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Selection effects

Pracrustes, you will remember, stretched or chopped down
his guests to-fit the bed he had constructed, But perhaps you
have not heard the rest of the story. He measured them up
before they left next morning, and wrote a fearned paper ‘On
the Uniformity of Stature of Travellers’ for the Anthro-
pological Society of Attica.

A, 5. Eddington

Patterns in the trees

Let every student of nature take this as his rule that what-
ever the mind seizes upon with particular satisfaction is to be
Deld in suspicion.

Francis Bacon

On London underground trains there exists a particular type of advertise-
ment which I can even remember seeing as a child. It informs you that if
you supply the next entry in several sequences of mumbers, or pick the odd
one out of a collection of superficially similar shapes, then you could land a
well-paid job in the wonderful company whose telephone number you can
find listed below et cetera. Advertisements like this ilfustrate how readily
our society has come to equate the ability to spot patterns or relationships,
usually those of a mathematical or geometrical nature, with “intelligence’,
Indeed, most IQ tests place a very heavy emphasis upon these menta] abili-
ties. Whether or not they measure anything as definable as ‘intelligence’ is
usually irrelevant o those who set these tests, They are interested primarily
in ihat specialized ability of pattern recognition and isofation. In this sense,
intelligence is defined as being what intelligence tests measure, It is likely
that our very existence as a species owes much to this ability to delineate
patterns. Evolution may have made us a fittle too adept at spotting them,
Our propensity to see patterns where none exist at all is witnessed by
ancient Man’s enthusiastic identification of ploughs and hunters, crabs and
scales tracing out the patterns of stars we call the constellations, or by
modern Man’s enthusiasm for Martian canals. Bat this disposition to
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identify patterns where none exist is a better one to be saddied with than a
failure to perceive patterns that really do exist. If you keep telling vour
family that you see tigers in the trees when there aren't any they will merely
think you are a little paranoid, but fail to sce tigers in the trees when they
really are there and you're dead! Over-sensitive pattern recognition tends to
survive, :

Today, tigers are not such a problem. But we have inherited an ability to
perceive patterns that in some sense are not really there. The fact that this
propensity varies from individual to individual {s something that psycholo-
gists have attempted to exploit by using the Rorschach ink-blot personality
test to evaluate mentally disturbed patients, It is interesting to undertake
some simple experiments to see how the eye and brain operate. The picture
drawn below in Figure 7.1 consists of many concentric circles of dots. Each
circle contains the same number of dots, and the dots on one circle lie half-
way between those of the circles on either side of it. So the dots all lie along
straight lines passing through the centre of the system of circles. Thus the
patterns which ‘really” exist in the sense of having been built into the picture
deliberately, are circles and straight lines. But what does the human eye
perceive? Close to the centre of the picture we do see circular rings, but
towards the outside the eye picks out crescent-shaped petals, It does this

‘because the brain is adept at drawing imaginary lines from a point to its

nearest neighbour. Near the centre of the picture the dots are closely
ringed, so that the nearest neighbour to any particular dot is one next-door
to it on the same circular ring, As we look farther from the centre the dots
on any circle become more spaced-out, and the nearest nefghbour is to be
found on an adjacent circle. The crescents are the lines the eye most readily
draws in your mind between these closest neighbours. As a further experi-
ment you might like to tilt the book, and look at the picture along the page.
You will see a new set of apparent patterns because the different perspective
creates a new set of nearest neighbours for the points. The patterns change
according to your angle of view. Figure 7.2 reveals the confusion that your
brain experiences when it cannot decide upon a pattern. It contigually
changes its fix, and this creates a peculiar dynamic effect. There are many
influences at work in producing a percept of Figure 7.2, not least of which
is the positioning of prominent visual cues at the centres of circular arrays

‘of points traced by nearest neighbours, The eye identifies the symmetrical
patterns most readily,

This little game of illusions has a serious side to it, At the moment
astrogomers are trying to determine whether significant intrinsic patierns
of lines and cells really exist in the observed distribution of galaxies in the
Universe. Patterns certainly do “appear’ to exist, but it is not clear whether
they are just chance effects highlighted by the eye’s peculiar fondness for
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Fipure 7.0 This pattern is composed of equally-spaced concentric rings of dots. Each
ring contains the same number of dots, and points in alternate rings are radially aligned.
Despite-these built-in patterns of circles and straight lines, the eye perceives three domi-
nant patterns: concentric rings near the centre, crescent-shaped *petals’ farther out, and
radial straight lines near the perimeter, These impressions are dictated by the tendency of
the eve 10 trace out ithaginary lines betweeh nearest neighbours. Near the centre of the
figure the nearest neighbour of any point lies on the same circle. Farther out the nearest
neighbour is to be fouad on an adjacent circie, until there is crowding near the periphery.
if the reader tills the page and views the Figure at an angle it will be found that the
pattern has completely changed. This change reflects the fact that the nearest neighbours
are altered by the projection effect of the inclined viewpoint.

