 
environment. Such an ‘open quantum system’ 
pre sents us with a much more complex prob-
lem to solve, but at the same time, it allows us 
to make some headway in understanding what 
it means to carry out a mea sure ment on a quan-
tum system beyond what Niels Bohr referred to 
simply as ‘an irreversible act of amplification’ as 
the way to describe how quantum fuzziness is 
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crystallized into real ity when we carry out an 
observation.

In fact, it is now clear that the environment 
surrounding a quantum system, such as an atom, 
can itself do the ‘mea sur ing’. We  don’t require a 
conscious observer. We can think of the atom 
as becoming ever more entangled with its sur-
roundings, such that its quantum nature leaks out 
into the environment like heat dissipating from 
a warm body. This leaking out of the ephemeral 
quantum behaviour is known as decoherence and 
is part of an active area of study at the moment. 
The stronger the coupling between the quantum 
system and its environment, the more entangled 
it becomes, and the faster its quantum behaviour 
dis appears.

Whether or not this pro cess fully explains 
the mea sure ment prob lem is still a  matter of de-
bate in some quarters. The thorny issue of how 
to solve the mea sure ment prob lem and the 
boundary between the quantum world and the 
large classical world was first made famous by 
Erwin Schrödinger in the mid-1930s, when he 
came up with his famous thought experiment. 
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Despite being one of the pioneers and found ers 
of the field, Schrödinger tried to highlight his 
own misgivings about the meaning of quantum 
mechanics. He asked what would happen if we 
were to shut a cat in a box with a radioactive 
substance and a container with lethal poison. 
All the while the box is closed, we cannot say 
whether or not a particle has been emitted by 
the radioactive material, triggering a mecha-
nism that releases the poison, killing the cat. 
All we can do is ascribe probabilities to the two 
likely outcomes: when we open the box,  either 
a particle has been emitted and the cat is dead, 
or it  hasn’t, and the cat is still alive. But accord-
ing to the rules of quantum mechanics, and as 
long as the box is closed, the subatomic particle 
obeys the laws of the quantum world, and we 
must regard it as being in a quantum superposi-
tion of having been both emitted and not emit-
ted at the same time.

But now, within the closed box, the fate of the 
cat rests on this quantum event. Schrödinger ar-
gued that since the cat is itself made of atoms, 
albeit trillions of them, each a quantum entity, 
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it too should exist in quantum superposition: a 
state of being both dead and alive si mul ta neously. 
However, we only ever see one definite outcome 
when we open the box to look. That is, the cat 
is  either dead or alive, never in this limbo state.

A sensible way of resolving the issue is to as-
sume that such quantum superpositions deco-
here away into their surroundings and there-
fore do not survive for long when we consider 
complex macroscopic objects like cats, which 
are never in two states at once, even before we 
open the box to check. In fact, while an isolated 
radioactive atom must be described as being 
in a superposition of having both decayed and 
not decayed  until observed, it is surrounded by 
a complex environment of air, Geiger  counter, 
and cat, all of which it rapidly becomes entangled 
with, so that the both- at- once option  doesn’t 
survive.

So, has the prob lem been solved? And do 
the two options of dead or alive cat now reflect 
nothing more than our own ignorance of its 
fate,  until we open the box? If not, then we 
are still left with the mystery of what physical 
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pro cess is taking place when we open the box. 
What has happened to the option we  don’t 
see? Subscribers to the many worlds interpre-
tation of quantum mechanics believe  there is 
a neat and  simple explanation for this. They 
argue that  there are now two parallel realities 
in which each option is realised. What we find 
when we open the box reflects which real ity 
we exist in.

Other physicists, not prepared to accept 
the idea of a potentially infinite number of 
parallel realities, have come up with a range 
of alternative interpretations that still de-
mand the existence of an objective real ity in 
the absence of mea sure ment, but all of which 
contain some strange aspect of real ity hidden 
somewhere. For example, another way of in-
terpreting quantum theory was first developed 
by the French physicist Louis de Broglie in the 
1920s and then improved several de cades  later 
by David Bohm. According to this interpreta-
tion, the quantum world is made up of particles 
guided by waves. Their properties are hidden 
from us— and are called hidden variables— but 
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describe a quantum world without any of the 
fuzziness of the standard Copenhagen picture 
of real ity. Rather than an electron itself exhib-
iting both wavelike or particle- like properties 
depending on how we mea sure it,  there are 
both waves and particles, but it is only the par-
ticles that we ever detect. A small but dedicated 
community of physicists around the world feel 
that this so- called de Broglie– Bohm theory 
has much to offer, but it remains a largely un-
explored option among the corpus of quantum 
interpretations.

Fascinating though it is, I  will leave this dis-
cussion  here, since many other books cover it in 
greater depth than I have space for. In any case, I 
leave the issue of the interpretation of quantum 
mechanics unresolved, since that is where we 
stand at the moment.

Having focussed thus far on the basic build-
ing blocks of  matter and energy, the spacetime 
in which they exist, and the quantum nature of 
real ity underpinning it all, I have ignored some 
equally fundamental concepts in physics that 
emerge when large numbers of particles come 



138 chapter 5

together to make up complex systems. So, let us 
leave the world of the very small  behind for now 
and zoom out again to investigate what happens 
with the emergence of complexity, and explore 
such profound ideas as order, chaos, entropy, 
and the arrow of time.



C H A P T E R 6

THERMODYNAMICS 

AND THE ARROW 

OF T IME

As we leave  behind the quantum world, with its 
randomness and uncertainty, our familiar New-
tonian world comes back into sharp focus. The 
steaming, swirling cup of coffee on the  table, the 
ball that just bounced into the back garden from 
next door, or the jet flying high overhead are all, 
if you think about it, made of  matter and energy 
assembled into systems of varying levels of com-
plexity. So, if we want to understand the physics 
of the world we see around us, we need to under-
stand how particles interact and behave in large 
collections. The area of physics that helps us to 
understand the behaviours of large numbers of 
interacting bodies is statistical mechanics.
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You might also recall that, while familiarizing 
ourselves with  matter and energy in chapter 4, 
we touched on the fact that energy can trans-
form from one form into another while the total 
amount of energy in a system remains the same. 
The energy of a bouncing ball flips constantly 
between its potential energy, due to its height 
above the ground, and its kinetic energy of mo-
tion. At the very top of its bounce, it is entirely in 
the form of potential energy, and just before it 
hits the ground, when the ball is moving at its 
fastest, this potential energy will have been trans-
formed to kinetic energy. This all sounds fairly 
straightforward— but we also know that a ball 
will not keep bouncing forever: it loses energy 
in the form of heat, from friction with the air and 
from collision with the ground. This change from 
kinetic energy to heat is fundamentally differ ent 
from the transformation between kinetic and po-
tential energy  because it is a one- way pro cess. We 
would be astonished if we saw the ball suddenly 
regain its bounce, without any external help.

So why should this be so? Where does this 
‘one- way- ness’ come from?
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The answer is that a ball loses its bounce for 
the same reason that heat always flows from a 
warm cup of coffee to the colder surrounding 
air and never back again, and why the sugar and 
cream in the coffee never un- dissolve and un-
mix. Welcome to the field of thermodynamics—
the third major pillar of physics (along with 
general relativity and quantum mechanics). 
While statistical mechanics describes how a 
large number of particles interact and behave in 
a system, thermodynamics describes the heat 
and energy of the system and the way  these 
change over time. As you  will see,  these areas of 
study are highly interconnected, and so physi-
cists often learn about them together. We  will 
look at them together, too.

S TAT I S T I C A L  M E C H A N I C S  A N D  

T H E R M O D Y N A M I C S

Consider a box full of air in which all the mole-
cules are bouncing around randomly. Some are 
moving quickly, while  others are slower. But 
if the box is maintained at a fixed temperature 
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and pressure, then the total amount of energy 
it contains remains constant. This energy is dis-
tributed among its molecules in a very par tic-
u lar way: the total available energy is spread 
out according to a  simple statistical rule. Sup-
pose you inject some hotter air (faster- moving 
molecules) into the box and then leave it alone: 
the random collisions of  these new molecules 
with the original cooler ones  will cause their 
energy to be distributed. The hot molecules 
will slow down while si mul ta neously causing 
others to speed up. Eventually, the air  will  settle 
back down into a new equilibrium. This time, 
the most likely energy of any molecule  will be 
slightly higher than it was before, and the over-
all temperature in the box  will have been raised 
a  little.

The way the energy in the box is spread among 
the molecules is called a Maxwell- Boltzmann 
distribution— after two of the greatest scientists 
of the nineteenth  century, who developed the 
field of statistical mechanics. ‘Distribution’ re-
fers to the shape of the curve on a graph linking 
the varying speeds of the molecules to the num-
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ber having each speed. Or, put another way, it is 
the line that links points corresponding to the 
probability than any molecule  will have a given 
speed.  There  will be a par tic u lar speed that it is 
most likely for molecules to have, corresponding 
to the highest point on the curve, with speeds 
faster or slower being less likely; and the shape 
of the distribution changes as the temperature of 
the box increases, with the peak in the probabil-
ity distribution moving  towards higher speeds. 
When the molecules have settled down to a 
Maxwell- Boltzmann distribution, we say that 
the air in the box has reached thermodynamic 
equilibrium.

The tendency  towards a statistical state of 
equilibrium is associated with a very impor-
tant concept in physics, known as entropy. The 
entropy of a system, if left alone,  will always in-
crease: that is, a system  will always relax from a 
‘special’ (ordered) state to a less special (mixed-
up) one. Physical systems unwind, cool down, 
and wear out. This is referred to as the second law 
of thermodynamics, and at its heart it is no more 
than a statement of statistical inevitability: if left 
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alone, every thing always eventually returns to a 
state of equilibrium.

Imagine that all the molecules of air in our box 
start off clustered in one corner. The entropy of 
the box in this initial state is low, since its con-
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F IGURE 2.  Maxwell- Boltzmann distribution— molecules of gas 
in a box  will distribute themselves evenly and share their en-
ergy  until they reach thermal equilibrium. The curve of num-
ber of molecules versus their speed is known as a Maxwell-
Boltzmann distribution and has a peak at the most probable 
speed. This peak moves to higher speeds as the overall tem-
perature of the gas increases. Note that the most probable 
speed is not the same as the average speed, since  there are 
more particles with speeds greater than the peak value.
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tents are in a special, more ordered state. If left 
alone, the random motion of  these molecules  will 
cause them to spread out quickly to fill the  whole 
box  until their distribution reaches equilibrium. 
Just as the speeds of the hot molecules eventually 
settle into a state of thermodynamic equilibrium, 
the air in the box goes from a state of low entropy 
to a state of high entropy as it spreads out. When 
the air molecules are evenly distributed through-
out the box, entropy  will be at a maximum.

Here is an even simpler example. An ordered 
pack of cards in which each suit is separated and 
arranged in ascending order is said to have low 
entropy. It is in a highly ordered state, which is 
ruined if we shuffle the pack—we say that its en-
tropy increases. By shuffling further, it is over-
whelmingly more likely that the cards  will get 
even more mixed up than it is for them to re-
turn to their original ordered arrangement. This 
is  because the unshuffled pack is a very unique 
arrangement of the cards, whereas  there are very 
many ways for the cards to be mixed up. So it is 
much more likely that shuffling  will go in one 
direction— from unshuffled to shuffled, from low 
entropy to high entropy.
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A more in ter est ing definition of entropy is as 
a mea sure of something’s ability to expend en-
ergy in order to carry out a task. When a sys-
tem reaches equilibrium, it becomes useless. 
A fully charged battery has low entropy, which 
increases as the battery is used. A discharged 
battery is in equilibrium and has high entropy. 
This is where the distinction between useful en-
ergy and waste energy comes in. When a system 
is ordered and in a special (low- entropy) state, 
it can be used to carry out useful work— like a 
charged battery, a wound-up clock, sunlight, 
or the chemical bonds between carbon atoms 
in a lump of coal. But when the system reaches 
equilibrium, its entropy is maximised, and the 
energy it contains is useless. So, in a sense, it is 
not energy that is needed to make the world go 
around, it is low entropy. If every thing  were in a 
state of equilibrium, nothing would happen. We 
need a system to be in a state of low entropy, far 
from equilibrium, to force energy to change from 
one form to another—in other words, to do work.

We consume energy just by being alive, but 
we can see now that it has to be of the useful, 
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low- entropy kind. Life is an example of a system 
that can maintain itself in a state of low entropy, 
away from thermal equilibrium. At its heart, a 
living cell is a complex system that feeds (via 
thousands of biochemical pro cesses) on useful, 
low- entropy energy locked up in the molecular 
structure of the food we consume. This chemical 
energy is used to keep the pro cesses of life  going. 
Ultimately, life on earth is only pos si ble  because 
it ‘feeds’ off the Sun’s low- entropy energy.

The second law of thermodynamics and the 
relentless march of entropy applies to the entire 
universe, too. Imagine that our box of air is now 
a cloud of cold gas expanded to the size of a gal-
axy. If a group of molecules in the gas randomly 
drift closer together than average, then the mu-
tual, very weak gravitational attraction between 
them might be enough to pull them closer to-
gether so that they form a denser clump of gas 
than average.1 The more gas molecules clump 

1 Of course, if we are dealing with small numbers of mol-
ecules, then gravity is never  going to play a role in controlling 
their behaviour. Only when vast numbers of them are involved 
can their cumulative mass have a gravitational influence.
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together, the more effective gravity becomes 
at attracting more molecules. This gravitational 
clumping pro cess was the reason stars formed: 
vast clouds of gas collapsed together  until  these 
regions  were dense enough for thermonuclear 
fusion (of hydrogen into helium) to begin, and 
stars ignited. This can appear puzzling when 
you first think about it,  because the pro cess of 
clumping together seems like it is resulting in 
a tidier, more ordered, and more ‘special’ state, 
and hence the end state should have lower en-
tropy than when all molecules are spread out 
evenly. So, has gravity caused the entropy of the 
gas to decrease and the second law of thermody-
namics to be  violated?

The answer is no. Whenever  matter clumps 
together gravitationally its entropy increases, 
for the same reason that the entropy of a ball 
increases as it rolls down a hill due to the pull of 
the Earth’s gravity. Think of this clumping like a 
stretched spring being released, or a clock un-
winding, their entropy increasing as they lose 
the ability to do useful work. Thus when the 
molecules of gas in a certain part of the cloud 
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find themselves, by chance, temporarily closer 
together than when evenly spread out, this rep-
resents a temporary departure from maximum 
entropy. For entropy to increase again, to sat-
isfy the second law,  these molecules can do one 
of two  things. They can  either drift apart again, 
back to their original state of thermal equilib-
rium, or they can go the other way and clump 
together due to their mutual gravitational attrac-
tion.  Either way, their entropy increases.

You should now be asking: What would cause 
such a drift away from maximum entropy to start 

Molecules of gas that are
unevenly spread out will
increase in entropy by
spreading out evenly 
within the box to reach 
thermal equilibrium.

But if bodies are massive 
enough for gravity to play 
a role then they can also 
increase their entropy by 
doing the opposite and 
gravitationally clumping
together.

FIGURE 3. Increasing entropy— particles in a box that are slightly 
out of equilibrium (low entropy) can increase their entropy 
either by redistributing themselves back to equilibrium or 
clumping together  under gravity.  Either way, they increase 
their entropy and satisfy the second law of thermodynamics.
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with?  Wouldn’t that drift itself violate the second 
law? The answer is that the  matter and energy 
in our universe did not start in a state of thermal 
equilibrium, but rather in a very special, low-
entropy state set by the conditions at the Big 
Bang itself.  These initial conditions, down at the 
quantum level, seeded spacetime with irregulari-
ties, which became writ large on the fabric of 
the cosmos as the universe expanded, so that a 
certain amount of lumpiness was automatically 
built into the distribution of  matter. As the uni-
verse continued to ‘unwind’,  matter that was 
close enough together to feel the pull of gravity 
eventually clumped together to form stars and 
galaxies. The molecules of hydrogen and helium 
gas in space fell together into the gravitational 
wells of the stars, causing an increase in entropy 
as they did so. But, crucially, this entropy did 
not reach a maximum— stars are not systems in 
thermal equilibrium, but remain reservoirs of 
low entropy, with the thermonuclear fusion re-
actions within them releasing excess energy in 
the form of light and heat. It is this low- entropy 
energy from our own star, the Sun, that makes 
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life on Earth pos si ble. Plants make use of it dur-
ing photosynthesis to create biomass, locking 
useful low- entropy energy in the molecular 
bonds of their organic compounds, which can 
then be accessed by other living creatures, in-
cluding eventually  humans, that consume the 
plants as food.

The Earth itself also has a store of useful en-
ergy that, together with the Sun’s energy, drives 
its climate, while the gravitational energy of the 
Moon and Sun control the tides of the oceans—
all of which can provide us with other useful res-
ervoirs of low entropy that we can tap into. For 
example,  water at the top of a waterfall drops 
under the pull of gravity so that its potential en-
ergy is converted into kinetic energy, which we 
can make use of to drive hydroelectric power 
plants generating electricity for our use.  There 
will of course always be some loss in efficiency—
the second law needs to see some overall increase 
in entropy in the form of waste heat.

