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Advance Praise for This Book 

“I wish I knew as much as Liam Graham. It would have enabled me to write 
a much more convincing and well informed book than The Atheist’s Guide 
to Reality. Fortunately Graham has done it. My envy of Graham’s erudition 
is only surpassed by my admiration of his achievement. This is the definitive 
guide to why the physical facts fix all the facts! It’s also the definitive diagnosis 
of all the specious arguments against this simple truth.” 

—Alex Rosenberg, R. Taylor Cole Professor of Philosophy, Duke 
University, author of The Atheist’s Guide to Reality 

“Graham does an impressive job of advancing his vision of ‘austere phys-
icalism’ as against non-reductionist views on which there are higher-level 
or ‘emergent’ phenomena. His lively, wide-ranging, detailed treatment of 
the relevant scientific case studies and philosophical positions is a tour-de-
force, and his critical salvos and defensive strategies deserve further attention 
by scientists and philosophers alike. Anyone curious about the structure of 
natural reality will find this book to be a great read and a valuable resource.” 
—Jessica Wilson, Professor of Philosophy, University of Toronto, author of 

Metaphysical Emergence 

“This well written book offers a balanced approach for those with interests 
in physics and/or metaphysics. It dismisses various forms of emergentism, 
arguing that these views wrongly project human cognitive limitations onto 
the world’s ontology. It defends an austerely monistic version of physicalism
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vi Advance Praise for This Book

according to which the world is a single entity—the ‘blobject’—with richly 
complex dynamic structure but without any constituent entities as proper 
parts. Diverse metaphysical topics are addressed, including free will and 
consciousness. Highly recommended.” 

—Matjaž Potrč, Professor of Philosophy, Ljubljana University, author of 
Austere Realism 

“Whatever you think about the nature of reality, there’s value in grappling 
with the idea that it may fundamentally be ‘all physics’! Liam Graham 
presents an engaging and well-researched argument, with some excellent 
examples drawn from across the sciences.” 

—Louis Barson, Director of Science, Innovation and Skills, Institute of 
Physics 

“This book is a thorough and critical examination of the idea of emergence 
arguing that the concept is so generic that it is useless. It provides a very good 
overview of emergent phenomena, particularly those from condensed matter 
physics, and is written in an entertaining, thought-provoking style.” 

—Ilias Amanatidis, Ben-Gurion University of the Negev, Israel and 
Ioannis Kleftogiannis, National Center for Theoretical Sciences, Taiwan 

“I have often puzzled over claims that emergent properties are ‘something 
else, something that cannot be explained by the elements of the system’. 
This splendid book shows why such claims are nonsense. And it helps 
us understand why, in a few years, that thesis will not be in the least 
controversial.” 

—Antonio Cabrales, Professor of Economics, Universidad Carlos III, 
Madrid
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Preface 

Books in the humanities often begin with a statement of the author’s posi-
tion. Science books rarely do. Since this book involves as much philosophy 
as science, let me start by describing where I am coming from. 

I have a long-standing dislike of mystical or magical thinking in all its 
forms. A dislike of thinking that avoids rigorously seeking a good explanation 
and opts instead for an attractive one. Of thinking that settles for a baroque 
explanation rather than accepting that some things are as yet unexplained. 
The usual suspects of free will and consciousness are fertile ground for such 
thinking, as is emergence, a term widely used to describe complex systems and 
a central topic of this book. This means I am an opinionated narrator. But I 
strive to be a reliable one and include extensive references and suggestions for 
further reading to help you make up your own mind. 

Let me give an example of what motivates me. Later in the book I will 
cite a philosopher of science who argues that the placebo effect is evidence 
against physical causal closure. I find this deeply suspicious. Causal closure is 
right down at the fundamental level of quantum physics. The placebo effect, 
while well documented, is a property of the human brain, the most complex 
and poorly understood system we’ve come across. No evidence is given which 
links the two. Perhaps the philosopher will turn out to be right. But for now 
there is no reason to think that our lack of understanding of the brain should 
have any implications for physics. 

Descriptions of emergent phenomena often convey little more than “Wow, 
that’s so mind-blowingly complex it can’t be just physics”. For those who want

ix



x Preface

to see more clearly, this book shows how emergence can be eliminated and 
presents an unflinching worldview in which everything, without exception, is 
physics. 

London, UK Liam Graham
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1 
Introduction 

Hurricanes. Living cells. Flocks of birds. You yourself. Few would deny that 
these things are made of atoms. Yet they behave very differently from atoms. 
Fundamental physics might do a good job of explaining atoms, but such 
complex phenomena seem to lie outside its scope. This is the basic idea of 
emergence. Things emerge from physics but are beyond physics. The whole 
is greater than the sum of its parts. More is different. 

Emergence is one way of understanding complexity. There are alternatives. 
You can be a dualist. Then some things are supernatural, in a different domain 
from physics. More is spooky. This might seem to apply only to the last item 
on my list, but it wasn’t so long ago that hurricanes were seen as avenging 
ghosts and life as caused by a vital spirit. 

Or you can be a physicalist. In this case, everything is physics. More may 
be different but more is always different. Physics explains the properties of the 
whole and the properties of the parts. The nature of quantum physics means 
the whole can influence the parts as well as the parts influencing the whole. 
If we don’t fully understood things, this is a result of lack of knowledge or 
computing power. 

Many find neither alternative attractive. Emergence promises a middle 
way. You can have your cake of not believing in the supernatural. And eat 
it with the pleasure of knowing that, while it is made of atoms, it is somehow 
more than those atoms. Stephen Hawking said in an interview:

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2025 
L. Graham, Physics Fixes All the Facts, The Frontiers Collection, 
https://doi.org/10.1007/978-3-031-69288-8_1 
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2 L. Graham

The human race is just a chemical scum on a moderate-sized planet, orbiting 
around a very average star in the outer suburb of one among a hundred billion 
galaxies.1 

Emergence allows us to accept we are a chemical scum while rejoicing in 
being more than just a chemical scum. This appeal is part of the reason for the 
remarkable spread of the term. It can be found everywhere, from fundamental 
physics to chemistry and biology, to sociology and economics. 

However appealing, it is an illusion. Emergence is usually divided into two 
types according to its relation to physics. Weak emergence is consistent with 
current physics. Strong emergence is outside current physics. This book will 
argue that neither tells us anything useful about the world. Weak emergence 
turns out to be so weak that it can be applied to everything. And strong 
emergence is such a strong criterion that there is no evidence for it. The 
term emergence either refers to everything or to nothing. We think it tells us 
something about the nature of reality, but this is an illusion. 

Fascinating phenomena exist at every scale but describing them as emer-
gent adds nothing. Emergent behaviour. Emergent organisation. Emergent 
structure. Whenever you see the word you can simply discard it. You can 
discard its aura of mystery and its suggestion that some things will be forever 
beyond our understanding. 

If you want to avoid the supernatural, you are left with physicalism. This 
book argues that the only possible physicalism is an austere physicalism that 
dissolves our commonsense understanding of the world. Physics fixes all the 
facts. Any description of the world that is not fundamental physics is at best 
an approximation. Such descriptions may be useful, they may be necessary 
but they are functions of our interests and our cognitive structure not prop-
erties of the world. This goes for everything that is not fundamental physics: 
the concepts which make thought possible, our intuitive notions and the rest 
of the sciences. 
These things are illusions. Reality means having causal power. If everything 

is physics, only the entities of fundamental physics have causal power. Other 
things are therefore unreal, illusions. So there are no objects. No creatures, 
colours or concepts. Instead, there are arrangements of quantum fields. 

Our sensory limitations mean we can’t see quantum fields. Our cognitive 
limitations mean we can’t intuitively understand them. Yet despite these limi-
tations we perceive a world full of structure and meaning. From a physicalist 
perspective, this leads to fascinating questions. Why do we perceive creatures, 
colours and concepts? Why does a quantum field arranged in a particular

1 Stephen Hawking, interviewed by Ken Campbell in Dugan (1995), 50′00′′. 
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way interact with another arranged as a human brain so that it adopts a state 
which corresponds to creature, colour or concept? 

More specifically, a physicalist approach allows us to unpack the term 
emergence and show how it lumps together disparate ideas about the limits 
of our thought. Emergence may be no more than an assertion that there 
are interesting questions at every scale. It may be a way of describing 
phenomena yet to be explained. Or it may be about the distinction between 
understanding and prediction. Sometimes its use is a result of projecting 
our cognitive limitations onto the world. Sometimes a result of a failure 
to distinguish between the nature of reality and the language, models and 
approximations that scientists use. 

Let me now turn to the structure of the book. To start, Chap. 2 gives a 
broad overview of the sort of phenomena that can be described as emergent. 
The examples are chosen to cover a wide range of scales and sciences, starting 
inside the nucleus of an atom and working up through chemistry and biology 
to mental causation and its place in the universe. These will help illustrate the 
subsequent arguments and also give an excuse for a romp through some of 
the most fascinating parts of physics. 

Part I presents three general frameworks which will be used throughout 
the book. Chapter 3 turns to philosophy and identifies six positions: dualism, 
weak emergence, strong emergence and three varieties of physicalism. Each of 
these can be understood in terms of where what matters happens. For phys-
icalism, everything that matters happens at the level of fundamental physics. 
All causation is at the lowest level. For dualism and strong emergence, on 
the other hand, the system as a whole is what matters. There is downward 
causation from the whole to the parts and this must contradict physics. Weak 
emergence describes a precarious middle ground where downward causation 
is somehow consistent with physics. 

One thread of my argument is that the concept of emergence is a conse-
quence of our cognitive limitations, so Chap. 4 describes aspects of human 
cognitive evolution. Partly this is about understanding our commonsense 
models of the world, partly about understanding how we transcend them. 
How can brains that evolved to survive and thrive on the African savannah 
roam from quarks to quasars? How do they create and take part in the system 
of distributed cognition which is science? Chapter 5 turns to role of simula-
tions in science and the theory of computation. There are many links to the 
discussion of emergence and physicalism. The most interesting is the way that 
quantum computers will radically transform how we simulate systems from 
the bottom up. Our ability to simulate and hence to understand physical
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systems may only be limited by the size of the quantum computers we can 
build. 

Part II contains the case against emergence. Chapters 6–9 discuss four 
forms of weak emergence. The central argument of each of these chapters is 
the same: weak emergence applies to every real system. If all physical systems 
can be called weakly emergent, the definitions are empty and the term redun-
dant. Studying these forms of emergence tells us little about the world but 
much about our cognitive structure. 

Underlying all four senses of weak emergence is a basic confusion between 
the nature of the models scientists use and the nature of reality. Chapter 10 
addresses this in the context of three common modelling strategies: the ther-
modynamic limit, effective theories and the renormalization group. All of 
these have features which fit one or more of the definitions of emergence. 
But this tells us nothing about the world, only about the models we use to 
explain the world. 

Next, strong emergence. Chapter 11 discusses possible mechanisms 
ranging from quantum physics to non-computability. All are logically 
possible. But there is not a shred of convincing evidence for any of them. 
Believing in strong emergence is equivalent to believing there are pixies in 
your garden. Impossible to disprove, but not worth spending your time 
on until there’s some solid evidence. Even if there were such evidence, it 
would support either an extended physicalism or dualism. As a term, strong 
emergence is also redundant. 

Chapter 12 is a brief summary of the previous chapters. For each type of 
emergence, it gives a one line answer to three questions: what it is; why it 
applies to everything and why it is not a challenge to physicalism. 

So much for emergence. Part III turns to the alternative. Chapter 13 
presents the argument for austere physicalism. It is an easy position to state, 
but one that some may find self-evidently absurd and most of the chapter is 
spent dealing with potential objections. Chapter 14 applies it to emergence. 
If you’ve discarded the word emergence, what can you replace it with? What 
becomes of our intuition that more is different? 
To wrap up, Chap. 15 returns to the examples, describing them without 

using the concept of emergence and showing that none represent challenges 
to physicalism. The chapter ends by throwing down a gauntlet. If you think 
you have a system which is emergent in the sense that it cannot be explained 
by physics, there is a simple procedure you can follow to convince a hard-
nosed physicalist of your case. 
Throughout, I do my best to avoid discussing free will and consciousness. 

Partly this is because they merit a book of their own. Partly it is a rhetorical
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choice. If you concede that they are the only place left for emergence, I will 
consider my job done. But in the Epilogue, I show that there is no reason to 
think that they cannot be given a physicalist explanation. The chapter ends 
by revealing the meaning of life. 
This book is part of a larger project to investigate the limits of physics. 

My first book2 explored thermodynamics and its application to questions 
ranging from the formation of stars to the inner workings of cells to the origin 
of life. It concluded that there is no reason why physics shouldn’t one day 
explain all of this. My next book will take the same approach to cognition and 
consciousness, starting with the simplest systems and working up through 
cognitive evolution to human subjective experience. 

Emergence claims to put some things beyond physics. Addressing this 
claim is central to the physicalist project. The past decade has seen a dozen or 
so monographs and collections about emergence. Apart from the odd article, 
they are all resolutely supportive. This book aims to redress the balance by 
showing that emergence is an empty concept and providing an alternative 
framework with which to understand the world. 

Humanity starts in a world of incomprehension. Magic and deities are 
everywhere. The scientific project chips away at this. Replacing intuitions 
with scientific concepts. Gradually withdrawing magic from the world. Emer-
gence is a last refuge from this process. It promises to rescue the world from 
the austerity of physicalism. It puts humans and the concepts we use right at 
the heart of everything. It allows mind, consciousness and humanity to retain 
something of their previous dignity. It’s not so much that more is different, 
but that I’m different and I know I’m different. 

All this is an artefact of our cognitive limitations, an arbitrary way of slicing 
up the complex physical reality in which we exist, physical systems among 
others. Emergence is pessimistic and projects our limitations onto the world. 
Austere physicalism is modest and profoundly optimistic. There are unan-
swered questions everywhere. But the system of distributed cognition that 
is science transcends individual cognitive limits. There is no reason to think 
that we, and the machines we build, shouldn’t continue to give us answers. 

References 
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2 
More Seems Different 

Summary This chapter introduces the concept of emergence using a broad 
range of examples. These start from inside the atomic nucleus and work up 
through chemistry and biology to evolution and mind. While exploring these 
examples, many concepts that will play an important role in the remainder 
of the book make their first appearance. 

What is emergence? One way of answering this question is by giving examples 
of physical systems which can be described as emergent. This chapter presents 
fifteen such examples, chosen to give a broad sweep from the smallest to the 
largest and across different sciences. There is no shortage of candidates, I 
could easily have included ten times as many. This means that it is likely 
your favourite example will not be here. 

As a working definition of emergence, let’s use the one we’ve already seen 
in the introduction: more is different. It comes from a 1972 paper1 by Philip 
Anderson (Nobel Prize for Physics, 1977) which is often credited with rein-
troducing the term emergence into the mainstream. The definition is about 
composition. Emergence is when the properties of the whole are different 
from the properties of the parts. It also implies that you cannot understand 
the behaviour of the parts without understanding the behaviour of the whole.

1 Anderson (1972). 
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A toy example illustrates this. Take some Lego pieces and build a car. This 
car is emergent. It has properties that the parts don’t have: looking like a car, 
capable of rolling in straight lines or turning corners. More is different. By 
itself, a single piece of Lego cannot move in a straight line, suspended a few 
centimetres above the ground. But that’s exactly what it does when it’s part of 
the car. To understand the motion of one of the parts, you need to understand 
the car as a whole. 

For the moment, more is different will do as a rough and ready definition 
of emergence. While working through the examples, I will bring out other 
senses of the term. These are summarised in the final section and will be 
discussed in subsequent chapters. 

My descriptions of the examples are brief, no more than a handful of para-
graphs for each one. For some, there won’t be enough physics. If this describes 
you, the material I present is standard and you can find more in-depth treat-
ments in textbooks or in the suggestions for further reading at the end of the 
chapter. For others, there will be too much physics. In this case, I suggest you 
start this chapter in the middle, with the section “Ordinary objects”. 

One of the aims of this book is to show that the concept of emergence is 
redundant. So in Chap. 15, I return to these examples and show how they can 
be understood in a physicalist framework without a mention of emergence. 

2.1 Protons and Neutrons 

Let’s start right down at the bottom, inside the atomic nucleus. While this is a 
natural place to begin, it involves some of the most complex physics discussed 
in the whole book. I invite readers unfamiliar with these ideas to skip this and 
the next couple of examples. 

Atomic nuclei are composed of protons and neutrons, called collectively 
nucleons. These are not fundamental particles but are made of quarks. A 
proton is made of two up quarks and one down quark. A neutron is made of 
one up quark and two down quarks. An up quark has a positive charge equal 
to two thirds the charge of an electron. A down quark has a negative charge 
of one-third the charge of an electron. Combined, these give the charge of a 
proton equal and opposite to that of an electron and the zero charge of the 
neutron. 

Forces are mediated by particles. The electromagnetic force between 
charged particles is carried by photons. When two electrons approach each 
other, the electronic repulsion between their negative charges occurs via the
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exchange of a photon. The theory describing this is Quantum Electrody-
namics (QED). 

A further fundamental force is the strong interaction, described by 
Quantum Chromodynamics (QCD). Quarks experience both electromag-
netism and the strong interaction. The equivalent of electronic charge for 
the strong interaction is known as color. The force is carried by gluons which 
are electrically neutral but have color so are themselves subject to the strong 
interaction. This is an important difference from electromagnetism. Photons, 
the carriers of the electromagnetic force, have no charge so are not affected 
by the force. When two charged particles interact, they exchange a photon 
and that is the end of the story. 
Things are more complicated for the strong interaction. Quarks can emit 

or absorb gluons. Gluons can emit or absorb gluons. Gluons can split into 
virtual quark-antiquark pairs. These virtual particles can undergo further 
interactions. This leads to wild tangle of gluons, quarks and their antiparticles 
flickering in and out of existence as they are emitted and reabsorbed. 
The left panel of Fig. 2.1 shows a proton and the middle panel a neutron. 

The coloured circles represent the quarks (the colours are arbitrary, all that 
matters is all three are present so overall nucleons are color neutral) and the 
curly lines represent gluons carrying the strong interaction. For clarity, these 
two diagrams only show direct interactions between the quarks. The right 
panel includes some of the other possible types of interactions. Now imagine 
an endless avalanche of these interactions and you can see the challenge of 
solving QCD problems.2 

What does all this have to do with emergence? Quarks have fractional 
charge. Protons have integer charge. Quarks have color and experience the 
strong interaction directly. Nucleons are color neutral. In these senses, more 
is different. But that’s not all. Unless you are a high energy physicist, none of
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Fig. 2.1 Three quarks for Muster Mark! 

2 For a beautiful visual representation, see https://arts.mit.edu/projects/visualizing-the-proton/. 

https://arts.mit.edu/projects/visualizing-the-proton/
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this matters. You can do everything you need to do, including nuclear fission 
and fusion, while treating protons and neutrons as fundamental particles, as 
the featureless grey circles in the figure. The approximation involved only 
breaks down at high energy levels. This is why nucleons were thought to be 
fundamental right up to the 1960s. Nucleons are nothing more than their 
components, yet for all practical purposes they are independent of them. 
There are two further senses in which the interactions of quarks lead to 

emergence. Atomic nuclei are bound together by the nuclear force which 
overcomes the electromagnetic repulsion between positive protons. Yet this 
force is just a residual of the strong interaction between quarks, orders of 
magnitude weaker than the strong interaction itself. The nuclear force is 
emergent. 
Then there’s the question of mass. If you’re up to speed on physics and are 

asked where mass comes from, you would probably answer that it’s to do with 
the Higgs field. But you’d be mostly wrong. The mass of a proton is around 
140 times the mass that the Higgs field produces for its three quarks. The rest 
of the mass comes from the energy of the cloud of virtual particles shown in 
the right panel of Fig. 2.1. This is known as emergent hadron mass. Pause for 
a minute to think about this. Around 98% of the mass of the visible universe 
is emergent in this sense.3 

Right down at the heart of matter, we’ve already got three emergent 
phenomena. Nucleons emerge from their component quarks. Their masses 
emerge from the interaction between these quarks. And the nuclear force 
which holds nuclei together emerges from the strong interaction.4 

2.2 The Classical World 

Quantum physics describes systems by a wave function. One implication of 
this is that quantum systems are simultaneously in all their possible states. 
This is known as a superposition of states, or simply a superposition. The 
wave function can be interpreted as the probability of each state. 

Imagine a quantum coin. It can be placed in a superposition where it is 
simultaneously heads and tails, with a probability of one half attached to each.

3 Binosi (2022). 
4 In fact, all the properties of nucleons are emergent. The figure shows them as shaded grey circles, 
but their measurable radius is a consequence of the nature of the strong interaction. Their spin also 
emerges in some complex way from the spin of their component quarks and gluons. 
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The better-known example is Schrödinger’s cat which is in a superposed state 
consisting of awake and asleep.5 

We never observe such superpositions. Instead, we experience a world 
where objects are in one state at a time. When we toss a coin, we see heads 
or tails. Cats are either awake or asleep. How can we reconcile this classical 
world with the quantum world that underlies it? 

One answer is quantum decoherence. Let me illustrate it by continuing 
with the example of a coin. The left panel of Fig. 2.2 shows a classical coin, 
either heads or tails. In the middle is a quantum coin, prepared in a superpo-
sition between heads and tails. The quantum coin is shown inside a perfectly 
empty box. To preserve the superposition, or more precisely to preserve its 
coherence, the coin must be kept isolated from its environment. Coherent 
superpositions are extremely fragile. 

In the world, quantum systems are not isolated but in environments full 
of particles and radiation. These scatter off the quantum coin, become entan-
gled with it and the coherence of the superposition leaks away into the 
environment. This is shown in the right panel of the figure. 

For macroscopic objects, decoherence happens extremely quickly.6 Due to 
the effects of sunlight alone, a speck of dust would decohere in 10−12s and  
a bowling ball in 10−20s. Even in the ultra-pure vacuum of deep space, the 
photons of the cosmic microwave background would cause decoherence of 
dust in 10−4s and  the ball in 10−15s. This is why we never observe superpo-
sitions. It is also one of the reasons why quantum computing, which depends 
on such superpositions being maintained, is a challenge. 

A quantum system open to its environment behaves dramatically differ-
ently from an isolated quantum system. More is different. The classical world
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Fig. 2.2 Decoherence 

5 I borrow this gentle formulation from Rovelli (2021). 
6 See Appendix A.2 for details of the calculation. 
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we experience is emergent and decoherence explains how it dynamically 
emerges from the quantum world. 

2.3 Atoms and Molecules 

The properties of nucleons depend on their environment. Isolated neutrons 
are unstable. Due to the weak interaction, they decay with a half-life of 
around 15 min into a proton, an electron and an antineutrino. Isolated 
protons, on the other hand, are either stable or have extremely long half 
lives. Inside light nuclei, protons and neutrons are both stable. Inside heavier 
nuclei, protons can decay by positron emission, again due to the weak inter-
action. This is emergence. You cannot understand the properties of a nucleon 
without understanding its environment. 

Now let’s turn to atoms. The simplest atom is hydrogen, consisting of a 
proton and an electron. By themselves, these particles just get on and do their 
own thing. Combined, they give the atom a whole range of interesting new 
properties. Most notably, the electron becomes confined in what are known 
as orbitals. Some of these are illustrated in Fig. 2.3.

When photons scatter off the atom, transitions between these orbitals give 
characteristic spectral lines. All these properties are dramatically different 
from those of an isolated proton or electron. Understanding the behaviour 
of the particles without taking into account the atomic environment is 
impossible. 

Atoms combine to form molecules and the molecules have properties 
different from their components. Let’s take water as an example. The water 
molecule is composed of two hydrogen atoms bound to one oxygen atom. 
This is shown in the inset of Fig. 2.4. The nucleus of an oxygen atom contains 
eight protons compared to the single proton of hydrogen. This means that 
the molecule’s eight electrons, six from oxygen and one from each of the 
hydrogens, shown as black dots on the figure, tend to be closer to the oxygen 
nucleus. This, when combined with the bond angle of around 105°, means 
charge is distributed asymmetrically across the molecule. There is a net posi-
tive charge on the side of the hydrogen atoms, a net negative charge on the 
side of the oxygen atom.
This allows water molecules to form bonds with each other, the negative 

charge on the oxygen atom in one molecule being attracted to the positive 
charge on the hydrogen atom in another molecule. This is shown in the main 
part of the figure. The oxygen atoms are in red, the hydrogen atoms are in 
grey. The dotted lines representing the electronic attraction between them.
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Fig. 2.3 Hydrogen orbitals7 

Such bonds are known as hydrogen bonds and are responsible for many of 
the unique properties of water. Hydrogen bonds and the properties of water 
are emergent. 

And so on to the rest of chemistry. Here we’ve seen three levels of emer-
gence, three levels at which more is different: in the nucleus, in the atom and 
in molecules. 

2.4 Chemical Oscillators 

Mix most chemicals and, if they react at all, they will rapidly reach equilib-
rium. In 1951, Russian chemist Boris Belousov showed that if a particular set 
of chemicals are mixed in a beaker, the liquid starts off colourless, changes

7 Source: https://commons.wikimedia.org/wiki/File:Hydrogen_Density_Plots.png. License: Public  
domain.

https://commons.wikimedia.org/wiki/File:Hydrogen_Density_Plots.png
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Fig. 2.4 Water8 

to yellow, turns colourless again, changes back to yellow and so on. Instead 
of quickly reaching equilibrium like all chemical reactions then known, this 
cycle can be repeated for up to an hour. Belousov had discovered a chemical 
oscillator. 

He tried to publish his results twice. In response to his first article, in 1951, 
the editor advised him that his “‘supposedly discovered discovery’ was quite 
impossible”.9 After much further work, he submitted another article in 1957, 
but faced similar scepticism and resolved not to publish. Another Russian 
chemist, Anatol Zhabotinsky, published a description of the reaction in 1964 
and the reaction is known as the Belousov-Zhabotinsky (BZ) reaction. 

One variant of the BZ reaction involved mixing chemicals in a petri dish. 
They initially have a uniform pink colour. After a while, blue spots form and 
start growing. Then within the blue spots, pink spots form and start growing. 
Within these pink spots, new blue ones start growing and so on forming a 
complex and constantly changing pattern. Figure 2.5 shows an example.10 

Here is Ilya Prigogine’s (Nobel Prize for Chemistry, 1977) description:

8 Source: https://commons.wikimedia.org/wiki/File:3D_model_hydrogen_bonds_in_water.svg. 
License: Public domain.
9 Winfree (1984). 
10 A video  can be found  at  www.TheMaterialWorld.net.

https://commons.wikimedia.org/wiki/File:3D_model_hydrogen_bonds_in_water.svg
http://www.TheMaterialWorld.net
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Fig. 2.5 The BZ reaction11 

Such a degree of order stemming from the activity of billions of molecules 
seems incredible, and indeed, if [such reactions] had not been observed, no 
one would believe that such a process is possible. To change color all at once, 
molecules must have a way to ‘communicate.’ The system has to act as a 
whole.12 

Once  more, this is emergence. If the  system  acts as a whole, you  can’t  
understand the behaviour of the individual atoms without understanding the 
behaviour of the system. 

2.5 Symmetry Breaking 

Figure 2.6 shows a ball at the top of a hill, with identical valleys on either 
side. The setup is perfectly symmetric, the physics of both sides are exactly 
the same. However, when the ball rolls one way or the other, this symmetry 
is lost.
That is the basic idea of symmetry breaking. Some event, perhaps a 

random nudge from the molecular storm, changes a symmetric initial state 
into an asymmetric final state. In this highly stylised example, that’s the end 
of the story. In general, symmetry breaking will have wider effects.

11 Source: https://www.flickr.com/photos/nonlin/. By Stephen W. Morris. License: Creative Commons 
Attribution 2.0 Generic.
12 Prigogine and Stengers (1984), p. 148. 

https://www.flickr.com/photos/nonlin/


16 L. Graham

Fig. 2.6 Symmetry breaking

Phase transitions are an example of symmetry breaking. Imagine steam 
cooling to form liquid water. Steam is highly symmetric in the sense that 
each molecule is independent of all the others. This symmetry is broken 
when steam condenses into liquid water and hydrogen bonds (Fig. 2.4) form  
between the molecules. 

In general, high temperature phases have more symmetries than low-
temperature phases. As a system is cooled, it may go through multiple phase 
transitions breaking symmetries at each of them. What’s more, phase transi-
tions appear discontinuous, water molecules at a fraction of a degree below 
boiling point behave differently than water molecules at a fraction of a degree 
above. There are many different types of phase transitions: between different 
states of matter (solid, liquid and gas); in magnetic substances between 
different kinds of magnetism and in solids between different crystal struc-
tures. Models of cosmology describe the period after the big bang as a series 
of phase transitions, progressively breaking the symmetries of the very early 
universe. 

Phase transitions only happen if there are a large number of particles. If we 
think of individual molecules, all that happens as temperature falls is that they 
move more slowly. To see boiling and freezing, we need to look at the system 
as a whole. More is different. Phase transitions are emergent phenomena. 

2.6 Quasiparticles 

Condensed matter physics studies solids and liquids. The dynamics of such 
systems are extremely complicated, with huge numbers of nuclei and elec-
trons interacting with each other. This complexity would seem to make
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modelling them difficult. However, the collective behaviour of such systems 
can sometimes be treated as if it were a particle. Instead of having to keep 
track of countless trillions of nuclei and electrons, systems can be described 
by a few such quasiparticles. 
The quasiparticle approach was first used in the 1930s. Since then, it has 

been applied to many different phenomena. Wikipedia lists around 30. Elec-
tron holes, resulting from the absence of an electron, behave like positively 
charged particles. Magnons are collective excitations of electron spins in a 
magnetic material. Phonons are vibrational modes of a crystal. Let’s look at 
them in more detail. 

Atoms in a crystal lattice are held together by interatomic forces. We can 
think these as like springs, as illustrated in the left panel of Fig. 2.7. If you  
give the crystal a bang on its left side, the lattice will start vibrating and the 
net result will be to transfer the energy delivered by the bang from the left 
to the right. The atoms in the lattice stay in approximately the same place 
during this process. 
The vibrations can be divided up into normal modes, just like for  a  

vibrating string. This is illustrated on the right side of the figure. Any vibra-
tional pattern of the lattice can be expressed as a combination of normal 
modes. And each normal mode can be treated as a particle, a phonon. 

If we give the lattice a bang on the left such that all the atoms vibrate with 
the same frequency, we can describe this as a single phonon moving through 
the lattice, transferring energy from left to right. If the bang involves multiple 
frequencies, the description will involve multiple phonons. Although all the 
atoms in the lattice are vibrating in complex ways, their behaviour can be 
captured by a small number of phonons.

Fig. 2.7 Phonons 
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The particles of light, photons, are quantised in that their energy can only 
change in discrete steps. The same is true of phonons. You can think of them 
as quanta of sound. If we can bang the lattice in such a way as to produce a 
single phonon, a sequence of such bangs would produce a coherent beam of 
phonons, the sound equivalent of a laser. Heat, the random vibrations of the 
lattice, produces incoherent phonons of many frequencies moving in many 
directions. 
This might seem like magic. Rather than having to solve the physics of 

a hugely complex system, we have managed to describe it in dramatically 
simpler terms.13 Is it a trick? Phonons seem as real as other particles. You can 
scatter them off each other. If we bang the lattice at the top as well as on the 
left, this would produce two streams of phonons, one going from left to right 
and the other from top to bottom. Their interaction would be governed by 
the law of conservation of phonon momentum. Phonons can also scatter off 
electrons or neutrons and can even be shown to be fermions and so subject 
to quantum indistinguishability. 

Far from being an abstraction of theoretical physicists, the discipline 
of phononics underlies many technological advances. Designing materials 
to have particular properties means understanding the behaviour of their 
phonons. This is from a 2014 review: 

Understanding and controlling the phononic properties of materials provides 
opportunities to thermally insulate buildings, reduce environmental noise, 
transform waste heat into electricity and develop earthquake protection.14 

Another example is superconductivity. Materials become superconducting 
when their electrons couple up to form Cooper pairs. This happens despite 
electronic repulsion thanks to their interaction with phonons and hence with 
the collective properties of the atomic lattice. A consequence is that magnetic 
fields are excluded from the superconducting material. This is known as the 
Meissner effect and explains why magnets levitate above superconductors. 
One of the stranger implications of this is that, inside a superconductor, 
the virtual photons which carry the electromagnetic interaction acquire mass. 
Even the properties of photons cannot be separated from the systems they are 
embedded in.

13 For the purposes of exposition, I’ve described phonons in classical terms. To properly model the 
vibrations of a crystal lattice, you need quantum physics. 
14 Maldovan (2013). 
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And these are just two examples from dozens. It’s not hard to see why 
condensed matter physics is often viewed as the most fertile ground for 
concepts of emergence. 

2.7 The Quantum Hall Effect 

The Hall effect was discovered at the end of the nineteenth century. Pass a 
current through a thin metal sheet then apply a magnetic field perpendic-
ular to the sheet. The electrons carrying the current experience the magnetic 
field as a force, called the Lorenz force, pushing them perpendicular to the 
direction of the current. So they tend to accumulate on one side of the sheet 
creating a potential difference, known as the Hall voltage. This is illustrated 
in the left panel of Fig. 2.8. 

Divide this voltage by the current and you get the Hall resistance. The 
stronger the magnetic field, the larger the Hall resistance. Plot the field against 
the resistance and you get a straight line as in the right panel of the figure. 

In 1980, Klaus von Klitzing (Nobel Prize for Physics, 1985) discovered 
the quantum Hall effect. Instead of a thin metal sheet, this involves elec-
trons confined to a two-dimensional material, such as the interface between 
two semiconductors or a sheet of graphene. It also requires low temperatures 
(4K) and high magnetic fields (10T).15 Under these conditions, the relation 
between the magnetic field and the Hall resistance is no longer linear but has

Current 

Magne c 
field 

Hall voltage 

Magne c field 

Hall resistance 

Fig. 2.8 Hall effect 

15 A note on units. Temperatures are measured in Kelvin (K). A Kelvin is the same as a degree 
centigrade, but the scale starts at absolute zero. So 0 K = −273 °C. Magnetic fields are measured in 
Tesla (T). For a comparison, the strength of the earth’s magnetic field is around 10−5 T; the magnet 
in  a loudspeaker is around 1  T.  
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Fig. 2.9 Quantum Hall effect 

regular plateaux. This is shown in the left panel of Fig. 2.9. What is extraordi-
nary is that the levels of these plateaux are integer multiples of a combination 
of fundamental constants.16 

More extraordinary still is that the quantisation is extremely precise, down 
to the limits of experimental accuracy and that this precision is independent 
of most of the properties of the material. Neither size, shape nor impurities 
in the sample matter. Indeed, it requires some impurities as the effect disap-
pears in pure samples. This is the sense in which the quantum Hall effect is 
described as emergent, it seems to float free of almost all of the properties of 
its substrate. 

Does this sound abstract? The measurement is so precise that it has become 
a standard for electrical resistance. Also, given some basic lab equipment and 
an impure sample of your 2D material, it means you can measure to a high 
degree of accuracy the fine-structure constant, of fundamental importance in 
quantum electrodynamics. 
Two years later, Horst Stormer and Dan Tsui (who shared the 1998 

Nobel Prize for Physics) discovered the fractional quantum Hall effect. Using 
specially prepared materials, they found that the plateaux in the quantum 
Hall effect appeared at fractional and not integer multiples. These correspond 
to particles with fractional charges. When the first plateau was found at a 
multiple of 1/3, Tsui exclaimed “Quarks!”.17 What had actually happened 
was the electrons had undergone a phase transition into a new state of matter 
which can be described by quasiparticles with fractional charges.

16 The plateaux occur at multiples of h/e2 where h is the  Planck  constant  and e the charge on the  
electron. 
17 Stormer (1999). 
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The fractional effect is just as robust to the properties of the underlying 
material. In 1982, David Thouless gave an explanation of this in terms of 
topology showing that the effect depends only on the general topological 
properties of the material. Think of a doughnut. You can distort it in lots 
of ways but it still stays a torus. It takes much more effort to change the 
topology, by tearing it or punching new holes. Thouless showed that, whereas 
ordinary phase transitions are characterised by symmetry breaking, the frac-
tional quantum Hall phase is topologically distinct. He shared the 2016 
Nobel Prize for Physics with Duncan Haldane and Michael Kosterlitz who 
also pioneered the application of topology to physical systems. Since then, 
the study of topological effects has become an exciting new area of physics. 
A whole range of systems can be classified by their topologies, the properties 
of the system as a whole, independent of the details of their structure. 

Robert Laughlin (the third laureate of the 1998 Nobel Prize for Physics). 
is unequivocal about the importance of this: 

I have come to understand the von Klitzing discovery to be a watershed event, 
a defining moment in which physical science stepped firmly out of the age of 
reductionism into the age of emergence.18 

2.8 Bénard Convection 

Take a stylised version of a kettle. An insulated cylinder contains a liquid. 
The base of the cylinder is held at a temperature higher than the top. How 
does the liquid behave? Its molecules pick up kinetic energy from the hot base 
and through collisions transfer this kinetic energy to other molecules. When 
a molecule collides with the cool top, it loses kinetic energy. The result is a 
net transfer of energy from bottom to top, a flow of heat. This is conduction. 
If you increase the temperature gradient, heat flows faster. 

But when the gradient reaches a critical level something unexpected 
happens. A highly structured pattern of hexagonal cells appears. Viewed from 
above, the liquid looks like a beehive. This is shown in the left panel of 
Fig. 2.10. The image is adapted from the 1901 article in which Henri Bénard 
first described the phenomenon.
The middle panel of the figure shows the flow from the side. Within these 

Bénard cells, heat transfer is by convection, smooth flows of fluid rather than 
the random molecular motion of conduction. The fluid has spontaneously

18 Laughlin (2005), p. 76. 



22 L. Graham
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Fig. 2.10 Bénard convection19 

adopted a pattern that transfers energy faster than would conduction alone. 
Somehow, the individual molecules have acted collectively to produce this 
large-scale pattern. Such convection cells appear wherever there are fluids and 
temperature gradients. They are behind the granular appearance of the surface 
of the sun, shown in the right panel of the figure. 

You can see this as a phase transition from conduction to convection which 
breaks the symmetry of the liquid. When there is convection, it is impossible 
to understand the behaviour of a molecule in one of the convection cells 
without understanding the behaviour of the cell as a whole. And it impossible 
to understand a single convection cell without understand its place in the 
overall pattern. 

2.9 Self-organisation 

The last four examples are often described as self-organising systems. All 
are characterised by the emergence of order from a decentralized interac-
tion between their component atoms or molecules. Hermann Haken gives 
a simple analogy to explain self-organisation: 

Consider, for example, a group of workers. We then speak of organization 
or, more exactly, of organized behavior if each worker acts in a well-defined 
way on given external orders... We would call the same process as being self-
organized if there are no external orders given but the workers work together 
by some kind of mutual understanding, each one doing his job to produce the 
product.20 

19 Left panel: Bénard (1901). Right panel: Source: https://nso.edu/gallery/. Taken by the Daniel K. 
Inouye Solar Telescope. License: Creative Commons Attribution 4.0 International (CC BY 4.0).
20 Haken (1983), p. 191.

https://nso.edu/gallery/
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Fig. 2.11 Self organisation21 

Whether it’s this “mutual understanding”, or the “communication” that 
Prigogine saw among the molecules of chemical oscillators, it’s hard to avoid 
the conclusion that something extraordinary is going on. 

Figure 2.11 gives three more examples. The pristine geometry of 
snowflakes, the Fibonacci spiral of the sunflower, the endlessly shifting 
dynamics of a murmuration of starlings. All these emerge spontaneously from 
the interaction of their parts. And all exhibit properties different from those 
of their parts. 

2.10 Ordinary Objects 

Look around you. Everything you see is made up of atoms. Yet this is irrele-
vant for most purposes. It is irrelevant to the extent that the atomic view of 
the world only became accepted among physicists in the first decades of the 
twentieth century. The nature of objects is robust to changes in their atomic 
make up. Swap round a few atoms and the object will be unchanged. It’s a 
philosophers’ game to argue exactly how many you can change before the 
object changes identity. 

Objects have properties that their constituent atoms don’t: they may be 
round, red, hard. They obey regularities different from those in the atomic 
realm. Throw a cricket ball and it will describe a parabola (we’ll look at the 
problem of how to catch it in Chap. 4). Throw a cricket ball and it may smash 
a window. Such regularities are mostly independent of what the ball is made

21 Left panel: Warren (1863), p. 39. Middle panel: Source: https://pxhere.com/en/photo/659385. 
License: CC0, Public domain. Right panel: Source: https://commons.wikimedia.org/wiki/File:Starling_ 
flock_with_nearby_predator.jpg. License: Creative Commons Attribution 4.0 International (CC BY 
4.0). 

https://pxhere.com/en/photo/659385
https://commons.wikimedia.org/wiki/File:Starling_flock_with_nearby_predator.jpg
https://commons.wikimedia.org/wiki/File:Starling_flock_with_nearby_predator.jpg
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of. Any rigid sphere of sufficient density will travel in a parabola and smash 
windows. Whether leather, wood, metal or stone, whatever the ball is made 
of, to understand the behaviour of one of its atoms you need to understand 
its ball-like nature. 

Examples of such high level regularities are everywhere in our daily lives. 
Disciplines such as geology, psychology or economics describe systems of 
mindboggling complexity but manage to identify useful regularities. For 
objects and the laws which govern them, more seems decidedly different. 

2.11 Game of Life 

No example is more beloved of proponents of emergence than John Conway’s 
Game of Life. It consists of a grid of square cells, so each cell has 8 neighbours. 
A cell can either be alive, shown as black on the grid, or dead, shown as white. 
At each tick of a clock, the following rules are applied to squares on the grid: 

1. A live cell with fewer than 2 live neighbours dies (“of loneliness”) 
2. A live cell with 2 or 3 live neighbours lives on 
3. A live cell with more than 3 live neighbours dies (“of overcrowding”) 
4. A dead cell with 3 live neighbours becomes alive (“reproduction). 

All you need to do is specify an initial state and set the program running. 
The result is a whole zoo of complex behaviour. Figure 2.12 shows a pattern 
known as a glider. After 4 periods it moves one square diagonally downwards 
and to the right and will continue doing so until it bumps into other live cells 
or the edge of the grid. There are more complex patterns known as glider guns 
which produce a constant stream of gliders. If you haven’t already done so, I 
do suggest you have a play with one of the versions available online.22 

The Game of Life provides an ideal environment in which questions 
of emergence can be explored. In the game, a set of simple, well-defined

1 1  1  

1 1  1 1  1  1  1  1  

1 1 1 1 1 1 1 1 1  1  1  

1 1 1  

Fig. 2.12 A glider  

22 A link is at  www.TheMaterialWorld.net. 

http://www.TheMaterialWorld.net
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rules lead to complex behaviour. The parallel with other systems is seduc-
tive. Perhaps such simple rules are behind all self-organisation. Perhaps the 
(relatively simple) laws of physics lead to the complexity of the universe. 

Are there limits to the complexity of systems that these simple laws can 
produce? If so, they have yet to be found. In 2010, New Scientist magazine23 

reported the creation of a self-replicating creature within the Game of Life. 

2.12 Evolution 

Let’s turn from the Game of Life to life itself. The proteins in your body 
are combinations of 20 different amino acids. A short protein might contain 
200 different amino acids and so 20200 such proteins are possible. This is a 
number so large it defeats any comparison. Stuart Kauffman writes: 

…if the 10 to the 80th particles in the universe were doing nothing since 
the Big Bang except making proteins in parallel at every tick of the Planck 
time clock, it would take 10 to the 39 power times the 13.7-billion-year actual 
history of the universe to make all possible proteins of the length 200 amino 
acids, just once.24 

This implies that there is path dependence. Out of a myriad possible paths 
leading to a myriad different outcomes, just one has been arbitrarily selected. 
If we try to build a model of protein evolution, every set of initial conditions 
will lead us to a different outcome. We’ll never be able to explain why life on 
earth uses particular proteins because it is a result of arbitrary and possible 
infinitesimal events billions of years ago. 

Kauffman argues that this applies to every aspect of evolution. The biolog-
ical world we see is the result of a long sequence of symmetry breaking going 
right back to the start of time: 

We can write no laws of motion … for the emergence of the eukaryotic cell, 
sex, multicelled organisms, the Cambrian explosion with its specific marvels 
of the explosion of diversity of early flora and fauna, promissory of us, fish, 
amphibians, reptiles, mammals, and primates, let alone the specific proteins 
that have emerged. We live in an unprestatable, literally unimaginable, myriad 
of emergent becoming. Because we can write no laws for the specific emergence 
we call life, we are based on physics, but beyond physics.25 

23 Aron (2010). 
24 Kauffman (2019), p. 3. 
25 Kauffman (2019), p. 127.



26 L. Graham

This is emergence on a grand scale. There are causal chains that are simply 
too complex for us to untangle. Living systems are collections of atoms but 
are beyond physics. More is resoundingly different. 

2.13 Living Cells 

Inanimate objects are already fascinating. But a simple bacterium is at 
a different level. Bacteria show a remarkably diverse range of behaviour 
including sensing their environment, learning and prediction, the generation 
of circadian rhythms, signalling to their fellows and forming collectives. Let’s 
focus on one such bacterium, the well-known Escherichia coli or E. coli and 
look at the way it can search for food. 

Chemotaxis is the ability to follow chemical gradients. Figure 2.13 gives 
a stylised illustration. Somewhere off the bottom of the image is a chemical 
that will be useful to the bacterium, call it food. This diffuses into the envi-
ronment resulting in a concentration increasing from the top to the bottom 
of the image. 
The bacterium has two ways of moving. If its flagella turn counterclock-

wise, it proceeds in a straight line. If they turn clockwise, it stays in one 
place but changes its orientation. The first is called swimming, the second 
tumbling. 
The figure shows the bacterium swimming from bottom left to top centre. 

It senses the decreasing chemical gradient. To do this requires a way of 
detecting the chemical, a memory of what the concentration was in the past

Swim 

Tumble 

Swim 

High 
concentra on 

Low 
concentra on 

Fig. 2.13 Swim and tumble 
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and a way of comparing this with the current concentration. At some point, 
this causes the direction of the flagella to reverse and the bacterium starts to 
tumble. The tumble ends at a random orientation and the bacterium swims 
on towards the bottom right. The likelihood of a tumble is much higher if 
the concentration is decreasing than if it is increasing. This will mean that, 
on average, the bacterium approaches the food. 
The bacterium is emergent in the same sense as are ordinary objects. But 

there is something more. The bacterium is controlling its behaviour to achieve 
a goal. This combination of top-down control and goal directedness is a new 
level of emergence. 

2.14 Turning the Page 

Turn back a few pages and remind yourself of what I wrote about QCD. 
Did you do it? If so, you acted with purpose. And enormous numbers 

of protons, neutrons and electrons just did what they were told. We have a 
thought, and this thought changes the world. Such purposiveness is a unique 
property of minds; fundamental particles do not have it. More is different. 

What’s more, whether you turned the page or not depended on your dispo-
sition towards bossy authors. The motion of all those fundamental particles 
depended on your mental state. You can’t understand the physical without 
the mental. 

Philosophers use the term intentionality for this ability of minds to refer to 
something, to be about something. And many philosophers think this must 
put minds beyond physics. Here is Jerry Fodor: 

I suppose that sooner or later the physicists will complete the catalogue they’ve 
been compiling of the ultimate and irreducible properties of things. When they 
do, the likes of spin, charm, and charge will perhaps appear upon their list. But 
aboutness surely won’t; intentionality simply doesn’t go that deep… 

…there is no place for intentional categories in a physicalistic view of the 
world; … the intentional can’t be naturalized. It is time that we should face 
this issue. What is it, then, for a physical system to have intentional states?.26 

Note that this point holds whatever you think about the slippery notions 
of free will and consciousness. There is a direct chain of causation from the 
content of mental states to the displacement of fundamental particles.

26 Fodor (1998), p. 97. 
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2.15 Churchill’s Nose 

David Deutsch asks us to consider the statue of Sir Winston Churchill 
that stands outside the Houses of Parliament in London. At the tip of the 
statue’s nose is an atom of copper. Why is that atom there? Here is Deutsch’s 
explanation: 

…It is because Churchill served as prime minister in the House of Commons 
nearby; and because his ideas and leadership contributed to the Allied victory 
in the Second World War; and because it is customary to honour such people 
by putting up statues of them; and because bronze, a traditional material for 
such statues, contains copper, and so on.27 

This is an explanation in terms of concepts which have no place in the 
world of physics: leadership, war and tradition. To explain the position of 
an atom, a basic physical fact, we need a whole constellation of emergent 
concepts. Deutsch accepts that, given enough computing power and scien-
tific knowledge, we might be able to calculate the probability of a copper 
atom being there. But he asserts that such a prediction would still not explain 
anything. Physics is not enough. To understand the world, emergent concepts 
are essential. 

2.16 Common Themes 

Throughout this chapter, I’ve sketched ideas which will come up in the rest 
of the book. The difficulty of prediction. The way in which macroscopic 
phenomena seem independent of their microscopic constituents. And the 
constant theme that you can’t understand individual parts without consid-
ering their environment. Each of these is a type of weak emergence and are 
the subjects of Chaps. 7–9. Before that, Chap. 6 will investigate “more is 
different”. 
Then there is a question which may have crossed your mind as you read. Is 

current physics enough to explain these examples? Or is new physics needed? 
This brings us on to strong emergence, which is the subject of Chap. 11. 

More generally, we’ve seen that emergence can be found in systems ranging 
from atomic nuclei to statues. Here’s a question for you: can you think of a 
system which is not emergent?

27 Deutsch (1998), p. 22. 
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These examples also show that emergence involves dividing the world 
into levels. Let’s return to the atom of Churchill’s nose. Going downwards, 
you can see the atom as emerging from the combination of its nucleus 
and electrons, the nucleus emerging from the combination of protons and 
neutrons and these emerging from their constituent quarks and gluons. 
Going upwards, the atom is part of a nose, and the nose part of the statue, 
both ordinary objects, and above that is the whole framework of life, mental 
causation and the evolutionary process which leads to them. This layered 
picture of the world is where the next chapter starts. 

2.17 Further Reading 

For a general overview of emergence, see the entry in the Stanford Ency-
clopaedia of Philosophy, O’Connor (2021). Two excellent collections of 
articles are Falkenburg and Morrison (2014) and  Gibb  (2019). 

If you want a brief introduction to any of the examples covered in this 
chapter, I suggest you start with a standard textbook or the Wikipedia 
entry. For each topic, here is a paper or book I found particularly useful. 
Protons and neutrons: Marciano and Pagels (1979); the classical world: Joos 
(2006); Atoms and molecules: Esposito and Naddeo (2013); Chemical oscil-
lators: Epstein and Showalter (1996); Symmetry breaking: Brading et al. 
(2023); Quasiparticles: Venema et al. (2016); Bénard convection: Manneville 
(2006); Self-organisation: Camazine (2003). Ordinary objects: Thomasson 
(2010); Game of life: Conway (2004); Evolution: Kauffman (2019); Biolog-
ical systems: Berg (2004); Brains and minds: Dennett (2017); Churchill’s 
nose: Deutsch (1998). 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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3 
Dualism, Physicalism and Emergence 

Summary This chapter provides a philosophical framework for the rest of 
the book. Emergence is closely linked to the idea that the world is divided 
into levels, with higher levels emerging from lower ones. Once the concept 
of levels is clarified, the chapter turns to Jaegwon Kim’s argument that emer-
gence is either an empty concept or must contradict physics. The argument 
can be stated as six propositions of which only a maximum of five can be 
true. The choice of which proposition to reject corresponds to a way of seeing 
the world: dualism, three types of physicalism, weak emergence and strong 
emergence. 

The three chapters of Part I introduce ideas which will be used throughout 
the remainder of the book. This chapter provides a philosophical framework, 
the next turns to human cognitive evolution and the nature of the scientific 
project then Chap. 5 addresses issues of computation and simulation. The 
aim is to make the book largely self-contained but it means that many readers 
will come across material they are familiar with. In this case, recall that the 
French author Daniel Pennac claimed that among the inalienable rights of the 
reader is the right to skip pages.1 If you’d rather get straight to the discussion 
of emergence, you can jump to Chap. 6 and refer back as necessary.

1 Pennac (1995). 

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2025 
L. Graham, Physics Fixes All the Facts, The Frontiers Collection, 
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In the previous chapter I concentrated on examples of emergence and 
gave no more than a minimum definition. The aim of this chapter is to 
clarify emergence along with other concepts, such as reduction, eliminativism 
and physicalism. I’m going to do this in a philosophical framework largely 
borrowed from a book by philosopher Jessica Wilson.2 It is based on an argu-
ment due to Jaegwon Kim showing that emergent phenomena, if they exist, 
must contradict physics. 

Emergence is a notoriously poorly defined concept. Appendix A.1 contains 
a (non-exhaustive) list of 75 definitions. The earliest is in this passage from 
Aristotle: 

For of all things that have several parts and where the totality of them is not 
like a heap, but the whole is something beyond the parts, there is some cause 
of it, since even among bodies, in some cases contact is the cause of their being 
one, in others stickiness, or some other attribute of this sort.3 

From then, there is a gap in the list until John Stuart Mill in the 
mid-nineteenth century, although one source cites examples throughout 
enlightenment philosophy. The first decades of the twentieth century saw the 
flourishing of British Emergentism then things went quiet until the 1970s 
when work by philosophers and scientists prompted a revival of the concept. 
All but seven of the definitions are from the past fifty years. 

However defined, emergence involves relations between different levels. 
The examples of the previous chapter are all physical systems, made up 
of fundamental particles. At higher levels they display emergent properties 
distinct from those of fundamental particles. Let’s start by clarifying this. 

3.1 A Layered World 

The world we perceive is made up of levels. Wholes are made up of parts. 
Those parts are made up of smaller parts. We can put this a bit more formally 
by saying that entities at higher levels are composed of entities at lower levels, 
but not vice versa. Now for some questions. 

What defines a level? There are various ways to answer this, but one that 
is common in discussions of emergence it to associate a level with a special 
science describing it. The term special science is slightly odd, but it is widely

2 Wilson (2021). 
3 Aristotle and Reeve (2016), p. 141, emphasis added. 
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used in the philosophical literature to mean any science that is not funda-
mental physics. A special science consists of a taxonomy which classifies the 
entities that form its subject matter, a set of features which these entities 
possess and a set of laws governing their interaction. For example, the special 
science of chemistry describes molecules, radicals and ions with features such 
as valency or electronegativity and laws such as Faraday’s Law or Le Chatelier’s 
Principle. 

If we think of levels as being associated with a special science, we can read 
off the levels from a set of academic disciplines: molecules and chemistry; 
planets and geology; cells and cellular biology; multicellular organisms and 
zoology; societies and economics. 

What is the relation with emergence? Higher levels emerge from lower 
levels, so all special science features are emergent. There may be higher level 
features which are not included in a special science, but in what follows I’m 
going to treat the terms special science and higher level as interchangeable. 

What does the hierarchy of levels look like? It is easy to think of a simple, 
linear hierarchy but a moment’s thought shows this cannot be the case. Cells 
are not made of rocks, but both are made of molecules. People are not made 
of plants, but both are made of cells. Instead of a simple hierarchy, we have 
a branching tree. Branches could also rejoin. If you take cognitive science as 
describing thought processes, it defines a level containing entities that think. 
At the moment, its only occupants are various animals. But if we one day 
build an artificial intelligence with similar thought processes, it will belong 
to the same level. The two distinct branches of the tree, one organic and one 
inorganic, which split off above the chemistry level, will have rejoined. 

We can draw a hierarchy of levels by thinking of relations between the 
special sciences. Figure 3.1 is taken from a 2008 paper by Max Tegmark. 
You can, if you choose, use it to read off relations of emergence. Everything 
emerges from physics. Then there are many other levels of emergence, for 
example thermodynamics emerging from statistical mechanics or astrophysics 
from a combination of thermodynamics, chemistry and nuclear physics.

It’s hard not to nitpick. Shouldn’t there be direct links from quantum 
mechanics and statistical mechanics to chemistry and biology? Does putting 
boxes on the same level imply something about the structure of the world? 
This is not a criticism of the figure since I am using it outside the context for 
which it was intended. But it does throw into doubt the idea that sciences 
separate neatly into levels. 

A more general question is whether these levels represent the structure of 
reality or the structure of human knowledge. In philosophical terms, are they 
ontological or epistemic? I will return to this later in the chapter.
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Fig. 3.1 A hierarchy of sciences4 

3.2 Down at the Bottom 

What is the lowest level? That’s what the standard model of high energy 
physics tells us. Everything is composed of particles: five bosons (among them 
photons) and twelve fermions (among them quarks and electrons). The view 
that there is some collection of smallest particles can be found in Newton: 

Now the smallest Particles of Matter may cohere by the strongest Attractions, 
and compose bigger Particles of weaker Virtue; and many of these may cohere 
and compose bigger Particles whose Virtue is still weaker, and so on for divers

4 Source: Tegmark (2008). https://link.springer.com/article/10.1007/s10701-007-9186-9. Reproduced  
with permission from Springer Nature.

https://link.springer.com/article/10.1007/s10701-007-9186-9
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Successions, until the Progression end in the biggest Particles on which the 
Operations in Chymistry, and the Colours of natural Bodies depend, and 
which by cohering compose Bodies of a sensible Magnitude.5 

Yet this particle-based view of the world may need serious revision. 
Quantum field theory (QFT) is the most general theory of physics, 
combining classical field theory, special relativity and quantum mechanics 
(there is as yet no agreement on how general relativity should be incorpo-
rated). However a recent review of the role of particles in QFT starts with 
the sentence: 

The consensus view among philosophers of physics is that relativistic quantum 
field theory (QFT) does not describe particles.6 

This is fascinating in itself, and I will return to it when I discuss quasi-
particles in Chap. 15. But for the moment, does this mean that the fields of 
QFT constitute the lowest level? They are the only candidate and there don’t 
seem to be any obvious objections to having fields at the bottom rather than 
particles. However, we know that at extremely high energies QFT runs into 
difficulties and so must be a low energy approximation to a more complete 
theory. Would this theory be the lowest level? We are unlikely to ever know 
since there could always be something else lurking just beyond the limits of 
our experiments. 

Is there a lowest level at all? There is no logical reason why there should 
be. And if there’s no lowest level, there must be an infinite number of levels. 
Leibniz, a contemporary of Newton, held this view and a decent case could be 
made that it is far more elegant than some arbitrary cut. Karl Popper wrote: 

I do not think that we can ever describe, by our universal laws, an ultimate 
essence of the world, I do not doubt that we may seek to probe deeper and 
deeper into the structure of our world or, as we might say, into properties of 
the world that are more and more essential, or of greater and greater depth.7 

A further possibility is that there are an infinite number of levels but at 
some point they become repetitive. While it may be enjoyable to speculate 
about such issues, there is no empirical evidence one way or another. The 
hypothesis that there is a lowest level is just as plausible as the hypothesis that

5 Newton (2012), p. 394. 
6 Fraser (2022). 
7 Popper (1995), p. 196. 
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there is none. From now on, I’m going to use the term going to use the term 
microphysical to refer to the lowest level and assume it is described by QFT 
which, for all the phenomena covered in this book, can be treated as a Theory 
of Everything. 