patterns, or attributable to features intrinsic to the galaxy formation
proecess. :
Psychologically - we find pattern, symmetry, and order appealing.
Throughout the arts of ancient cultures we find symmetrical patterns of
great sophistication developed for purely decorative purposes. Subse-
quently, some of these patterns and symmetries have been found to possess
sophisticated mathematical properties. In modern times many examples of
the draughtsmanship of Maurits Escher (see for example Figure 5.1) have
turned. out to exploit very subtle mathematical symmetries which he
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Figwre 7.2 The Marroquin Design. In this design a contisual ftux of different patierns is
evident. The eye has a terdency to seek out larger.and larger circular patserns which
eventually dissolve to be replaced by the distinctive local centres of the pattern. This
design also contains & more subtle patterts which many viewers seem unable to discern.
Within each of the largest of the circles that the eye easily picks out there is inscribed a
twelve-sided “Swiss’ cross and this pattern is-repeated periodically throughout the design.
[From Marroquin, 1. L. {(1976). Human visual perception of structure. Master’s thesis,
MIT by kind permission of MIT] ’

perceived visually with no knowledge of mathematics at all. Consequently
Escher seems to have been adopted by mathematicians as their cuitural
attaché for the arts. All this must trouble the scientific realist very deeply. It
appears that the human mind has evolved an ability to recognize geo-
metrical patterns where none exist. What else might it be recogrizing that
does not really exist?

One of the realist’s axioms of faith which we listed in Chapter I held our
separation of natural phenomena from the perception of them to be a
harmless simplification. Maybe this is not true. Our perception of Nature
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as governed by particular geometrical factors and predictable regularities
may be an jllusion. Rather, such orderly trends may be the only aspects of
Nature we are any good at discovering (look again at Figure 7.2, and try to
see the network of twelve-sided Swiss crosses that cover it). This is not
to deny, as some anti-realists might, the reality of the laws of Nature
we perceive and employ, but simply leaves open the possibility that this
mathematical watch-world we have mapped out may fall short of the whole.
Qur cross-examination of Nature may have elicited only & particular type
of evidence because we have hit upon a successful line of enquiry, and by
the direction of our questioning we are able to determine that part of the
whole truth that comes out. .

This type of subjectivity has worried modern philosophers and his-
torians of science, There is a traditional way of writing the history of
science that has died out amongst the historians, but it can still be found in
the writings of many scientists interested in the history of their subject. It is
also the perception of the ordinary person in the street ag to what history is
about. Indeed, it is how we were taught it at school: dates, peopls, events;
how we arrived at the present. In this story of the rise of science we might
trace the forerunners of the ‘right’ answer we know today. Who can we find
in the history books who thought that the Earth went round the sun before
Copernicus wrote about it? These individuals from cultures widely sepa-
rated in space and time we link together as forerunners of the heliocentric
view. We draw an imaginacy thread through the ages to chart the course
that we judge to be the “correct’ one. All wrong views are ignored. This
approach was dubbed the *Whig® theory of history by Herbert Butterfield.
The name derived from those past historians who treated history as a
record of events that culminated in the political system dear to their own
hearts: the liberal democracy. Scientists’ pictures of their subject’s history
usually suffer from this delusion. It is rather -like taking their realist
approach to Nature out of its useful coutext and applying it to the course
of science, believing that there is one true history which is either right or
wrong. There is a true fecord of events, of course, but only one that
includes all of them. Erroneous ideas and incorrect measurements also
played a rolé in the unpredictable course of scientific discovery.

The professional historian takes a more anti-realist view, He wants to
concentrate on how science is done, and this has led to the operationalist or
instramentalist (or even structuralist) view becoming very popular. A
deductive view, usually associated with the-name of Thomas Kuhn, lays
stress upon the fact that science is a Jusnan activity, and hence tries to
develop a sort of sociology of science based on the activity of scientists,
Kuhn is interested in the human bias towards particular scientific ideas, not
on ihe scale of a particular concrete example as in our pictures above, but
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. within an entire area of science. He believes that for most of the time

scientists beaver away in a routine manner measuring and calibrating
things, calculating details, filling in the gaps of knowledge. Gradually a
critical state is set up as fundamental problems are identified which cannot
be resolved within the existing picture, But then something revolutionary
comes about. When the climate is right, a new idea or "paradigm’ emerges,
perhaps because an old idea is indubitably disproved, or because someone
comes up with a brand-new idea with far-reaching consequences. The direc-
tion of that subject area then undergoes a period of dramatic reorientation
in which the new paradigm becomes the focal point for speculation, but this
period is then superseded by a return to normal activity. Norinal activity is
distinguished by what Kahn calls ‘puzzle solving’. This term is judiciously
chosen, for puzzies are probiems that have assured solutions. Likewise, the
activities of normal scierce are imagined to concentrate upon issues which
must admit of solutions within the framework of ideas and puzzle-solving
methods which define the current paradigm. Occasionally, difficulties will
be encountered, and the paradigm will only be able to encompass cer-
tain ‘anomalous’ results if inconsistencies are ignored by being labelled
‘problens’ or *paradoxes’, or if ad foc methods of analysis are employed.
Eventually, the number of such unnatural acts will become more than the
paradigm can bear, and, so Kuhn claims, a revolution will ensue in which a
new paradigm will azise that is able to accommodate both the stuccesses and
the difficulties of the former. The paradigm is dead; long live the paradigm.