But  there is something far more profound 
going on  here than simply the transformation 
of energy from one form to another.
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A  D I R E C T I O N  T O  T I M E

If a physical system— including the entire 
universe— must always move from an ordered 
state of low entropy to a disordered state of high 
entropy, then this gives us a direction to the flow 
of time itself: the second law of thermodynamics 
allows us to distinguish between past and  future. 
This might sound a  little strange;  after all, you 
don’t need the second law to tell you that yester-
day was in the past. You have a memory of the 
events of that day stored in your brain, though 
the events themselves are gone forever. Whereas 
tomorrow is unknown to you—it has yet to hap-
pen. This arrow of time pointing from past to 
future is, we feel, an intuitively more fundamen-
tal property of real ity on which the second law 
of thermodynamics sits. In fact, it is the other 
way around: think of the second law of thermo-
dynamics as the origin of time’s arrow. Without 
the second law  there would be no  future or past.

Imagine watching a movie of our box of air 
(and let us imagine that the molecules of air are 
big enough for us to see). They  will be bouncing 
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around, colliding with each other and with the 
walls of the box, some of them moving faster and 
others slower. But if the air is in thermal equilib-
rium, then we would not be able to tell  whether 
the movie is being run forwards or backwards. 
Down at the scale of molecular collisions, we 
cannot see any directionality to time. Without an 
increase in entropy and a drive to equilibrium, 
all physical pro cesses in the universe could hap-
pen equally well in reverse. However, as we saw, 
this tendency of the universe and every thing in 
it to unwind  towards thermal equilibrium is en-
tirely down to the statistical probability of events 
at the molecular level progressing from some-
thing less likely to happen to something more 
likely, according to the laws of thermodynamics. 
The directionality of time pointing from past to 
future is not mysterious; it’s just a  matter of sta-
tistical inevitability.

With that in mind, even the fact that I know 
the past but not the  future is no longer so strange. 
As I perceive the world around me, I increase the 
amount of information stored in my brain, a pro-
cess which, as my brain is  doing work, produces 
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waste heat and increases my body’s entropy. 
Even our very ability to distinguish between the 
past and the  future is, from a thermodynamical 
perspective, no more than our brains obeying 
the second law.

D E T E R M I N I S M  A N D  R A N D O M N E S S

The above ideas may leave you feeling uneasy—
and justifiably so. Surely, the difference between 
the past and  future is more than just the statisti-
cal drive of randomly colliding molecules  toward 
equilibrium, or the difference between an un-
shuffled and shuffled pack of cards.  After all, the 
past is fixed—we remember only one course of 
events: one history. In contrast, the  future is 
open to us with its infinite possibilities.2 Most of 
the events that  will happen tomorrow  will be un-
expected, and my day could unfold in myriad dif-

2 Of course, some  things are more likely than  others. . . .
I am almost entirely certain that the Sun  will rise tomorrow, 
and that I  will be a day older; and I am pretty sure I  won’t wake 
up with the sudden ability to speak fluent Japa nese or to run 
100 metres in  under ten seconds.
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fer ent ways, depending on the coming together 
of millions of differ ent  factors. So, is  there in fact 
a difference between past and  future, at a level 
deeper than  simple statistics, which is based on 
the notion that we have one past but many pos-
si ble  futures? Put another way, is our fate sealed 
or is our  future governed by chance? Is the  future 
fixed or yet to be determined?  These are age- old 
philosophical questions, touching on the nature 
of  free  will itself.

When physicists talk about a pro cess as being 
‘deterministic’, they are usually referring to the 
concept of ‘causal’ determinism: the idea that 
past events cause  future events. But if this is the 
case, then nothing is left to chance, and every-
thing that happens does so for a reason,  because 
of what happened just before it: cause and effect. 
In princi ple, therefore, the state of the entire uni-
verse at the pre sent moment can be traced back 
in time step by step, all the way to the Big Bang. 
And if this is true, then surely events in the pre-
sent fix events in the  future so that, in princi ple, 
we should be able to predict that  future. And 
the term ‘events’  here also includes the firing of 
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neurons in our brains that define our thought 
pro cesses and hence our decision making.  After 
all, our brains are also made of atoms.  There is 
no extra magical ingredient that exempts them 
from the laws of physics.

In a universe in which every thing is prede-
termined, we would have no  free choice with 
regard to our actions and decisions, since  there 
is only one version of the  future, just as  there was 
one version of the past. (Remember I discussed 
Einstein’s block universe idea in chapter 3.) But 
the order of events, the past causing the  future 
and not the other way around, is driven by the 
second law of thermodynamics, without which 
the events we have labelled ‘ future’ ones could 
just as likely have caused the ‘past’ ones.

But if this is the case, how is it that we are 
unable to predict the  future with any degree 
of confidence?  After all, even our most power-
ful supercomputers cannot tell us for sure if it 
is  going to rain next week. In the case of the 
weather, the reason is straightforward. If you 
think about the sheer complexity of what we 
are trying to model and the number of variables 
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we would need to know very precisely— from 
temperature variations in the atmosphere and 
the oceans to air pressure, wind direction and 
speed, solar activity, and so on—in order to make 
an accurate prediction, you  will see that the task 
becomes increasingly difficult the further into 
the  future we want to make a forecast. So, while 
meteorologists can confidently predict  whether 
it  will be sunny or overcast tomorrow, predicting 
if it is  going to rain on this date next year is im-
possible. Crucially, this does not mean that such 
knowledge  couldn’t in princi ple be known—
since in a deterministic universe the  future is al-
ready preordained—it is just that, in practice, we 
would need to know the current conditions of 
the Earth’s climate to astonishing accuracy and 
have stupendous computational power to feed 
in all the data to make a precise simulation that 
could then be evolved mathematically to give a 
reliable prediction.

It is this chaotic unpredictability that give rise 
to the famous ‘butterfly effect’: the idea that the 
tiny, seemingly inconsequential disturbance of 
the air caused by the flapping of a butterfly’s 



158 chapter 6

wings on one side of the world could gradually 
develop and grow  until it dramatically affected 
the course of a hurricane on the other side of the 
world. This does not mean that  there is a spe-
cific butterfly to which we can trace the cause 
of a hurricane, but rather that any tiny changes 
to the initial conditions can give rise to widely 
varying outcomes if we continue to evolve the 
system in time.

The equations of physics describe a deter-
ministically evolving world. Knowing the precise 
initial conditions of a system (where each con-
stituent particle is and how it is moving at a given 
moment in time, and fully understanding the 
forces between all the particles) would allow   
us to compute how that system evolves in a 
perfectly deterministic way. Cause and effect. 
The  future could (in princi ple) be laid bare 
for us.

The prob lem, of course, is that we can never 
do this in practice. This inability to know or con-
trol the initial conditions of a system, as well as 
all other continuing influences, to infinite accu-
racy can be seen even in systems much simpler 
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than the weather. The toss of a coin cannot be 
exactly repeated in order to achieve the same 
outcome time and again. If I toss a coin and get 
‘heads’, it’s too difficult for me to repeat the toss 
and make it spin the same number of times so as 
to definitely land ‘heads’ again. In a determinis-
tic universe such as ours, our destiny is entirely 
mapped out, yet we are unable to predict it with 
any confidence.

But what about quantum mechanics?  Isn’t 
that where true randomness and indeterminism 
enter at a fundamental level? Does quantum me-
chanics not rescue us from the bleak determin-
ism of a preordained, fixed  future in which we 
feel we are no longer making  free choices but are 
just cogs in an orderly clockwork universe? The 
truth is, we have no clear answer to this ques-
tion yet. We must also take care to distinguish 
unpredictability from indeterminism. It is quite 
true that the probabilistic nature of the quantum 
world means that events are unpredictable: that 
we cannot know in advance exactly where an 
electron  will be, or in which direction it is spin-
ning, or precisely when a radioactive atom  will 
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decay. All we can do with quantum mechanics is 
assign probabilities to the outcomes of differ ent 
mea sure ments. However, while this unpredict-
ability might be down to true indeterminism, 
the mathe matics of quantum theory does not 
require this. Indeterminism is an interpreta-
tion we impose on the mathe matics to describe 
what we mea sure. For example, most cosmolo-
gists favour the many worlds interpretation of 
quantum mechanics in which every thing is fully 
deterministic.

There is another way in which unpredictabil-
ity and the appearance of randomness come into 
physics, and that is through the phenomenon 
of chaotic behaviour. Chaos appears in nature 
when  there is an instability within a system, such 
that tiny changes to the way the system evolves 
over time can quickly grow.  There’s that butterfly 
effect again. Sometimes even  simple systems fol-
lowing  simple, deterministic physical laws can 
behave in highly unpredictable and complex 
ways that seem to be truly random. But unlike 
in the quantum domain, where we  don’t know 
whether unpredictability is due to true indeter-
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minism or not,3 the unpredictability of a chaotic 
system is not— despite initial appearances— due 
to true randomness.

There is also a fascinating flip side to chaos 
theory: that  simple rules, applied repeatedly, can 
lead to seemingly random behaviour, but then 
sometimes go on to produce beautiful structures 
and complex patterns of behaviour that look 
highly ordered. Unexpected complexity emerges 
where  there was none before, while never vio-
lating the second law of thermodynamics. The 
field of science dealing with this sort of emergent 
behaviour is known as complex systems, and it is 
beginning to play a major role in many exciting 
areas of research, such as biology, economics, 
and artificial intelligence.

In summary, then, it may well be that our uni-
verse is indeed completely deterministic, and 
any unpredictability about its  future evolution is 
entirely due to the shortcomings in our own abil-
ity to know with certainty what  will happen next. 

3 Since it depends on which interpretation of quantum 
mechanics we choose.
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This could  either be  because, at the quantum 
level, we cannot observe the state of a system 
without disturbing it and altering the outcome, 
or  because we cannot, in practice, ever have 
complete knowledge of a system, and the build-
up of uncertainties means we can never be sure 
what the  future holds.

W H AT  T H E N  I S  T I M E ?

Having taken a brief look at determinism and 
randomness in physics, let us return once more 
to the central theme of this chapter, namely the 
direction of time emerging from thermodynam-
ics. Note that we have now been confronted with 
three difer ent perspectives on what time is, each 
arising from one of the three pillars of physics.

Firstly, according to special relativity, time is 
not absolute; it does not tick by in de pen dently of 
events taking place in three- dimensional space 
but must instead be combined with space into 
four- dimensional spacetime. This is not just a 
mathematical trick. It is forced upon us by the 
properties of the real world, tested again and 
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again in experiments and shown to be just the 
way the universe is. Einstein’s theory of gravity 
(general relativity) then tells us that spacetime 
is the gravitational field itself— the stronger the 
field, the more curved spacetime is. So, the les-
son from relativity is this: time is part of the 
physical fabric of the universe, a dimension that 
can be stretched and warped by gravity.

This is very differ ent from the almost trivial 
role played by time in quantum mechanics, 
where it is nothing more than a pa ram e ter: a 
number that you plug into an equation. Know-
ing the state of a system at some time t1 allows 
us to compute the state of the system at any 
other time, t2, and so on. And it works in re-
verse too: knowing the state of a system at a  later 
time t2 allows us to compute it at an  earlier time, 
t1. The arrow of time in quantum mechanics is 
reversible.

In thermodynamics, time has yet another 
meaning.  Here, it is neither a pa ram e ter nor a 
dimension, but an irreversible arrow pointing 
from past to  future, in the direction of increas-
ing entropy.
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Many physicists believe that we  will one day 
combine all  these three dif fer ent notions of 
time. For example, we have not yet heard the 
last word on quantum mechanics, since we still 
do not fully understand how the deterministic 
equations that describe the dynamics of a quan-
tum state— and in which time can flow in  either 
direction— tie in with the irreversible, one- way 
pro cess of mea sure ment.  There are strong hints 
from the rapidly developing field of quantum 
information theory that the way a quantum sys-
tem interacts and becomes entangled with its 
surrounding environment is similar to the way a 
hot object leaks heat to its colder surroundings. 
This would see a coming together of quantum 
mechanics and thermodynamics.

A neat experiment at the University of Queens-
land in Australia in 2018 showed just how puz-
zling this all is by demonstrating that at the quan-
tum level, events occur with no definite causal 
order. Basically, in physics, causality means that 
if an event A takes place before an event B (in 
some frame of reference) then A may or may not 
have influenced or even caused B. But the  later 



thermodynamics and the arrow of time 165

event B could not have influenced or caused 
event A. At the quantum level, this sensible 
causality was shown to break down. This has led 
some physicists to argue that the arrow of time 
really does not exist at the quantum level but is 
only an emergent property when we zoom out 
to the macroscale.

However, it has been the quest to bring to-
gether the first two pillars of physics that has 
occupied the minds of so many physicists for a 
century. Entire  careers have been dedicated to 
trying to understand how to combine quantum 
mechanics and general relativity into one all-
encompassing theory of quantum gravity. This 
unification of the two most impor tant ideas in 
twentieth- century physics is the subject of the 
next chapter.



C H A P T E R 7

UNIF ICATION

Physicists’ relentless drive to unify their 
theories—to bring together the laws of the 
universe and encapsulate them in a single neat 
mathematical equation—a ‘theory of every-
thing’— often appears to be no more than an 
obsession with simplicity and compactness, an 
effort to package up the complexity of all natu-
ral phenomena using the minimum number of 
under lying princi ples. In fact, it’s subtler than 
that. Throughout the history of physics, the 
more  we’ve discovered about the workings of 
the nature, the more connections  we’ve found 
between seemingly unconnected forces and 
particles, and the fewer rules and princi ples 
we’ve needed to explain an ever- wider range 
of phenomena. Unification is not something we 
deliberately set out to achieve; it has emerged 
as a result of our deeper understanding of the 
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physical world. But this success undeniably 
comes with a certain aesthetic appeal that drives 
us to keep  going along the same lines. And we 
have been astonishingly successful at it.

Mathematically, the quest to unify the laws of 
physics has often involved a search for abstract 
symmetries, patterns that hide deep truths about 
nature. We saw in chapter 2 just how central sym-
metry has proven to be in physics, and the way it 
leads to laws like the conservation of energy and 
momentum. But I’m afraid that to truly appre-
ciate its importance and the role that differ ent 
symmetries have played in theoretical physics 
over the past  century is somewhat beyond the 
remit of this short book.

The hunt for a unified theory is sometimes 
described as an attempt to gather all the forces 
of nature into one framework, suggesting that 
there exists just one ‘superforce’ and that the 
dif fer ent interactions we know of in nature—
electromagnetism, gravitation and two short-
range forces within the confines of atomic 
nuclei— are all differ ent aspects of this single 
force. Physicists have so far had a good deal of 
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success with this broad proj ect of unification. I 
have already described how Newton understood 
that what  causes the apple to fall from the tree 
is the same universal force (gravity) that con-
trols the motion of the heavenly bodies across 
the sky. This was not at all obvious at the time, 
even though it might seem so to us  today. Before 
Newton, it was believed that objects fell to the 
ground  because every thing had a ‘tendency’ to 
move to its ‘natu ral’ place— towards the centre 
of the world— and that the motion of the Sun, 
Moon, planets, and stars was subject to very 
differ ent princi ples. Newton’s law of universal 
gravitation brings  these phenomena together by 
stating that all masses are attracted  towards each 
other, with a force proportional to the product 
of their mass and inversely proportional to the 
square of the distance between them. It  doesn’t 
matter whether it is an apple or the Moon; the 
same formula governs the way both are attracted 
by the Earth.

Another huge leap forward along the path 
to unification took place almost two centu-
ries  after Newton, when James Clerk Maxwell 
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showed that electricity and magnetism are in 
fact differ ent facets of the same electromag-
netic force. So, the electrostatic attraction be-
tween a scrap of paper and a balloon that has 
been rubbed on your clothing has its origin in 
the same electromagnetic force that attracts a 
paper clip  towards a magnet. Almost all phe-
nomena we see in nature are due ultimately to 
one or other of  these two forces: gravity and 
electromagnetism. It was therefore natu ral to 
ask  whether we can go further and bring them 
together in a combined theory.

We have already seen that, at a fundamental 
level, the gravitational field is nothing more than 
the shape of spacetime itself, a revelation that 
was also due to a unifying idea. By combining 
space with time, Einstein revealed a profound 
truth: that only in four- dimensional spacetime 
can all observers (however fast they are moving 
relative to each other) agree on the separation 
between two events. A de cade  later, his general 
theory of relativity gave the world a new and 
more accurate picture of how mass and energy 
cause this spacetime to curve. But that wasn’t 
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enough for Einstein, who spent the most part of 
the next four de cades of his life searching unsuc-
cessfully for a unified theory that would combine 
his theory of gravity with Maxwell’s electromag-
netic theory.