3.3 Causation 

In what sense are emergent features distinct from their microphysical base? 
Although there are various ways to address this question, I’m going to follow 
Wilson’s argument that the key property is causation. She frames the discus-
sion in terms of causal powers. A causal power “is simply shorthand for 
talk of what causal contributions possession of a given feature make”.8 This 
captures the idea that what entities can do depends on their properties. A 
stone possesses a causal power, for example smashing a window, because of 
its properties, velocity, direction, hardness etc. Wilson asserts that this defi-
nition has the advantage that is agnostic as to the nature of causation. You 
should be able to accept it whether you are a sceptic like Hume and think 
causation is nothing but an empirical regularity or follow Kant and argue 
that causation is an a priori principle. 

If causal power only exists at the lowest level, we have Physical Causal 
Closure , all physical states have purely physical causes. On the other hand, an 
emergent feature will be distinct from its microphysical base if it has different 
causal powers. With this clarified, we can turn to the argument that motivates 
the rest of the chapter. 

3.4 Emergence or Physics? 

This section presents the causal exclusion argument due to Jaegwon Kim.9 It 
shows that emergence and physics cannot coexist. Either you accept emer-
gence, in which case you must reject physical causal closure. Or you accept 
physical causal closure, in which case you must deny that higher levels have 
causal powers beyond those they inherit from physics. 
Take a system with lowest-level properties P (for physics) and higher level 

properties H. What is the relation between P and H? Let’s assume it is an “if

8 Wilson (2021), p. 32. 
9 Kim made the argument in various papers from the 1980s onwards. A useful reference is Kim 
(2007), Chap. 1. 



3 Dualism, Physicalism and Emergence 41

and only if ” so whenever P is observed, H is observed and whenever H is 
observed, P is observed. 
Then let the system changes to a new state given by P* and H*. This is 

shown in the left panel of Fig. 3.2. Vertical arrows represent the “if and only 
if ” relation between lower and higher levels. Since P is physics, the transition 
to P* is governed by the laws of physics, indicated by a horizontal arrow, in 
bold to represent causation. Once physics has produced P* the “if and only 
if ” relation automatically gives H*. This is a physicalist’s view of the world 
with all causation happening at the lowest level. 

Now, one definition of reality is having causal power, so if the higher level 
is real we can say H causes H*. This can happen in two ways. Either H causes 
H* directly, shown in the middle panel or H causes P* which then automat-
ically instantiates H*, shown in the right panel. This is a special science or 
emergent view of the world with higher levels having causal power. 

Kim’s argument is that this leads to a contradiction. In the first case, H* is 
caused by both P and H. In the second, P* is caused by both P and H. But 
nothing can have two independent simultaneous causes.10 So you need to 
choose. Either you accept H is the cause and the laws of physics are contra-
dicted. Or you accept P as the cause and that there is no causation at higher 
levels. If reality is having casual power, this means everything except physics 
is an illusion. 
This is a strong result. Fundamental physics has proved astonishingly accu-

rate, so far passing every empirical test. If this leads you to reject anything that 
contradicts physics, Kim shows you must also reject giving any causal power 
and so any reality to higher levels. The regularities and laws of the special 
sciences are no more than window-dressing for physics. Emergence must be 
an illusion.
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P* 

H* 

P 

H 

P* 

H* 

P 

H 

P* 

H* 

Fig. 3.2 Kim’s argument 

10 Apart from the cases loved by metaphysicians, such as when two bullets hit a person at exactly the 
same moment and each one would be sufficient to kill them. Such cases do not concern us here. 
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3.5 Six Premises 

Let’s now unpack the argument of the previous section. It can be restated as 
a list of six premises, a maximum of five of which can hold without contra-
diction.11 We’ll see in subsequent sections that the choice of rejected premise 
corresponds to a view of the world. The six premises are dependence, reality, 
efficacy, distinctness, physical causal closure and single cause. Here are brief 
definitions. 

Dependence: High level features depend on the features of their microphysical 
base. The simplest way to think about this is that whenever the microphysical 
features appear, so too do the high level features.12 

Reality: Higher level features are real. 

Efficacy: Higher level features have causal powers. 

Distinctness: The features of higher levels are distinct from those of their 
microphysical base. 

Physical Causal Closure: All physical effects are fully determined by prior 
physical occurrences.13 To explain things at the lowest level, physics is all you 
need. 

Single Cause: no event can have more than one sufficient cause occurring at 
any given time.14 

It’s worth dwelling a bit longer on the last of these. First, note that it 
presumes we don’t have to worry about genuine cases of simultaneous causa-
tion such as that described in footnote 10. Secondly, it seems to clash with 
commonsense usage which regularly describes things having multiple causes, 
for example “the roof fell down because it was old and there was a storm”. 
But the definition talks about a single cause “at any given time”. Common 
usage is usually about temporal ordering in a causal chain, “being old” comes 
before “a storm’. If it was the other way round, the roof would not have fallen

11 This approach is borrowed from Wilson (2021). 
12 Noordhof (2019) counts no less than eleven distinct meanings of “dependence”. The notions of 
dependence is also closely related to that of supervenience, see McLaughlin and Bennett (2021). 
13 This comes from Papineau (2001). Gibb (2015) cites eight other formulations. 
14 This formulation is from Kim (2007), p. 42. 
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down. When the roof falls down, being old is a state, the only cause occurring 
at that time is the storm. 

We can now restate the argument of the previous section in terms of these 
premises. Again let’s take higher level feature H which, by Dependence, has  
some microphysical base P. Given Efficacy, H can cause another higher level 
feature H* which, by Dependence, has some microphysical base P*. By Phys-
ical Causal Closure P* is caused by P and by Dependence P* causes H*. This 
is shown in Fig. 3.3. 
Then using Reality and Distinctness (show on the diagram by the different 

colour for P and H), it is easy to see that H* is caused by both P* and H, so 
violating Single Cause. In the case where instead of H causing H* directly it 
does so by first causing P*, Single Cause is violated for P*. 

Kim’s argument is that if the first five of the premises are true, the 
sixth cannot be. More generally, no more than five out of the six premises 
can be true. Which premise you choose to reject corresponds to a distinct 
metaphysical position as shown in Table 3.1. Let’s investigate them in turn. 

P 

H 

P* 

H* 

Physical causal closure 

Dependence Dependence 

E cacy 

Single cause 
violated 

Fig. 3.3 Overdetermination 

Table 3.1 Six metaphysical positions 

Premise rejected Position 

Dependence Dualism 
Reality Eliminativism 
Efficacy Epiphenomenalism 
Distinctness Reductionism 
Physical causal closure Strong emergence 
Single cause Weak emergence
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3.6 It’s Magic: Dualism 

If we reject Dependence, then higher level features are independent of their 
microphysical bases. This means there is no causal chain going from P to H* 
and Single Cause holds. The higher level floats free of the physical: this is 
dualism. 

Figure 3.4 is an illustration. Causation happens at the higher level. If you 
want the higher level to have physical effects, Dependence must be replaced 
with downward causation.15 The arrows go from H to P*, from the higher 
level to the lower level. The microphysical base somehow acquiesces to what-
ever the higher level demands. This violates physical causal closure, shown on 
the diagram by the broken arrow of causation going from P to P*. Where the 
spirit world is concerned, the rules of physics are suspended. This is the first 
time we’ve seen downward causation, where the higher level causes features 
of the microphysical base. It will not be the last. 

P 

H 

P* 

H* 
Downward 
causa on 

Fig. 3.4 Dualism 

To a plain vanilla dualist, instead of being layered, the world is bifurcated. 
On the one hand, the spirit domain obeys its own rules. On the other, the 
microphysical base just does what it is told. A different form of dualism is 
panpsychism, which says spirit, mind or whatever is a fundamental property 
of matter. 

Some form of dualism seems to be wired deep into our intuitions about 
how the world works. Today, dualist arguments are mostly confined to discus-
sions of consciousness, but it’s not all that long since dualist explanations were 
ubiquitous, just think of weather gods, water spirits or demonic possession. 
More on this in the next chapter.

15 The term downward causation was first used in 1974 by Donald Campbell in a discussion of 
emergence in biological evolution, Campbell (1974). 
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Box 3.1 Reality and illusion 

To be an illusion is to be unreal. Hence to understand what is illusion, we need 
to understand what is real. There are many philosophical definitions of reality. 
One, known as the Eleatic Doctrine, defines reality as having causal power. 
Here is the original passage: 

…a thing genuinely is if it has some capacity, of whatever sort, either to 
act on another thing, of whatever nature, or to be acted on, even to the 
slightest degree and by the most trivial of things, and even if it is just 
the once. That is, what marks off the things that are as being.16 

If all causation happens at the lowest level, this then implies that everything 
else is unreal. I will argue that in this sense, emergence is an illusion. 

Another definition of reality is mind-independence. Chapter 8 shows that 
the levels and special sciences I described in the first section of this chapter are 
not properties of the world but features of our cognitive limitations. In this 
sense too, emergent phenomena are illusions. 

The Enlightenment philosopher John Locke defines secondary qualities as 
representing the causal power of things in the world to produce effects in us. 
We’ll see in Chap. 13 that this is the most one can hope for in an elimina-
tivist account. Things, physical systems, interact with the human brain, another 
physical system, and in doing so change it. Every detail of the interaction is 
described by fundamental physics. 

3.7 It’s an Illusion: Eliminativism 

Rejecting Reality means that higher level features are illusions. Since illusions 
cannot be causes, Single Cause holds. Such a position is called eliminativism. 
We used to explain natural phenomena in dualist terms, invoking spirits, 
demons or gods. Science has eliminated these concepts, showing them to be 
illusions, no more that projections of our intuitions onto the world. Elimina-
tivism says that a similar process will apply to all higher level phenomena. The 
only level that has reality is the lowest, physics. Just as we no longer explain 
things in terms demons, so, once we know the physics (and have enough 
computing power) we will stop explaining things in the terms of chemistry, 
biology or psychology. Instead, all explanations will be at the lowest level.

16 Plato and Rowe (2015), p. 145. 
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Fig. 3.5 It’s all physics 

This is shown in the left panel of Fig. 3.5. I’ve shown the higher level 
features in clouds to represent their existing only in minds. Eliminativism 
means the world we experience is radically different from the world as it really 
is. Part III of the book argues for an eliminative stance towards emergent (and 
indeed all) phenomena. 

3.8 It’s Almost an Illusion: Epiphenomenalism 

Rejecting Efficacy means that higher level features exist but have no causal 
powers. Then Single Cause can hold. In philosophical terms, higher level 
features are epiphenomenal. Philosophers use the concept to construct argu-
ments about the nature of Dependence. Some talk of  epiphenomenal ecto-
plasm,17 others of idlers, fundamental properties of the world which play no 
active role in it.18 

This is shown in the middle panel of Fig. 3.5. There is now no arrow going 
from H to H*. While they exist, higher level features are like the ghosts of 
ancient Greece, wandering the world without being able to change anything. 
It’s hard to find examples and I suspect this is implicit in the definition. It’s 
even harder to find an example that distinguishes between epiphenomenalism 
and eliminativism. This should not be surprising as Reality is sometimes 
defined as having causal powers (see Box 3.1). 

It seems to me that consciousness is perhaps the only phenomenon that 
may be epiphenomenal. One model of consciousness is that it is something 
like the display of a computer, just a useful representation of the internal

17 Stoljar (2010), Sect. 7.5. 
18 Lewis (2008). 
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state of a system but without any causal powers in its own right. It’s just a 
first-person phenomenon, with no objective existence, making no difference 
anywhere. Though it could be argued that if it were truly epiphenomenal, 
we could not know of its existence. Instead consciousness has at least enough 
causal power to make many people discuss it endlessly. From now on, I am 
going to treat epiphenomanlism as equivalent to eliminativism. 

3.9 It’s All Physics: Reductionism 

Rejecting Distinctness implies that higher level features have no properties 
over and above those of their material base. Since H and P are the same, 
Single Cause holds. This is reductionism, higher level features are real, but can 
be reduced to physics. The right panel of Fig. 3.5 illustrates this. Note that 
H and P are shown in the same colour since there is no difference between 
them. 

A long-lasting debate in the philosophy of science asks what, exactly, 
constitutes reduction. This passage, from the introduction to a review article, 
captures the way in which I use the term: 

…all varieties [of reduction] share “nothing-but”-ism: a reduction shows that 
the reduced kind (whatever kind it might be) is thereby “nothing but” the 
reducing; no reduced content is left out or over. This is the feature that sets 
reduction in opposition to emergence.19 

Reductionism upsets people and even causes outrage. In general, it has had 
a terrible press to the extent that it is often found prefixed by the word ‘crass’. 
This seems to me undeserved. I will return to this in Chap. 13. 

3.10 Strong Emergence 

Rejecting Physical Causal Closure implies that higher level features have novel 
causal powers over and above those of their microphysical base. This is strong 
emergence, illustrated in Fig. 3.6. It can happen in two ways. In the left panel, 
H causes H* directly, and then H* causes the low level P*. In the right panel, 
H causes P* directly and then H* is automatically instantiated by Dependence.

19 Bickle (2019). 
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Fig. 3.6 Strong emergence 

In either case, there is downward causation, the higher level has causal 
power distinct from the lower level. This implies that P is no longer a suffi-
cient cause of P* and Physical Causal Closure is violated. This is indicated 
on the figure by the broken arrow. Lower levels constitute higher levels by 
Dependence. But higher levels also determine the behaviour of lower levels 
by some “mysterious brute determination”.20 This two-way causal relation is 
characteristic of strong emergence. 

3.11 Weak Emergence 

The final strategy is to accept the first five premises and reject Single Cause. 
Weak emergence argues that all causation happens at the lowest level but 
higher level features can have fewer causal powers than the lowest level. 
Since they have a different set of causal powers, higher level features are then 
metaphysically distinct from their microphysical base. 
To explain this, let me adapt an example from Fodor.21 Take a higher level 

object such as a coke machine. The special science of coke machines has three 
laws: 

First Law: put the right coin in the machine, and you get a coke. 

Second law: put the wrong coin in the machine, and it is returned. 

Third law: when the machine is empty, all coins are returned. 

These laws are valid irrespective of whether the coke machine is mechan-
ical, electrical, electronic or, indeed, if it is controlled by a person sitting 
inside it. Everything that goes on inside the coke machine is a consequence 
of its microphysical base. But to use a coke machine, you just need to know

20 Yates (2017). 
21 Fodor (1981). 
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P P*H H* 

P P*H 

Fig. 3.7 Weak emergence 

the three laws. Almost all of the causal powers of the machine’s microphysical 
base are irrelevant. Only a subset of these powers captured by the three laws 
are needed to fully understand its operation. 
This is the characteristic of weak emergence. Since they have a distinct set 

of causal powers, the higher level features of a coke machine are different 
from their microphysical base so cannot be reduced to it. This is illustrated 
in Fig. 3.7. The large circles correspond to the microphysical bases P and P*. 
Casual powers are represented by dots. High level features, with a subset of 
causal powers, are shown by the smaller circles. 

In the top panel, H causes H* directly; in the bottom panel H causes 
P* which then by Dependence instantiates H*. In both cases, there is down-
ward causation and H* has two causes so Single Cause is violated. But this is 
benign:, “…it is no more problematic than in cases where, e.g., both a plane 
and its wheels are causes of a runway’s being touched”.22 

Strong emergence argues that higher level features have more causal powers 
than their microphysical base so are distinct from it. Weak emergence argues 
that higher level features have fewer causal powers than their base, so again 
must be distinct from it. Whereas strong emergence contradicts physics, weak 
emergence doesn’t. 

3.12 Epistemic Emergence 

These are metaphysical definition of emergence in terms of causal powers. 
They imply that high level features are just as ontologically real as their micro-
physical base. Scientists try to explain features of the world. Generally, they

22 Wilson (2021), p. 70. 
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don’t worry too much about metaphysics, ontology or causation. Of the defi-
nitions listed in Appendix A.1, only a handful use any of these terms. The 
philosopher David Chalmers gives definitions of emergence which have more 
practical import.23 His definition of strong emergence is: 

…a high level phenomenon is strongly emergent with respect to a low level 
domain when the high level phenomenon arises from the low level domain, 
truths concerning that phenomenon are not deducible even in principle from 
truths in the low level domain. 

and of weak emergence. 

…when the high level phenomenon arises from the low level domain, but 
truths concerning that phenomenon are unexpected given the principles 
governing the low level domain. 

These definitions are in terms of the state of our knowledge, whether of 
mathematics (“deducible even in principle”) or the state of the world (“unex-
pected”). This is epistemic emergence. What is the relation with metaphysical 
emergence? Wilson argues that there is none: 

… failures of predictability or derivability [do not] have any clear metaphysical 
consequences for whether there are distinct and distinctively efficacious higher 
level entities24 

The issue of whether emergence is epistemic or ontological will be a 
recurring theme of Part II. 

3.13 Physicalism 

If you are a physicalist, you think everything is, ultimately, physics. There are 
broadly three kinds of physicalism: 

Reductive physicalism: The lowest level of the hierarchy is physics. In its 
reductive variety, physicalism says that all causation happens at this level. 
The causal powers of the higher levels drain away to this lowest level. If,

23 Chalmers (2006). 
24 Wilson (2021), p. 13. 
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as suggested in the previous section, there is no lowest level, then causa-
tion drains away into a “bottomless pit”.25 Higher level features exist but 
are identical to lower level features. 

Eliminative physicalism: This takes reductive physicalism one step further 
by saying higher level features are illusions. Here is how Jaegwon Kim 
distinguishes the two: 

There is an honest difference between elimination and conservative reduction. 
Phlogiston was eliminated, not reduced; temperature and heat were reduced, 
not eliminated. Witches were eliminated, not reduced; the gene has been 
reduced, not eliminated.26 

I do not agree with Kim and will argue in Chap. 13 that reductive 
physicalism necessarily collapses into eliminativism. 

Non-reductive physicalism: this is another name for weak emergence. 
Higher levels have no causal powers distinct from the base, but since they 
only have a subset of these powers a meaningful notion of causality is kept 
at higher levels. Reduction is not possible. More is different, but in a way 
consistent with physics. 
There is something odd about non-reductive physicalism. It tries to slip 

around the causal exclusion argument by asserting the things can have 
multiple causes but in an inoffensive way. Alex Rosenberg captures this 
awkwardness with an argument27 which can be paraphrased as: 

1. Non-reductive physicalists claim that facts about special sciences are 
physical but cannot be explained by physics.28 

2. This means there are two types of fundamental things in the world, 
microphysics and special science facts. 

3. If these facts are physical, then we are back to physicalism 
4. If there are not physical, then we need to reject physicalism. 

Without going any further, this seems to rule out non-reductive physi-
calism. If you are convinced by Rosenberg’s argument, there is no need to 
read Chaps. 6–9 which discuss various forms of weak emergence.

25 Schaffer (2003). 
26 Kim (2007), p. 160. 
27 Rosenberg (2006), p. 7. 
28 For a contrasting view, see Wilson (2010), Sect. 5.1.1. 
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An aside on terminology. Philosophers tend to use physicalism in prefer-
ence to materialism. This is partly because the content of modern physics 
is both matter and fields. Partly because the term materialism comes with 
baggage, either from the Marxist tradition or the commonsense meaning of 
a way of life devoted to material accumulation. And partly because 

…materialism’s modern descendants have—understandably—lost their meta-
physical nerve. No longer trying to limit the matter of physics a priori, they 
now take a more subservient attitude: the empirical world, they claim, contains 
just what a true complete physical science would say it contains.29 

I am going to follow convention and stick with physicalism despite my far 
preferring materialism on aesthetic grounds. I was delighted to find I shared 
this taste with Ludwig Wittgenstein, who in 1932 wrote 

It is not true that I have not dealt with the question of ‘physicalism’ (albeit 
not under this – dreadful – name) and with the same brevity with which the 
entire Tractatus is written30 

This might all sound rather dull. But these are radical positions. On the 
one hand, non-reductive physicalism implies that while higher level features 
are nothing but physical features, they are not just physical features. This 
holds the promise of being able to be a physicalist while preserving deep 
intuitions about the reality of higher level features, steering a middle way 
between the violence of reductionism and the superstition of dualism. On the 
other, taking eliminative physicalism seriously, which is what Part III of this 
book does, means we need to treat everything we know apart from physics as 
suspect: 

As a result, even on an optimistic assessment, practically all causal explanations 
we de facto use will turn out to be false (since we give extremely few—if any— 
such explanations in terms of phenomena at a fundamental microphysical level, 
if there is any such level at all).31 

You don’t get much more radical than that.

29 Crane and Mellor (1990). 
30 Quoted in Stern (2007). 
31 Mayr (2017). 
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3.14 The Limits of Physics 1 

Physics, like science in general, is work in progress. On the face of it, this 
seems to pose a problem for physicalism. You may think that everything is 
physics, but what is physics? There are two possible answers. Either physics 
is understood to be current physics. Or it is taken to be some future Theory 
of Everything. 

We can be pretty sure that current physics is incomplete and inaccurate. 
At it’s heart are some profound and unresolved issues, among them the rela-
tion between quantum physics and general relativity at high energies and the 
nature of dark energy and matter. This means that on the one hand, if physi-
calism is based on current physics, it must be false. And on other, if it is based 
on some currently non-existent theory, we cannot know what it is. Imagine if 
the panpsychists are correct and a psychic realm exists. Imagine further that it 
proves amenable to scientific enquiry. Then we would need to extend physics 
to include psychophysical laws. There’s no logical reason this could not be 
the case and it illustrates how unknowable is the form of future physics. 
This argument that physicalism is either false or unknowable has come to 
be known as Hempel’s dilemma after the philosopher Carl Hempel.32 

There have been various attempts to resolve the dilemma. The one I find 
most satisfactory sees physicalism as a dynamic process the meaning of which 
changes with scientific knowledge. Andrew Melnyk sums this up: 

…it is perfectly possible to endorse any scientific hypothesis, including there-
fore physicalism, and indeed to endorse it rationally, while acknowledging that 
it has only a very low probability of being true.33 

Physicalism is just like any other scientific concept in that it is based on 
our current knowledge. That’s the best we can ever do. 
The domain of physics could also be limited by the existence of abstract 

entities. To the assertion that everything is physics, a philosopher might 
retort: what about numbers? What about the US Supreme Court? My view is 
that such things only exist if they are instantiated as a microphysical pattern in 
someone’s brain (or in some other entity’s cognitive apparatus). Do numbers 
exist in some Platonic world that pre-exists entities that can use them? I’ve 
no idea. Nor can I imagine that such a view has any testable consequences.

32 Hempel (1969) first states the dilemma in terms of biology. 
33 Melnyk (2003), p. 14. 
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3.15 Definitions 

This chapter might have given the impression that the definition of emer-
gence is a straightforward affair. The 75 definitions in Appendix A.1 suggest 
this is not the case. To try to make some sense of these, I used various tricks, 
including the word cloud of Fig. 3.8. However nothing gave me any useful 
insights and I shall leave this interesting exercise to others. 

In the meantime, there are two basic strategies one can take towards the 
mass of definitions. The first says we should be pluralistic and not worry too 
much. Here is Michael Silberstein 

Different cases require different conceptions of emergence. It is absurd for 
philosophers to try and argue that any particular conception of emergence 
is inherently superior across the board.34 

The other is to conclude that if, after decades of study, a concept remains 
such a confused mess, it is probably best discarded. While this captures my 
position on emergence, Part II studies several definitions and investigates to 
what extent they are satisfactory. To do this, we first need to ask what makes 
a good definition.  

Apart from some underlying features, such as relevance, clarity and consis-
tency, the important property seems to me that of splitting up the world in

Fig. 3.8 Definitions 

34 Silberstein (2012). 
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a useful way. A definition of X should explain why some things are X and 
some things are not X. Such a definition can be fuzzy. Indeed, after Wittgen-
stein, it is hard to argue that things have precise boundaries. But to be useful, 
a definition still should imply that some things mostly resemble each other 
and some things mostly don’t. 
This is what I’d expect from a useful definition of emergence. I’d like to 

be able to go through the examples of the previous chapter and say: yes, that 
one is emergent because of these properties; that one isn’t because of these 
properties; and this one, well, that’s a bit of a grey area, these properties fit 
the definition while these ones don’t. 

Just to be clear, I am not concerned with casual uses of the term. Complex 
behaviour emerges from simple rules can mean no more than simple rules 
lead to or result in complex behaviour. 

3.16 Discussion 

A different way to look at the six positions presented is this: what do they 
imply about the knowledge we need to understand the world? What do you 
need to know to know everything that matters? 

For reductionism, eliminativism and epiphenomenalism, the answer is 
straightforward. Microphysics is the only thing that has causal power, so 
once you know the microphysics, you know everything that matters. The 
higher level follows naturally. For the other three, physics is not enough. For 
dualism, you also need to know the rules of the spirit world. For strong 
emergence, you need to know the laws governing the higher level and a 
description of how physics is coerced by downward causation. For weak emer-
gence, you need the special science to tell you what subset of physical features 
are relevant. 
This neatly leads to the key motivation of this book. If one of the first three 

positions is correct, physics fixes all the facts. If there is dualism or either form 
of emergence, physics is not enough. That’s why the question of the reality 
of emergence matters. 

3.17 Further Reading 

The main source this chapter is the clear and enlightening Wilson (2021). 
For a different approach to metaphysics, see Ladyman and Ross (2009).
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A history of the concept of emergence is in Blitz (1988); Caston (1997) 
reviews its role in ancient Greek thought. For discussions of levels from a 
philosophical perspective, see Kim (2002) and Tahko (2023). An interesting 
comparison of the way the idea of levels is used by philosophers and physicists 
is in Rueger and McGivern (2010). For more on the idea of a fundamental 
level, see French (2022). 

A clear presentation of dualism is in the Stanford Encyclopaedia of Philos-
ophy, Robinson (2023), and Seager (2018) discusses panpsychism. Two useful 
books on physicalism are Stoljar (2010) and Melnyk (2003). For a discussion 
of physical causal closure, see Gibb (2015). For an overview of reductionism, 
see Bickle (2019) and for a history of reductionism by a philosopher of 
science, Tahko (2021). 

A good place to start on eliminativism is the classic Churchland (1981); 
the Stanford Encyclopaedia of Philosophy, Ramsey (2022), gives a thorough 
overview. Discussion of Hempel’s dilemma and possible resolutions can be 
found in Stoljar (2010), Chap. 5 and Stoljar (2023), Sect. 4. 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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4 
The View from the Cave 

Summary To understand why we interpret phenomena as emergent, we 
need to know something about the interpreting apparatus, the human 
cognitive system. The constraints faced by cognitive evolution lead to the 
development of fast and frugal heuristics which are about enhancing evolu-
tionary fitness not discovering the nature of the world. Perhaps the central 
aspect of humanity’s recent cognitive evolution is social learning. This, along 
with cognitive dispositions we share with our ancestors, forms the base for the 
system of distributed cognition which is the scientific project. Are there limits 
to this project? The question leads to the distinction between imaginative 
and representational understanding which will be central to the discussion of 
emergence. 

Are emergent properties features of the world? Or are they features of what 
we know about the world? The previous chapter introduced the distinction 
between ontological and epistemic emergence. I think this is a false distinc-
tion. It is an illusion to imagine that our thoughts give us direct access to the 
nature of reality. Ontology is always epistemic. Metaphysical certainty only 
lasts until we hear a better argument and think “Well, of course”. 

Debates over the this are a constant theme in Western philosophy. Plato’s 
metaphor of the cave highlights the difference.1 Ordinary people only see

1 Plato et al. (2007), bk. VII. 
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shadows on a wall without being able to see what created them. Philoso-
phers can step into the light and see the nature of reality. It’s not hard to find 
traces of this condescending attitude throughout philosophy, mere epistemic 
emergence versus the proper ontological version. A more recent version of the 
distinction is found in Immanuel Kant’s assertion that we can only experience 
the world through categories that are properties of our minds and not of the 
world. All we ever have is the phenomena. Unlike the cave-dwellers who can 
at least study philosophy, Kant argues that we have no way of accessing the 
intrinsic properties of objects that are behind the phenomena. 

None of this has ever been much of an issue for science. Why care about 
intrinsic properties since, by definition, they can never affect us? Scientific 
explanations are only descriptions of the world. If you take a child’s approach 
of responding “Why?” to every answer, at some point a scientist will have to 
say, “That’s just the way it is” or “If it wasn’t this way, there’d be no possibility 
of creatures with the capacity to ask why”. 

Despite this, it is science, not philosophy, which allows us to investigate the 
world outside the cave. Here is neuroscientist Thomas Metzinger describing 
the neurophenomenological cave that he calls the ego tunnel: 

What we see and hear, or what we feel and smell and taste, is only a small 
fraction of what actually exists out there. Our conscious model of reality 
is a low-dimensional projection of the inconceivably richer physical reality 
surrounding and sustaining us. Our sensory organs are limited: They evolved 
for reasons of survival, not for depicting the enormous wealth and richness of 
reality in all its unfathomable depth.2 

Compare our ability to discriminate between colours with the richness of 
the spectrum of visible light or with the full spectrum of electromagnetic radi-
ation from long-wave radio to gamma rays. Repeat the exercise for the other 
senses. Then for senses that we don’t have but other animals do: echoloca-
tion, sensitivity to electric fields or the polarization of light. Then take a trip 
into science fiction and imagine the senses that are possible. This is what I 
take Metzinger to mean when he describes the world we experience as a low 
dimensional projection. 

But perception is just one part of the human cognitive apparatus. To inves-
tigate the others, we need to start by studying the capacities of our brains, 
then turn to what often seems the biggest miracle of all: how a cognitive appa-
ratus that evolved to enhance our survival on the African savannah allows us 
to do science.

2 Metzinger (2009). 
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4.1 Constraints 

Cognitive abilities are one source of selective advantage. The human cogni-
tive system is the result of a long evolutionary process, stretching back to 
the earliest bacteria that were capable of responding to their environment. 
To understand its nature, we need to understand the constraints faced by 
this evolutionary process. In a paper from 2020, computational cognitive 
scientist Tom Griffiths argues that these constraints can be divided into three 
categories.3 

The first type of constraint is about time. The most basic limit is imposed 
by the need to survive. If humans needed thousands of examples to reliably 
identify a predator, they wouldn’t live long. Griffiths writes: 

…the capacity to learn from limited data is comparable with the ability of baby 
gazelles to run shortly after birth, a consequence of the limited time available 
to build up the requisite skills for survival.4 

Another limit comes from the trade-off between time spent learning and 
time spent using what is learnt. Then there is the limit of human lifetimes. 
Our innate models of the world consist of genetically encoded rules which 
are then tuned by experience. The tighter these time constraints, the more 
the balance is shifted towards hardwiring and away from tuning. 
The second type of constraint is about computational resources. The brain 

has limited processing power and memory capacity. Much of this is devoted 
to background activities such as the perceptual and motor systems so is not 
available for learning. Griffiths argues that these limits mean humans have 
become good at splitting problems into parts. This allows them to be solved 
in series. Along the way, previously learnt solutions can be applied to the 
subproblems, further reducing the resources needed. 
The third type of constraint is due to limited communication. The other 

constraints would be looser if problems could be effortlessly shared among 
individuals. Being eaten by a predator would not matter (at least in learning 
terms) if the information so acquired could be transferred to the rest of the 
group. Similarly, the computational resources constraint would matter less if 
problems could be split up into smaller chunks, spread across individuals to 
be solved then aggregated. But both of these would require an efficient way of 
transferring information between individuals and evolution has not provided 
us with brain-to-brain interfaces.

3 Griffiths (2020). 
4 Griffiths (2020). 
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What are the implications of these constraints? Those of time and compu-
tational resources lead to our innate model of the world being made up of fast 
and frugal heuristics. The absence of direct communication results in language 
and cultural evolution. I will discuss these in the next sections. 

4.2 Fast and Frugal 

Imagine you want to design a robot to catch a ball. Putting the problems of 
measurement and movement to one side, you need to write some code to 
predict the ball’s trajectory. This is not an easy exercise, requiring an awful 
lot of fluid dynamics and some serious computing power. When you’ve done 
that, you can predict where the ball is going to be at any point in time and, 
if you’ve done the calculation quickly enough, you can send the robot in 
a straight line at a speed that will place it under the ball. Putting all this 
together is a formidable technical challenge and the first robot catcher was 
demonstrated in 2011, working in laboratory conditions.5 

But many humans can do it pretty well, with a bit of practice, and some 
dogs do it even better. This doesn’t involve calculating the trajectory of a 
ball or predicting where it will fall. Instead, people use a simple rule: keep 
your eye on the ball and run in a direction such that the angle of the ball 
is constant.6 Following the rule will take you along a curved path to where 
the ball lands. This is illustrated in Fig. 4.1. The ball follows a parabola. The 
fielder’s position is shown by the baseball cap and their gaze by the arrows. 
The result is that the fielder runs on a curved path at varying speeds. If you 
turn this into a quantitative model, its predictions match actual behaviour 
well.

No knowledge of physics, complex measurements or calculations are 
involved. All that is needed is to keep your eye on the ball and some motor 
coordination. This is often used as the canonical example of a fast and frugal 
heuristic. Fast in the sense that it can solve the problem quickly, just fix your 
gaze on the ball start to run. Frugal in the sense that it requires little infor-
mation, just the angle of the gaze, and exploits the existing capacities of the 
perceptual and motor systems. 

Such heuristics are context-specific. We should expect them to work pretty 
well in the environment they developed in. But if we change the environ-
ment they will work less well, or not at all. Even if you are proficient at ball 
catching, you need to relearn how to catch a frisbee or a shuttlecock. These

5 Bauml et al. (2011). A video of the robot in action can be found at www.TheMaterialWorld.net. 
6 It’s a bit more complex than that, see McLeod et al. (2003). 

http://www.TheMaterialWorld.net
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Fig. 4.1 Catch!7 

limits can be seen in other creatures. Birds fly into windows; they evolved 
in environments without vertical reflective surfaces. Frogs allow themselves 
(supposedly) to be slowly boiled to death; they evolved in environments 
without malicious biologists. 

We are equipped with a rich set of heuristics, or intuitions, about the world 
and the entities in it. To describe them, philosophers prefix the word folk 
to their domain of application giving folk psychology, folk biology or folk 
physics. I prefer using commonsense as a prefix. In evolutionary terms, the  
point of such intuitions is the same as that of everything else: to help us 
survive and reproduce in our ancestral environment. 

Let me give some examples, starting with commonsense physics. Imagine 
you point a high-powered rifle parallel to the ground. Then at the same 
instant you pull the trigger, you drop a bullet from the same height as the 
barrel. Which bullet will hit the ground first? Many people will answer that 
the dropped bullet will, because the forward-moving impetus of the other 
will keep it in the air longer.8 

This idea of impetus is part of commonsense physics and was a central 
component of prescientific theories of motion. One of the key moments in 
the transition to modern science was the demonstration that it is incorrect. 
Drop a cannon ball from the mast of a ship at rest, and it will fall at the base 
of the mast. However, if the ship is sailing at speed it seems obvious, and

7 Copyright © 2002, American Psychological Association. Reproduced with permission. Shaffer and 
McBeath (2002).
8 In fact, the dropped bullet will indeed hit the ground first, but due to the curvature of the earth. 
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the theory of impetus implies, that the canon ball will land further towards 
the back of the boat. In 1632, Galileo argued this was wrong and that the 
canon ball lands in the same position irrespective of the speed of the ship. 
Experiments soon confirmed this.9 

Three and a half centuries later, a group of psychologists presented under-
graduates with a version of Fig. 4.2 and asked them to pick which trajectory 
the ball would take. 62% of all subjects, and 40% of those having studied 
some physics, said the ball would fall straight down.10 

Let’s now turn to commonsense statistics. The Gambler’s Fallacy is the 
belief that, in a game of chance, a number which has not turned up recently 
is more likely to be drawn in the future. If we repeatedly toss a coin and 
get a string of heads, we expect that the next toss is more likely to be tails. 
When we study statistics we learn that, as long as the game is fair, draws are 
independent of one another. Another example is the widespread perception 
that the digits of π are random. We shall see in the next chapter that they are 
anything but random and can be generated by an algorithm shorter than this 
sentence. 
Then commonsense psychology. This involves treating entities as agents 

free to pursue their own desires and beliefs, interpreting their behaviour in 
terms of mental states such as hunger, anger or fear. You might respond that 
this is a perfectly reasonable way of seeing the world; I’ll return to this ques-
tion in Chap. 13. But throughout history people have not only applied it to

Fig. 4.2 A falling ball 

9 A video of one such experiment can be found at www.TheMaterialWorld.net. 
10 McCloskey et al. (1983). 

http://www.TheMaterialWorld.net
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other humans but to a whole range of natural objects and phenomena. We 
still curse tools for not cooperating with us. We talk to our domestic appli-
ances. Anyone who has ever watched a robot lawnmower at work will know 
how easy it is to attribute mental states to it. 

Box 4.1. Fast and slow? 

Human cognition is about more than commonsense intuition and its fast and 
frugal heuristics. We are proud of our ability to reason and to consciously 
deliberate. A school of thought in psychology called dual process theory 
argues that there are two distinct systems. The first fast, largely automatic 
and extensively shared with other animals. The second slow, under conscious 
control (whatever that may mean) and unique to humans. Cognitive scien-
tist Danny Kahneman (who shared the Nobel Memorial Prize in Economic 
Sciences, 2002) brought this distinction to popular notice with his 2012 book 
“Thinking fast and slow”.11 There is an interesting debate over whether this 
distinction is valid, but let’s put this aside for the moment and focus on the 
constraints facing the slow process. In the absence of a good neurological 
understanding of what conscious thought is, it is difficult to understand the 
cognitive resources it requires. An exception is the concept of working memory. 
The general consensus seems to be that we can attend to no more than 3 or 
4 things at any one time. If this is the case, and the area is littered with open 
questions, that is a tight constraint indeed. 

A whole academic industry studies these heuristics and calls them cogni-
tive biases. It has been referred to as the “people are stupid” school of 
psychology.12 Since the mid-1990s, Gerd Gigerenzer has argued that instead 
such heuristics are exquisitely well adapted to our ancestral environment. 
Psychologists, trying to be good scientists, go to great lengths to eliminate 
context from their experiments. This creates artificial environments in which 
commonsense rules are bound to fail. 
Take the Gambler’s Fallacy. Natural events are not independent or random, 

so that observations of the past do give us useful information about the 
future. If it has rained for the past week it is more likely to be sunny 
tomorrow. If you’ve seen your prey taking the same route for a number of 
days, it is reasonable to assume they will take that route tomorrow. Here’s 
Steven Pinker: 

An astute observer should commit the gambler’s fallacy and try to predict the 
next occurrence of an event from its history so far, a kind of statistics called

11 Kahneman (2012). 
12 Kihlstrom (2004). 
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time-series analysis. There is one exception: devices that are designed to deliver 
events independently of their history. What kind of device would do that? We 
call them gambling machines. Their reason for being is to foil an observer who 
likes to turn patterns into predictions.13 

But however much statistics or science we learn, commonsense intuitions 
are persistent. If you bet on the lottery, would you choose the numbers from 
one to six? If you hold a cup of coffee out in front of you, can you accept 
that the only force involved is exerted by your arm, preventing the cup and its 
contents from following their energy-minimising path in curved spacetime? 
A body of evidence suggests that education doesn’t replace our common-
sense models but that the two coexist. Empirical work suggests that scientists 
actively inhibit their commonsense intuitions when solving problems.14 

4.3 How is Science Possible? 

Fast and frugal heuristics may be rational in a given context, but they are still 
a long way from scientific concepts. This should be no surprise. They capture 
what was salient to us in the specific context of our ancestral environment. 
Why should they give us access to the nature of the world? What’s worse, 
they tend to get in the way of learning science; every scientific discovery from 
Galileo onward contradicts some commonsense worldview. So how on earth 
do we manage to do science? 

We can think of this in terms of the constraints in Sect. 4.1. Scientific 
problems require more time and computational resources than any individual 
has available. Lack of communication between brains restricts the possibility 
to spread the problems across people or time. The answer of how we get 
round these constraints is complex, but these components seem essential: 

1. Some general cognitive dispositions which are useful both in our ancestral 
environment and for science. 

2. Social learning leading to cultural evolution. 
3. The use of objects to extend our abilities. 

Let’s look at these in turn. Steven Mithen traces the cognitive develop-
ment of humanity and makes a convincing case that the cognitive dispositions

13 Pinker (1999), p. 346. 
14 Brault Foisy et al. (2015). 
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necessary for science arose independently across the course of human evolu-
tion.15 These include detailed and extensive observation of the natural world; 
creativity in the sense of the generation of hypotheses which have the poten-
tial for falsification; a concern with causation; tool use and the accumulation 
of knowledge through time. 

I would add to this list the centrality of cooperation in early societies. This 
allows a physical division of labour and, later on, the intellectual division of 
labour that underlies science. The final item in the list points to the possibility 
of social learning and cultural evolution. One implies the other. If a creature 
can learn from its fellows, it can also learn from previous generations allowing 
knowledge to be transmitted across time and become culture. 

Cultural evolution is absolutely central to the human story. The title of 
Joseph Henrich’s 2015 book16 calls it “The Secret of our Success”. Successful 
social learning leads to selection for social learning skills and the cognitive 
abilities that these require leading to what Henrich describes as a “culture— 
gene evolutionary ratchet”. Interestingly, both he and Mithen downplay the 
role of language in this process arguing that it is more a product of cultural 
evolution than a cause and that much social learning takes place without it. 

At some point in this process, humans begin to use objects to extend their 
cognitive skills. This could be as simple as using an arrangement of sticks to 
provide external memory. Given how tight constraints on working memory 
seem to be (see Box 4.1), even the simplest external recording system could 
be expected to vastly increase the power of reasoning. In general, physical 
objects extend the scope of human cognition by providing abilities to record, 
store, transmit and process information and extend perception. This is often 
known as cognitive scaffolding and includes the whole range of material aids 
to cognition and also abstract tools such as diagrams or mathematics. 

Cultural learning and cognitive scaffolding vastly amplify the basic cogni-
tive capacities we share with our ancestors. Daniel Dennett writes: 

…human brains have become equipped with addons, thinking tools by the 
thousands, that multiply our brains’ cognitive powers by many orders of 
magnitude. Language, as we have seen, is the key invention, and it expands 
our individual cognitive powers by providing a medium for uniting them with 
all the cognitive powers of every clever human being who has ever thought. 
The smartest chimpanzee never gets to compare notes with other chimpanzees 
in her group, let alone the millions of chimpanzees who have gone before.17 

15 Mithen (2002). 
16 Henrich (2016). 
17 Dennett (2017), Chap. 5.
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Genetically, I am mostly the same as one of my hunter-gatherer ancestors 
from 10,000 years ago. Setting aside the differences in our upbringing (care, 
nutrition etc.), I have broadly the same general cognitive abilities. Yet as I 
sit here, I have a laptop in front of me. Stored on it are books and articles 
which represent the knowledge of hundreds of thousands of people accumu-
lated over thousands of years. If I can’t find what I need on my hard drive, it 
will be somewhere on the internet. As well as knowledge, the laptop provides 
tools to organise it and extend my memory. Pencil and paper are replaced by 
a word processor, an app for planning tasks and managing ideas and another 
to categorise and sort references. Also on the laptop is a simulation package 
which allows me to construct models of physical systems. If I forget some-
thing, whether the precise source of an idea, the syntax of a programming 
command or a mathematical derivation, I can look online. If I get stuck, I 
can send an email to a friend or contact a specialist. It’s breathtaking and 
makes me feel a tiny part of an immense web stretching across space and 
time. 

You can think of the result as a form of distributed cognition. It allows the 
process of science to be spread across time, individuals and physical system. 
This eases the constraints I described in Sect. 4.1. This division of labour also 
allows specialisation and results in what Andy Clark and David Chalmers 
refer to as the extended mind.18 

Such distributed cognition is found throughout nature. Groups of enti-
ties can solve problems far beyond the capacities of their individuals. Slime 
moulds, consisting of an aggregation of single-celled organisms, can solve 
the travelling salesperson (of which more in Box 5.2) and other network 
optimisation problems.19 The group behaviour of insects has inspired a 
computational approach to optimisation.20 The human scientific project 
involves more capable individuals, but it is hard to see a qualitative difference. 
The distributed aspect of the scientific project is also central from a 

philosophy of science perspective. Karl Popper wrote that the objectivity of 
science rests on the fact that hypotheses can be intersubjectively tested. Helen 
Longino, in what in my opinion is the best book21 on methodology since 
Paul Feyerabend, extends Popper’s argument. Intersubjectivity is not much

18 Clark and Chalmers (1998). There is an interesting link to Friedrich Hayek’s concept of capitalism 
as an extended order of human cooperation, Hayek and Bartley (2000). 
19 Sun (2019). 
20 Falcón-Cardona et al. (2022). 
21 Longino (1990). 
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use if it is just that of affluent white men. Longino argues that what guaran-
tees the objectivity of science is the diversity of the criticisms that hypotheses 
face and hence the diversity of scientists. 

4.4 The Limits of Physics 2 

James Joyce wrote that rats will never understand trigonometry.22 How arro-
gant it seems to assume that our brains are not similarly closed to some things. 
The idea that there is some limit to what we can understand is known as 
cognitive closure . Since the mid-1990s, Colin McGinn has argued that we 
are cognitively closed to some things including, unsurprisingly, the nature of 
consciousness. This position has come to be known as the New Mysterianism. 
To think about this, I’ll adapt the approach taken by a 2020 article.23 

Cognitive closure is too broad a term. There are at least three senses in which 
we can understand something. The first is experiential understanding , the  
ability to subjectively experience something. In the passage I quoted earlier 
in this chapter, Metzinger argues that we are experientially closed to many 
things due to the makeup of our perceptual system. 
The second is imaginative understanding , the capacity to make sense of 

something in terms of our commonsense notions. Much of science teaching 
is about finding analogies, images or stories which make concepts accessible. 
Examples abound, from comparing the quantum double-slit experiment to 
the behaviour of waves in water to explaining general relativity by balls rolling 
on rubber sheets. In the case of imaginative closure: 

…it is impossible for us to comprehend the relevant scientific theory describing 
that part of reality. No matter how hard we try, we just can’t wrap our minds 
around it. Because of some species-specific limitation to our imagination, this 
part of reality will forever bewilder and baffle us.24 

The third is representational understanding in terms of scientific concepts, 
maths, models or whatever. If our cognitive structure means we are repre-
sentationally closed to some things, they will forever remain mysteries to 
us. 
To see the distinction between the imaginative and representational under-

standing, let’s take a couple of examples. The first is a 4-dimensional cube or

22 Joyce (2001). 
23 Boudry et al. (2020). 
24 Boudry et al. (2020). 
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Fig. 4.3 A tesseract 

tesseract. The mathematical properties of it are as well-understood as that of 
a 3D cube. Figure 4.3 shows a 2D projection of a tesseract. Online you can 
find videos showing how it can be unfolded into six 3D cubes in the same 
way a 3D cube can be unfolded into 6 2D squares.25 We can represent it, 
but we can’t imagine it. 
The second example is quantum physics. The representational aspect, the 

mathematical formalism, is as well understood as anything and forms the 
basis of much of modern technology. Yet, famously, no one understands it. 
And no one says it better than Richard Feynman in the introduction to his 
popular book on Quantum Electrodynamics: 

What I am going to tell you about is what we teach our physics students 
in the third or fourth year of graduate school—and you think I’m going to 
explain it to you so you can understand it? No, you’re not going to be able to 
understand it. Why, then, am I going to bother you with all this? Why are you 
going to sit here all this time, when you won’t be able to understand what I 
am going to say? It is my task to convince you not to turn away because you 
don’t understand it. You see, my physics students don’t understand it either. 
That is because I don’t understand it. Nobody does…. while I am describing 
to you how Nature works, you won’t understand why Nature works that way. 
But you see, nobody understands that. I can’t explain why Nature behaves in 
this peculiar way.26 

25 A video of an unfolding tesseract can be found at www.TheMaterialWorld.net. 
26 Feynman (2006), p. 24.

http://www.TheMaterialWorld.net


4 The View from the Cave 71

I take Feynman to be referring to what I called imaginative understanding. 
Given the limited scope of commonsense ideas, it is unsurprising that we 
fail to imaginatively understand quantum physics. The struggle to achieve 
imaginative understanding is a constant feature of scientific progress. Think 
of the initial reactions to the hypotheses that the earth moves, that heat is not 
a fluid and that we share a common ancestor with the dinosaurs. 
This section started with the question of cognitive closure. We can reframe 

this as asking whether there are limits to representational understanding. And 
this makes it a completely different question, since it is no longer about 
the capacities of an individual brain but about those of the entire system 
of distributed cognition that is modern science. No one has direct represen-
tational access to more than a tiny corner of this system, but such access is 
always there if you need it. 

Questions about cognitive closure then turn into a question about the 
limits of the scientific project. To argue that we have reached a limit, you 
would need a long period without scientific progress. On the contrary, it 
seems easy to make the case that there is unbounded scope for new tools, 
notably increasingly capable computers, to make new forms of cognitive 
scaffolding to represent the world in ways unimaginable to their human 
creators. 

4.5 The Mind Projection Fallacy 

The persistence of our commonsense intuitions and our inability to imagine 
scientific concepts have an important consequence. E.T. Jaynes called it the 
mind projection fallacy: 

…we are all under an ego-driven temptation to project our private thoughts 
out onto the real world, by supposing that the creations of one’s own imagina-
tion are real properties of Nature, or that one’s own ignorance signifies some 
kind of indecision on the part of Nature.27 

We fail to recognise our cognitive limitations and instead project them 
on to the world. This often involves mistaking our subjective experiences or 
judgements for objective properties. For example, observing the flatness of the 
world around you and assuming the earth is flat. Or treating the sweetness 
of sugar as a property of a sugar molecule rather than a complex interaction 
between the molecule and the human perceptual system.

27 Jaynes (2010). 
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Philosophers seem particularly susceptible to this fallacy, with an unfortu-
nate habit of treating their thought processes as objective data. This is implicit 
in the analogy of the cave: all it takes to find our way out into the sunlight is 
a look inside our minds. Coming up with other examples from the history of 
philosophy is an unfair sport. Aristotle maintained that spheres of different 
masses fall at different speeds. Kant claimed that Euclidean geometry and 
Newtonian physics were deducible a priori. 

More recent examples abound. Here’s one from an article on quantum 
physics: 

If introspection is to be trusted, and it seems part of our very concept of mental 
states that it is trustworthy at least to this extent, then we are never in such 
superpositions.28 

This is used to justify a riff on the many worlds interpretation called many 
minds. When I see the words “if introspection is to be trusted” I reach for 
my gun. 

Another example comes from an article on determinism which begins 
“First, freedom … has to be asserted.”29 This is like starting an essay on 
planetary science by asserting the evident flatness of the earth. Then there 
are appeals to our perception, this is one of Wilson’s justifications for the 
autonomy of high-level phenomena: 

Though the macro-entities of our acquaintance are, scientists tell us, mate-
rially constituted by massively complex and constantly changing micro-
configurations, macro-entities do not perceptually appear to us as massively 
complex, constantly changing, configurations of microentities.30 

Or appeals to the special sciences, here is philosopher David Robb: 

One argument for emergent mental causation starts with the frequently cited 
claim that psychology is an autonomous discipline.31 

As if we could learn anything about the world from the limitations of our 
perceptual system or the existence of a discipline called psychology which 
(arguably) dates from the end of the nineteenth century and is likely one day 
to be swallowed by cognitive neuroscience.

28 Albert and Loewer (1988). 
29 Nickel (2002). 
30 Wilson (2021), p. 5. 
31 Robb (2019). 
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Philip Clayton has written extensively on the significance of emergence for 
religion: 

Strong emergence—that is, emergence with downward causation—has the 
merit of preserving commonsense intuitions and corresponding to our everyday 
experience as agents in the world… for those who are idealists of a variety of 
stripes, and for theists who maintain that God as a spiritual being exercises 
some causal influence in the natural world, defending strong emergence may 
be a sine qua non for their position.32 

Once more, subjective beliefs are being projected onto the world. More 
curious still: 

…depression, somatization, and the like, provide evidence that explanations 
for mood disorders and human behavior require irreducibly social and mental 
conditions and processes. Add to this the growing literature on placebo effects 
and conversion disorders… and we have plenty of prima facie evidence against 
[the causal closure of physics]33 

Let me end with an example from a physicist. Among the reasons 
that George Ellis gives that emergence must be real is “…because of the 
causal power of thoughts.”34 For the moment, I’ll leave you to ponder this 
statement. I will return to it when I discuss mental causation in Chap. 15. 

4.6 Further Reading 

On fast and frugal heuristics and their adaptive nature, see Gigerenzer (2004). 
A recent review of intuitive physics is Kubricht et al. (2017) and  an  inter-
esting discussion of its development through childhood can be found in Krist 
(2000). For the history of impetus, see Galili (2022), Chap. 2. 

For a thorough discussion of the cognitive basis of science, see Carruthers 
(2006), Chap. 6. Wolpert (1994) is a thorough and readable account of how 
intuitions clash with science. An excellent popular book on cultural evolu-
tion is Henrich (2016). Kriegel (2003) is a review of the New Mysterianism 
and a discussion of the distinction between imaginative and representa-
tional understanding is in Vlerick and Boudry (2017). Ladyman and Ross

32 Clayton (2006). 
33 Bishop et al. (2022), p. 295. 
34 Ellis (2016), p. 424. 
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(2009) discusses the mind projection fallacy in the context of a naturalistic 
metaphysics. 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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5 
Computation and Simulation 

Summary Computation and simulation are key parts of the scientific project 
and are also central to understanding emergence. After a general discussion of 
the role of simulations in science, the chapter turns to the theory of computa-
tion, Turing machines and the Church-Turing principle. Limits to the scope 
of simulation would imply limits to science. Absolute limits would arise if 
some things are non-computable. Thinking about practical limits leads us to 
quantum computers, quantum simulations and an estimation of the compu-
tational capacity of the universe. The physical version of the Church-Turing 
principle states that if we can build a universal quantum computer we can 
simulate every physical system. 

Computation and its theory go deep into physics and particularly deep 
into the study of emergence. But the relation is not only theoretical. The 
last chapter described modern science as a system of distributed cognition, 
consisting of networked human minds using a whole range of cognitive scaf-
folds. Computers are one of these scaffolds and increasingly elements of the 
network in their own right. 

Writing down models is a key part of the scientific project. Simulations 
are a way of investigating the properties of these models and will come up 
repeatedly in the following chapters. When I discuss the relation between 
emergence and models in Chap. 10 or the examples in Chap. 15, simula-
tions are everywhere. Indeed, much of our theoretical knowledge of the world 
comes, in one way or another, from simulations.
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Limits to physics would imply limits to physicalism. If there are things 
beyond our understanding, then there is space for dualism. In Chap. 3, 
we saw limits involving the incompleteness of the scientific project. Then 
Chap. 4 asked whether we are cognitively closed to some things so will 
never be able to understand them. Given the centrality of simulations to 
science, a different way to address the question is to ask whether there 
are limits to simulations, whether there are systems we will never by able 
to simulate. Such limits may be absolute and understanding them requires 
understanding non-computability. Or they may be functions of the avail-
ability of computing resources and this leads to a discussion of quantum 
computation and quantum simulations. The central result is the Church-
Turing-Deutsch principle which states that if we can build a universal 
quantum computer we can simulate every physical system. Let’s start by 
discussing the nature of modelling and the role of simulations. 

5.1 Wrestling with Models 

The sciences do not try to explain, they hardly even try to interpret, they 
mainly make models1 

Physics is about identifying laws, expressing them mathematically, then 
investigating their consequences.2 Before the arrival of computers, there were 
essentially three ways of proceeding. 
The first is to specify the model’s equations and obtain a closed-form 

solution, one you can write down using a combination of well-known math-
ematical functions. Once you’ve got this, you can obtain numerical results to 
whatever precision you have time for. A standard example is the pendulum. A 
few lines of algebra give a closed-form expression which describes its motion.3 

1 Von Neumann (1955), p. 492. 
2 The question of why there are laws and why they can be expressed mathematically is a fascinating 
one, and I’ll discuss it in Sect. 6.5. 
3 The expression is θ = θ0cos

(√
g 
l t

)
where l is the length of the pendulum, g the gravitational 

acceleration, θ0 the initial angle and θ the angle at time t. For more details see any classical mechanics 
textbook.
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The second applies to systems which have large numbers of components. 
Then statistical methods can be used to average over the components to 
obtain aggregate quantities. Temperature and pressure are such aggregates. 
The accuracy of such averaging is related to the size of the system. In a litre 
of air, there are around 1022 molecules and the statistical calculation of its 
temperature will be highly accurate. 

If neither of these are possible, you can try to build a physical model. J.D. 
Bernal gives this account from the late 1950s of his attempts to study liquids: 

I began, rather naively, by attempting to build models just to see what a struc-
ture satisfying these conditions would look like. I took a number of rubber balls 
and stuck them together with rods of a selection of different relative lengths 
ranging from 2.75 to 4 in. I tried to do this in the first place as casually as 
possible, working in my own office, being interrupted every five minutes or so 
and not remembering what I had done before the interruption.4 

Bernal’s model is a simulation, albeit a physical one. Just over a decade 
before he was struggling with balls and rods, the first general-purpose elec-
tronic computer, the Electronic Numerical Integrator and Computer or 
ENIAC had been built. Here’s a rather breathless extract from the New York 
Times announcing it to the world in February 1946. 

In a matter of seconds, it does what trained computers [i.e. people] hitherto 
have taken weeks to perform… so clever is the device that its creators have 
given up trying to find problems so long they cannot be solved5 

ENIAC was first put to work in the Manhattan Project, to simulate nuclear 
fission reactions. To understand whether a fissile material will reach criti-
cality and undergo an explosive chain reaction, you need to track the paths 
of neutrons moving through it. The model consists of equations describing a 
neutron’s motion and how it behaves if it collides with other particles. Solving 
the model would involve taking a large number of neutrons with a partic-
ular distribution of positions and energies, following them through a large 
number of collisions and calculating their resulting distribution. There is no 
closed-form solution and no satisfactory approximation.

4 Bernal (1964). The results obtained using the model are reported in Bernal (1959). 
5 Kennedy (1946). 
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In March 1947, John von Neumann wrote a letter to a collaborator 
laying out the basic idea of a simulation. ENIAC could use the equations 
of the model to calculate the path of a small number of neutrons. Repeating 
this process many times for different starting values would approximate the 
statistical distribution implied by the model. 

Assume that one criticality problem requires following 100 primary neutrons 
through 100 collisions (of the primary neutron or its descendants) per primary 
neutron. Then solving one criticality problem should take about 5 hours. It 
may be, however, that these figures (100 × 100) are unnecessarily high. A 
statistical study of the first solutions obtained will clear this up. If they can be 
lowered, the time will be shortened proportionately.6 

This extract captures the basic decisions and trade-offs involved in any 
simulation. The more particles and periods, the more accurate the results but 
the more computer time is needed. It’s a matter of trial and error to find out 
what values you need to get a good enough simulation. 