Kuhn’s vocabulary, with its paradigms and puzzles, has been absorbed
into the lingua franca of the scientist. Yet most scientists would instine-
tively repudiate the assumptions that lie at the heart of Kuhn’s analysis, For
Kuhn, science is neither right nor wrong. Problems are not resolved: merely
dissolved. The laws of Natuze as perceived by scientists are neither true nor
false. Paradigmata are transient fashions; rather like artistic styles. Accord-
ing to Kuhn, every scientist views the Universe through the rose-tinted
spectacles of some paradigm or other, Neadless to say this view is anathema
to the disciple of Xarl Popper, whose realist base leads him to mainfain
that there are definite statements that can be universally agreed upon by
different scientists, because they have recourse to the experimental test of
falsification against the facts of reality. '

There are fashions in the philosophy of science as well, and Kuhn's
picture is just one of them, Eventually, if Kuhn himself is to be believed,
his picture of the progress of science will become encumbered by contra-
dictions and ambiguities, and it will be replaced by a new and better one,
Indeed, this process has already begun. The popular view of the Kuhnian
theory is invariably that painted in the first edition of his famous work The
Structure gf Scientific Revolutions, published in 1962, But this work was
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subjected to considerable criticism because of the vagueness and inconsis-
tency of Kuhn's terminology (one eritic, who Kuhn himself cited as being
particularly cogent, identified twenty-one distinct usages of the term “para-
digm’!), and subsequent editions of the book were considerably revised.
Finally, in 1974 Kuhn retreated from his former view of paradigms as

‘underlying world-views driving the course of science through revolutionary

discontinuities. Rather than aim to describe the sociology of science in
terms of some global dynamic, Kuhn tumed to the micro-sociological view
of paradigms dictating the direction of research inside small but influential
research groups. This view is less striking and considerably less contro-
versial than its predecessor. None the less, it is still a philosophy that is
uitimately seif-refuting. ‘

The crux of the Kuhnian view is that the transient paradigms which are
periodically adopted and discarded are neither right nor wreng, they are
just tools which have a temporaty expediency determined by the existing
climate of opinion. It is also an opinion concerning what scientists do. It
takes the view that scientists do not discover anything that is really true, All
our existing scientific viewpoints will eventually spawn anomalies, and will

therefore be replaced by a new viewpoint, or paradigm, until it too is found .

wanting. Furthermore, the decision as to which of two competing theories
is to be adopted is not taken solely on objective grounds. Additional sub-

jective criteria like scope, simplicity, or symmetry are taken into account.,

Supporters of different paradigms may have different ideas as to what
would constitute a decisive test of which one is superior.

There has been much learned zrgument as to whether this picture of-

normal activity assuming a particular world model, followed by mounting
crisis fesulting in a ‘scientific revolution” and the adoption of a new set of
assumptions, and so on, ad nausearm, is adequate, It attributes to science a
sort of mob psychology that is really extremely vague. The reason why it is
possible to squeeze the practice of science into its confines is probably
because the same can be done with just about any activity: organized crime
in Chicago, styles in high-jumping, terrorism, football tactics, car design,
Paris fashions: you name it and Kuhn’s theory applies. By seeking to treat
the history of science like the history of art—as the story of the coming and
going of styles—it seems to ignore the existence of an underlying core of
fact, and its role in dictating the attitude of scientists and the direction of
their interests. [t is most ofien a change in the storehouse of facts that leads
to a fundamental change within one area of science. It is also debatable
whether there have really ever been any scientific revolutions of the Kub-
nian variety. New theories usually contain the old ones within' them as
particular examples of 2 phenomenon that is more general than previously
suspected. The march of progress resembles the redrafting and modifica-
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tion of a story rather than its succession by some stylistic revolution, like
the making of it into a movie.

If Kuhn is correct, then it is largely irrelevant whether or not there exist
laws of Nature, and what forms they take if they do, for science is an
entirely humarn activity that cannot find them out. Kuhnian science is the
scientist looking i a partially reflecting mirror. Whereas Popper would be
willing to concede that we will almost certainly never discover the laws of
Nature, because they are buried so deep in reality, none the Jess, unique and
universal laws do exist. Kuhn, by contrast, regards laws of Nature as an
ever-changing creation of the scientist’s mind, part of the symbiotic psycho-
logical relationship between the observed and the observer. This is the most
radical and general view that one could take about the subjectivity that is
introduced into our study of Nature by our human intellectnal tendencies:
having recognized that there is a sociology of science it concludes there is
nothing more o science than its sociology. o

Before leaving Kuhn and his paradigms, we.should mention one sig-
nificant feature of his work that reveals an important aspect of modern