We now know that  there are, in addition to grav-
ity and electromagnetism, two other forces—the 
strong and weak nuclear forces— that only act 
over very tiny distances, but which are just as 
impor tant as far as the fundamental laws of na-
ture are concerned. And it was the unification 
of the electromagnetic force with one of  these 
nuclear forces that would be the next step forward 
in twentieth- century physics.

But this impor tant advance in our under-
standing of the nature of the fundamental 
forces only came about with the evolution of 
quantum mechanics from a theory describing 
the microcosm in terms of particles and waves 
to one involving fields. I touched very briefly 
on the meaning of fields in chapter 3 in the con-
text of gravity and electromagnetism. We are 
now ready to tackle the meaning of a quantum 
field.
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Q U A N T U M  F I E L D  T H E O R Y

I may have given you the impression that once 
quantum mechanics was completed almost a hun-
dred years ago, most physicists busied themselves 
with applying it to real prob lems in physics and 
chemistry, leaving just a few of the more philo-
sophically minded to carry on arguing about 
what it all meant. To a large extent, this version 
of history is true. But it is also true that quantum 
mechanics continued to develop in sophistication 
throughout the first half of the last  century. The 
basic mathematical formalism— the equations 
and the rules— was certainly in place by the late 
1920s, but Paul Dirac soon managed to combine 
quantum theory with Einstein’s special theory of 
relativity. He also brought together quantum me-
chanics and Maxwell’s electromagnetic field the-
ory to produce the very first quantum field theory. 
This developed into a power ful and very precise 
way of describing the electromagnetic interaction 
of  matter with light at the quantum level.

Dirac’s quantum field theory describes how 
electrons emit and absorb photons, and how two 
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electrons  will repel each other, not by some in-
visible force that links them across space, but 
by the exchange of photons. By the 1930s, the 
distinction, at the quantum level, between the 
physics of particles and the physics of fields was 
swept away. So, in the same way that photons 
are the particle- like manifestations of the elec-
tromagnetic field— lumps of pure energy at the 
quantum scale—so too are the localised par-
ticles of  matter, such as electrons and quarks, 
just manifestations of their more fundamental 
associated quantum fields. However, unlike pho-
tons and the electromagnetic field, this is not so 
obvious when it comes to the  matter particles. 
The reason for this is that photons can bunch 
together in unlimited numbers, giving rise to 
what we perceive as an electromagnetic field on 
the macroscale, whereas  matter particles like 
electrons and quarks are less sociable, thanks to 
one of the rules of quantum mechanics called 
the Pauli exclusion princi ple, which states that 
no two identical  matter particles can occupy the 
same quantum state. This means we do not per-
ceive their quantum fields so easily.
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By the late 1940s, mathematical prob lems with 
the description of quantum fields  were finally re-
solved, and the theory known as quantum elec-
trodynamics (QED) was completed. To this day, 
it is regarded as the most accurate theory in all 
of science. It is also the physical theory that ex-
plains at a fundamental level almost every thing 
in the world around us, since it underpins all of 
chemistry and the nature of  matter— from the 
way the electronic circuitry and microchips in 
my laptop work to the neurons firing in my brain, 
commanding my fin gers to move across the key-
board. This is  because QED is at the heart of all 
interactions between atoms.

And yet, for all its power, QED still describes 
only one of the four forces of nature: electromag-
netism.

During the late 1950s and ’60s, physicists used 
beautiful but complicated mathematical reason-
ing to combine QED with a field theory of the 
weak nuclear force. They showed that the weak 
force was, at a fundamental level, also generated 
by exchanged particles equivalent to the role 
played by exchanged photons in describing the 
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electromagnetic force.  Today, we have a unified 
theory describing a single ‘electroweak’ inter-
action that, through a pro cess called symmetry 
breaking, splits into two distinct physical forces: 
electromagnetism (manifested by the exchange 
of photons) and the weak force, carried by the 
exchange of the W and Z bosons, which  were 
subsequently discovered at CERN in 1983 and 
have since been extensively studied. The split 
between the two forces (the symmetry break-
ing) is due to another field, called the Higgs 
field, which gives the W and Z particles mass 
while leaving the photon massless. This unifica-
tion means that, at a fundamental level, the four 
forces of nature are reduced to just three: the 
electroweak force, the strong nuclear force, and 
gravity (which in any case is not actually a force 
at all, according to general relativity). You may 
disagree with me as to  whether this has helped 
simplify  matters.

In parallel with this advance, another quan-
tum field theory was developed to describe the 
strong nuclear force that holds the quarks to-
gether inside protons and neutrons. A subtlety 
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of the strong force is that the way it acts be-
tween quarks involves a property called ‘colour 
charge’, which deserves a brief mention. Just as 
particles that feel the electromagnetic force 
come in two types of electric charge, which we 
refer to simply as positive and negative,1 the par-
ticles that feel the strong force (quarks) come 
in three types of ‘charge’, named colour charge 
to distinguish them from electric charge. Note 
that the word ‘colour’  here is not to be taken 
in any way literally. The reason three types of 
colour charge  were needed, rather than just two 
(as with electric charge), was to explain why 
protons and neutrons must each contain three 
quarks; and the reason the analogy with colour 
was chosen was  because of the connection with 
the way the three differ ent colours of light (red, 
blue and green) combine to produce white light. 
Thus, the three quarks in a proton or a neutron 
each carry a differ ent colour charge: red, blue or 

1 And which could equally well have been called ‘left’ and 
‘right’, ‘black’ and ‘white’, or ‘yin’ and ‘yang’, to indicate that 
they are opposite to each other.
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green, which combine to produce a particle that 
has to be ‘colourless’.

The rule was that quarks could not exist 
by themselves  because they carried colour; 
they could only exist in nature by sticking to-
gether to make up colourless combinations.2
For this reason, the field theory of the strong 
nuclear force that binds quarks together be-
came known as quantum chromodynamics, or 
QCD. The exchange particles between quarks 
are the gluons, a rather more evocative and ap-
propriate name, I think you’ll agree, than that 
of  those weak force– carrier particles, the W 
and Z bosons.

Let us then take stock. Of the four known 
forces of nature, three are described by quan-

2 The other type of particles made of quarks, called me-
sons, contain a quark and an antiquark, which must both have 
the same colour charge  because antiparticles always carry the 
opposite properties. So, you could have a meson made up of 
a red quark (of some flavour, such as up, down, or strange) 
together with an anti- red quark of some other flavour. The 
flavours of the quark and antiquark define the type of meson, 
while their colour and anti- colour cancel out to ensure a co-
lourless particle. Complicated? You betcha!



unification 177

tum field theories. The electromagnetic and the 
weak nuclear force are linked together by the 
electroweak theory, while the strong force is 
described by quantum chromodynamics. A yet-
to-be fully developed theory that connects  these 
three forces together is known as a  grand unified 
theory (or GUT). But  until we find one, we must 
make do with a loose alliance of the electroweak 
theory and QCD, known as the Standard Model 
of particle physics.

Even its most ardent defender  will admit 
that the Standard Model is prob ably not the 
last word on the  matter. It has survived this 
long in part  because we have nothing better 
to replace it with and in part  because its pre-
dictions have so far been validated by experi-
ments, such as the discovery of the Higgs boson 
in 2012 (more of which  later). And yet despite 
this being the best description we have of three 
of the four forces of nature, physicists would 
like nothing better than make some new dis-
covery that conflicts with the Standard Model, 
in the hope of discovering a deeper and more 
accurate description of real ity. But as long as 
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the predictions of the Standard Model continue 
to be confirmed by experiments, it lives to fight 
another day.

Of course, this  whole discussion of quantum 
field theories omits a very impor tant ingredient: 
gravity.

T H E  Q U E S T  F O R  Q U A N T U M  G R AV I T Y

We have discovered that the description of our 
everyday world at the length, time, and energy 
scales appropriate for Newtonian physics is 
only an approximation, and that beneath it are 
more- fundamental physical theories that come 
into their own at the extreme scales. At one end, 
we have quantum field theory, which has led us 
to the Standard Model of particle physics and 
which accounts for three of the four known 
forces in the universe. At the other extreme, 
we have the general theory of relativity, which 
gives us the Standard Model of cosmology that 
encompasses the other force, gravity. This stan-
dard model of the very large is called a variety of 
differ ent names, such as the concordance model, 
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or the Lambda– cold dark  matter model, or the 
Big Bang cosmology model. I  will discuss it more 
fully in the next chapter.

Therefore, a question that physicists are often 
asked is why we feel it is so impor tant, indeed 
whether it should even be pos si ble, to keep 
going with our obsession with unification, to 
try to combine  these two models describing en-
tirely differ ent scales: the quantum realm and the 
cosmic realm. Surely each works well in its own 
domain, and that should be enough for us. But 
again, I must stress that the purpose of physics is 
not simply to account for what we observe or to 
find some useful application based on it; physics 
is about gaining the deepest and most complete 
understanding of real ity.

So, this is where we are at the moment: stuck 
with two successful frameworks— quantum 
field theory and general relativity— which just 
don’t seem to want to fit together. Indeed, 
they appear to have very  little in common: 
their mathematical structures are incompat-
ible. And yet this cannot be the  whole story. 
We know that spacetime reacts to the  matter 
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within it. We also know that  matter at the sub-
atomic scale behaves according to the rules of 
quantum mechanics, which must surely in turn 
affect the behaviour of spacetime. If an unob-
served electron is in a quantum superposition 
of being in two or more states at once, as we 
know electrons can be— for example, if their 
quantum state is spread out over some volume 
of space or in a superposition of differ ent ener-
gies at once— then surely the spacetime around 
this electron must reflect this fuzziness too. 
The prob lem is that general relativity just  isn’t
‘quantum- y’, and it is far from straightforward 
how we can make it so. One of the prob lems 
with this is that subatomic particles have such 
tiny masses that their effect on spacetime is 
nigh impossible to mea sure.

Still, the issue remains: How do we quantise 
the gravitational field? What do we need to do to 
bring quantum field theory and general relativity 
together? And if they are truly as incompatible 
as they seem to be, then which one of  these two 
incredibly successful theories needs to ‘give way’ 
to get us to quantum gravity?
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S T R I N G  T H E O R Y

In the mid-1980s, a candidate theory of quan-
tum gravity was developed. It was based on a 
mathematical idea called supersymmetry, which 
I mentioned briefly in chapter 2. This candidate 
theory became known as superstring theory, and 
it captured the imagination of many mathemati-
cal physicists of my generation. Supersymmetry 
suggests a relationship between the two general 
types of elementary particles in the Standard 
Model: the  matter particles, or fermions (quarks 
and electrons and their cousins), and the force 
carrier particles, or bosons (the photon, gluons, 
and W and Z bosons).

String theory had originally been proposed 
in the late 1960s as a theory of the strong nu-
clear force, but when quantum chromodynam-
ics was developed in the ’70s and found to be so 
successful, string theory fell out of favour and 
was seen as no longer necessary. But it was soon 
realised that by incorporating into string theory 
the idea of supersymmetry, it could be reborn 
as a candidate for a much grander  undertaking 
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than a theory of the strong force: a theory of 
every thing.

The basic premise of supersymmetric string 
(or superstring) theory is that one way to unify 
all the forces is to add more dimensions to space 
beyond the three we are aware of. This idea goes 
back to work by the Polish theoretical physicist 
Theodor Kaluza, who noticed, just  after the 
end of the First World War, that if he solved 
Einstein’s field equations of general relativ-
ity in five- dimensional spacetime instead of 
four, then electromagnetism emerged out of 
the mathe matics as vibrations in this fifth, un-
seen, dimension. Kaluza showed his work to 
Einstein, who initially liked it. It seemed to 
do for electromagnetism what Einstein had 
achieved for gravitation: changing its funda-
mental description from a physical force to pure 
geometry.

Yet, despite this elegant way of unifying light 
(electromagnetism) and gravity (general rela-
tivity), most physicists— including Einstein 
himself— soon became sceptical of Kaluza’s 
work, as  there was no experimental evidence 
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to suggest that this extra dimension of space 
existed.

A few years  after Kaluza’s original idea, the 
Swedish physicist Oskar Klein suggested that the 
reason the fifth dimension is hidden is  because 
it is curled up on itself, and therefore too tiny 
to be detected.  There is a standard analogy 
that helps to explain what this means. From a 
distance, a hose looks like a one- dimensional 
line, but zoom in and you see that it is in fact 
a two- dimensional surface wrapped around 
into a cylinder. The second spatial dimension 
(the circular direction around the hose) was 
too small to be seen from a distance. Klein sug-
gested the same  thing applied to Kaluza’s fifth 
spatial dimension, which was curled up into a 
circle a billionth of a trillionth of the size of an 
atom. Despite Kaluza- Klein theory not leading 
to a unification of gravity and electromagnetism, 
it did help researchers understand the relevance 
of the higher dimensions in superstring theory. 
However, now, instead of just one hidden spatial 
dimension,  there needed to be six, all rolled up 
into an impossible- to- visualise six- dimensional 
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ball. Superstring theory thus states that  there are 
ten dimensions: four of spacetime that we expe-
rience plus the six hidden dimensions.

To this day, many researchers looking to 
unify the forces of nature still work on string 
theory. They argue that we have come so far, 
using successful ideas like quantum field theory 
and supersymmetry to understand three of the 
four forces; therefore surely gravity can also be 
tamed. They may well be right.

String theory begins with the quantum me-
chanical properties of  matter within spacetime. 
Its central idea is that all elementary point- like 
particles are in fact tiny strings, vibrating in the 
hidden dimensions.  These strings would be far 
smaller than the scales currently probed by par-
ticle physics and so we can only experience them 
as point particles. The prob lem that emerged by 
the 1990s was that it appeared  there  were five 
difer ent versions of string theory, and no one 
knew which one was the correct one. So a new, 
even grander framework was proposed which 
unified all five versions  under one umbrella. 
This all- encompassing framework is now called 
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M- theory, which is a supersymmetric theory with 
eleven, rather than ten, dimensions. Yet again, it 
seemed, another hidden dimension was needed 
to help with the  grand unification programme.

So, is that it? Is M- theory our ultimate ‘theory 
of every thing’? Sadly, we cannot yet say. While 
the mathe matics is elegant and power ful, we still 
don’t know if string theory or M- theory are the 
right descriptions of real ity. In the next chap-
ter, I  will discuss some of the outstanding issues 
and controversies surrounding this subject. In 
any case, M- theory has a worthy adversary in 
the race for unification. This rival theory is just 
as speculative, but a number of theoretical physi-
cists see it as a purer and more sensible way of 
tackling unification. It is called loop quantum 
gravity, and it came to the fore in the last de cade 
of the twentieth  century.

LO O P  Q U A N T U M  G R AV I T Y

Loop quantum gravity does not start from quan-
tum field theory, but from the other direction—
from general relativity. It assumes that spacetime 
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itself, rather than the  matter it contains, is the 
more fundamental concept. Aesthetically, it 
would seem sensible to try to quantise the 
gravitational field— which, according to general 
relativity, is spacetime itself. Thus, if we shrink 
down to small enough length scales, we should 
see space become grainy and discrete. In the 
same way that Max Planck proposed, in 1900, 
that heat radiation ultimately comes in quantum 
lumps, quantizing space suggests  there should be 
a smallest length that cannot be further divided. 
However, the quanta of gravitational energy are 
the quanta of space itself, which means that they 
don’t exist as lumps within space . . .  they are
lumps of space.

It is thought that the tiniest unit of space— a 
quantum of volume—is one Planck length, or 
10−35 m, across. I have always enjoyed trying 
to find ways of describing how tiny this volume 
is. For example, an atomic nucleus contains as 
many Planck volumes inside it as  there are cubic 
metres in the Milky Way galaxy.

This discretisation of space seems inevitable if 
we want to quantise the gravitational field. And it 
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therefore follows that time must also be ‘lumpy’. 
So the smooth space and time that we experi-
ence is nothing more than a large- scale approxi-
mation of the lumpy quanta of gravity, smeared 
out  because the individual pixels of spacetime 
are too small for us to perceive.

Loop quantum gravity contrasts dramatically 
with string theory, which predicts that, just as 
the three forces covered by the Standard Model 
(electromagnetism and the strong and weak 
nuclear forces) are in fact quantum fields mani-
fested as force- carrying particles, so too is the 
gravitational field mediated by a quantum par-
ticle of gravity: the graviton, a massless state of a 
string. In string theory, this quantum of the grav-
itational field exists within spacetime, whereas in 
loop quantum gravity, it is spacetime itself that 
is quantised.

Loop quantum gravity refers to the closed 
paths that take you from a quantum of space, 
via its links to adjacent quanta, around in a loop 
and back to the starting point. The nature of 
these loops determines the curvature of space-
time. They are not physical entities like strings. 
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All that is real is the relationship between the 
loops.