Despite some initial scepticism, computer simulations soon became 
common across the sciences. They can be found at every scale. Figure 5.1 
shows graphical representations of the results of four types of simulation, 
chosen for being both recent and aesthetically pleasing. The left panel shows a 
simulation of the structure of a protein with the arrows showing its predicted 
motion. The middle panel shows a simulation of a whole cell. The red, white, 
and blue points represent strands of DNA, wrapped round the yellow spheres 
representing ribosomes and enclosed in the green cubes of the membrane. 
The right panel is a simulation of the early universe and galaxy formation, 
showing dark matter on the left transitioning to gas on the right. The bottom 
panel shows a molecular-level simulation of a fibre in a gecko’s foot detaching 
from a surface.

6 Quoted in Hurd (1985). 
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Fig. 5.1 Simulations7 

While there are many formal techniques, both for building simulations 
and validating them, scientists are rarely purists and tend to make whatever 
assumption are necessary to get a model which serves their purposes. Many 
simulations are multi-scale, stitching together different types of models at 
different levels. More on this in Chap. 10. 
There are two kinds of limits to what can be simulated. The first is 

theoretical and to understand this the next section introduces the theory 
of computation. The second relates to the availability of computational 
resources which I’ll discuss later in the chapter. 

Box 5.1 Algorithms and complexity 

An algorithm is a systematic procedure to perform an operation. An example is 
the way addition is often taught. Write down the smaller number underneath 
the larger. Add the right-most digits. This gives the right-most digit of the 
answer. If it is greater than 10, carry 1. Repeat this for the second right-most 
digit. And so on. 

In contrast, a heuristic is a rule of thumb that exploits shortcuts, demands 
less processing capacity but may be less reliable. When I add large numbers, I 
start with the leftmost digit and work to the right, stopping when the answer 
is as accurate as I need. This takes into account the limitations of my memory. 
If I lose track of where I am in the calculation, at least I’ll be left with an 
estimate of the total correct to however many digits I managed. Famously,

7 Panel 1: Source: Lu et al. (2024). https://www.nature.com/articles/s41467-024-45461-2. License:  
Creative Commons Attribution 4.0 International. Panel 2: Reprinted from Thornburg et al. (2022) 
with permission from Elsevier. Panel 3: Source: https://www.illustris-project.org/media/. Reproduced  
with permission from Illustris Collaboration. Panel 4: Source: Materzok et al. (2022). Licence: CC 
BY 4.0 DEED. 

https://www.nature.com/articles/s41467-024-45461-2
https://www.illustris-project.org/media/
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the AI in Arthur C Clarke’s 2001 was called HAL, Heuristically Programmed 
Algorithmic Computer, with the best of both worlds. 

The idea of an algorithm underlies a useful way of characterising 
complexity. The Kolmogorov complexity of a system is defined as the shortest 
algorithm that produces the system as an output. So a 1000-digit number 
consisting only of the digit 1 can be compressed to the rule “Write ‘1′ 1000 
times”, around 20 characters long. π can be calculated using the formula: 

π 
4 

= 1 − 
1 

3 
+ 

1 

5 
− 

1 

7 
+ . . .  = 

∞∑
j=0 

(−1) j 

2 j + 1 

If you wrote this in words, you’d end up with around 60 characters.8 So the 
infinite digits of π are highly compressible.9 By contrast, a random number is 
by definition incompressible. The shortest algorithm that can produce a 1,000 
digit random number x must be at least 1,000 characters long, e.g. “Write x”. 
To see this, remember that random means that each digit is independent of 
all the others. If there were a shorter algorithm, this could be used to predict 
the next digit and so the number wouldn’t be random. 

The concept of compressibility will prove useful when discussing emergence 
since it can express the relation between the low level process which generates 
a system and its high level appearance. We’ll see in the next chapter that the 
existence of laws of nature imply the universe is highly compressible. 

5.2 Computability 

Are there theoretical limits to simulation? If we restrict ourselves to simula-
tions carried out on digital computers, this is asking if there are limits to what 
can be computed. The standard definition of computability was proposed in 
two papers published in 1936, one by Alonzo Church and the other by Alan 
Turing. The Church–Turing principle defines computability as follows: 

Every ‘function which would naturally be regarded as computable’ can be 
computed by the universal Turing machine10 

8 For example “Calculate then write the sum over i from 0 to ∞ of 1 over 2 i + 1”. Of course, for 
a formal definition of compressibility you need to specify the language of the algorithm. This will 
usually be a programming language. 
9 There is another mind-boggling algorithm that allows you to calculate any digit of π without 
calculating the preceding ones. See Bailey et al. (1997). 
10 The original thesis is in Turing (1937). This formulation is taken from Deutsch (1985).
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The term “naturally” seems out of place in such a definition. But Turing’s 
project was to define a machine which could replicate a human carrying out 
calculations which, as in the excerpt from the New York Times describing 
ENIAC, was the original sense of the term “computer”. The human computer 
has pencil and paper and a state of mind. Together, the state of mind and the 
symbols on the paper determine what the person will do next. 

Let’s take an example. Imagine that you have in front of you a sheet of 
paper with a line of 1s and 0s and you are asked to decide if there is an odd 
number of 1s. If there are too many to do this at a glance, you may proceed 
by starting at one end of the string, when you meet the first 1 keeping the 
word “odd” in your head then changing it to “even” when you meet the next 
1, and so on. I’ll call this algorithm a parity checker. 

Now let’s look at how Turing conceived of a machine to carry out this algo-
rithm. A Turing machine has several components. The first is a tape, divided 
into squares, each of which can contain a symbol. In Turing’s paper the 
symbols can be anything, but let’s restrict them to 0, 1, B for blank and H for 
halt. The second is a head which can move along the tape and both read from 
it and write to it. The third is an internal state, represented by a combination 
of the four symbols. The fourth is a set of rules which describes how the input 
changes the internal state and the output. This is shown schematically in the 
left panel of Fig. 5.2. In the right panel is a working implementation.11 

For the parity checker, a Turing machine will use the rules shown in 
Table 5.1. The machine has two states, 0 and 1. These rules mean that if 
the machine is in state 0 it will remain in this state (row 1 in the table) until 
it comes across a 1 on the tape when it changes the state to 1 (row 2). If it is 
in state 1, it stays in the state (row 5) until it comes to a 1 when it changes

01 0 1 101 0 

State 
Rules 

Read Write 

Tape 

Fig. 5.2 A Turing machine12 

11 For an enlightening video of a Turing machine at work, see www.TheMaterialWorld.net. 
12 Right panel: Source: Rocky Acosta, own work, https://www.wikiwand.com/simple/Turing_machine# 
Media/File:Turing_Machine_Model_Davey_2012.jpg License: CC BY 3.0. 

http://www.TheMaterialWorld.net
https://www.wikiwand.com/simple/Turing_machine%23Media/File:Turing_Machine_Model_Davey_2012.jpg
https://www.wikiwand.com/simple/Turing_machine%23Media/File:Turing_Machine_Model_Davey_2012.jpg
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Table 5.1 A parity checker 

State Symbol on tape New state Write symbol Move tape 

0 0 0 – Left 
0 1 1 – Left 
0 B H 0 – 
1 0 1 – Left 
1 1 0 – Left 
1 B H 1 – 

the state to 0 (row 4). When it reaches a blank square, it writes the state to 
the tape and then stops (rows 3 and 6). 
Turing’s insight was that, whatever the computation, it could be formu-

lated in this way, as a table with 5 columns or quintuples and a finite number 
of rows.13 What makes a Turing machine so general is that it can be seen 
as a mathematical function, a procedure which, given an input, produces an 
output and whenever it is given the same input it produces the same output. 
Then a function is computable if we can build a Turing machine that, if it is 
given a tape containing only the input to the function, performs calculations 
then stops having written the output of the function to the tape. 

5.3 Universal Turing Machines 

Turing machines can compute a single function. A universal Turing machine 
is a Turing machine which can replicate any other Turing machine. When I 
described the parity-checking Turing machine, perhaps you took pencil and 
paper and worked through an example. You interpreted the table and this 
allowed you to carry out a simulation of the machine. You could just as easily 
have simulated any other description of a Turing machine (subject of course 
to time, memory and other constraints). You are a universal Turing machine. 
To make a Turing machine universal, you just need to follow the same 

procedure. First, give it a set of internal rules which allows it to interpret 
sequences of quintuples. Then divide the tape into three parts. One part 
contains the set of quintuples describing the machine to be simulated, as 
in Table 5.1. The other two parts contain the result of the simulation, one to 
keep track of the state of the simulated machine and the other to write the 
tape of the simulated machine. Then let it carry out the simulation step by

13 For more examples, see Minsky (1967), p. 120. 
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step, at each step writing the state of the simulated machine and its output 
onto the tape. 
This is shown in Fig. 5.3. In modern computing terms, the rightmost part 

of the tape is the program, the internal rules of the machine are the interpreter 
and the rest of the tape is memory which holds the result of the simulation. 
From nothing but a clunky machine which can manipulate a paper tape, 
we’ve built a universal computing device. 

[Turing’s] paper is significant … because it contains, in essence, the inven-
tion of the modern computer and some of the programming techniques that 
accompanied it14 

Babbage’s analytical engine, powered by steam, would have been a 
universal Turing machine, had it ever been built. ENIAC was the first 
working universal Turing machine. The laptop I’m writing on is a universal 
Turing machine, as are most computational devices.15 In a world of 
smartphones and high level languages, there is something charming about 
discussing a machine which uses paper tape. But the formulation is powerful 
precisely because it is so simple. The Church-Turing principle tells us that 
studying such machines is the same as studying computers in general. We 
can abstract away from the complex detail of computing. All computers do, 
down at the bottom, is shuffle the position of 0 and 1s.

Simulated stateSimulated tape 

State 
Rules 

Read Write 

Rules of machine to be 
simulated 

Tape 

Fig. 5.3 A universal Turing machine 

14 Minsky (1967), p. 104. 
15 This is not strictly true since the theory of Turing machines assumes they can manipulate an 
unlimited amount of data whereas the memory of actual computers is limited. This has no practical 
import as one can always keep adding memory. 
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Box 5.2 Intractability 

Imagine you are a delivery driver given a list of drop off points and the 
distances between them. How would you find the shortest route that visits 
every point then returns to the depot? This is the famous travelling salesperson 
problem. 

The brute-force way to solve it is to try all possible combinations. If you 
have 4 points as well as the depot, when you start you have a choice of 4, 
from the next one a choice of 3, from the next a choice of 2. So there are 4 
× 3 × 2 = 4! = 24 combinations, or 12 unique combinations since you can go 
round each route in two directions. The number of combinations explodes with 
the number of points. For 30 points, not a huge delivery run, there are around 
1032 combinations. If you calculated one every nanosecond, the time since the 
big bang wouldn’t be enough to run through all of them. Such problems are 
known as NP-hard and set a limit on what can be computed.16 Future increases 
in (classical) computing power won’t help you since real world problems with 
tens of thousands of nodes would requires more computing resources than 
exist in the whole universe. 

Such intractability constrains simulations less than it might seem. There are 
often shortcuts or heuristics that can find solutions or approximations. For 
example, in 2018 a group found the shortest route between the nearly 50,000 
pubs in the United Kingdom.17 Also, when it comes to simulating physical 
systems, it’s important to remember that nature may be subject to the same 
computational restrictions. This means that if we find ourselves trying to simu-
late an NP-hard problem, we probably haven’t found the smartest way. I’ll 
return to this in the discussion of strong emergence in Chap. 11. 

5.4 Non-computability 

Are there things which can’t be computed? Box 5.2 shows that some problems 
might be intractable due to lack of computing power. This section asks a 
stronger question: are there any absolute limits to the problems that can be 
solved by a Turing machine and hence by any digital computer? 
Turing’s original paper included several examples of non-computable func-

tions. In the 1950s these were reformulated as the halting problem. Any  given  
Turing machine, or if you like, any program, will either produce a result 
then stop or continue running for ever. Is there a general algorithm to tell 
if a particular Turing machine will stop or not? Turing proved that no such 
method can exist. So the halting problem is non-computable or undecidable.

16 NP stands for “Nondeterministic Polynomial-time” linked to a class of computing devices called 
non-deterministic Turing machines. See Harel and Feldman (2004), Chap. 7. 
17 https://www.math.uwaterloo.ca/tsp/uk/index.html. 

https://www.math.uwaterloo.ca/tsp/uk/index.html
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Here is a simple proof by contradiction. Say you have a program that 
claims it solves the halting problem, let’s call it HALT. As input, it takes the 
program to be tested, P, and returns 1 if the program halts and 0 if not. Then 
define the  program P as IF HALT(P)  = 1 THEN NEVER STOP. However 
sophisticated the program HALT, our one line program will always defeat it. 
So we have proved that no general solution to the halting problem is possible. 
This might be called proof by malicious program.18 

Box 5.3 A halting problem 

Here is a computable algorithm. 

1. Start with a positive integer, X 
2. If X = 1 stop 
3. X = X – 2  
4. Go to step 2 

It is easy to see this will stop only if the initial value of X is odd. For even 
numbers, at some point you will reach 2, then 0 and then on forever without 
ever satisfying the X = 1 condition which makes the algorithm stop. 

Now let’s modify the algorithm: 

1. Start with a positive integer, X 
2. If X = 1 stop 
3. If X is even, X = X / 2  
4. If X is odd, X = 3X + 1 
5. Go to step 2. 

This is called the Collanz conjecture. For even numbers, the algorithm clearly 
stops. For odd numbers, it produces long sequences. For example, starting with 
11 gives 34, 17, 52, 26, 13, 40, 20, 10, 5, 16, 8, 4, 2, 1. If you start at 27, the 
sequence continues for 111 steps. No one has ever found a number for which 
the system doesn’t stop. Yet neither has anyone found a proof that there is 
no such number. In the absence of such a proof, the only way to find out 
whether the algorithm stops for a particular number is to run the algorithm. 
And, however many iterations you run it for, you can never know whether 
just one more will start it on the path to stopping. This is the essence of the 
halting problem. 

More generally, it is easy to see that there are infinitely many non-
computable functions. Every Turing machine can be specified by an integer.

18 The proof is due to Strachey (1965). Its self-referential nature may make you think of Gödel’s 
incompleteness theorem. There is indeed a deep link with non-computability, for a discussion, see 
Penrose (1999), Chap. 2 and also Box 5.4. 
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To see this, look back at Table 5.1. You can write each row as a line of 0 and 
1 s. To incorporate H and B, you’ll need a two-bit language in which 0 is 00, 
1 is 01,  B is 10 and  H is 11.  That  makes 10 bits for  each  row.  The table  has  
6 rows, so this Turing machine can be described by a binary number 60 bits 
long.19 This integer can be thought of as the program you’d need to give a 
universal Turing machine so it can simulate our parity checker. 
This applies to any computing device. Take the computer in front of you. 

Its capacities are fully defined by the contents of its memory and the programs 
hard coded into its processors, all of which can be represented by strings of 
0 s and 1 s. Write down every bit in the memory and the processors as a long 
string and you have a (very large) integer which specifies your computer. As 
I type this sentence, the contents of my laptop’s memory change and so does 
the integer describe the computer. Switch from word processor to browser 
and a part  of  the sequence of 1 and 0 s changes  and so does the  integer.  At  
any moment your computer or any Turing machine can be fully described by 
an integer. 

We saw that each Turing machine represents a mathematical function. But 
mathematical functions can be expressed as real numbers. Since there are 
infinitely many more real numbers than integers, there are more functions 
than there are Turing machines.20 This means an infinite number of mathe-
matical functions must be non-computable since they do not correspond to a 
Turing machine. This might seem abstract. Indeed a list of non-computable 
problems is intimidating to a non-mathematician.21 But the idea is profound. 
However smart you are, however much computing power you have at your 
disposal, there are well defined problems which cannot be solved, 

If we turn to physics, an immediate implication of non-computability 
is that Turing machines, and hence computers in general, cannot perfectly 
simulate classical physics. Classical quantities are continuous, taken from the 
real numbers, so an infinite number of them will not correspond to Turing 
machines described by an integer.22 

19 If you really want to know, it’s 0110110100010100010001000100000010110000000101000000 
00000000 or in decimal 493,500,697,503,941,000. 
20 The proof that there are more mathematical functions than there are integers and that there are 
more real numbers than integers is essentially the same. It is due to Georg Cantor and uses the 
elegant diagonalization method. For a clear explanation see Gardner (2001), p. 331. 
21 An interesting exception is the impossibility of determining the algorithmic complexity (Box 5.1) 
of a general string, the proof of which is closely linked to the halting problem. 
22 On the other hand, an analogue computer could in principle simulate any classical system. This 
shows the link between a particular concept of computability and a particular type of computer. I’ve 
been using computation in Turing’s sense, as something that can be computed by a Turing machine. 
But analogue computers cannot in general be represented by Turing machines so imply a different 
sense of computability.



5 Computation and Simulation 89

However we live in a non-classical world. In such a world, is anything that 
is of interest to a physicist rather than a mathematician non-computable? 
I’ll return to this question in Chap. 11 when I discuss whether non-
computability can be a form of strong emergence. Always lurking behind 
the idea of non-computability is the difference between the infinity of the 
real numbers and the infinity of the integers. This means that everything in a 
finite system is computable. Even in an infinite system in which some func-
tions are non-computable, you can always find a computable function that 
approximates them arbitrarily well in the same way there is always a rational 
number arbitrarily close to a real number. So it’s hard to see the issue having 
any importance for questions of simulation. 

Box 5.4 Is the brain a hypercomputer? 

A system that can solve a non-computable problem is known as a hypercom-
puter. A discussion can be found in Turing’s work but I think the claim that 
the brain is a hypercomputer was first stated explicitly by J.R. Lucas23 in 1961. 
Subsequently Roger Penrose has made it a central part of his quantum theory 
of consciousness. Loosely, the argument goes as follows: 

Take a proposition P which states that there is no proof of proposition P. 

• P cannot be proved false, since, in Penrose’s words “Our formal system 
should not be so badly constructed that it actually allows false propositions 
to be proved!”24 

• P cannot be proved true, since this would be contradictory 
• Thus neither P nor its opposite is provable. So P is non-computable. 
• This establishes the truth of P 

This is pretty neat. We’ve proved that something cannot be proved but 
in doing so we have showed it is true. We have proved something non-
computable. We are hypercomputers! 

There seems to be broad agreement that there is something wrong with 
this, but no consensus as to what. More importantly, such an argument, with 
its Alice in Wonderland aspect, seems a fragile hook on which to hang a stag-
geringly important idea. If the brain is a hypercomputer, and if like Penrose we 
are good physicists, this means we need to find some new physics to explain it. 
This has motivated much of Penrose’s work on the relation between quantum 
physics and consciousness.

23 Lucas (1961). 
24 Penrose (1999), p. 108. 
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5.5 Quantum Computation 

So far, this has all been about classical computation. Information is repre-
sented by bits that can be either 0 or 1. Quantum computation uses qubits 
which can be in superpositions, states which are 0 and 1 simultaneously. To 
see the difference between the approaches, consider the following problem. 
You are inviting a bunch of friends to dinner and know which of them get on 
and which of them don’t. The problem is to allocate them between the two 
tables in your living room to maximise the number of pairs who get on and 
minimise the number of those who don’t. 

Let’s take the simplest example where you have 3 friends (A, B and C). 
You know than A and B get on; B and C clash and A and C clash. To rank 
outcomes, let’s define a payoff which is the number of pairs which get on 
minus the number of pairs which clash. You can represent a seating plan by 3 
bits, where e.g. 110 means A and B are at table 1 and C at table 0. Table 5.2 
shows the 8 possible seating plans. 

Although in this case the answer is obvious (put A and B at one table and 
C at the other), this will not be the case for larger numbers of people or 
tables. A classical computer algorithm to solve the problem in general will 
need to work through the possible combinations and calculate the payoff 
function each time. For N people, this will require the payoff function to 
be calculated 2N−1 times (it is N − 1 since the problem is symmetric, the 
bottom four lines of the table are the same as the top four so you only have 
to calculate half of the possibilities). For N = 100, this requires the payoff 
function to be calculated around 1030 times which puts it well beyond the 
limits of the fastest computer (which, at the time of writing, manages around 
1018 operations per second).

Table 5.2 Three guests and two tables 

[ABC] Payoff 

000 −1 
001 1 
010 −1 
011 −1 
100 −1 
101 −1 
110 1 
111 −1 
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Instead, set up a quantum computer with 3 qubits in superposition i.e. 
they simultaneously take the 8 possible values. Then apply the payoff func-
tion so that when the superposition collapses it provides one of the solutions. 
If you increase the number of people, you need to increase the number of 
qubits but you still only need to calculate the payoff function once. In prin-
ciple, a quantum computer should be able to solve the problem for a hundred 
or a million people at the same speed. This example brings out the way 
quantum computers can solve problems in parallel, performing a calculation 
on all possible states at once. 

Of course, in practice things are more complicated than that but the details 
don’t need to trouble us here. It’s general accepted that quantum computation 
has staggering speed advantages for particular types of problem. 

Are quantum computers subject to the same limitations of computability 
as classical computers? Yes. Just as in the case of a Turing machine, you can 
always use pencil and paper to replicate its workings, given enough time.25 

In other words, you can always program a classical computer to simulate a 
quantum computer. The simulation might be painfully inefficient, but that’s 
not the point. If there is a Turing machine corresponding to every quantum 
computer, then the limits of computability are not changed. 

5.6 Quantum Simulation 

In 1982, Richard Feynman published one of the foundational papers of 
quantum computing, entitled”Simulating physics with computers”. Here is 
its closing sentence: 

Nature isn’t classical, dammit, and if you want to make a simulation of 
nature, you’d better make it quantum mechanical, and by golly it’s a wonderful 
problem, because it doesn’t look so easy.26 

Given you have a quantum computer to hand, there are two general ways 
of using it as a simulator. The first involves encoding the system of interest as 
an array of qubits then finding a quantum algorithm which efficiently (and 
perhaps approximately) calculates its time evolution while benefitting from 
the speed increases due to the massively parallel nature of the calculation. 
Return to the example in the previous section. Instead of three people and 
two tables, take a quantum system of three particles each of which can take

25 For a proof of this, see Nielsen and Chuang (2010), sec. 4.5.5. 
26 Feynman (1982). 
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two states. A classical computer would need to solve the relevant equations 
of quantum physics eight times whereas a quantum computer would need to 
solve them once. A system of 100 particles is far beyond the power of any 
plausible classical computer. A quantum computer could, in principle, solve 
it with a single calculation. 

But Feynman was thinking of something different. Instead of using a 
quantum algorithm, a second technique involves configuring the quantum 
computer to exactly represent the system being simulated. You can then 
exploit the high level of control given by a quantum computer to study the 
system’s evolution. 
The first of these is sometimes called a digital quantum simulation the 

second is an analogue quantum simulation. Examples of both can be found in 
the recent literature. What’s fascinating is this. In the second case, the distinc-
tion between simulation and system has all but vanished. The simulation has 
become an experiment. Far from the complications described by Bernal in his 
ball and rod model of liquids, a general-purpose quantum computer would 
give an exquisite level of control over the atomic details of what’s going on. 

5.7 The Church-Turing-Deutsch Principle 

A Turing machine takes inputs and by a deterministic process gives outputs. A 
physical system can be described in the same way. The inputs are initial condi-
tions, the function the structure of the system and the outputs the final state. 
For a classical example, take of a set of billiard balls on a table. The initial 
conditions are the starting position of the balls and the force and direction 
with which one is hit. The function consists of Newton’s laws and a descrip-
tion of the properties of the table. The output is the final resting position 
of the balls. For a quantum system, and so for everything, the input is the 
initial quantum state, the function contains the laws of quantum physics and 
the output is the final measurement. 

David Deutsch, in another foundational paper of quantum computa-
tion, combines this parallel between computation and physical systems with 
the Church-Turing principle to obtain what has come to be known as the 
Church-Turing-Deutsch principle: 

Every finitely realizable physical system can be perfectly simulated by a 
universal model computing machine operating by finite means27 

27 Deutsch (1985).
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Underlying this is Deutsch’s concept of a universal quantum computer. It 
can perfectly simulate any physical system using an algorithm which makes 
it indistinguishable from the system. This digital simulation can exactly 
reproduce any analogue simulation. He formally describes such a universal 
quantum computer and shows that its existence collapses the distinction 
between experimental physics and computer science. Since a program exists 
for every physical process, studying a system at an atomic resolution is a 
matter of finding the right program. 

5.8 The Limits of Physics 3 

The Church-Turing-Deutsch principle gives another way to think about 
the scope of physics. Deutsch says that it means that if humans can build 
universal quantum computers they can become universal explainers. If every 
physical system can be simulated, every physical system can be explained. To 
assert that there are inexplicable phenomena is to assert that there are systems 
which are supernatural and not subject to the laws of physics. 
This is an extremely strong contention. Is simulating a system the same as 

understanding it? In an interesting passage, Anderson writes that in 1956 he 
heard Richard Feynman say he had no idea what caused superconductivity: 

… it was not lack of computational power in any real sense that was the 
obstacle. If we had actually had the (actually impossible) ability to follow the 
motions of all of the electrons and ions in detail, all that the computer output 
could have told us would have been that the material was exhibiting all of the 
well-known and well-studied phenomenology of superconductivity: it could 
not have told us why, because it would not know what that question means. 
What it does mean is that there are certain concepts and constructs which 
allow enormous compression of the brute-force calculational algorithm, down 
to a set of ideas which the human mind can grasp as a whole.28 

I take the point to be that even if we can simulate something, we won’t 
necessarily have imaginative understanding of it. This requires simplified 
models. Would we have representational understanding? The passage shows 
that Anderson is thinking of a classical simulation made up of a series of 
equations which are solved or approximated. Instead, a quantum simula-
tion would be like an experiment over which we have precise control of

28 Anderson (2011), p. 136. 
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every detail. Does this necessarily imply it would give us representational 
understanding? I’ll return to this question in Chap. 14. 

But this aside, when we think of simulations, we don’t have to worry 
about non-computability because we are only concerned with finite systems. 
Neither do we need to worry about intractability since these limits also apply 
to the physical systems we are simulating. In practice, of course, computation 
is limited by constraints of energy, time and technological capacity. The next 
section discusses what physics can tell us about these. 

5.9 Ultimate Limits 

In a 1996 paper29 Rolf Landauer showed that information processing must 
dissipate energy. Information is not abstract but is always instantiated in 
some physical system. This could be an arrangement of beads on an abacus, 
pencil marks on a sheet of paper or patterns of magnetism on the hard drive 
of my laptop. Information processing involves changing information and 
hence the physical system in which it is stored. Like any physical process, 
this must dissipate energy. This has a whole host of interesting implications, 
but here what matters is that it allows the calculation of upper bounds on 
computational capacity of physical systems. 

Putting aside non-computability, the scope of simulations is limited by the 
computational resources available. In a pair of papers,30 Seth Lloyd estimates 
the computational capacities of a couple of systems. The first system is what 
he calls the ultimate laptop consisting of 1kg of matter. He uses the Uncer-
tainty Principle to derive an expression for the minimum energy needed for 
a qubit to transition from one state to another in a given time. We can calcu-
late the total energy of the ultimate laptop from E = mc2 and use this to 
obtain the maximum number of operations it can perform. This turns out to 
be around 1050 per second with a maximum memory space of 1031 bits. 

In a second paper, Lloyd repeats the calculation for the universe as a whole 
to estimate an upper bound to the amount of computation carried out since 
the big bang. The answer is around 10120 operations. This is an interesting 
number since it is also a lower bound on the number of operations a quantum 
computer would need to perform to perfectly simulate the universe. Does it 
represent the number of calculations that the universe has actually performed? 
Does the universe perform calculations at all? I turn to this question in the 
next section.

29 Landauer (1996). 
30 Lloyd (2000) and Lloyd (2002). 
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Box 5.5 Quantum computing and the multiverse 

While we are far from being able to build large quantum computers, there 
seems little doubt that the underlying theory is correct. A standard example 
of the superiority of quantum computers is their ability to use a technique 
called Shor’s algorithm to factorise large numbers so much faster than clas-
sical computers that they could potentially break many standard forms of 
encryption. 

But computation must be realised in a physical system, using physical 
resources. Information must be stored and energy expended in processing it. 
For a classical computer, you can measure these resources by the amount of 
power it consumes. For a quantum computer, things are more complicated. 
Here’s David Deutsch: 

I issue this challenge: explain how Shor’s algorithm works. I do not merely 
mean predict that it will work, which is merely a matter of solving a 
few uncontroversial equations. I mean provide an explanation. When 
Shor’s algorithm has factorized a number, using 10500 or so times the 
computational resources that can be seen to be present, where was 
the number factorized? There are only about 1080 atoms in the entire 
visible universe, an utterly miniscule number compared with 10500. So if  
the visible universe were the extent of physical reality, physical reality 
would not even remotely contain the resources required to factorize such 
a large number. Who did factorize it, then? How, and where, was the 
computation performed?31 

Deutsch’s answer to this question is that the computation happens in the 
multiverse. Quantum computers are massively parallel, with each universe 
computing one possible outcome. The result is generated by a process of inter-
ference which fuses the different universes involved in the calculation and 
corresponds to the most probable outcome. 

5.10 The Great Programmer 

Lloyd’s work shows that the universe is analogous to a quantum computer 
that at each moment calculates its own evolution.32 The universe may be a 
computer, but what if it is also the result of a computation? 

One of my favourite articles33 on the subject of computability starts 
from the observation that any program can be represented by an integer. 
Simulations are no more than a particular sort of program, so they too can

31 Deutsch (1998), p. 217. 
32 Lloyd (2013). 
33 Schmidhuber (1997). 
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be represented by an integer. If the Church-Turing-Deutsch principle is true 
and every physical system can be simulated, it can also be represented by a 
(very long) integer. Running the simulation is a matter of writing down this 
integer. This applies to our universe or to any possible universe. 
The Great Programmer has a universal Turing machine. As inputs and 

outputs, the machine takes three symbols, 0, 1 and a comma. The comma 
represents the division between periods of time in the simulation. The 
possible input programs for the machine then consist of all the possible 
combinations of these three symbols and the output will be another combina-
tion of these symbols, which may be finite or infinite. Each of these outputs 
corresponds to a simulated universe. 
The Great Programmer runs all possible programs on its Turing machine 

and so simulates all possible universes. What do these universes look like? 
Some will be finite (the program producing them stops at some point); some 
will be infinite. Most will be random sequences of the three characters resem-
bling noise. Some universes will evolve according to rules and sometimes 
these rules will resemble physical laws. 
This is just a restatement of the idea of algorithmic incompressibility. 

Random sequences are incompressible. But a universe governed by physical 
laws is compressible: its state is calculated by applying a program describing 
the laws to its previous state. However there is no guarantee that physicists 
within the universe if there happen to be any, will be able to find this program 
(the true description of the universe). They may identify as noise or indeter-
minism properties that from the perspective of the Great Programmer are law 
like: 

Our fundamental inability to perceive our universe’s state does not imply its 
true randomness, though. For instance, there may be a very short algorithm 
computing the positions of electrons lightyears apart in a way that seems like 
noise to us but is in fact highly regular.34 

The paper concludes by observing that most philosophical problems 
dissolve from the perspective of the Great Programmer. The many worlds 
interpretation of quantum mechanics comes for free. Is there life after 
death? In some universes, yes, in some no. Discussions about body, soul or 
consciousness, are, to the Great Programmer, nothing but particular strings 
that may arise in many universes. They may allow the inhabitants of the 
universes to discuss things that interest them, but to the Great Programmer 
they may be no more relevant than a string describing a star or some random

34 Schmidhuber (1997). 
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noise. There is no reason why the Great Programmer should be concerned 
that strings representing life evolve in some universes. 
The problem of time goes away too: 

The Great Programmer does not worry about computation time. Nobody 
presses Him (sic). Creatures which evolve in any of the universes don’t have to 
worry either. They run on local time and have no idea of how many instruc-
tions it takes the Big Computer to compute one of their time steps, or how 
many instructions it spends on all the other creatures in parallel universes.35 

One way to respond to this argument is that it has no empirical conse-
quences. Another is to say that simulation is different from the real thing; 
simulating water on my computer can never make me wet. While that is 
surely the case, are we sure that if we added creatures to the simulation we 
could not simulate their feeling wet? But this brings us smack up against the 
“hard” problem of consciousness and so is a good place to end this discussion. 

5.11 How Does the Universe Do It? 

Pull the plug out of a bathtub, and you get a vortex. This involves solving 
a quantum many-body problem involving 1024 or so quarks and electrons. 
The universe certainly gives the impression of solving this problem quickly 
and reliably. The description of a universe as an analogue quantum computer 
would say that the 1024 fundamental particles have exactly the computing 
power to do this, but the question stands: how do they do it? 

You can ask a similar question in terms of physics: how do particles 
“know” how to behave? Physics can answer this to a certain extent. One 
example would be the demonstration that energy-minimising trajectory of 
classical particles is a result of a quantum summation over all possible trajec-
tories. Why do particles travel in straight lines? Because they try out all 
possible paths and the non-straight ones cancel each other out. But then we 
can ask why particles try out all possible paths and the question slips into 
metaphysics. 

However, in the domain of computing the question seems well posed: how 
does the universe do it? The question stands whether you think the universe is 
a simulation (in which case it applies to the universe the simulation is running 
in) or whether you think the universe is a computation. We’ll come across 
two possible answers as examples of strong emergence in Chap. 11, both of

35 Schmidhuber (1997). 



98 L. Graham

which contend that the universe mostly avoids doing quantum computations. 
Perhaps the answer lies with the multiverse (Box 5.5). But you can turn this 
round and argue that if the universe has an efficient method of computation, 
Deutsch’s argument for the multiverse dissolves. 

My judgement would be that as far as this question goes we are not much 
further forward than Empedocles was about gravity when he asserted that 
bodies fall to the earth out of love for their fellow material object. 

5.12 Further Reading 

For a thorough discussion of the role of models in science, see Gelfert (2016) 
and for philosophical perspectives on the role of simulations, Lenhard (2019) 
or Winsberg (2022). Borwein and Crandall (2013) is a lively discussion of the 
idea of closed-form solutions. For a more in depth discussion of the concept 
of an algorithm along with useful examples, see Penrose (1999), Chap. 2. 
A fascinating discussion of the wide-ranging philosophical implications of 
simulations is to be found in Chalmers (2022). 

Harel and Feldman (2004) is an excellent introduction to many of the 
topics covered in this chapter, including Turing machines, the theory of 
computability and NP-hard problems. For more on the role of human 
computers in Turing’s project, see Lupacchini (2018) and on the halting 
problem Lucas (2021). For non-technical discussions of Penrose’s argument 
for the non-computability of the brain, see Chalmers (1995). 

Introductions to quantum computation can be found in Lloyd (2007) 
and Deutsch (1998), Chap. 9. On quantum simulation, see Buluta and Nori 
(2009), Johnson et al. (2014) and  Fauseweh  (2024). 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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Part II 
The Illusion of Emergence



6 
Weak Emergence: More is Different 

Summary “More is different” has become a slogan for proponents of emer-
gence and the idea is central to the way many condensed matter physicists 
think about their discipline. This chapter argues that it fails as a definition 
of emergence because it applies to any composite system. More is always 
different. Understanding how parts interact to produce the behaviour of 
wholes has always been at the heart of physics. 

The attraction of weak emergence is that it promises a non-reductive physi-
calism. This would allow us to avoid both the supernatural and the violence 
that physicalism does to our commonsense conceptions of the world and 
ourselves. The five chapters of Part II discuss and criticise various concepts 
of weak emergence. This chapter deals with “more is different”. The next 
chapter discusses simulation emergence, Chap. 8 turns to multiple realiza-
tion emergence and Chap. 9 to contextual emergence. The examples used in 
these chapters are mostly drawn from physical systems. A discussion of the 
relation between weak emergence and the models that scientists use is left to 
Chap. 10. 

Before starting, take a glance back at Sect. 3.13 where I showed how non-
reductive physicalism can be rejected with a 4-line argument. If you find that 
argument convincing, you can safely skip to Chap. 11 and the discussion of 
strong emergence. 

“More is different” was the working definition I proposed at the start of 
Chap. 2 and this makes the article that introduced it a good place to begin. 
I’ll then turn to two related definitions. Despite the clarity and appeal of
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these definitions, it is easy to see that they apply to all composite systems. 
More is always different, and physics has always been about describing the 
interactions between parts which give wholes their distinct properties. 

6.1 The Reemergence of Emergence 

“More is different” is the title of an influential article published in 1972 by 
Philip Anderson (Nobel Prize for Physics, 1977). It reintroduced emergence 
into the mainstream and the phrase has become a slogan for proponents 
of emergence. It also helped constitute the discipline of condensed matter 
physics as the title of a book celebrating the paper’s 50th anniversary make 
clear: “More is Different: Fifty Years of Condensed Matter Physics.1 

Anderson’s point is about the difference between reductionism and what he 
calls constructionism. The paper start with a rousing defence of reductionism 
then argues that while we can always work down from wholes to parts, we 
can’t work up from part to wholes. The properties of the whole arise not just 
from the properties of the parts but from their mutual interaction: 

The behavior of large and complex aggregates of elementary particles, it turns 
out, is not to be understood in terms of a simple extrapolation of the properties 
of a few particles. Instead, at each level of complexity entirely new properties 
appear, and the understanding of the new behaviors requires research which I 
think is as fundamental in its nature as any other.2 

The examples Anderson uses are either symmetry breaking as in 
Sect. 2.5 or the thermodynamic limit which I’ll discuss in detail in Chap. 10. 
Since Anderson accepts reduction, the message of the paper is that construc-
tion may be beyond our computational or cognitive abilities. 

6.2 Emergence in Condensed Matter Physics 

The phrase “more is different” only appears in the title of the Anderson’s 
article and the term emergence does not appear at all so let me give two 
related definitions. Between them, they put some structure on the idea that

1 Ong and Bhatt (2001). 
2 Anderson (1972). 
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“more is different” and capture what I take to be the standard view of emer-
gence among condensed matter physicists. The first, due to Navot Israeli and 
Nigel Goldenfeld, is 

Emergent properties are those which arise spontaneously from the collective 
dynamics of a large assemblage of interacting parts.3 

The second is from Robert Laughlin who we’ve already come across in 
the context of the fractional quantum Hall effect. In an interview, he defines 
emergence as: 

A collective principle of organization that gives rise to a law, a relationship 
among measured things that is always true.4 

More is different in the sense that when you have more, you have new 
empirical regularities, new laws. A quantitative difference becomes a qual-
itative difference. An interesting aspect, which Laughlin emphasises in the 
interview, is the link between emergence and experiment. If you measure 
some law-like relation at the level of the system as a whole, then this relation 
is emergent, the result of self-organization of the parts. 
The link to experiment means the notion of what is fundamental goes 

away. Laws are empirical regularities and that is that. Laughlin asserts that 
there is no reason to prefer one level to another and attempts to do so are 
“ideology, the results of a belief system”.5 

Both these definitions are connected the idea of multiple realization which 
is the subject of Chap. 8. There is also a link to Chalmers’s definition of emer-
gent phenomena as “unexpected” (Sect. 3.12). Until we do the experiment, 
the properties of wholes are unexpected given what we know about the parts. 
We can look at the parts as much as we like, but until experiment teaches 
us about their complex mutual interactions the behavior of the whole will 
remain a mystery.

3 Israeli and Goldenfeld (2006). 
4 Laughlin (2021). 
5 Laughlin (2021). 
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6.3 More is Always Different 

Take a look back through the examples in Chap. 2. They all display behaviour 
distinct from that of their parts so match Anderson’s sense of “more is 
different”. They all involve empirical regularities at the level of the whole 
so fit Laughlin’s definition. For all of them, mutual interactions between 
the components are key to understanding the properties of the system. By 
necessity, a composite system involves interactions between its parts and by 
necessity these interactions mean the parts behave differently than they would 
in isolation. It seems these definitions apply to all composite systems. 

Here is the simplest example I can think of. Start with a massive body, call 
it a star, alone in an empty universe. Then add another massive body, a planet, 
so that it is captured by the star’s gravity. Now we have a new concept, that 
of an orbit, and empirical regularities that can be expressed as Kepler’s Laws. 
More is different in the sense that if you only have one body, you have neither 
orbits nor laws. And with its laws, the system satisfies Laughlin’s definition. 
If the definitions apply to this simple system, then they apply to everything. 
More is always different. The definitions fail to separate a class of emergent 
phenomena from a class of non-emergent phenomena. 
This also highlights the weakness of Israeli and Goldenfeld’s definition. 

How many bodies constitute a “large assemblage”? If 2 bodies don’t count, 
do 3 (in which the system becomes chaotic, as we’ll see in the next chapter)? 
Is a solar system enough? A galaxy? Or do we need the trillions of components 
in the systems studied by condensed matter physics? In terms of the Game of 
Life, is a 10 × 10 grid enough, 100 × 100 or does it have to be larger? There’s 
no way of answering these questions which isn’t arbitrary so this definition 
also fails to distinguish between emergent and non-emergent systems. 

Finally, theory and experiment are far more intertwined than Laughlin 
claims. Sometimes theory comes first. Examples are Maxwell’s discovery of 
electromagnetic radiation (see the next chapter) or the prediction of the Higgs 
boson. Such predictions are not limited to high energy physics. A 2021 review 
notes that “…the literature seems replete with predictions of and about 2D 
materials”.6 

6.4 Physicist vs Physicist 

Anderson writes that his article

6 Penev et al. (2021). 
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…was unquestionably the result of a buildup of resentment and discontent on 
my part and among the condensed matter physicists I normally spoke with…7 

It was squarely directed against the “arrogance of particle physicists” who 
think “if everything obeys the same fundamental laws, then the only scientists 
who are studying anything really fundamental are those who are working on 
those laws”.8 Laughlin seems to have had a similar experience: 

One common response in the early stages of learning is that superconductivity 
and the quantum Hall effect are not fundamental and therefore not worth 
taking seriously.9 

Despite all this, neither article gives a convincing reason to reject the exis-
tence of fundamental things. Fundamentality means generality. Kepler’s Laws 
only explain one set of phenomena. Newton’s Law of Gravitation explains 
many. In the same way, Laughlin’s model of the fractional quantum Hall 
effect uses quantum physics but you’d be hard put to use his model to explain 
the orbitals of a hydrogen atom. Here is Stephen Weinberg (Nobel Prize for 
Physics, 1979) 

…by elementary particle physics being more fundamental I do not mean that it 
is more mathematically profound or that it is more needed for progress in other 
fields or anything else but only that it is closer to the point of convergence of 
all our arrows of explanation.10 

Is such a preference for generality mere ideology? If so, it is an ideology at 
the heart of science. 
The whole debate can often seem a squabble over who gets to call their 

work “fundamental”. What’s makes this more puzzling is that high energy 
physics (the term particle physics has fallen out of fashion) and condensed 
matter physics seem in many ways two sides of the same coin. Symmetry 
breaking is central to both, as are the techniques of effective theories and 
renormalization. In Chap. 2, I mentioned that virtual photons acquire mass 
in superconductors. The mechanism behind this is closely linked to the 
Higgs field, part of the standard model of high energy physics. Indeed, it 
is sometimes called the Anderson-Higgs mechanism.

7 Anderson (2001). 
8 Anderson (1972). 
9 Laughlin (1999). 
10 Weinberg (1992), p. 55. 
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6.5 A Straw Man 

The first paragraph of his article shows that Anderson is a card-carrying 
reductionist. 

The reductionist hypothesis may still be a topic for controversy among philoso-
phers, but among the great majority of active scientists I think it is accepted 
without question. The workings of our minds and bodies, and of all the 
animate or inanimate matter of which we have any detailed knowledge, are 
assumed to be controlled by the same set of fundamental laws, which except 
under certain extreme conditions we feel we know pretty well.11 

Laughlin is much less keen, I’ve already a cited a passage in which he 
lauded the end of the age of reduction. But his criticism of reductionism 
seems to be directed against a caricature. This portrays reductionism as being 
about tearing systems apart until their components are isolated, trying to 
explain the behaviour of the whole from these isolated components and 
asserting that the only interesting questions are at this lowest level. Such 
caricatures are surprisingly widespread in discussions of reductionism.12 

To see how much of a straw man this is, you need to look no further 
than the two-body gravitational problem. It simply makes no sense to try to 
explain the motion of the planet without describing its interactions with the 
star. A reductive explanation involves explaining the behaviour of a whole in 
terms of its parts and this necessarily involves describing interactions among 
the parts. Here’s Alex Rosenberg’s definition of reduction in the context of 
biology: 

Reductionism is the thesis that biological theories and the explanations that 
employ them do need to be grounded in molecular biology and ultimately 
physical science, for it is only by doing so that they can be improved, corrected, 
strengthened, made more accurate and more adequate, and completed.13 

When I return to the examples in Chap. 15, I will discuss how they can 
be explained reductively. For all of them, from quarks up to Churchill’s nose, 
I think such explanations play the role that Rosenberg describes, improving 
and strengthening our understanding.

11 Anderson (1972). 
12 An interesting discussing of the ways in which the term reductionism is used can be found in 
Riesch (2015). 
13 Rosenberg (2006), p. 4. 
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This straw man of reductionism will play a role in the discussion of contex-
tual emergence in Chap. 8. In Chap.  13, I’ll discuss how some opponents of 
reductionism not only direct their critique against a straw man but also treat 
it as if it were the bogeyman. 

6.6 Discussion 

More is different fails as a definition of emergence. Physics explains the 
behaviour of the parts and the interactions between the parts which consti-
tutes the behaviour of the whole. Many-body systems are described by an 
expression called a Hamiltonian. This represents the total energy of the 
system as a sum over the kinetic and potential energy of its component 
particles. Interactions between particles means that in general the Hamilto-
nian will depend on the position and momentum of every particle. Also, 
in general, the energy of every particle will depend on the position and 
momentum of all the others. Take a many body system, add an extra particle 
and in general the energy of every other particle will change. This standard 
physics tells us why more is different and why more is always different. 

As a way of clarifying this, let’s take a hypothetical case in which “more 
is different” would have force as a definition. Start with a crystal lattice 
made up of atoms bonded together into a repeating geometric pattern. If 
you progressively remove atoms from the lattice, it will at some point start 
to fragment and will finally lose its lattice-like character all together. This 
process of disintegration will be gradual. 

Now imagine that the force which holds the lattice together only switches 
on when you have more than N atoms. Below N, there’s no force so no lattice. 
Above N, the force causes the lattice to form. There is a sharp threshold where 
behaviour changes radically. One Hamiltonian describes the system up to N 
then a different one takes over. Such a configurational force was proposed by 
the British Emergentists in the 1920s. More is different would then take on 
a specific meaning. There’s no evidence that such forces exist, but if they 
did they would be a case of strong emergence involving something beyond 
current physics. 
The passage I cited from Anderson ended with the words “…at each level 

of complexity entirely new properties appear, and the understanding of the 
new behaviors requires research…”. I think this is the main sense in which 
the term emergence is used in condensed matter physics. There are interesting 
questions at every scale and there is no reason to give questions at the lowest 
level priority.
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6.7 Further Reading 

Humphreys (2014) is a rare discussion of Anderson’s article from a philosoph-
ical perspective. Weinberg (1992), Chap. 3 gives a reductionist’s view and 
Anderson’s autobiography, Anderson (2011) his angle along with lots of fasci-
nating background. Laughlin (1999) is a good introduction to his viewpoint 
as is his book, Laughlin (2005). Coleman (2019) is an interesting discus-
sion of the relation between reduction and emergence in condensed matter 
physics. On the relation between the Higgs effect and superconductivity, 
see Anderson (2015). For configurational forces and a general discussion of 
British Emergentism, see McLaughlin (2008). 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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7 
Weak Emergence: When You Can’t Do 

the Maths 

Summary Some systems can be solved to give closed-form solutions. Some 
can only be simulated. Simulation emergence defines the latter as weakly 
emergent. However it is not a useful definition. If we take it literally it applies 
to everything, since only the most idealised systems have closed-form solu-
tions. If we take it more loosely, it collapses into a tangle of borderline cases. 
I illustrate this with a discussion of the Game of Life. The importance the 
definition places on closed-form solutions raises the fascinating question of 
why maths is treated as the natural way of describing the world. 

At the start of Chap. 5, I gave the example of a pendulum as a system that has 
a closed-form solution. A few lines of algebra give a simple equation which 
describes its motion. If you know the starting position, you can use this equa-
tion to calculate the position at any time in the past or the future. Contrast 
this with the Game of Life of Sect. 2.11. The only way to find out what is 
going to happen is to take the starting state and run the system forwards in 
time. There is no shortcut, no closed-form solution. This is simulation emer-
gence. In this sense, the Game of Life is weakly emergent; the pendulum 
isn’t. 
The chapter starts by explaining simulation emergence and discussing 

which of the examples of Chap. 2 it can be applied to. However it turns out 
that it is not a useful definition. If we take it strictly, the definition applies 
to everything. If instead we take it more loosely, it gets lost in a tangle of 
borderline cases. A further problem is that it is contingent on the state of
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scientific knowledge. New techniques will remove phenomena from the cate-
gory of simulation emergence. Finally, the definition can be seen as part of a 
much wider fetishisation of maths. This leads to the fascinating question of 
why maths describes the universe at all. 

7.1 Simulation Emergence 

We’ve already seen (Sect. 5.1) the distinction between solving a system to 
obtain a closed-form solution and studying it by simulation. In an influential 
body of work starting with a paper1 in 1997, Mark Bedau defines a system 
as weakly emergent if it has no closed-form solution. His formal definition is 

Macrostate P of [microstate] S with microdynamic D is weakly emergent [if 
and only if ] P can be derived from D and S’s external conditions but only by 
simulation2 

You can take macrostate to mean a high level state, and microdynamic as 
what is going on at a low level. Before looking at an example, some general 
points. Firstly, Bedau emphasises that this definition is compatible with 
reductionism: if you could know the low level state of a system exactly, you 
could use a simulation based on the laws of physics to predict its evolution. 
Secondly, this definition has nothing to do with causality. In the language 
of Chap. 3, it is epistemic not ontological. Thirdly, a point of terminology: 
the absence of a closed-form solution is also referred to as non-deducibility or 
non-derivability. 
To see what this means in practice, let’s again take the basic problem 

of celestial mechanics: the description of bodies orbiting each other under 
gravity. Newton’s Law of Gravitation states that two bodies experience a 
gravitational force proportional to the product of their masses and inversely 
proportional to the square of the distance between them. For a system 
consisting of two bodies, it is easy to write down the force experienced by 
each of them. Then a few lines of algebra give the closed-form equations of 
motion for the two bodies.3 Choose some initial positions and, just as for 
the pendulum, you can calculate the exact positions of the bodies forward 
into the infinite future or backwards into the infinite past. Then sit back and 
listen to this music of the spheres.

1 Bedau (1997). 
2 Bedau (1997). A similar definition is in Darley (1994). 
3 See a classical mechanics textbook such as Barger and Olsson (1995). 
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For three bodies, the force experienced by one of them is the sum of 
the gravitational attraction of the other two. But despite this simplicity, the 
system can only be solved explicitly for restricted special cases. The most 
useful one is when one of the bodies has negligible mass compared to the 
other two, for example a spacecraft travelling through the earth-moon system 
or an asteroid influenced by the gravity of Jupiter and the sun. Others are 
when the orbits are circular; when the bodies are at the vertices of an equilat-
eral triangle or when the three bodies are of equal masses moving in a figure 
of eight. 

In general there is no closed-form solution. But the system is easy to 
solve by simulation. When this is done, the result is mesmerising patterns 
of motion with long periods of smoothness punctuated by abrupt changes. 
An infinitesimal change in the initial conditions can produce completely 
different patterns. Such simulations have also discovered thousands more 
stable configurations, some of which are illustrated in Fig. 7.1.4 

The three-body gravitational problem can be generalised to any number of 
bodies, a many-body problem, and used to model the solar system. We tend 
to think of the planets as following stable orbits for all time. But just as with 
the three-body problem, simulations show that over hundreds of millions of 
years the positions of the planets become completely unpredictable and there 
is the possibility of dramatic events. A 2009 article6 found that small changes

Fig. 7.1 Three body stable orbits5 

4 A link to animated versions of the figure is available at www.TheMaterialWorld.net. 
5 Source: Li and Liao (2017). https://link.springer.com/article/10.1007/s11433-017-9078-5. Repro-
duced with permission from Springer Nature. 
6 Laskar and Gastineau (2009). 

http://www.TheMaterialWorld.net
https://link.springer.com/article/10.1007/s11433-017-9078-5
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in Mercury’s orbit could lead to its colliding with the moon or Venus or even 
destabilising the whole system including the orbits of the giant planets. 

Such behaviour is the hallmark of a chaotic system and simulation emer-
gence is ubiquitous in such systems. Indeed, the definition is intended to 
distinguish chaotic behaviour from the calmer music of the spheres type of 
system. Bedau claims his definition is “metaphysically innocent, consistent 
with materialism, and scientifically useful”.7 Metaphysically innocent in the 
sense that all the causal powers reside at the lowest level and there is no 
downward causation. Consistent with physicalism since there is nothing but 
physics. Scientifically useful because, he argues, it gives formal structure to a 
concept used routinely by complexity scientists.8 

The definition can be restated in terms of algorithmic incompressibility 
(Box 5.1). Returning to the example of celestial mechanics, the infinite trajec-
tory of two orbiting bodies can be written as a few algebraic symbols: it is 
highly compressible. On the other hand, for the three-body problem the only 
way to study the evolution of the system is to let it run and see what happens. 
There is no short-cut: the system is algorithmically incompressible. 

Which of the examples of Chap. 2 are simulation emergent? The answer is 
all of them. From quarks to the atom at the tip of Churchill’s nose there are 
no exact closed-form solutions. Even for the hydrogen atom, where a closed-
form solution is written in the top right corner of Fig. 2.3, an approximation 
is required to obtain it. 
The first question that Bedau’s definition bring to mind is this: why all the 

fuss about maths? If what matters is explanation, the “emergent” three body 
problem is as well understood as the non-emergent two-body problem. The 
question of this fetishisation of maths is so interesting that I’m going to leave 
it until last. Let’s begin by highlighting three other issues with simulation 
emergence.

7 Bedau (1997), p. 376. 
8 Bedau also argues that his definition explains how high level phenomena have explanatory autonomy 
and hence how explanation in terms of the higher level can be useful. This depends on a property 
called multiple realization which is the subject of the next chapter. 
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7.2 Which Systems Have Closed-Form 
Solutions? 

The answer is: not many. The laws of nature are astonishingly simple (more 
on this in Sect. 7.5). But we don’t observe the laws directly, we see their 
outcomes. And these outcomes turn out to be far more complex than the 
laws that underlie them. 

Only the most idealised systems have closed-form solutions. Even the two-
body gravitational system I described requires the assumption that the bodies 
are perfectly spherically symmetrical so can be treated as point masses. The 
equations of quantum mechanics can be solved exactly for simple systems, 
Wikipedia provides a list of around 30. However, for the two-body hydrogen 
atom, a closed-form solution is only possible by ignoring interactions between 
the electron and vacuum fluctuations (the spectral consequence of which is 
known as the Lamb shift). It’s worth reflecting on this. Putting general rela-
tivity aside, for a physicalist everything is quantum physics. Yet there are 
no exact solutions for real systems. This means that simulation emergence 
is ubiquitous. And this means that it is not a useful definition since it fails to 
exclude anything. 

Given the absence of closed-form solutions, you may ask why physics, and 
indeed science in general, is so full of what looks like closed-form solutions. 
The answer is that, like the solution to the hydrogen atom, these solutions 
involve some sort of approximation. This is the topic of the next section. 

7.3 Borderline Cases 

Scientists tend to do whatever it takes to understand the system they are 
interested, simplifying and approximating as necessary. There are three broad 
approaches. The first is to solve systems numerically. The second is to approx-
imate the equations describing the system and then solve this approximate 
system, usually numerically though there may be closed-form solutions. The 
third is to use an approximate theory. Let’s look at each of these in turn. 
The closed-form solution for a pendulum is only valid for small oscil-

lations. In general, the motion depends on an elliptic integral with no 
closed-form solution. However, the integral is well-understood and can be 
numerically computed to arbitrarily high accuracy. Solutions will be approx-
imate, but the size of the approximation is no more than a matter of the 
computing power used.
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Such numerical solution methods are ubiquitous. Let’s say we want to find 
the roots of a cubic equation. Who can ever remember the formula to solve 
them? Instead, use a program to plot the curve. We can then see approxi-
mately where it crosses the axis and zoom in to plot the curve at a higher 
resolution in the vicinity of these crossings to improve the accuracy. This can 
be continued right to the limit of machine precision, or beyond with some 
tricks. There may be no closed-form solution, but we can know the system 
to arbitrary accuracy. Does this count as simulation emergence? 

Now to approximating the equations that characterise the system. The 
non-linear systems of equations that describe most physical systems are hard 
to solve. But it is much easier to solve linear systems and it is easy to transform 
a non-linear equation into a linear one. You need to choose a point around 
which to linearise and the closer you are to this point the more accurate the 
solution will be. If you want to increase the accuracy, you can add in higher 
order terms. Does this count as simulation emergence? 

Figure 7.2 shows an example. Say the system you’re interested in is, like 
the pendulum, described by a sine function. Now imagine you don’t know 
how to calculate this function but you do know how to expand it. This is 
of course highly artificial, but bear with me. On both panels of the figure, 
the solid line shows the sine function. I’ve chosen to expand around its peak, 
marked by the dashed vertical line.9 Both panels have the same x-axis range. 
The peak is clearer on the right panel simply because the range of the y-
axis is much smaller; you can just about see the peak on the left panel. The 
other lines show increasingly good approximations, ranging from first order 
(a straight line) to second order (a cubic) and so on. As you keep adding in 
higher order terms, you get closer and closer to the exact value. In Chap. 10, 
I will discuss a more realistic example in the context of the Renormalization 
Group Transformation.
Then there are approximate theories. For real systems, there are often a 

whole range of high level theories which predict behaviour to a high degree 
of accuracy. Examples are found in every area of physics: fluid dynamics 
(Navier–Stokes equations); ionic solutions (Debye–Hückel equation) and 
non-ideal gases (van der Waals equation). In Chap. 10, we’ll see all physical 
theories involve approximations at some level. Does solving a system using 
these methods count as simulation emergence? 

If you accept that these approximations count as closed-form solutions 
in the definition of simulation emergence, you run into another problem.

9 The expansion is sinx = x − x3 3! + x5 5! − x7 7! +  · · ·  So a linear approximation is sinx ≈ x , a  

second-order approximation sinx ≈ x − x3 3! and so on. 
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Fig. 7.2 Approximate solutions

With strong enough assumptions, you can model anything with a closed-
form solution. Do you want to know the ultimate model of the universe, 
which carefully takes account of the interaction of every field and particle 
since the big bang to come up with a relation between the universe’s age 
(t) and its size (r)? To a first-order approximation, it’s r = kt  where k is 
a constant given by the current radius of the universe divided by its age. 
That’s a closed-form solution. You can write down a similar equation for any 
other system. If everything can be approximated and approximations are not 
simulation emergent, then nothing is. 

