
[image: Cover]


Reductionism

A Beginner’s Guide



ONEWORLD BEGINNER’S GUIDES combine an original, inventive, and engaging approach with expert analysis on subjects ranging from art and history to religion and politics, and everything in between. Innovative and affordable, books in the series are perfect for anyone curious about the way the world works and the big ideas of our time.

 

aesthetics

africa

american politics

anarchism

anticapitalism

aquinas

art

artificial intelligence

the bahai faith

the beat generation

biodiversity

bioterror & biowarfare

the brain

british politics

the buddha

cancer

censorship

christianity

civil liberties

classical music

climate change

cloning

cold war

conservation

crimes against humanity

criminal psychology

critical thinking

daoism

democracy

dewey

descartes

dyslexia

energy

engineering

the enlightenment

epistemology

the european union

evolution

evolutionary psychology

existentialism

fair trade

feminism

forensic science

french revolution

genetics

global terrorism

hinduism

history of science

humanism

islamic philosophy

journalism

judaism

lacan

life in the universe

literary theory

machiavelli

mafia & organized crime

magic

marx

medieval philosophy

middle east

modern slavery

NATO

nietzsche

the northern ireland conflict

oil

opera

the palestine–israeli conflict

particle physics

paul

philosophy of mind

philosophy of religion

philosophy of science

planet earth

postmodernism

psychology

quantum physics

the qur’an

racism

religion

renaissance art

shakespeare

the small arms trade

sufism

the torah

the united nations

volcanoes


Reductionism

A Beginner’s Guide

Alastair I. M. Rae

[image: image]



A Oneworld Paperback Original

Published by Oneworld Publications 2013

Copyright © Alastair I. M. Rae 2013

The right of Alastair I. M. Rae to be identified as the Author of this work has been asserted by him in accordance with the Copyright, Designs and Patents Act 1988

All rights reserved

Copyright under Berne Convention

A CIP record for this title is available

from the British Library

ISBN 978-1-78074-254-0

eISBN 978-1-78074-255-7

Typeset by Cenveo Publishing Services, India

Oneworld Publications

10 Bloomsbury Street

London

WC1B 3SR


Stay up to date with the latest books, special offers, and exclusive content from Oneworld with our monthly newsletter

Sign up on our website

www.oneworld-publications.com






To David



Preface


Scottie, the spaceship engineer in Star Trek, was often heard to tell the captain ‘Ye cannae break the laws of physics, Jim!’ What are the implications of this statement, which most people believe to be true? The laws of physics determine the properties and behaviours of the atoms and other particles that are the fundamental building blocks of matter. When atoms come together they form molecules and when large numbers of molecules are joined up solids and liquids are produced. Are the scientific laws that apply to, say, liquid water and solid ice the same laws of physics that govern the behaviour of the component H2O molecules? Reductionism says that these fundamental laws are indeed all that are needed; large-scale properties, such as the fact that water is a liquid and ice is a solid, emerge as consequences of the way their molecules are arranged and of the interactions between them.

So far, so uncontroversial but suppose we apply the same reasoning to biological systems. Is it really true that the complex structures of biological cells, with their DNA and wide variety of protein molecules, emerge when the basic laws of physics are applied to their constituents? What about properties of the human brain and mind, such as consciousness? Do these also emerge in a similar way or are they controlled, at least to some extent, by fundamental forces whose origin is outside physics? What about when human beings come together to form societies: can the laws of sociology and economics be reduced to those governing the behaviour of individuals?