In a sense, loop quantum gravity is modest in 
its scope. But when you consider it more care-
fully you begin to realise that, if it is indeed the 
correct description of real ity, then it is not so 
much that events take place within space and for 
a duration of time, but rather that the universe, 
and every thing in it— all  matter and energy—is 
nothing more than quantum fields coexisting 
and superimposed onto each other. And  these 
fields do not require space and time to exist in, 
since spacetime is itself one of  these quantum 
fields.

In summary, we cannot yet claim to have a 
genuine theory of every thing, nor do we un-
derstand yet how to bring quantum mechanics 
and general relativity together. Rather, we have 

F IGURE 4.  (OPPOSITE)  Unification— A (simplified) chart showing 
how concepts in physics (theories, phenomena, forces) have 
come together over the years. Note that while the chronology 
is correct ( running from left to right), you should not read too 
much into it. For example, special relativity appears directly 
below Newtonian gravity even though it came centuries  later.
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candidate theories that show some promise, but 
which still leave many questions unanswered. 
Brilliant physicists have built their  careers on 
one or the other such theory, but just as with 
differ ent interpretations of quantum mechanics, 
there is a lot of sociology of science involved, and 
views on which theory shows the most promise 
really do depend on who you speak to. Broadly 
then, in the red corner we have string theory, 
which is our current best stab at unifying the 
four forces of nature, but which despite three 
and a half de cades of research is still specula-
tive. Some physicists claim that despite all the 
pro gress it has made, it is now reaching some-
thing of a crisis  because it  hasn’t delivered on its 
early promise. Indeed, it can be argued that it 
is not yet even a proper scientific theory, since 
it has not made any testable predictions. Then, 
in the blue corner, we have loop quantum grav-
ity, which seems to be the most sensible way of 
quantising spacetime, but which does not tell 
us how to then combine gravity with the other 
three forces.  Whether one or the other of  these 
two approaches is correct, or  whether we need 
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to somehow merge the two, or even look for an 
entirely new theory, we still do not know.

This leads us nicely on to where the current 
outstanding prob lems and controversies are in 
fundamental physics, and what advances are 
likely in the coming de cades.



C H A P T E R 8

THE  FUTURE 

OF PHYSICS

The remarkable success of twentieth- century 
physics might suggest that all we have left to do 
is iron out a few creases, refine our experimental 
mea sure ments, and put the finishing touches to 
our mathematical theories— that most of what 
there is to know is already known and we are 
just dotting a few ‘i’s and crossing the final ‘t’s. 
You may have got the impression that  there is no 
need for another Newton or Einstein (or indeed a 
Maxwell, Rutherford, Bohr, Dirac, Feynman, Wit-
ten, or Hawking) to come along and bring about a 
new revolution in physics,  because we are already 
within touching distance of a theory of every thing 
that explains the workings of the entire universe.

Unfortunately, or fortunately if  you’re a re-
search physicist just starting out in your  career 
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and looking for big prob lems to tackle, the truth 
is far from this. In fact, I would say we are fur-
ther away from the end of physics  today than 
we thought we  were twenty or thirty years ago. 
We speak of the Standard Model as describing 
all the elementary building blocks of  matter and 
energy, but we are now pretty sure that every-
thing we have found only makes up 5  percent 
of the universe. The other 95  percent, known as 
dark  matter and dark energy, is still to some ex-
tent mysterious. We are confident it’s out  there, 
but we  don’t know what it is made of or how it 
fits into our current theories. In this chapter, I 
will explore this mystery along with other out-
standing challenges in fundamental physics.

D A R K   M AT T E R

The rotational speed of galaxies, the motion of 
entire galaxies within galaxy clusters, as well as 
the large- scale structure of the entire universe, 
all point  towards a significant component of the 
universe consisting of a near- invisible  matter 
component. We call it ‘dark,’ not  because it is 
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hidden  behind other, vis i ble  matter, or even 
because it is actually dark, but  because, as far as 
we can tell, it  doesn’t feel the electromagnetic 
force and so does not give off light or interact 
with normal  matter, other than gravitationally,1
and so a better name for it would have been in-
visible  matter. Think for a moment about why, 
if you slam your hand down on a solid  table, it 
doesn’t pass straight through. You might regard 
this as trivial: surely it is  because both your hand 
and the  table are made of solid stuff. But  don’t 
forget that down at the level of atoms,  matter is 
mostly empty space— diffuse clouds of electrons 
surrounding a tiny nucleus— and so  there should 
be plenty of room for the atoms that make up 

1 Of course,  there are  matter particles, such as neutrinos, 
that also do not feel the electromagnetic force. However, they 
interact instead with other  matter via the weak nuclear force, 
and so are not what is referred to as dark  matter. Even dark 
matter itself may yet be found to interact via one or more of the 
other three forces, but it would have to be very weakly indeed 
(or we would have mea sured it by now). Physicists  haven’t 
entirely given up hope of such a small non- gravitational in-
teraction, as that would increase the chances of dark  matter 
particles being detected or created in an accelerator.
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your hand to easily pass through the atoms of the 
table without any physical  matter coming into 
contact. The reason they  don’t is  because of the 
electromagnetic force between the electrons in 
the atoms of your hand and the electrons in the 
atoms of the  table, repelling each other and pro-
viding the re sis tance we experience as solidity. 
However, if your hand  were made of dark  matter, 
then it would pass straight through as though the 
table  weren’t  there— the gravitational force be-
tween them being too weak to have much effect.

It has long been known that galaxies have 
much more mass than can be accounted for if 
one mea sures all the normal  matter they contain 
in the form of stars, planets, and interstellar dust 
and gas. At one point it was thought that dark 
matter might be made up of long- dead stars and 
black holes— objects made of normal  matter, but 
which do not emit light. However, overwhelm-
ing evidence now suggests that this invisible stuff 
must be made up of a new form of  matter, most 
likely a new type of particle yet to be discovered.

Originally, dark  matter was proposed to ex-
plain the large- scale dynamics of entire clusters 
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of galaxies. Further evidence then came from the 
way stars moved within spiral galaxies, circulating 
like undissolved coffee granules on the surface of 
a mug of instant coffee  after it has been stirred. 
Most of the stars— and hence, you would think, 
most of the mass—in a galaxy are concentrated 
at its core, which would require  those in the 
outer rim to be moving around the centre more 
slowly. The observed higher- than- expected or-
bital speeds of  these outer stars suggest that  there 
must be some additional invisible stuff pre sent, 
extending out beyond the vis i ble  matter we can 
see and providing the extra gravitational glue to 
stop the outer stars from flying off.

Dark  matter can also be seen from the way it 
curves space around it. This phenomenon man-
ifests itself in the way light bends while on its 
path from very distant objects to our telescopes. 
The amount of bending can only be explained by 
the extra gravitational curvature of space pro-
vided by the dark  matter of galaxies that the light 
passes on its way to us.

So, what do we know about dark  matter other 
than that it provides this necessary extra gravi-
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tational attraction? Might this not be accounted 
for by something less exotic than a new form of 
matter? Indeed, some astrophysicists suggest 
that  there may be no need for dark  matter at 
all—if we are allowed to modify the properties 
of the gravitational force at large distances. An 
idea known as MOND (modified Newtonian dy-
namics) is one such suggestion and, on the face 
of it, this idea can sound quite appealing. How-
ever, while MOND, or other related hypotheses 
that modify general relativity, can explain away 
some of the observed effects,  there is plenty 
that they do not explain. None of  these models 
have been able to match the observational data 
for galaxy clusters, particularly colliding galaxy 
clusters (such as the famous Bullet Cluster), 
the detailed structure of the cosmic micro wave 
background radiation, globular star clusters, or, 
more recently, tiny dwarf galaxies.

The existence of dark  matter also seems nec-
essary to explain the structure of the early uni-
verse. In contrast with normal  matter, which 
through its interaction with the electromagnetic 
field kept its energy high, dark  matter cooled 
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down more quickly as the universe expanded 
and therefore started to clump together gravi-
tationally  earlier. One of the most impor tant 
results in astrophysics in recent years has been 
the confirmation from sophisticated computer 
simulations of galaxy formation that we can only 
explain the real universe if it does indeed contain 
large quantities of dark  matter. Without it, we 
would not get the rich cosmic structures we see 
today. Put more bluntly, without dark  matter, 
most galaxies, and hence stars and planets, 
could never have formed in the first place. This 
remarkable conclusion is supported beautifully 
by data showing subtle fluctuations in the tem-
perature of deep space, the imprint of the very 
young universe on the cosmic micro wave back-
ground radiation. It was recognised back in the 
late 1970s that  these fluctuations in the cosmic 
micro wave background, while helpful in provid-
ing the seeding for the present- day distribution 
of  matter in the universe,  were too tiny to explain 
how galaxies could form. Dark  matter helped 
provide the extra clumping that was needed. It 
was one of the  great scientific triumphs of the 
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end of the twentieth  century when the COBE 
satellite2 mea sured  these fluctuations to be just 
what had been predicted. Since then, further 
space missions have mapped  these wrinkles in 
the cosmic micro wave background with ever-
increasing resolution: NASA’s WMAP mission 
in the first de cade of this  century, then the Eu-
ro pean Space Agency’s Planck satellite, which 
launched in 2009.

While we are left in  little doubt that dark 
matter is real, we are still in the dark as to what 
it is made of. It is a growing source of frustra-
tion in astrophysics that, in parallel with the 
accumulation of evidence in support of dark 
matter, we have failed to find out what it ac-
tually is. The consensus now is that it consists 
of a new type of heavy particle (heavy by the 
standards of elementary particles, that is), and 
most of the experimental effort thus far has been 

2 The Cosmic Background Explorer, also referred to as 
Explorer 66, was a satellite dedicated to cosmology, which 
operated from 1989 to 1993. Its goals  were to investigate the 
cosmic micro wave background radiation of the universe.
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focused on building sophisticated under ground 
detectors that can capture extremely rare events 
when such a dark  matter particle streaming in 
from space collides head-on with an atom in the 
detector. To date, no signal from  these increas-
ingly sophisticated and sensitive experiments 
has been picked up.

And yet, physicists looking for dark  matter re-
main optimistic. Most likely, they say, it  will be 
in the form of slow- moving particles, making up 
what is known as ‘cold dark  matter’. And  there 
is no shortage of suggestions for what  these par-
ticles might be, with such wonderful- sounding 
names as axions, sterile neutrinos, WIMPs,3 and 
GIMPs4. Many feel confident that experimental 
evidence  will emerge soon. But then,  we’ve been 
saying that for some time now.

I should at this point say just a  little about neu-
trinos, which for a while  were the leading candi-
dates for dark  matter.  These are elusive yet abun-
dant particles that we know exist, which have a 

3 Weakly interacting massive particles
4 Gravitationally interacting massive particles
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tiny mass and are almost invisible. You would 
need a light- year’s thickness of lead shielding to 
have even a fifty- fifty chance of blocking them. 
You could say that they are, to all intents and 
purposes, ‘dark  matter’. However, they can-
not be the dark  matter that we are searching for 
because, being so light, they travel at near light 
speed— too fast to remain bound within galaxies 
and thus to explain galaxies’ anomalous proper-
ties. We refer to neutrinos as hot dark  matter, 
because they move so fast.

And as if the unresolved prob lem of dark 
matter  weren’t big enough for physicists, we now 
know of another mysterious substance filling the 
universe, which plays a vital role in shaping it.

D A R K  E N E R G Y

In 1998, astronomers studying the faint light of 
supernovae in distant galaxies used it to calculate 
the speeds at which  those galaxies  were receding 
from us due to the expansion of the universe. 
They found that they  were moving away more 
slowly than their distance from us suggested 
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they should be. Since the light now reaching us 
from  these galaxies left them when the universe 
was very young, their slower- than- expected 
recession speeds meant that the universe must 
have been expanding more slowly in the past. 
So, rather than the cumulative gravitational at-
traction of all the  matter in the universe— both 
normal and dark  matter— slowing down the ex-
pansion of the universe, something  else was at 
work, making it expand more quickly now than 
it did in the past.

This mysterious repulsive substance acting 
against gravity and stretching space ever more 
quickly became known as dark energy. Accord-
ing to our pre sent understanding, dark energy 
may ultimately result in what is called the ‘heat 
death’ of the universe many billions of years 
from now as space continues to expand ever 
more rapidly and to cool as it  settles  towards a 
state of thermodynamic equilibrium. But  until 
we truly understand the nature of dark energy, 
and indeed the properties of the very early uni-
verse (see the next section), we should not be 
too quick to conjecture about its final fate. It’s 
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a long way off, and anything could happen be-
tween now and then!

Until a few years ago, I would have said we 
know even less about dark energy than we do 
about dark  matter, but that is now changing. 
There is a quantity in Einstein’s equations of 
general relativity, known as the cosmological 
constant (and denoted by the Greek letter Λ, 
or lambda), that fits the bill. What we call dark 
energy is most likely the energy of empty space 
itself— what is referred to as the quantum vac-
uum. We have seen how every thing ultimately 
comes down to quantum fields in the end. All 
the differ ent particles that make up  matter and 
energy,  whether quarks, electrons, photons, or 
Higgs bosons, can be regarded merely as localised 
excitations of  these quantum fields— like waves on 
the surface of an ocean. However, if you  were to 
remove all the particles from a volume of space, 
this does not get rid of the field. Instead, we say 
it is left in its ground, or vacuum, state, but  there 
will still be virtual particles popping in and out 
of existence within this vacuum all the time, bor-
rowing the energy from their surroundings in 
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order to exist, but paying it back just as quickly 
when they dis appear again. So to say that the 
quantum vacuum of empty space has zero en-
ergy would be the same as claiming a calm ocean 
has no depth. The equivalent of  water beneath 
the ocean surface is this dark energy—it is the 
cosmological constant.

However, having a mathematical symbol for 
dark energy does not mean we entirely under-
stand its nature yet. Astronomical mea sure ments 
suggest that the cosmological constant has a cer-
tain numerical value, but, like the mass of the 
Higgs boson in the Standard Model, we do not 
know why it has this value. This long- standing 
prob lem in physics is known as fine- tuning and 
is very unsatisfying. In fact  things are even worse 
than this. The discrepancy between this calcu-
lated vacuum energy from quantum field theory 
and the observed vacuum energy from cosmo-
logical mea sure ments is so huge that it’s one of 
the most embarrassing and unresolved prob-
lems in physics. You see, the calculated value is 
a ridicu lous 120  orders of magnitude bigger than 
the observed value.
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Our ‘best guess’ cosmological model— the 
equivalent of the Standard Model in particle 
physics— which contains  under its umbrella 
what we currently know about dark  matter 
and dark energy, is called the ΛCDM model (or 
Lambda– cold dark  matter model). And similar to 
the way deeper quantum field theories underpin 
the loose alliance of the Standard Model of par-
ticle physics, so too does general relativity under-
pin the ΛCDM cosmological model.

There is one more impor tant ingredient of the 
ΛCDM model, which most, but by no means 
all, cosmologists claim is needed to explain the 
properties of the universe we see. It is called cos-
mic inflation, and it provides a pos si ble answer 
to that perennial question: How did the universe 
and all the  matter and energy it contains come 
into being in the first place?

I N F L AT I O N  A N D  T H E  M U LT I V E R S E

As we touched on at the very beginning of this 
book, since the dawn of  human history  we’ve 
created many myths about the origins of the 
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universe.  Today, physics has given us a demysti-
fied explanation of how the universe began, with 
overwhelming observational evidence to back it 
up. But did the Big Bang itself have a cause? Was 
there something that triggered the birth of our 
universe in the first place?

The simplest answer is that  there was no 
‘before’ the Big Bang, for it marked the birth of 
both space and time. An idea put forward by Ste-
phen Hawking and James Hartle, called the ‘no 
boundary’ proposal, states that, as we wind back 
the clock closer and closer to the Big Bang, time 
begins to lose its meaning and becomes more like 
a dimension of space. We therefore end up with 
smooth four- dimensional space at a point of the 
universe’s origin. So it is meaningless to ask what 
happened before the Big Bang, in the same way 
that it is meaningless to ask what point on the 
surface of the Earth lies south of the South Pole.

But the Big Bang model is not enough on its 
own to explain the universe we see  today. In par-
tic u lar, two prob lems puzzled cosmologists half 
a  century ago. The first is called the flatness prob-
lem. This is yet another fine- tuning issue and re-
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lates to the density of  matter and energy in the 
universe, which appears to have a just the right 
value to make space almost perfectly flat.5 The 
second prob lem is called the horizon prob lem. 
The furthest we can see out into space is prob-
ably only a tiny fraction of the entire universe, 
and  there exists a horizon beyond which we can 
never see. This horizon marks the edge of what 
is known as the vis i ble universe. It exists  because 
the universe  hasn’t been around forever, and 
light takes a certain time to reach us. An added 
complication is that the universe is expanding, 
and at some distance space is stretching faster 
than light can travel through it (like trying to 
walk up a rapidly descending escalator).