Simulation emergence is based on the distinction between two solution 
methods. As I discussed in Sect. 5.1, there is a third: statistical methods 
applied to many-body systems. Let’s take the standard example of a litre of 
air in a closed well-insulated box. Although the underlying laws of motion 
are effectively Newtonian, the box contains around 1022 atoms so cannot be 
solved either exactly or by simulation. Statistical methods work by relying on 
the law of large numbers to obtain average properties of systems in equilib-
rium. And these are extraordinarily accurate. For example the temperature 
fluctuations at equilibrium for our box of gas are of the order of 10−10K.10 

There are few other physical theories that produce such accurate results. 
Where do these statistical methods fit in the definition? 

To sum up, one of the attractions of simulation emergence is that it appears 
to be scientifically useful in that it gives a clear way of distinguishing a set of 
phenomena as emergent. However these borderline cases show that there is 
no such clear distinction and, worse, the borderline cases seem to encompass 
most of what scientists do.

10 The size of fluctuations is given by �T = T
√

k 
Cv 

where Boltzmann constant k = 1.4 × 10–23 J/ 
K and the isochoric specific heat capacity of air Cv is 21 J/mol/K. 
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Bedau might respond to this by saying that his definition applies to systems 
that are best simulated using models of interacting agents11 and the exam-
ples I’ve given do not fall into this category. I would answer by saying that 
all physical systems are best simulated by models of interacting elements. A 
proton is made of interacting quarks; an atom of interacting nucleons and 
electrons; molecules of interacting atoms and so on up. The approximations 
that constitute the borderline cases are necessary because we don’t have the 
computational resources to model things at the level of fundamental physics. 

7.4 The History of Closed-Form Solutions 

Whether a closed-form solution exists or not depends on the techniques avail-
able. This doesn’t mean it is entirely subjective since we can take it to be 
given by the best-available knowledge. But it does means that the scope of 
simulation emergence will change over time. 

Before Galileo and Newton, there were no such solutions. Their expansion 
is linked to the progress of science. In 1926, Erwin Schrödinger published his 
revolutionary solution for the hydrogen atom.12 The following year, it was 
applied to the hydrogen molecule and in 1955 to the nitrogen molecule.13 

Almost a century later, quantum physics is applied, albeit with approxima-
tions, to a vast range of phenomena. In response to this, Bedau asserts that 
his definition is ontological and not epistemic: 

If a genius like Newton discovers a new short-cut derivation for macro prop-
erties in a certain class of system, this changes what properties we think are 
weakly emergent but not which properties are weakly emergent.14 

Elsewhere, he claims that algorithmic incompressibility is also ontolog-
ical.15 However it’s all very well saying that some things are ontologically 
simulation emergent. But, in the absence of a formal mathematical proof, 
something which is vanishingly rare for systems of any complexity, we can 
never know what these things are. 
The definition means that over the history of science the scope of what 

we know to be simulation emergent narrows and can be expected to narrow

11 Bedau (2008), p. 447. 
12 Schrödinger (1926), for a translation see Schrödinger (1982). 
13 Heitler and London (1927), Scherr (1955). 
14 Bedau (2002), p. 16. 
15 Bedau (2008). 
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further in the future as our understanding and techniques improve. Simula-
tion emergence does not tell us anything useful about the world but is about 
the models that scientists use. More on this in Chap. 10. 

7.5 The Language of Nature? 

Why should we make a fuss about whether there is a closed-form solution 
or not? The answer goes right back to the start of modern science. Here’s 
Galileo: 

Philosophy is written in this grand book—I mean the universe—which stands 
continually open to our gaze, but it cannot be understood unless one first 
learns to comprehend the language and interpret the characters in which it is 
written. It is written in the language of mathematics, and its characters are 
triangles, circles, and other geometrical figures, without which it is humanly 
impossible to understand a single word of it; without these, one is wandering 
about in a dark labyrinth.16 

The mention of geometrical figures situates Galileo in the long history 
of sheer wonder in the face of the ability of maths to explain the world. 
Maths has been a key part of the scientific project ever since and closed-form 
solutions capture the idea of simplicity and beauty that motivates many scien-
tists. This banal statement contains something extraordinary: why should the 
physical world be describable by maths? 

In 1960, Eugene Wigner, who three years later won the Nobel Prize for 
Physics, wrote an influential paper with the title “The Unreasonable Effec-
tiveness of Mathematics in the Natural Sciences”.17 The article starts with 
an anecdote about the constant π. We first encounter it is the ratio of 
the circumference of a circle to its diameter. But as we learn more maths 
it pops up everywhere: in the Gaussian distribution (which, thanks to the 
Central Limit Theorem, describes large numbers of pretty much anything), 
in Heisenberg’s uncertainty principle, the Schrödinger equation and Einstein’s 
field equations (which between them, if we are good physicalists, describe 
everything). Then there is Euler’s magnificent identity18 which relates π to 
four other mathematical constants.

16 Galileo (1960), p. 183. 
17 Wigner (1960). 
18 eiπ + 1 = 0. 
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Wigner says his question of the unreasonable effectiveness of maths has 
two parts. First, why there are simple laws of nature. Second, why maths 
describes them. As an example of the first, he gives the example of a regu-
larity that Galileo discovered: if you drop two objects of different weights 
they hit the ground of the same time. What is extraordinary is that this regu-
larity holds everywhere and is independent of the myriad of things that could 
logically affect it (the colour of the rock, whether it’s night or day, whether 
the person dropping the rock is left or right-handed). Without such indepen-
dence, the sort of controlled experiments on which science relies would be 
impossible. The question of why the laws of nature are simple is fascinating 
but not one that it relevant here. 

Granted that there are simple laws, why can they be described by maths? 
Maths is usually created by mathematicians doing what they do, playing with 
abstract formal systems to satisfy their sense of mathematical beauty without 
a thought about the physical world. Then, decades later, it turns out that one 
of these abstract systems is exactly what a physicist is looking for to describe 
their pet theory. The most famous example is the theory of Hilbert spaces, 
developed during the first decade of the 20th then, from the late 1920s, 
providing one of the most elegant formulations of quantum theory. 

What’s more, there are often several different mathematical formulations of 
the same physics. Richard Feynman describes three ways in which Newtonian 
gravitation can be formulated.19 A 2002 paper20 lists twelve distinct formula-
tions of classical mechanics and nine of quantum mechanics. And maths does 
not just describe reality but can lead to discoveries. In the mid-nineteenth 
century Maxwell added a term to one of the equations of electrodynamics to 
make it consistent with the conservation of electric charge. The extra term, 
called displacement current, was added by mathematical analogy with the 
Newtonian principle of conservation of mass, and had nothing to do with 
empirical work. Maxwell then showed the modified equation predicted the 
existence of electromagnetic radiation propagating at the speed of light. 
The only systems for which it is evident that maths will be useful are 

those containing large number of similar parts. This is the realm of statis-
tical mechanics. In such cases, averaging will give the aggregate properties of 
the system. You might expect that the results of such an averaging process

19 Feynman (1990). 
20 Styer et al. (2002). 
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would be devoid of physical content. But among them is a law of nature, the 
second law of thermodynamics.21 

What can we make of all this? There are any number of potential expla-
nations. At one end of the spectrum is the Max Tegmark’s Mathematical 
Universe Hypothesis, which states that the universe is itself a mathematical 
structure.22 At the other is the idea that maths is species specific but that 
natural selection tunes our brains to be suited to mathematical tools that are 
useful to describe the world we evolved in.23 

The answer I find most satisfying is due to the physicist Dennis Dieks. 
Maths investigates the consequences of simple axioms. Dieks argues that the 
laws of physics are just such simple axioms so maths is the same sort of project 
as physics: 

…the very observation that mathematics has no physical content can take away 
most of the surprise. Indeed, exactly because mathematics is a ‘freely floating 
construction’, not tightly bound to sense experience, it is extremely flexible and 
versatile—and therefore useful.24 

What mathematics as a discipline does is constantly churn out new 
formalisms and it should come as no surprise that some of these are applicable 
to physics. This is supported by two observations. On the one hand, there are 
many areas of maths with no application to physics. On the other, physicists 
sometimes have to invent maths to explain the systems they are interested in. 
The most famous example of this is Heisenberg devising a new algebra for his 
seminal 1925 paper on quantum theory. When Max Born read it he realised 
that Heisenberg had reinvented matrix algebra which was at the time mostly 
unknown to physicists.25 A less well known case is that of Pascual Jordan 
who in the early 1930s similarly invented a new algebra to describe quantum 
theory. Jordan algebras didn’t catch on with physicists but have been used 
widely by mathematicians.26 

To return to simulation emergence, it strikes me that it is grounded 
in the sense that using the language of nature directly is somehow more

21 It turns out that implicit in the averaging is the assumption that fundamental physics displays 
time-reversal symmetry. Without this, systems would not tend to a state of maximum entropy and 
the universality of the second law would be lost. For a fascinating discussion, see Strasberg (2024). 
22 Tegmark (2008). 
23 Steiner (1998), p. 50, see also Weinberg (1992), p. 132. 
24 Dieks (2005), p. 116. 
25 Bernstein (2005). 
26 Dahn (2023). 
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fundamental than doing simulation. Yet is it? Unless Tegmark’s Mathemat-
ical Universe Hypothesis is true, the universe manages to do everything 
it does without any maths. With this perspective, physical laws are low-
dimensional approximations to the mysterious way in which the universe 
works. If what we care about is explanation and understanding, there is no 
reason to take a closed-form explanation as somehow better than one arising 
from a simulation. 

7.6 Example: The Game of Life 

Cellular automata in general and the Game of Life in particular, are canonical 
examples of the idea of simulation emergence. Their simple rules give rise to 
intricate dynamic patterns and it is rare to find an author who can resist a 
breathless description of his favourite. 

What’s particularly interesting about the Game of Life is that there is a 
proof that it is algorithmically incompressible. The first step is to show that 
patterns exist which function as logic gates and that they can be assembled in 
arbitrary ways. This, along with a few other tricks is sufficient to show that the 
Game of Life is Turing-complete i.e. it can do anything a Turing machine can. 
This is not just a theoretical result. In 2000, Paul Rendell created a Turing 
machine in the Game of Life i.e. a pattern that can carry out the functions 
of a Turing machine. 

In 2010, he extended this to create a universal Turing machine. Then the 
halting problem applies. In the context of the Game of Life, this means that 
for a given starting pattern there is no way in general proving whether a given 
pattern will ever be created. The only way to find out is to run the system and 
see. In this strong sense, the Game of Life is algorithmically incompressible. 

But this result is not as important as it may seem. Proving some things are 
non-computable does not stop many things being computable (Sect. 5.4). 
In the same way, proving that the Game of Life is globally incompressible 
does not exclude that there may be limited compressibility and explanations 
of specific patterns. 

What does this mean in practice? It turns out there are empirical laws 
in the Game of Life. One of the simplest is that “gliders move in straight 
lines until they collide with another live cell”. You don’t need to run the 
game to predict the motion of a glider, you just need to draw a straight line: 
this is compressibility. There are many other such regularities. Descriptions
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of patterns in the game are usually conjoined with an account of how the 
pattern evolves.27 

A fascinating paper28 extends this parallel. The authors note that when 
we simulate, or indeed observe, physical systems we do not have the ability 
to deal with every microphysical detail so instead take a coarse graining 
approach. I’ll return to the idea of coarse graining in much more detail in 
the next chapter, but in the Game of Life it means some rule to aggregate 
adjacent cells into a single cell. A simple way of doing this would be to take 
a 3  × 3 block of cells and represent them by a larger cell which is alive is 
a majority of the 9 original cells were alive and dead otherwise. The paper 
shows that, if you are only interested in coarse grained information 

…undecidability and computational irreducibility are not good measures 
for physical complexity. Physical complexity, as opposed to computational 
complexity, should address the interesting, physically relevant, coarse-grained 
degrees of freedom. These coarse-grained degrees of freedom maybe simple and 
predictable even when the microscopic behavior is very complex.29 

Simple are predictable are the antithesis of what Bedau seeks to capture 
with his definition of simulation emergence. 

It seems to me that all this should make a hard-nosed physicalist jump 
for joy. The Game of Life shows how a mind-boggling range of complex 
behaviour can emerge from simple rules. I’ve mentioned the possibility of 
constructing universal Turing machines. If this wasn’t enough, there are also 
Universal Constructors30 and Sect. 2.11 mentioned the pattern which makes 
copies of itself. Does this process have any limits? Conway’s classic article 
concludes: 

It’s probable, given a large-enough Life space, initially in a random state, that 
after a long time, intelligent self-reproducing animals will emerge and populate 
some parts of the space.31 

The important point is that because the underlying rules are simple, 
however complex the behaviour, there is always an exact, straightforward

27 Bedau might argue that such regularities are emergent in the sense that they can only be discovered 
by running the Game. But this applies to everything. Laws of nature are empirical regularities, not 
the result of a priori deductions. 
28 Israeli and Goldenfeld (2006). 
29 Israeli and Goldenfeld (2006). 
30 https://conwaylife.com/wiki/Universal_constructor. 
31 Conway (2004). 

https://conwaylife.com/wiki/Universal_constructor
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reductionist explanation of every step. So straightforward, that you can do 
the necessary calculations with a sheet of squared paper and a pencil (as 
long as your paper and lifespan are large enough!). If such simple rules 
can lead to such complex behaviour, it seems much les surprising that the 
more complicated rules of the physical universe can lead to life, intelligence 
and consciousness. And that, just as in the Game of Life, there is always a 
crystal-clear reductionist explanation if you know how to find it. 

7.7 Related Definitions 

There are two other definitions which are closely related to simulation emer-
gence. The first, which I already mentioned in Sect. 3.12 categorises weakly 
emergent phenomena as unexpected. Take the Game of Life. Given the 
rules, no-one would have expected the existence of gliders let alone Turing 
machines. But once they have been discovered, it is easy to show that are 
direct consequences of the rules. 
The second is by Eleanor Taylor: 

Given components A, B, C… n arranged in relation r into a whole, and 
an observer O, property x of the whole is emergent for O [if and only if ] 
there is no scientific explanation available to O of the fact that the following 
regularity obtains of natural necessity: Whenever components A, B, C…n are 
combined in relation r, the resulting whole instantiates property x.32 

Taylor goes on to say that she intends to include “…failures of deducibility 
and derivability, as explanatory failures.” So her definition nests simulation 
emergence. This strikes me as peculiar since, as with the 3-body problem 
or the Game of Life, there are impeccable reductionist explanations of 
everything. 

Both these definitions share the feature that the more physics we know, 
the fewer phenomena seem emergent. So the boundaries of what is emergent 
change over time as science progresses.

32 Taylor (2015), my emphasis. 
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7.8 Discussion 

Closed-form solutions are limited to the most idealised systems. If you want 
to call other systems simulation emergent, there’s nothing stopping you. But 
then everything in the world is emergent. On the other hand, simply discard 
the term and you lose nothing. 

Bedau intended his definition to separate simple from complex behaviour. 
But it fails even to do that. There are systems which show aspects of chaotic 
behaviour but have closed-form solutions.33 And there are systems, such as 
the large-angle pendulum discussed in Sect. 7.3, which don’t have closed-
form solutions but don’t show chaotic behaviour. 

In Chap. 5, I introduced the Church-Turing-Deutsch principle which 
states that we can simulate all physical systems. Bedau tells us that “…the 
[simulation] emergence perspective is ontologically and causally reduction-
istic”.34 Combining these means that simulations can give us reductionist 
explanations of all physical systems. We may need simplified models for our 
imaginative understanding and maths often plays an important role in the 
construction of such models. But for the representational understanding, 
which is the goal of science, simulation may be enough. 

7.9 Further Reading 

For a discussion of simulation emergence from a philosophical perspective, 
see Wilson (2021), Sect. 5.2.1. For a history of solutions to the Schrödinger 
equation, see Esposito and Naddeo (2013). For a general overview of the role 
of maths in science, see Dorato (2005) and for a criticism of the Mathemat-
ical Universe Hypothesis see Piccinini and Anderson (2018). Lloyd (2007), 
Chap. 8 shows how simple rules can lead to complex outcomes. A thorough 
discussion of Turing machines in the Game of Life is in Rendell (2016) and  
more details of the computational irreducibility of the Game of Life in Zwirn 
and Delahaye (2013). 

More suggestions for reading can be found at www.TheMaterialWorld.net.

33 Faghani et al. (2019). 
34 Bedau (2002), p. 43. 

http://www.TheMaterialWorld.net
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8 
Weak Emergence: One from Many 

Summary High level properties such as temperature, hardness or roundness 
are multiply realized: they are shared by systems with different microphys-
ical makeups. Such properties are multiple realization (MR) emergent in the 
sense that they provide useful explanations independent of the details of their 
makeup. But MR emergence is everywhere and fails as a useful definition. It 
is everywhere because it is the nature of conceptual thought to abstract from 
detail. Studying multiply realized phenomena tells us much more about the 
nature of our cognition than it does about the nature of the world. Advocates 
of MR emergence assert that it prevents reduction. However the opposite 
is true, reductive physics explains how high level properties can be multiply 
realized. 

Picture a ball rolling down a slope. Did you also picture what your ball was 
made of? There was no need to. Given some assumptions about gravity, fric-
tion etc., all balls behave in the same way. Any particular ball is a precise 
arrangement of a particular set of atoms, a specific microphysical makeup. 
Yet all of them share the property of rolling down a slope. This is multiple 
realization, high level phenomena can be realized by many different systems. 
The coke machine of Sect. 3.11 was a more playful example. There is no 

question that each particular ball or coke machine is subject to physics. But 
the properties of rolling down a slope or dispensing a coke somehow float 
free of physics, they are multiple realization (MR) emergent. 

Multiple realization is closely related to the idea of coarse graining and 
the chapter starts by clarifying these terms then looking at some examples
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taken from statistical mechanics. One of the most extraordinary phenomena 
is that phase transitions in different substances and systems share common 
properties. This feature, called universality, is a canonical example of MR 
emergence. 

Next comes the critique. Once more, the definition fails because it applies 
to all high level properties. This is the case because multiple realization is 
the nature of conceptual thought. Our cognitive and perceptual limitations 
mean we can only think about systems by treating them as identical and 
making and often overlooking whatever approximations are necessary to do 
so. Multiple realization is an illusion since every physical system is distinct. 
Rather than multiple realization being a problem for reduction, the chapter 
ends by showing that the opposite is the case: reductive physics explains why 
different systems share similar high level properties. 

8.1 Multiple Realization 

Take your favourite special science and pick a concept from it. From 
astronomy, you might pick a solar system. From biology, a cell. From geology, 
an earthquake. From material science, brittleness. Whatever you chose, a vast 
number of different systems are covered by the concept. And each of these 
systems is a distinct arrangement of atoms, it is distinct at the microphysical 
level. This is multiple realization. The higher level concept is to some extent 
autonomous, robust to changes in some of its lower level details. This is MR 
emergence, a version of non-reductive physicalism that seems the mainstream 
view among philosophers. 

Figure 8.1 shows a more abstract example. On the left side of the figure 
are 6 × 6 grids of cells which can be either on or off.1 Then define a trans-
formation which zooms out, mapping each of the 3 × 3 blocks of cells on 
the original grid onto a single cell in the 2 × 2 grids on the right side. If a 
majority of the 9 cells in the original block is on, the new cell is on, otherwise, 
it is off.

Start with the 6 × 6 grid at the top. The figure shows the mapping for two 
of its 3 × 3 blocks. In the one at the top left, four cells are on a five off so 
the new cell is off. In the one at the bottom right five are on and four off so 
the new cell is on. Then look at the 6 × 6 grid at the bottom of the figure. 
This has a different configuration from the first grid. But when we transform 
it using the same rule it gives an identical 2 × 2 grid.

1 Such grids can be used to represent the Ising model of magnetism of which we’ll see more in 
Chap. 10. 
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Fig. 8.1 Multiple realization

Now, if we start from the grids on the right side, they are identical. Since 
they correspond to different 6 × 6 grids, we can say they are multiply realized. 
The transformation I’ve described, this process of zooming out, is often called 
coarse graining since it moves from the fine grain of the microphysical to a 
coarser description. 

Such coarse grained descriptions are MR emergent. Taken at face value, 
MR emergence seems to pose a problem for reduction. If a high level property 
corresponds to many low level arrangements, which one do you reduce it to? 
The link between low level and high level explanations has been broken. The 
attraction of this idea is obvious. We can be (apparently) hard-core physical-
ists and assert there is nothing to high level things but low level components, 
while at the same time asserting that reduction is not possible. We can be 
non-reductive physicalists. 
The idea of multiple realization was first introduced by Hilary Putnam in 

the 1960s. He was interested in the question of whether mental states, such 
as pain, are identical with physical brain states. Putnam argues that this is at 
best extremely unlikely because that physical state must be: 

…a possible state of a mammalian brain, a reptilian brain, a mollusc’s brain 
(octopuses are mollusca, and certainly feel pain), etc. …. Even if such a state
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can be found, it must be nomologically certain that it will also be a state of 
the brain of any extra-terrestrial life that may be found that will be capable of 
feeling pain before we can even entertain the supposition that it may be pain”.2 

Although he doesn’t use the term, Putnam is saying that pain is multiply 
realized. In the 1970s, Fodor extended the argument from mental states to 
the special sciences in general. 

Does anybody really doubt that mountains are made of all sorts of stuff? Does 
anybody really think that, since they are, generalizations about mountains-as-
such won’t continue to serve geology in good stead? Damn near everything we 
know about the world suggests that unimaginably complicated to-ings and fro-
ings of bits and pieces at the extreme microlevel manage somehow to converge 
on stable macro-level properties.3 

Subsequently, multiple realization has become the standard argument to 
use against reduction and the standard support for non-reductive physi-
calism. The definition of weak emergence in Sect. 3.11 was when only a 
subset of causal powers is relevant. MR emergence fits this definition. To 
see this, note that both you and I have read the previous sentence. Although 
our microphysical configurations are different, only some tiny subset of the 
microphysical possibilities in each of us is responsible for our both reading. 
Most of the differences between us are irrelevant. 

8.2 Example: Statistical Mechanics 

Statistical mechanics is a way of describing systems that are made from too 
many parts to keep track of. Instead of dealing with the microscopic details 
of the system, we can make do with aggregate variables. In this sense, it is the 
science of MR emergence. There are two key concepts. The microstate which 
is the microphysical configuration of the system. The macrostate which is 
the high level property we are interested in. Statistical mechanics explains the 
relation between them. 

For a box full of air, the macrostate is what we choose to measure, temper-
ature or pressure, for example, and the microstate relates to the details of 
its component molecules. For a room full of objects, the macrostate might

2 Putnam (1967). 
3 Fodor (1997). 
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be some measure of tidiness, the microstate the position of the individual 
objects. 
The central concept of statistical mechanics is entropy, which counts the 

number of microstates corresponding to a given macrostate. Conventionally, 
entropy is defined as the natural logarithm of this count. Returning to the 
example of Fig. 8.1, the macrostate is the 2 × 2 grid on the right side, the 
microstate is the 6 × 6 grid on the left. How many possible patterns of the 6 
× 6 grid give the same 2 × 2 grid? The answer is around four billion.4 This 
is the number of microstates that correspond to our chosen macrostate. So 
the entropy of each macrostate is around 22. If instead we mapped our 6 × 
6 grid onto a macrostate of a 3 × 3 grid, each 3 × 3 pattern would have an 
entropy of 18. Take the extreme case where we map the 6 × 6 grid onto just  
one point. This would have an entropy of 24. 
Thus entropy can be seen as a way of measuring multiple realization, at 

least for systems for which the micro and macrostates can be formally defined. 
The higher the entropy, the greater the degree of multiple realization. 

8.3 Degrees of Freedom 

There is something odd about MR emergence. It classifies things as emergent 
according to whether there are other, similar phenomena. But shouldn’t emer-
gence be an inherent and not a relative property? In 2010, Wilson proposed 
a closely-related definition of emergence which avoids this criticism,5 called 
degrees-of-freedom (DOF) emergence. 
The number of degrees of freedom is the smallest number of independent 

parameters necessary to fully describe a system. Take an example of a 2 × 2 
grid of which the four elements can either on or off. This system has four 
degrees of freedom since to describe it we need four numbers. In general, an 
n x n grid will have n2 degrees of freedom. 

Wilson defines DOF emergence as follows. Take some high level system 
made up of lower level components. The high level system is emergent if 
we can describe its behaviour either with less degrees of freedom than the

4 A 6  × 6 grid has  236 configurations. A 2 × 2 grid 24. So each configuration of the 2 × 2 grid  
corresponds to 232 configurations of the 6 × 6 grid. A 3  × 3 grid has  29 so each configuration 
corresponds to 227 configurations of the 6 × 6 grid. A single point has just 2 configurations each 
of which corresponds to 235 configurations of the large grid. To calculate entropy from these counts, 
take the natural logarithm. 
5 Wilson (2010). 
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low level system or with the same number of degrees of freedom but over a 
restricted range.6 

Take another glance at Fig. 8.1. The  6  × 6 grids on the left side each have 
36 degrees of freedom. When zoomed out they are mapped to 2 × 2 grids  
with four degrees of freedom. So the patterns on the right are DOF emergent. 
In contrast to MR emergence, we only need a single grid to see this. 

All the systems studied by statistical mechanics are DOF emergent. Take a 
litre of a gas in a box.  There  will be around 1022 molecules each of which has 
six degrees of freedom (three for position and three for velocity). However 
the system can be described with just three variables, pressure, volume and 
temperature, one of which is redundant if the gas is ideal. 

As a final example, let’s return to the Game of Life7 To specify one cell 
on the x–y grid requires three variables, two for the coordinates and one to 
specify whether it is on or off. Recall that a glider is a pattern of five cells (see 
Fig. 2.12). To describe it at one point in time requires 15 degrees of freedom. 
However, if we start the Game with just one glider and nothing else (to avoid 
collisions), we can describe the system at any point in time with 18 degrees 
of freedom (the 15 degrees of freedom that define the shape and position of 
the glider, two to describe the diagonal trajectory and one for time). If we 
want to describe the Game over 20 periods, instead of needing 15 degrees of 
freedom for each period, so 300 in total, we need just 18. 
This fits the definition of weak emergence in Sect. 3.11. For subset of 

causal powers read subset of degrees of freedom. We have DOF emergence. 
This definition gives a strong sense in which reduction fails and, since it is 
applicable to single instances, avoids the objection I raised at the start of 
this section. It nests MR emergence, since if something is multiple realized it 
necessarily has reduced degrees of freedom. It also neatly includes contextual 
emergence which is the topic of the next chapter. 

8.4 Universality 

Phase transitions were one of the examples in Chap. 2. Different phases are 
usually separated by a phase boundary. However at some combination of 
pressure and temperature the phase boundary vanishes. This is known as the 
critical point. At higher temperature, the gas and liquid phases merge and the 
substance becomes a supercritical fluid.

6 The full definition is in Appendix A.1. 
7 Adapted from Wilson (2021), p. 188. 
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Figure 8.2 is taken from a paper that measures the behaviour of various 
substances near their critical point. The x-axis shows the ratio of the density 
of the substance to that at the critical point. A value of unity means the liquid 
and the gas have the same density. Lower values represent the gas phase, 
higher values the liquid phase. On the y-axis is the ratio of the tempera-
ture to that at the critical point. A value of 1 means the substance is at the 
critical temperature. Values of critical temperature and density vary between 
substances; drawing the graph in terms of ratios allows behaviour around the 
critical point to be compared. 
The points on the graph plot shows combinations of density and temper-

ature at which liquid and gas coexist. This is done for eight different 
chemicals (neon, argon, krypton, xenon, nitrogen, oxygen, carbon monoxide 
and methane). What is quite extraordinary is that different substances with 
different molecular structures have effectively identical behaviour.

Fig. 8.2 Universality8 

8 Reproduced from Guggenheim (1945), https://doi.org/10.1063/1.1724033 with the permission of 
AIP Publishing. 

https://doi.org/10.1063/1.1724033
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The shape of the curve can be described by a single number, called a crit-
ical exponent9 and the best fit line on the figure is drawn using a value of 
1/3. Since all the points lie on this line, we can say that the critical exponent 
is the same across the eight chemicals. It turns out that this critical exponent 
is shared by magnetic materials. Experimental work from 1995 confirms that 
this holds for a ferromagnet over 18 orders of magnitude of temperature. 
What’s more, this critical exponent is the same as drops out of a theoretical 
analysis of the Ising model (of which we’ll see more in Chap. 10). It is extraor-
dinary that the eight substances show the same behaviour. That an entirely 
unrelated system does so too is staggering. 
This is the phenomenon of universality. Systems which share the same crit-

ical exponents, such as the 8 substances, ferromagnets and the Ising model, 
are said to belong to the same universality class. Wikipedia gives a list of 12 
such classes. In each of these classes, the complexity of microphysical inter-
actions can be reduced to a few parameters. And these parameters are shared 
across systems with vastly different microphysical makeups. It’s not hard to 
see why universality is the poster-child of MR and DOF emergence. Here is 
Margaret Morrison: 

If we suppose that micro properties could determine macro properties in cases 
of emergence then we have no explanation of how universal phenomena are 
even possible. Because the latter originate from vastly different micro properties 
there is no obvious ontological or explanatory link between the micro-structure 
and macro behaviour.10 

Universality in phase transitions is one example of a more general 
phenomena in condensed matter physics of high level phenomena being 
largely independent of their microscopic constituents. A quick glance back 
at the passages I quoted in Chap. 6 shows that this property is also implicit 
in the idea that “more is different”. 

8.5 The Examples 

Which of the examples are MR or DOF emergent? Once again, the answer 
is all of them. They all have high level properties which, to some extent,

9 This critical exponent is conventionally known as β and is given by: ρ − ρc = |T − Tc|β , where  
ρ is density, T temperature and subscript c means the values at the critical point. There are various 
other critical exponents, see Stanley (1987), Chap. 3. 
10 Morrison (2014). 
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are independent of the precise details of their makeup. A proton’s proper-
ties do not depend on exactly the combination of virtual particles that it 
contains.11 The form of Churchill’s nose is robust to changes in the config-
uration of its atoms. They all also involve limiting the degrees of freedom of 
their components. Universality is a more restrictive property, applying only 
to phase transitions and quasiparticles. 

It’s not just that these two definitions of emergence apply to all the 
examples, they apply to everything. Let’s now look at why this is the case. 

8.6 Concepts 

The Oxford English Dictionary defines a concept as “…an idea of a class of 
objects, a general notion or idea”. Here are the first lines of a book on the 
subject: 

Without concepts, mental life would be chaotic. If we perceived each entity as 
unique, we would be overwhelmed by the sheer diversity of what we experience 
and unable to remember more than a minute fraction of what we encounter. 
And if each individual entity needed a distinct name, our language would 
be staggeringly complex and communication virtually impossible. Fortunately, 
though, we do not perceive, remember, and talk about each object and event 
as unique, but rather as an instance of a class or concept that we already know 
something about.12 

This is a description of multiple realization. Human thought is concep-
tual thought. If two things share a property, the property is multiply realized. 
If two things share a noun, that noun is multiply realized. Multiple realiza-
tion is a property of our way of thinking, not of the world. Susan Langer 
wrote: “Our world ‘divides into facts’ because we so divide it”.13 That is why 
multiple realization applies to everything so is useless as a definition of emer-
gence. It tells us nothing about the nature of the world, only about the nature 
of our cognitive processes.14 

11 Quantum indistinguishability is not relevant since multiple realization applies to properties, not 
the particles themselves. For example, both protons and neutrons have spin ½, despite their different 
compositions, so this property is multiply realized. 
12 Smith and Medin (1981), p. 1. 
13 Langer (1979), p. 221. 
14 A similar criticism applies to DOF-based emergence. Every composite body will have less degrees 
of freedom than its components: that is just a way of stating what it means for a whole to made of 
parts.



140 L. Graham

Does it also apply to the concepts used by the special sciences? Fodor 
argues that they are different: 

… there are special sciences not because of the nature of our epistemic relation 
to the world, but because of the way the world is put together: not all natural 
kinds (not all the classes of things and events about which there are impor-
tant, counterfactual supporting generalizations to make) are, or correspond to, 
physical natural kinds.15 

This is a strong assertion. It implies that the natural kinds picked out by 
the special sciences are mind-independent and give us direct insight into the 
structure of the world. I struggle with this idea for two reasons. The first is 
that the boundaries between special sciences are blurred. Chemistry blends 
into biochemistry which blends into molecular biology, cellular biology, 
neurology and neuroscience. Chemistry and biochemistry have direct impli-
cations for neuroscience. It’s a tangle. Wikipedia lists around 60 branches of 
science beginning with the letter ‘a’. 

What’s worse, the boundaries shift over time with new special sciences 
springing into being (cellular biology with the discovery of cells in the seven-
teenth century, genetics with the discovery of the gene in the 19th) and 
others fading away (phrenology or numerology). This process can happen 
in a matter of decades. Cognitive science developed in the latter half of the 
twentieth century. Yet in 2019 a paper16 asked “What happened to cognitive 
science?” and answered that it had mostly been swallowed by other fields. If 
you’ve worked in academia, you’re probably come across fierce battles over 
funding to decide exactly where in an overlapping spectrum of disciplines a 
project fits. 
The idea of natural kinds neatly dividing up the world is an illusion. Does 

this lead to a postmodern world where anything goes? Although recent philo-
sophical debate has not been kind to the idea of natural kinds, it doesn’t go 
this far. A 2007 paper17 by Ian Hacking concluded that some kinds may be 
more natural than others, but that there is no such thing as a natural kind. 
And an anthology from 2016 aims “to shift philosophical investigation of the 
naturalness of natural kinds to how they are used, discovered, or made”.18 

We should treat “natural” kinds as those that help us answer the scientific

15 Fodor (1974). 
16 Núñez et al. (2019). 
17 Hacking (2007). 
18 Kendig (2016). 
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questions we are interested in and accept that they change as our interests 
change. 
This is a stark contrast to Fodor’s assertion, which to me is an example 

of the mind projection fallacy (Sect. 4.5). Does it imply that entities with 
different cognitive makeup would have a different set of special sciences? I 
will return to this interesting question in Chap. 13. 

Another response would be to say that whatever the reality, explanations in 
terms of concepts are better. Hilary Putnam takes the example of explaining 
why a square peg will not pass through a round hole. He asserts that the 
special science explanation which focuses on the macroscopic shapes of hole 
and peg is the best explanation because it picks out the relevant factors and 
ignores the irrelevant ones. By contrast, if a full microphysical explanation 
was available: 

I think that in terms of the purposes for which we use the notion of expla-
nation, it is not an explanation. If you want to, let us say that the deduction 
is an explanation, it is just a terrible explanation, and why look for terrible 
explanations when good ones are available.19 

It’s hard to disagree that special science explanations are necessary for our 
imaginative understanding. But they are necessary because of our cognitive 
limitations, they are dumbed-down versions of the full explanation. Studying 
the concepts they use, and the multiple realization they entail, tells us much 
about how our brains work. But little about the structure of the world. 

8.7 Approximations 

Multiple realization is a consequence of conceptual thought. We cannot think 
without lumping things into categories. Such lumping must involve approxi-
mations. No two distinct things are identical (this is Leibniz’s Principle of the 
Identity of indiscernibles). So to treat two distinct things as identical we need 
to abstract away from some of their differences. Mapping a 6 × 6 grid onto  
a 2  × 2 grid, as illustrated by Fig. 8.1, is one example of this. This section 
discusses the sort of approximations we need to make in real systems. 

Let’s start with an example from statistical mechanics. Our humble 
one litre box of gas is constantly shifting between a massive number of 
microstates. Imagine the richness and poetry of each of these microstates if 
only we had the ability to observe them. Imagine our senses were exquisitely

19 Putnam (1975). 
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fine at both spatial and temporal scales. Imagine the intricate ballet of colli-
sions, the endless slow-motion dance of molecule with molecule, the long 
periods where molecules assemble into geometric patterns before fading back 
into randomness.20 In the whole history of the universe, no two microstates 
of the gas will ever be the same. And we describe all this it by just 3 variables! 

Let’s now take two “identical” boxes of gas. At any instant, they will have 
different microstates. Despite their being distinct at a microscopic level, we 
treat them as identical because we can describe them by the same three vari-
ables. But this, too, is an approximation. The constantly changing microstate 
causes the temperature of the gas to fluctuate. At room temperature, such 
fluctuations will be of the order of 10−10K.21 So even in terms of the 
aggregate variables, the boxes can only be similar, not identical. 

Box 8.1: An emergent law of nature? 

The Second Law of Thermodynamics states that, in an isolated system, entropy 
can never decrease.22 It is often claimed to be an emergent law of nature due 
to two properties. The first is that it only holds in systems with large numbers 
of components, so “more is different”. The second is that it is multiply realized 
in the sense that it holds independent of the details of the components of the 
system. It holds for gases, liquids, patterns such as the grid in Fig. 8.1 and 
pretty much everything else. 

The Second Law is statistical in nature, saying no more than that improb-
able states will rarely be observed. This means that it is approximate. In any 
system, there will be constant short-lived violations of the law as random 
fluctuations take the system into lower entropy configurations. In systems 
at human scale, these fluctuations will be negligible. But in smaller systems 
they can be measured. A 2002 paper23 reported the results of an experiment 
confirming their existence in a system comprising of latex beads with a diam-
eter of 0.06 mm suspended in water. In general, the approximate nature of the 
second law means the size of violations depends in a well-defined way on the 
size of the system. And the precise dynamics of the processes that lead to viola-
tions will depend on the properties of the system’s components. Each physical 
system is distinct. Multiple realization is no more than a useful approximation.

20 This is of course a classical description. But that only reinforces my point about cognitive 
limitations. I don’t know how to describe what a quantum microstate would look like. 
21 The calculation is in Sect. 7.3. 
22 For more details, see Graham (2023), Chap. 3. 
23 Wang et al. (2002). 
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Next, phase transitions and the example of boiling water. The theory treats 
them as discontinuous jumps (more about this in Chap. 10), with water at 
100 °C minus a tiny amount being fundamentally different from water at 
100 °C plus a tiny amount. But, if we look at a small range around boiling 
point, we find a hugely complex, but continuous, range of behaviour. To give 
you an idea what is involved, Fig. 8.3 is taken from a 2023 paper that reports 
the results of a nanoscale simulation of the dynamics of boiling water. 
The images are simulations of the process of nucleation, the formation 

of bubbles, on surfaces. The two columns represent surfaces with different 
degrees of wettability or stickiness. Time increases from the bottom to the 
top. What they show are some steps in the complex, continuous process 
involved in a phase transition. 

So much for water. Different liquids will behave differently depending on 
the exact nature of the bonding between their component molecules. Many 
details of the environment will affect this too: gravity; the nature of the 
surface; the presence of other substances. We neatly abstract away from all 
this when we apply the concept of boiling.

Fig. 8.3 Boiling water24 

24 Source: Gallo et al. (2023). License: Creative Commons Attribution 4.0 International http://creati 
vecommons.org/licenses/by/4.0/. 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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Now let’s turn to universality. Take another look at Fig. 8.2. The  author  
of the paper it is taken from notes: “…it will be seen that except for carbon 
monoxide and methane most of the points lie on or near a single curve”.25 

This sounds like a description of the results of any experiment: the results 
are spread around the theoretical line, and the spread is narrower for some 
cases than for others. But it suggests that universality is only approximate. 
A 2009 survey26 of empirical work in the area concludes that the best esti-
mate for the critical exponent is β = 0.326 ± 0.002. This precision is quite 
extraordinary given the formidable challenges involved in such experiments. 
But it is a long way from demonstrating strict universality. Chapter 10 gives 
a theoretical estimate for this precision. To get a ballpark idea, remember the 
statistical fluctuations in temperature I described in Sect. 8.2. These are no 
less than 6 orders of magnitude smaller than the error in the empirical values 
of the critical exponents. For the Ising model, empirical work27 from 2020 
finds a range from 0.322 to 0.372. It seems that universality is just another 
approximation, albeit a fascinating and useful one. 

Every system is unique, but it is useful to treat them as if they were not. 
This response to multiple realization is known as kind splitting . The earliest 
reference I can find is from 1958.28 It was widely deployed in response to 
Putnam’s original arguments (Sect. 8.1) by saying that his concept of pain 
should be separated into reptilian pain, octopoid pain or human pain with 
distinct neurological properties. I don’t see any way to escape it. Natural kinds 
cannot easily be resurrected. All that’s left are half-hearted appeals to utility 
or common sense. Here’s philosopher Daniel Stoljar: 

…as such there is no sense to be made in any attempt to theorize about pain 
as such—there is no such thing. But is this really true? Isn’t it the case that we 
can generalize across species in certain circumstances? To put it another way, 
even if there is such a property as pain-in-humans, and even if it is appropriate 
to focus on it for certain theoretical purposes, is there not also such a property 
as being in pain simpliciter?29 

Similarly, at the end of a discussion of a similar objection, Wilson 
concludes

25 Guggenheim (1945). 
26 Sengers and Shanks (2009). 
27 Li et al. (2020), Table 1. 
28 Feigl (1958), reprinted as Feigl (1967),  the argument is on p. 24.  
29 Stoljar (2010), p. 121. 
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…we have not been given good reason to resist taking the prima facie 
appearances of higher level reality seriously,30 

To my ears, these responses have more than a touch of desperation. I find 
it particularly baffling that philosophers of mind are so intent on claiming 
multiple realization of brain states. For me, a cognitive concept like pain is 
simply a useful high level synopsis of a hugely complex underlying system. 
What does it even mean to say that the ache of eyes tired from reading that 
I feel now is that same as it was a year ago, or indeed a millisecond ago. 
Let alone the same across individuals. At best it implies that the states share 
some common features. That they are approximately the same, in precisely 
the same way that two boxes of gas are approximately the same. 

8.8 The Role of Physics 

We cannot avoid thinking in concepts. But I hope the previous section has 
illustrated how physics can help us understand the approximations involved. 
Let’s return to the grids of Fig. 8.1 but this time with a tweak the rule than 
maps from the underlying 3 × 3 grid to a single element in the 2 × 2 grid.  
Instead of the rule being based on a majority, use the rule that the single 
cell is on or off depending on whether an even or odd number of the nine 
underlying cells are odd. Then let’s imagine we can give the underlying 6 × 
6 systems knocks, either small which just flip one element or large which flip 
more than one element. 

Now let’s observe the effects of the knocks as special scientists i.e. we only 
see the effect on the coarse grained 2 × 2 grid. What would we see? Small 
shocks (that only flip one cell) always change the state of the system. Large 
shocks (which flip more than one) change the state only 50% of the time. It’s 
not hard to imagine baroque special science explanations, perhaps involving 
the term emergent fragility to explain this greater sensitivity to the small than 
to the large. But we can only understand it in a precise way, and one that 
will generalise to larger grids, when we can look under the hood and see the 
approximations involved in the “emergence” of the 2 × 2 grid.  

Far from multiple realization preventing reduction, physics is the only 
way to understand why there is multiple realization. Chapter 10 introduces 
models of universal behaviour and shows how they explain what microphys-
ical features systems must share to belong to the same universality class. Then 
it is a matter for physics to explain how these microphysical features arise.

30 Wilson (2021), p. 84. 
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This is one reductionist explanation of how multiple realization works. 
For another, let’s return to the paper31 by Israeli and Goldenfeld I mentioned 
in the last chapter. This studies coarse graining in the Game of Life. They 
find that for a given grid, many coarse graining transformations are possible. 
Using the language of this chapter, for a given system can be described by 
many multiply realized high level concepts. It would be interesting to see this 
approach applied to scientific models.32 

Next, let’s think how the concept of temperature is multiply realized 
across systems. The physical state corresponding to a particular temperature is 
different in a solid, a liquid, a gas, a plasma or a radiating body. Yet the study 
of statistical mechanics leads to the zeroth law of thermodynamics which, 
based off the concept of thermal equilibrium, explains why the temperature of 
any two systems can be compared no matter what their underlying structure. 

Physics can also go some way to explain why we make these particular 
approximations. It is mainly a function of our scale. Observations at a human 
scale are inevitably massively coarse grained in both space and time. We 
cannot avoid averaging over vast numbers of particles on time scales which are 
huge compared to the time scales associated with these particles. So then the 
question becomes why are we so large? The answer relates to thermal noise. 
In my previous book,33 I show that such noise underlies everything that goes 
on inside cells (in fact, pretty much everything that goes on everywhere). But 
a cell has to be large enough so that the effect of this noise averages out to 
give some degree of stability. Otherwise, the structured processes that consti-
tute a cell would be swamped by randomness. So thermodynamics implies a 
minimum size for a cell and hence a minimum size for aggregations of cells 
such as you or I. And this minimum size will be orders of magnitude larger 
than that of atoms, meaning that atoms seem small to us. 

We can keep asking why. Averaging is only possible because microscopic 
quantities have specific statistical properties. And there are many high level 
regularities that don’t involve averaging. Why is the universe like this? It’s 
not hard to think of systems where this isn’t the case. Take a house of cards. 
The structure of the whole depends on the precise position and properties 
of each individual card. Slightly change the angle or the mass of one card

31 Israeli and Goldenfeld (2006). 
32 Rosas et al. (2024) investigates the nature and degree of autonomy of coarse graining in a range of 
systems. The motivating analogy is that of software that runs independently of the precise configura-
tion of the electrons in the computer it runs on. However, this is just a restatement of the multiple 
realization argument and is subject to the same criticism. Independence is only approximate. Move a 
few electrons, a transistor flips state and the program crashes. 
33 Graham (2023). 
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and the house will collapse. Would a universe without high level regular-
ities be equally fragile and so unable to support complex structures? This 
brings the issue into the domain of fine tuning arguments which maintain 
that basic properties of the world seem chosen to produce conditions that 
could support life. Fascinating as such questions are, they have nothing to do 
with emergence. 

8.9 Discussion 

Multiple realization seems an inevitable consequence of our being macro-
scopic creatures who make macroscopic observations. We neither have the 
sensory ability nor the processing power to follow every detail of what’s going 
on, and these leads to our working with approximate concepts. Colin Klein 
writes that 

We cannot simply read the causal structure of the world just by looking at 
what nouns scientists use.34 

It’s hard not see that the much of the literature on multiple realization is 
suffering from the mind projection fallacy. The human mind does not play 
a role in structuring the physical universe. Nor do the special sciences. To 
return to Fodor’s point, of course the concept of mountains will continue 
to play a useful role in geology. But it is strange to conflate the utility of a 
concept to humans with the nature of the universe. 

8.10 Further Reading 

There is a whole book on multiple realization, Polger and Shapiro (2016). 
Interesting attempts to use information theory to explain the structure of the 
special sciences are in Rosas et al. (2020) and  Varley  and Hoel (2022). For 
the sheer difficulty of measuring critical exponents, see Moldover et al. (1979) 
and Sengers and Shanks (2009). 

A comprehensive discussion of the nature and role of concepts is in 
Murphy (2004). For more on natural kinds, see Bird and Tobin (2024). 
Heil (2003) has an interesting discussion of the relation between language 
and levels. Strevens (forthcoming) gives a philosophical account of why high

34 Klein (2008). 
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level models are possible. A clear presentation of Putnam’s argument about 
different sorts of pain is in Bickle (2020), Sect. 2.2. 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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9 
Weak Emergence: It’s the Context 

Summary Contextual emergence is the idea that the environment, or 
context, of a system affects its behaviour by imposing constraints on the 
underlying physics. This means that knowing the microphysics is not enough 
to explain the system; you need to know the context too. But contextual 
emergence fails as a useful definition. The split between system and context is 
entirely arbitrary. Further, the context is a physical system too and all contex-
tual emergence ends up saying is that different physical systems interact. This 
is illustrated with examples including the evolution of the universe, feedback 
and selection in chemical systems and chemical computation. 

Take an atom of silicon. Its behaviour will be different according to its envi-
ronment. It might be part of a terrestrial rock, a microprocessor or a bone 
of my body. It might be in interstellar space and about to fall into a black 
hole. In each case it will behave differently but whatever the behaviour, it 
will always be consistent with physics. 
This is an example of something general. Physics only puts broad limits 

on how a system can behave. The system’s context determines which of the 
possibilities allowed by physics is realized. Contextual emergence says that 
this means reducing behaviour to low level physics is not possible, since the 
context is at a higher level. The term was introduced by Robert Bishop and 
Harald Atmanspacher in a 2006 paper.1 In the last decade, it has been the

1 Bishop and Atmanspacher (2006). The 1974 paper which introduced the term downward causation 
defines it in a way which sounds like contextual emergence: “I advocate not the autonomy of
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subject of three monographs, by Bishop, George Ellis, Michael Silberstein 
and Mark Pexton.2 

The chapter starts by explaining the idea of contextual emergence. Once 
again, it turns out that the definition applies to everything: there are no phys-
ical systems for which we can ignore the context. In any case, the context does 
not somehow magically appear ex nihilo, but is a physical system too, and 
the split between system and context arbitrary. So all contextual emergence 
says is that different physical systems interact. There is no challenge to phys-
icalism since interactions have always been the bread and butter of physics. 
I will illustrate this with examples including the evolution of the universe, 
feedback and selection in chemical systems and chemical computation. 

Before starting, a general point. A fair part of the discussion of contextual 
emergence is about the way systems are modelled. In this chapter, I draw my 
examples from physical systems and will mostly defer a discussion of the role 
of models until the next chapter. 

9.1 Contextual Emergence 

The basic idea of contextual emergence is straightforward. While physics 
sets the necessary conditions for systems, it does not determine the suffi-
cient conditions. A configuration of a system cannot contradict physics, but 
this is a weak criterion: there will generally be many possible configurations 
that are consistent with physics. This means physical causal closure is close 
to irrelevant. Think of that atom of silicon. Physics allows it to behave in 
a myriad of ways. What determines which one is realised? The system the 
atom is embedded in, its context: the rock, the microprocessor, the bone or 
the black hole. 
The context manifests itself as a set of constraints. These constraints are 

outside the system so are not included in the physical description of the 
system. Hence they cannot be reduced to physics. This is contextual emer-
gence. There is downward causation but it is benign. The constraints guide 
the underlying physical processes without violating physical causal closure.

higher levels, but rather the additional restraints, aspects of selective systems that these higher levels 
encounter.” Campbell (1974), p. 182.
2 Ellis (2016), Bishop (2019) and  Bishop  et  al. (2022). 
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Here is a straightforward example of water flowing in a tap: 

…the domain of elementary particles contributes some of the necessary condi-
tions for the existence of the properties and behaviors of water flowing through 
a faucet: no elementary particles and forces, no flowing water. Nonetheless, the 
existence of elementary particles and their forces do not guarantee that fluids 
flowing out of faucets will exist. The total set of necessary and sufficient condi-
tions for such flowing fluids is, itself, contingent rather than necessary, and 
involves more conditions than are found in the domain of elementary particles 
and forces.3 

Contextual emergence captures the distinction between a system and its 
environment. In the example, the properties of the system, the flowing water, 
are constrained by their environment of the tap. Subject to these constraints, 
the water follows the laws of physics. But the constraints themselves are to be 
found nowhere in the physics of water. Examples of constraints include 

…conservation laws, free energy principles, least action principles, symme-
tries, and some types of symmetry breaking. More specifically, think of the 
light postulate and the relativity principle as instances of adynamical global 
constraints—they delimit the kind of dynamics physically accessible at all 
spatial and temporal scales.4 

Constraints can manifest themselves as stability conditions. A particularly 
fascinating example of a stability condition is the dimensionality of space. 
It is simply assumed in the underlying physics but affects everything. For 
example, stable planetary orbits do not exist in spaces with more than three 
dimensions.5 

The work discussing contextual emergence includes a host of case studies. 
Here are two. Lasers only exist because of the context of an optical cavity 
containing a specific mix of atoms and the triggering of a particular config-
uration of those atoms.6 Or the text on this page which, while nothing but 
an arrangement of atoms, only has meaning for you because of a whole host 
of contexts including the rules of syntax and the intentions of all the people 
involved in the publishing process.

3 Bishop (2019), p. 3.3. 
4 Bishop et al. (2022), p. 28. 
5 See Barrow (1983). 
6 Both these examples are taken from Bishop (2019). 
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Box 9.1 Synchronic and diachronic emergence 

Multiple realization and contextual emergence involve the distinction between 
whole and parts at just one point in time. This is synchronic or cotemporal 
emergence. Diachronic emergence, on the other hand, says that the relevant 
distinction is between the system at two different times. This is the case for 
many self-organising systems where their complexity increases during their 
evolution. It is implicit in the idea of simulation emergence which is concerned 
with tracking properties over time. 

In a recent paper, Wilson argues convincingly that cases of diachronic emer-
gence can be seen either as cases of synchronic emergence or turn out to be 
instances of causation between levels. She concludes that “there isn’t any need 
for a diachronic notion of metaphysical emergence”.7 

The distinction between synchronic processes happening at a point in 
time and diachronic processes happening over time will resurface at various 
points in what follows, particularly in the discussion of the different between 
understanding and predictability in Chap. 14. 

Some authors describe hierarchies of contexts, with the contexts at higher 
levels determining those at lower ones. Ellis describes five levels of context 
giving rise to five types of downward causation8 : deterministic downward 
causation (this is contextual emergence as discussed so far), non-adaptive 
information control (feedback loops allowing the attainment of goals), adap-
tive selection (for example, evolution); adaptive information control (feed-
back guided by adaptive selection); adaptive selection of selection criteria 
(the result of one process of adaptive selection guides another such process). 
In a book fascinating and frustrating in equal measure, but sadly devoid of 
concrete examples, Terrence Deacon describes multiple levels of contextu-
ally emergent processes.9 These are illustrated in Fig. 9.1. At the lowest level 
are homeodynamic (effectively thermodynamic) processes. The give rise to 
complex structures (morphodynamics) then to intention (teleodynamics) and 
ultimately consciousness.

Deacon’s description makes clear the link to contextual emergence. Neces-
sary conditions come from the next-lowest level, shown by the upward arrows 
in the diagram. Sufficient conditions come from the next highest level, 
shown by the downward arrows. A further link is to self-organisation (which 
happens in the middle level of Deacon’s hierarchy, morphodynamics). The 
local behaviour of an individual in a flock only makes sense in the context of

7 Wilson (Forthcoming). 
8 Ellis (2016), Chap. 4. 
9 Deacon (2012). 
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Fig. 9.1 Three levels of emergent dynamics10 

the whole flock, local dynamics are subject to global dynamics, the individual 
is subject to the context. 
There is also a close relation between contextual emergence and the ideas 

discussed in the previous chapter. In contextual emergence, physics sets the 
necessary but not the sufficient conditions. In MR emergence, physics sets the 
sufficient but not the necessary conditions since many low level systems can 
produce the same high level one. We saw that the definition of DOF emer-
gence nests MR emergence. It also nests contextual emergence. To see this, 
take a system comprised of two stationary particles. If these are free there are 6 
degrees of freedom (the 3 coordinates of each particle). If they are rigidly fixed 
together there are only 5 degrees of freedom since they are constrained to be 
a fixed distance apart. Then let’s impose a contextual constraint by joining 
the two particles by a flexible but inelastic string. We still have 6 degrees 
of freedom, but the range of them is limited by the length of the string. In

10 Source: Deacon (2006), Fig. 5.8 © Oxford University Press 2006. Reproduced with permission of 
the Licensor through PLSClear.
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general, if a system hits a binding constraint, by definition its must lose some 
degrees of freedom. 

Which of the examples of Chap. 2 can be described as contextually emer-
gent? Once again, the answer is all of them. As an example from the smallest 
scale, the behaviour of a quark which is determined by the nucleonic context 
in which it is found. Then an example from the largest scale: the relevant 
context for the atom in Churchill’s nose involves pretty much everything else 
in the universe, including the details of human history. 

9.2 Context is Everywhere 

The first issue with the definition of contextual emergence is the same as 
raised in the previous chapters: it excludes nothing but the most idealised 
of systems. What system is independent of its context? An isolated particle 
in an empty universe, maybe. But even that is not enough of an idealisa-
tion to avoid contextual emergence since the particle will interact with the 
virtual particles produced by the vacuum. So to find a system which is not 
contextually emergence we need to also switch off these quantum effects. 

In Sect. 6.6, I showed how the idea that “more is different” is implicit 
in the Hamiltonian description of a physical system. Exactly the same argu-
ment applies to contextual emergence. In the Hamiltonian the energy of one 
particle depends, in general, on the position and momentum of all the others. 
We can always make an arbitrary choice to limit our modelling to a subset of 
the particles and ignore the rest. We then call the subset the experiment, the 
rest the context and live with the approximation involved. Such a choice will 
depend on the question being addressed. 
Take the example of an atom in the earth’s crust. To fully understand its 

motion, you need the whole universe and its history. However if you are just 
interested in how it vibrates in its crystal, the context becomes the lattice 
or perhaps just a few surrounding atoms, along with the temperature and 
pressure. If you are interested in the movement of the atom through the crust, 
the context is the large-scale structures of which it is part. If you are interested 
in the movement of the atom through space, the context is the planet and 
the solar system. And so on. The distinction between system and context is a 
function of our interests and computational resources. 

Lurking here is the same problem as I raised in the previous chapter: you 
cannot read off the nature of reality from what scientists do. Yet this is a key 
part of contextual emergence. Bishop et al. write that:
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Our argument will be that the plethora of explanatory pluralism in the sciences 
turns out to be good evidence for contextual emergence.11 

I disagree. Scientific practice mostly tells us about human capabilities, not 
about the structure of the universe. 

9.3 The Context is Physics 

Contextual emergence treats the context as given. Yet the context is a physical 
system too. It may be an arbitrary choice which part of the universe is defined 
as the system and which part is the context. But wherever the division lies, 
both are physical systems. This means the causation is not from the context, 
treated as given, to the system, but from the microphysical level of the context 
to the microphysical level of the system. Everything is physics. 
To investigate this, let me take two examples used by proponents of contex-

tual emergence. The first of these is a process that occurs in plasmas called 
Debye screening. The electric field of one electron (the system) is influenced 
by all those around it (the context) and varies substantially from the field of 
an isolated electron. This is shown in Fig. 9.2 which shows the electron’s elec-
tric potential on the y-axis against distance on the x-axis. The top line is the 
standard exponential potential of an isolated electron. The screened potential 
that arises from the interaction is the lower line. 
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11 Bishop et al. (2022), p. 23. 
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In terms of contextual emergence, this means that: 

…an electron is no longer the same bundle of properties in a complex aggregate 
environment as it is in isolation.12 

This interpretation is reinforced by the effective field approach which is 
used to solve the system. This involves calculating the potential for one elec-
tron, the system, while taking that of all the others as given, the context. I’ll 
have more to say about this in the next chapter, but it seems to lead naturally 
to the idea of contextual emergence. 

Except that such a modelling approach is just a useful approximation. 
The world knows nothing of effective theories. What is actually going on 
is that the many electrons in the system are interacting in complicated ways. 
Such a problem might seem intractable, but recently two neat papers13 have 
studied Debye screening as a many-body problem. They describe the mecha-
nism behind it in terms of electrons deflecting off one another. In principle, 
you could use their results to start with a single electron and show how the 
screening effect increases as you progressively add electrons. Instead of taking 
the context as given, these papers show how the context is just another phys-
ical system. The trouble is, of course, that solutions to many-body problems 
are rare. But the fact that we can’t as yet solve a problem doesn’t mean that 
a phenomenon is caused by anything beyond the complicated interaction of 
many bodies. 