Some readers will answer ‘yes’ to all these questions, while others will disagree. Either way, many will have only a general, perhaps even vague, understanding of how science accounts for the connections between these different phenomena. In this book, I have tried to provide an account of how reductionism applies at every level, from the atom to the behaviour of human societies, and to make this accessible to a general readership. As my professional discipline is physics, I have had to venture outside my comfort zone to include subjects such as biology and economics. One consequence of this and the wide field of knowledge covered is that more specialist readers may find some sections rather elementary. If so, I hope that they will still appreciate seeing how their specialism relates to my overall theme and, even if they think the discussion is over-simplified in places, that they will not find it actually wrong. If they do, the responsibility is, of course, all mine.
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I reduce


Pigs might fly. This phrase is commonly used to describe something that is impossible and will never happen. But what would we conclude if we looked up into the sky and actually saw a pig flying past? Our first thought might be that it is a lighter-than-air balloon in the shape of a pig or that there must be some other ‘natural’ explanation. Why do we believe that flying pigs (and indeed flying carpets and broomsticks) are impossible, while objects such as most birds, some insects, aircraft, and rockets do indeed fly? The scientific answer is that all objects are subject to the law of gravity but the latter entities are constructed so that this force is countered by their ability to flap wings, spin propellers, or emit powerful exhausts. The first of these statements follows from the fact that gravity is a universal force that acts on the bodies’ component atoms independently of how they are arranged to create their external shapes. This is an example of reductionism, the fundamental principle that underlies all scientific reasoning and is the main subject of this book. Put simply, it states that the fundamental physical laws governing natural phenomena are the same as those applying to their basic constituents. Thus, for example, the total gravitational force on an object is the sum of the forces acting on the individual atoms, whether the object is a stone, a pig, a carpet, or even an aeroplane.


The principle of reductionism plays an important role in the scientific process, forming a central, if often unstated, assumption underlying almost every scientific statement. Reductionism means that the properties of something being investigated can be understood as emerging from the properties of its component parts and an understanding of how they interact. Thus, a biologist may explain a phenomenon such as the movement of a limb following a muscle contraction in terms of the properties of the biological cells that form the muscle – so ‘reducing’ the limb movement to the behaviour of its component cells. A biochemist may study a typical muscle cell and describe it in terms of the properties and behaviour of the molecules that make it up, hence ‘reducing’ the cell properties to those of the molecules. A chemist may examine one of the molecules and find that it is composed of atoms, and an atomic physicist might describe an atom as composed of a nucleus surrounded by a number of electrons which obey the laws of quantum physics. In this way, it could be said that biology can be reduced to atomic physics. Indeed, the physics of the nucleus and electrons can be further reduced to that of its constituent particles and these, in turn, emerge from the laws of what is known as quantum field theory. Beyond that some believe (or hope) that there is a ‘theory of everything’ waiting to be discovered. Attempting to understand what is happening at this most basic level is a major aim of some scientists and has motivated the building of the multibillion-pound Large Hadron Collider in Switzerland, where a long-predicted but never previously detected particle known as the ‘Higgs boson’ was discovered in 2012.

Further applications of reductionism relate to the behaviour of human beings as individuals and to society as a whole. Can our thinking can be reduced to the properties of our brain and can social behaviour be reduced to that of individuals? I shall be discussing these sometimes highly contentious ideas, as well as the less controversial applications of reductionism to the physical and biological sciences. Three important ideas form a tool-kit that will be used in tackling this task; these are the principles of falsification, simplicity, and emergence.

Falsification


What would be the logical conclusion to draw if we actually saw a flying pig, assuming that all natural explanations – such as it being a lighter-than-air facsimile – have been eliminated? The only alternative would be to conclude that the law of gravity could not have been acting on the pig at the place and time we observed it, so there must be something wrong with the laws of physics as they are presently understood. This would be an example of the principle of falsification, where a general proposition (the universal law of gravity) is shown to be false if one of its consequences (the impossibility of flying pigs) is found to be untrue. A classic illustration of falsification, from the world of biology, is the statement ‘all swans are white’. For centuries Europeans believed this to be true, because every swan they had ever observed was white. Soon after Europeans discovered Australia, however, they encountered black swans, which immediately disproved the general proposition.

Modern science, in its efforts to understand the universe and the processes underlying it, embraces the principle of falsification. It is often believed that science has developed theories which truly describe many aspects at least of the physical world. There is no way, however, that this can be proved absolutely because, however much evidence is found that supports a theory, it is always possible that it will be falsified by some future observation.