Consider a galaxy near the edge of the vis i-
ble universe in one direction and another galaxy 
near the edge in the opposite direction. Due to 
the expansion of the universe, any intelligent 

5 It is hard to visualise what we mean by ‘flat’ 3- D space. 
The easiest way is to imagine restricting our space to just 
two dimensions. Now, it is clear that a page in a book is flat, 
whereas the surface of a ball is not.
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beings living in one of  these distant galaxies 
would be completely unaware of the existence 
of the other galaxy, since light from it  won’t have 
reached them yet, nor  will it ever. In fact, the re-
gions of space containing the two galaxies could 
never have been in contact and cannot ever have 
shared information. Why is this a prob lem? 
Because in  every direction we look and as far 
out as we can see, the universe looks the same. 
Both of  those distant galaxies look very much 
the same (to us in between them) in terms of 
their physical properties, composition, and the 
structure of  matter within them. How can this be 
if they  were never in contact in the past?

To solve  these two issues— the flatness prob-
lem and the horizon prob lem— a concept known 
as cosmic inflation was proposed forty years ago. 
It went like this: when the universe was just a 
fraction of a second old, it underwent a short pe-
riod of exponential expansion due to yet another 
quantum field, called the inflaton field, during 
which it grew stupendously rapidly to a trillion 
trillion trillion trillion times the size it was be-
fore. This solves the prob lem of the finely tuned 
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density giving rise to the flat spacetime we see 
today,  because any tiny amount of curvature got 
stretched out by inflation.

The way inflation solves the horizon prob lem 
is more in ter est ing. The usual explanation is that 
distant parts of the universe that do not appear 
to ever have had the chance to be in contact, 
and thus to synchronise their physical proper-
ties,  were in fact in contact at the beginning, but 
that inflation caused space to expand so rapidly 
they appear now to be too far apart to have ever 
been causally connected.

I said this is the ‘usual explanation’, but if 
you think about it,  there are two  things not 
quite right with referring to inflation as being 
‘rapid’ expansion. First, for distant parts of the 
universe to be able to communicate with each 
other when they  were close together surely re-
quired them to stay closer together for longer, 
not zoom apart too quickly. Secondly, when we 
refer in mathe matics to something being expo-
nential, we mean that it varies slowly to begin 
with and then speeds up (the slope becoming 
steeper). This is a better way of thinking about 
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the inflationary early universe. It started expand-
ing slowly, then sped up. Then, at some point, 
this exponential expansion changed to what is 
called a ‘power law’ expansion, where instead 
of the expansion speeding up, it started to slow 
down again— until, that is, dark energy kicked in 
halfway through the universe’s life and started to 
speed the expansion up again.

Of course, this tells you nothing about why the 
idea is so attractive, or why or how it works. So, 
let us spend a  little time unpacking its meaning.

To appreciate how inflation works, you must 
first understand the difference between positive 
and negative pressure. Imagine you are holding 
an inflated balloon. The air inside it exerts a pres-
sure on its inner surface, pushing outwards. If 
you  were to now squeeze the balloon between 
your hands you would be expending energy to 
compress its air to a smaller volume, increasing 
its density, and this energy gets stored in the bal-
loon’s air molecules. Now, consider the reverse 
pro cess: relax your hands so that the balloon ex-
pands back to its original size and the air inside 
becomes less dense again. The energy stored 



the  future of physics 211

in its molecules must now also drop back to 
what it was originally.6 So, allowing the volume 
inside the balloon to expand means its energy 
decreases. This is the situation with ‘normal’, 
positive pressure: it loses energy as it expands.

But what if the balloon  were filled with an un-
usual substance that did the opposite? What if, 
when it expanded in volume, its density  didn’t 
drop, but remained constant, and the energy per 
unit volume stayed the same, too, so its total en-
ergy increased? This is what we mean by some-
thing with ‘negative pressure’— instead of the 
energy of the balloon’s contents increasing when 
compressed, it increases when it expands. The 
closest example to this in our everyday world 
is a rubber band, since stretching it puts more 
energy into it.

And this is exactly what we have with the 
inflaton field filling space: it’s like a rubber 
band, and has the property that  every time the 

6 Of course, this energy does not return to the muscles 
in your arms, but is lost instead as waste heat to the balloon’s 
surroundings.
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volume of space doubles, its total energy also 
doubles in order to maintain a constant field 
density. So, the inflaton field gives the universe 
energy, just as you would give a rubber band 
energy by stretching it.

You should be asking two questions  here. 
Firstly, why does the inflaton field cause the ex-
pansion of space?  After all, a rubber band does 
not spontaneously expand of its own accord. 
And secondly, given that the inflaton field gen-
erates energy, where does that energy originate 
from? Both questions have crafty but logical an-
swers that can be found, you  won’t be surprised 
to hear, in the equations of general relativity.

Einstein’s field equations tell us that gravity 
can be caused by pressure as well as by mass and 
energy. So, while something with positive pres-
sure, like the molecules of air in a balloon, gives 
rise to normal attractive gravity, a substance 
with negative pressure  will cause the opposite: 
antigravity— pushing every thing apart rather 
than pulling it together. The inflaton field has the 
property that the repulsive effect of its negative 
pressure (or antigravity) is bigger than the nor-
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mal attractive gravity caused by its energy, and 
so it  causes space to expand at an accelerating 
pace.

As for where the energy of the inflaton field 
came from in the first place, the answer is that 
it is borrowed from its own gravitational field. 
Think of a ball on top of a hill: it has a store of 
positive potential energy that it can convert into 
kinetic energy if it rolls down. But a ball at the 
bottom of the hill has no potential energy, while 
a ball down in a hole has negative potential en-
ergy (since it needs energy put into to lift it back 
up to ground level). It is as though our universe 
began with no space and no energy, but a quan-
tum fluctuation caused it to start rolling down a 
gravitational energy slope. As it rolled down it 
gained positive energy, paid for as it descended 
deeper into the gravitational valley by its increas-
ing negative gravitational potential energy (see 
figure 5). Cosmologist refer to this as the ulti-
mate  free lunch— something from nothing. It is 
a very neat answer to the question: where did all 
the  matter and energy in the universe come from 
in the first place?
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Another way of understanding why gravita-
tional energy is negative is to consider the fol-
lowing example: Start with two masses infinitely 
far apart, with zero gravitation energy between 
them. As they drift together they  will gradually 
gain in gravitational attraction, but this gravita-
tional energy is negative in the sense that you 
would need to put positive energy in to pull 
them apart again and get them back to the zero 
energy they started with.

When inflation ended, the energy of the in-
flaton field decayed into normal energy, which 
condensed out into all the  matter we have  today. 
The stuff of the universe was created from energy 
borrowed from its own gravitational field— the 
ultimate in creative accounting.

But just  because inflation theory solves  these 
prob lems in cosmology does not mean that it is 
correct. While most cosmologists subscribe to 
this theory,  there are  others who disagree, and 
there are indeed some subtle issues that have not 
yet been resolved. One critic is Stephen Hawk-
ing’s long- term collaborator Roger Penrose. 
Instead of inflation, Penrose has proposed his 
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own model, called conformal cyclic cosmology, 
in which the universe goes through an infinite 
series of epochs, each of which starts with a 
phase resembling a Big Bang. At the end of each 
cycle, all that remains,  after even the black holes 
have evaporated, is thermal radiation. This, Pen-
rose conjectures, is similar to the smooth high-
energy radiation that would fill the universe just 
after the Big Bang, and with a clever connection 
between the low entropy of the early universe 
and the high entropy at the end (nothing can 
escape the second law of thermodynamics), he 
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can attach the end of one aeon to the begin-
ning of another and see every thing start again 
with a new Big Bang. Suffice it to say that this 
proposal is even more controversial than infla-
tion theory.

And since we are deeply in the realm of specu-
lation, why stop now? A fash ion able idea in cos-
mology at the moment is known as eternal infla-
tion. In this scenario, our universe is just a small 
bubble within an infinite, higher- dimensional 
space known as the multiverse, which has been 
undergoing inflation forever. In this scenario, 
the Big Bang that created our universe was but 
a quantum fluctuation 13.82 billion years ago, 
which created a  bubble in this eternally inflat-
ing space. The space within this  bubble— our 
universe— stopped inflating and slowed down 
to expand at a more sedate rate, while the mul-
tiverse outside continued its runaway inflation. 
And so, rather than a very brief period of infla-
tion taking place  after the Big Bang, now we have 
things the other way around with our Big Bang 
marking the end of inflation in our part of the 
multiverse.
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What’s more, eternal inflation predicts  there  will 
be other  bubble universes within the multiverse, 
possibly an infinite number of them, all forever 
separated from each other and all being driven 
apart rapidly by the ever- expanding inflaton field.

This idea has an added benefit that many cos-
mologists find appealing. I have mentioned be-
fore that physicists do not like fine- tuning— that 
is, for  there to be no under lying reason for why 
certain physical quantities have the values they 
do. This comes to a head when we consider that 
our most fundamental constants have just the 
right values for a universe such as ours to exist. 
If gravity  were ever so slightly weaker, galaxies 
and stars might never have formed, and if the 
charge on the electron  were very slightly stron-
ger, atoms would collapse, and complex  matter 
could not exist. So, the eternal inflation multi-
verse theory answers the question: Why is our 
universe so finely tuned as to be suitable for stars 
and planets, and life, to exist? The answer is that 
all pos si ble  bubble universes can exist, all obey-
ing the same laws of physics, but each with its 
own set of fundamental physical constants. We 
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just happen to be in one that is just right for life 
to emerge and contemplate how lucky it is.

I should also just add  here, to avoid any con-
fusion:  these  bubble universes are not the same 
thing as the parallel realities of the multiverse 
(or many- worlds) interpretation of quantum 
mechanics, which are due to the differ ent pos-
si ble outcomes of mea sure ment of the quantum 
world. The  bubble universes in the eternal infla-
tion theory are not parallel, overlapping reali-
ties, but completely in de pen dent of each other.

And before I move on, I want to add one more 
impor tant point. We might won der  whether our 
universe is infinite in extent (even though we 
cannot see beyond our vis i ble horizon), and it 
could well be. So how can infinite space fit inside 
a finite  bubble floating in the multiverse along-
side other  bubble universes? The answer is rather 
strange: to us, on the inside, the universe could 
be infinite in extent, but finite in time. However, 
this is  because we have a warped view of space 
and time from within our  bubble. Viewed from 
‘the outside’, our universe would appear finite in 
size but existing in endless time (see figure 6). It’s 
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a neat (but  really conceptually tough— sorry!) 
way of understanding how infinite space can fit 
inside a finite volume.

I N F O R M AT I O N

One topic I have not said much about that 
brings together all three pillars of fundamental 
physics— quantum mechanics, general relativity, 
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F IGURE 6.  How can an infinite space fit into a finite volume?—
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nite volume, but for us, within our spacetime, the space axis 
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and thermodynamics— involves the role that 
information plays in physics. It is now understood 
that information is more than just an  abstract 
notion and can in fact be quantified precisely. 
A long- standing puzzle, first highlighted by Ste-
phen Hawking, was what happens to informa-
tion, say this book you are reading, if you  were 
to throw it into a black hole. The book  will of 
course be lost forever, but what about the infor-
mation it contained? By that, I mean the physical 
information that is encoded in the words of the 
book and that would be required to reconstruct 
them. You see, quantum mechanics tells us that 
information cannot be destroyed and must al-
ways be conserved.7 Hawking described how 
black holes slowly evaporate, losing their en-
ergy in what is known as Hawking radiation, and 
quantum mechanics tells us that, in princi ple, 

7 This comes about  because, according to quantum 
mechanics, time is reversible. Therefore, just as a quantum 
state now uniquely determines a  future state, so should a 
future quantum state uniquely determine a past one. But this 
wouldn’t be pos si ble if the information contained in this state 
is destroyed.
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this radiation carries within it all the informa-
tion that has been swallowed by the black hole, 
including the information needed to reconstruct 
this book. Do we know this for sure? Again, only 
a final theory of quantum gravity is  going to lay 
this issue to rest.

The study of the mathe matics of black holes 
has also led to the discovery that the maximum 
amount of information that can be stored in a vol-
ume of space is proportional, not to the volume 
of space, as might be expected, but to the surface 
area surrounding that volume. This idea became 
known as the holographic princi ple and is prov-
ing to be a power ful tool in theoretical physics. 
At its heart, it comes about  because of a pro-
found connection between information and en-
ergy. By storing more and more information in 
a volume of space, you increase its energy. And 
since energy is equivalent to mass, this means 
strengthening its gravitational field, to the point 
when the volume of space  will collapse into a 
black hole. The holographic princi ple states that 
all the information  will now be encoded on the 
black hole’s event horizon. It is thought that this 
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idea even applies to the information needed to 
describe the entire universe. The role of informa-
tion is likely to become increasingly impor tant in 
connecting up the three pillars of physics.

E R  =  E P R

In 2013, two leading physicists, Juan Maldacena 
and Leonard Susskind, proposed an idea that 
might yet provide a new route  toward unifying 
gravity and quantum mechanics. While it is far 
too early to judge if they might be right, it’s also 
too fascinating for me not to mention it in pass-
ing. Known simply as ER = EPR, it suggests that 
there may be a deep and profound link between 
quantum entanglement (two particles connect 
across space) and wormholes in spacetime. But 
note that ‘ER = EPR’ is not an algebraic equa-
tion, despite the ‘equals’ sign (other wise you 
might wish to cancel the E and the R from both 
sides, leaving just P = 1, which is meaningless). 
Instead, it refers to the initials of the authors 
(Einstein, Podolsky, and Rosen) of two classic 
papers published just a few weeks apart in 1935.
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These two papers had hitherto been thought 
to be completely unrelated. ‘ER’ refers to Einstein 
and Nathan Rosen, who proposed that two 
black holes might be linked by a tunnel outside 
our dimensions, an idea that emerges from the 
mathe matics of general relativity. ‘EPR’ refers to 
the second paper the two published with Boris 
Podolsky, in which they outlined their misgiv-
ings about the idea of entanglement in quantum 
mechanics— what Einstein referred to as ‘spooky 
connections’. The novel suggestion of Maldacena 
and Susskind is that both  these profound ideas, 
wormholes and entanglement, might in fact be 
one and same phenomenon. Time  will tell if they 
are on the right track.

A  C R I S I S  I N  P H YS I C S ?

Will we then ever reach a complete understand-
ing of real ity, or  will we be forever peeling back 
layers of the onion to reveal deeper truths under-
neath? This has certainly been true so far. First, 
we discovered that every thing is made of atoms, 
then that  these atoms are themselves made of 
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smaller parts— electrons orbiting around a dense 
nucleus.  Later, we peered into the nucleus itself 
to discover that it is made up of smaller building 
blocks: protons and neutrons, which in turn are 
composed of even tinier quarks, which are them-
selves manifestations of energy fields—or, pos-
sibly, even far smaller vibrating strings in higher 
dimensions.  Will it ever come to an end?

Some theoretical physicists, dazzled by the 
beauty of their equations, have ploughed on, 
postulating ever- more- exotic notions that have 
become increasingly difficult to test experimen-
tally, judging them only on their explanatory 
power and mathematical elegance— impor tant 
criteria, I agree, but not the traditional bench-
marks for validating scientific theories. So, instead 
of patting ourselves on the back for how far  we’ve 
come, should we consider the possibility that we 
might be straying too far from the path of physics?

Many physicists  will no doubt argue that  these 
past few years have been tremendously exciting 
for fundamental physics, considering the widely 
reported discoveries of the Higgs boson at the 
Large Hadron Collider in 2012, followed by 
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gravitational waves at the LIGO ( Laser Interfer-
ometer Gravitational- Wave Observatory) facili-
ties in the United States in 2016. But the truth is 
that both  these observational discoveries, vital 
though they are, ‘merely’ confirm predictions 
made by theorists a long time ago— fifty years 
in the case of the Higgs, and a full  century for 
gravitational waves. I know this sounds more 
than a  little dismissive, and I do not want to 
downplay the extraordinary achievements of the 
thousands of experimental physicists and engi-
neers who played a part in  these two remarkable 
discoveries. But, when I say ‘merely,’ I mean that 
there  weren’t many physicists who  didn’t expect 
these experimental confirmations to be made 
one day. In the case of the Higgs, even though 
the discovery led to the award of the physics 
Nobel Prize the following year, it went to the 
theorists who predicted it back in the 1960s, not 
to the experimentalists who made the confirm-
ing observation.

I guess I should make a more careful distinc-
tion  here between the discovery of the Higgs 
boson and detection of gravitational waves. The 
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former was by no means a foregone conclusion; 
many physicists, including Stephen Hawking, 
had doubted its existence before 2012. Gravi-
tational waves, in contrast,  were entirely ex-
pected, since they had not only been predicted 
by general relativity, but had been indirectly 
observed many years ago in the behaviour of 
binary pulsars (pairs of neutron stars in orbit 
around each other).