-physical science. Kuhn was a historian who_had studied the Copernican

reyolution in great detail. This was a true revolution in the sense that the
Ptolemaic. idea of the solar system and its motions was overthrown and
ultimately replaced by the heliocentric Copernican picture. Kubn: was
perhaps misled into thinking that all scientific revolutions were of this
‘overthrow’ variety. Nothing could be further from the truth. The develop-
ment of physics follows a different pattern. When Einstein’s theory of
gravitation improves upon Newton'’s theory. it does not sweep it into the
dustbin and replace it. Newton’s theory of gravity will be.used as long as
there are scientists on this planet. We find that Newton’s theory is a limiting
case {when speeds.are much less than that of light and gravity is weak) of
Einstein’s theory. Similarly, Newton’s mechanics can be recovered from
quantum mechanicsin a snitable limit. Most recently, we have found like-
wise that Einstein’s theory of gravity arises as a limiting (low energy, Jarge
distance) case of superstring theory. Thus the pattern of modern scientific
revolutions is guite different from the Copernican model that impressed
Kuhn. They are subsuming revolutionsinot overthrowing revolutions.
This pattern is an important ore for non-scientists to appreciate. A failure
to do so leads to ridiculous applications of post-modernism to the scien-
tific process, treating it merely as a sequence of opinions and points of
view, like forms of literary criticism. This is a temptation that should be
resisted. -
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The phantoms of the {aboratory

Science cagnot solve the ultimate mystery of Nature, And jt
is because in the Jast analysis we ourselves are part of the
mystery we are trying to solve,

Max Planck

When Francis Bacon abandoned the deductive logical reasoning of Aris-
totle and his medieval disciples, he acted out of a conviction that our
knowledge must be founded upon the things we learn from Nature rather
than the phantoms and prejudices we find nurtured within our minds by the
philosophical systems of the past. He warned against four specific
‘phantoms’ which he believed adversely bias our thinking about Nature,
and divert our sedrch for the true laws of her operation down culs-de-sac
and blind alleys. They are influences that stand between us and the raw
truth about the world we seek to observe and understand.

First, Bacon warns us that we are inhabited by the Phantoms of the Tribe;
those tendencies which are by-products of our human nature. Over the
centuries we like to think that we have minimized these influences which
rad once made it so natural to believe that Man was the centre of the
physical Universe and the focal point of all Nature’s workings, and that
everything else was specially designed for our convenience and benefit. This
prejudice is not easy to overcome, as evolutionary biologists in the Hnited
States have recently discovered, In the last section we saw how our percep-
tion of visual patterns has been qver-sensitized by millennia of natural selec-
tion. Phantoms of the Tribe need not be confined to “tribal prejudices; they
can also include the necessary physiological properties which allow the
survival of psychological prejudices. ’

Next, Bacon points to those personal prejudices each of us possesses: he
calls them the Phantoms of the Cave. These are still with us. Some scientists
just do not like certain lines of development in their disciplines, and even
Gease to contribute to their subject in the hope that certain unsavoury new
. ideas will pass out of fashion. Sometimes this individual bias will have a
~ sound basis—the new research direction may simply involve the use of
advanced mathematical or experimental techniques that the scientist may
not have the experience or expertise to cope with; but often it has a much
more human origin—the new developrient may have been initiated by an
individual who our scientist just cannot abide, and the thought of working
on that person’s ideas is more than he can stomach!

Bacon calls the third source of distortion Phantoms of the Market-Place,
and they are rather more subtle than the others, Perhaps they should now
be cailed the Phantoms of the University, They emerge from the association
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of scientists with each other, and we witness them as the collective result of
using a particular language, sharing particular concepts, and the common
use of mathematics, In particular, this Phantom miight animate the con-
temporary consensus of philosophers concerning the meaning and method
of science. Kuhn seems to regard it as an overwhelming and unavoidable
bias; paradigms are rather close to being Phantoms, Moreover, the later
Kubnian association of paradigms as arising through the influence of

. Inicrocosms of scientists working within influential research groups also fiis

into this category of Phantom,

Last, we encounter what Bacon perceived to be the most pernicious
influence upon our ability to think objectively: the Phantoms of the Thearre.
The grand philosophical systems of the past and present can be seen as
Plays, in the sense that they create a world within the world: a world with jts
own scenery and characters. These philosophical models of the real world
are, Bacon warns, just models. If we forget their divorce from the reality
they seek to explain then we commit the error of a theatre-goer who con-
fuses the scene on the stage before him with the real life it secks to represent.
The play may well be based upot reality; it may even be richer and bolder
than reality, but it is a man-made world none the less. Before twenticth-
céntury science began its dramatic rise, philosophical views were more
explicit and important in the work of scientists. Today they are no less
evident to the careful observer, but they are tmplicit or even deliberately
obscured. Thus, for example, the betief that a unified Theory of Everything
will explain the structure of the Universe upiquely and completely will
appear unashamedly in scientific papers, but it is essentially a religious or
metaphysical view, in the sense that it rests only upon an unstated axiom of
faith.

What Bacon first so acutely recognized about science is that, by virtue of
it being a human activity, its results are tiecessarily subject to human biases,
Nevertheless, many subsequent generations of experimenters do - not
seem to have taken his warnings to mean very much more than ‘Beware of
Aristotle and the Scholastics”.