What about stability conditions? The dimensionality of space has a funda-
mental role in what structures are possible and it is clearly outside quantum 
physics. But it is no more a candidate for a driver of emergence than are the 
values of the fundamental constants, none of which are explained by physics 
either. We can again wrap this up with the debate on fine-tuning. Yes, if the 
constants took different values, the world would be different. Maybe some 
future physics will explain why the constants take the values they do. Or 
maybe not. Whatever the case, what has this got to do with emergence? 

While some stability conditions are issues of fine tuning, others are the 
result of physics. The best-known example is the problem of the stability 
of matter. Ordinary matter is made up of electrons with negative charge and 
nuclei with positive charge. A knowledge of electromagnetism might lead you 
to expect electrons to fall into nuclei. One of the early successes of quantum 
mechanics was to explain why this doesn’t happen and why ordinary matter 
is stable.

12 Bishop et al. (2022), p. 170. 
13 Escande et al. (2015) and Escande et al. (2018). 
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A further sense of the stability of matter is this: if you double the number 
of atoms, do you also double their energy and the volume they occupy? 
Without this exact doubling, ordinary matter could not exist. In the late 
1960s, the first proof of this was given by Freeman Dyson and Andrew 
Lenard.14 The proof has the fascinating consequence that stability does not 
hold for a system comprised of just bosons. Stability turns out to be a conse-
quence on the Pauli exclusion principle so requires that either the positive or 
the negative charges are fermions. 
Turning now to thermodynamic stability, standard derivations can be 

found in many textbooks.15 The basic equilibrium concept in thermody-
namics is that of temperature, via the zeroth law, and temperature can be 
defined from quantum physics.16 Then onto conservation laws. These are not 
magically part of the context but the consequence, via Noether’s theorem, of 
symmetries of the universe. Of course, we can ask why we live in a universe 
in which Noether’s theorem holds, or why it has the symmetries it does, 
but these are yet more fine-tuning questions and have nothing to do with 
emergence. 

Other stability conditions claimed as examples of contextual emergence 
turn out to be properties of models, not the world. Chap. 15 will discuss 
one of these, the Born–Oppenheimer approximation used in calculations of 
molecular structure. 

Stability conditions are certainly interesting. But they are either outside 
current physics in a fine tuning sense. Or they can be explained by physics. 
In neither case do they play the magical role assigned to them by proponents 
of contextual emergence. 

An important part of the motivation for contextual emergence seems to 
be a sense of astonishment that the rich complexity of the world somehow 
evolved from conditions in the early universe. Here’s Bishop: 

… how would the initial conditions plus the laws yield all of the contingent 
conditions leading to the emergence of macroscopic systems, the evolution of 
galaxies, stars and solar systems, life on planet Earth, the contingent species 
types and numbers of organisms, and so forth?17 

And here’s Ellis again, arguing that a reductionist view implies

14 Dyson and Lenard (1967) and Lenard and Dyson (1968). 
15 For example Waldram (1985), Chap. 3. 
16 Gemmer et al. (2004), Chap. 3. 
17 Bishop (2019), p. 5.8. 



160 L. Graham

….that the particles existing when the cosmic background radiation was decou-
pling from matter, in the early Universe, were placed precisely so as to make 
it inevitable that 14 billion years later human beings would exist, Charles 
Townes would conceive of the laser , and Edward Witten would develop string 
theory… [instead] Top-down causation takes place as well as bottom-up action, 
with higher level contexts determining the outcome of lower level functioning, 
and even modifying the nature of lower level constituents.18 

I’ll respond to this in two ways. Firstly, with a rhetorical question of my 
own: if the context isn’t a physical system and hence encoded in the early 
universe, where did it come from? 

A rigorous response is based on information. The time evolution of 
quantum states is described by unitary operators. A property of such oper-
ators is that they can be applied either backwards or forwards in time so the 
state of a system at one point in time is sufficient to recover the system at 
any other point in time.19 Thus the total information in an isolated system 
must be constant. Leonard Susskind calls this the minus first law “…because 
it underlies everything else. It says that information is never lost”.20 

Applying this to the universe as whole means that the informational 
content of the universe an instant after the big bang (when to our eyes it 
looked like a nearly uniform cloud of particles and radiation) is the same 
as the informational content of the universe now with all its rich structures 
(including us). And it is the same as the informational content when, in 
the distant future, the last black holes evaporate and the universe reaches 
a state of heat death (when to our eyes in would look like a nearly uniform 
cloud of radiation at a fraction about absolute zero).21 Of course this sounds 
ridiculous. Our intuition completely fails to grasp it. So much the worse 
for intuition. Quantum physics gives us representational access to something 
beyond our imaginative understanding.

18 Ellis (2005). 
19 Whether this can be done in practice is an interesting question. I will discuss it further in 
Sect. 14.5, along with the general distinction between understanding a system and being able to 
predict its evolution. 
20 Susskind and Friedman (2014), Sect. 4.1. 
21 I am of course glibly brushing over the black hole information paradox. See Maldacena (2020) for  
a review.  
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9.4 Example: Context in the Early Universe 

An important part of the context for anything relating to what happens on 
our planet is the fact that it is part of a solar system. Here’s the sketch of an 
explanation of the existence of solar systems from the conditions of the early 
universe22 : 

1. The inflation that followed the big bang had two important consequences: 

a. The distribution of matter and radiation in the early universe is almost, 
but not quite, uniform 

b. The temperature of the early universe falls sufficiently fast so that 
nucleosynthesis incomplete leaving a mix of around 75% hydrogen and 
25% helium 

2. The non-uniformities in the matter distribution lead to the cloud 
collapsing under gravity into cores. As the cores collapse, their temperature 
rises. 

3. At some point in the collapse process, the temperature of the cores 
becomes high enough to start nuclear fusion. 

4. Fusion offsets gravitational collapse. The resulting equilibrium is stable: 
the cores have become the first stars 

5. When these stars have burnt most of their hydrogen, fusion can no longer 
offset gravity and the collapse process continues, catastrophically, to cause 
supernova. 

6. The extreme conditions in supernova allow fusion to continue to heavier 
elements and the resulting explosion distributes them into the cloud. 

7. The collapse process starts again and the next generation of stars are 
surrounded by clouds of heavier elements. 

8. Collapse processes occur in these solar clouds, resulting in planets. 

Of course, there are many open questions, though many of them are about 
conditions in the very early universe and examples of fine tuning. But still 
we have a story, based on nothing outside physics, which explains how the 
context of solar systems arises. The story can be continued to the origin of 
life (with, of course, many more open questions). 
The interested reader should compare my account with that of Ellis.23 

Where I see physical processes, he sees context. Here’s one example:

22 A more thorough treatment is in Graham (2023), Chap. 6. 
23 Ellis (2016), pp. 6–7. 
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…the evolution of galaxies is a strong function of environment, because 
galaxies entering high density regions like clusters are prone to processes like 
ram pressure stripping, starvation, strangulation, and tidal stripping. These 
physical processes are significant because they influence the star formation rates 
and colours of galaxies as a function of environment. 

The important point is that these physical processes are not magic but can 
be traced back to their origin in the big bang. They will arise naturally in 
a simulation of galaxy formation and I’ll discuss one such simulation in the 
next chapter. The environment or context which Ellis describes is also physics. 

9.5 Example: Feedback and Selection 

Levels 2 and 3 of Ellis’s hierarchy of downward causation are feedback control 
and adaptive selection. This section shows that these properties arise in simple 
chemical systems. These are exactly analogous to such properties in all chem-
ical systems, including those that constitute life, the most interesting chemical 
system of all. 

Negative feedback occurs when a system reacts to a change by tending 
to offset the change. It is a basic property of any chemical reaction.24 Le 
Chatelier’s principle states that chemical reactions tend to adjust to a change 
by counteracting the effect of the change. Take a chemical reaction which 
transforms reactants A into products B (in general the letters can represent 
more than one chemical) 

A � B 

If the reaction is in equilibrium the concentration of reactants and prod-
ucts is constant. Now if we add more of the reactants A, the reaction will 
proceed from left to right, reducing the concentration of A and increasing 
that of B until a new equilibrium has been reached. If we add more B, the 
reactions will proceed from right to left reducing the concentration of B. This 
is negative feedback. 

Now let’s introduce the idea of a catalyst. Catalysts are substances which 
increase the rate of a reaction. If a molecule C catalyses the reaction from A 
to B, we can write: 

A + C � B + C

24 This is a consequence of the principle of detailed balance. For more details, see Graham (2023), 
p. 91. 
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Note the catalyst appears on both sides, it participates in the reaction but 
is not changed by it. Catalysts can achieve dramatic rate increases, factors of 
the order of a billion are typical. 

Catalysts are where the idea of selection enters chemistry. Let’s imagine the 
reactant A can now undergo two separate reactions, only the first of which is 
catalysed: 

A + C � B + C 
A � D 

Assume that the equilibrium of both reactions lies on the right. Further 
assume that in the absence of the catalyst both reactions happen so slowly we 
can ignore them. This means that a solution of A will be stable. Now add the 
catalyst C. This increases the rate of the first reaction so the product B will 
dominate. We can say the catalyst has selected B over D. This is known as 
kinetic selection. 

Such kinetic selection is fundamental to the workings of living cells and 
also underlies all natural selection. To see this, let’s take a slightly more 
complicated example. Some reactions are special in that the catalyst is also 
products of the reactions. Such reactions are called autocatalytic, they catalyse 
themselves. The simplest example of an autocatalytic reaction is: 

A + C � 2C 

The product C is also the catalyst. Let’s compare this with an ordinary 
reaction, catalysed by a different catalyst C′: 

A + C ′ � B + C ′

Assume again that the equilibrium of both reactions lies with the products 
but under normal conditions the reactants are stable. Further, let’s assume 
that one molecule of the catalyst allows the respective reaction to happen a 
million times per second. 

If we drop a molecule of C′ into a beaker of A, how long will it take 
until we have a mole of B?25 At a million reactions per second the answer is 
6 × 1017 s, longer than the age of the universe. Now take the autocatalytic

25 There are 6 × 1023 molecules in a mole. If a reaction doubles the number of molecules of a 
catalyst at each step, we need 79 steps to make a mole of the catalyst since 279 ≈ 6 × 1023. If each  
reaction takes a millionth of a second, 79 × 10–6 is around 10−4 s. If each reaction takes 1,000 s, 
79 × 1,000 = 79,000 s ≈ 22 h. 
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reaction. If we start with a beaker full of A and one molecule of C, then a 
millionth of a second later we have two molecules of C, another millionth 
of a second later four and so on. If this process continues, we will have a 
mole of C in around a ten-thousandth of a second. Even if the autocatalytic 
reaction were a billion times slower, producing one new molecule every 1000 
s, it would still take a bit less than a day to produce a mole of C. 

In practice A will quickly be used up locally and the reaction will stop 
until more A diffuses in from the environment. This will react quickly to 
produce more C and the process will go on until there is no more A. In 
more evocative language, the reaction transforms its environment from one 
dominated by the reactants to one dominated by the products. The reactants 
are driven to extinction. The remaining chemicals are adapted to reproduce 
rapidly in their environment. This starts to sound like natural selection and 
indeed some authors see such systems as central to the understanding of life: 

The fact that these capacities are typical of both inanimate replication and 
biological reproduction has far reaching consequences for the origin of animate 
matter.26 

Bishop and coauthors contend that natural selection is contextually emer-
gence and “…cannot be derived from any fundamental physics”.27 Yet 
natural selection is nothing but kinetic selection writ large. And much of 
chemistry can be derived from quantum physics either exactly or approxi-
mately. 

Catalysed reactions also allow us to introduce a more sophisticated form 
of feedback control. Let’s go back to the basic reaction 

A + C � B + C 

but with the added assumption that the presence of B reduces the catalytic 
effectiveness of C. So as B accumulates, the reaction slows down then stops. 
Then if another reaction starts using B, the reaction will start again until 
a new balance is reached. This is negative feedback and is precisely the 
mechanism which serves as a key regulator of metabolism in living cells. 
The first step in the metabolism of glucose involves it being converted 

into another sugar by a reaction catalysed by an enzyme (a biological cata-
lyst). The sugar can weakly bind to the enzyme and in doing so deactivates 
it. So the higher the concentration of the sugar, the less enzymes are available

26 Lifson (1997). 
27 Bishop et al. (2022), p. 10. 
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to catalyse the reaction and the slower it proceeds. As the sugar is used in 
other reactions, its concentration falls, the enzymes reactivate and the reac-
tion speeds up again. In more evocative terms, this mechanism allows the 
cell eats glucose until it is full up, then stop eating until it is hungry again. 
Enzymes that work in this way are called allosteric and control many cellular 
reactions. 

All of this is straightforward chemistry. Context or emergence are nowhere 
to be found. So much for the first two types of downward causation in Ellis’s 
hierarchy. The others are adaptive information control and adaptive selection 
of selection criteria. These are properties of much more complicated systems 
and I will briefly return to them in the final chapter. 

9.6 Example: Chemical Computation 

A common theme running through Ellis’s work is that downward causation 
occurs in digital computers. In a paper with Barbara Drossel, the claim is that 
computational processes: 

… are examples showing that a simple materialist position—the idea that only 
physical entities can have causal powers—cannot be correct: 

Abstract entities have causal powers: It is clear from this discussion that (1) 
algorithms, (2) computer programs, and (3) data - all abstract entities – have 
causal powers because they alter physical outcomes in a real world social 
context.28 

Just before this, the authors give cite a passage which includes this sentence: 

A computational process is indeed much like a sorcerer’s idea of a spirit. It 
cannot be seen or touched. It is not composed of matter at all.29 

As well as being incorrect, this neatly captures what I find objection-
able about the way the concept of emergence is used. Let’s see that there 
is nothing magical about computational processes and that they can happen 
with evoking sorcerers or, indeed, downward causation. As is often the case,

28 Ellis and Drossel (2019). 
29 This quote comes from the introduction to a standard textbook on programming, Abelson et al. 
(1996), p. 2. The authors seem to me to intend it as metaphor rather than metaphysics. 
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evocation of magic is merely a sign that something is beyond our imaginative 
understanding. 
To construct a computer, we need logic gates and a way of connecting 

them. This can be done in silicon and copper wire. Or it can be done 
using chemical reactions. Signals are represented by the concentration of 
a molecule, or of a particular state of a molecule. A high concentration 
represents a 1, a low concentration represents a 0. 
The simplest example of a gate is a signal repeater which copies input into 

output. To see how this can be implemented, let molecule C be the input and 
A the output. A needs to exist in two different forms, an unexcited state A 
and an excited state A*. We can produce A* from A using a chemical P which 
acts as a power supply30 : 

A + P∗ � A∗ + P 

A decay reaction tends to reduce the concentration of A* to zero. 

A∗ � A 

Finally, assume that C catalyses the decay reaction so: 

A∗ + C � A + C 

If the concentration of C is low, this reaction only proceeds slowly so the 
charging reaction dominates and the concentration of A is low. If the concen-
tration of C is high, the decay reaction dominates and the concentration A 
of is high. In other words, the concentration of C, the input, is copied into 
the concentration of A, the output. This is a signal repeater or a YES gate. 

All other logic gates can be constructed in similar ways. The details are 
fearsome and not particularly relevant here. A paper31 from 1996 shows that 
such logic gates can be linked into arbitrarily large networks. This is all that 
is needed to show that a chemical computer can be Turing complete. There 
is much fascinating work in this area, both in constructing practical chemical 
computers and in using the insights to understand the goings-on in cells. 

Now my argument is the same as in the previous section. Of course the 
behaviour of each reaction depends on the environment it is embedded in. 
But this environment is a designed network of chemical reactions and I can

30 In fact, it must act like a molecular ratchet. For more details, see Graham (2023), Chap. 5. 
31 Magnasco (1997). 
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understand this from the bottom-up by following chemicals through their 
reaction paths (probably with the help of a simulation). 

If you want, you can take an incremental approach, like the one I discussed 
in Sect. 9.3 in the context of Debye screening. Start with one reaction. Add 
in a second. Once you’ve thoroughly understood that, add in a third. Perhaps 
now you have a complete gate. Study its properties. Then add in another gate. 
And so on up to the full system. That will give you as complete a scientific 
understanding of the system as you have time for. Once more, the concept of 
emergence adds nothing, the context is just more chemistry. 

Of course, Ellis’s digital computer is built of transistors rather than chem-
ical reactions. But if we want, we can unpick what happens in a computer 
just as we can unpick a chain of chemical reactions or the patterns in the 
Game of Life. 

9.7 Discussion 

The criticism offered by contextual emergence is directed against the sort 
of straw man I discussed in Chap. 6. None of it is the slightest challenge 
to reductive physicalism. The distinction between system and context is a 
reflection of our cognitive limitations. We are not smart enough to deal with 
everything at once so need to treat most of the universe as given, the context, 
and focus on one thing, the experiment. 

I introduced contextual emergence with two examples. The first was the 
laser, which wouldn’t exist without a lasing cavity, carefully constructed by 
humans. The second was the way in which atoms on this page translate 
into meaning in your brain. Indeed, a full understanding of both of these 
would require understanding everything in the universe. They are variations 
on the Churchill’s Nose example of Sect. 2.15. But unless you think there 
was divine intervention somewhere along the way, every step that led up to 
them was caused by the interaction of physical processes which started with 
the big bang and gradually produced the physical context which makes lasers 
or meaning possible.
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9.8 Further Reading 

The reference for contextual emergence is Bishop et al. (2022); Bishop (2019) 
is also useful. For more details on Debye screening, see McComb (2007), 
Sect. 3.2, for the stability of matter see Lieb and Seiringer (2010) and  for a  
review of the state of the art in many-body systems see Defenu et al. (2024). 

Silva (2013) is a thorough overview of chemical computation and inter-
esting examples can be found in Fages et al. (2017) and Dueñas-Díez and 
Pérez-Mercader (2019). For a detailed elucidation of the mechanism of a 
laser, see Kuhlmann (2014). This paper also includes an interesting discussion 
of Synergetics, a theoretical framework for self-organisation due to Hermann 
Haken, see Haken (1983). A recent review of fine tuning arguments is 
Hossenfelder (2021). 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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10 
Weak Emergence: The Map and the Territory 

Summary Many definitions of emergence refer to the properties of models 
rather than properties of the world. In this chapter, I will argue that this 
is a mistake. Models use simplifications and abstractions to isolate what is 
common across different systems. They involve multiple realization, reduced 
degrees of freedom and the separation between system and environment; 
many can only be solved by simulation. By necessity, they fit the various defi-
nitions of weak emergence. But the map is not the territory, the properties 
of models are not the properties of the systems they represent. The chapter 
addresses this question by discussing three modelling strategies: the Ther-
modynamic Limit, Effective Field Theories and the Renormalization Group 
Transformation. These are illustrated with a detailed study of the Ising model. 

The preceding chapters illustrated weak emergence with examples mostly 
drawn from real systems. This chapter turns to the role of models. Models 
are abstractions which make complex reality accessible to us. The best cut 
away all the extraneous detail to bring into focus what we are interested in. 
As such, models are always approximations and the best models often involve 
the most drastic approximations.1 They isolate what systems have in common 
and often abstract from low level details.

1 I am brushing over the distinction between approximation and idealization. Imagine describing a 
body falling through air. You could use an approximate model in which v = at. Or you could assume 
that the body is falling in a vacuum – an idealization – and use the exact model v = at. 
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Models are central to all three types of weak emergence. For simulation 
emergence, the style of modelling, whether closed-form or simulation, consti-
tutes the definition. Models naturally lead to the idea of multiple realization 
(MR) or degrees of freedom (DOF) emergence since usually one model can 
be used to describe many different systems. And the split between model 
and environment is at the heart of contextual emergence. There is even a 
definition of emergent properties as those which differ from a model.2 

Given all this, it is unsurprising that weak emergentists tend to dwell on 
the properties of models. I think this is a mistake. Emergence, if it exists in a 
meaningful way, must be a property of physical systems. But the map is not 
the territory. The models we use are a function of our interests, our cogni-
tive capabilities and the computational resources we have available. Extreme 
caution must be taken when trying to infer the properties of reality from the 
properties of models. 

10.1 More Is the Same; Infinitely More Is 
Different 

…the infinite is nowhere to be found in reality, no matter what experiences, 
observations, and knowledge are appealed to.3 

Physicists like taking infinite limits.4 It generally makes the maths easier 
since one can use calculus and, mostly, ignore boundary conditions. The ther-
modynamic limit is one such infinite limit. If you have a system consisting of 
N particles in a volume V, taking the thermodynamic limit means that you 
let both go to infinity in such a way the ratio N/V stays constant. In the limit 
the size of fluctuations goes to zero so they can be ignored and many useful 
quantities like entropy are independent of the size of the system.5 Taking the 
limit needs to be done with care. It may not exist, for example in the case 
of gravitational systems. Or it can give results which contradict conservation 
laws.6 But it is central to most statistical mechanics. 

Let’s take the example of phase transitions. Here’s a description of boiling 
water:

2 Cariani (1991). 
3 Hilbert (1998), p. 191. 
4 I borrow the title of this section from Kadanoff (2009). 
5 For a formal statement, see Appendix A.2. 
6 Lanford (1975). 
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When the temperature hits 100 degrees Celsius, the liquid water does some-
thing remarkable. It begins to change into a gas and steam starts to rise upwards 
from the spout. This is an example of a phase transition, a change of state 
of water. It is utterly discontinuous and strongly contrasts with the smooth 
continuous changes that have occurred previously.7 

This is the sort of breathless discussion which characterises advocates 
of emergence. There is just one problem. Discontinuous phase transitions 
cannot exist in finite systems. Roughly, the proof goes like this. The energy 
of a molecule of water is a continuous function of temperature. Since the total 
energy of a body of water (its Hamiltonian) is simply a sum over the energy 
of all its component molecules, it too must be continuous. This applies to all 
other properties and so there can be no discontinuities. 

All physical systems are finite. But phase transitions only exist in infinite 
systems. If you’ve just boiled a kettle or are sipping an iced drink, you might 
find this puzzling. The solution is, of course, that in finite systems phase 
transitions only appear discontinuous. This is same point I raised when I 
discussed boiling water in Chap. 8. If you have sufficiently sensitive instru-
ments, you’ll see a rich range of behaviour as water gradually changes to 
steam. Discontinuous phase transitions are a property of models in the ther-
modynamic limit, not of physical systems. Infinitely more may be different, 
but more is the same. 
The idea that phase transitions are discontinuous is deeply rooted. Philoso-

pher Chuang Liu speculates that this is self-reinforcing and wonders: 

…why could we not say that since we now know that there are fluctuations 
in finite macrosystems, phase transitions in them should no longer be seen 
as singularities? It is quite possible that if such a conceptual shift takes place 
among theoreticians, the isotherms of systems with multiple phases coming 
back from the laboratories will no longer have singularities in them.8 

Now let’s turn to universality. Like phase transitions, strict universal 
behaviour only exists in the thermodynamic limit. Systems which share crit-
ical exponents in the limit will display different behaviour at finite scales. 
Physical systems may display approximate universality, remember the empir-
ical work described in Sect. 8.7. But strict universality is a property of 
models. 

Some see this as a characteristic of emergent phenomena:

7 Blundell (2019), p. 238. 
8 Liu (1999). 
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…since there is no way to rigorously explain (i.e., derive mathematically) how 
a phase transition occurs in a finite, real system, then these phenomena do 
appear to be strongly emergent.9 

or 

An emergent behavior of a physical system is a qualitative property that can 
only occur in the limit that the number of microscopic constituents tends to 
infinity.10 

Of course, you can define emergence in any way you want.11 But defining 
it in terms of behaviour that is impossible in real physical systems seems pecu-
liar, to say the least. It leads the authors of the second definition into a further 
quandary: “If, however, life and consciousness are sharply defined only in the 
thermodynamic limit, then we are only approximately alive and operationally 
conscious.”12 

The thermodynamic limit is used because it is an excellent approximation. 
To give an idea of how good the approximation is, let’s take the example of 
temperature. In the thermodynamic limit temperature is constant without 
fluctuations. A one litre box of gas contains around 1022 molecules. At 
room temperature, random fluctuations in temperature are of the order of 
10−10K.13 This is as close to zero as makes no differences for any practical 
purposes. Later in the chapter, I will give a similar estimate of how universal 
behaviour depends on the scale of the system. 

It is also used because of the difficulty of the alternative. I mentioned 
Debye screening in Sect. 9.3. The derivation in the thermodynamic limit 
is a few lines of algebra. The recent derivation as a many-body system is a 
tour de force of theoretical physics. 

But nature knows nothing of the thermodynamic limit and is always 
somehow solving many-body problems. Again, it seems proponents of emer-
gence blur the distinction between reality and our models of reality. Here is 
philosopher Robert Batterman: 

Such qualitative changes of state… cannot be reductively explained by the 
more fundamental theories of statistical mechanics. They are indeed emergent 
phenomena. The reason for this (rather dramatic) negative claim has to do with

9 Bangu (2014), p. 162. 
10 Kivelson and Kivelson (2016). 
11 A similar definition is in Butterfield (2011). 
12 Kivelson and Kivelson (2016). 
13 The calculation is in Sect. 7.3. 
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the fact that such changes require certain infinite idealizations. From the point 
of view of the underlying fundamental theory whose proper focus is on the 
interactions of a finite number of molecular components of the macrosystems, 
these qualitative changes are genuinely novel. The upshot is that the statistical 
mechanics of finite systems is explanatorily insufficient.14 

This reminds me how simulation emergence is defined in terms of the way 
in which a system is modelled and is subject to the same criticisms. It’s not 
nature but our understanding that requires infinite idealisations. Currently, 
statistical mechanics may be insufficient, but this is a consequence of our 
cognitive and computational limitations. Just as with Debye screening, as 
soon as some smart people work out how to solve the relevant many-body 
problem, we will understand the system better. 
The thermodynamic limit is not only a good approximation, but often 

there is no alternative to using it. While these two properties explain why it 
is so common, neither recommend it as the basis of a definition of emergence 
which should capture something about the world, not about models. 

10.2 Effective Theories 

When we write down theories, we focus on the things that matter at the scales 
we are interested in and ignore the rest. This happens throughout science. 
Newtonian mechanics isn’t taught as the low velocity limit of Special Rela-
tivity, but as a topic in its own right. For everyday scales, it works just fine. 
Such theories are known as effective theories. 
This applies to fundamental physics too. Since it consists of field theo-

ries, we talk of Effective Field Theories (EFTs). These only apply to a specific 
scale, ignoring interactions at larger and smaller scales. The scale could be of 
distance, time, or energy. We’ve already seen the example of Debye screening 
in Sect. 9.3 involving modelling one electron in a plasma as being subject to 
the effective field of all the other electrons. Another example is from nuclear 
physics. As long as we stick to relatively low energies, we can ignore that 
nucleons are made of quarks and gluons. At the other end of the scale, if 
we want to model the earth-moon system we can ignore gravitational inter-
actions with the rest of the universe. The larger the separation between the 
scale of interest and the scales that are ignored, the more accurate the EFT 
will be.

14 Batterman (2011). 
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EFTs are useful approximations and are found throughout physics, from 
condensed matter physics to cosmology to high energy physics. Indeed, the 
standard model of high energy physics is almost certainly itself an EFT, a low 
energy approximation to some as yet unknown higher energy theory. Just as 
in the discussion of levels in Sect. 3.1, it is impossible to know whether there 
is some fundamental theory. In his excellent review of EFTs, Howard Giorgi 
wrote: 

It is possible that the rules change dramatically, as in string theory. 

It may even be possible that there is no end, simply more and more scales as 
one goes to higher and higher energy. 

Who knows? 

Who cares?15 

It’s easy to see why EFTs are so much discussed in the emergence literature. 
They seem to give a formal structure to the idea of levels (one level = one 
EFT) and so pick out emergent phenomena. They automatically satisfy the 
definition of DOF emergence since they ignore DOFs at scales other than 
the one of interest. When we build an EFT, how do we know which scales to 
ignore? Bishop and co-authors claim that this is given by the context: 

Nothing in the ‘fundamental theory’ indicates how to make these choices. 
Even the most fundamental … theory must come to expression in a concrete 
context—a context not given by such a theory.16 

Ellis goes further and asserts that EFTs are ontologically real in Wilson’s 
sense of having causal powers: 

A key result is that all emergent levels are equally causally effective in the 
sense that the dynamics of every level L we can deal with in an empirical way 
is described by an Effective Theory ETL at that level that is as valid as the 
effective theories at all other levels. There is no privileged level of causality.17 

My response will come in several parts. The first is to note that EFTs don’t 
somehow float free of lower levels. Instead, calculations based on lower levels

15 Georgi (1993). 
16 Bishop et al. (2022), p. 209. 
17 Ellis (2020). 
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are often a fundamental part of their construction. The second is that once 
you look at the range of EFTs that exist, the assertion that they represent the 
structure of the world seems bizarre. 

As an example, lets take EFTs arising from quantum chromodynamics, As 
we saw in Sect. 2.1, the nature of the strong interaction means the calcula-
tions become fiendishly difficult. This has spawned a whole host of effective 
theories, good enough approximations for specific problems. Figure 10.1 
shows some of them. Who on earth could possibly think this represents the 
structure of reality?  

Much of physics is about creating EFTs suitable for the particular prop-
erty that is being studied. The result is a proliferation of EFTs; I could draw 
similar diagrams for cosmology or condensed matter physics.19 What’s more, 
as time passes, some of them will fall into disuse, some will be replaced by 
more accurate methods, others will remain part of the canon. This process 
has everything to do with the usefulness of a particular EFT to the current 
interests of scientists. It has little to do with the structure of reality.20 

QCD 

Nonrela vis c QCD 

Hard thermal loops 

Unstable 
par cle EFT 

Electroweak 
Hamiltonian 

Heavy Quark E ec ve Theory 

Nucleon-nucleon e ec ve field theory 

So  Colinear E ec ve Theory 

High Density E ec ve Theory 

Chiral Perturba on Theory (ChPT) 

Heavy hadron 
ChPT 

Fig. 10.1 The structure of reality?18 

18 Adapted from a diagram by Iain Stewart. 
19 For a review of the use of EFTs in cosmology, see Cabass et al. (2022) and in condensed matter 
physics, Brauner et al. (2022). 
20 Sabine Hossenfelder claims that EFTs may be an example of strong emergence: “There isn’t a priori 
any reason why it must be possible to continue the constants of the theory at high resolution to 
any lower resolution. If you run into a point where the coupling can’t be continued, you will need 
new initial values that have to be determined by measurement. Hence, strong emergence is viable”, 
Hossenfelder (2019). It seems to me that this is a point about models, not about systems.
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10.3 The Renormalization Group 
Transformation 

The Renormalization Group Transformation (RGT) is an intimidating 
mouthful of a term. Yet it is one of the most important recent develop-
ments in physics. The central idea is relatively straightforward. It consists of a 
coarse graining transformation followed by a rescaling, or renormalization, of 
the system’s parameters. We’ve already seen this sort of transformation as an 
example of multiple realization, shown in Fig. 8.1. To refresh your memory, 
that transformation mapped 9 cells in the original system onto one cell in the 
new. The leftmost two panels of Fig. 10.2 reproduces this, with the arrows 
showing the mapping. 

Now imagine that the first panel shows part of a much larger grid. When 
we apply the transformation, the 6 × 6 grid maps on onto a 2  × 2 grid  
at the centre of the second panel, and the other cells in the second panel 
come from the parts of the original grid not shown. Then we can repeat the 
transformation to get the third panel, where the four central cells come from 
the second panel and the others from the rest of the grid. And so on to get 
the fourth panel. Each cell in the second panel represents nine in the first; 
each cell in the third represents 81 and each cell in the fourth represents 729. 

With each step, we need to rescale whatever the metric of the system may 
be. Say it is a simple ruler, as shown at the bottom of the figure. For the 
original system, the ruler measures length, with each cell taken to be a unit. 
After each transformation, the scale is tripled. This process of rescaling is 
known as renormalization. 

Now imagine we had some microphysical description of the original 
system in terms of the way one cell interacts with the others. Such a descrip-
tion would involve a list of coupling constants describing all the ways in 
which cells interact. This list will include interactions between neighbours,

Fig. 10.2 Coarse graining 
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next-nearest neighbours etc. If this description is also valid after the trans-
formation, perhaps with new values for the coupling constants, the system is 
renormalizable.21 

This combination of a transformation which allows a subsequent renor-
malization gives the T and the R of RGT. It seems the G is there just to 
confuse non-mathematicians. Technically, the transformation is a semi-group 
which gives the G. However this property doesn’t matter for our purposes. 
That’s the basic idea. The technique was first introduced in high energy 

physics during the 1950s. Kenneth Wilson was awarded the Nobel Prize in 
Physics in 1982 for his work on developing the theory and applying it to 
phase transitions. The RGT is so powerful because it can be applied to a 
whole range of many-body systems so has found applications across physics, 
from QCD all the way up to cosmology. For the purposes of this chapter, 
what matters is the way in which it gives an explanation for universality 
and the way in which this explanation is taken as support for emergence. To 
discuss this, we’ll need to look at the RGT in a bit more detail. I’m going to 
keep the presentation free of maths. For a somewhat less fluffy treatment, see 
Appendix A.4. For a rigorous statement, I refer you to the Further Reading. 

Let’s start with an infinite 2-dimensional grid, the cells of which are either 
on or off. Then for the transformation let’s use the coarse graining we’ve 
already seen in Fig. 10.2: each 3 × 3 block of cells is mapped onto a single 
cell. Apply the transformation repeatedly, zooming out to ever larger scales. 
Since we assumed the original grid was infinite, we can do this an infinite 
number of times. Then we can ask the question: after all these transforma-
tions, does the pattern of the cells stay the same? There are only 3 possible 
patterns which will remain unchanged:22 

1. An ordered pattern with all the cells on or all the cells off. 
2. A disordered pattern with the cells randomly on or off. 
3. A scale invariant pattern. 

In the first case, the grid is either all grey or all white so will not change 
with scale. In the second, the pattern remains random at any scale simply 
because the sum of random variables is also a random variable. The third case 
is more interesting. Scale invariance means that the pattern of fluctuations 
looks the same however many transformations we apply. For a pattern to

21 There is a close connection between the RGT and the effective field theories of the previous 
section. Each application of the RGT can be thought of as producing an EFT at a larger scale. 
22 A link to a crystal clear video showing this process of zooming out, due to Doug Ashton, can be 
found at www.TheMaterialWorld.net. 

http://www.TheMaterialWorld.net
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be scale invariant, there must be fluctuations of all possible sizes, and their 
distribution must follow a power law.23 

To relate these patterns to real phenomena, let’s return to the mathemat-
ical description of the system. We saw in Sect. 6.6 that a many-body system 
is described by a Hamiltonian, a sum of the energies of all the elements. 
Given the fixed grid, the energy of a particular configuration will be deter-
mined by the nature of the interaction between the elements. If the cells 
represent magnets pointing up or down, the magnetic interaction tends to 
align neighbours. On the other hand, thermal noise will tend to randomise 
them. So the Hamiltonian of the system will depend on both the strength of 
the interaction and temperature. 

We can use this to think about the three patterns. The first case corre-
sponds either to a low temperature or a strong coupling constant: a solid 
phase. The second case to a high temperature or a weak coupling constant: 
a gaseous phase. The third case corresponds to a phase transition. Scale 
invariant patterns are not just a theoretical artefact but are observed in a range 
of systems. As a saucepan of water reaches boiling point you can see bubbles 
with a wide range of sizes. Such fluctuations result in the phenomenon of 
critical opalescence, first observed in the nineteenth century. 

It’s worth pausing here to appreciate how extraordinary this is. We started 
with a grid and have done nothing but think about its properties as we 
progressively look at it at larger and larger scales. Yet this has led to behaviour 
which seems characteristic of a whole range of physical systems. I can’t think 
of a better example of the sheer wonder that simple models inspire. 

More formally, these three cases are the fixed points of the transformation. 
The maths shows that most of the microscopic properties of the system are 
irrelevant for the properties of the fixed points. Specifically, the precise nature 
of the interactions doesn’t matter: whether nearest neighbour, next-nearest 
neighbour or something more complex, all will have the same fixed points. 
This gives a definition of a universality class: 

…members of a universality class have only three things in common: the 
symmetry group of the Hamiltonian, the dimensionality and whether or not 
the forces are short-ranged.24 

This is the first part of the RGT’s explanation of universality: the fixed 
points are the same for a wide range of systems. Then we can ask how

23 See Appendix A.4 for the proof. A link to a video showing scale invariance, due to Doug Ashton, 
can be found at www.TheMaterialWorld.net. 
24 Goldenfeld (1992), p. 80. 

http://www.TheMaterialWorld.net
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the system behaves in the vicinity of the fixed points. This can be studied 
by linearising around the fixed point (linearisation was briefly discussed in 
Sect. 7.3). It turns out that the dynamics depend only on the symmetry prop-
erties of the Hamiltonian and not on the details of the interactions. This can 
be used to derive the critical exponents characteristic of universal behaviour. 
This is the second part of the explanation of universality. 

It’s not hard to see why proponents of emergence get excited about this. 
Each step of the transformation adds another level of MR emergence until in 
the limit all that is left is universality. In terms of DOF emergence, reducing 
degrees of freedom is exactly what the transformation does. In terms of 
contextual emergence, the RGT shows that you need to look at the system at 
the largest scales to understand behaviour at the smallest. Here are a couple 
of quotes: 

The renormalization group [is] … inherently multi-scale. They are not bottom-
up derivational explanations.25 

One can think of the application of the RG as throwing away superfluous 
information from the smallest scales, while preserving the behavior that matters 
independent of the small-scale details. Indeed, RG methods allow the construc-
tion of a hierarchy of effective theories at larger length and longer time scales 
without knowing the details of the physics at the smallest length and time scale 
(if there is a “smallest”). This fits with the theme of this chapter—namely, 
that there is no “fundamental” scale or “fundamental” entities determining 
everything else at larger length and longer time scales.26 

I want to convince you that all this is mistaken. I will do so using three 
arguments. The first is that the RGT is a model. The transformation itself 
is an abstract mathematical operation that bears no relation to any physical 
process. Nothing like coarse graining happens in a physical system. Throwing 
away detail is a correct description of this mathematical process but tells 
us nothing about what happens in the world. Physical systems do not, and 
indeed cannot, throw away detail.27 

25 Batterman (2018). 
26 Bishop et al. (2022), p. 142. 
27 This is not strictly true. Coarse graining requires information processing. Given what we know 
about chemical computation (Sect. 9.6), it wouldn’t be a big step to design a reaction network with a 
threshold, which would be the most primitive form of coarse graining. Living systems include more 
complex computational networks, but the principle is the same. Throwing away detail is exactly 
what is going on when humans use concepts to describe the world. Flack (2017) is an interesting  
discussion of coarse-graining in biological systems though I disagree with the paper’s conclusions 
about causation.
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You might retort that the process is fundamental to the RGT’s explanation 
of universality. This leads to my second point. The explanation tells us that 
systems whose Hamiltonians have a particular form will belong to the same 
universality class. But a Hamiltonian is a microscopic description. To write 
it down we need to carefully analyse the way that one element interacts with 
its neighbours. For a fluid, this will involve the various types of intermolec-
ular force. For magnetism the exact nature of magnetic interactions between 
atoms. If that’s not microphysics, I don’t know what is. 

What’s more, talk of throwing away detail misses the point. The transfor-
mation is exact and the system after the transformation fully determined by 
the original system. The only details that are thrown away are the arbitrary 
configuration, whether this cell is on or that cell is off. This is a bit like saying 
the height of the tree from which Newton’s apple fell was thrown away. It’s 
true, but irrelevant to the universal law of gravitation. 

My third point relates to the thermodynamic limit. The RGT involves two 
assumptions of infinity: that the system is infinite and that the transforma-
tion is applied an infinite number of times. It’s not hard to see why this is 
necessary. For a finite system, progressively zooming out will at some point 
hit the boundaries of the system so there is no possibility of a fixed point. 

As discussed in the first section, when we turn to real systems that are large 
but finite, the results of RGT will only be approximate. Goldenfeld gives a 
neat way of estimating the magnitude of the approximation. The scale invari-
ance of fluctuations at the critical point means that there are fluctuations at 
all scales, but in a real system, fluctuations cannot be bigger than the size 
of the system. For a system of 1cm, he shows that this constraint will only 
matter within around 10−9K of the critical point.28 Further, the RGT result 
about universality is strictly local. Even in the infinite limit, universality only 
applies exactly at the fixed points. Away from the fixed points, all the micro-
scopic details will affect the systems behaviour. This will be exacerbated in 
finite systems.29 

Universality is a property of models. In the world, universality is only 
approximate. This is rarely stated. An exception is Wikipedia: 

In statistical mechanics, a universality class is a collection of mathematical 
models which share a single scale-invariant limit under the process of renor-
malization group flow. While the models within a class may differ dramatically

28 See Appendix A.4. 
29 This can be investigated within the framework of RGT using a process called finite-size scaling. 
See Goldenfeld (1992), p. 279. 
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at finite scales, their behavior will become increasingly similar as the limit scale 
is approached.30 

There are many fascinating aspects to RGT but it seems to me that 
none of them have much to do with emergence. On the contrary, RGT 
provides a reductive justification of why simplified models can be applied 
to complex systems, a reductive explanation of universal behaviour and a 
reductive explanation of the approximations involved in both. 

10.4 Example: The Ising Model 

The Ising model was originally posited in the 1920s as a mathematical model 
of ferromagnetism. Since then, it has come to be the canonical model of phase 
transitions. The set up is straightforward. Magnets, or spins, which can point 
either up or down are arranged on a lattice. The grids I’ve used both in the 
discussion of multiple realization and in the previous section can be taken to 
represent the model, with cells being on or off corresponding to spins being 
up or down. 

We are interested in the overall magnetisation of the system. There are two 
offsetting effects. Neighbouring magnets tend to align since their energy will 
be lower if they do so. But thermal noise tends to randomise their orientation. 
We’d expect the first effect to dominate for low temperatures resulting in a 
non-zero magnetisation and the second to dominate at high temperatures, 
resulting in a magnetisation of zero.31 

A closed-form expression for the magnetisation was first given in 1948 
by Lars Onsager. A graph of Onsager’s expression is shown in Fig. 10.3. 
Temperature is on the x-axis and the average magnetisation per site on the 
y, the units are unimportant.32 Starting at low temperature, all the spins are 
either aligned upwards, giving an overall magnetisation of + 1, or all aligned 
downwards, giving a magnetisation of − 1. As the temperature increases, 
thermal noise starts flipping some spins out of alignment but the effect is 
too small to see on the graph. At a temperature of between 1 and 2, you can 
start to see the average magnetisation start to decrease and then fall sharply 
to zero. This is the phase transition, from a state with non-zero magnetisa-
tion to a state with zero magnetisation. It happens at a critical temperature

30 https://en.wikipedia.org/wiki/universality_class. 
31 More details are in Appendix A.5. 
32 The Hamiltonian depends on the strength of the interaction between the spins and the Boltzmann 
constant. Following convention, to obtain the units shown in the figure I normalize both to unity. 

https://en.wikipedia.org/wiki/universality_class
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which Onsager showed to be T = 2.27, in the same units as used for the 
figure.33 Unsurprisingly, the derivation assumes the thermodynamic limit so 
can involve discontinuities. You can see the discontinuity in the graph when 
the magnetisation changes from having a near-vertical slope to a zero slope at 
the critical temperature.

Now imagine starting on the right of the graph and gradually reducing 
the temperature. When the critical temperature is reached, whether the final 
magnetisation ends up as + 1 or  − 1 will be effectively random. This is an 
example of the symmetry breaking discussed in Sect. 2.5. 

Let’s now apply the RGT.34 The maths is quite complex, but the steps are 
as follows:

1. Choose a coarse graining transformation. 
2. This will imply a set of renormalized coupling constants. 
3. Impose the condition that the Hamiltonian for the transformed system 

must have the same form as the original. This gives an expression relating 
the new coupling constants to the original ones.
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Fig. 10.3 2D Ising model magnetisation 

33 Onsager’s expression for the critical temperature is astonishing: 2/ln
(
1 + 

√
2
)
. 

34 This is taken from Goldenfeld (1992), Sect. 9.6. 
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4. This expression will be difficult to solve. So start with a first-order approx-
imation. This will give an approximate expression that shows how the 
coupling constants are transformed. 

5. Solve this for  the fixed points.  The values (in  terms of temperature) are  
T = 0 and  T  = ∞  corresponding to the low and high temperature fixed 
point, and a third which corresponds to the critical temperature TC = 
2.9. This is not far from the exact value of 2.27. 

6. This is one part of universality. The other is the dynamics near the fixed 
point which are determined by an eigenvalue. Calculating this from the 
approximation gives 1.62 compared to the exact value of 1.73. 

Pause for a moment to reflect on this. The Ising model is about as simple 
as you can get, abstracting away from almost all the detail of real phys-
ical systems. Yet the last section showed it can give qualitative properties of 
the properties of phases. This is already remarkable. But to get quantitative 
predictions for the critical exponent which characterises phase transitions is 
staggering. 

After working through the complex derivation, coding up the numerical 
solution comes as a relief. The system is easy to simulate,35 involving just a 
few steps 

1. Define a 2D matrix, each element of which represents a spin 
2. Pick a temperature 

a. For each element, calculate its energy as a sum over the relative 
alignments of its 4 neighbours 

b. For the chosen temperature, calculate the probability of thermal noise 
randomly flipping the spin 

c. Take a random draw between 0 and 1. If it is higher than the 
probability, flip the spin 

d. Repeat this for all spins 
e. Go back to step (a) and repeat for the chosen number of periods 

3. Go back to step (2) and repeat for a different temperature. 

I mentioned in Sect. 5.1 that most simulations involve fudges. This one 
is no exception. The procedure I just described works but is quite slow. To 
speed it up, it is better to flip a small proportion of spins, the value I use is

35 The code is available at www.TheMaterialWorld.net. It runs using the excellent open-source 
program Octave. 

http://www.TheMaterialWorld.net
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Fig. 10.4 Magnetisation in the Ising model 

10%, at each iteration. This doesn’t change the results but means the code 
runs an order of magnitude faster.36 

The results of the simulation can be studied in many different ways.37 

Figure 10.4 shows how the absolute value of magnetisation varies with 
temperature for 20 × 20 and 100 × 100 lattices. The line shows the theo-
retical result (as in Fig. 10.3) and the dots are the results of simulation. Two 
things stand out. First, the phase transition is not sharp but smeared out over 
a range of temperature. Second, for the larger lattice, there is less smearing 
out and the points are generally closer to the theoretical value. 
To look at this more formally, you can fit a smooth curve to the points 

from the simulation. This was done in 1976 by David Landau in what has 
become a classic paper in the simulation literature.38 Figure 10.5 is taken 
from this paper. Again, this plots magnetisation against temperature, with the 
theoretical value shown by the dashed line. The other lines show magnetisa-
tion for lattices of different sizes. The highest line, marked by empty circles, 
is the smallest lattice; the lowest line, with filled circles, is the largest. You can 
see how the transition gets steeper and steeper as the lattice size gets larger. 
Turn this round: the larger the lattice size, the better an approximation is the 
thermodynamic limit.

Here’s what Leo Kadanoff, whose work on block spins underlies the RGT 
approach, has to say about such a figure: 

As the number of lattice sites gets larger the variation in the magnetization 
will get steeper, until at a very large number of sites the transition from 
positive values of 〈σ〉 to negative ones will become so steep that the casual 
observer might say that it has occurred suddenly. The astute observer will look

36 This is because programs such as Octave or Matlab are optimized for matrix operations. Flipping 
cells one at a time requires going through a matrix element by element so is inefficient.
37 The data in the figures comes from runs with 20,000 periods flipping 10% of the spins each period. 
I have excluded metastable states which have close to zero magnetization even at low temperatures, 
as these are not relevant to my argument. If you are interested, download the code. 
38 Landau (1976). 
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Fig. 10.5 How magnetisation changes with lattice size39 

more closely, see that there is a very steep rise, and perhaps conclude that the 
discontinuous jump only occurs in the infinite system.40 

This captures exactly the sense in which the thermodynamic limit is 
a useful approximation and that phase transitions in real systems appear 
continuous to a casual observer, or at least one without extraordinarily 
high-resolution instruments. 
To further study these results, Fig. 10.6 shows a selection of the lattices 

from the 100 × 100 case.41 Temperature increases from left to right, first 
along the top row then along the bottom row. The lattice at the top left is at a 
low temperature. This solid phase has all the spins aligned; hence the uniform

39 Reprinted Fig. 10.4 with permission from Landau (1976). © 1976 by the American Physical 
Society.
40 Kadanoff (2009). 
41 A video is available at www.TheMaterialWorld.net. 

http://www.TheMaterialWorld.net
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T = 0.1 T = 1.8 T = 2.1 T = 2.2 T = 2.25 

T = 2.3 T = 2.35 T = 2.8 T = 4.1 T = 4.9 

Fig. 10.6 A phase transition, step by step 

colour. As we move to the left and the temperature increases, more and more 
spins and flipped randomly and you can see white patches appearing. 
The rightmost two panels on the top row and the leftmost two on the 

bottom row show lattices near the critical temperature. What is striking is 
that you can see how the phase transition happens. Fluctuations appear at all 
scales, with some filling large parts of the grid. As the temperature increases 
above its critical value, the rightmost three panels on the bottom row show 
these fluctuations collapsing into randomness. 

What does all this have to do with the universality in real systems described 
in Sect. 8.4? For this, we need a 3D Ising model which falls into the same 
universality class. No closed-form results exist, but it is straightforward to 
analyse the equations numerically or extend the simulation to 3D. If this is 
done, it turns out that the critical exponent42 is 0.31, which is close to the 
value of 1/3 used in Fig. 8.2 which shows the empirical results on universality. 
It is remarkable that such different systems show such similar properties. But 
similarity is all it is; strict universality is only found in the thermodynamic 
limit. 

10.5 Models and Emergence 

If you are looking for examples of the different types of emergence, the Ising 
model is a good place to start. The 2D version has a closed-form solution; 
the 3D version doesn’t so one is simulation emergent and the other not. You 
can find MR emergence wherever you want, zooming out to some level and

42 The value is taken from Chandler (1987), p. 123. 
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studying its properties. If you’re looking for contextual emergence, it is indeed 
impossible to explain the behaviour of a few cells without referring to the 
behaviour of the whole system. The model displays a phase transition and is 
a canonical example of universality. 

Yet in the previous section I did not use the term emergence. Instead I 
use standard tools, closed-form results, approximations or simulations, albeit 
presented in a non-technical way. These allow a thorough understanding of 
the Ising mode and shows how so-called emergent properties are the result 
of approximations and allows them to be understood in purely bottom-
up terms. Even the randomness off symmetry breaking as the lattice cools 
is only apparent. Given thermal noise (or more precisely the sequence of 
pseudo-random numbers in the code that represents thermal noise), if you 
are prepared to put in the effort you can always unravel the causal chain that 
leads to a configuration having a positive or negative magnetisation at low 
temperatures. 

Universality is a fascinating concept and its explanation by RGT is a jewel 
of theoretical physics. But, in real systems, it is always an approximate one. 
The RGT tells us what properties systems need to share if there are to belong 
to the same universality class. If we want to understand this for a particular 
system, we need to do the hard work of reductive physics, analyse carefully 
the nature of intermolecular interactions and explain why they satisfy the 
conditions suggested by the RGT. This is only part of the problem. Then 
we need to study the exact physical processes that occur around the phase 
transition, in the style of the paper from which I took the image of boiling 
water in Fig. 8.3. 

A first go at comparing phase transitions in the Ising model and water 
might look like this. As temperature rises, the amplitude and frequency of 
fluctuations increases. In the Ising model, this leads to random patches of 
magnetisation. The interior of these patches is relatively stable against fluc-
tuations, since each spin is surrounded by others by the same orientation. 
This means that the patches tend to grow. Since these patches are first seen 
well away from the critical point, by the time it is reached there are patches 
at all scales with larger patches being older. Above the critical point, the 
temperature becomes high enough to disrupt even the inside of patches so 
the pattern quickly collapses. For water, temperature fluctuations create tiny 
bubbles of steam. As the temperature rises, the steam’s pressure increases and 
so the bubbles become bigger. From then on, the story is the same as for 
the Ising model except that at the critical point the steam and water separate. 
Far from universality excluding reduction, as proponents of emergence claim, 
only reduction can explain universality.
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10.6 Minimal Models, Sloppy Models 
and Multiphysics 

So far, the models I’ve described are minimal models . This term was intro-
duced by Goldenfeld in 1993. Here is his more recent description: 

Gratuitously realistic details of the starting model will not only complicate 
the technical task of extracting the asymptotic structure, but will not impact 
the leading order behavior. Thus, a minimal model represents a universality 
class of models; whether or not one uses the minimal model or a decoration 
of it, the asymptotic outcome of a nonperturbative calculation will not be 
different.43 

The RGT explains why minimal models work. Systems which share some 
broad properties belong to a universality class and show similar behaviour 
around fixed points. A minimal model can be thought of the simplest system 
in a universality class. The quote makes it clear that this is only valid in the 
thermodynamic limit (“asymptotic outcome”) and that it is an approximate 
result (“leading order behaviour”). Such models are key to our imagina-
tive understanding, they provide what Anderson describes as the “enormous 
compression of the brute-force calculational algorithm, down to a set of ideas 
which the human mind can grasp as a whole”.44 

James Sethna’s idea of a  sloppy model is closely related. A sloppy model is 
dependent on a large number of parameters but its predictions are insen-
sitive to most of them. Proponents of the idea argue that it explains the 
success of minimal models, effective field theories and simplified modelling 
in general. All these share the characteristic of ignoring the sloppy parameters 
and focussing on those that matter. You might recognise this as a restatement, 
in modelling terms, of multiple realization. And it is vulnerable to the same 
criticism. The predictions of models might be insensitive to many parameters, 
but this is because they are approximations. 

Minimal models are at one extreme of the modelling spectrum. At the 
other are multiphysics (or multiscale) models. These involve modelling 
systems at different levels, using physics appropriate to each, then linking 
the different levels to allow them to interact. 

Many models of molecular systems make use of QM / MM models, which 
treat some details of large molecules using exact but computational expensive

43 Goldenfeld (2024), my emphasis. 
44 Anderson (2011), p. 136. 
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Fig. 10.7 Multi-physics and the early universe45 

quantum mechanics (QM) and the rest using approximate but computation-
ally easier classical molecular mechanics (MM). For example, when modelling 
an enzyme you might use QM to model the active site, where catalysis 
happens, and MM for the rest of the molecular structure. 
The simulations I briefly mentioned in Sect. 5.1 take a similar approach, 

blending different sorts of model. One of these was a simulation of the early 
universe. Broadly, it models weakly-interacting dark matter using many-body 
techniques while ordinary matter is modelled using fluid dynamics and then 
two are coupled together. Figure 10.7, taken from the paper, gives an idea of 
the range of techniques used. 

Further examples can be found from materials science to geology and 
biology to engineering.46 Bishop et al. claim that “multiscale modelling is an 
application of the contextual emergence framework and is best understood in 
that light”.47 To me, it seems more an example of making whatever assump-
tions are necessary to get something fit for purpose. These assumptions will 
depend on the budget, timescale and computing resources available. It’s hard 
to imagine being further from the nature of the world. 

10.7 Discussion 

The chapter on MR emergence ended with this quote: “We cannot simply 
read the causal structure of the world just by looking at what nouns scien-
tists use”.48 The conclusion of this chapter can be stated in similar terms: we 
cannot read off the structure of reality just by looking at the models scientists 
use.

45 Source: Vogelsberger et al. (2020). https://www.nature.com/articles/s42254-019-0127-2. Repro-
duced with permission from Springer Nature. 
46 Respectively, Fish et al. (2021); Regenauer-Lieb et al. (2013); McCulloch (2016); https://www.com 
sol.com/comsol-multiphysics. 
47 Bishop et al. (2022), p. 84. 
48 Klein (2008). 

https://www.nature.com/articles/s42254-019-0127-2
https://www.comsol.com/comsol-multiphysics
https://www.comsol.com/comsol-multiphysics
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This finishes our tour of weak emergence. Of the 75 definitions listed in 
Appendix A.1, around half fit into one of the three broad categories that the 
preceding chapters have analysed. None comes close to resolving the basic 
tension involved in such a position. I’ve argued they apply to everything in 
the universe so fail to distinguish a uniquely emergent domain and collapse 
into physicalism. 

Without weak emergence, there is no possibility of non-reductive physi-
calism. You cannot have your physical cake and eat it with the pleasure of 
knowing it is beyond physics. All this is another way of saying that Kim’s 
causal exclusion argument (Sect. 3.4) turns out to be correct. Remember, the 
argument doesn’t exclude emergence, but says that if it exists it must be strong 
emergence, violating physical causal closure. That is the subject of the next 
chapter. 

10.8 Further Reading 

Introductions to thermodynamics can be found in many textbooks, my 
favourites are Waldram (1985) and Steane (2017). For an interesting discus-
sion of the thermodynamic limit by a physicist see Styer (2004) and  by  
a philosopher, Callender (2001). Behaviour at finite scales is covered in 
Franklin (2019) and Sethna (2022). Wilde (2021) studies phase transitions 
in nanoscale systems. 

A good overview of EFTs can be found in Bain (2013) and a book length 
treatment in Burgess (2021). An excellent discussion of the relation of EFTs 
to emergence is in Luu and Meißner (2022) and it is worth reading Ellis’s 
response in Ellis (2022). 
The standard reference on the Renormalization Group is Goldenfeld 

(1992). A short overview can be found in Hüttemann et al. (2014) along with 
an interesting discussion of its implications for emergence. For applications 
of the RGT across the range of physics, see Huang (2013). 

For minimal models, see Goldenfeld (2024), for sloppy models 
Gutenkunst et al. (2007) and for an application of QM / MM methods to 
modelling DNA, Bacolla et al. (2015). 

More suggestions for reading can be found at www.TheMaterialWorld.net.

http://www.TheMaterialWorld.net
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11 
Strong Emergence 

Summary Strong emergence means that some things are beyond current 
physics. This could happen in various ways. A higher level feature could have 
genuine causal power and violate physical causal closure. Or it could affect 
the lower level by exploiting unknown physics or the causal slack left by the 
indeterminism of quantum physics. Or particular configurations of matter 
could evoke something that is non-physical. There is no logical reason to 
exclude any such hypotheses, but this chapter argues that neither is there 
any convincing empirical or theoretical evidence which makes them worth 
entertaining. 

The last chapters showed that weak emergence is so weak that it applies to 
all systems hence tells us nothing about the world. If you want to continue 
to claim the reality of emergent properties, you need to accept that they 
contradict current physics and so are strongly emergent. 