The question of how a general conclusion can be drawn from a series of repeated observations is known as the ‘problem of induction’ and has been studied over the ages. The principle of falsification was introduced into this debate by the philosopher Karl Popper. Born in Austria in 1902, into a family that had converted to Lutheranism from Judaism, Popper worked in Austria until 1937, when he became a refugee from Nazism. After a stay in New Zealand, he settled in London in 1946, where he remained until his death in 1994. Popper made a number of significant, though sometimes controversial, contributions to philosophy but he is probably best known for his contribution to the philosophy of science, which is set out in The Logic of Scientific Discovery. First published in 1934, this work proposed that the problem of induction could be resolved by emphasizing the role of falsification. In Popper’s view, the purpose of a scientific investigation is not to look for evidence that supports a theory but to carry out experiments that might disprove it. Thus, at any stage in the development of the scientific understanding of a physical phenomenon, there is a provisional theory (such as ‘all swans are white’) which has not yet been disproved. When further observations are made (like visiting Australia and seeing a black swan) the results should be examined to see if they are consistent with the proposed theory. If they are not, a new theory has to be devised that explains the new result and also accounts for all the earlier observations that were consistent with the old theory. The new, more sophisticated theory is then accepted as true unless and until it is in turn disproved by further experiments. Popper summed this up in the aphorism ‘Good tests kill flawed theories; we remain alive to guess again’.


Popper developed these ideas further to propose a definition of scientific knowledge: ‘In so far as a scientific statement speaks about reality, it must be falsifiable; and in so far as it is not falsifiable, it does not speak about reality’. This means that to qualify as scientific, a statement’s content must be falsifiable in principle. This does not mean that it has already been falsified – because then it would be known to be false – but there should always be a possible test which would falsify the statement if it came up with a particular result. For example, ‘the sun rises every morning’ would be falsified if one morning this did not happen. Similarly, ‘pigs do not fly’ could be tested by observing the behaviour of pigs. In contrast, a statement such as ‘grass is always bright red unless someone is looking at it (either directly or indirectly), when it turns green’ is unscientific because, whatever the reality, it could never be falsified.

As an example of how scientific understanding employs the falsification principle, consider how the theory of gravity evolved. Isaac Newton, who lived from 1642 until 1727, was allegedly inspired to propose his theory of gravity after observing an apple falling from a tree, showing that there had to be an unseen force attracting the apple to the Earth. He generalized this idea by postulating that this same force acted between any two massive objects, including astronomical bodies, and that this is the reason why the moon moves round the Earth and why the Earth and other planets move in regular orbits about the sun. He was able to express his ideas mathematically to make precise predictions of this orbital motion, which agreed with the results obtained by observations made by astronomers.

Newton’s theory of gravitation held for around two hundred years, during which time increasingly precise measurements of planetary motion were made. The only observations that did not quite agree with Newton’s predictions related to some fine details of the orbital motion of Mercury, the planet closest to the sun. Various proposals were made to explain this discrepancy without abandoning Newton’s theory; these included the suggestion that another planet (provisionally named ‘Vulcan’) moved in an orbit that was even closer to the sun and that its gravitational force affected Mercury’s motion. However, no direct evidence of Vulcan was found and, indeed, later observations have shown that no such planet exists.


Given the discrepancy between theory and experiment, a new theory was needed and this was produced in the early twentieth century by Albert Einstein. Einstein was born in Ulm (which is now part of Germany) into a non-practising Jewish family. His reputation was first established by three papers published in 1905, before he had acquired a position as a professional scientist. These papers made major contributions to several fields of physics, some of which we will return to in later chapters. Einstein is generally regarded as the greatest scientist of modern times and he has certainly acquired a fame that vastly outshines that of any possible rival. His greatest work is probably the General Theory of Relativity, which was published in 1916, when he was Director of the Kaiser Wilhelm Institute for Physics in Berlin. This set out an alternative theory to Newton’s law of gravitation, which had been falsified by the observations made on the planet Mercury. Einstein’s theory proposed that gravitational attraction is the consequence of the distortion of space itself by the presence of massive bodies. In nearly all practical circumstances, the predictions of the new theory are indistinguishable from those of Newton but in the case of the orbit of Mercury, Einstein’s, rather than Newton’s, predictions agree with the experimental observations. The general theory of relativity also predicted the results of some other experiments that had not been performed at that time. In particular, it predicted that the path followed by a light beam would bend as it passed through the gravitational influence of the sun. This was confirmed by a joint British-German expedition to observe a solar eclipse shortly after the end of the First World War.