Errors

© Itain’t what you don't know, that counts, it’s what you know
that ain’t so. i .
Wilt Rogers

Men like Copernicus and Newton 'did not have a clear concept of what we
would call ‘scientific error’, To the experimental scientist the term ‘error’
has a wider meaning than the word conveys to the ordinary person in the
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street, for whom it means simply a ‘mistake’—a blunder like misreading a
thermometer, mixing the wrong chemicals, or allowing a tuclear reactor to
overheat. But this is not the primary meaning of “scientific error’. To the
scientist the term means two other things.

The first is straightforward: the limiting accuracy to which a quantity can
be measuied. A simple example of this experimental error is illustrated bya
statement of somebody’s age. If we know only the vear in which they were
born, then we can only state tlieir present age to lie somewhere within a
range of twelve months. If we are told that a piece of wood is 20 feet long to
the nearest foot we know only that its length lies hetween 19 feet 6 inches
and 20 feet 6 inches. This type of ‘error’ specifies the limitations in accuracy
of our measuring devices or the data we are given: it telis us the biggest

- mistake we could make even if we have carded out our measurements
competently, and not done something stupid like misread the ruler. This
type of error is not terribly interestiag, but it is obviously one of the goals
of experimental scientists to make it as small as possible. No observation or
experimental measurement is of any use unless the possible measurement
error is also given. To be told that the Conservative Party is five percentage
points ahead of Labour in an opinion poll is 2 meaningless statistic unless
the uncertainty, or experimental errof, in the poll is also quoted.

We have already seen that the Heisenberg Uncertainty Principle of quan-
tum mechanics ensures that there are inevitable errors associated with the
measurergent of all quantities even if the measuring instruments are perfect
(and in practice, of course, they never are). This strange limitation arises
because the very process of abservation is inseparable from the state being
measured, Perfect knowledge of the Universe is impossible because the act
of knowing influences the Universe in an unknowable way. Itis as if, by the
time we record its state, it has changed slightly. Therefore every possible
observation of the physical world must possess some fnite measurement
error. However, in practice, the measurement errors that limit the acCiracy
of scientific measurements, even in elementary particle physics, ar¢ con-
siderably larger than the irreducible minimum imposed by the quantum
theory. Only in the study of guantum liquids at temperatures close to abso-
lute zero does experimental accuracy approach Heisenberg’s limit,

The existence of practical limits to our measurement accuracy was not
readily appreciated in the past. Copernicus knew that if the planets traced
elliptical paths as they orbited the sun, then the observation of two points
of a planet’s orbit is sufficient to fix uniquely the particular elliptical path
that is taken. And so he could not understand why the pairs of points he
observed in each planet’s orbit did not fix the actual elliptical path taken by
the planet in the future. The reason for the disagreement was that the
measurements made of the positions were not precisely accurate. Several
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slightly different ellipses are compatible with the range within which the
real positions could have lain. Likewise; even Newton was puzzled as to why -
the measured motions of the celestial bodies did not quite fit his mathemat-
ical predictions: the answer was, again, that the measurements contained
small errors due to the limiting accuracy of the instruments used to record
them, but this idea seems to have been quite foreign to these early scientists,

The second form of error that besets experimental science is more subtle
in its origins, and more serious in its consequences because one can never be
certain that it has even been identified, let alone minimized or eradicated.
This species of error we call a ‘selection effect” or ‘systematic error’, and
its identification requires careful thought and a wide-ranging appreci-
ation of the phenomenon under study. Its existence refutes the naive idea
that all that is required to test theories of science is the experimental
method. Experimental arrangements and observational procedures have
in-built propensities to gather certain types of facts more readily than
others. In order to be sure that you are observing what you think you are
observing, it is always necessary o have some theoretical understanding
of the wider spectrum of phenomena that could be biasing your
observations. )

Imagine that you are embarked upon a project to learn all you can about
the sizes of rats. Accordingly, you design lots of little rat-traps to catch
specimens. Bach trap is a small box four inches long, and has a cross-
section two inches square at the ends. At one end there is a door, hinged at
the top, poised to drop down and shut tight as soon as any rat venturing
inside touches a little pile of food at the far end of the box. This stratagem
is very successful. After a few weeks of balting dozens of these rat-traps
you find you have collected hundreds of Jive rats. You weigh them; you
measure them; you observe them closely. But other pressing matters inter-
vene. You must leave for an important conference in Tahiti, and are unable
te finish the analysis of your measurements. Not having enough time to
explain how the experiment was carried out you simply leave the list of the
animals’ sizes on an assistant’s desk and ask him to do a preliminary analy-
sis for you. When you return he is keen to see you, and claims to have
discovered something very important about rats. He reports there o be
overwhelming evidence for a definite maximum size of rat: rats of up to
four inches in length were found with equal frequencies, and not a single rat
was found 1o be greater than two inches in height or width.