Recall Wilson’s definition: strongly emergent phenomena have causal 
powers over and above their physical base so microphysics must conform 
to the higher level. This could happen in various ways. One is as a result 
of new physics. Another is by exploiting causal slack at the fundamental 
level, which would require an explanation of how physical causal closure 
permits such slack. Another is by simply arguing that physics does what the 
higher level tells it to. Then there are concepts of strong emergence related 
to computability which argue not that physical causal closure is violated but 
rather that some things are outside physics.
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This chapter is a bit of a rag-tag of ideas that don’t have much in common 
apart from loosely satisfying the definition of strong emergence. This is the 
case even though I am going to neglect the large body of work which proceeds 
as follows: 

(i) Identify a phenomenon 
(ii) Describe at length its complexity or the extraordinary nature of its 

properties 
(iii) Assert that it is obvious that it cannot be reduced to physics so it must 

be strongly emergent. 

Claims for strong emergence in mental causation and consciousness fall 
into this category.1 So does a range of more interesting work which investi-
gates biological examples from cellular mechanisms, to evolutionary transi-
tions to the role of the epigenome.2 However, it seems to me that without 
a careful explanation of the mechanism by which physical causal closure is 
violated or sidestepped, these add up to little more than saying “Wow! There’s 
no way that all that complexity can be just quantum physics!”. 

11.1 New Physics 

Physics involves four fundamental interactions: electromagnetism, the strong 
and weak interactions, and gravity. The first three are described by quantum 
physics. Gravity is described by general relativity. Both theories have been 
tested to extraordinary levels of accuracy. A 2022 paper3 showed that one 
implication of quantum physics matched experiment to 13 digits of accuracy. 
In the same year, another paper4 reported a test of general relativity to 15 
digits. 
These accuracies can be seen as constraints on any proposals for new 

physics. Few physicists would doubt that new physics is needed: at high 
energy levels, quantum physics and general relativity are mutually inconsis-
tent; the measured expansion of the universe is different from predictions and 
there are regular hints that something is missing from the standard model. 
Proposals to address these issues involve extremely high energies and either 
extremely large or extremely small scales. But almost all of the phenomena

1 Examples are Deacon (2012) and Clayton (2006). 
2 Respectively, Mcleish (2017), Walker et al. (2012) and Davies (2012). 
3 Sailer et al. (2022). 
4 Touboul et al. (2022). 
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that are described as emergent exist at our low energy, mesoscale world. 
Arguing that some future theory of quantum gravity would have implications 
for such systems would be challenging, to say the least.5 

This difficulty may explain the rarity of such proposals in the recent emer-
gence literature. If we look further back, in the first half of the twentieth 
century the British Emergentists spoke of configurational forces that are 
fundamental but only experienced by particular arrangements of matter.6 

Atoms arranged randomly would not experience them. But arrange them 
into, say, a crystal, and a new force somehow switches on. There is no 
evidence for such forces. 
To find candidates for strong emergence we need to look at the wilder 

boundaries of science. One example that comes to mind is Rupert Shel-
drake’s idea of morphic resonance which was widely discussed in the 1980s.7 

This was the hypothesis that patterns are somehow reinforcing and Sheldrake 
was thinking particularly in terms of the growth and evolution of organisms. 
He proposed several empirical tests. One which has stuck with me is that 
it should be easier to solve a newspaper crossword puzzle the day after its 
publication since, as people discover the solution, it becomes integrated into 
the morphic field. However none of the predictions were confirmed and the 
hypothesis can be dismissed. But it fits the model for strong emergence: high 
level behaviour (biological forms, crossword puzzle solutions) being deter-
mined by the morphic field and this somehow influencing the underlying 
physics. 

A more recent example is Melvyn Vopson’s mass-energy-information 
equivalence principle.8 This asserts that information has mass and estimates 
the mass of one bit of information at room temperature to be around 
10−38kg. Apart from its interesting implications,9 the hypothesis also seems 
to be an example of strong emergence. It implies that a high level feature (the 
arrangement of bits into states of higher or lower information content) affects 
physics (the mass of the system). 

Such proposals for strong emergence should make the heart of a hard-
core physicalist sing. Imagine if Vopson’s proposal finds support from some 
unconnected part of physics. Then it is not hard to imagine a thorough effort 
to test it empirically. If it were verified, a whole army of theoreticians would

5 Roger Penrose’s work on the role of gravity in the quantum collapse process and the role of quantum 
effects in the brain is an exception, see Penrose (1999). 
6 For configurational forces and British Emergentism, see McLaughlin (2008). 
7 Sheldrake (1995). 
8 Vopson (2019). 
9 Vopson (2022). 
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start trying to work out how it fitted into fundamental physics. The scope 
of physics would be expanded. Physical causal closure would not be violated 
but extended. Strong emergence, in this sense, would be nothing but future 
physics. 

11.2 Entanglement 

Quantum physics and strong emergence could be linked in two ways. This 
section investigates quantum phenomena which fit the definition of strong 
emergence. The next askes whether quantum physics can explain how higher 
levels can have causal effects. 

Before starting, let me give a word of warning. While the formalism 
of quantum physics is unambiguous (hence the accuracy of its predic-
tions), its interpretation is an open question. Wikipedia lists 13 “influential” 
interpretations and adding in “minority” ones brings the count to around 20. 

Most physicists don’t worry too much about interpretations and just get 
on with using the equations of quantum physics to explain the world. Here 
is Stephen Hawking: 

I don’t demand that a theory correspond to reality because I don’t know what 
it is. Reality is not a quality you can test with litmus paper. All I’m concerned 
with is that the theory should predict the results of measurements. Quantum 
theory does this very successfully.10 

Or more succinctly, and possibly apocryphally: “When I hear of 
Schrödinger’s cat, I reach for my gun”. The links between strong emergence 
and quantum physics in this section depend on particular interpretations and 
those in the next section involve new interpretations. In the absence of a way 
of deciding between interpretations, and in my opinion no one has a clue of 
how to do so, all this discussion remains hypothetical. 

So let’s start. A fundamental property of quantum physics is entanglement. 
Particles that interact become entangled and are described by a single wave-
function. If these particles become separated, they can influence each other 
apparently instantaneously, in any case faster than permitted by special rela-
tivity11 . This is the implication of the famous Einstein Podolosky Rosen

10 Hawking and Penrose (2000), p. 121. 
11 Relativistic causation is not violated since the faster than light interaction cannot be used to 
transmit information. The terminology is a bit of a mess here, since in quantum field theory “non-
local” is used to describe processes that violate relativistic causation and “non-separable” to describe 
processes such as entanglement. 
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(EPR) experiment,12 proposed in 1935 as a thought experiment to show 
quantum physics must be incomplete. The experiment was first carried out 
in 1982 by a team lead by Alain Aspect, and the predictions of quantum 
physics were fully verified.13 Since then, experimental techniques have been 
progressively refined and have continued to confirm Aspect’s result 

If two photons are entangled on earth and sent off to opposite ends of the 
universe, they remain entangled forever, however great the distance between 
them. The entangled state determines the property of the individual parti-
cles. Information about just one part of an entangled system is not enough 
to know how the part will behave: for that we need information about the 
whole system. This sounds like strong emergence.14 However, it does not 
pose a challenge for physicalism since it is physics. Entanglement shows 
that quantum physics is fundamentally non-local.15 But the equations of 
quantum physics apply to the entangled system. 

A paper16 from 2018 describes a simple quantum system and claims it 
shows strong emergence in two senses. First, the system as a whole deter-
mines the properties of the individual components. Second, it is impossible in 
principle to derive the properties of the system from those of its components: 

…the higher-order (i.e., N -particle) correlations are required to construct any 
of the lower-order correlations, but we cannot go the other way around; i.e., 
we cannot deduce the N -particle correlations from any of the lower-order 
correlations17 

The paper’s key assumption is that of weak measurement. Measurement 
always disturbs the quantum system. A proof is due to Paul Busch and 
is known as Busch’s theorem.18 A weak measurement is one that only 
weakly disturbs the system being measured. The price for this is that little 
information is extracted: 

The intuitive idea behind the weak value of an observable is that by letting the 
strength of the (standard) interaction between the object and probe become 
sufficiently weak, the disturbance caused by the first measurement on the

12 Einstein et al. (1935). 
13 Aspect et al. (1982). 
14 Silberstein and McGeever (1999) make the case for entanglement being ontologically emergent. 
15 This is dependent on the interpretation, for example superdeterministic interpretations restore 
locality. For a review, see Hossenfelder and Palmer (2020). 
16 Aharonov et al. (2018). 
17 Aharonov et al. (2018). 
18 Busch (2009). 
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system becomes negligible. The price to be paid is that the first measurement 
becomes very poor. In other words, the observable becomes more and more 
smeared.19 

Without having worked through the details, I think what is going on 
is this. The system starts in an entangled state, which, as we saw earlier 
in this section, fits the definition of strong emergence. Since the measure-
ment is weak, the degree of entanglement after the measurement is only 
slightly reduced. So the system after the measurement is still entangled and 
so strongly emergent in exactly the same sense as entanglement in general. 
Not in a way that poses any problem for physics. 

11.3 Room at the Bottom 

Quantum physics is usually seen as indeterministic. Does this mean there 
is causal slack which higher levels could exploit? Let’s start by remembering 
that quantum physics has two parts. The first describes the deterministic time 
evolution of quantum states. In general, these states will be superpositions of 
all the possibilities open to a system, recall the quantum coin of Sect. 2.2. The  
second describes a measurement process in which the superposition collapses 
to a single value. This measurement process is, under most interpretations, 
fundamentally indeterministic. 

On the face of it, such indeterminism opens a channel for downward 
causation. You just need to describe a mechanism by which the higher level 
rigs the probabilities to achieve a particular outcome.20 It certainly sounds 
like this is what Ellis intends when he writes that downward causation can 
happen 

…by statistical fluctuations and quantum uncertainty. Lower level physics is 
not determinate: random fluctuations and quantum indeterminism result in 
an ensemble of lower level states from which a preferred outcome is selected 
according to higher level selection criteria. Thus top-down selection leading to 
increased complexity is enabled by the randomness of lower level processes.21 

19 Busch et al. (2016), p. 244. 
20 A rare discussion of the implications of exploiting indeterminism, albeit in the context of free will, 
is in Liu (2009). 
21 Ellis (2016), p. 15.
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Ellis along with Barbara Drossel propose a new interpretation of quantum 
physics22 which they call contextual wavefunction collapse. The central idea 
is that quantum effects are limited in scale. For standard quantum physics, it 
is meaningful to talk of the wavefunction of a cat, a human or the universe 
as a whole. Instead, Ellis and Drossel argue that quantum physics has limited 
validity 

Even though the context of the quantum system can be described quantum 
mechanically at least for some of the degrees of freedom and up to certain 
length and time scales, the wider environment is a classical environment.23 

They assert that this means collapse is an example of downward causation. 
One of the main attractions of this interpretation is that it doesn’t require a 
separate collapse process. However, as far as I can tell the result of the collapse 
remains indeterminate. The paper does not include a description of how the 
higher level can rig the probabilities to choose a particular outcome. If I am 
right, then whatever the merits of Drossel and Ellis’s proposal, it doesn’t give 
a mechanism by which the higher level can affect the result of the collapse 
and so have causal effects. 

Any proposal for such a mechanism would need to resolve two issues. 
The most evident is how to solve the staggeringly complicated computa-
tional problem of which collapses to choose to orchestrate a macroscopic 
effect. A deeper problem is that the molecular storm, the random motion of 
molecules, swamps quantum effects. Since the macroscopic world is largely 
robust to the molecular storm, it is likely to be wholly insensitive to indi-
vidual quantum events. This is perhaps part of the reason why I failed to find 
any such proposals, at least outside the literature on free will. 

A different approach comes from a 2017 paper24 by David Yates. He 
claims that the geometry of the water molecule is an example of strong emer-
gence. The fascinating properties of water, some of which are fundamental to 
cellular function and the existence of life, arise from its bond angle which was 
illustrated in Fig. 2.4. Yates asserts that, while quantum physics can calculate 
the properties of the molecule to a high precision, it can only do so taking the 
bond angle as given and that this implies the geometry of the water molecule 
has causal powers. So, in the sense of Wilson, it is strongly emergent.

22 Drossel and Ellis (2018). 
23 Drossel and Ellis (2018). 
24 Yates (2017). 
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Yates states that the derivation “cannot be done”.25 But he uses words 
rather than quantum physics. And these words appear to be contradicted by 
two recent papers that claim to derive the bond angle from first principles.26 

One uses a computational method known as Density Functional Theory 
to calculate the energy of the water molecule for various bond angles and 
finds it is minimised at the observed angle. The other simulates the molecule 
on a quantum computer and derives the bond angle. Interestingly, Wilson 
gives a comprehensive rebuttal of Yates’s argument from a philosophical 
perspective.27 

11.4 Strong Computational Emergence 

We saw in Sect. 5.8 that there are physical limits to computation. Mark 
Pexton applies this to the universe as a whole and argues that its resources 
are insufficient to compute everything in it. If this is the case this means that 
to do what it does, the universe itself must use some sort of higher level algo-
rithm which Pexton asserts is analogous to the special sciences. For example, 
when a ball rolls down a slope the universe doesn’t solve the quantum many-
body problem, but instead uses good old Newtonian physics. This implies the 
special sciences are not arbitrary but have ontological significance since they 
are necessary for the universe to get on with its business. Pexton calls this 
strong computational emergence.28 It’s strong emergence in the sense that 
higher levels are not just approximations but have genuine causal powers. 

He cites two sorts of evidence for his contention. The first is based on 
the combinatorial explosions which I already mentioned in Sect. 2.12. He  
takes the case of a protein made of a combination of 20 amino acids. A 
small protein might consist of a chain of 100 amino acids so there are 
20100 possible such proteins. This number far exceeds the estimation of the 
computational capacity of the universe. How, then, do biological systems ever 
manage to find the correct protein? The second example relates to a class of 
mathematical problems called NP-complete29 that take similarly implausible 
computational resources to solve then. He argues that some physical processes 
are themselves NP-complete but that the universe solves them effectively 
instantly.

25 Yates (2017), p. 834. 
26 Respectively, Milovanović et al.  (2020) and  Xu  et  al. (2024). 
27 Wilson (2021), Sect. 4.3. 
28 Pexton (2019). 
29 These problems are a subset of the NP-hard problems discussed in Box 5.2. 
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Yet neither example bears closer examination. Proteins are selected by the 
directed search that is evolution. No biological process exists that requires 
running through all possible proteins. It’s as simple as that. On the second 
example, a 2005 paper30 by Scott Aaronson demolishes the idea that physical 
systems solve NP-complete problems. Instead, they settle into local optima 
rather than the global optimum which would represent the solution to the 
NP-complete problem. The article ends with the suggestion that the inability 
to solve NP-complete problems should be a constraint on physical theories. 

11.5 Non-computability 

Remember the discussion of computability in Sect. 5.4? I framed this in 
terms of the halting problem. In general, it is impossible to decide whether 
a particular Turing machine will stop or not. If it could be shown that a 
physical system was non-computable, this would imply that, even with a 
complete knowledge of the microphysics, there would be some properties 
that were impossible to derive. While this does not endow those properties 
with causal powers, so fails to be strong emergence in the sense of Wilson, 
it does imply that those properties are necessarily irreducible to physics. This 
would represent a challenge to physicalism so merits inclusion in this chapter. 
There have been two recent demonstrations of the non-computability of 

physical systems. Both proceed by constructing a formal parallel between the 
system and a Turing machine. Then, since we know the halting problem 
applies to Turing machines, it must apply to the physical system i.e. the 
system has a property which cannot be computed. 
The first paper,31 from 2008, works with the Ising model which was the 

subject of Sect. 10.4. The parallel is established by showing that the Game 
of Life can be encoded in the Ising lattice. Then, since we know we can 
build Turing machines in the Game of Life, we can also encode them in the 
lattice. Since the halting problem applies to some Turing machines, so the 
configurations of the lattice which represent these Turing machines must be 
non-computable. 
The second paper, from 2015, deals with the spectral gap,32 the difference 

between the lowest and next-lowest energy levels of a material. They show 
that a Turing machine can be encoded in the quantum states of a material

30 Aaronson (2005). 
31 Gu et al. (2009). 
32 Cubitt et al. (2015). 
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in such a way that the energy state depends on whether the Turing machine 
halts or not. This implies that the spectral gap is undecidable. 
These are fascinating papers. But, inevitably since they are based on the 

halting problem, both only apply to infinite systems. It is not clear if there 
are any implications for finite physical systems. 

You can approach the issue of non-computability from the other end. A 
process which can give answers to non-computable problems is convention-
ally known as an oracle. It’s easy to imagine a black box that could solve the 
halting problem: give it any program, and the output tells you whether it will 
halt or not. You test it by giving it every program you can find, even ones 
designed to be tricksy, and it always gives you the right answer. While this 
might be evidence of something supernatural (imagine if you open the box 
and find it empty) it can never be evidence of non-computability. You can 
only test it with a finite number of finite programs so you can never know 
whether the oracle solves the halting problem in general. It may be that it 
just has an efficient algorithm which works in all the cases you feed it. Once 
more, the physical relevance of non-computability is not clear. 

Does all this imply that non-computability is irrelevant for finite systems 
and hence the finite universe? Not necessarily. If physical quantities take 
continuous values, the infinity that matters would reside in these values rather 
than the size of the system. But are we sure that physical quantities are 
continuous? Einstein wrote 

One can give good reasons why reality cannot at all be represented by a contin-
uous field. From the quantum phenomena it seems to follow with certainty 
that a finite system of finite energy can be completely described by a finite set 
of numbers (quantum numbers)33 

Quantum physics provides some support for this idea because it states that 
some physical quantities are discrete. Are space and time similarly quantised? 
No one knows. Some theories of quantum gravity imply quantisation, but 
there is no consensus. Such quantisation would have empirical consequences 
but no experiment can ever definitively show its absence since the quanta 
could always be just a bit smaller than the accuracy of the experiment. 

Just as computation requires physical resources, so does the storage of 
information. So a physical quantity with an infinite number of digits would 
require infinite resources. Of course, just as the universe may compute using 
a super-efficient algorithm, it may also have a super-efficient way of storing 
information. But if this is not the case, one solution is simply to argue that

33 Einstein (2005), p. 99. 
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physical quantities only take values that do not require an infinite number of 
digits. In such a universe, everything would be computable. 

11.6 Emergent Dualism 

So far, everything I’ve discussed has assumed there is nothing in the universe 
apart from what is described by current or future physics. Emergent dualism 
is the idea that particular configuration of matter either brings something 
non-physical, let’s call it spirit, into existence or attracts a pre-existing spirit. 
If this spirit is to be other than epiphenomenal, it needs at least some causal 
powers independent of its microphysical base and these will necessarily violate 
physical causal closure. There is an interesting debate over exactly how this 
happens and whether spirit must necessarily contradict conservation laws. But 
happen it must if spirit is to have causal powers: physics just does what it’s 
told by spirit, in a way that, so far at least, avoids empirical measurement. 
In Chap. 13, I’ll say a bit more about such possibilities and the complete 
absence of evidence for dualism. 

11.7 Discussion 

While in my opinion there is absolutely no evidence in favour of strong emer-
gence, it would be perfectly reasonable to argue that this is because we haven’t 
looked hard enough. Image there was a downward causation mechanism that 
only switches on when macroscopic samples are in a precise configuration. 
The high energy experiments that give the most precise measurements only 
involve a few particles at once so wouldn’t pick it up. Condensed matter 
physicists may not have got round to working with the particular configu-
ration.34 This might lead you to conclude that the only response to strong 
emergence is agnosticism. 

However, outside the free will debate, I am not aware of a single concrete 
suggestion of how downward causation could either exploit quantum inde-
terminism directly, by rigging the probabilities, or by somehow sidestepping 
causal closure. Even more striking is the complete lack of predictions that 
could help test ideas about strong emergence. If we are to be agnostic towards 
strong emergence, it is in same sense as we are agnostic to pixies in our garden.

34 To avoid being picked up in equally high-precision astrophysical measurements, the hypothetical 
force would also need to fade away at large scales. 
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It is simply not worth devoting time to such things until there is evidence or 
testable predictions. 

What would it mean for physicalism if evidence was found for strong 
emergence? Evidence for one of the mechanisms described in the first three 
sections would mean new physics, either directly or to explain the mechanism 
by which the high level rigs the quantum probabilities. This would extend 
physics and hence the scope of physicalism. On the other hand, if there were 
evidence for emergent dualism, we would have a clear sense of the limits of 
physicalism. The term strong emergence is redundant: it is either dualism or 
an extended physicalism. 

11.8 Further Reading 

For an interesting collection of papers related to downward causation, see 
Voosholz and Marcus (2022). For oracles and non-computability, see Edis 
and Boudry (2014). General discussions of emergent dualism can be found 
in Nida-Rümelin (2007) and Wong (2019). Explorations of how spirit might 
interact with physics are in Gibb (2010) and Cucu and Pitts (2019). 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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12 
Emergence: An Assessment 

Summary This chapter presents a brief synopsis of the arguments in Part II 
that show emergence is an illusion. 

We’ve seen that weak emergence is such a weak concept that it applies to 
everything from quarks to the whole universe. We’ve seen there are no exam-
ples of strong emergence. So emergence either applies to everything or to 
nothing. We think the concept tells us something about the world but this 
an illusion. This chapter briefly summarises the arguments that lead to this 
conclusion. 

12.1 More is Different 

What it is: wholes have properties distinct from those of their parts. 

Why it applies to everything: it is the case for all composite bodies. 

Why it is not a challenge to reductive physicalism: more is different 
because parts interact and such interactions have always been at the heart 
of physics.
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12.2 Simulation Emergence 

What it is: weakly emergent phenomena are those for which no closed-form 
solution exists and so can only be modelled by simulation. 

Why it applies to everything: exact closed-form solutions only exist for 
idealised systems. 

Why it is not a challenge to reductive physicalism: it doesn’t claim to be 
since it is about models, not the world. 

12.3 Multiple Realization Emergence 

What it is: high-level properties somehow float free of physics since they can 
be realized by systems with different microphysical structures. 

Why it applies to everything: everything which is not fundamental physics 
is a high-level property and so emergent in this sense. 

Why it is not a challenge to reductive physicalism: every physical system 
is distinct. MR emergence captures the simplifications required by the nature 
of human thought. 

12.4 Contextual Emergence 

What it is: physics only sets the necessary conditions for the behaviour of a 
system; the sufficient conditions are given by the context. 

Why it applies to everything: only the most idealised systems are indepen-
dent of their context. 

Why it is not a challenge to reductive physicalism: context does not appear 
by magic but is itself a physical system. Then all contextual emergence says is 
that one physical system, the experiment, interacts with another, the context.
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12.5 Strong Emergence 

What it is: higher levels have causal effects on their microphysical base, either 
by violating physical causal closure or by sidestepping it. 

Why it doesn’t apply to anything: although logically coherent, there are 
neither convincing theoretical models of strong emergence nor empirical 
evidence. 

Why it wouldn’t be a challenge to reductive physicalism: if evidence of 
strong emergence were found and could be explained by new physics, this 
would extend the scope of physicalism. 

Why it would be a challenge to reductive physicalism: if evidence of strong 
emergence were found and the only explanation was dualist, this would put 
a limit on the scope of physicalism. 

12.6 And so? 

Our cognitive limitations mean we cannot do without high level concepts. 
But we can do without the concept of emergence. Chapter 14 will show what 
we can replace it with. Before that, we need a general framework with which 
to approach complex systems and indeed physical systems in general. That is 
the subject of the  next  chapter.



Part III 
The Demon’s Perspective



13 
Austere Physicalism 

Summary Of the six positions presented in Chap. 3, we have so far ruled 
out weak and strong emergence so are left with dualism and the three types 
of physicalism. This chapter will argue that the only coherent physicalist posi-
tion is eliminativist. This means it must be an austere physicalism in which 
the only real entities are those described by fundamental physics. Everything 
else, everything that is not physics, is an illusion. After stating the position 
and giving some philosophical background, the bulk of the chapter considers 
various objections and concludes that none of them are convincing. 

Emergence is an illusion. If we want to avoid the supernatural, what is left? 
Part III argues that the only choice is an austere physicalism. This chapter 
presents the physicalist position and investigates its consequences. The next 
chapter uses it to unpack the concept of emergence. Then Chap. 15 returns 
to the examples of Chap. 2 and shows how they can be understood in a physi-
calist framework. Finally, Chap. 16 will sketch the implications of physicalism 
for free will and consciousness. 

Chapter 3 described six metaphysical positions: dualism, epiphenome-
nalism, reductionism, eliminativism, weak emergence and strong emergence. 
This chapter argues that we are left with a choice of two: dualism or elimina-
tivism. What happened to the other four? We’ve seen that strong emergence 
would either mean new physics or dualism, but that there is not a shred of 
evidence for it. And that the various formulations of weak emergence tell us 
nothing useful about the world since they can be applied to everything.
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Of the three physicalist positions, epiphenomenalism makes no sense to 
me and I’m going to ignore it. This leaves eliminativism and reductionism. 
You might say that, given the choice, you’d stump for reductionism. At least 
it allows you to preserve your intuitions about the reality of the things that 
compose your world. But I am going to argue that it is an unstable position. 
A reductionist cannot avoid being an eliminativist. You can’t stop every-
thing slipping down to the lowest level. You can’t avoid seeing that only the 
lowest level is real. This means that the only possible physicalism is an austere 
physicalism. It is either that or a belief in the supernatural. 

13.1 Everything is Physics 

Everything is fully described by fundamental physics or whatever future 
theory may supersede it. Physics explains the parts, the whole and the relation 
between them. Due to the non-local nature of quantum physics, wholes can 
influence parts as well as parts influencing wholes. Other ways of describing 
the world are artefacts of our cognitive limitations. This includes the special 
sciences, commonsense models of the world, ordinary objects, ourselves and 
other creatures. They may be useful approximations. They may be unavoid-
able given our cognitive structure. But they are illusions in the sense they 
have no causal power. 
This means that almost everything we think we know about the world is 

wrong. The sky isn’t blue. Nothing is blue. There are no colours. You are 
not holding a book. There are no books. Instead, there are quantum fields 
arranged blue-wise or book-wise. These interact with other quantum fields 
arranged person-wise and so reconfigure them into a state that corresponds 
to seeing a blue sky or holding a book. There are no objects above the lowest 
level. Indeed, there are no levels. There are only quantum fields arranged in 
various ways. 

If quantum physics is beyond our imaginative understanding, its impli-
cations for ourselves and the universe as a whole will necessarily make no 
sense to us. But let me try engage your imaginative understanding by telling 
a story that I hope will make things more plausible. A few minutes after the 
big bang, the universe was a mix of subatomic particles at a temperature of 
around 1010K. The particles were distributed approximately uniformly. Yet 
14 billion or so years later the universe is full of complex structures at every 
scale, from biological nanomachines up to clusters of galaxies. 

How did we get from there to here? I gave an outline in Sect. 9.4, but  
the important point here is that, if physicalism is true, each step happened
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according to the laws of physics. At every step, the dynamics of every particle 
in the universe evolved according to quantum physics and general relativity.1 

If you accept that fundamental physics explains the development of the 
universe, you are forced to accept that it explains the state of the universe 
at any point in this evolution. And this means it describes every detail of 
everything in the universe. This includes here and now. Everything is physics. 
We might never be able to follow every detail of the causal chain, I’ll have 
more to say about this in the next chapter, but physical causal closure means 
that the chain exists. 
The only alternative is to assert that somewhere in the causal chain leading 

from the early universe to the present, something non-physical slipped in. 
This would be dualism. 

Austere physicalism is a radical position. Objections to it can be divided 
into three broad types: that it clashes with our intuitive understanding of the 
world, that it clashes with the practice of science or that its consequences are 
unacceptable. Before engaging with such objections, let’s address the question 
of where the process of elimination ends. 

13.2 Slicing the Blobject 

Continuing the process of elimination means that there is only one object. 
Terry Horgan and Matjaž Potrč call it the blobject : 

There is really just one concrete particular, namely, the whole universe (the 
blobject). 

The blobject has enormous spatiotemporal structural complexity and enor-
mous local variability—even though it does not have any genuine parts.2 

The blobject was introduced as a philosophical idea. However, we can put 
it on physical foundations. Quantum physics implies that everything in the 
universe forms one entangled quantum state. This is an almost trivial conse-
quence of the big bang. If all the matter in the universe started out in an 
entangled state it must remain in one.3 This means it is described by a single 
wave function. Putting some region of the universe, like the quantum coin of

1 The point does not depend on this evolution being deterministic. If quantum physics has an 
indeterministic component, we just need to say that the universe evolved according to physical rules 
conditional on this random element. 
2 Horgan and Potrč (2008), p. 3. 
3 This doesn’t preclude the degree of entanglement increasing over time, indeed a 2024 paper, Al-
Khalili and Chen (2024), argues that this may give another interpretation of the arrow of time. 



220 L. Graham

Sect. 2.2, in a coherent state and then watching it decohere is a purely local 
effect. This view is known as quantum monism. 

Of course, such a position is dependent on which interpretation of 
quantum physics one chooses. But that is not the issue here. To think more 
about the implications of the blobject, let’s take what might be called the 
demon’s perspective. Pierre-Simon Laplace used the thought experiment of a 
superbeing, conventionally known as a demon: 

Given for one instant an intelligence which could comprehend all the forces 
by which nature is animated and the respective situation of the beings who 
compose It—an intelligence sufficiently vast to submit these data to analysis— 
it would embrace in the same formula the movements of the greatest bodies of 
the universe and those of the lightest atom; for it, nothing would be uncertain 
and the future, as the past, would be present to its eyes.4 

Laplace’s target was determinism, but let’s train the demon’s gaze on the 
blobject. Before you object that computational limits apply to demons too, I 
intend this as no more than a metaphor. Our demon would be able to see the 
blobject in its entirety, the single wave function (or whatever form the true 
description takes) of the universe as a whole. If the multiverse interpretation 
of quantum physics is correct, the demon would see every detail of every 
universe simultaneously. It would be able to run this wave function back and 
forward in time, from the moment of the big bang into the eternity of the 
big freeze. 
The demon could effortlessly slice up the blobject in any possible way, 

across dimensions and across timescales. Some subset of these would corre-
spond to things in our scientific picture of the world. The demon could 
appreciate the delicate dance of microstates in a gas, pausing at each tick 
of the Planck clock (or whatever is the minimal increment of time, if there 
is one) to watch the slow evolution of its wave function. It could watch the 
last atom fall into a black hole then trace its path back to its formation as the 
early universe cooled. 
The demon could work out the special sciences and all their laws and see 

why particular physical systems (humans) at a particular stage in their devel-
opment have a particular set of special sciences. And at the same time see why 
other physical systems (all the other ways that intelligence can be instantiated) 
would have different special sciences. 

A smaller subset of the demon’s perspective would contain the things in 
our commonsense picture of the world. The demon would see that some

4 Laplace (1995). 
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physical systems when close to other physical systems have states which 
correspond to “seeing blue” and “holding a book”. It could run back the 
development of these systems to the first bacterium that represented the 
external world by some internal state. And continue further back to the first 
set of self-replicating molecules. It would see all of these processes in terms 
of energy minimisation or entropy maximisation, or other physics unknown 
to us. Perhaps other physical systems exist at other places and times with 
vastly greater complexity than humans. The demon would see them all in 
exactly the same way, indifferent, as the Great Programmer of Sect. 5.10 
is indifferent, to whether they are configured in ways that represent life or 
consciousness.5 Speculating about the rest of what the demon sees, the part 
that lies outside our scientific image, is no better than science fiction. The 
blobject can be sliced in endless different ways from the smallest scale to the 
largest. 

Will we ever achieve something like the demon’s perspective? If the 
Church-Turing-Deutsch principle is true, the universe is comprehensible. If 
we can build a universal quantum computer, every system can be simulated 
from the bottom up subject only to the limits of the size of the quantum 
computer. This would mean there are no limits to physicalism. Or there may 
be general limits to the system of distributed cognition that is science, I will 
return to this question at the end of the chapter, and we may one day run up 
against them. But until this happens, science and the physics that underlies 
it will continue to explain more and more of the world. Austere physicalism 
is profoundly optimistic. 

13.3 The Philosophical Background 

The term eliminative materialism was first used in a 1968 article by James 
Cornman,6 though similar ideas can be found in the writings of the British 
Emergentists in the 1920s.7 Subsequently, the use of the term has split into 
two threads. 
The first aims eliminative materialism squarely at commonsense 

psychology. One of the best known contributions is Paul Churchland’s

5 There is a close parallel between the blobject and the Great Programmer’s view of our universe as 
one very long integer. Our special science view is one way of compressing this integer. A demon 
would see many others. 
6 Cornman (1968). 
7 For example, Broad (1925), p. 610. 



222 L. Graham

“Eliminative Materialism and the Propositional Attitudes”. Here is its first 
paragraph: 

Eliminative materialism is the theory that our common-sense conception of 
psychological phenomena constitutes a radically false theory, a theory so funda-
mentally defective that both the principles and the ontology of the theory 
will eventually be displaced, rather than smoothly reduced, by completed 
neuroscience.8 

This is strong stuff. Churchland’s body of work forms the core of the elim-
inativist argument against commonsense psychology. However, as far as the 
special sciences go, Churchland seems to remain a reductionist. 
The second strand takes the complementary approach: being eliminativist 

with respect to ordinary objects (and implicitly to the special sciences) while 
asserting that some classes of living things are different.9 This is Peter van 
Inwagen: 

The y composed by the x’s exists if and only if the activity of the x’s constitutes 
the individual life of a concrete biological organism10 

And this Trenton Merricks: 

We humans—in virtue of causing things by having conscious mental proper-
ties—are causally non-redundant11 

I think van Inwagen’s argument is easy to dispose of by appealing to conti-
nuity. There is no sharp cut off between non-living and living matter. If there 
appears to be one, that is only because we are thinking of the highly devel-
oped forms of living matter we see around us. Instead, if we tell a story of 
how life started, there is a smooth transition from non-life to life.12 So all 
that’s left is to claim that matter organised as living things somewhere under-
goes a step change as the magic flame of life is lit. This would be vitalism, 
one form of dualism. Merricks argument evokes consciousness which puts it, 
at least until the final chapter, outside the scope of this discussion. 

My approach combines these two threads. I’m not calling it eliminative 
materialism for two reasons. The first is that the term is mostly associated

8 Churchland (1981). 
9 For a comparison of the two positions, see Van Inwagen (2014), p. 6. 
10 Van Inwagen (1995), p. 82. 
11 Merricks (2006), p. 114. 
12 See Graham (2023). 
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with just the first thread. The second is that I’ve settled on the term phys-
icalism (Sect. 3.13). Since elimination applies equally to ordinary objects, 
special sciences and commonsense psychology, we are close to the Austere 
Realism of Horgan and Potrč. Hence Austere Physicalism, as a link and 
tribute to their work. 

13.4 Objection: It’s Blatant Nonsense 

I wonder why  any sane reader would  give  the time  of  day to such a prepos-
terous claim… physics can tell us about an atom of metal accelerating through 
the air, but can it say anything about the swing of the executioner’s axe, or 
whether capital punishment is a good thing?13 

This was the response of one of my friends when I pitched austere phys-
icalism to them. And it seems quite a common one. Physics is fine in its 
domain. But step into the complex realm of human affairs and it is just plain 
silly to think it has anything to say. To explain things in the world, you need 
a completely different set of concepts. You might recognise this objection as 
a version of the Churchill’s Nose example of Sect. 2.15. I’ll postpone a thor-
ough discussion of this until Chap. 15, but for the moment, let me respond 
in two ways. 

First, with a question. If these things (history, morality) are not physics, 
what are they? There is a complex causal chain leading from the early universe 
to the executioner’s axe. Where in this chain does something non-physical slip 
in? And, in the absence of a meaningful sense of emergence, what exactly is 
this non-physical thing? 

Second, with an analogy. In Sect. 9.3, I discussed Bishop and Ellis’s argu-
ment that it is absurd to imagine that the distribution of matter some minute 
fraction of a second after the big bang could somehow encode these words 
that I am writing and everything around me. My response to this was that 
the nature of quantum physics means information is conserved and the infor-
mation content of the universe is constant. Yes, it is impossible to accept this. 
But we know how limited is our imaginative understanding of the world. We 
need to put it aside and accept the representational understanding given by 
physics.

13 Honor Klein, personal communication. 
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Some philosophers go further than my friend and argue that elimina-
tivism is self-contradictory.14 Briefly, the argument goes that eliminativism 
asserts that there is no meaning in the world so if it is true cannot itself be 
meaningful. Alex Rosenberg gives a convincing rebuttal in a 1991 paper.15 

13.5 Objection: It’s not How We Think 

Of course it’s not. When we see a blue sky or hold a book, it’s not that we’re 
making a mistake. Our sensory system is configured in such a way that the 
only way we can see the world is in terms of colours and objects. We have 
no choice but to use this commonsense ontology which is encoded in the brain 
and the result of a long process of evolution. 

Wilfred Sellars refers to the objects in the commonsense ontology as the 
manifest image16 This is Daniel Dennett’s description: 

These are the things we use in our daily lives to anchor our interactions and 
conversations, and, to a rough approximation, for every noun in our everyday 
speech, there is a kind of thing it refers to. That’s the sense in which the ‘image’ 
is ‘manifest’: it is obvious to all, and everybody knows that it is obvious to all, 
and everybody knows that, too.17 

The manifest image is the view from the cave. Commonsense ontology 
tells us what there is in this world. Commonsense physics, statistics and 
psychology tell us how these things behave and interact. We have imagina-
tive understanding of all these things. In fact, to imaginatively understand 
something is to fit it into the manifest image. 

Sellars contrasts the manifest image with the scientific image18 We’ve seen 
that science is a system of distributed cognition, a system that allow us to 
see the world outside the cave. For an austere physicalist, this consists of 
fundamental physics and nothing else. We have only representational under-
standing of this. Our minds are too limited for imaginative understanding.

14 This argument is in Broad (1925), p. 611. 
15 Rosenberg (1991). 
16 Sellars (1992), p. 6. 
17 Dennett (2017), Chap. 4. 
18 You can find a similar idea in the work of Galileo, see Drake (1960), p. 309. 
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Using terms from the manifest image, we might say “The sun has just 
moved behind the house”. But we wouldn’t dream of using this as evidence 
to deny Copernicus’s insight that the sun doesn’t move. Science can help us 
understand why it seems to us that the sun has moved, how such a perception 
is the result of our evolutionary history and how it plays a useful role in 
discourse. In a similar way, we can’t help thinking or saying things like “That’s 
a lovely blue sky” or “I’m reading a book”. But such commonsense usage has 
little to do with physical reality which only contains quantum fields. The 
statement “I’m reading a book” can be no more a denial of austere physicalism 
than “The sun has just moved behind the house” is a denial of heliocentrism. 

While the manifest image is a poor guide to the scientific image, the scien-
tific image includes an explanation of the manifest image. If we want to know 
why we have a particular set of models, we need to study the evolutionary 
process that led to modern humans. In Sect. 4.1, I gave a sketch of such 
an explanation, of how our cognitive capacities are consequences of evolu-
tionary constraints. Commonsense models represent good-enough heuristics 
which helped us survive and thrive in our ancestral environment. They are 
just one among endless possible ways to describe the world. They are about 
utility, not reality. There was never a selective advantage to understanding the 
microscopic or cosmological details of the world. The extraordinary thing is 
that we manage to see out of the cave at all. 

What more can we say about the manifest image? Daniel Dennett describes 
the simplifications involved as various stances.19 He gives the example of an 
alarm clock or a goldfish. Both are complex systems requiring a huge amount 
of analysis to understand how they work. But this isn’t much use for practical 
purposes, and indeed wasn’t available for most of history. Instead we adopt 
a design stance . We assume that the object has been designed for a particular 
function. This allows us to predict its behaviour in a much simpler way. The 
alarm clock will ring when the time reaches a particular value. The goldfish 
will swim in water but flounder in air. There are weaknesses to the design 
stance (we may misinterpret the design, or maybe the object won’t work as 
intended) but these are compensated by the vast increase in ease of prediction. 

However, for the goldfish, a further simplification arises from treating it as 
an agent, which Dennett calls the intentional stance .  This involves using the  
tools of commonsense psychology, ascribing beliefs, desires and some level of

19 Dennett (2013), Chap. 18. 
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rationality to the system. The goldfish will swim to the surface when food 
is scattered because it is hungry. It will interact with other goldfish because 
it is playful, and so on. As for the goldfish, so for any living system from a 
bacterium upwards. 

Living systems are complicated. As a simpler example of the workings of 
the intentional stance, take a four-wheeled machine equipped with a motor.20 

It has a light sensor on each side and the stronger the signal from the light 
sensor the faster the wheels on that side turn making it turn away from the 
light. Then if we put it on a flat surface lit in a non-uniform way it will 
tend to find the darkest part and turn in circles around it. It is much easier 
to say that the machine moves in order to find a dark spot rather than dig 
down into the messy details of how it is put together. But the machine has no 
more intention or purpose than a stone falling under gravity. Purpose is an 
illusion, something humans project onto physical systems and not something 
that exists in the world. 
The design and the intentional stances ignore all the internal details of their 

subjects. Indeed, that is one of their great merits. Instead of having to worry 
about endless complexity, they provide a fast, frugal and generally reliable way 
of predicting behaviour. They are useful approximations that are wired into 
our commonsense model of the world. 

Both stances are rich fodder for the mind projection fallacy. The design 
argument leads to the idea of a designer and when applied to the universe this 
gives the Teleological Argument for the existence of a deity. The intentional 
stance results in an enchanted world full of spirits and gods. Chapter 16 will 
argue that many of our illusions about mental causation come from applying 
the intentional stance to our own actions. 

Commonsense notions are extremely useful. Indeed, we cannot do without 
them. But they have the same relation to physics as does the statement “The 
sun is moving behind the house”. We cannot read off features of the world 
from features of our language.21 

20 This example is adapted from Braitenberg (2004). 
21 Thomasson (2010), p. 180 appears to claim that instead language is what allows the possibility 
for the existence of ordinary objects: “that our singular and general nominative terms have a basic 
conceptual content in the form of frame-level conditions of application and coapplication collectively 
established by competent speakers.”.
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13.6 Objection: Illusions Are All We Have 

Try to live your life according to fundamental physics. You’ll starve before you 
manage to get out of bed. In our daily lives, the manifest image is all we have. 
An austere physicalist perspective makes it a fascinating object of study. How 
do we manage to construct a world full of ordinary objects having apparent 
causal power? How do we give meaning and beauty to quantum fields? 

Less romantically, we can investigate the origin of our commonsense 
notions in our evolutionary history. We can investigate why our common-
sense models work so well in so many situations. We can marvel at how the 
scientific image starts from and then transcends the manifest image. We can 
come up with a hierarchy of concepts, ranking them according to how well 
they approximate physics. Such investigations integrate the manifest image 
within physicalism. 

13.7 Objection: It’s not How Scientists Think 

The vast majority of scientists don’t have much to do with fundamental 
physics. Instead they use the terms of whatever special science they work in. 
Doesn’t this prove the limited domain of physics? 

I addressed this argument during the discussion of MR emergence in 
Sect. 8.6. The central point was that the structure of the special sciences 
is a continuously evolving function of human capabilities and interests. 
Remember Wikipedia’s 60 sciences beginning with ‘a’? The special sciences 
and the idea of levels are no more than useful but arbitrary ways of slicing up 
the un-layered blobject. 

Carl Gillet calls it a scientifically manifest image.22 Or we can think of it 
as a special science stance. It includes things like atoms, molecules, viruses, 
cells, planets and so on. Just like the design and intentional stances it is a 
useful, perhaps necessary approximation.

22 Gillett (2018), p. 13. 
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Box 13.1 Alien special science 

If the structure of the special sciences is a function of our cognitive limitations, 
would a different set of limitations lead to a different set of special sciences? 
Early signs that AI might provide insight into this question came from reac-
tions to DeepMind’s Go playing system, AlphaGo. Experienced players describe 
the moves as “amazing, strange, alien… from an alternate dimension…down-
right incomprehensible”.23 AI is free from many of the constraints that limited 
the evolution of human cognition (Sect. 4.1). Most notably, the constraint on 
computational resources is weaker so AIs can look at a problem as a whole 
rather than having to split it up into steps. 

A fascinating hint of how technology could demonstrate the arbitrariness of 
the special sciences was given in a 2022 paper.24 This described an experiment 
of using an AI to analyse videos of physical phenomena (including pendulums, 
lava lamps and fire) and build an internal model of them. The authors anal-
ysed the variables that appeared in the model and found that many of them 
are different from those that appear in standard models and some make no 
intuitive sense at all. If other groups find similar results, the consequences will 
be profound since the variables we are interested in have a constitutive role 
in the special sciences we develop. 

Since machines can see the world in colors that we cannot see, hear 
the world in frequencies we cannot hear, and experience the world 
using senses we do not have, machines may help intuit new kinds of 
fundamental variables that we cannot imagine.25 

Philosophers often treat the special sciences as objective. I have already 
cited Fodor on natural kinds. As another example, Wilson claims that 
special science entities are causally and ontologically autonomous from the 
underlying physics. As evidence she cites distinctive special science features, 
taxonomy and laws: 

…that special-science laws are seemingly distinctive and seemingly causal 
provides prima facie support for special-science entities’ being causally 
autonomous—that is, distinctively efficacious—with respect to their under-
lying micro-configurations.26 

The repetition of the word “seemingly” is significant. It seems to me that 
Wilson is making the same mistake as Fodor, describing the objects in the 
scientifically manifest image then projecting them on to the world.

23 Chan (2017). 
24 Chen et al. (2022). 
25 Chen et al. (2022). 
26 Wilson (2021), p. 4. 



13 Austere Physicalism 229

The practice of science tell us about the nature of our cognition, not the 
nature of the world. Here’s Philip Kitcher’s eliminativist description of how 
to understand the scientific process: 

At the most fine-grained level, scientific change involves modifications of the 
cognitive states of limited biological systems. What are the characteristics of 
these systems? What kinds of cognitive states can they be in? What are their 
limitations? What types of transitions among their states are possible? What 
types are debarred? What kinds of goals and interests do these systems have?27 

13.8 Objection: It’s not How We Experience 
Ourselves or Others 

You know perfectly well that you are more than a fluctuation in a quantum 
field, don’t you? You know this in the same way you know a whole heap of 
other things: the way your visual system gives you an accurate representation 
of the world outside; where your body starts and ends; your sense you can 
freely choose your actions. 

But these are all illusions. Our visual picture of the world is stitched 
together from limited information and can be tricked in endless ways. The 
rubber hand illusion shows how easy it is to extend body ownership to inan-
imate objects. Oliver Sacks popularised the inordinate number of ways the 
brain can go wrong and our apparently coherent picture of the world can 
fragment. Given this, it is naïve to think that our model of ourselves is 
accurate. 

Commonsense psychology, using the design and intentional stances, allows 
us to make good-enough predictions of the behaviour of the overwhelmingly 
complex systems that are other people. In this sense, it is a powerful and 
successful theory. But it’s no more generally valid than any other part of the 
manifest image. 

Commonsense physics is a poor guide to how objects behave. Introspec-
tion, based on commonsense psychology, is an even worse guide to how 
the brain works. We probably can’t avoid talking in terms of beliefs, desires, 
choices etc., though in Sect. 16.1, I will give a thought experiment to show 
how technology might change this.

27 Kitcher (1995), p. 59. 
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13.9 Objection: I’d Rather be a Reductionist 

Reductionism preserves the reality of high-level features. It seems to let you 
keep your intuitions about the reality of the things that compose your world. 
There’s an immediate problem with this. The most convincing definition of 
reality is having casual power (Box 3.1). Yet if you are a reductionist, you 
accept physical causal closure. If higher levels have no causal power, they 
cannot be real. We are back to eliminativism. 

As another way of looking at this, let me repeat the passage from Jaegwon 
Kim that I quoted in Sect. 3.13: 

There is an honest difference between elimination and conservative reduction. 
Phlogiston was eliminated, not reduced; temperature and heat were reduced, 
not eliminated. Witches were eliminated, not reduced; the gene has been 
reduced, not eliminated.28 

This seems clear enough, until we realise that it is no more than a repetition 
of the discussion of the special sciences. Yes, terms like temperature, heat 
and the gene are useful. They earn their keep by playing a role in high level 
explanations. Here’s Richard Rorty: 

Why does the realization that nothing would be lost by the dropping of ‘table’ 
from our vocabulary still leave us with the conviction that there are tables, 
whereas the same realization about demons leave us with the conviction that 
there are no demons? I suggest that the only answer to this question which will 
stand examination is that although we could in principle drop ‘table’, it would 
be monstrously inconvenient to do so…29 

Pre-quantum chemistry is better than no chemistry at all. Phlogiston is 
better than no theory of heat. When I navigate on a hike, the assumption 
that the earth is flat works just fine. If you try, you can probably find a reason 
why explaining mental illness by demons is better than having no explanation 
at all. All Kim is saying is that given our cognitive structure we cannot do 
without high level concepts.

28 Kim (2007), p. 160. 
29 Rorty (1965). 
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13.10 Objection: Stop Telling Scientists What 
to Do 

Opponents of reductionism (and, a fortiori, of eliminativism) often imply 
that reductionists think all scientists should be doing quantum field theory. 

I’ve never come across anyone who says this and my sample includes several 
less than sober high energy physicists. Indeed, Steven Weinberg (Nobel Prize 
for Physics, 1979), often portrayed as an arch-reductionist, says the opposite: 

…reductionism is not a guideline for research programs, but an attitude toward 
nature itself. It is nothing more or less than the perception that scientific prin-
ciples are the way they are because of deeper scientific principles (and, in some 
cases, historical accidents) and that all these principles can be traced to one 
simple connected set of laws.30 

The objection is yet another instance of arguments being directed against 
a straw man (Sect. 6.5). It’s perfectly possible to be an austere physicalist 
and see fascinating questions everywhere. In the face of our cognitive limita-
tions and the richness of the world, the only methodology that makes sense 
is pluralism. 

13.11 Objection: Austere Explanations Are 
not Explanations 

Max Born describes an exchange between his wife and Einstein: 

She once asked Einstein: ‘Well then, do you believe that it will be possible 
to depict simply everything in a scientific manner?’ ‘Yes,’ said Einstein, that 
is conceivable, but it would be no use. It would be a picture with inade-
quate means, just as if a Beethoven symphony were presented as a graph of 
air pressure.31 

I take this to mean that the domain of scientific explanations doesn’t extend 
to subjective experience. We may know everything that can be measured 
about a Beethoven symphony, but this doesn’t tell us what it would be like to 
hear it. Let me postpone my response until the discussion of consciousness 
in Chap. 16.

30 Weinberg (1992). 
31 Born (1989), p. 158. 
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13.12 Objection: Reductionists Are Nasty 
People. Austere Physicalists Must Be 
Worse 

…Nowadays (almost) no one likes reductionism.32 

Those on the political right don’t like reductionism. 

Theologians and others, including, of course, public intellectuals on the polit-
ical Right, will find a complete physio-chemical understanding of humanity 
threatening to human dignity, individual responsibility, and divine agency.33 

Those on the political left don’t like reductionism: 

…radical scientists take [reductionism] to be characteristic of bourgeois science 
and partly to blame for the inappropriate technologies. Reductionism reflects 
the bourgeois interest in centralized control.34 

Feminists don’t like reductionism: 

…a feminist science is one whose theories encode a particular world view, 
characterized by complexity, interaction, and wholism.35 

And some physicists don’t like reductionism. Ellis’s book contains extended 
discussion of its baleful effects in areas including health care, literacy teaching 
and psychotherapy.36 Robert Laughlin (Nobel Prize for Physics 1998) claims: 

Nuclear weapons are, unfortunately, the most sensational engineering contri-
bution of physics, something that catapulted the discipline to prominence in 
the 1950s and has colored it indelibly ever since. This coloring is inherently 
reductionist.37 

This sounds bad. And if reductionism is bad, austere physicalism must be 
worse.

32 Tahko (2021), p. 1. 
33 Rosenberg (2006), p. 9. 
34 Longino (2019), p. 194. 
35 Longino (2019), p. 187. 
36 Ellis (2016), sec. 7.3. 
37 Laughlin (2005), p. 100. 
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I don’t have much to say in response, apart from a general discomfort 
about political beliefs imposing constraints on science. Of these criticisms, 
only the feminist one strikes me as interesting. Following on from the passage 
I quoted, Longino goes on to argue against this view maintaining, along with 
many feminists, that it is important not to conflate feminism with feminine 
and feminist science shouldn’t be restricted to a particular world view. 

Reductionism, or the straw man that regularly takes its place, is also crit-
icized for being arrogant. But it seems to me austere physicalism is humble. 
Humble in the way it accepts and understands our limitations. Humble in 
the way it is wary of projecting these limitations onto the universe. 

13.13 Objection: Horrendous Consequences 

Austere physicalism seems to doom everything that makes life worth living, 
sucking beauty and meaning out of the world. If consciousness itself is elimi-
nated, with it too goes the central wonder of human existence, the mysterious 
flame that lights us up from the inside. We would be left with a disenchanted 
wasteland in which no one would want to live. 

My uncharitable response would be that the universe does not care a jot 
about our discomfort. In fact, the universe doesn’t care about anything. If 
I am feeling more generous, I would argue that these fears are overstated. 
The elimination of consciousness, if it ever happens, would be a theoretical 
process which would affect our subjective experience not one iota. It’s a bit 
like saying progress in astrophysics makes the night sky less awe inspiring, or 
knowing optics makes a rainbow less beautiful. I would argue the opposite: 
that the more we understand something, the more wonderful it seems. The 
night sky or a rainbow are even more astonishing when you know the science 
behind them. Neuroscientific insights allow me to marvel over how my brain 
manages to stitch sensory fragments together to make what seems to be a 
coherent picture of the world around me. John Searle asks: 

How can we square [a] self-conception of ourselves as mindful, meaning-
creating, free, rational, etc., agents with a universe that consists entirely of 
mindless, meaningless, unfree, nonrational, brute physical particles?38 

I think this can be answered in a way that only enhances human experi-
ence. But doing so is the work of a different book.

38 Searle (2007). 



234 L. Graham

13.14 Evidence 

Evidence for dualism would lead us to reject physicalism or at least limit its 
scope. As far as I know, there is none. This is all the more extraordinary given 
it is easy to imagine what such evidence would look like. Andrew Melnyk 
writes: 

…we might have discovered that the human skull, which evidently contains 
at least the proximate causes of human behavior (since it is where muscle-
stimulating motor neurons come from), was empty, or full of blood, or (less 
implausibly) that it housed an organ of relatively modest complexity; and had 
we discovered any of these things, the postulation of a nonphysical mind would 
surely have been irresistible39 

Instead, the skull contain the most complex system we’ve ever come across 
and one that seems built for cognition and information processing. 

Less dramatic forms of dualism should be testable. If spirit affects the 
brain, it should also be able to affect other systems such as a measurement 
device. Or imagine if cognitive correlates of consciousness were identified 
and then found all the way down to bacteria. Physics might be able to incor-
porate such evidence with new concepts and laws. Elimination means finding 
the minimal set of entities needed to explain the universe. If this meant that 
we had to extend physics to include, say, a field responsible for producing 
consciousness, then as long as this field was susceptible to scientific treatment 
so be it. Otherwise, physicalism would have to be rejected. 
Turning to examples that don’t involve mental phenomena, there’s a science 

fiction story40 in which malevolent aliens decide to weaken human society 
by making the results of scientific experiments become random. The result 
is nervous breakdowns among scientists (who in this story are surprisingly 
fragile characters) and the end of scientific and technical progress. Imagine 
that reproducibility broke down in this way, with experiments that used to 
be well-behaved suddenly giving unpredictable results. 

In a 2014 paper,41 Taner Edis and Maarten Boudry give these lovely exam-
ples. What if researchers found a sequence of DNA shared by all life and, after 
repeated checking by every means possible, it is found to read “© Yahweh 
4004 BC”. Or if multiple studies of people visiting Lourdes showed that a

39 Melnyk (2020), p. 186. 
40 Liu (2014). 
41 Edis and Boudry (2014). 
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statistically significant proportion were cured but only if they were devout 
Catholics. 

Or if ghosts were often seen. Or I received, preferably direct to my mind, 
consistently accurate predictions of future events. Or if the dead rose and 
spoke to the living. It is easy to think of events which would force a reasonable 
person to conclude that physicalism was false. 

13.15 Demons Just Want to Have Fun 

The greatest trick the devil ever pulled was convincing the world he didn’t 
exist42 

Physicalist and dualist positions seem radically opposed. But physicalism is 
a much more modest doctrine than it might seem. All physics does is explain 
the phenomena. This leave lots of scope for dualism. To explore this, let’s 
again evoke demons. I’ll introduce you to three types: a scientific demon, 
who plays by the rules; a mischievous demon, who circumvents them and a 
deceiving demon, who writes the rules to hide its actions. 

Scientific demons. We saw in Sect. 11.3 that quantum indeterminism 
could provide causal slack for downward causation to act. In a similar way, 
if nothing physical determines the state to which a wave function collapses, 
then there is a space for a demon to do so. Could this have macroscopic 
effects? The problem is the same as for strong emergence: the molecular 
storm swamps quantum effects. This means that a scientific demon would 
need to orchestrate many quantum collapses to have an effect and, to remain 
scientific, would need to do so in a way that was undetectable. 

However, the molecular storm would also give a scientific demon scope 
to act even if it the world is not indeterministic. A careful demon could 
influence individual molecular motions in such a way as to preserve the 
macroscopic properties of the system and so remain unobservable. Since the 
molecular storm drives most cellular processes, our demon could influence 
bodies and brains.

42 Baudelaire (1998). Baudelaire describes the devil as being all in favour of the retreat of superstition. 
The only time he worried about his power was when he heard a preacher say, “La plus belle des 
ruses du diable est de vous persuader qu’il n’existe pas”. The translation I’m using comes from the 
film Singer (1995). 
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Despite these possibilities, the life of a scientific demon would be quite 
dull. It might be able to control the behaviour of cells, hence that of crea-
tures. It might manage a miracle, turning the sky dark thanks to a carefully 
organised storm. But making a ghost appear would be trickier. 

Mischievous demons. A mischievous demon does exactly what it wants, 
joyfully contradicting physical law whenever it feels like it, but in a way 
that can’t be picked up by scientific methods. It may not be a coincidence 
that ghosts are only observed when people are alone and unequipped with 
recording devices. When an attempt is made to scientifically investigate their 
existence they retreat, laughing at human illusions of knowledge. More gener-
ally, to sidestep science, a mischievous demon just needs to make sure their 
actions are not reproducible. If all demonic acts are one-offs, there’s not much 
science can do. 

Deceiving demons. Descartes imagined that “…there is some deceiver or 
other, supremely powerful and cunning, who is deliberately deceiving me all 
the time.”43 In the face of this deceiver, he realised that the only certain thing 
was the existence of the deceived, hence “I think therefore I am”. He seems 
to have been so horrified by the implications of this that he quickly invokes 
a benign supernatural being to guarantee the veracity of his sensory impres-
sions. But in the absence of such a guarantee, a demon is free to do what it 
likes with us. This is close to the brain in a vat thought experiment or the 
argument that we live in a simulation. 

A more hands-off way for such a demon to operate would be to design 
our senses and intuitions from the start so that we are incapable of seeing 
its actions. We only know the world through our senses; control of them is 
control of everything. While we experience the universe as governed by laws, 
there may be demons all around us, but we are wired so that they and their 
actions are invisible to us. This might be termed paranoid radical scepticism. 