Newton’s theory was generally accepted until the discrepancy in Mercury’s orbit was identified, which was correct, as all its previous predictions had been experimentally confirmed. So far, general relativity has survived all experimental tests, which include explanations of the behaviour of ‘black holes’, where the gravitational forces are so large that all matter has been crushed into a point. Theoretical difficulties, however, arise when general relativity is combined with quantum theory. At present, experimental study of situations where the quantum nature of gravitation is significant is not practicable, but if and when they are, both general relativity and quantum theory may well have to be replaced by an even more sophisticated theory. Until then, the general theory of relativity should be accepted as a true – but provisional – explanation of the motion of objects under gravity and the predictions of any future theory will have to agree with those of general relativity in all the areas where it has been successfully tested.

Simplicity

Another important principle that underlies any scientific explanation is that it should be as simple as possible. This idea is often attributed to William of Occam, a Franciscan friar who lived in Surrey in the fourteenth century. When Occam first proposed that ‘entities must not be multiplied beyond necessity’, this was primarily a theological statement connected to Occam’s belief that the only fundamental entity was God. Today, however, this principle is applied to the scientific process. In this context, his statement, which is often referred to as Occam’s razor, means that a good theory should involve no more assumptions (entities) than are necessary to explain all the known facts. As an example of a bad theory, one could postulate that the force of gravity depends not only on the mass of an object but also on its colour – perhaps that a red object would be subject to a stronger gravitational force than a blue one. As it has been observed that otherwise-identical red and blue objects fall to the ground in the same way and take the same time to do so, an additional force would have to be postulated to explain why the motion is exactly the same as in Newton’s ‘colour-free’ theory. Occam’s razor says that this more elaborate theory should be rejected because it contains additional entities – gravity plus another colour-dependent force – instead of gravity alone.


Another illustration is the development of our understanding of the solar system. It is often said that the first person to suggest that the sun rather than the Earth sits at the centre of the solar system was the Polish astronomer Copernicus, who worked in Krakow early in the sixteenth century. The idea had, however, been proposed by the Greek philosopher Aristarchus of Samoa as early as the third century BCE. It was dismissed at the time – which was probably correct since there was then little or no evidence to support it. When, about two hundred years later, Ptolemy devised a detailed model of the solar system that had a stationary Earth at the centre, this was actually the simplest model capable of explaining the available observations. By the time Copernicus came along, more data on the nature of planetary motion was available. He also had the key insight that the orbits of the planets were ellipses, with the sun located at one of the foci, rather than circles with the sun at the centre, as Aristarchus had suggested. Copernicus’s resulting theory was able to account for all the known facts. Nevertheless, this heliocentric theory only came to be fully accepted after the invention of the telescope enabled greatly improved measurements of the motion of the planets. Given the context of their theories and the nature of the experimental evidence available, it can be argued that both Ptolemy and Copernicus applied Occam’s razor correctly (though not consciously) in reaching their conclusions.


One simplifying assumption, made in all scientific work, is that the fundamental physical laws, such as gravity, are the same everywhere at all times. Thus, although when Alan Shepard played golf on the moon in 1971 he could hit the ball very much further than the best professional golfer on Earth, the same law of gravity applied in both cases. Because the mass of the moon is much less than that of the Earth, the force of gravity on the golf ball is smaller. Similarly, if I measure the time it takes for an object to fall from my hand to the floor today, I will get the same result tomorrow – provided, of course, that I release it from the same position each time. One of the consequences of the assumption that the fundamental laws do not change with time is that magic or miracles, in which the laws of physics are temporarily suspended while some otherwise impossible process is assumed to occur, are not part of science.