In fact, if I look back over the past three de-
cades and consider some of the exciting break-
throughs and discoveries in fundamental physics, 
such as the top quark, Bose- Einstein condensates, 
quantum entanglement, neutron star mergers, 
and exoplanets, I could argue that none of  these 
was completely unexpected. In fact, only one 
discovery in physics during this period was truly 
revolutionary and surprising (to the astronomers 
who first saw it, if not all cosmologists)— that of 
dark energy in 1998. Other wise, when it comes 
to testing our theories and models at the furthest 
extremes of fundamental physics— the quantum 
and the cosmic scales— there has been experi-
mental silence. Many of the ideas and speculative 
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theories I have discussed in this chapter might 
well turn out to be correct. But it’s worth point-
ing out that the traditional types of experiments 
that have served to verify or falsify scientific theo-
ries in the past are unlikely to be able to help us in 
the  future to reach a sufficient level of confidence 
in their veracity.

When the Large Hadron Collider first started 
running in 2010, it was only the latest in a long 
line of particle accelerators around the world, 
going back almost a  century, that have been 
smashing subatomic  matter together at increas-
ingly higher energies. Physicists had waited 
a long time for the LHC and had high hopes 
that it would help them answer a number of the 
outstanding questions and remove uncertain-
ties from the Standard Model. But, above all 
else, it was billed as the accelerator that would 
find the Higgs boson, and it duly did— surely, 
a resounding success and a justification for the 
huge cost of the proj ect. But since then,  there 
has been mounting frustration that nothing 
more has been discovered— both from scientists 
in other disciplines envious of the funding that 
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CERN receives, and from theoretical physi-
cists impatient for confirmation of their latest 
predictions.

And what of the Higgs discovery itself ? 
What new insights has it given us about the 
nature of  matter? It’s worth noting that the 
Higgs boson is merely the particle manifes-
tation (excitation) of the more fundamental 
Higgs field— yet another quantum field that 
pervades all space and an impor tant ingredient 
of the Standard Model,  because the way other 
particles move through the Higgs field is what 
gives them their mass. For instance, the W and 
Z bosons, the carriers of the weak force, would 
have no mass without it, and would be more 
like their cousin, the massless photon. But 
the W and Z do have mass, and it is the Higgs 
mechanism that explains how they acquire it—
through their interaction with the Higgs field 
in a way that the photon does not. Final proof 
of the Higgs field’s existence was found not by 
detecting it directly, but indirectly, through 
the creation of the evanescent quantum of the 
field: the Higgs boson.
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Finding the Higgs was a remarkable achieve-
ment. But, in truth, it was a box to be ticked. The 
Higgs field was bolted onto the Standard Model, 
which lived to fight another day. The discovery of 
the Higgs  hasn’t opened up many new ave nues in 
fundamental physics research,  because it  didn’t 
pro gress our understanding beyond what physi-
cists already knew and expected. The Standard 
Model remains a consistent framework for our 
understanding of the building blocks of  matter, 
but it is not a fully coherent or predictive unified 
theory.

Of course,  there are still plenty of data to sift 
through at the LHC from the most recent run, 
which came to an end in December 2018, so we 
might still find something new once all the data 
have been analysed. But the fact remains that 
there are still a number of outstanding questions 
to answer, and we may have to look beyond the 
LHC to do so.  These questions include: Why is 
gravity so much weaker than the other forces? 
Why are  there just three generations of quarks 
and leptons? And where does the Higgs’s own 
mass come from? Prob ably most pressing of all, 
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and therefore most frustrating  because it has not 
been found, is  whether we  will find any evidence 
of supersymmetry.

Just  because we want supersymmetry to be 
true does not make it so. Sure, it solves many 
prob lems and provides useful insights. It is 
also neat and logical and aesthetically pleasing. 
But the longer we go without finding any ex-
perimental proof of supersymmetry, the more 
frustrated we become. At the same time, crit-
ics of superstring theory grumble that the 
field continues to be attractive to the brightest 
minds  because it offers jobs. Young research-
ers feel safer following in the footsteps of their 
professors and fear that if they  don’t, they  will 
lose out on funding and  career progression. 
Meanwhile, university physics departments, 
competing for scarce resources, see research 
in string theory as a cheap way of working at 
the forefront of physics. But as long as pro-
gress remains slow, with no new experimen-
tal  evidence emerging to bolster the efforts of 
those in the field, dissenting voices  will grow 
louder.
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Some might argue that if supersymmetry is 
correct, then we should prob ably have found 
evidence of it by now at the LHC. The simplest 
class of supersymmetry models (what is called 
constrained minimal supersymmetry) is already 
looking unlikely. But this does not mean that 
we give up on it entirely just yet—we may just 
be looking for it in the wrong place.  After all, it 
is not only on string theorists’ wish lists. More 
‘down- to- earth’ particle physicists also want to 
know if nature is supersymmetric. Supersym-
metry allows us to understand a connection 
between the electroweak force and the strong 
nuclear force described by QCD. It also links to-
gether the  matter particles and the force carrier 
particles. It would even explain why the Higgs 
boson has the mass that it does. But solving all 
these prob lems comes at a price: supersymme-
try predicts the existence of a  whole host of new 
particles that have yet to be discovered.

I should of course say that  there is a nice added 
bonus if supersymmetry is true: the lightest of 
these yet- to- be- observed supersymmetric parti-
cles fit the bill as the constituents of dark  matter.
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R E A S O N S  T O  B E  O P T I M I S T I C

Theoretical physicists have not just been sitting 
around waiting on news from their experimen-
tal colleagues. Enthralled by the splendour of 
their mathe matics, they have forged ahead with-
out them. No sooner had the latest version of 
string theory (M- theory) been proposed in the 
mid-1990s by Edward Witten than a power ful 
new idea was developed by Juan Maldacena in 
1997. It is known as gauge/gravity duality (or, to 
give it its technical name, AdS/CFT8), and it de-
scribes how the strings in string theory relate to 
the field theories describing the three quantum 
forces. This mathematical idea has since been 
developed more generally to tackle prob lems in 
other areas of theoretical physics, such as hydro-
dynamics, quark- gluon plasma, and condensed 
matter, and Maldacena’s paper has become one 
of the most impor tant pieces of work in mod-
ern theoretical physics, having been cited over 

8 Which stands for anti–de Sitter/conformal field theory 
correspondence
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17,000 times in other peer- reviewed papers 
to date.

Power ful ideas like gauge/gravity duality 
convince many physicists that string theory is 
the right path to pursue. But even if it turns out 
not to be the correct theory of quantum grav-
ity, what it has done is provide physicists with 
a useful and precise mathematical toolbox that 
has at least shown us  there is a way of combining 
quantum mechanics and general relativity con-
sistently, and so it gives us hope that the proj ect 
of unification is in princi ple pos si ble. But the fact 
remains that just  because string theory or gauge/
gravity duality are mathematically beautiful, this 
does not make them true.

Where  will the final answer come from, then? 
Maybe from string theory, maybe from the study 
of black holes, maybe from  those working on 
quantum information theory trying to build quan-
tum computers, or maybe even from condensed 
matter theory. It is becoming clearer that simi-
lar forms of mathe matics apply across all these 
areas. In the search for a correct theory of quan-
tum gravity, we may not even need to  quantise 
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gravity,  after all. Maybe trying to force quantum 
field theory and general relativity  towards each 
other is the wrong approach.  There is some evi-
dence that quantum field theories may already 
contain within them the essence of curved space-
time, and that general relativity may be closer to 
quantum mechanics than we thought.

It would be fascinating to know which of the 
many ideas and theories in this chapter turn out 
to be correct and which  will be consigned to the 
rubbish heap of wrong science. For me person-
ally, the biggest unanswered question in physics 
is one that has vexed me all my professional life: 
What is the correct interpretation of quantum 
mechanics? In chapter 5, I touched on a few of 
the candidate ideas and mentioned that for many 
physicists this  really is a prob lem for the phi los-
o phers to address, since it has not  stopped the 
application of quantum mechanics or slowed the 
pro gress of physics. But a growing number of 
physicists, including yours truly, see the founda-
tions of quantum mechanics as a vitally impor tant 
field, and suspect that a resolution of the long-
standing issue of its interpretation  will ultimately 
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lead to new physics. It may even be linked to one 
or more of the other outstanding prob lems in 
fundamental physics, such as the nature of time 
or the ultimate theory of quantum gravity.

These prob lems sometimes seem so difficult 
to overcome that it  wouldn’t surprise me if we 
ended up needing an advanced artificial intel-
ligence to help us. Maybe an AI of our inven-
tion  will emerge as the next Newton or Einstein, 
and we may have to accept that our puny  human 
brains are just not smart enough to figure out the 
ultimate nature of real ity on our own.9

I have focussed in this chapter on the  future 
of physics, mainly with regard to mathematical 
physics and physics at the extremes of the very 
smallest and largest scales. But is this fair? Are 
these justifiably the true frontiers of physics? Ad-
vances in physics are not all about striving to see 
smaller or further— and the everyday scales, in 
terms of size and energy, are no less fascinating. 
In fact, in terms of how physics  will transform 
our lives in the twenty- first  century, the real 

9 Maybe it  will inform us that answer is, indeed, 42.
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excitement is in areas like condensed  matter 
physics and quantum optics, and in areas in 
which physics overlaps and merges with chem-
istry, biology, and engineering. So, rather than 
delve into some of  those topics  here, I  will use 
them as examples of how the technological ap-
plications of physics are shaping our world and 
I  will explore  these, some might say, more ‘use-
ful’ aspects of the physics enterprise in the next 
chapter.



C H A P T E R 9

THE USEFULNESS 

OF PHYSICS

Wherever you are right now as  you’re reading 
this book, look around you. So much of what 
we  humans have created and built has only been 
pos si ble thanks to our understanding of the laws 
of nature: the forces that shape our world and 
the properties of the  matter that  these forces 
act on. It would therefore be impossible to list 
all of the applications of physics— all the trap-
pings of our modern world that have emerged 
from the discoveries made by physicists over the 
centuries1—so I  will instead focus on two top-
ics. The first is the way physics has underpinned, 

1 Of course, I am not claiming that this knowledge and un-
derstanding has come about exclusively  because of the work of 
physicists, since I could make a similar claim if I  were writing 
about chemistry, or engineering, or mathe matics.
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overlapped with, and even merged with other 
disciplines, both pure and applied, and the role 
it continues to play in a number of exciting new 
interdisciplinary research fields. The second is 
a brief look at a se lection of new applications 
that  will undoubtedly arise from current physics 
research, with a par tic u lar focus on the exciting 
prospect of new quantum technologies.

After getting this far in the book you  will be 
forgiven for thinking that physicists’ obsession 
with unifying the mathematical princi ples that 
govern the workings of nature is all very well— a 
testament to humankind’s tenacious drive to un-
derstand the universe— but so what? Surely, you 
might think, the discovery of the Higgs boson 
won’t have any sort of direct impact on our daily 
lives; nor  will the hoped- for theory of quantum 
gravity help to eradicate poverty and disease. But 
this is not the right way to look at  things. Funda-
mental, curiosity- driven science has, time and 
again, led to technological advances that have 
revolutionised our world. Most physics research-
ers, particularly  those working in academia, are 
not typically motivated by the potential applica-
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tions of their work, and if you look back at the 
great discoveries in science which  later proved to 
have practical benefit, you  will find that many of 
them  were made out of a burning desire simply 
to understand the world and to satisfy scientists’ 
curiosity.

Consider a superficial comparison between 
physics and engineering. A mechanical or elec-
trical engineering student  will study many of the 
same topics as a physics student, such as Newto-
nian mechanics, electromagnetism, computing, 
and the mathematical techniques required for 
solving certain types of equations that crop up 
on a regular basis. Indeed, many applied physi-
cists end up working in engineering industries, 
further blurring the bound aries between the 
two disciplines. But, typically, a physicist  will 
ask the ‘Why?’ and the ‘How?’ questions in order 
to expose the under lying princi ples that govern 
the workings of nature, whereas an engineer is 
not normally motivated by  these deeper princi-
ples and  will rather put his or her understanding 
to work, using it to build a better world. Both 
physicists and engineers are prob lem solvers, 
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but they tend to have differ ent motivations for 
seeking solutions.

Just to offer a par tic u lar example, the brilliant 
engineering success of satellite navigation systems 
(the US GPS being the most impor tant one over 
the past few de cades) clearly demonstrates the 
value of pure physics research that underpins the 
engineering. GPS systems are now such an inte-
gral part of our lives that we could not live with-
out them. Not only do we take for granted the fact 
that we no longer get lost in unfamiliar parts of the 
world, but GPS has allowed us to see our planet 
from above and map it with remarkable detail, 
enabling us to study the way the Earth’s climate 
is changing, or to predict natu ral phenomena and 
help with disaster relief. In the  future, global posi-
tioning satellites  will link with AI systems to trans-
form transport, agriculture, and many other indus-
tries. And yet without the knowledge that came 
from fundamental physics research, GPS would 
not have been pos si ble. For example, the atomic 
clocks onboard satellites, which are needed to en-
sure that we can locate them precisely in order to 
pinpoint our position on the ground, only work 
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because engineers had to take the quantum nature 
of atomic vibrations into account, along with the 
relativistic corrections to the rate of flow of time 
that Einstein’s theories explained.

There are countless other technological ex-
amples of physics and engineering overlapping 
in ways that have changed the world as we know 
it. And engineers  aren’t the only  people physi-
cists have long had a close working relationship 
with.  Today, many physicists work alongside sci-
entists from a wide range of disciplines, such as 
medicine, neuroscience, computer science, bio-
engineering, geology, environmental science, 
and space science. You  will also find physicists 
applying their logical, numerate, and problem-
solving skills outside of science in professions 
ranging from politics to finance.

W H E R E  P H YS I C S ,  C H E M I S T R Y, 

A N D  B I O LO G Y  M E E T

Throughout the history of science,  there has al-
ways been a strong overlap between physics and 
its  sister discipline, chemistry. Indeed, some of 
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the greatest scientists of all time, most notably 
Michael Faraday, have been claimed by both 
subjects. And it  isn’t just chemistry; the role of 
physics in biology, in par tic u lar, has a fascinating 
history. The community of physicists interested 
in biological prob lems is incredibly diverse, 
and their work has led to a very vibrant field of 
research called biophysics. But is biophysics a 
branch of physics, or is it no more than the appli-
cation of methods from physics to the prob lems 
of biology? Does this distinction even  matter? 
If physics ultimately underpins chemistry and 
chemical pro cesses, and the phenomena within 
living organisms are themselves nothing more 
than complex chemistry, then surely it follows 
that physics must lie at the heart of biology. 
After all, every thing, living or inanimate, is ulti-
mately made of atoms and is subject to the laws 
of physics.

In an effort to dig down and identify the fun-
damental princi ples that govern the workings of 
biology, as is their wont, physicists ask, ‘What 
distinguishes life from non- life made up of the 
same ingredients?’ The answer is rooted in physics: 
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life has the ability to maintain itself in a state of 
low entropy, far from thermal equilibrium, and is 
able to store and pro cess information. Therefore, 
one has the feeling that a full understanding of 
what makes life special has to come from funda-
mental physics. In writing this, I can imagine my 
colleagues in chemistry and biology rolling their 
eyes with exasperation at this typical physicist’s 
sense of self- importance. On the other hand, it is 
true that many of the early advances in molecu-
lar biology and ge ne tics in the twentieth  century 
were made by physicists, such as Leo Szilard, 
Max Delbrück, and Francis Crick. Crick, in par-
tic u lar, who discovered (with James Watson and 
Rosalind Franklin) the double helix structure 
of DNA, was hugely influenced by yet another 
physicist, Erwin Schrödinger, whose remark-
able 1944 book, What is Life?, is still relevant 
today.

On the applied side, physicists have been key 
to the development of many of the techniques 
that are used to probe living  matter, from X- ray 
diffraction to MRI scanners. Even the  humble 
microscope, without which no biology lab could 
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function, was in ven ted by physicists, thanks to 
hundreds of years of research into the nature 
of light and the way lenses refract and focus it, 
culminating in the work of Antonie van Leeu-
wenhoek and Robert Hooke, who both used the 
microscope in the seventeenth  century to study 
living organisms. Indeed, if you consider the 
many contributions to science made by Hooke, 
you  will find that, by  today’s definition, he is 
most definitely a physicist rather than a biologist.

One par tic u lar new area of research that I have 
personally become interested in over the past 
twenty years is called quantum biology. This sub-
ject should not be confused with the comments I 
made  earlier about all life being ultimately made 
of atoms and hence at some basic level subject to 
the rules of the quantum world like every thing 
else in the universe. That is, of course, taken as 
a given. Rather, quantum biology refers to re-
cent research in theoretical physics, experimen-
tal biology, and biochemistry which suggests 
that some of the more counterintuitive ideas in 
quantum mechanics, such as tunneling, super-
position, and entanglement, might be playing 
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an impor tant role inside living cells. Key experi-
mental observations regarding the way enzymes 
work, or in the pro cess of photosynthesis, seem 
to require a quantum explanation. This has come 
as a huge surprise to many scientists who refuse to 
believe that such delicate and strange behaviour 
could impact on the machinery of life, and the 
jury is still out on some of  these ideas. But  don’t 
forget that life has had almost four billion years 
of evolution to find any shortcuts that would give 
it an advantage. If quantum mechanics can make 
a par tic u lar biochemical pro cess or mechanism 
more efficient, then evolutionary biology  will 
make use of it. It  isn’t magic, it’s just . . .  well . . .
physics.