13.16 The Limits of Physics 4 

Austere physicalism is constrained by the general limits on physics. Chapter 4 
showed how representational understanding lets us escape the limits of 
imaginative understanding. An important part of this representational under-
standing is the ability to describe and model systems and Chap. 5 investigated 
the theoretical and the practical limits of simulation. The Church-Turing-
Deutsch principle states that there are no theoretical limits, every physical

43 Descartes (1998), second mediation. 
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system can be simulated. The only limit is our ability to build universal 
quantum computers. 

At the start of Chap. 4, I took a sly dig at philosophers who bat around 
metaphysical truths which seem obvious until someone comes up with a 
convincing counter-argument. But the same is true of similar statements by 
scientists. It’s fine to talk about the Church-Turing-Deutsch principle and 
the universality of reason it implies. But it is a conjecture vulnerable to 
counter-example. 

Current physics is no more than the best model we have available and is 
unlikely to be a final theory. Most physicists would accept that the physics 
we currently think of as fundamental is an effective theory, an approximation 
valid in the range of energies we can explore. 

But physics may be an effective theory a much deeper sense. We’ve no way 
of knowing if all we observe and the rules that govern it are a low-dimensional 
projection of some vastly more complex space. The Church-Turing-Deutsch 
principle, if it applies at all, may apply just to our tiny corner of this space. 
We’ve no way of knowing whether different minds would have a different 
fundamental physics. Science helps us understand the limits of our imag-
inative understanding. We’ve no way of knowing if our representational 
understanding is similarly constrained. Fundamental physics itself may be 
another artefact of our cognitive limitations, another illusion. 

We’ve no way of knowing if we are radically wrong about the nature of the 
world. John Heil describes Fodor asking us to imagine. 

… God creating the world. God calls together all his [sic] smartest angels. 
To one he assigns the task of working out laws of meteorology, to another 
the job of devising laws of geology, a third is dispatched to cook up laws of 
psychology, and so for every domain of the special sciences. To the smartest 
angel God assigns the task of working out the laws of basic physics. ‘But’, God 
enjoins, ‘don’t get in the way of those other angels!’44 

We’ve no way of knowing whether we might be just one more random 
string produced by a mindless Great Programmer. And that’s that. It’s not 
possible to go any further. Austere physicalists need also to be metaphysically 
austere.

44 Heil (2003). 
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13.17 Further Reading 

For a rousing defence of eliminativism, see Rosenberg (2022). A radical 
statement of the eliminativist position from a philosophical perspective is 
in Horgan and Potrč (2008); Ladyman and Ross (2009) presents a similarly 
sparse metaphysics. Churchland (2013) is a book-length overview of elimina-
tivism and mental events. For a discussion of eliminative materialism and the 
British Emergentists, see Ramsey (2022), sec. 1. Rosenberg (2006), Chap. 1 
has a lovely discussion of the politics of reductionism. For quantum monism, 
see Schaffer (2010) or Calosi (2018). As a way of thinking about purpose and 
the intentional stance, Braitenberg (2004) is peerless. 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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14 
Eliminating Emergence 

Summary Our intuition tells us that “more is different”. Yet we have seen 
that emergence is an illusion. How can these be reconciled? This chapter 
takes a physicalist approach to this question by unpacking the concept of 
emergence. Our perception of phenomena as emergent can be seen as a 
shorthand for one or more of the following: wonder at the range of inter-
esting phenomena; lack of imaginative understanding; unsolved problems; 
the difficulty of prediction in complex systems; the properties of models and 
approximations or the nature of the special sciences. 

We know that the term emergence is redundant, but what can we learn when 
it is used? What can we make of our intuition that “more is different”? This 
chapter uses austere physicalism to show that the concept of emergence is a 
shorthand for one or more of the following: sheer wonder at the ubiquity 
and range of interesting phenomena; a lack of imaginative understanding; 
unsolved problems; the difficulty of prediction in complex systems; the prop-
erties of models and approximations and the practice of science. The next 
chapter will apply this framework to the examples of Chap. 2. 

Not only is the term emergence redundant, but using it tends to conceal 
interesting things. As an illustration, let’s return to the example of different 
balls rolling down a slope. They can be described as MR emergent in the sense 
that pretty much whatever the balls are made of, they seem to behave in the 
same way. Eliminating the term allows us to see how the motion of every 
ball is different. Due to the interaction of the molecular structure of the ball’s 
surface with that of the slope. Due to their not being perfectly homogenous
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or perfectly spherical. It allows us to ponder how our senses are too limited 
to observe the relevant differences between the balls or the tiny differences in 
the nature of their motion. And we can refer to Newton’s Laws that govern 
their motion as an effective theory, a low energy approximation to special 
relativity. 

14.1 Interesting Physics at All Scales 

One of the most astonishing things about the world in which we live is that 
there seems to be interesting physics at all scales. Whenever we look in a previ-
ously unexplored regime of distance, time, or energy, we find new physical 
phenomena. From the age of universe, about 1018 sec, to the lifetime of a W 
or Z, a few times 10−25 sec, in almost every regime we can identify physical 
phenomena worthy of study1 

Sometimes the term emergence captures no more than the sense of wonder 
expressed in this passage. There is interesting physics at all scales because 
higher levels are often largely independent of the details of their makeup. This 
means we can observe approximate empirical regularities between macro-
scopic objects, so can use effective theories instead of needing to solve 
everything from the bottom up. Without this, it’s hard to see how science 
could ever start. 

Why is the world like this? As I discussed in Chap. 8, part of the explana-
tion is that we are macroscopic creatures who make massively coarse grained 
observations. Beyond that, we are back to a fine tuning argument that 
without such a property complex systems could not exist. Which is no more 
than saying “That’s just the way it is”. 

14.2 Bafflement 

Modern physics does not make sense. The non-locality of quantum physics 
is the most obvious example. Yet this non-locality is no challenge to physi-
calism since it is physics. As we will see in the next chapter, entanglement also 
lies behind many of the most interesting phenomena in condensed matter 
physics.

1 Georgi (1993). 
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The other part of modern physics, general relativity, seems less puzzling. 
We are used to being taught it by analogy with ball bearings and rubber sheets 
and one of its implications can be tested with a fairly ordinary telescope as 
Dyson and Eddington did in 1919.2 Yet dig deeper and it is just as baffling 
as quantum physics. For example, it implies the whole history of the universe 
exists as an unchanging block in 4D space–time and there is no reason to 
privilege one direction of time over another. 

We have as good representational understanding of all this as we do of 
anything. Yet however well we know the maths, we remain imaginatively 
closed to it. This is what some uses of the term emergence tell us. Then there 
are some more specific senses of imaginative closure which I shall turn to in 
the next section. 

14.3 Imaginative Closure 

Cognitive limitations are behind everything in this chapter. If you ask why 
we use particular models or why particular problems are unsolved, the final 
answer will be to do with the capacity of our minds. A demon would see the 
undifferentiated blobject. We have to slice it up to make it comprehensible. 
In this section, I want to concentrate on a few more specific instances in 
which our imaginative closure can clarify particular ways in which the term 
emergence is used. 
The basic idea is neatly captured in this dialogue between an exponent of 

reductionism (PRO) and an opponent (CON): 

PRO: Why do you need your coarse-grained description, which is supposed 
to hold only on a single scale, the scale under consideration, if the supercom-
puter evolves the formation of larger and larger composed objects out of the 
fundamental ones? Let it go on and simulate humans. 

CON: I need it precisely for my understanding in terms of simple mech-
anisms. I need this kind of understanding to abstract universal features from 
different realizations, to be inspired to new ideas, and in particular to design 
the new computer generations you are looking forward to.3 

We are coarse grained creatures who need coarse grained descriptions. Why 
a particular set of descriptions, or, if you like, a particular set of special

2 Dyson et al. (1920). 
3 Meyer-Ortmanns (2014). 
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sciences? Stephen Blundell gives one answer with an interesting parallel 
between concepts of emergence and storytelling: 

…emergent narratives [capture] the essence of reality in a way that is far better 
fitted to the constraints and preferences of the human mind than a brute 
description of all the details at the lowest level.4 

Emergence then becomes an efficient way of describing elements of reality 
to fit within the limits of our imaginative understanding.5 Blundell asserts 
that his narratives are “elements of reality”. I find this peculiar. Of course, any 
narrative that exists in a mind is a real property of humans but this applies to 
supernatural beings too. For believers, they play an important role in making 
the world comprehensible. For an observer, they are necessary to understand 
the behaviour of believers. But they are properties of minds not of the world. 
To say any different is to fall into the mind projection fallacy. 

In a 2010 paper,6 Brian Johnson takes a different approach by focussing 
on a specific cognitive constraint. He argues that we are unable to think 
consciously in parallel and demonstrates this using a simple example. Try 
to simultaneously read and understand the first and last sentences of this 
paragraph. You can’t do it; no-one can do it. The brain can do many things 
in parallel but this isn’t one of them. Emergent systems are characterised by 
multiple simultaneous interactions which, without the capacity to think in 
parallel, are impossible to follow. It only takes a few elements to overwhelm 
our cognitive ability so we find them surprising and mystifying. 
This is a useful unpacking of the idea of imaginative understanding. We 

simply are not built to be able to “get our heads round” complex systems. 
As with the Game of Life, while we may have perfect representational under-
standing we will always need simplified explanations to make sense of it. Our 
imaginative understanding can be helped using cognitive scaffolds. My simu-
lations of the Ising model in Sect. 10.4 were designed to do exactly that, 
making it easier to understand phase transitions. But the nature of our minds 
means there will always be a gulf between imaginative and representational 
understanding.

4 Blundell (2017). 
5 Rosenberg (2011), Chap. 1 contains an interesting discussion of the importance of narratives for 
imaginative understanding. 
6 Johnson (2010). 
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14.4 Unsolved Problems 

Elanor Taylor defines an emergent phenomenon as one involving unsolved 
problems.7 But the idea is implicit in many of the other definitions: things 
are called emergent until we learn the physics. 

Everything seems like magic until you know how it’s done. Think of 
a rainbow. This is obviously an emergent property of sunlight and rain, 
completely different from its two constituents. Planetary motion is obviously 
the result of the divinity of heavenly bodies and the perfection of spher-
ical motion. Endless more examples can be found throughout the history 
of science. 

It’s worth unpacking a bit further this sense of emergence. We know that 
everything from molecules to tables is made of quantum fields. We think 
we know the maths that describes them since standard quantum physics 
works fine as long as we are not interested in extremely high energies or 
extremely strong gravitational fields. But for the moment, quantum many-
body calculations are computationally intractable for more than a few dozen 
particles. 

Whether this will remain the case is anyone’s guess. One avenue for opti-
mism is the rapid development of quantum computing bringing with it 
the possibility of quantum simulators. Another is the possibility of finding 
entirely new methods of computation. More prosaically, but also more impor-
tantly, computational methods are constantly improving. Remember the 
discussion of the travelling salesperson problem in Box 5.2? We saw it is 
computationally intractable for more than 30 or so nodes. But it has been 
solved for 50,000 nodes using clever tricks. There’s no reason that such 
workarounds cannot be found for problems in quantum physics. Indeed, 
this is a large part of the discipline of quantum chemistry. The scope of 
such bottom-up approaches are also limited by the issue of contingency and 
predictability discussed in the next section. 
There are unsolved problems at every level of science. Wikipedia lists 

over 100 significant unsolved problems in physics alone. As an example, 
take non-equilibrium statistical mechanics which describes the irreversible 
processes that constitute almost everything that happens everywhere. Since 
Prigogine’s Nobel prize winning work on near-equilibrium thermodynamics 
in the 1970s, there has been constant progress. One of my favourite exam-
ples is Jeremy England’s work on dissipative adaptation.8 But we are a long

7 Taylor (2015). 
8 England (2013). 
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way from anything which looks like a general theory of non-equilibrium 
behaviour. 

Will such problems remain forever unsolved? Using the terminology intro-
duced in Chap. 4, this is the same as asking if we are representationally closed 
to some things. These are questions without answers. The Church-Turing-
Deutsch principle (Sect. 5.7) implies that everything can be simulated. But 
even if it were proved true, I don’t think it implies that there are no limits to 
representational understanding. Anyone who has built an agent based model 
or trained an AI will know that there is a big difference between creating a 
model and understanding its outputs. 

My guess is that even if we find we are representationally closed to some 
things, we will build machines without such limits. When they learn about 
the New Mysterianism and the “hard” problem of consciousness, it’s easy to 
imagine them chuckling among themselves at the way their creators still saw 
themselves as the centre of the universe. We may even be able to persuade 
them to explain to us what they learn in simple terms, using their knowledge 
to build minimal models tailored to the limits of our understanding. 

Box 14.1 Misunderstanding the world 

In a 2020 paper,9 Adrian Kent shows how a limited understanding of micro-
scopic rules can lead us to profoundly misunderstand the macroscopic nature 
of the world. The paper adds a probabilistic element to the Game of Life, 
randomly flipping squares and then studies the resulting dynamics of gliders. 
If the flip happens a long way from a glider, it will most likely have no effect 
on the glider’s path. The closer the flip is to a glider, the more likely it is to 
have an effect. If it happens close to a group of interacting gliders, it may 
affect all of them. 

He then adds a further rule which makes these flips to some extent depen-
dent on the later states of the gliders in a way that stabilises them: making 
flips close to the gliders a bit less likely than flips far away. He argues that to an 
observer who does not know these rules, the model will show both downward 
causation (the pattern of the gliders affecting the micro-distribution of flips) 
but also violate causality with the future seeming to affect the past (since the 
probability of errors in early periods depends on the pattern of the gliders later 
in time). Kent takes this to have implications for the way consciousness could 
have real effects. I take it to show how emergent phenomena are illusions 
caused by our cognitive limitations.

9 Kent (2020). 
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14.5 Explaining and Predicting 

Understanding a system and being able to predict its evolution are two 
different things. We’ve already seen an example in the three-body gravita-
tional system of Sect. 7.1. Since the equations are the same as apply to 
Newton’s apple, it would be hard to argue that the system is not fully 
understood. But in the general case, it is impossible to predict.10 

This is a characteristic of chaotic systems. Without the ability to measure 
the initial state of a system to infinite precision, its behaviour becomes less 
and less predictable with time. There may be regions of stability, called attrac-
tors, where behaviour is stable, but the system can suddenly jump from one 
such state to another, or into an unstable state. 

Possibly the simplest system in which chaotic behaviour can be seen is the 
dyadic map. This is an algorithm for producing a series of numbers between 
0 and  1:  

1. Start with a number between 0 and 1 
2. Double it 
3. If the result is between 0 and 1, go back to step (2) 
4. If the result is greater than or equal to 1, subtract 1 then go back to 

step (2) 

The algorithm has the fascinating property that if the initial number is 
rational (i.e. can be written as the ratio of two integers), the series will even-
tually settle down either to zero or to a repeating pattern. If the initial number 
is irrational, the series goes on for ever without repeating. To see this, note 
that any rational number has a binary representation that either has a finite 
number of digits or that repeats a patten of digits for ever. The map progres-
sively chops off digits in the binary representation. For example, in binary 
3/4 is 0.11. Multiplying by 2 shifts the digits one place to the left, giving 1.1, 
then subtracting 1 gives 0.1. Multiplying by 2 gives 1, subtracting 1 gives 
0. For a rational number, this process will either end in zero or a pattern 
that repeats for ever. An irrational number has no finite representation so the 
process will generate a sequence that goes on forever without repeating. 

Since almost all numbers between 0 and 1 (or in any interval) are irra-
tional, there is always an irrational number arbitrarily close to every rational 
number. This means that an arbitrarily small change in the initial value can 
lead to the result shifting from a series that settles down to one that never

10 Lack of predictability features in some definitions of emergence, notably inferential emergence, see 
Humphreys (2008). 
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repeats. The series of numbers produced by the algorithm are exquisitely 
sensitive to the starting value. This is the hallmark of a chaotic system. 

Chaotic behaviour occurs in deterministic systems. This means they are 
predictable in principle. Unpredictability in practice arises from our inability 
to precisely measure initial conditions. Think of a pinball machine. It is fully 
described by Newtonian dynamics and whatever deterministic rules control 
the behaviour of its elements. Yet play for long enough and the position of 
the ball will become effectively random (or at least random conditional on 
the rules of the game). 

Chaos is an evocative term. Yet chaotic systems are not entirely unpre-
dictable. There are a host of statistical techniques which can help understand 
them. This is neatly summarised in the title of a 2006 book on the subject: 
“Bigger than chaos: understanding complexity through probability”.11 And 
there is continuous progress. In terms of weather forecasting, despite butter-
flies flapping their wings all over the world, the UK Meteorological Office 
claims that “our four-day forecast is now as accurate as our one-day forecast 
was 30 years ago”.12 What’s more, chaotic systems may be ripe for the appli-
cations of AI techniques. A 2023 paper finds they allow much longer-range 
forecasts than classical methods.13 

The Mandelbrot set is the canonical example of a complex system in which 
the outcome depends exquisitely on the initial conditions. John Hubbard, in 
a lecture from 1987, turns the complexity round, saying that rather than 
being beyond our understanding: 

It is therefore a real message of hope, that possibly biology can really be 
understood in the same way that these pictures can be understood.14 

He goes on to make the parallel between the simple rules that lead to the 
set and the relatively simple program in DNA that leads to humans. 

Understanding a system and being able to predict it are two different 
things. Emergence blurs this distinction. Does unpredictability mean that 
some things are beyond physics? If so, we would be forced to conclude the 
dyadic map is beyond arithmetic.

11 Strevens (2003). 
12 https://www.metoffice.gov.uk/about-us/who-we-are/accuracy. 
13 Gilpin (2023). 
14 A video of the lecture can be found at www.TheMaterialWorld.net. 

https://www.metoffice.gov.uk/about-us/who-we-are/accuracy
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14.6 Models and Approximations 

In Chap. 10, I showed that emergence is often not about physical systems 
but about the models and approximations scientists use to describe them. 
Studying such models is an interesting exercise which teaches us about the 
practice of science, the interests of scientists and the cognitive and compu-
tational resources that they have available. I also discussed how apparently 
discontinuous emergent properties are continuous if we look closely enough. 
These are theoretical and empirical sides of the same coin. Emergence used 

in this sense confuses the nature of science and our cognitive structure with 
the nature of reality.  

14.7 The Special Science Stance 

A further way in which the term emergence confuses the practice of science 
with the nature of reality is about the diversity of the special sciences. I have 
already quoted this passage from Bishop: 

Our argument will be that the plethora of explanatory pluralism in the sciences 
turns out to be good evidence for contextual emergence.15 

But I’ve argued that the structure of the special sciences is arbitrary and 
constantly changing, just our latest way of slicing up the blobject as a function 
of our interests and our resources. In other words, it is a stance, a way of 
simplifying reality to make it more comprehensible to us. 

Of course, higher level descriptions are often explanatorily more powerful 
than lower level ones. Daniel Dennett argued in a 1991 paper that macro-
objects are real patterns whose reality depends on their explanatory power and 
predictive ability. The most obvious example comes from the Game of Life: 
talking of a glider is much more useful than giving a list of coordinates of 
its cells and leaving you to do the calculations in your head. Dennett gives a 
more evocative example: 

Predicting that someone will duck if you throw a brick at him is easy from 
the folk-psychological stance; it is and will always be intractable if you have 
to trace the photons from brick to eyeball, the neurotransmitters from optic 
nerve to motor nerve, and so forth.16 

15 Bishop et al. (2022), p. 23. 
16 Dennett (1991).
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The assertion that such patterns are real is just as peculiar as in the case of 
Blundell’s narratives that I discussed in Sect. 14.3. The intentional stance is 
only real as a property of a human brain. 

Using utility as a criterion for reality has the further off-putting conse-
quence of meaning reality is constantly changing. We can read the structure 
of reality from neither the models nor the language used by scientists. To 
attempt to do so is to fall into the  mind  projection  fallacy.  

14.8 Discussion 

After all that, the only use of the term emergence that remains meaningful 
is as a synonym for non-fundamental. We’ve already encountered this in the 
distinction between the fundamental mass of nucleons, given by the Higgs 
field, and the emergent mass that results from quantum chromodynamic 
interactions. Another example would be suggestions that spacetime is emer-
gent, arising from interactions at a more fundamental level. But such usage is 
restricted to the highest energy physics. Outside of this context, the term 
can be discarded without any loss of meaning. Still, reflecting on why a 
phenomenon was described as emergent can be interesting and the concepts 
explored in this chapter will help clarify what is really going on. 

14.9 Further Reading 

For reviews of the literature on scientific progress, see Rowbottom (2023), 
Chap. 1 or the Stanford Encyclopaedia of Philosophy, Niiniluoto (2024). For 
a wonderful popular introduction to chaos, see Gleick (1987). An interesting 
discussion of the link between predictability and computational emergence is 
in Tabatabaei Ghomi (2022). 
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15 
More is Fascinating 

Summary This chapter returns to the examples of Chap. 2 and shows how 
they can be understood in a physicalist framework without resorting to 
the concept of emergence. It ends with a challenge. If you have a system 
which you claim is emergent, there is a simple procedure you can follow to 
substantiate your claim and convince an austere physicalist that you are right. 

Let’s return to the examples of Chap. 2. I’m going to work through them 
one by one using the framework of the previous chapter to show how they 
can be thought about without using the concept of emergence. Often, this 
will involve discussing simulations and I have argued at various points that 
simulations are valid reductionist explanations. 

When you reach the end of each section, I invite you to ask yourself: what 
would using the term emergence add to what you’ve read? What have I missed 
out that would be captured by the term? A different objection would be that 
this chapter consists of words and not quantum field theory, so fails to fully 
deliver on the promise of physicalism. I’ll turn to this in the penultimate 
section. 

And if you have an emergent system in mind which you think my frame-
work fails to fit, the chapter ends by giving a straightforward procedure which 
you can use to convince an austere physicalist of your case.
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15.1 Protons and Neutrons 

Quantum chromodynamics (QCD) describes the strong interaction between 
quarks. While there are still unsolved problems, it has so far success-
fully passed all experimental tests. Its short-range nature and the fact that 
gluons themselves have color means it is highly non-linear and standard 
perturbation-based calculation methods cannot be applied. However simu-
lation techniques are extremely successful. A method called Lattice QCD can 
solve the theory to a level of precision limited only by the available computing 
power.1 One of its big successes has been to theoretically determine the mass 
of a proton to within a few percent.2 There seems little doubt that as compu-
tational methods and computing power improve, so will the accuracy of these 
simulations. 

Any of the definitions of weak emergence would imply that nucleons are 
emergent from their component quarks. Yet QCD explains why at low ener-
gies, we can just deal with nucleons without worrying about their internal 
complexity. You could not hope for a better example of the remarkable power 
of physics. 

15.2 The Classical World 

The classical world emerges from the quantum world due to environmental 
decoherence. Quantum entanglement is the key to this process. When a 
particle from the environment scatters off the system in superposition, they 
become entangled and share a common wave function which is less coherent. 
If this happens repeatedly, coherence is lost. 
This might seem like a canonical case of contextual emergence and indeed 

is treated as such by Bishop et al.3 But it is a direct consequence of quantum 
non-locality. As such, it is standard physics. You may find such non-locality 
counterintuitive. You won’t be the only one. At the end of a paper attempting 
to show something was missing from quantum physics, Einstein famously 
wrote: 

No reasonable definition of reality could be expected to permit this4 

1 This technique is behind the visualisation at https://arts.mit.edu/projects/visualizing-the-proton/. 
2 Dürr et al. (2008). 
3 Bishop et al. (2022), Sec. 4.7. 
4 Einstein et al. (1935).

https://arts.mit.edu/projects/visualizing-the-proton/
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So much the worse for our intuition about what is reasonable. 

15.3 Atoms and Molecules 

In Chap. 2, I gave nuclei, atoms and molecules as three examples of “more 
is different”. The equations of quantum physics cannot be solved exactly for 
even the simplest atoms. In general, only numerical solutions are available 
though only computing power limits their precision. 
Turning now to molecules, we enter the realm of quantum chemistry. I’ve 

already discussed one example, the calculation of the bond angle of water 
(Sect. 11.3). Others are to be found from studies of the properties of enzymes 
and catalysts to the absorption of molecules at surfaces, from drug design 
to understanding photosynthesis. There is interesting work on how to apply 
quantum computing to quantum chemistry. 

For all but the smallest molecules, simplifications and approximations 
are necessary. One common technique is known as the Born–Oppenheimer 
approximation. Nuclei are heavy, so move much more slowly than far lighter 
electrons. The approximation involves solving for the wave functions of 
electrons while keeping the position of the nuclei fixed. Repeating this for 
different nuclear positions gives an approximation to the potential in which 
the nuclei move. Since the computational complexity of the problem scales 
with a power of the number of particles, splitting the problem into smaller 
ones is computationally efficient. 
The proponents of contextual emergence refer to the Born–Oppenheimer 

approximation as a “stability condition”,5 apparently basing their claim on 
earlier work by the Swiss chemist Hans Primas.6 But this is yet another 
example of confusing the map and the territory. The Born–Oppenheimer 
approximation is a feature of a particular approach to modelling. It is not a 
property of the world. Nature needs no approximations. 

Quantum chemistry is a triumph of quantum physics and computational 
techniques. In 1927, Walter Heitler and Fritz London published the first 
quantum mechanical description of the hydrogen model.7 Less than 90 
years later, a 2014 paper8 calculated a range of properties for 134,000 small 
molecules made up of the elements carbon, oxygen, hydrogen, nitrogen and

5 Bishop et al. (2022), sec. 4.6.2 and Bishop (2019), sec. 4.4.3. 
6 Primas (1998). 
7 Heitler and London (1927). 
8 Ramakrishnan et al. (2014). 
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fluorine, claiming results at or better than experimental accuracy. If you want 
to find examples of non-reductive physicalism, you need to look elsewhere. 

15.4 Chemical Oscillators 

Chemical oscillators can produce rich sets of complicated patterns. As such, 
they seem a natural candidate for emergence. Section 2.4 gave the example 
of the Belousov-Zhabotinsky or BZ reaction. The reaction involves 30 or so 
different chemicals and is poorly understood. Yet we can get an idea how it 
works in terms of the autocatalytic reactions discussed in Sect. 9.5. Imagine  
we have an autocatalytic reaction which transforms a pink reactant into a blue 
product which is also a catalyst. Then another reaction transforms the blue 
chemical into a colourless end product. We also need to assume that the pink 
chemical is slow to diffuse through the dish. 

1. When we initially prepare the reactants, the dish is pink. 
2. A random fluctuation produces some of the blue product. 
3. This then catalyses the first reaction and sets of the exponential autocat-

alytic process. 
4. This rapidly uses up the pink chemical producing a blue spot. 
5. Then the second reaction gradually turns the blue spot transparent. 
6. At the same time, the pink chemical diffuses back in from the surround-

ings allowing the process to start again. 

Does this sound familiar? It is an example of predator–prey dynamics. 
Exactly the same description can be used to explain the population dynamics 
of, say, lions and gazelles. As gazelles reproduce, there is more food for lions 
so their population increases too. A higher population of lions will tend to 
lower the population of gazelles. Given time-lags due to reproduction, both 
populations show regular cycles.9 

In Chap. 2, I cited Prigogine: “To change color all at once, molecules 
must have a way to ‘communicate.’ The system has to act as a whole”.10 

But molecules communicate no more than do lions and gazelles. The holistic 
dimension of the reaction is an illusion.

9 Chemical oscillators and interactions between lions and gazelle are described by the Lotka-Volterra 
equations, a good example of a minimal model that applies to many different systems. Of course, 
like any model, it only applies approximately. 
10 Prigogine and Stengers (1984), p. 148. 
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15.5 Symmetry Breaking 

Remember the finely-balanced ball that could roll left or right into two 
identical valleys? This is the simplest example of the distinction between 
explanation and predictability of Sect. 14.5. Symmetry breaking is one place 
where contingency enters physics. We may be able to work out, at least in 
principle, why the ball went the way it did, or we may not. But in either 
case, after a long sequence of such symmetry breakings it may be impossible 
to keep track of them. Despite our understanding the physics perfectly, we 
may not be able to explain why the ball is here, rather than there. 
Then came phase transitions and their universal aspects as examples of 

symmetry breaking. I discussed these in the context of the thermodynamic 
limit (Sect. 10.1). The key point is that in finite systems phase transitions are 
not discontinuous but gradual and universality is only approximate. Because 
the systems we study typically contain large number of molecules, they are 
good approximations. But they remain approximations. This is true generally. 
Spontaneous symmetry breaking is important throughout physics, but it too 
only occurs in infinite systems. 

I cannot improve on Kadanoff ’s characterisation: infinitely more is 
different; more is the same.11 

15.6 Quasiparticles 

In condensed matter physics, the complex interactions between large 
numbers of atoms can sometimes be represented as quasiparticles. Phonons 
represent particular vibrational modes of a crystal lattice. A single phonon 
captures the behaviour of the hugely complex underlying interactions. 
The RGT shows how the universal properties of phase transitions depend 

only on some general properties. Phonons are often described in similar 
terms, with their properties depending only on the general symmetry proper-
ties of the underlying material. However, just as with the RGT this assumes 
the thermodynamic limit. Remove this assumption, and the properties of 
phonons will depend on the size of the underlying material, the nature of 
its boundaries and its precise constitution. We might be able to ignore this 
dependence to a high degree of approximation, but this is just a result of 
dealing with systems large enough to make the resulting errors small.

11 Kadanoff (2009). 
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Often the whole point of studying phonons is to focus on how their prop-
erties relate to those of the underlying material. And specifically to design 
material so as to tune their phonons to achieve certain properties in terms of 
heat or sound conduction. Such exercises would be meaningless if phonons 
were independent of everything but general symmetry properties. This is 
from a 2022 study of phonons in nanoscale systems: 

This spatial confinement resulting from the reduction of bulk material down 
to ‘finite’ sizes affects a wide array of physical properties such as the phonon 
density of states, group velocity, specific heat capacity, and electron–phonon 
and phonon–phonon interactions, among others.12 

As a parallel, take a guitar string. Whatever it is made of, within broad 
limits, you can tune it to give a particular note. But steel strings sound 
different from gut strings. While the note is the same, the tone depends on 
the material. If you use analyse the tone, you’ll find that every string gives a 
different combination of frequencies. In principle, if you change a single atom 
in the strong, you’d be able to spot the difference in the frequency decom-
position. Though in practice, such small differences would be swamped by 
thermodynamic noise. The same is true for phonons. Whether this matters 
depends on the questions we are asking. 

In 1988, Michael Fisher wrote an article with the provocative title “Con-
densed Matter Physics: Does Quantum Mechanics Matter?”. He writes in the 
conclusion that the aim of the paper is to give 

…a picture of the multifaceted character of modern condensed matter physics 
and the varying degrees to which quantum mechanics is of direct relevance or 
almost total irrelevance.13 

Does quantum physics matter? For the properties of phonons in macro-
scopic materials, it is almost irrelevant in the same way the position of an 
atom is irrelevant to the behaviour of a guitar string. However it is directly 
relevant for phonons at the nanoscale.14 I speculate that this is also true for 
other quasiparticles. 

Superconductivity is a slightly different example since Cooper pairs are 
not usually described as quasiparticles. The theory that describes it is known 
as BCS after its creators Leon Cooper, John Bardeen and John Schrieffer.

12 Ng et al. (2022). 
13 Fisher (2016). Emphasis added. 
14 For a review, see Chen (2021). 
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Like any good model, it involves some dramatic approximations. Here’s Cliff 
Burgess: 

…the BCS theory of superconductivity … which ignores most of the mutual 
interactions of electrons, focussing instead on a particular pairing interaction 
due to phonon exchange. Radical though this approximation might appear to 
be, the theory works rather well (in fact, surprisingly well), with its predictions 
often agreeing with experiment to within several percent.15 

This “several percent” is roughly the same accuracy to which universal 
properties of phase transitions are known. It is extraordinary how much 
simple models, like the RGT for universality or BCS for superconductivity, 
can tell us about the world. But they remain models. 
This starts to make quasiparticles sound like useful fictions rather than 

elements of reality. This is Ellis’s answer to whether quasiparticles are real: 

From the perspective of quantum field theory, the answer is a resounding yes. 
Each of these particles emerges from a wave-like description in a manner that 
is entirely analogous to that of photons. These emergent particles behave like 
particles: you can scatter other particles of them. … Yes, they are the result of a 
collective excitation of an underlying substrate. But so are ‘ordinary’ electrons 
and photons, which are excitations of quantum field modes.16 

There is a problem with this. The phonon description and the many-
body descriptions of a lattice are equally valid. It just happens that, for our 
purposes, one is simpler than the other. You can use whichever is more appro-
priate to the problem you are solving without having to know anything about 
the other. 

However, this isn’t the case for wave/particle duality in quantum physics. 
If you want to explain the double-slit experiment for example, you need the 
wave description to explain the interference and the particle explanation to 
explain the points on the screen. Does this generalise to quantum field theory? 
As I mentioned back in Sect. 3.2, the status of particles in QFT is quite 
fragile. But they seem necessary to explain observations. Brigitte Falkenburg 
writes:

15 Burgess (2004). 
16 Ellis (2020). 
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One follows Max Born, claiming pragmatically that in any quantum process 
waves propagate (and should therefore be prepared in approximately pure 
momentum states, in experiments), whereas particles are detected17 

This weakens Ellis’s analogy between quasiparticles and real particles. But 
whatever the answer is, it doesn’t change much for physicalism. Either quarks 
and electrons are real and quasiparticles are just helpful approximations. 
Or the fundamental level consists of fields and everything else is just an 
approximation. I’ll take either one. 

15.7 The Quantum Hall Effect 

A few sections back I discussed decoherence as an explanation of the separa-
tion between the quantum microscopic world and the classical macroscopic 
world. Many of the interesting phenomena in condensed matter physics tran-
scend this distinction. Superconductivity and the quantum Hall effects are 
examples of macroscopic quantum systems. The combination of ultra-low 
temperatures and reduced dimensionality allows quantum behaviour to be 
relevant at everyday scales. 
Theoretical explanations of both integer and fractional quantum Hall 

effects came soon after their discovery. While there are many open questions, 
I think it would be reasonable to say that the integer effect can be explained 
in a model of independent electrons whereas the fractional effect requires 
correlations between many electrons. Laughlin’s Nobel Prize-winning model 
of the fractional effect involved writing down a single wave function for all 
the electrons in the sample. In general, topological effects are modelled as 
involving long-range entanglement between the particles in the system.18 

In Chap. 11, I argued that while entanglement fitted the definition of 
strong emergence it was no challenge for physicalism since it is the heart 
of modern physics. Exactly the same is true of these models of topological 
order. Yes, it is impossible, in fact it is meaningless, to talk about the proper-
ties of one of the particles in the system without talking about the system as 
a whole.  

If you accept that EPR experiments showing entanglement are fully 
described by quantum physics, then so too are these condensed matter

17 Falkenburg (2007), p. 332. 
18 Chen et al. (2010). 
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phenomena.19 They cannot be a challenge to a physicalist account. Entangle-
ment seems magical. Long-range entanglement in condensed matter systems 
seem doubly magical. This represents yet another failure of our imaginative 
understanding. 
The Hubbard model is a workhorse of condensed matter physics. Like the 

Ising model, it takes the form of a lattice, but allows sites to be either full or 
empty and particles to tunnel between different sites. In a fascinating paper20 

from 2021, Ioannis Kleftogiannis and Ilias Amanatidis present an elegant 
minimal model of the fractional quantum Hall effect in a 1D Hubbard chain. 
Strikingly, they show that even in systems with just a few particles, plateaux 
at fractional levels can arise. The simplicity of the model allows a detailed 
investigation of the mechanism of fractionalisation and the way in which 
topological effects depend on the interaction between the particles and the 
level of noise. 

In Chap. 10, I showed how the Ising model clarifies the mechanism behind 
ordinary phase transitions. It seems to me that work like this has the potential 
to do the same for transitions between topological phases. 

15.8 Bénard Convection 

Modelling convection cells is a standard problem in fluid dynamics which can 
be found in many textbooks. However fluid dynamics is an effective theory 
par excellence. Its equations are high level, making no reference to molecular 
dynamics and only valid under specific conditions. Although derivations exist 
for restricted cases, there is as yet no general molecular level theory of the 
macroscopic behaviour of fluids.21 

Despite this, simulation techniques have been extraordinarily successful in 
understanding fluids in general and convection cells in particular. A 1988 
paper22 showed how convection cells can arise in a system comprising of 
around 15,000 rigid discs. Nine years later, another paper23 using Monte 
Carlo techniques extended this to around 20 million particles.

19 At least, given our current understanding there is no clear evidence that they are not. 
20 Kleftogiannis and Amanatidis (2021). 
21 Bobylev (2018) is a discussion of the relation between the equations of fluid dynamics and 
Boltzmann’s kinetic equation which underlies them. 
22 Rapaport (1988). 
23 Watanabe and Kaburaki (1997). 
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Fig. 15.1 Simulating convection24 

Figure 15.1 is a graphical representation of the simulation’s output. On 
the left is conduction, on the right convection. Compare this with my simu-
lations of the Ising model in Sect. 10.4. In the same way, these simulations 
allow you to understand the particle-level details of how the phase transition, 
in this case from conduction to convection, arises. Like all simulations, they 
make approximations, but there seems little doubt that they allow a thorough 
understanding of fluid properties. 

Bishop’s sole authored book goes into Benard convection in some detail, 
concluding that. 

[it] is an instance of contextual emergence rather than reduction, where 
stability conditions provided by the large-scale fluid dynamics allow the 
existence of particular reference states and observables for convection25 

A simulation allows you to see how these so-called stability conditions 
and large-scale dynamics arise from the interaction of molecular-level compo-
nents.

24 Reprinted Fig. 4 with permission from Watanabe and Kaburaki (1997). Copyright (1997) by the 
American Physical Society. 
25 Bishop (2019), p. 4.9. 
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15.9 Self-organisation 

Around 10−32s after the big bang, the universe contained a quark-gluon 
plasma. A short time later, this self-organised into protons and neutrons. 
Later still, these nucleons along with electrons self-organised into atoms. 
Even later, in clouds of gas, these atoms self-organised into molecules. If 
you want to take the story forward, return to my description of the early 
universe in Sect. 9.4 and insert “self-organised” where necessary. If you want 
to go still further, you could say how molecules on planetary surfaces self-
organised to form more complex molecules, how these self-organised to form 
proto-cells. And so on to cells, evolution and all the way to Churchill’s 
nose. For a physicalist, there is no other choice. Although it is beyond our 
imaginative understanding, the big bang sets into motion a set of physical 
processes which, 14 billion or so years later, leads the atom of copper being 
in Churchill’s nose and these words describing it. 

Self-organisation is everywhere. Like weak emergence, this means it is not 
a useful concept. And like weak emergence, it tells us not about the nature of 
the world but about our cognitive limitations. We don’t usually refer to the 
first steps, involving quarks, atoms and molecules, as self-organisation. This 
is because we think we have imaginative understanding of them. In fact, I 
suspect this understanding is pre-quantum, based on Rutherford and Bohr’s 
planetary model, but let’s put that aside. The systems that are more typically 
described as self-organising are those for which we do not and cannot have 
imaginative understanding. Systems composed of large numbers of inter-
acting agents are definitely not part of our manifest image. By now it should 
be no surprise that they continually enchant and baffle us. 

If you want representational understanding, you need a simulation. As 
one example, in a 1987 paper,26 Craig Reynolds developed an agent-based 
model of flocks in which individuals have just three rules: avoid collisions 
with nearby flockmates; attempt to match velocity with nearby; attempt to 
stay close to nearby flockmate. 

Since Reynolds’s work, the model has been refined and extended in many 
ways. A paper from 2009 compares a simulation of starling behaviour against 
data from actual flocks. While the paper makes quantitative comparisons, you 
can get an qualitative view from Fig. 15.2 which compares actual flocks in the 
top row with simulations in the bottom row. Once more, we have a reductive 
explanation of a complex phenomenon.

26 Reynolds (1987). 
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Fig. 15.2 Simulating starlings27 

There is much interesting research on the other two examples I gave, 
sunflowers and snowflakes. Empirical work showing that, although they share 
common patterns, every sunflower and every snowflake is distinct. Theoret-
ical work building ever more refined models. If you want to know more, see 
the Further Reading. 

15.10 Ordinary Objects 

I addressed the question of the reality of ordinary objects in Chap. 8. The  
most that can be said about them is that they are. 

…aspects of the world with sufficient cohesion at our scale that a group of 
cognitive systems with practically motivated interest in tracking them would 
sort them into types for book-keeping purposes.28 

The world we live in, the world of ordinary objects, is a world of approx-
imations. Every configuration of atoms is unique. Given our scale and 
cognitive faculties, we have no choice but to treat distinct objects as iden-
tical. As I argued in Sect. 8.6, this is the nature of conceptual thought. Two 
different balls smashing a window may look the same to us. But if you look 
closer, you will see that the details of the process, picosecond by picosecond, 
depend on the atomic make up of both ball and glass.

27 Source: Hildenbrandt et al. (2010), reproduced by permission of Oxford University Press. 
28 Ladyman and Ross (2009), p. 5. 
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There’s more. The fact that the laws of nature are so simple is astonishing. 
Everything could be dependent on everything else. Instead, something in 
the deep structure of the world permits ordinary objects to exist. Batterman 
describes what the world would be like if this wasn’t the case: 

The behaviors of systems in this world would depend upon details at all 
spatial and temporal scales. Whether or not my coffee maker would still be 
a coffee maker tomorrow morning would depend sensitively upon the detailed 
quantum state of all the atoms in Mount Rushmore. In fact, would it even 
make sense to talk about systems and their behaviors? It seems there would 
be no real distinction between systems or behaviors at distinct scales. The very 
concept of behavior-at-a-scale would make no sense whatsoever. Would it even 
be possible to identify systems as being the same at different times and in 
different locations?29 

Note this has nothing to do with a particular scale. You could replace 
“coffee maker” with “a water molecule” or “galaxy”. In addition to the ques-
tions in the passage, we could also ask whether such a world could support 
complex structures such as those capable of reflecting on it. And that shows 
that this question should be characterised along with fine tuning arguments 
about why the world is the way it is. Which is the moment we step away 
from physics into metaphysics. Perhaps part of the sense of wonder implicit 
in the concept of emergence is due to this feature of the world. 

15.11 Game of Life 

I discussed the Game of Life in some detail in Sect. 7.6, arguing that the 
patterns are just useful shorthands and a reductive explanation is always avail-
able. Our brains have awe-inspiring simulation capacities. Imagine how you 
might run through in your mind’s eye a presentation or an upcoming holiday. 
There, you’ve just simulated a simulation. However for good evolutionary 
reasons, we haven’t got the ability to run in our head the sort of algorithm 
that the Game of Life is based on. 

You may be lucky enough to be able to glance at a snooker table with a 
cue ball rolling towards an arrangement of balls, blink, and have some uncon-
scious process in your brain give you a guess at what the final position of the 
balls will be. If we had a different cognitive makeup, we might be able to do 
the same with the Game of Life. We would then be able to look at a pattern

29 Batterman (2021), p. 47. 
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and let some unconscious process work through the simulation then deliver 
a guess of the pattern at some point in the future. The former problem is no 
more difficult than the later, arguably it is simpler since it involves a digital 
rather than an analogue system. It’s just that predicting trajectories was useful 
in our cognitive evolution, whereas predicting multiagent interactions was 
not. 

15.12 Evolution 

What to make of Stuart Kauffman’s assertion of “a world beyond physics”? 
For me, it is a canonical example of the difference between explanation and 
predictability I discussed in Sect. 14.5. Perhaps one day we will understand 
every aspect of how living cells work, perhaps we will be able to build artificial 
cells based on a range of different biochemistries with a range of interesting 
functions. We may be able to simulate processes on the early Earth and watch 
the transition from chemistry to living cells happen. None of this seems 
unlikely to me. However, we may still not be able to answer the question 
of why life is the way it is. As Kauffman so forcefully argues, this may be the 
result of historical contingencies that only a demon, with a perfect knowledge 
of the past, could identify. It would be like playing pinball for 4 billion years. 
The causal chain is too complex to unravel. 

However various studies suggests that things might not be so bad. There 
is evidence that evolution may be more predictable than we might think. 
Recent work shows that microevolution, the dynamics of a species over several 
generations, can predict evolution at much longer timescales.30 And the form 
of current life might tell us about processes very early in the evolutionary 
process. A 2024 paper gives the tantalising suggestion that current biochem-
istry may give clues to the path from inorganic chemistry to the core of 
metabolism.31 

An increasing body of evidence shows that, given conditions on the early 
earth, biochemistry is not an arbitrary choice but is encoded in chemistry.32 

Given a set of building blocks, and let’s follow Kauffman and talk about 
amino acids, the evolutionary process does not conduct a random search 
to find the global optimum. Instead, it performs a different sort of search, 
guided by the problems it is trying to solve. A search which at best finds local

30 Holstad et al. (2024). 
31 Goldford et al. (2024). 
32 Keller et al. (2014) discusses glycolysis and Keller et al. (2017) the citric acid cycle. 
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optima and which may be quite tightly constrained by environmental condi-
tions. This means that given conditions on the early earth we would expect 
similar choices of proteins. 

But despite all this, I suspect that Kauffman may still be right. Perhaps one 
day our simulations of the early earth will show only one path to living cells, 
and these cells will be similar to those we are made of. In other words, we 
may fully understand how life could have originated. But given the paucity 
of information about conditions on the early earth, we may never know if 
these simulations capture what actually happened. 

15.13 Living Cells 

I described chemotaxis, the ability of bacteria to sense chemical gradients and 
change their behaviour to swim up or down them depending on whether they 
represent food or a toxin. This requires two properties, top-down control and 
goal-directedness, which are seen by some to be characteristic of emergence.33 

No. Instead, concepts like top-down control and goal-directedness are the 
result of applying the intentional stance. The behaviour of the bacterium is 
the result of a complex chemical mechanism. And it is a mechanism that is 
increasingly well understood. 

Here’s an explanation, adapted from a 2012 paper.34 First look at Fig. 15.3. 
Starting at the top, the food molecules are shown as red diamonds. They cross 
the cell membrane via active pumps (the white circles). A receptor complex, 
composed of enzymes shown as the green torpedo like molecules, projects 
from the cell interior into the membrane. At the bottom of the picture, also 
embedded in the membrane, is the motor driving a flagellum.
The mechanism is as follows:

1. By default, the motors that drive the flagella turn counterclockwise, 
meaning the bacterium swims in a straight line 

2. If molecules of food are present in the environment, they are transported 
into the cell and bind to receptors. 

3. This activates the enzymatic properties of the protein, which activates a 
signalling chemical (shown in yellow) 

4. This diffuses through the cell 
5. When it reaches the flagella motors, it binds to them which causes them 

to change direction and the bacterium tumbles

33 Winning and Bechtel (2019). 
34 Sourjik and Wingreen (2012). 
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Cell membrane 
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Signalling 

Flagellar motor 

Flagellum 

Fig. 15.3 Swim and tumble: the mechanism35 

6. In the process, the signalling chemical is deactivated 
7. When the concentration of the signalling chemical falls below a certain 

level, the motors revert to a clockwise direction and swimming resumes. 

Part of the receptor network is a feedback control system (a fancier version 
of the chemical system described in Sect. 9.5) which allows it to remember 
past values of the gradient and compare it with the current value. If you’re 
interested in the details, I refer you to the paper. The important point is this. 
There’s no intention, no goal-directedness and no top-down control. There is 
just a set of chemical reactions. 

In a recent paper with Jonathan Kopel, Ellis identifies the key problem in 
the relation between biology and physics is: 

…how does purpose or function emerge from purposeless physics on develop-
mental and functional timescales?36 

35 Source: Sourjik and Wingreen (2012). https://www.sciencedirect.com/science/article/abs/pii/S09550 
67411001542. Reproduced with permission from Elsevier.
36 Ellis and Kopel (2019).

https://www.sciencedirect.com/science/article/abs/pii/S0955067411001542
https://www.sciencedirect.com/science/article/abs/pii/S0955067411001542
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Here is the answer. E. Coli shows purposive behaviour, swimming towards 
things it likes and away from things it dislikes. But so does the wheeled mech-
anism I described in Sect. 13.5. Calling either purposive is a result of applying 
the intentional stance. Saying the bacterium swims in a particular direction 
in order to find food makes exactly the same mistake as saying stones fall 
towards the earth in order to reach their natural place. 
There is no purpose in our bacterium. There are just chemical reac-

tions. And these have been selected by evolution because they enhance the 
bacterium’s fitness. 

15.14 Turning the Page 

Back in Chap. 2, I asked you to turn a page and used this as an example of 
mental causation and the causal power of mental states. Many see this as the 
strongest evidence against physicalism. Recall Ellis’s assertion that emergence 
must be real “…because of the causal power of thoughts”.37 

But what is going on is precisely the same as my description of a bacterium 
in the last section. The chemical system that constitutes the bacterium 
senses its environment (the chemical gradient); changes its internal state 
(the concentration of the signalling chemical) then acts to change the world 
(swimming or tumbling). 

In a similar way, when you read the words “turn the page” you are sensing 
your environment. This changes your internal state. And a mental state is no 
different from any other physical state, a particular arrangement of quantum 
fields. Then you act to change the world. Both the bacterium swimming 
and you turning the page are examples of the interaction of various phys-
ical systems. The different levels of complexity do not prevent this analogy 
from being exact. 

At the end of the passage I quoted in Chap. 2, Fodor asked: “What is 
it, then, for a physical system to have intentional states?”. The answer is that 
intentional states are a useful shorthand to describe the interaction of complex 
physical systems. Dennett didn’t call it the intentional stance by accident. 
The awe we feel in the face of mental causation reminds me of an anecdote 

recounted by mathematician Ethan Akin. He thinks he has come up with an 
argument to demonstrate free will, But when he explains it to one of his 
colleagues.

37 Ellis (2016), p. 424. 
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He was not impressed. Shrugging, he remarked: ‘I can program a computer to 
do that.’38 

So far, so objective. But, you might argue that nothing here explains your 
subjective experience of mental causation. Partly, this is a result of our using 
the intentional stance to explain our own actions. Why? Because we have 
no direct access to the inner workings of our minds. Think of the visual 
system. Our apparently coherent picture of the world is stitched together 
through a phenomenally complex process involving approximations, pre-
determined categories and sheer guesswork. But this process is completely 
opaque. However hard we try, we can never see it happening. The best we 
can do is construct examples which trick the system and expose aspects of its 
function. As for the visual system, so for the rest of what the brain does. We 
need the intentional stance to explain to ourselves the results of a complex 
system the workings of which are hidden. 
Then there is the fact that you have subjective experience at all. I will 

return to this in the next chapter. 

15.15 Churchill’s Nose 

David Deutsch uses this thought experiment to show that, however much 
physics we know, high level concepts are essential to explain even low level 
facts, such as the position of that nasal atom. Leadership, war and tradition 
are concepts of commonsense psychology, or perhaps commonsense history. 
They are no more likely to be an accurate description of the world than 
are the concepts of commonsense physics or statistics. Deutsch’s example is 
the intentional stance writ large. Yes, for us, it is unavoidable. But this is a 
function of our cognitive constitution, not the nature of the universe. 

Imagine we had at our disposal a powerful AI, which knew lots about 
physics and lots about human history, psychology etc. Are we sure it would 
come up with the same explanation? For obvious reasons, we tend to see 
human intentions as the driving force behind the world. But Marxist histo-
rians describe humans as pawns of objective social processes. Perhaps from 
the alien perspective of an AI intentions and indeed consciousness might not 
even feature in an explanation. What arrogance to assume that our way of 
explaining the world is the only way. 

If you are a physicalist, you may accept that the causal chain in the case of 
the nose is so complex, we may never be able to follow it. But this is about

38 Akin (1992). 
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our cognitive limitations and the difficulty of predicting complex systems. 
The only alternative is to accept that somewhere along the path of human 
evolution, something which is not physics intervenes. Then you are a dualist. 
There is no middle way. 

15.16 A Theory of Everything 

You may have spent this chapter thinking something is awry. If austere phys-
icalism is true, everything is quantum field theory. Yet in describing these 
examples I’ve barely mentioned QFT. What is going on? 

An emergentist answer is given in a paper from 1999 which Laughlin coau-
thored with David Pines. The paper starts by arguing, as I have, that QFT is 
already a Theory of Everything since it is applies in all but the most extreme 
conditions. But the paper goes on to say: 

… the triumph of the reductionism of the Greeks is a pyrrhic victory: We 
have succeeded in reducing all of ordinary physical behavior to a simple, correct 
Theory of Everything only to discover that it has revealed exactly nothing about 
many things of great importance.39 

This contention is supported by two arguments. The first relates to the 
computational intractability of quantum many-body problems. The combi-
natorial explosion involves put systems of more than a few dozen particles 
forever beyond classical computers. The second is what they describe as “total 
irrelevance” of quantum physics for a wide range of phenomena. They call 
such phenomena protectorates defined as: 

…a stable state of matter whose generic low-energy properties are determined 
by a higher organizing principle and nothing else.40 

I’m going to give four arguments to counter Laughlin and Pines’s case. 
First, it’s important to note that they give no proof of their assertion and 
that neither can I prove that everything can be derived from QFT. So the 
discussion can only be about plausibility. 

Computational limitations: Pines and Laughlin’s discussion does not 
mention quantum computers. If we can build a universal quantum computer, 
the Church-Turing-Deutsch principle means we can simulate every system.

39 Laughlin and Pines (2000). 
40 Laughlin and Pines (2000). 
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Universality: protectorates are another term for universality. We’ve seen that 
for phase transitions, there is no such thing as strict universality. Transi-
tions are continuous and in general depend on the microscopic details of 
the system. I speculate that the same is true for all other protectorates. We 
know the fractional quantum Hall effect is accurate down to one part in a 
billion. But if we measured temperature in human-scale objects only to that 
accuracy, it would also be termed a protectorate. The empirical question of 
the discontinuity of topological transitions remains open. 

State of knowledge: we could call nucleons protectorates since their proper-
ties are fixed even though the tangle of virtual particles that comprises them is 
constantly changing. But QCD explains why this is so. We could likewise call 
boxes of gas protectorates, but statistical physics explains why their proper-
ties are broadly independent of their precise compositions. It starts sounding 
as if calling something a protectorate is simply a way of saying we haven’t 
worked it out yet. An important method to gain insight into the mechanism 
of such phenomena is by using simple models. In the same way as the Ising 
model clarifies phase transitions, minimal models, such as the one of the frac-
tional quantum Hall effect I mentioned in Sect. 15.7, allow us to look inside 
protectorates and see how they are constituted. 

Continuity: where do the “higher organising principles” come from? As a 
thought experiment, let’s imagine building atom by atom a material in which 
the fractional quantum Hall effect is observed. Start with one atom; add 
another then another in such a way that they form part of the structure 
of the material. Clearly the behaviour of these few atoms is dependent on 
quantum physics. What happens as we keep adding in atoms? Remember 
how the Ising model shows how a phase transitions gets sharper and sharper 
as the number of spins increases? I would speculate that the same is true for 
all such phenomena: the quantum Hall effect plateaux gradually sharpen as 
more and more atoms become entangled in the wave function of the system 
as a whole. If this isn’t the case, then there must be some N such that for N 
atoms things proceed according to QFT and for N + 1 “higher organizing 
principles” take over. Of course, there’s no logical reason this couldn’t be the 
case but it would be unlike anything in physics. 

You might have noticed that the first and last of my arguments are linked. 
The process I asked you to imagine is exactly the sort of controlled experi-
ment a quantum simulation would permit. A whole flurry of recent papers 
use quantum simulations to investigate many-body problems that would be 
intractable to a classical computer. One models a quantum 2D Ising model
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with 300 sites41 allowing the details of the coupling between sites to be 
precisely tuned. Another studies he effects of long-range entanglement in a 
chain of 51 sites.42 Such techniques can in principle be applied to the full 
range of phenomena which motivate Laughlin and Pines’s argument and may 
resolve the question of the applicability of the Theory of Everything. 

15.17 The Many-Body Challenge 

Do you still think non-reductive physicalism is possible? If so, the thought 
experiment of the previous section can be turned into a way of demonstrating 
that the arguments I’ve made to the contrary are wrong. 

1. Specify your system 
2. Write down a many-body description of your system making whatever 

approximations you need. 
3. Explain why your “emergent” property will not decrease gradually as you 

remove particles one by one. 

Of course it would be best to do this formally, as in the model of Debye 
screening discussed in Sect. 9.3. But an explanation in words would be a good 
start. 

When does your “emergent” property disappear43 ? Is it sudden? If so, what 
changes between N + 1 particles and N? If it’s gradual, why can’t I measure it 
down at the level of atoms? Remember, what matters is that something new 
emerges which cannot be explained in terms of the interactions of its compo-
nents. It seems to be that if such an explanation exists, it must necessarily 
involve new physics and hence be strong emergence. Prove me wrong. 

15.18 Further Reading 

The Further Reading for Chap. 2 contained suggestions for each of the 
examples. 

An accessible discussion of quantum chemistry can be found at Arturo 
Robertazzi’s blog, https://www.arturorobertazzi.it/ and a discussion of the

41 Guo et al. (2024). 
42 Joshi et al. (2023). 
43 This will of course be above some minimum. It makes no sense to talk of a 3-body gravitational 
interaction with less than three bodies! 

https://www.arturorobertazzi.it/
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relation between quantum computing and quantum chemistry in Lanyon 
et al. (2010). For a standard textbook derivation of the fluid dynamics of 
convection, see Tritton (2007), Chap. 14. Falkenburg (2007) is a fascinating 
discussion of the place of particles in physics. For a crystal clear explanation of 
the empirical work and theoretical models behind the quantum Hall effects, 
see Stormer (1999). 
The bible of snowflake science is Libbrecht (2022) and an interesting theo-

retical model is in Demange et al. (2017). As for sunflowers, empirical work 
is in Swinton et al. (2016) and a model in Mirabet et al. (2012). 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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16 
Epilogue 

Summary Free will and consciousness have been mostly absent from the 
preceding chapters. Some see them as central. Indeed, David Chalmers argues 
that consciousness is the only example of strong emergence. In this chapter, 
I will use some thought experiments to clarify the issues. My aim is to show 
that there is no reason they cannot be incorporated in a physicalist account. 

You are not authoritative about what is happening to you, only about what 
seems to be happening to you1 

Free will and consciousness are often seen as emergent phenomena par 
excellence. But so far I’ve mostly avoided discussing them. This is largely 
because they are among the few phenomena for which we are entirely reliant 
on first-person, subjective data. This puts them outside the scope of scientific 
enquiry. If the only refuge left for emergence is your impression of what goes 
on in your head, I am happy to rest my case. 

However, I believe a physicalist account of free will and consciousness is 
possible. Producing one is a substantial project. For the moment, I would 
like to give you a few pointers to suggest that, while we are a long way from 
understanding these phenomena, they are nothing for a physicalist to fear.