Another example of the application of scientific reasoning is the theory of evolution. Before this idea was developed in the nineteenth century, primarily by Charles Darwin, there was no scientific understanding of how living creatures had originated. The word ‘creature’ is itself a clue to the widely held belief that living beings must have been ‘created’ by some superior intelligence, generally known as God. That, at least, is the ‘creation myth’ of the Judeo-Christian monotheistic culture. Darwin’s theory has two main strands: first, the realization that living creatures change or evolve gradually from one generation to the next; second, the understanding that although these changes are effectively random, some will result in the off spring becoming better able than their parents to survive the challenges of their environment, while others will have the opposite effect. The offspring inheriting the beneficial changes are more likely to survive and produce further generations so that, over time, the species becomes better adapted to its environment. An increase in the complexity of the organism often results and this explains how the wide variety of living beings on Earth have evolved from very simple chemical molecules over a period of around ten billion years.


Evidence supporting Darwin’s theory was found by examining fossils, the preserved forms of living beings that existed in the past. It has also been fully supported by later, twentieth-century, research which identified the chemical processes associated with inheritance and mutation. There are still detailed questions to be answered about how evolution works in various contexts but nothing has been discovered that is inconsistent with the principles of the theory. Darwin’s theory is therefore an example of the application of both Popper’s falsifiability principle and Occam’s razor. An alternative model that requires the postulate of an additional unnecessary ‘entity’, comprising an all-powerful supernatural being, should, therefore, be rejected. Even if one believes for other reasons that God exists, the superficial simplicity of instantaneous creation has little or none of the explanatory power of Darwin’s alternative.

In these illustrations, the application of Occam’s razor is quite clear and uncontroversial but this is not always the case. If there had been no planet Mercury or any other evidence for the failure of Newton’s theory of gravitation, would Einstein’s theory of general relativity ever have been proposed or accepted? One might think not, because Newton’s theory appears much simpler and easier to understand than Einstein’s, which is mathematically complex and challenging. General relativity, however, is based on very general assumptions about the nature of space and time, while Newton’s theory is based on essentially ad hoc assumptions about the form of the gravitational force. It can therefore be argued that Einstein’s theory contains fewer of the entities that Occam says we should not multiply beyond necessity. Occam’s razor is an essential tool to be used in developing scientific theories but it is not always infallible, as there can be controversy as to which of two or more alternative theories is actually the simplest.

Emergence

Fundamentally, the principle of reductionism implies that no new fundamental laws are required to explain higher-level phenomena. New principles often emerge, which are sometimes described as ‘laws’ (Ohm’s law of electrical resistance is an example) but they are always consistent with, and in principle at least derivable from, the laws governing the lower level. The same fundamental physical laws determine both how an atom moves in a vacuum and how it behaves as part of a muscle.


Nevertheless, the question arises as to what, if anything, may be lost in the reductionist process. Does a description of the behaviour of its constituents tell us all that there is to know about an object or a process? Obviously not because, as we go from, say, a biological description of a living object to one in terms of atoms, we lose vitally important aspects of our understanding of the system at every stage.

Consider, as an example, a work of art – specifically, the Mona Lisa, painted by Leonardo da Vinci. When viewed from a distance, we see a depiction of a Renaissance woman offering us her famously enigmatic smile. If we examine the picture more closely, we can make out da Vinci’s separate brush strokes. If we look at the canvas through a microscope, we see each stroke is composed of small grains of paint of various colours. We might imagine that the reductionist process would entail describing the painting purely in terms of its smallest parts – the grains of paint. Is this all there is to it? Is the Mona Lisa just a collection of coloured spots? From one point of view there is nothing else. The grains of paint are the only reality – because, after all, the quality and intensity of colour that an individual grain produces is exactly the same as it would produce in another picture or on the artist’s palette. Nevertheless, everyone would surely agree that the painting as a whole possesses properties over and above those of its constituents: the whole is greater than the sum of its parts. This is consistent with the reductionist principle because the higher-level properties (the figure, her smile, and so on) emerge from the fact that the lower-level dots have been arranged in a particular way by the artist.