A little thought convinees us that such a claim tells us nothing about rats,
Our experiment was subject to a trivial example of a ‘selection effect”:
namely, that no rats greater than two inches in height or width could get
into the traps. The non-observation of any three-inch-fat rats is telling you
something about your experiment, but nothing about rats, The overall
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picture of the range of rat sizes has been biased by the inability of the
experipuent to collect large rats. .

In practice, such experimental biases are usually a little more subtle than
this, and may even be unavoidable, For instance, an astronomer might be
interested in discovering how the population of stars or galaxies is distrib-
uted according to their brightness. Any results that are obtained will be
biased towards finding a disproportionate fraction of the brighter objects
because they are easier to see. The nasty thing about suck biases is that, no
matter how careful you are, you can never be sure that they have all been
completely eliminated: Indeed, the art of being a good experimentalist is to
a large extent the art of sensing and eliminating sources of systematic error.
In terrestrial scientific experiments or data collection these biases are usu-
ally determined by the particular apparatus and method used to measure
something, and so if the measurement can be made by another independent
experiment, preferably using a different method, and the same result is
obtained, then-the presence of significant systematic error is very unlikely.
This is the main reason why scientists tend to be sceptical of dramatic
experimental discoveries nntil they have been confirmed by other different
experiments: they have no independent fix on the magnitude of possible
systematic biases.

On occasion, the bias of an experiment may be coupled to the inevit-
ability of measurement error. A famous example, again from astronomy,
arose duritig the eighteenth and nineteenth centuries. Friedrich Bessel, a
notable mathtmatician and astronomer who introduced ope of the most
useful equations of applied mathematics, and still had time to discover the
star-Sirius B, was a colleague and associate of the great (some would say the
greatest) mathematician, Johann Karl Friedrich Gauss, Gauss was one of
the first to understand and work out a mathematical treatment of mea-
surement errors. This awareness he conveyed to Bessel, and it enabled him
to resolve an awkward astronomical dilernma.

Towards the end of the nineteenth century, astronomers at the Royal
Greenwich Observatory had found small but irritating systematic differ-
ences it their observations of star motions, Observers differed concerning
the times they recorded for stars to pass between two lines drawn on-the
telescope’s field of view. The Astronomer Royal of the day, Neville Maske-
lyne, had asswmed that the intolerable differences between the transit times
he measured and those recorded by his assistant were simply the result of
incompetence on the part of his assistant. Bessel realized what the source
of the discrepancies in these measuremnents really was, and more
important—how to rectify it. The reaction speed of different astronomers
was different. Some would always signal the star crossing the first reference
line a fraction of a second earlier than others. Bessel calibrated cach
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astronomer with a so-called ‘Personal Equation’ to compensate for their
individual biases in starting and stopping the clock when a star entered or
Ieft the cross-wires spanning the telescope’s ficld of view. This _;)ruf:gdure
compensates for the problem of ‘selection effects’ introduced by mdw'xdua]
idiosyncracies, and was used until the introduction of modern techniques
of automatic electronic measurement.

The ‘Groucho Marx Effect’

I wouldn't want to belong to any club that would accept me

as a member,
Groucho Marx.

Selection effects do not only arise in the experimental sciences: they also
influence our theoretical and mathematical investigations. They are espe-
cially rife in theoretical physics. The situation in the fund'amental areas of
Physics which seck to further our understanding of grawtatiog, quantum
theory, and the micro-world of elementary particles is typically ]xke. this: we
bave an clegant system of non-linear mathemnatical equations in many
quantities that have been derived by the application of some _powerful
invariance principle, and which encapsulate the essence of what is alrea_tdy
known about the aspect of Nature under study. However, the outstanding
problem is how one solves these equations, and so be in a positipu to work
out what our grandiose theory has to say about unknown situations so that
these predictions can be checked against what is seen to occur m ti%ose
circumstances. For example, Einstein’s theory -of general relativity is a
theory of gravitation wiich is cquivalent to ten complicated partial differ-
ential equations that must be solved simultaneously to find out how the
geometry of space and time responds to the presence of mass and energy
within it, and how that geometry dictates where masses will move. In order
fo test the correctness of the equations of the theory, their solutions need to
be found. We can find a particular solution that describes the gravitational
field exerted upon the planets by the Sun if we idealize the Sun to be a
sphere. It predicts that the motion of the planets should proceed in shght_]y
ditferent orbits than are predicted by Newton’s theory of gravity, The dif-
ference is most marked for the motion of the planet Mercury, the closest to
the Sun, for which the influence of the Sun’s gravity is greatest, Qbserva-
tions confirm the existence of the small new effect predicted by Einstein’s
theory, and show the Sur’s shape to be close enough to a perfect sphere for
this idealization not to affect the conclusion significantly. )
This procedure is clearly not perfect. The equations of physical theories
like general relativity are too complicated to be completely solved. Hence,
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one must resort to significant idealizations and approximations in order to .