1 Dennett (1991), p. 96. 
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16.1 Free Will 

We choose, act and in so doing change the world. Yet so does a bacterium 
when it stops tumbling and starts swimming. And so does a robot lawnmower 
when it turns to the left rather than the right. The bacterium follows an 
“If… then” rule encoded in a network of chemical reactions. The lawnmower 
follows an “if… then” rule encoded in a network of transistors. There is 
some randomness in bacterial behaviour due to the molecular storm. A robot 
may include a pseudo-random number generator. This would make their 
behaviour more difficult to understand but has nothing to do with freedom. 
We are free in precisely the same sense as a bacterium or a lawnmower. 

The concept of free well is such an incoherent mess that it makes emer-
gence look well defined. All we know is that it’s obvious to everyone that we 
have it. In the same way it’s obvious that the earth is flat and doesn’t move. 

Our impression of free will is another instance of the intentional stance 
(Sect. 13.5). A key part of our cognitive evolution is driven by the need 
to navigate the complex environment of small social groups. To do this, we 
need to evolve simple ways of interpreting the complex systems, our fellow 
humans, which we interact with. A fast and frugal heuristic to do this is 
to treat them as agents freely pursuing their desires and beliefs. Using it 
means we don’t need to worry about their hidden internal structure. The 
same model can be applied to ants, cats or machines. This faculty is often 
called mindreading. It involves a projection of our vastly simplified models 
onto the world. 

In attempting to understand our own behaviour, we face exactly the same 
problem. Almost all of what we do is carried out by unconscious mechanisms 
which are completely untransparent. Try to see into how you move your arm, 
or how your perceptive system constructs the image you have in front of you. 
These systems are encapsulated and inaccessible to us in exactly the same way 
that the inner workings of other creatures are inaccessible. 
To make sense of all this, we apply the intentional stance to ourselves. 

Not only do we treat other systems as agents, we treat ourselves as agents. 
What’s more, the interpretative process itself is also untransparent. We expe-
rience ourselves or others as having emotional states, being happy, impatient 
or angry, without realising that these are interpretations. They are psycho-
logical coarse graining, simplified representations of a hugely complex system 
most of which is inaccessible to us. 

We have a narrative mode of consciousness which gives regular reports 
on our internal state. Part of its content are outputs of the mindreading
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module. Some thinkers see this facility as one of the things which differenti-
ates humans from primates and a key step in the development of morality.2 

However it is not a reliable faculty. Here is Daniel Dennett’s description of 
its function: 

…we are all virtuoso novelists, who find ourselves engaged in all sorts of 
behavior, more or less unified, but sometimes disunified, and we always put 
the best ‘faces’ on it we can. We try to make all of our material cohere into a 
single good story.3 

The attempt to invent a story good enough to explain our actions to 
ourselves and to others is also known as confabulation. In combination with 
the intentional stance, it explains the origin of our subjective impression 
of free will. As an illustration, here’s a light-hearted excursion into science 
fiction. 

Disclaimer: Any resemblance between this story and actual brain function is 
pure coincidence. 

Churchland Systems of San Diego have long been at the forefront of devel-
opments in full-brain simulation technology. Their first consumer product 
is Elmat™ which makes high level brain processes accessible in ordinary 
language and in close to real-time. I was invited to join the beta test program. 

Preparation included a brain scan at sub-neuronal resolution, a longer 
version of those everybody has as part of their yearly check-up of cognitive 
function. Then came the injection of a suite of cerebral nanosensors. Again, 
these are an adaptation of technology that is regularly used to repair brain 
damage. Finally, a long and tedious process of calibration as their AI took 
me through a whole range of physical and cognitive exercises. Once this was 
done, I was issued with the brain monitor which uploads signals from the 
nanosensors into the quantum cloud. 

Here’s what happened the first time I used it. I had been working since 
lunchtime and was feeling peckish. I stretched, figured 3 pm was a good time 
for a snack so stood up and wandered downstairs in search of an apple. In the 
kitchen, I thought “What the heck, I deserve a treat” and gobbled a whole 
tub of ice cream. 

A few minutes later, disappointed by my lack of willpower, I launched the 
Elmat™ app to see what had been going on in my brain. For the modular

2 Gibbard (1992). 
3 Dennett (1992). 
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event report, I unchecked the boxes relating to the dull stuff (perception, 
homeostasis, detailed motor plans, etc.) to focus on what lay behind my deci-
sion. I also requested the confabulation report which gives an idea of the 
relation between my explanation and what actually took place in my brain. 
Here are the reports. 

Modular Events and Relevant Conscious Activity (RCA) 

Time RCA (%) 

14:30 Hunger signals sent by digestive system/blood sugar 
monitor 

0 

14:52:10 Signal intensity crosses a threshold. The body 
monitoring module creates a desire for food which is 
then passed to the desire selection module 

0 

In the desire selection module, it enters a competition 
with other current desires: carry on working, go for a 
walk, check the news 

0 

Other modules allocate weights to these desires; 
getting food acquires the highest weight so wins the 
competition 

0 

14:52:11 This is broadcast to all other modules 0 
A memory search is carried out to see what food is 
available and where, resulting in a list of possible 
actions 

0 

These actions are passed to the action selection 
module and another competition starts, with the 
various options attracting weights from other 
modules. At the end, two possibilities have roughly 
equal weights: ice cream or apple 

0 

Each is passed to the mental rehearsal module which 
simulates the process of acquiring the food and the 
results of eating it. During the simulation other brain 
modules behave as they would if the action were 
actually carried out 

0 

The ice cream option picks up weight from the 
fuelling module due to its fat and calorific content. 
The self-control module offsets this with a negative 
weighting 

0 

The prospection facility is consulted and suggests that 
proximity to the food will increase the weight from 
the fuelling module 

0 

14:52:12 The action that is chosen is ‘go to the kitchen and 
replan in front of the fridge’. An appropriate motor 
action plan is retrieved from memory 

0 

The motor plan is started. Its first step is to prepare 
for movement by stretching 

0 

14:52:15 The access consciousness process registers the physical 
movement 

5

(continued)
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(continued)

Time RCA (%)

The rest of the  motor plan is put  into  action 0 
15:02 In front of the fridge, the two options are again 

passed to the action selection module. The proximity 
of the food increases the weight given to the 
fuelling module. The self-control module is fatigued 
after its continuous use during the preceding hours 
of work so attracts less weight. This means ice cream 
wins the competition 

0 

Memory is consulted for a motor plan to find and eat 
the ice cream 

0 

15:03 The plan is executed and the ice cream is eaten. With 
the plan running, neither the self-control nor the 
fuelling module play any further role in the process 

0 

15:10:28 A request for an explanation is passed from the 
consciousness process to the mindreading module 

10 

The mindreading module searches memory for 
relevant information. The only events it finds are:

• Stretching at 15:00
• Eating the ice cream at 15:03 

0 

The mindreading module evolved to explain the 
behaviour of other people and was then adapted to 
provide explanations of self. Given the two events in 
memory it:

• Fills in the gaps using memories from similar past 
situations

• Uses this information to estimate the time at which 
the action started

• Interprets the memories using the commonsense 
psychological concepts of desire, choice and 
justification 

0 

15:11:29 The result is passed to the language module. A motor 
plan is selected to type it out 

10 

Confabulation report 

Between the start of the report at 14:30 and the end of the action at 15:03 the 
narrative consciousness process was inactive. The access consciousness process 
was involved in monitoring various concurrent background processes, among 
them an attempt to solve a mathematical problem, aesthetic appreciation of 
the blue sky and planning the evening’s meal. 

Confabulation index: 93%. 
(a value about 80% implies the mindreading module’s output is ex-post 

justification and bears minimal relation to actual brain events).
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User Notes 

Please remember Elmat is currently in beta-test. There are a number of issues 
and restrictions,

• Reliability is high but not 100%. We believe this is mostly due to measure-
ment limitations. Computing is easy. Measuring the physical world is more 
difficult. However, there is a residual effect which we only observe in 
humans and not animal subjects. We call this the mischievous module. 
Our preliminary research suggests a poorly understood process gives extra 
weight to actions which confound our system. The few remaining dualists 
describe this with the anachronism free will.

• Future versions will add the possibility to drill down from the high 
level reports to a range of further levels, presented with cutting-edge 3D 
visualisation techniques 

– Modular activity: the behaviour of different modular components of the 
brain 

– Neuronal activity: the behaviour and interaction between neurons in 
terms of the theory of neurotronics.

• Research versions of our system can go further. However the resulting data 
is so rich as to be incomprehensible to even the most advanced AIs. 

– The high level concepts of neurotronics are described in terms of the 
behaviour of individual neurons 

– The behaviour of neurons can be described terms of the interaction of 
their constituent molecules 

– From there, it’s physics all the way down 

16.2 The “Hard” Problem of Consciousness 

David Chalmers claims that phenomenal consciousness is a problem different 
from all others. There are many aspects to consciousness, for example the 
narrative mode I mentioned in the previous section. All these are potentially 
accessible to neuroscience. But an explanation of why we have subjective 
experience at all, why it is “like something” to be us, will remain forever 
beyond science. 

Chalmers sees phenomenal consciousness as the only example of strong 
emergence:
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… given a complete catalogue of physical facts about the world, supplemented 
by a complete catalogue of facts about consciousness, a Laplacean super-being 
could, in principle, deduce all the high level facts about the world, including 
the high level facts about chemistry, biology, economics, and so on.4 

For Chalmers, physics does not fix all the facts, only those not to do with 
consciousness. Since his original 1995 paper,5 the idea has been hugely influ-
ential. What bothers me most about it is the whiff of anthropocentrism. We 
may no longer be at the centre of things, but we are still the hardest problem 
in the universe. How cool is that? 

Chalmers is correct that it is a problem like no other. But this is because, 
so far at least, we have only first-person data. I have no way of knowing 
whether your subjective experience is the same as mine. I have no way of 
knowing whether you have any subjective experience at all. Without objective 
evidence, the question is outside the scope of science. 

Until we have such evidence, my take is that everyone needs to calm down. 
While Chalmers’s dualism is logically coherent (and when we have evidence it 
may prove him correct), it seems odd to base such huge metaphysical conse-
quences on such flimsy ground. It makes me think of Penrose’s assertion that 
brains are hypercomputers (Box 5.4). What is it about consciousness that 
leads to such dramatic assertions? Is it that phenomenal consciousness is as 
resistant to clear definition as free will? And like free will, we are all utterly 
certain that we have it? 

Consciousness plays a much smaller role in our lives than we might think. 
Almost everything we do happens at a level completely inaccessible to us. 
Our knowledge of these processes comes either from observing our actions 
or from the confabulated accounts of narrative consciousness. Here’s Daniel 
Dennett writing about Fodor: 

[he] once made the point with the aid of an amusing confession: he acknowl-
edged that when he was thinking his hardest, the only sort of linguistic items 
he was conscious of were snatches along the lines of ‘C’mon, Jerry, you can do 
it!6 

Chalmers defends his argument with a number of thought experiments. 
I’m going to discuss two of them. The first is known as the zombie argu-
ment7 A zombie is an entity who is exactly the same as a human in all

4 Chalmers (2006). 
5 Chalmers (1995). 
6 Dennett (1991), p. 303. 
7 Kirk (2023). 
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physical respects. But they do not have subjective experience, they are dark 
inside. If zombies are possible, subjective experience is something in addition 
to physical structure. Therefore physicalism is false. 
The second is known as the knowledge argument.8 Imagine a scientist, 

call them M, who has no colour vision. They study the colour red from all 
possible perspectives, physical, optical, neuroscientific etc. until they know 
everything that is to be known about red. Despite knowing all the phys-
ical facts, they will know nothing about the subjective experience of red. 
Therefore subjective experience is not a physical fact and physicalism is false. 

Let me address these with my own thought experiment. After decades 
of work, we finally understand consciousness. To demonstrate our under-
standing, we regularly build artificial consciousnesses (ACs) which we can 
manipulate in anyway we want.9 

What would this imply for the two arguments? Since consciousness would 
be understood as a physical phenomenon, the problem of zombies immedi-
ately evaporates. Zombies cannot exist and our ACs will show us precisely 
why. If we think zombies are conceivable, this is no more than yet another 
failure of our intuition to tell us something meaningful about the world, 
another example of the mind projection fallacy. 

As for M, let’s extend their knowledge to include everything that we would 
have learnt about consciousness from the ACs. They now deeply understand 
the nature of subjective experience. They understand precisely the neural 
mechanisms which give rise to it. They can observe step by step the subjec-
tive experiences of various ACs when presented with the colour red. In the 
language of Sect. 4.4, they have full representational understanding. 
The knowledge argument then says no more than that M lacks imaginative 

understanding. In exactly the same way that we lack imaginative under-
standing of quantum physics. It would be no big deal. A more capable entity 
would be able to take all the information, use it to run an internal simulation 
and experience red without ever seeing it. 
There is something self-referential about the “hard” problem. If we assume 

it exists, then these and other thought experiments confirm it. However, if we 
assume that a physical explanation of consciousness is possible, the difficulties 
evaporate. Of course, without a physicalist account of consciousness, these 
arguments are no more than words.

8 Nida-Rümelin and O Conaill (2024). 
9 Such a possibility has fearsome ethical implications. See Metzinger (2009), Chap. 9 and Chalmers 
(2022), Chap. 18. 
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16.3 The Meaning of Life 

The intentional stance leads us to see a world full of purposes. From the 
narrow point of view that it provides, the purpose of some creature appears 
to be to find food so it can reproduce and perpetuate its species. All a demon 
would see is a quantum field evolving towards maximum entropy subject to 
complex constraints in some high-dimensional space. 

We can say a bit more. The rate at which a system increases the entropy of 
its surroundings is effectively the rate at which it dissipates energy. To get a 
handle on this, let’s do some back of the envelope calculations. The produc-
tion of entropy is, essentially, the same as the dissipation of heat. To calculate 
the rate of heat dissipation per unit mass of a system, all we need to know is 
its power output and mass. 

The sun: it generates around 4 × 1026 W and  its mass is 2  × 1030 kg which 
gives a power per unit mass of 2 × 10−4 W/kg. 

A human: let’s take a person weighing 65 kg and consuming 2000 calories 
per day. This gives a dissipation rate of 1.5 W/kg. A kilogram of human 
dissipates 7000 times as much energy as a kilogram of sun. 

A computer: the laptop I am using weighs around 1 kg and has a power 
adaptor rated at 45 W so dissipates 45 W/kg, 30 times as much as a human. 
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Fig. 16.1 Dissipation in the universe10 

10 Redrawn from Chaisson (2002), Fig. 28.
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Figure 16.1 shows a cartoon of the result of extending this calculation to more 
systems, with the rate of energy dissipation on the y-axis against the age of 
the universe on the x. The message of the graph is striking. As the universe 
gets older, structures develop which dissipate energy at an ever-greater rate. 
There are a few hints as to the physical mechanism behind this, but as yet no 
general explanation. 
The process of evolution itself can be seen in this light. Can you think of 

a better way of dissipating energy than putting loads of effort into building 
increasingly complex physical systems then letting them eat each other? Of 
course you can. Have some of those complex physical systems use their imper-
fect knowledge of the world to build further systems, call them technology, 
which dissipate energy at far higher rates. 

Remember, the universe will most likely end in a big freeze when there is 
no further possibility for energy dissipation. Then Fig. 16.1 suggests that, as 
the universe ages, it stumbles across systems which bring it ever closer to its 
end. Humans and their products are, at least in this corner of the universe, 
currently the best way of doing this. If you’re looking for an external meaning 
of life, this is it. 

16.4 Further Reading 

For an excellent discussion of free will, see Sapolsky (2023). For two different 
approaches to consciousness, see Chalmers (1997) and Dennett (1991). For 
a more philosophical introduction to free will, see O’Connor and Franklin 
(2022) and to the “hard” problem Wu and Morales (2024), Sec. 1.5. 
Carruthers (2006) is a superb introduction to the  modular workings of the  
brain. 

More suggestions for reading can be found at www.TheMaterialWorld.net. 
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Appendix: Supporting Material 

The first section of this Appendix lists definitions of emergence. The 
remainder includes more technical material. While I’ve kept the body of this 
book free of maths, I sometimes refer to results which can be best explained 
with a few lines of algebra. 

A.1. Emergence: 75 Definitions 

This section collects definitions of emergence that I came across in my 
reading. It is composed of citations without any commentary. Where an 
author gives different definitions of the same idea, I’ve chosen the one that 
seems clearest to me. Please bear in mind that extracting a short passage risks 
misrepresenting a writer’s intention. 
The list makes no attempt to be exhaustive. Indeed Ernst Mandelbaum 

argues that the concept of emergence goes further into the philosophical 
tradition than I have any desire to venture: 

One can find idealists such as Hegel, materialists such as Marx and Engels, 
positivists such as Comte, non-dualists such as Alexander and R. W. Sellars, 
and dualists such as Lovejoy and Broad, all holding doctrines of emergence 
which (with the exception of Hegel’s) were remarkably similar.1 

1 Mandelbaum (1974), p. 380.
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1. Being Emergence (Winning and Bechtel) 

“The being of X: If the ontological category of X is C, then the being of X is 
whatever it is about X that allows it to count as an instance of C. 

Y is being-dependent on X = def: Y’s counting as an instance of ontolog-
ical category C1 is dependent on X’s counting as an instance of ontological 
category C2 (for some C1 and C2). 

If X is being-dependent on Y but X does not reduce to Y, then X emerges 
from Y.”2 

2. Causal Emergence (Sartenaer) 

“A property E causally emerges from an underlying physical basis {Bi} [if  
and only if ] (1) E supervenes on—but is not realized in—{Bi} [substantial 
continuity] and (2) E downwardly acts—in Sperry’s sense—on {Bi} [causal 
discontinuity].” 

where. 
“Sperry-style downward causation—a downwardly causal relation that is 

efficient, reflexive and diachronic”3 

3. Causal Emergence (Searle) 

“… system features cannot be figured out just from the composition of the 
elements and environmental relations; they have to be explained in terms of 
the causal interactions among the elements. Let’s call these ‘causally emergent 
system features’. Solidity, liquidity, and transparency are examples of causally 
emergent system features.”4 

4. Coarse-Grained Emergence (Palacios) 

“A coarse-grained description of a system emerges synchronically upon a fine-
grained description, [if and only if ] the former has terms denoting properties 
or behavior that are novel and autonomous with respect to the latter, and 
these properties or behavior supervene upon the behavior of the components 
of the fine-grained description.”5 

2 Winning and Bechtel (2019). 
3 Sartenaer (2016). 
4 Searle (2008), p. 69. 
5 Palacios (2022), p. 39.
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5. Computational Emergence (Cariani) 

“…complex global forms can arise from local computational interactions… 
Because its ontology only admits of micro-deterministic computational inter-
actions… there is a strong platonic component to the world-view: the ideal 
forms of computational behaviours can be abstracted completely from their 
material substrates, and the material world can be left completely for a virtual 
one.”6 

6. Conceptual Emergence (Humphreys) 

“…an entity, such as a state or a property, is conceptually emergent with 
respect to theoretical framework F if and only if a conceptual or descriptive 
apparatus that is not in F must be developed in order to effectively represent 
that entity.”7 

7. Contextual Emergence (Bishop, Silberstein and Pexton) 

“Properties and behaviors in a particular domain (including its laws) at best 
offer some necessary but no sufficient conditions to determine properties and 
behaviors in another domain.”8 

8. Deducible or Computational Emergence (Baas and Emmeche) 

“There exists a deduction or computational process or theory D such that 
P ∈ Obs2

(
S2

)
can be determined by D from

(
S1:i , Obs1, I nt1

)
”.9 For a 

definition of the terms see Emergence (Baas and Emmeche). 

9. Degrees of Freedom (DOF) Emergence (Wilson) 

“An entity E is weakly emergent from some entities ei if 
1. E is composed of the ei, as a result of imposing some constraint(s) on 

the ei. 
2. For some characteristic state S of E: at least one of the DOF required 

to characterize a realizing system of E (consisting of the ei standing in the

6 Cariani (1991). 
7 Humphreys (2008). 
8 Bishop et al. (2022), p. 27. 
9 Baas and Emmeche (1997). 
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ei-level relations relevant to composing E) as being in S is eliminated from 
the DOF required to characterize E as being in S. 

3. For every characteristic state S of E: Every reduction, restriction, or elim-
ination in the DOF needed to characterize E as being in S is associated with 
ei -level constraints. 

4. The law-governed properties and behavior of E are completely deter-
mined by the law-governed properties and behavior of the ei, when the ei 
stand in the ei -level relations relevant to their composing E.”10 

10. Diachronic and Synchronic emergence (Rueger) 

“…the strategy of characterizing the relation of higher level to lower level 
properties as diachronic or synchronic emergence is the same. In the 
diachronic case we simply compare the behavioural properties of the system at 
a time (lower level) with those at a later time (higher level). In the synchronic 
case we decompose the system (or, rather, its behaviour: the higher level) into 
a combination of lower level sub-systems (or, rather, the behaviour gener-
ated by them) which are identified through a perturbation analysis of the full 
system. In each case, the higher level properties are said to be emergent if 
they are ‘novel’ or ‘irreducible’ with respect to the lower level properties.”11 

11. Diachronic Emergence (Sartenaer) 

“Diachronic emergence is an empirical relation between an emergent and 
its emergence basis such that (a) the emergent is causally determined by its 
emergence basis, and (b) it is not possible to trace the causal chain that goes 
from the emergence basis to the emergent.”12 

12. Diachronic Structure Emergentism (Stephan) 

“…[is] characterized by the thesis of structure unpredictability. This version 
of unpredictability had no role to play in the classical literature on emergence, 
but it gains increasing importance to phenomena studied in robotics and A-
Life research:

10 Wilson (2021). 
11 Rueger (2000). 
12 Sartenaer (2015). 
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Structure unpredictability. The rise of a novel structure is unpredictable, 
in principle, if its formation is governed by laws of deterministic chaos. Like-
wise, any property that is instantiated by the novel structure is unpredictable, 
in principle.”13 

13. Diachronic Transformational Emergence (Guay and Sartenaer) 

“… let us consider a natural system S at two successive times t1 and t2 of its 
evolution. One will say—and in this lies the general, metaphysical account of 
[TE]—that the given system at t2 (S2) transformationally emerges from the 
same system at t1 (S1) if and only if there exists a transformation [Tr] such 
that: 

• S2 is the product of a spatiotemporally continuous process going from S1 
(for example causal, and possibly fully deterministic). In particular, the 
“realm” R to which S1 and S2 commonly belong (e.g. the physical realm) 
is closed, to the effect that nothing outside of R participates in S1 bringing 
about S2. And  yet:  

• S2 exhibits new entities, properties or powers that do not exist in S1, and  
that are furthermore forbidden to exist in S1 according to the laws

{
Li 
1

}n 
i=1 

governing S1. Accordingly, different laws
{
Li 
2

}m 
i=1 govern S2.”

14 

14. Emergence (Alexander) 

“The emergence of a new quality from any level of existence means that at 
that level there comes into being a certain constellation or collocation of the 
motions belonging to that level, and possessing the quality appropriate to it, 
and this collocation possesses a new quality distinctive of the higher complex. 
The quality and the constellation to which it belongs are at once new and 
expressible without residue in terms of the processes proper to the level from 
which they emerge… The higher quality emerges from the lower level of 
existence and has its roots therein, but it emerges therefrom, and it does not 
belong to that lower level, but constitutes its possessor a new order of existent 
with its special laws of behaviour. The existence of emergent qualities thus

13 Stephan (2006). 
14 Guay and Sartenaer (2016), p. 303. 
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described is something to be noted, as some would say, under the compulsion 
of brute empirical fact… It admits no explanation.”15 

15. Emergence (Aristotle) 

“For of all things that have several parts and where the totality of them is not 
like a heap, but the whole is something beyond the parts, there is some cause 
of it, since even among bodies, in some cases contact is the cause of their 
being one, in others stickiness, or some other attribute of this sort.”16 

16. Emergence (Baas and Emmeche) 

“Let {Si }i∈I be a family of general systems or ‘agents’. Let Obs1 be observa-
tion mechanisms and Int1 be interactions between agents. 
The observation mechanism measures the properties of the agents to 

be used in the interactions. The interactions then generate a new kind of 
structure 

S2 = R
(
S1:i , Obs1, I nt1

)

Which is the result of the interactions. This could be a stable pattern or 
a dynamically interacting system. We call S2 and emergence structure which 
may be subject to new observational mechanisms Obs2. This leads to [the] 
definition: 

P is an emergent property if  P ∈ Obs2
(
S2

)
and P /∈ Obs2

(
S1:i

)
. 

The observational mechanism may be internal or external”.17 

17. Emergence (Broad) 

“… the emergent theory asserts that there are certain wholes, composed (say) 
of constituents A,B, and C in a relation R to each other; that all wholes 
composed of constituents of the same kind as A, B, and C in relations of the 
same kind as R have certain characteristic properties ; that A, B, and C are 
capable of occurring in other kinds of complex where the relation is not of 
the same kind as R ; and that the characteristic properties of the whole R(A, 
B, C) cannot, even in theory, be deduced from the most complete knowledge

15 Alexander (1920), p. 45. 
16 Aristotle and Reeve (2016), p. 147. 
17 Baas and Emmeche (1997). 
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of the properties of A, B, and C in isolation or in other wholes which are not 
of  the form R(A, B, C).”18 

18. Emergence (Butterfield) 

“…behaviour that is novel and robust relative to some comparison class. 
…two widespread conceptions of what the comparison class is, as follows. 

(1) Composites: The system is a composite; and its properties and behaviour 
are novel and robust compared to those of its component systems, 
especially its microscopic or even atomic components. 

(2) Limits: The system is a limit of a sequence of systems, typically as some 
parameter (in the theory of the systems) goes to infinity (or some other 
crucial value, often zero); and its properties and behaviour are novel and 
robust compared to those of systems described with a finite (respectively: 
non-zero) parameter.”19 

19. Emergence (Churchland) 

“…a property F will be said to be an emergent property (relative to [a theory] 
TN) just in case.  

(1) F is definitely real and instantiated; 
(2) F is co-occurrent with some feature or complex circumstance recognized 

in TN; but  
(3) F cannot be reduced to any property postulated by or definable within 

TN.”20 

20. Emergence (Darley) 

“…emergent phenomena are those for which the amount of computation 
necessary for prediction from an optimal set of rules, classifications and anal-
ysis, even derived from an idealised perfect understanding, can never improve

18 Broad (1925). 
19 Butterfield (2011). 
20 Churchland (1985). 
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upon the amount of computation necessary to simulate the system directly 
from our knowledge of the rules of its interactions.”21 

21. Emergence (Deacon) 

“A term used to designate an apparently discontinuous transition from one 
mode of causal properties to another of a higher rank, typically associ-
ated with an increase in scale in which lower-order component interactions 
contribute global properties that appear irreducible to the lower-order inter-
actions.”22 

22. Emergence (Ellis) 

“Emergence E of system from its components. For example, the emergence 
E of nuclei out of protons and neutrons, of water or a metal or hemoglobin 
molecules out of the underlying nuclei and electrons, or of a human body 
out of its constituent cells. The issue of phase transitions is important here. 
These occur when a major change in the emergent state takes place, such as 
the transition of water from a liquid to a gaseous state when boiling occurs. 

Emergence P of properties of the emergent system out of its underlying 
constituents once it has come into existence. How do properties of a nucleus 
arise out of the nature of its constituent neutrons and protons, and theirs 
out of the constituent quarks? How do rigidity or electrical conductivity or 
optical properties of a crystal, or chemical properties of a molecule, arise out 
of the underlying electrons, protons and neutrons? How do properties of a 
cell in a human body arise out of properties of its underlying biomolecules? 
How does behaviour arise out of those cells?”.23 

23. Emergence (Israeli and Goldenfeld) 

“Emergent properties are those which arise spontaneously from the collective 
dynamics of a large assemblage of interacting parts.”24 

21 Darley (1994). 
22 Deacon (2012), p. 502. 
23 Ellis (2020). 
24 Israeli and Goldenfeld (2006).
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24. Emergence (Klee) 

“Property P is emergent at a level of organization in a system, with respect to 
that system’s lower level microstructure MS, when (and possibly only when) 
either. 

(1) P is unpredictable in principle from MS (i.e. unpredictable even from an 
ideally complete theoretical knowledge of MS in the limit of scientific 
inquiry) 

or 

(2) P is novel with respect to MS 

or 

(3) MS exhibits a much greater degree of variance and fluctuation from 
moment to moment than does the level of organization where P occurs, 
P’s constant and enduring presence in the system would or not seem to 
be wholly determined by MS. 

(4) P has direct determinative influence and effects on at least some of the 
properties in MS.”25 

25. Emergence (Laughlin) 

“A collective principle of organization that gives rise to a law, a relationship 
among measured things that is always true.”26 

26. Emergence (Lewes) 

“…although each effect in the resultant of its components, the product of its 
factors, we cannot always trace the steps of the process, so as to see in the 
product the mode of operation of each factor. In this… case I propose to call 
the effect an emergent. It arises out of the combined agencies, but in a form 
which does not display the agents in action…

25 Klee (1984). 
26 Laughlin (2021). 



298 Appendix: Supporting Material

The emergent is unlike its components in so far as these are incommen-
surable and it cannot be reduced either to their sum or their difference. But, 
on the other hand, it is like its components, or more strictly speaking, it is 
these: nothing can be more like the coalescence of the components than the 
emergent which is they coalescence.”27 

27. Emergence (Mayr) 

“Systems almost always have the peculiarity that the characteristics of the 
whole cannot (not even in theory) be deduced from the most complete 
knowledge of the components, taken separately or in other partial combina-
tions. This appearance of new characteristics in wholes has been designated 
as emergence.”28 

28. Emergence (McLaughlin) 

“If P is a property of w, then P is emergent if and only if (1) P supervenes 
with nomological necessity, but not with logical necessity, on properties the 
parts of w have taken separately or in other combinations; and (2) some of the 
supervenience principles linking properties of the parts of w with w’s having 
P are fundamental laws.”29 

29. Emergence (Mill) 

“The chemical combination of two substances produces, as is well known, 
a third substance with properties entirely different from those of either of 
the two substances separately, or of both of them taken together. Not a trace 
of the properties of hydrogen or of oxygen is observable in those of their 
compound, water. The taste of sugar of lead is not the sum of the tastes of 
its component elements, acetic acid and lead or its oxide; nor is the color 
of green vitriol a mixture of the colors of sulphuric acid and copper. This 
explains why mechanics is a deductive or demonstrative science, and chem-
istry not. In the one, we can compute the effects of all combinations of causes, 
whether real or hypothetical, from the laws which we know to govern those 
causes when acting separately; because they continue to observe the same laws 
when in combination, which they observed when separate: whatever would

27 Lewes (1874), p. 368. 
28 Mayr (1982), p. 63. 
29 McLaughlin (2008). 
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have happened in consequence of each cause taken by itself, happens when 
they are together, and we have only to cast up the results. Not so in the 
phenomena which are the peculiar subject of the science of chemistry. There, 
most of the uniformities to which the causes conformed when separate, cease 
altogether when they are conjoined; and we are not, at least in the present 
state of our knowledge, able to foresee what result will follow from any new 
combination, until we have tried it by specific experiment. 

If this be true of chemical combinations, it is still more true of those far 
more complex combinations of elements which constitute organized bodies; 
and in which those extraordinary new uniformities arise, which are called 
the laws of life. All organized bodies are composed of parts, similar to those 
composing inorganic nature, and which have even themselves existed in an 
inorganic state; but the phenomena of life, which result from the juxtapo-
sition of those parts in a certain manner, bear no analogy to any of the 
effects which would be produced by the action of the component substances 
considered as mere physical agents. To whatever degree we might imagine our 
knowledge of the properties of the several ingredients of a living body to be 
extended and perfected, it is certain that no mere summing up of the separate 
actions of those elements will ever amount to the action of the living body 
itself… 

…as a general rule, causes in combination produce exactly the same effects 
as when acting singly: but that this rule, though general, is not universal: that 
in some instances, at some particular points in the transition from separate 
to united action, the laws change, and an entirely new set of effects are either 
added to, or take the place of, those which arise from the separate agency 
of the same causes: the laws of these new effects being again susceptible of 
composition, to an indefinite extent, like the laws which they superseded.”30 

30. Emergence (Mandelbaum) 

“…’emergent naturalism’ would hold that while all entities are material in 
character, the varying forms of organization which matter may possess give 
rise to diverse properties and diverse modes of behavior, neither of which can 
be adequately explained, even in principle, by an appeal to any single set of 
laws.”31 

30 Mill (1859), sec. Book III, Chap. 6.2. 
31 Mandelbaum (1974), p. 22.
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31. Emergence (Morgan) 

“That which becomes the stuff at the higher level of emergence is never quite 
what it was at the lower level from which it was derived—otherwise one 
would have resultants only and not emergence. Under emergent evolution 
there is progressive development of stuff which becomes new stuff in virtue 
of the higher status to which it has been raised under some supervenient kind 
of substantial gotogetherness.”32 

32. Emergence (Pepper) 

“…emergence, which is a cumulative change, a change in which certain char-
acteristics supervene upon other characteristics, these characteristics being 
adequate to explain the occurrence on their level…The theory of emergence 
involves three propositions: (1) that there are levels of existence defined in 
terms of degrees of integration; (2) that there are marks which distinguish 
these levels from one another over and above the degrees of integration; (3) 
that it is impossible to deduce the marks of a higher level from those of a 
lower level, and perhaps also (though this is not clear) impossible to deduce 
marks of a lower level  from  those of a higher.”33 

33. Emergence (Polanyi) 

“If each higher level is to control the boundary conditions left open by the 
operations of the next lower level, this implies that these boundary conditions 
are in fact left open by the operations going on at the lower level. In other 
words, no level can gain control over its own boundary conditions and hence 
cannot bring into existence a higher level, the operations of which would 
consist in controlling these boundary conditions. Thus the logical structure of 
the hierarchy implies that a higher level can come into existence only through 
a process not manifest in the lower level, a process which thus qualifies as an 
emergence.”34 

34. Emergence (Ronald, Sipper, Capcarrère) 

1. Design: The system has been constructed by the designer, by 
describing local elementary interactions between components (e.g.,

32 Morgan (1923), pp. 192–3. 
33 Pepper (1926). 
34 Polanyi (2009). 



Appendix: Supporting Material 301

artificial creatures and elements of the environment) in a language 
L1. 

2. Observation: the observer is fully aware of the design, but describes 
global behaviors and properties of the running system, over a period 
of time, using a language L2. 

3. Surprise: The language of design L1 and the language of observation 
L2 are distinct, and the causal link between the elementary interac-
tions programmed in L1 and the behaviors observed in L2 is non-
obvious to the observer—who therefore experiences surprise. In other 
words, there is a cognitive dissonance between the observer’s mental 
image of the system’s design stated in L1 and his contemporaneous 
observation of the system’s behavior stated in L2.”35 

35. Emergence (Wilson) 

“…the coupling of cotemporal material dependence with ontological and 
causal autonomy which is most basically definitive of the notion of emer-
gence.”36 

36. Emergent Dualism (Nida-Rümelin) 

“Claim 1 (Emergence of new individuals): There are specific physical condi-
tions C such that the following holds: at any time t, if t is the time at which 
a particular material system M (e.g., a biological organism) first satisfies C, 
then with nomological necessity a subject of experience (a conscious being 
that belongs to an ontological category different form the one of material 
objects) comes into existence at t and starts at t to have M as its body. 

Claim 2 (Emergence of consciousness properties): A subject cannot have 
consciousness properties unless the subject’s body has corresponding physical 
properties. No change in consciousness properties is nomologically possible 
without a simultaneous change in corresponding physical properties of the 
subject’s body. No two nomologically possible individuals (whether in the 
same world or in different worlds) can differ in their consciousness properties 
without a difference in the physical properties of their respective bodies.”37 

35 Ronald et al. (2008), p. 291. 
36 Wilson (2021), p. 1. 
37 Nida-Rümelin (2007).
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37. Explanatory Emergence (Sartenaer) 

“A property E explanatorily emerges from an underlying physical basis {Bi} [if  
and only  if ] (1) E is realized in {Bi} [causal continuity] and (2) E downwardly 
acts—in Sellars’ reflexive sense—on {Bi} [explanatory discontinuity]” 

where Sellar’s sense is. 
“… there would then exist (at least) two distinct and irreducible modes 

of causal determination in nature, namely (i) intra-level efficient causation 
that governs the succession of physical events through time, and (ii) inter-
level emergent causation—other than efficient—that regulates (or harnesses, 
restraints, constrains, orientates, etc.) the way in which underlying intra-level 
causal relations unfold.”38 

38. Explanatory Emergence (Taylor) 

“(Given components A, B, C… n arranged in relation r into a whole, and 
an observer O, property x of the whole is emergent for O iff there is no 
scientific explanation available to O of the fact that the following regularity 
obtains of natural necessity: Whenever components A, B, C…n are combined 
in relation r, the resulting whole instantiates property x.”39 

39. Emergence in Physics (Kivelson and Kivelson) 

“An emergent behavior of a physical system is a qualitative property that can 
only occur in the limit that the number of microscopic constituents tends to 
infinity.”40 

40. Emergence Relative to a Model (Cariani) 

“The emergence-relative-to-a-model view sees emergence as the deviation of 
the behaviours of a physical system from an observer’s model of it. Emergence 
then involves a change in the relationship between the observer’s behaviour 
and the physical system under observation.”41 

38 Sartenaer (2016). 
39 Taylor (2015). 
40 Kivelson and Kivelson (2016). 
41 Cariani (1991).
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41. Epistemological Emergence (Silberstein and McGeever) 

“A property of an object or system is epistemologically emergent if the prop-
erty is reducible to or determined by the intrinsic properties of the ultimate 
constituents of the object or system, while at the same time it is very difficult 
for us to explain, predict or derive the property on the basis of the ulti-
mate constituents. Epistemologically emergent properties are novel only at a 
level of description. For example, even systems with very few parts and with 
simple mathematical rules can sometimes be said to exhibit epistemological 
emergence. In principle in such cases the higher-level feature, rule or law is a 
logical consequence of some lower-level feature, rule or law.”42 

42. Few-Many Emergence (Palacios) 

“A system exhibits few-many emergence when there is a robust behavior 
(pattern or property) at the scale of many components that is epistemologi-
cally/ontologically novel with respect to the scale of few components.”43 

43. Fusion Emergence (Humphreys) 

“… two property instances that belong to a domain D interact, and in so 
doing, the instances are transformed in such a way as to produce a new prop-
erty instance, the key feature of which is that it does not have the original 
property instances as components.”44 

44. Inferential Emergence (Humphreys) 

“… an entity, such as a state or a property instance, is emergent with respect 
to a domain D if and only if it is impossible, on the basis of a complete 
theory of D, to effectively predict that entity or to effectively compute a state 
corresponding to that feature.”45 

42 Silberstein and McGeever (1999). 
43 Palacios (2022), p. 15. 
44 Humphreys (2016), p. 88. 
45 Humphreys (2008).
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45. Interactive Complexity Emergence (Cunningham) 

“A highly configurational and highly holistic property p is epistemically-
emergent to the extent that p’s proprietary entity is so interactively complex 
that it is difficult (or perhaps impossible) to track p’s relations to the lower 
level properties of p’s proprietary entity’s components.”46 

46. Intrinsic Emergence (Crutchfield) 

“…in the emergence of coordinated behavior, though, there is a closure in 
which the patterns that emerge are important within the system. That is, 
those patterns take on their ‘newness’ with respect to other structures in the 
underlying system. Since there is no external referent for novelty or pattern, 
we can refer to this process as ’intrinsic’ emergence…. What is distinc-
tive about intrinsic emergence is that the patterns formed confer additional 
functionality which supports global information processing.”47 

47. Maximal Emergence (Assad and Packard) 

“Behavior is impossible to deduce from the specification [or rules generating 
it].”48 

48. Measurement Emergence (Pattee) 

“…I believe is the most important for evolution. I will simply call it measure-
ment itself, but this does not help much because, as I indicated, measurement 
presents a fundamental problem in physics as well as biology. In classical 
physics, measurement is a primitive act—a pure realization that has no rela-
tion to the theory or to laws except to determine the initial conditions. 
However, in quantum theory measurement is an intrinsic part of the theory, 
so where the system being measured stops and the measuring device begins is 
crucial.”49 

46 Cunningham (2001). 
47 Crutchfield (2008). 
48 Assad and Packard (2008). 
49 Pattee (1989).
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49. Multiple Realizability Emergence (Cunningham) 

“A fully configurational property p is epistemically emergent to the extent that 
p is so multiply and diversely realizable that p’s relations to the lower level 
properties of p’s proprietary entity’s components are theoretically insignifi-
cant.”50 

50. Nominal Emergence (Bedau) 

“Nominal emergence easily explains the two hallmarks of emergence. Macro-
level emergent phenomena are dependent on micro-level phenomena in the 
straightforward sense that wholes are dependent on their constituents, and 
emergent phenomena are autonomous from underlying phenomena in the 
straightforward sense… for example, a circle consists of a collection of points, 
and the individual points have no shape So being a circle is a property of 
a ‘whole’ but not its constituent ‘parts’—that is, it is a nominal emergent 
property.”51 

51. Observational Emergence (Baas and Emmeche) 

“If P is an emergent property, but cannot be deduced as in [the definition of 
Deducible or computational emergence (Baas and Emmeche) above].”52 

52. Ontological Emergence (Barnes) 

“An entity x is dependent [if and only if ] for all possible worlds w and times 
t at which a duplicate of x exists, that duplicate is accompanied by other 
concrete, contingent objects in w at t” 

“An entity x is ontologically emergent iff x is fundamental and depen-
dent.”53 

53. Ontological Emergence (Gillet) 

“A property instance X, instantiated in an individual s*, is O- emergent if 
(i) s* is an individual which is either constituted by other individuals or is

50 Cunningham (2001). 
51 Bedau (2002). 
52 Baas and Emmeche (1997). 
53 Barnes (2012). 
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an unconstituted, non-physical individual; (ii) X is an unrealized property 
instance; and (iii) X is productive and hence determinative.”54 

54. Ontological Emergence (Humphreys) 

“…the ontological approach considers emergent entities to be genuinely 
novel features of the world itself, where an entity is ontologically emergent 
with respect to domain D if and only if that entity is ontologically irreducible 
to entities in domain D.”55 

55. Ontological Emergence (Silberstein and McGeever) 

“Ontologically emergent features are neither reducible to nor determined 
by more basic features. Ontologically emergent features are features of 
systems or wholes that possess causal capacities not reducible to any of the 
intrinsic causal capacities of the parts nor to any of the (reducible) relations 
between the parts. Ontological emergence entails the failure of part–whole 
reductionism in both its explicit and mereological supervenience forms.”56 

56. Parts-Whole Emergence (Palacios) 

“A system exhibits parts-whole emergence when the properties of the whole 
system are novel with respect to the properties of its parts taken in isola-
tion.”57 

57. Representational Emergence (Sartenaer) 

“A property E representationally emerges from an underlying physical 
basis {Bi} [if and only if ] (1) E is realized in {Bi} [causal continuity] 
and (2) E downwardly acts—in Sellars’ sense—on {Bi} [representational 
discontinuity].” 

where Sellar’s sense is. 
“… there would then exist (at least) two distinct and irreducible modes 

of causal determination in nature, namely (i) intra-level efficient causation

54 Gillett (2018), Chap. 5. 
55 Humphreys (2008). 
56 Silberstein and McGeever (1999). 
57 Palacios (2022), p. 18. 
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that governs the succession of physical events through time, and (ii) inter-
level emergent causation—other than efficient—that regulates (or harnesses, 
restraints, constrains, orientates, etc.) the way in which underlying intra-level 
causal relations unfold.”58 

58. Scale Relative Compressibility (SRC) Emergence (Pexton) 

“A system is SRC-emergent if it must use higher level structural relations and 
terms to reduce the Kolmogorov complexity of the algorithms that represent 
that system (such that those algorithms only then become executable given 
the calculational constraints on the system).”59 

59. Semantic Emergence (Pattee) 

“… best known at the cognitive level, but could also occur at the genetic level. 
It is usually called creativity when it is associated with high level symbolic 
activity. I will call the more general concept semantic emergence… symbol 
systems are intrinsically rate-independent, and discrete. That is, the meaning 
of a gene, a sentence or a computation does not depend on how fast it is 
processed, and the processing is in discrete steps. At the cognitive level, we 
have many heuristic processes that produce semantic emergence, from simple 
estimation, extrapolation, and averaging, to abstraction, generalization and 
induction.”60 

60. Synchronic Emergence (Sartenaer) 

“Synchronic emergence is an empirical relation between an emergent and its 
emergence basis such that (a) the emergent is constitutively determined by its 
emergence basis, and (b) it is not possible to trace the constitutive chain that 
goes from the emergence basis to the emergent.”61 

58 Sartenaer (2016). 
59 Pexton (2019). 
60 Pattee (1989). 
61 Sartenaer (2015).
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61. Strong Emergence (Assad and Packard) 

“Behavior is deducible in theory [from the specification [or rules generating 
it], but its elucidation is prohibitively difficult.”62 

62. Strong Emergence (Chalmers) 

“…a high level phenomenon is strongly emergent with respect to a low level 
domain when the high level phenomenon arises from the low level domain, 
truths concerning that phenomenon are not deducible even in principle from 
truths in the low level domain.”63 

63. Strong Emergence (Elstob) 

“Let us state two conditions under which a property or entity may be said 
to be emergent in the strong sense that its existence cannot be explained in 
terms of the properties of its components considered independently of the 
emergent thing or level of phenomena itself. 

(1) Given the existence of the emergent activity there shall be component 
level properties that do not exist without the presence of the phenomenal 
level of which the emergent entity is a member; and. 

(2) The emergent entity shall have an existence that is necessarily depen-
dent upon properties belonging only to the emergent level and not to 
the component level.”64 

64. Strong Emergence (Gillet) 

“A property instance X, instantiated in an individual s*, is an S- emer-
gent property instance if (i) X is realized by property instances P1– Pn 
of individuals s1– sn (and s* is constituted by s1– sn), and (ii) X is 
determinative.”65 

62 Assad and  Packard (2008). 
63 Chalmers (2006). 
64 Elstob (1984). 
65 Gillett (2018), Chap. 5.
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65. Strong Metaphysical Emergence (Wilson) 

“What it is for token feature S to be Strongly metaphysically emergent from 
token feature P on a given occasion is for it to be the case, on that occasion, 
(i) that S cotemporally materially depends on P, and (ii) that S has at least 
one token power not identical with any token power of P.”66 

66. Strong Pancomputationalist Emergence (Pexton) 

“We have a system that cannot be informationally compressed at the micro-
physical level. AND That system finds a solution in a timescale that exceeds 
the calculational limits it has at the microphysical level.”67 

67. Syntactical Emergence (Pattee) 

“…symmetry-breaking and chaotic dynamics…”68 

68. Theoretical Emergence (Sartenaer) 

A property E theoretically emerges from an underlying physical basis {Bi} 
[if and only if ] (1) E is realized in {Bi} [causal continuity] and (2) environ-
mental properties tend to select E through downwardly acting—in Sellars’ 
non-reflexive and selective sense—on {Bi} [theoretical discontinuity”.69 

69. Thermodynamic Emergence (Cariani) 

“…[involves] order-from-noise, discrete macro-structures (attractors) from 
continuous micro processes, new structures emerge through fluctuations.”70 

70. Transformational Emergence (Humphreys) 

“Transformational emergence occurs when an individual a that is considered 
to be a fundamental element of a domain D transforms into a different kind 
of individual a*, often but not always as a result of interactions with other 
elements of D, and thereby becomes a member of a different domain D*.

66 Wilson (2021), p. 120. 
67 Pexton (2019). 
68 Pattee (1989). 
69 Sartenaer (2016). 
70 Cariani (1991). 
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Members of D* are of a different type from members of D. They possess 
at least one novel property and are subject to different laws that apply to 
members of D* but not to members of D.”71 

71. Weak Emergence (Assad and Packard) 

“Behavior is deducible in hindsight from the specification [or rules generating 
it] after observing the behavior.”72 

72. Weak Emergence (Bedau) 

“Macrostate P of [microstate] S with microdynamic D is weakly emergent [if 
and only if ] P can be derived from D and S’s external conditions but only by 
simulation.”73 

73. Weak Emergence (Chalmers) 

“…a high level phenomenon is weakly emergent with respect to a low level 
domain when the high level phenomenon arises from the low level domain, 
but truths concerning that phenomenon are unexpected given the principles 
governing the low level domain.”74 

74. Weak Emergence (Gillet) 

“A property instance X, instantiated in an individual s*, is W-emergent if (i) 
X is realized by property instances P1– Pn of individuals s1– sn (and s* is 
constituted by s1– sn), and (ii) the higher scientific law statements and/ or 
theories and/ or explanations taken to be true of X cannot be derived and/ 
or computed and/ or predicted from the lower-level scientific law statements 
and/ or theories and/ or explanations holding of the property instances P1– 
Pn that realize X in s*.”75 

71 Humphreys (2016), p. 74. 
72 Assad and  Packard (2008). 
73 Bedau (1997). 
74 Chalmers (2006). 
75 Gillett (2018), Chap. 5.
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75. Weak Metaphysical Emergence (Wilson) 

“What it is for token feature S to be Weakly metaphysically emergent from 
token feature P on a given occasion is for it to be the case, on that occasion, (i) 
that S cotemporally materially depends on P, and (ii) that S has a non-empty 
proper subset of the token powers had by P.”76 

A.2. Decoherence 

This follows Tegmark (1993). He defines: 
Coherence time τ = �−1. 
Decoherence rate: � = �

λ2 e f  f  
where λ2 e f  f  is the effective wavelength of the 

scattering process. 

So then τ = �−1 =
(
�λ2 e f  f

)−1 
. 

The following values are taken from Tables 1 and 2 in the paper. 

Electron Dust Bowling ball 

λe f  f  (m) � (cm−2s−1) 
τ 
(s) � (cm−2s−1) 

T 
(s) � (cm−2s−1) T (s)  

Air in 
labora-
tory 

10–11 1031 10–13 1037 10–19 1045 10–27 

Laboratory 
vacuum 

10–11 1018 100 1023 10–5 1031 10–13 

Sunlight 
on 
earth 

9 × 10–7 101 107 1020 10–12 1028 10–20 

CMB 2 × 10–3 10–10 1012 106 10–4 1017 10–15 

A.3. The Thermodynamic Limit 

Take some property of a thermodynamic system Q(T, V, N) where T is 
temperature, N the number of particles and V the volume. Define n = N /V .

76 Wilson (2021), p. 75. 
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The thermodynamic limit is: 

lim 
N ,V→∞ 

Q(T, V, N) = q(n, T ) 

The limit exists if q is finite. Since q only depends on n it is independent 
of the size of the system. 

As an example of a system in which the limit exists, take an ideal gas. We 
can write its energy as: 

E = 
3 

2 
NkT  

and 

E 

V 
= 

3 

2 
nkT 

is well-defined in the limit. 
For a system where the limit doesn’t exist, allow the particles to interact by 

gravity. Then we need to add a term for gravitational potential energy 

P = −3GM2 

5R 

If the density of the gas is constant, the mass will be proportional to the 
volume so 

P ∝ −  
V 2 

V 
1 
3 

∝ V −
5 
3 

Then the potential energy per unit volume is given by 

P 

V 
∝ V −

2 
3 

However in the thermodynamic limit this tends to −∞ i.e. the limit does 
not exist.
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A.4. The Renormalization Group Transformation 

This is an attempt at a minimal explanation of RGT which covers what I need 
for the exposition in the text. As such, it neglects to mention a number of key 
concepts. For a proper treatment, see the suggestions for further reading to 
Chap. 10. 
Take a system made up of elements arranged on a lattice. The coupling 

constants between elements are {J} which in general includes interactions 
between neighbours, next-neighbours etc. Let the Hamiltonian of the system 
be 

H = H (K , S) 

where K = J/T and S are the degrees of freedom of the system (I’m omitting 
the curly brackets around both). 
Then assume the lattice is such that there is a coarse graining transforma-

tion which aggregates the S into blocks: 

S′ = Q(S) 

such that 

• the coarse grained degrees of freedom S’ have the same range of values as S 
• the new lattice has the same symmetry properties as the original 

Then the Hamiltonian will have the same general form as the original, but 
with renormalized coupling constants given by 

K ′ = RQ(K ) 

and RQ is the RGT, the Q subscript indicating dependence on the type 
of coarse graining. In general, the transformation will introduce coupling 
at higher orders. For example, if we start with a system with only nearest-
neighbour interactions, the transformed system may include next-nearest 
neighbour interactions as well. 
The transformation will only have fixed points in the thermodynamic 

limit, otherwise repeated application of the RGT will hit the system bound-
aries. A fixed point K* is given by 

K ∗ = RQ
(
K ∗

)
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and will be independent of the starting value of K. 
Intuitively, a fixed point means the pattern77 of S is the same at whatever 

scale we view it, so there are only three possibilities. 

(i) The S are all the same (corresponding to J = ∞  or T = 0) 
(ii) The S are random78 (J = 0 or T = ∞) 
(iii) The S are scale invariant. 

It can be shown that the first two are stable to perturbation. The third is 
unstable and corresponds to a phase change. 
The dynamics in the vicinity of a fixed point can be investigated by 

linearising around the fixed point. They will also be independent of K. This 
is universality: the fixed points and the nearby dynamics depend only on the 
symmetry properties of the lattice and not on the coupling constants. Values 
of universal exponents can be derived from the same linearization. 

A.4.1 Finite Size 

To estimate the importance of finite size,79 note that in a finite system the 
correlation length will be constrained by the size of the system, L. If TC is 
the critical temperature, define a reduced temperature as: 

t = 
T − TC 
TC 

Then assume that the correlation length ξ scales according to: 

ξ = ξ0t−
2 
3 

Take the correlation length a long way from the critical point to be ξ0 = 
10−9m. Then for a system with L = 1 cm, the correlation length hits this 
when t ≈ 10−11.

77 More formally, does the correlation length between elements stay the same. The first and third 
possibilities have an infinite correlation length; the second a correlation length of zero. 
78 This is scale invariant since a combination of random variable is also a random variable. 
79 This is adapted from Goldenfeld (1992), p. 31. 
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A.4.2 Scale Invariance 

Scale invariance means that the system looks the same at whatever scale we 
observe it. Take a function f which describes the system based on some length 
variable x. Scale invariance is when: 

f (ax) = ab f (x) 

If correlations between spins follow a power law in their separation r: 

f (r ) = r−ν 

This satisfies the definition of scale invariance since 

f (ar ) = a−νr−ν = a−ν f (r ) 

A.5 The Ising Model 

A.5.1 Basic Description 

A 2  × 2 lattice of spins SI which can be either up Si = +1 or down Si = −1. 
Assume interactions just among nearest-neighbours with an energy of −J if  
the spins are aligned or + J if they are in opposite directions. Define the 
coupling constant to be 

K = 
J 

kT  

where T is temperature. Then the total energy of the system—the Hamilto-
nian—can be written: 

H = −K
∑

〈i, j〉
S j Si 

where 〈i, j〉 means the sum is restricted to neighbour pairs.
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A.5.2 Analytic Results 

The Onsager formula for spontaneous magnetisation: 

M =
(
1 − (sinh 2K )−4

) 1 
8 

The intellectual history of this expression is somewhat convoluted. 
Onsager apparently presented it at seminars during 1948 without proof. The 
first publication, again without proof is in a comment by Onsager to Rush-
brooke (1949), p. 261 then proofs came in Yang (1952) and Montroll et al. 
(1963). 
The critical temperature at which M reaches 0 will be given by: 

Kc = 
1 

2 
sinh−1 1 = 

1 

2 
ln

(
1 + 

√
2
)

= 0.441 

If J and k are normalised to unity: 

Tc = 
1 

Kc 
= 2.27 

A.5.3 RGT 

The full derivation of the RGT for the 2D Ising model is in Goldenfeld 
(1992), sec. 9.6. Here I just show a few of the key steps. 

Let’s say the original spins are given by σ which are transformed onto 
coarse grained spins S. If H is the original Hamiltonian, the coarse grained 
Hamiltonian H′ is given by: 

eH
′(SI ) =

∑

{σI } 
eH (SI ,σI ) 

where the sum is over the original spins σI in the block SI . 
Note that in general the transformed Hamiltonian may involve higher-

order terms. We can think of a general Hamiltonian for an Ising-type system 
as: 

H = h
∑

i 

Si + K1

∑

〈i, j〉
S j Si + K2

∑

〈i, j,k〉
Sk S j Si + . . . .
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where the first term is the effect of an external field, the second term next-
neighbour interactions, the third term three-spin interactions then further 
terms to represent all other types of interaction. This form of Hamiltonian, 
along with the underlying lattice symmetry, defines a universality class. 

For the basic Ising model we have K1 = K and h = K2 = K3 = 0. 
For the Ising model with a non-zero external field, h �= 0. Other systems 
will have different values of the coupling constants. The RGT shows that 
whatever the values, the fixed points of the system and the local dynamics 
around these fixed points are the same: this is universality. All that matters is 
the form of the  Hamiltonian.  
The question is how to use the expression for the transformed Hamilto-

nian to obtain an expression for the transformation of the coupling constants. 
Goldenfeld does this by using perturbation theory. The result of a first-
order perturbation is an approximate expression for the transformation of 
the coupling constants: 

K ′ = 2K	(K )2 

where

	(K ) = 
e3K + e−K 

e3K + 3e−K 

Note the recursive nature of the RGT means that this is all we need to 
know to solve for a fixed point. This can be done by setting K = K ′ = K ∗ 

in the above pair of equations. 

K ∗ = 2K ∗	
(
K ∗

)2 

Which implies K ∗ = 0 or K ∗ = ∞  corresponding to the low and high 
temperature fixed points. The third fixed point, the critical value, is given by
	(KC ) = 1 √

2 
. 

Solving this expression gives KC ≈ 0.34 which is close to the exact value 
of 0.27. 
The dynamics around the fixed point are given by an eigenvalue of the 

transformation. The first-order approximation gives an eigenvalue of 1.62; 
again quite close to the exact value of 1.73.
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A.5.4 An External Field 

It is easy to modify the simulation code to take account of an external 
magnetic field.80 However if computing resources are limited the effective 
field approach is much simpler. In the case of a single spin, take the case in 
which the energies of the states are h and −h, where h is the strength of the 
external field. Then the probabilities of being in each state will be: 

p(+1) = eh 

eh + e−h 
; p(−1) = e−h 

eh + e−h 

and the expected value will be:

〈s〉 = 1 
eh 

eh + e−h 
+ (−1) 

e−h 

eh + e−h 
= tanh(h) 

For more than one spin, assume each spin is affected both by the external 
field and an effective field resulting from the action of all the other spins. 
Then we can write the total field as: 

hef  f  = h + h′

where h′ represents the magnetic field due to all the spins in the lattice. The 
effective field will be in the same direction as the external field so will tend to 
reinforce its effect. The more spins in the system, the stronger this effective 
field will be and the steeper will be the magnetisation curve. 
This is the Weiss model of ferromagnetism. To solve the model, to assume 

the additional field is proportional to the external field then show that 
the assumption is consistent. For a clear treatment, see Goldenfeld (1992), 
Sec. 3.7.1.

80 The Octave code available at www.TheMaterialWorld.net allows non-zero external fields. 

http://www.TheMaterialWorld.net
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