As a further example, consider the page of print you are reading now. It is composed of text, containing sentences made up of words, which in turn are composed of letters of the alphabet. Taking another step down the reductionist road, the letters themselves are made up of dots of black ink on a white background. We could continue down to the atomic level and beyond. Is that a full and adequate description of this text? Surely not, because knowing that the page consists of black ink dots on white paper tells us nothing about the meaning I am trying to convey. The properties of the atoms in the paper and ink are such that they enable the ink to have a black hue and to adhere to the white paper; these would be just the same if the page contained a Shakespeare sonnet, a piece of doggerel, or a meaningless jumble of letters. The higher-level meaning and significance emerge from this lower-level reality.

At the moment, I am typing the text of this book using word processing software that is installed on my personal computer. How might this be described from a reductionist viewpoint? Each time I press a computer key, I send a particular set of electrical impulses from the keyboard, through an interface into the computer’s memory, where it is stored in the form of a series of binary bits. A binary bit is a piece of electronic circuitry that can be in either of two possible states, which are conventionally called ‘one’ and ‘zero’. In the binary bit representation of a number, the right-hand-most bit represents 1 or 0, the next to the left represents (1 or 0) × 2, the next one (1 or 0) × 2 × 2, and so on. Thus, the number six is represented by 00000110, ten by 00001010, fifty-seven by 000111001 and so on. All the operations of a computer can be described in terms of the manipulation of such bit patterns: for example, the sum 1 + 1 = 2 is performed by starting from two bit patterns, each corresponding to 1 and creating a new bit pattern equivalent to 2: from 00000001 and 00000001 make 00000010.

The computer operates because a circuit within it represents a bit that allows a current to flow if it has the value 1 but not if it corresponds to 0. When such circuits are connected together, the value of one bit is often controlled by the currents flowing into it from neighbouring bits. This principle can be extended to build complex arrangements of circuits that can carry out mathematical operations. The configuration used in a particular case can also be determined by a program, which is essentially a series of bits that are inputted into the computer from an external source such as a keyboard or a disc.


Each letter of the alphabet is associated with a unique pattern of bits. For example, in the ASCII convention the letter ‘a’ is represented by 001100001 and ‘b’ by 001100010. Each operation of the keyboard generates a particular bit pattern, which the computer can use to display characters on the screen or print them out.

In this way, the operation of a complex object (the computer) can be reduced to the behaviour of its simpler and smaller components (the binary bits). Is this all that a computer is: a device consisting of a huge number of electrical components each of which can switch between two possible states? This is certainly true at the level of the computer components but there is also a lower-level description (that of the atoms or the fundamental particles) and a higher-level one, such as the text being produced. Once again it depends on what level of description is relevant. At one level, there are really only the bits and the electronics but, if what is written has meaning and significance, this reductionist description of a computer is only a very limited description of what it is and does.

Another word for emergence is supervenience: higher-level properties supervene on those of the lower level, so that a work of art supervenes on the pattern of paint grains and a sonnet supervenes on the printed page. An important point to note is that the same emergent properties can supervene on different substructures. A Shakespearean sonnet can be printed using different machines, employing a variety of fonts, while a reproduction of the Mona Lisa displayed on a high-resolution display screen possesses many of the same higher-level properties as the original picture. Indeed, although most of us have probably never visited the Louvre in Paris and only seen a reproduction of the painting, we can still appreciate much of its artistic meaning and significance.