_ learn something about the features that are latent within the theory, and

which could be present in the complete solution. A typical sirategy is to
try to solve the equations in a special situation; for instance, as with the
idealized spherical Sun, whén there is a simplifying symmetry. We might,
for mstance, find a selution that gives the gravitational field exerted by a
spherical object, or by one that is not changing its shape with time, Idealiza-
tions of this sort forbid certain types of variation to arise in the equations,
and simplify them dramatically with the resuit that they are usually soluble.
In the case of Einstein’s theory of general relativity the first solutions of the

equations to be found were for unchanging spherical configurations of

material. Since Einstein’s equations were first written down in 1915 there
has bezen a continual search for solutions to them. A few years ago four
mathematicians co-authored a four-hundred page book devoted to display-
ing, classifying, and organizing the most important solutions that have been

found to date. All the solutions in this book possess special 'si'mplifyizig‘

properties. This is the reason why it has been possible for us.to find them.

This is where the ‘Grouche Marx Effect’ comes in: the only solutions of -

the equations that we are clever enough to find always describe special
idealized situations that will not generally arise in practice, The limited
computational competence of human beings, and the inability of com-
puters to do more than humans do {except to do it faster) means that the
conclusions we draw from our theories of physics are conditioned to a
considerable extent by the content of a relatively small number of exactly
soluble examples, We can find solutions of Finstein’s equations that
describe exactly how a universe that is perfectly uniform expands in time.
The real Universe is almost uniform over its largest dimensions—abt not
quite, There exist stars and planets, galaxies and clusters; these non-
uniformities are, of course, essential for our own existence (there cannot be
any objervers in a perfectly uniform universe!}. The question of how they
arose, and from what initial state, is what most of modem cosmology is
about. Unfortunately we know of no exact solutions of Einstein’s equations
that describe an expanding universe filled with.a higgledy-piggledy collec-
tion of stars and galaxies. There undoubtedly do exist such realistic solu-
tions, but they are mathematically too complicated for us to find. We rely
heavily upon the real world in all its complexity being close to simple ideal
ized situations, Often this is not the case. The horribly complicated turbu-
lence that results at the base of a waterfall is so dissimilar to any smooth and
idealized fluid flow that we have very litile detailed understanding of it at all.

One way in which we can evade the need for idealization is by the use
of approximations. Besides finding the exact selutions of equations for
idealized situations one can also discover the approximate solution of the
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ecquations for situations that are almost ideal. Although the Universe does
not expand at exactly the same rate in every direction, it almost does (to
within one part in ten thousand, in fact), and so we believe that it will be

_ approximately described by the idealized solution to about the same accur-

acy. In this case our expectation is borne out by the good agreement
between. otir observations of the Univérse and the predictions of the ideal-
ized model. However, it is quite possible that there exist idealized solutions
that do.not le close, i’ any sense, to non-idealized ones. Such isolated
examples would be atypical and quite-misleading with regard to what the
full solution of the equations of the theory aze like. A good example is the
famous special solution to Binstein’s equations-found-by the logician Kurt
(36del-This solution showed that there is a-particular solution.of Hinstein's
equations which allows time-travel to-oceur. Gédel’s. solution describes a
weird rotating universe which looks nothing like the.one we ive in, but this
does not mean that we can stop worrying about time-travel. We need to
know whether time-travel is a property of the full and:réalistic solutions of
Einstein’s equations—that would describe our own worid--or-whether it is
a pathology of a small mumber of physically irrelevant solutions with weird
properties.

This highlights another important point. Emstem s equations. allow
innumerable different solutions each describing different expanding uni-
verses. They have different initial properties: some possess. galaxies while
others do not. But there is, by definition, actually only one Universe. What
is the selection principle that pins down the precise solution that describes.
our observed Universe, and it alone? This principle must come from outside
the theory of gemeral relativity.* The need for this ‘selection principle’
shows that Einstein’s theory is not the best possible description of the
Universe. It permits too many things that are not realized in Nature in
addition to the thirgs that are.

Many physicists have expressed the belief that when all the disparate
theories of the different elements of Nature are unified in an all-
encompassing ‘unified field theory’ then the constraints upon the shapes of
the individual pieces in order that they can be fitted together will be so
stringent that there will be enly one possible upified picture. There may be
one and only one possible theory of all fundamental phenomena, in which
everything that is not forbidden will be compulsory. Steven Weinberg leans

* In fact, any space-time geometry is a solution of Einstein’s ficld eguations for some
distribution of matter, just as any gravitational potential will solve Poisson’s field equa-
tion for some density distribution. These equations only place restrictions upon Nature
because most geometries and potentials are ruled out by the requirement that their
associated matter distribution be physically realistic in various ways—for example by
having the density of matier positive everywhere.
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towards this hope, and once speculated that ‘when you put quantum
mechanics together with relativity, you find that it is nearly impossible to
conleeive of any possible physical system at all. Nature somehow mianages
to be both relativistic and quantuin-mechanical; but these two require-
ments restrict jt so much that it has only a limited choice of how to be-—
hopefully a very limited chojce,’ :