T H E  Q U A N T U M  R E VO L U T I O N 

C O N T I N U E S

In the twentieth  century (and the beginning of 
the twenty- first),  there is no doubt that quan-
tum mechanics has had a profound impact on 
our lives, despite operating at length scales far 
smaller than our senses can detect. In describing 
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the subatomic world so successfully, it under-
pins not only physics and chemistry, but modern 
electronics, too. For example, an understanding 
of the quantum rules that explain how electrons 
behave in semiconductor materials like silicon 
has laid the foundation of our technological 
world. Without an understanding of semicon-
ductors, we would not have developed the tran-
sistor and,  later, the microchip and the com-
puter. That handheld supercomputer we all carry 
around with us  today (our smartphone), without 
which many of us would now feel utterly lost, is 
packed full of electronic magic, none of which 
would have been pos si ble without quantum 
mechanics. The same goes for many familiar de-
vices in our homes, from tele vi sions and games 
consoles to modern LED lighting and smoke 
detectors, and, of course, the internet. Indeed, 
the entire telecommunications industry relies on 
technological applications of quantum mechan-
ics, such as  lasers and optical amplifiers. And no 
modern- day hospital could get by without the 
applications of quantum mechanics, from MRI, 
PET, and CT scanners to  laser surgery.
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And the quantum revolution is only just get-
ting started. We are about to witness many new 
technological marvels in the coming de cades, 
emerging from current research in quantum 
physics, such as smart materials and topologi-
cal materials. Take graphene, for example: single 
layers of carbon atoms arranged in a hexagonal 
crystal lattice. Depending on how it is  shaped 
and manipulated, graphene acts as an insulator, 
a conductor, or even as a semiconductor.

What’s more, recent research suggests that 
two layers of graphene twisted at a par tic u lar 
angle to each other can,  under certain conditions 
of low temperature and an applied weak elec-
tric field, behave as a superconductor, through 
which current can flow with no electrical re sis-
tance whatsoever— yet another quantum phe-
nomenon. This technique, known as twistronics, 
will, it is predicted, have applications in a wide 
range of electronic devices that have yet to be 
in ven ted.

And  there’s so much more. A new generation 
of devices and technologies are currently being 
developed that  will become ubiquitous within 
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our lifetimes— devices that can create and ma-
nipulate exotic states of  matter by utilising the 
tricks of the quantum world in new ways. Ad-
vances in areas such as quantum information 
theory, quantum optics, and nanotechnology 
will allow us to develop a range of such devices. 
For example, highly accurate quantum gravi-
meters  will be able to map tiny changes in the 
Earth’s gravitational field, so that geologists 
can locate new mineral deposits or locate pipes 
under roads to minimise disruption when work-
ers need to access them. Quantum cameras  will 
have sensors that let us see  behind obstacles; 
quantum imaging  will allow non- intrusive 
mapping of brain activity with the potential to 
tackle conditions like dementia. Quantum key 
distribution (QKD)  will enable us to exchange 
information securely from one place to another. 
Quantum technologies  will also help us build 
artificial molecular machines that can carry out 
a multitude of tasks.

Medicine in par tic u lar is a good example of 
where the quantum world is likely to have a big 
impact in the coming years. Down at length 
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scales even smaller than living cells, we are  going 
to see a range of spectacular new technologies 
emerging, such as nanoparticles with unique 
quantum properties that allow them to attach 
to antibodies to help tackle infections, or to be 
‘programmed’ to replicate only inside tumor 
cells, and even to take images of cells from the 
inside. Then, quantum sensors  will allow us 
to make far more precise mea sure ments and 
help with imaging of individual biomolecules. 
And with the help of quantum computers, which 
I  will discuss in the next section, we should be 
able to sequence DNA far more quickly than 
ever before, as well as solve certain tasks that 
involve searching through all that ‘big data’ on 
every aspect of our health, all the way down to 
the molecular level.

I am deliberately being very selective in my 
examples  here, as  there are thousands of tech-
nological and engineering advances in commu-
nications, medicine, energy, transport, imag-
ing, and sensing that  will come about thanks 
to physics. But one area does deserve further 
expansion.
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Q U A N T U M  C O M P U T E R S  A N D 

21 S T -  C E N T U R Y  S C I E N C E

If you thought the quantum revolution of the 
last  century was impressive, just wait and see 
what the rest of the twenty- first  century has 
in store.  These advances are not only  going to 
give us smarter toys that some might argue just 
make our lives more complicated; they  will help 
us address some of the biggest challenges facing 
humanity and transform our world in as yet un-
imaginable ways. One of the most exciting  future 
applications of physics, without doubt, is the 
quantum computer. Such a device would be very 
differ ent from conventional computers and  will 
be used for a wide range of tasks that are impos-
sible  today even with the most power ful super-
computers. Quantum computers are expected to 
help humanity solve many of the most difficult 
prob lems in science, especially if combined with 
advances in artificial intelligence.

Quantum computers rely in a very direct way 
on the more counterintuitive features of the 
quantum world. In classical computing, informa-
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tion is stored and pro cessed in the form of ‘bits’ 
(which stands for binary digits). A single bit of 
information can have one of two values: zero or 
one. Combinations of electronic switches, each 
one a physical manifestation of a bit of informa-
tion that is  either on or off, are used to make logic 
gates, the building blocks that make up a logic 
cir cuit. In contrast, quantum computers oper-
ate on what are called quantum bits, or ‘qubits’, 
which are not restricted to holding just one or 
the other of  these binary states. Instead, a qubit 
can exist in quantum superposition of both zero 
and one si mul ta neously, and, as such, can store 
much more information.

The simplest example of a qubit would be an 
electron whose quantum spin can point  either 
parallel (call this spin ‘up’) or antiparallel (spin 
‘down’) to an applied magnetic field. If an ad-
ditional electromagnetic pulse is then applied, 
it can flip the electron’s spin over from parallel 
(0) to antiparallel (1). But  because an electron 
is a quantum particle, the electromagnetic 
pulse can also put it in a superposition of spin 
up (0) and down (1) at the same time. Two 
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entangled electrons, can be put into a superposi-
tion of four pos si ble quantum states—00, 01, 10 
and 11— si mul ta neously. With many more qu-
bits, complicated quantum logic circuits can be 
developed.

When multiple qubits are entangled together, 
they can act coherently and therefore pro cess 
multiple options si mul ta neously, which makes 
them far more power ful and efficient than their 
classical counter parts. But  there are prob lems 
with realising such a device. Quantum entangled 
states are extremely delicate and can only be 
maintained  under special conditions for short 
periods of time. The challenge is not only to 
isolate and protect  these states from their sur-
rounding environment, which destroys quantum 
coherence, but to be able to control the input 
and output of the information that the qubits 
pro cess. And this gets progressively more dif-
ficult the larger the number of entangled qubits. 
Once the computation has been completed, one 
of the pos si ble final states in the superposition of 
the qubits is selected and has to be amplified so 
as to be readable using a macroscopic (classical) 
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device, which is just one of the many outstand-
ing prob lems of implementation that have yet 
to be solved.

Despite  these difficult challenges, many re-
search labs around the world are  today in a race 
to build the first true quantum computer. Not 
that many years ago, it  wasn’t even clear if such 
a device would be pos si ble, but now research-
ers talk about their dream being realised in the 
next de cade or two, and rudimentary prototypes 
already exist.  There are currently a number of 
dif fer ent approaches to building a quantum 
computer, and it is not yet clear which  will be 
the most practical. Typically, qubits can be cre-
ated from any subatomic particles that exhibit 
quantum behaviour and which can be entangled 
together, such as electrons and photons, or ions 
suspended in electromagnetic fields, or atoms 
trapped by  laser beams, or special liquids and 
solids in which the quantum spin of their atomic 
nuclei can be probed using nuclear magnetic 
resonance.

Computing  giants IBM and Google are cur-
rently involved in the race to build the first true 
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quantum computer, but neither has so far been 
able to build a stable multi- qubit system that 
can last long enough to make quantum comput-
ing practically  viable yet.  There are also many 
smaller start-up companies working on the prob-
lem. Some focus on the issue of stability, while 
others are working on increasing the number of 
entangled qubits. But pro gress is being made, 
and I have no doubt that ubiquitous quantum 
computing  will become a real ity in my lifetime.

It is impor tant to point out that it is not just 
designing the hardware that poses a challenge. 
Quantum computers  will also need their own 
special software to run on them, and quantum 
algorithms are still in short supply. The best-
known examples are Shor’s factorization al-
gorithm and Grover’s search algorithm. What 
has already been demonstrated is that such al-
gorithms would allow quantum computers to 
outperform their classical counter parts in some 
surprising ways. They  will by no means replace 
current computers at all tasks but  will instead be 
very well suited to solving par tic u lar mathemati-
cal prob lems. We  will continue to use the ever- 
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increasing power and pro cessing speed of clas-
sical computers to run our daily lives, especially 
as we advance on a number of fronts with AI, 
Cloud technologies, and the Internet of  Things 
(the idea that many devices in our homes and 
workplaces  will be connected and talking to each 
other). And classical computers  will also con-
tinue to pro cess the ever- increasing mountains 
of data we have.

There are prob lems, however, that even the 
most power ful classical computers of tomorrow 
will not be able to solve. The beauty of quan-
tum computers is that their pro cessing speed 
scales exponentially with the number of qubits. 
Consider the information content of three non-
quantum switches. Each can be  either 0 or 1, and 
so  there are eight differ ent combinations: 000, 
001, 010, 100, 011, 101, 110, 111. But three entan-
gled qubits allow us to store all eight combina-
tions at once. Each of the three digits is both a 1 
and a 0 at the same time. On a classical computer, 
the amount of information increases exponen-
tially with the number of bits. So N bits means 
2N differ ent states. A quantum computer with N 
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qubits can make use of all 2N states at once. The 
hard part is designing algorithms able to make 
use of this large information space.

Quantum computers  will one day be used 
to solve prob lems across a wide range of dis-
ciplines, in mathe matics, chemistry, medicine, 
and artificial intelligence. Chemists are ea-
gerly looking forward to the prospect of using 
quantum computers to model highly complex 
chemical reactions. In 2016, Google developed 
a rudimentary quantum device that was able to 
simulate a hydrogen molecule for the first time, 
and since then, IBM has succeeded in model-
ling the behaviour of more- complex molecules. 
It stands to reason that to understand the na-
ture of the quantum world, you need a quantum 
simulation.  After all, it takes one to know one. 
Eventually, researchers hope they  will be able 
to use quantum simulations to design synthetic 
molecules and develop new drugs. In agricul-
ture, chemists could use quantum computers to 
discover new catalysts for fertiliser that would 
help reduce green house emissions and improve 
food production.
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In AI, quantum computers  will dramatically 
speed up complex optimisation prob lems in 
machine learning. This is vital across a range of 
industries where increasing productivity and 
efficiency to maximise output is key. Quantum 
computers are  here likely to revolutionise the 
field of systems engineering by helping to de-
liver optimisation insights to streamline output 
and reduce waste. In the not- so- distant  future, 
quantum engineers  will be proficient in a wide 
range of subjects— from quantum mechanics and 
electronic engineering to systems engineering, 
AI, and computer science.

Most exciting of all, for me personally (as-
suming I am still around to witness it), is that 
by the mid- twenty- first  century, we may well 
see quantum computers  running AI programs 
that  will finally answer some of the most impor-
tant questions of fundamental physics. They, 
rather than  humans, might be making the big 
breakthroughs.

There’s another reason why I have chosen 
quantum computing as my example of  future 
technology. A number of theoretical physicists 
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are pinning their hopes on quantum comput-
ing to help them out. This is  because a quantum 
computer by its very nature should be in a posi-
tion to accurately simulate the quantum world 
and maybe even help them find the right theory 
of quantum gravity.

My hope, in the subject  matter I have covered 
in this book, is that I have given you a flavor of 
what physics has enabled us to understand about 
our world and how we as a species continue to 
make use of that knowledge. In the final chapter, 
I want to zoom out and describe how a physicist, 
or indeed anyone with scientific training, thinks 
about the world, and how we come to know 
what we do about it. In other words, how does 
this  great edifice of science— not just the scien-
tific knowledge itself, but the pro cess of gaining 
it— work, and why do we trust it?
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THINKING L IKE 

A PHYSICIST

O N  H O N E S T Y  A N D  D O U B T

I want to share with you what I think is an in-
ter est ing story. In 2017, I presented a documen-
tary for BBC tele vi sion called Gravity and Me, in 
which I explored how our understanding of this 
fundamental concept that shapes our world has 
evolved throughout the history of science, from 
an invisible Newtonian force to the structure of 
spacetime itself. What made the proj ect even 
more fun was that we developed a smartphone 
app that monitors its user’s location by recording 
their GPS coordinates (latitude, longitude, and 
altitude above sea level) at regular intervals. It 
then uses this information to calculate the rate 
at which time is passing for the user. According 
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to general relativity, time flows at differ ent rates 
depending on the strength of the gravitational 
field at that location. Someone on a mountain-
top is further away from the centre of the Earth 
than someone at sea level, and so the mountain 
dweller feels a very slightly weaker gravitational 
pull by the Earth. This means that time up on the 
mountaintop runs ever so slightly faster than at 
sea level. It’s a tiny effect: less than a trillionth of 
a second faster for each second that passes down 
at sea level. So, even if someone spent all their 
life at the top of the mountain, all other  factors 
being equal (impossible, I know), they would 
live for about a millisecond less than they would 
have if  they’d spent their life at sea level—as mea-
sured by a very accurate, but other wise useless 
hy po thet i cal clock floating out in space. Com-
pared with the far greater benefits of breathing 
clean mountain air or a healthy diet and regular 
exercise, this advantage is somewhat pointless. 
Still, the physical effect is real, and the app was 
a bit of fun.

To create the app, we had to take another fac-
tor into consideration. As I discussed in chapter 3, 
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moving clocks run more slowly than stationary 
ones. So you can slow your time down, relative 
to someone standing still, by moving. This is an 
even smaller effect than the one due to gravity, 
as we do not tend to move about at anywhere 
near the speed of light, where the effect becomes 
appreciable. Nevertheless, the app took motion 
into consideration by checking the user’s po-
sition at regular intervals, and if he or she had 
changed location significantly, it could work out 
how fast they had travelled.

Now,  here’s the crucial bit. Our planet is not 
a perfect sphere; it bulges out at the equator. 
So, someone standing at the equator is further 
from the centre of the Earth than someone at 
the North Pole (by about twenty- two kilome-
tres), and so, like the mountain dweller, they 
should feel a slightly weaker gravitational pull. 
Therefore, clocks at the Pole, where gravity is 
stronger, should be ticking ever so slightly slower 
than  those at the equator (this is called general 
relativistic time dilation). However, the Earth is 
also spinning, and clocks at the equator are mov-
ing faster than clocks at the Pole (as mea sured 
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by the adjudicating clock floating out in space) 
so equator clocks should tick more slowly than 
pole clocks (special relativistic time dilation). 
These two effects, due to special and general 
relativity, work against each other, so which 
one wins? Which clock is ticking more slowly? 
I calculated  these two effects separately and 
found that a clock at the pole ticks, overall, more 
slowly  because it feels stronger gravity, despite 
the clock on the equator moving faster.

All of this cool mathematical information was 
incorporated into the app, which implemented 
my formulae. An enthusiastic social media cam-
paign meant that we persuaded thousands of 
people to download the app and use it before the 
programme aired. We even received video dia-
ries from a number of  people, such as a pi lot and 
a mountaineer, who provided a rec ord of their 
app’s results.

Then we hit a snag.
My very smart producer, Paul Sen, called me 

one eve ning, a week before the editing of the 
programme was scheduled to finish and a just 
before I was due to rec ord the voice- over— for an 
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anticipated transmission on the BBC soon  after 
that. He said he’d been reading some material on 
an online physics forum which suggested that I 
might have screwed up. I immediately dropped 
what I was working on and went back to con-
sult my calculations. I also quickly emailed half 
a dozen colleagues to check what I had done.