In these examples, the emergent properties are the result of human activity. Without Leonardo da Vinci, the Mona Lisa would never have existed and without Shakespeare there would be no Shakespearean sonnets. However, supervenience also occurs when birds build nests from leaves and grass, and insects, such as bees, create complex constructions that are essential to their existence. Figure 1.1 shows an example of a bower-bird’s nest: at one level this is a collection of stalks of grass and brightly coloured objects but at another it is an arrangement instinctively created by a male bird to provide a structure that will attract a female as a mate. (The construction is only used for mating – the female bird builds a separate nest in which to lay her eggs.) In the same way as the Mona Lisa consists of grains of paint, the bowerbird’s nest is ‘only’ grass and bright objects! Each stalk of grass is subject to the natural laws of botany but its function, which is essential to the preservation of the bower-bird species, supervenes on this.

[image: image]


Figure 1.1 A bower-bird’s nest, which is built and decorated by the male bird using grass and bright-coloured objects, such as flowers, berries and plastic objects. A female mate is attracted by the quality of the nest and the richness of the decoration. (Cultura RM / Alamy)


Inanimate objects also demonstrate high-level natural properties: for example, at one level a rainbow is a collection of water drops with sunlight passing through them but at another it displays the familiar pattern of colours, whether or not anyone is looking at it. In all cases, complexity and functionality supervene on the underlying structures without the need for any additional physical laws.

Returning to a more conventionally scientific context, consider the property known as solidity. This is a word used to describe any solid object: it implies some degree of hardness and an ability to retain its shape when left alone for some time – millions of years in the case of some rocks. As I shall discuss in later chapters, solids are made up of atoms, often arranged in regular crystalline patterns but the property of solidity cannot be attributed to any one atom. Moreover, although the detailed properties of different solids vary, the general property of solidity is possessed by them all. A rock, a piece of metal and a wooden block are all described as solid, even though their internal compositions differ greatly. Solidity is therefore an emergent property that supervenes on the underlying atoms.

The rest of this book

Having assembled our tool kit, my aim is to use the principles of falsifiability, simplicity, and emergence to go on a journey from the atom, via the human brain, right up to the level of human societies, trying to show how reductionism can provide scientific understanding at every stage.


We shall see that the laws of physics describe quite precisely how fundamental particles join together to form atoms. In simple cases, this enables high-precision calculations of atomic properties whose results can be compared with experiment. The exact agreement that results is extremely powerful evidence for the correctness of reductionism in this context. This is an example of what has been called a constructive explanation. In more complicated cases, such as larger atoms, molecules and, indeed, solids, liquids, and gases, such exact calculations are often not practicable. Following our three principles, however, we should assume the validity of the reductionist process unless and until it is falsified.

When we come to biological systems, exact, constructive calculations of the type discussed above are just about impossible. Nevertheless, the chemical structures of important biological molecules, such as DNA and many proteins, are now known and there is no indication that these follow anything other than the basic laws of chemistry. The same is true about the operation of the nervous system and the brain. Once again, reductionism holds, in the sense that the biological components (nerve cells, for example) are subject to the same fundamental laws as everything else. Despite this, the extension of the reductionist principle to account for the emergence of what is called mind or consciousness from the operation of the brain is still quite controversial. Can such properties really supervene on those of the brain when treated as a physical object? If so, where does this leave free will? I shall argue that reductionism is valid even when applied to conscious human beings but I will also consider and discuss the views of some of those who disagree.

The application of reductionism to societies composed of collections of living organisms, such as colonies of insects and flocks of birds, gives considerable insight into the reasons for their behaviour. Using this principle to understand human societies is, however, more difficult and controversial. I shall argue that this is not because the method fails in principle but because the ability of individuals to understand and influence social behaviour greatly increases its complexity.


The one area where the application of the reductionism principle is most in doubt is the strange behaviour that emerges in some experiments relating to quantum physics. The behaviour of large-scale objects, such as the scientific apparatus used to observe and measure quantum systems, seems to follow laws that differ in some ways from those that apply to the quantum objects themselves. I shall discuss this still quite controversial possibility and try to explain why, even if it is correct, it does not seriously challenge the conclusions of the earlier discussions.
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The building blocks of matter

The word ‘atom’ comes from the ancient Greeks. The idea probably originated with Leukippos, who was born in Miletus in the first half of the fifth century BCE
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