I had indeed made a very basic  mistake. The 
two effects— the slowdown of time at the Pole 
because it feels stronger gravity and the slow-
down of time at the equator  because it is moving 
faster— cancel out exactly! In fact, all clocks at sea 
level tick at the same rate, everywhere on Earth, 
and the time they mea sure is called International 
Atomic Time (IAT). The surface of the Earth is a 
geoid, an equipotential gravitational surface on 
which the cancellation between the two effects 
due to special and general relativity is not a co-
incidence. When our planet first formed billions 
of years ago, hot and malleable, its spin forced 
it into a more stable, bulged- out (oblate) shape, 
thus ensuring that all points on its surface are sit-
ting in the same gravitational potential. So time 
flows at the same rate everywhere, provided it 
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is mea sured at sea level— climb higher and your 
time speeds up, go down below Earth’s surface 
and it slows down.

The numbers that  were being produced by my 
app  were wrong, and the formulae had to be cor-
rected. But the prob lem was more serious than 
that. I had explained how the app worked in the 
programme, and my  mistake was  there for all to 
see. The documentary  couldn’t be broadcast in 
its current form.

I told my producer, who immediately asked 
the BBC to delay transmission. The easiest solu-
tion would of course have been to reshoot the 
scenes in which I had made the  mistake. No one 
would be any the wiser. But I quickly realised 
that this gave me a wonderful opportunity to 
show how real science works. Instead of cover-
ing up my blunder, I should come clean about it, 
to show that in science it’s OK to make  mistakes. 
So, we shot some new scenes in which I con-
fessed my error in all its glory and explained why 
I had been wrong. This admission did not require 
any par tic u lar courage or strength of character 
on my part, since making  mistakes is normally 
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the way science progresses: they are inevitable, 
and we learn from them.  After all, if we  didn’t 
make  mistakes, how would we ever discover 
anything new about the world? This is where sci-
ence differs from, say, politics. I mean, how often 
do you hear politicians admitting unequivocally 
that they are wrong?

The history of science is full of examples of 
learning from the  mistakes of the past, with new 
hypotheses and theories replacing older ones as 
our understanding of the workings of nature 
grows or new empirical evidence becomes avail-
able. But how do we explain to wider society 
the value of this approach: forming a hypoth-
esis, testing it, then rejecting it if it  doesn’t fit 
the data? This is all a far cry from so much of 
public discourse taking place  today, particularly 
on social media, where the loudest voices tend to 
be from  those who value personal opinion and 
preconceived prejudice over evidence, repro-
ducibility, and rigour.

Is  there then a lesson that scientists can teach 
society, or would we just be accused of arro-
gance and ‘elitism’?
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Another trait closely related to our obsession 
with honesty, and almost unique to scientific 
research, is the importance of doubt. This trait 
can sometimes be our own worst  enemy when 
it comes to explaining to wider society how sci-
ence works. We state that we can never be com-
pletely certain about something, that a scientific 
theory is only our current best guess at an expla-
nation, and that as soon as this theory conflicts 
with new observations or data, we must be pre-
pared to revise or discard it for something better. 
But some  people then say, ‘If you are not sure of 
anything, how can we trust or believe anything 
you tell us? Without certainty, what can we cling 
to?’ This response is understandable. It is in our 
nature to want to know for sure, not just to have 
some temporary ‘best guess’.

But to think in this way is to misunderstand 
how science progresses. The trustworthiness of 
science comes not from certainty, but from its 
very openness about its uncertainty, always call-
ing into question what we currently understand 
and being prepared to replace that knowledge 
with a deeper understanding if something better 
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comes along. In other walks of life, this attitude 
might be regarded as fickle. But not in science. 
Scientific pro gress depends on scientists’ unwav-
ering commitment to the qualities of honesty 
and doubt.

Here is another example of the way scien-
tists think that might come as a surprise to you. 
People are often shocked to hear that many 
physicists— other than  those who had dedi-
cated years of their lives to building the Large 
Hadron Collider— were hoping that the Higgs 
boson would not be found. You see, not finding 
the Higgs would have meant that  there  really 
was something wrong with the Standard Model, 
opening the door to exciting new physics. Merely 
ticking a box to confirm something we already 
suspect to be true is just not as exciting as find-
ing out that one needs to pursue hitherto unex-
plored paths of research.

On the other hand, we physicists are sometimes 
accused by well- meaning but amateur scientists 
of not being open- minded enough to entertain 
their new theories, such as claims that they have 
found some flaw in Einstein’s relativity. The truth 
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is: I would love for Einstein to be proven wrong, 
for that would mean we would need a new and 
better theory to replace his, just as general rela-
tivity improved upon Newtonian gravity. But 
physicists have been relentlessly checking, prod-
ding, and poking Einstein’s ideas for a  century 
now, and still relativity theory keeps coming 
through with flying colours. A better theory 
may one day be discovered, of course, explain-
ing every thing that relativity does and more. But 
we have yet to discover it.

And so, as part of our ongoing, centuries- long 
effort to find ever- more- fundamental explana-
tions of physical phenomena, we keep trying 
to tear down our existing theories, to test them 
to destruction. If they survive, then we trust 
them . . .    until something better comes along.

O N  T H E O R Y  A N D  K N O W L E D G E

When, in general conversation, someone says 
they have a theory, what they tend to mean 
is that they have an opinion on something— a 
view that may be based on some form of evidence 
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or observation, but equally well one that is no 
more than a guess, or a hunch, based on ideology 
or prejudice or some other belief system. Such 
a ‘theory’, which may or may not turn out to be 
correct, is very differ ent from what we mean by 
a scientific theory1— which also, of course, may 
or may not be correct, but which, in contrast to 
a mere opinion, must satisfy a number of impor-
tant criteria. Firstly, it must put forward an ex-
planation of what we observe,  either in nature 
or in an experiment, and provide evidence for 
that explanation. Secondly, a scientific theory 
must be verifiable in accordance with the scien-
tific method: it must be testable, and  those tests 
or observations have to be repeatable. Fi nally, 
a good scientific theory makes new predictions 
about aspects of the world that it explains, which 
can then also be tested by further observations 
or experiments.

Our most successful scientific theories, such 
as relativity, quantum mechanics, the Big Bang 

1 I am thinking  here of theories in the natu ral sciences 
rather than in, say, economics or psy chol ogy.
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theory, Darwinian evolution, plate tectonics, 
or the germ theory of disease, have all under-
gone rigorous scrutiny and have all emerged as 
the best explanations we have. None of  these 
can be dismissed, as one often hears (particu-
larly regarding Darwinian evolution), as ‘just a 
theory’. Such a statement ignores what it means 
for a scientific theory to be successful— that it 
has explanatory power, that it is backed up by 
evidence, and that it makes predictions that can 
be tested, and yet it remains falsifiable, in the 
sense that if observations or experimental results 
contradict its predictions then it cannot be a cor-
rect theory, or at best cannot be the  whole story.

How then should we  counter  those who wish 
to undermine science and the scientific method—
those who claim that their opinion should be 
valued above evidence and that their ‘theory’ 
should be given as much credence as the scien-
tific theory it purports to challenge or dispute, 
without the need to be held to the same stan-
dards? While we might find it amusing that some 
people believe the Earth to be flat, or that the 
Apollo Moon landings  were a hoax, or that the 
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world was created just a few thousand years ago, 
what about the  people who hold views that not 
only go against established science, but which 
are genuinely harmful to society, such as  those 
who deny anthropogenic climate change,  those 
who refuse to vaccinate their  children  because 
they believe in a baseless link between MMR and 
autism, or  those who prefer magic and supersti-
tion to modern medicine?

I find it frustrating that I do not have a clear 
answer to  these questions. I have devoted half 
my academic  career in physics to my research, 
trying to understand for myself how the uni-
verse works. The other half I have spent teach-
ing, communicating, and explaining what I have 
learnt. So, I cannot simply absolve myself of any 
responsibilities to engage and debate scientific 
issues with the wider public; many of  these is-
sues are too impor tant not to address. But I also 
know how hard it is to shift someone’s strongly 
held views on a  matter, however misguided I 
believe they are.

In a very real sense, conspiracy theories are 
the polar opposite of scientific theories in that 
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they seek to assimilate what ever evidence  there 
is against them and interpret it in a way that sup-
ports rather than repudiates their core idea, thus 
making them unfalsifiable. Many who hold such 
views  will always try to interpret and favour evi-
dence in a way that confirms their pre- existing 
hypotheses. This is known as confirmation bias. 
Often, in the case of ideological beliefs, we also 
hear the term ‘cognitive dissonance’, whereby 
someone  will feel genuine  mental discomfort 
when confronted with evidence supporting a 
view contrary to their own. This potent combi-
nation of confirmation bias and the avoidance 
of cognitive dissonance works to reinforce pre-
existing beliefs. So, trying to persuade someone 
in this frame of mind with scientific evidence can 
often prove to be a waste of time.

Many  people, facing an avalanche of widely 
differ ent views through both the mainstream 
and social media, understandably find it diffi-
cult to know what to believe. How can they tell 
accurate evidence- based information from fake 
news? One  thing scientists can do is to tackle 
the issue of false balance. Thus, when almost 
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every climatologist in the world acknowledges 
that the Earth’s climate is changing rapidly due 
to humankind’s activities and that something 
needs to be done urgently if we are to prevent its 
catastrophic consequences, the news media does 
not need to have a climate change denier provide 
‘the other side of the argument’.  Because when 
this happens, the public is left with the impres-
sion that both points of view are equally valid. 
Apart from the weight of scientific evidence in 
their favour, the difference between someone ar-
guing that anthropogenic climate change is real 
and another denying it is that the former  really 
hopes that he or she is wrong.

A scientist  will always admit that maybe cli-
mate change is not happening; maybe evolution 
theory is wrong, or relativity is wrong. Maybe 
gravity  won’t always pull me down to the ground, 
and through meditation I should be able to levi-
tate. But  these ‘maybes’ do not mean we  don’t 
know. We do know that we  will continue to test 
our theories, and if they hold up we trust them 
and talk about them with non- scientists. But, as 
scientists, we are prone to expressing ourselves 
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in terms of honesty and doubt. Just as the word 
‘theory’ has a differ ent meaning in science com-
pared with everyday conversation, so too does 
the word ‘certain’ mean something par tic u lar to 
scientists. Deep down, of course, I am actually 
quite certain that it is impossible to overcome 
the force of gravity through meditation in order 
to float off the ground. I am also certain that the 
Earth is round, that it is billions of years old, and 
that life evolves.

Am I certain that dark  matter exists? Almost.

O N  T R U T H

I have often heard it said that  there are differ-
ent ways of getting to ‘the truth’, or indeed that 
there are differ ent sorts of truth. No doubt a 
phi los o pher or a theologian reading this  will 
regard my simplistic physicist views on the 
matter as hopelessly naïve, but, for me, abso-
lute truth refers to what is real and what exists 
in de pen dently of  human subjectivity. So, when 
I talk about science as being the quest for truth, 
I mean that scientists are constantly trying to 
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get as close as pos si ble to the ultimate nature 
of  things, to an objective real ity out  there wait-
ing to be discovered and understood. It can 
sometimes feel as though this objective real-
ity is nothing more than a collection of facts 
about the world that we discover slowly  until 
we know them all. But remember that in sci-
ence we can never claim to know something 
for certain.  There is always the chance that, at 
some  later time, we  will arrive at an even deeper 
understanding, taking us closer to that ultimate 
truth we seek.

In practice,  there are many ideas and concepts 
in science about which we have reached such 
a level of confidence that we can safely regard 
them as facts. If I jump off a roof, the Earth  will 
pull me downwards (and I pull it upwards ever-
so slightly) according to a  simple mathematical 
relation that is as close as we  will ever get to a 
statement of fact. We do not yet know every-
thing  there is to know about gravity, but we 
do know its effect on objects in our world. If I 
drop a ball from a height of five metres, I know 
without having to check with a stopwatch that it 
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will be in the air for one second before it hits the 
ground— not two seconds, or half a second, but 
one second. One day we may find a new theory 
of quantum gravity, but it  will never predict that 
my ball  will take twice or half as long as Newton’s 
equation of motion predicts. That is an absolute 
truth about the world.  There is no philosophical 
argument, no amount of meditation, no spiri-
tual awakening or religious experience, or gut 
instinct or po liti cal ideology that could ever have 
told me that a ball dropped from a height of five 
metres would take one second to hit the ground. 
But science can tell me.

In a sense, then, the remaining gaps in our 
understanding of the laws of the universe— the 
nature of dark  matter and dark energy,  whether 
inflation theory is correct, the right interpreta-
tion of quantum mechanics, the true nature of 
time, and so on— are not  going to change our 
understanding of the forces,  matter, and energy 
that make up our everyday world.  Future ad-
vances in physics are not  going to render what 
we already know obsolete. They  will just refine 
it and give us a deeper understanding.
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P H YS I C S  I S   H U M A N

In the end, physicists are like every one  else. We 
want our ideas and theories to be correct, and 
we  will often defend them in the face of emerg-
ing evidence to the contrary. Even the most bril-
liant physicists have been known to downplay 
prob lems with their theories and to amplify their 
criticisms of a rival idea. Confirmation bias ex-
ists in science just as it does in all walks of life, 
and scientists are not immune to it. We strive for 
tenure and promotion, to compete for funding, 
meet proj ect deadlines, ‘publish or perish’, and 
work hard to gain the re spect of our peers and 
the approbation of our superiors.

And yet, part of our training in the scientific 
method is to develop humility and honesty in 
research to enable us to act against our baser 
instincts. We learn not to be blinded by our de-
sires or misled by our biases and vested interests. 
It is sometimes hard to see this if you focus on 
individuals— and  there have been a number of 
well- documented examples of fraud and cor-
ruption in scientific research. But, as research 
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communities, we have built-in corrective proce-
dures, such as the peer review of scientific papers 
(and yes, I know this is not an ideal way to evalu-
ate research), and we rigorously train young sci-
entists in the ethical and responsible conduct of 
research. This means that the scientific method 
is, by its very nature, self- correcting. It demands 
repeatability and the continued honest and criti-
cal assessment of ideas. Weak theories die out 
eventually, however hard their advocates try to 
keep them alive, and even if it sometimes takes 
a generation or two to  free ourselves from the 
hegemonic shackles of a particularly dominant 
theory that has passed its ‘sell by’ date.

The best physicists are often  those who have 
been able to zoom out and  free themselves 
from the prejudices of consensus, fashion, or 
reputation— even their own. But this is more 
likely to happen when a theory is already known 
not to be the final word on a subject, or if  there 
are rival theories, each with its own staunch ad-
vocates. And remember that physics, just like all 
science, is not a democracy. All it takes is one 
new experimental observation to bring down a 
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widely accepted theory and replace it with a new 
one. Thereafter, it is the new theory that must 
constantly justify itself by being held up against 
the bright light of observational data.

Many of the more speculative ideas in funda-
mental physics  today— some of which I described 
in chapter 8— might be considered as failing to 
meet the requirements of what constitutes a 
proper scientific theory,  because they cannot 
be checked against experiment. Among  these, 
I would include (for now at least) string theory, 
loop quantum gravity, black hole entropy, and 
multiverse theories. And yet, thousands of theo-
retical physicists around the world are carry ing 
out intensive research in  these subjects. Should 
they stop working in  these areas  because their 
theories  can’t yet be tested? Are they wasting 
public funds that could be better poured into 
more ‘useful’ areas of research? And what drives 
these physicists on if they have no way of test-
ing their theories? Are they being blinded by the 
beauty of their equations? It is certainly true that 
a few physicists have even gone so far to claim 
that they do not need to test their theories against 
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data, but only against each other, for mathemati-
cal consistency and elegance, which strikes me 
as a dangerous road to go down.

However, being too harsh on  these ‘searchers 
in the dark’ can also show a lack of imagination 
and appreciation of the history of ideas in sci-
ence. When Maxwell wrote down his electric 
and magnetic field equations and derived from 
them the wave equation for light, no one knew, 
not even Maxwell himself, how this knowledge 
would be used by Heinrich Hertz, Oliver Lodge, 
Guglielmo Marconi, and  others to develop radio. 
Nor did Einstein anticipate, when developing his 
theories of relativity, that they would one day 
be used to give us accurate satellite navigation, 
which you access using the technological won-
ders crammed into that supercomputer in your 
pocket that would have been impossible without 
the abstract speculations of the early quantum 
pioneers.

So, the inflationary cosmologists and the 
string theorists and the loop quantum gravity 
researchers continue on their quests, and rightly 
so. Their ideas may turn out to be wrong—or they 
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may change the course of  human history. Or we 
may have to wait for another Einstein, perhaps 
even an AI, to help us out of our current confu-
sion. We cannot yet say. But what we can say is 
that, if we ever stop being curious about the uni-
verse and investigating how it— and we— came 
to be, then that is when we stop being  human.

The  human condition is bountiful beyond 
mea sure. We have in ven ted art and poetry and 
music; we have created religions and po liti cal 
systems; we have built socie ties, cultures, and 
empires so rich and complex that no mere math-
ematical formula could ever encapsulate them. 
But, if we want to know where we come from, 
where the atoms in our bodies  were formed— the 
‘why’ and ‘how’ of the world and universe we 
inhabit— then physics is the path to a true under-
standing of real ity. And with this understanding, 
we can shape our world and our destiny.
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