If we are idealists thep perhaps the future ‘discovery’ of such a theory is
inevitable, but if we are realists then surely we can hold no such hope. For
even if such a description of the ultimate workings of Natuse does exist,
who is to say it is within the grasp of human minds to find it? Indeed, we
saw in the last chapter that it is possible to.entertain the view that there is no
such ultimate theory of everything at all, There is no reasoqn, save our
grandest presumption, that Nature should be fashioned with our computa-
tioral incompetence in mind. And the final irony is that, even if such a
super-theory does exist and we are able to write it down, we can never know
that it is correct, The scientific method does not enable us to demonstrate
that our theoties are true: only that they are false. While we can come up
with candidates for the ultimate theory that would be falsifiable, the uiti-
mate theory would not be falsifiable at all, In the meantime, any theory that

does not provide z unified deseription of everything must eventually be .

proven to conflict with sofme aspect of experience,

We must also be aware that while there may exist a unique Theory of
Everything it may have an infinite number of cosmological solutions, and
the actual Universe is only described by one of them when particutar start-
ing conditions are chosen, More problematic still is the fact that broken
symumetry is ubiquitous in Nature, The key features of the Universe may
owe their origin to random breakings of the underlying symmetry of the
Theory of Everything, ‘

The search for a completely determined set of matural laws does not
proceed by logic and observation alone, Metaphysical and aesthetic criteria
are called upen to guide theoretical speculation. But what are the right
aesthetic criteria: beauty, harmony, symmetry, lack of symmetry, simplicity,
computability, finiteness, brevity, minimal assumptions: who can say?

Beauty

No doubt aardvarks think that their offspring are beautiful
too,
John Eillis

What criteria do scieritists use to'steer them towards successful and power-
ful theories of Nature? We have already seen. that in practice such theories
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are necessarily mathematical in form. There is good mathematics and bad
mathematics, vgly mathematics and beautiful mathematics, Difficult as it is
to draw the precise line between these opposites, the professional mathem-
atician finds it no harder to draw than the difference between night and day.
The theoretical physicist Paul Dirac was one of the most outspoken sup-
porters of the idea that the deployment of ‘beautiful’ mathematics—that
which possesses symumetry, economy of form, a depth of interconnection
with other parts of mathematics, and the maximum of structure from the
barest of inputs—should be the priority of the theoretical physicist secking
a description of some physical pheromenon. This one should seek in con-
junction with a desire for ‘simplicity’ that avoids superfluous ideas and
hypotheses. Of the search for mathematical laws of Nature Dirac had this
to say:

The dominating idea in this application of mathematics to physics is that
the equations representing the laws of motion should be of a simple form.
The whole success of the scheme is due to the fact that equations of
simple form do seem to work. . . . The method is much restricted, how-
evey, since the principle of simplicity applies enly to fundamental laws of
motion, not to naturai phenomena in general . . . What makes the theory
of relativity so acceptable to physicists in spite of its going against the
principie of simplicity is its great mathematical beauty. This is a quality
which cannot be defined, any more than beauty in art can be defined, but
which people who study mathematics have o difficulty in appreciating,
The theory of relativity introduced mathematical beauty to an un-
precedented extent into the study of Nature,

We can now see that we have to change the principle of simplicity into
a principle of mathematical beauty . . . ¥t often happens that the require-
ments of simplicity and of beauty are the same, but where they clash the
latter must take precedence, .

Dirac’s position is quite extreme, since in some circumstances he did not
wish even negative experimental evidence to deflect him {from a particular
line of inquiry that he had pursued because of its mathematical beauty and
elegance. He continues: :

If there is not complete agreement between the results of oune's work and
experimnent, one should not atllow oneself to be too discouraged, because
the discrepancy may well be due to minor features that are not properly
taken into account and that will get cleared up with further developments
of the theory.

These two statements are very striking. They are good examples of the
influence of selection eflects of a particular sort. We certainly have an
aesthetic sense that we cannot easily explain, Some of its features seem to

v
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be universal, Many would seek to argue that it is entjrely a consequence of
natural selection, but it seems to possess elernents that are unnecessarily
sophisticated for this purpose. In The Sense of Beauty George Santayana
suggested that we perceive ‘beauty’ to reside in patterns and appearances
that offer sufficient novelty to arouse our curiosity, but not so much that
their complexity is beyond our understandin g. He points to the starry night
'sky as a manifestation of this tantalizing property. The eighteenth-century
Putch writer Hemsterhuis defined beauty as that which provokes the great-
est number of ideas in the shortest time. Scientists have found Nature as a
whole to be beautiful in these peculiar senses: it presents challengin g prob-
lems that offer the possibility of sofution. It invites and satisfies curiosity, .
When all is said and done, scientists want equations that are analysable
ratiter than merely simple or beautiful, And we should remember that it is
the purest speculation that Nature and her laws are ‘beautiful’ in our {or
indeed any} sense. Scientific observation alone cannot eliminate the possi-
bility that one of David Hume’s ‘superannuated deities’ produced the Uni-
verse we se¢ as a fauity precursor to the real thing implemented in another
time and another place!
Another definition of mathematical beauty is that suggested by the
Indian Nobel Jaureate, Subrahmanyan Chandrasekhar. He has proposed
that Einstein’s theory of general relativity has an aesthetic basis primarily

. because of the miraculous way in which it proved compatible with other

laws of Nature which played o role in its conception and formation. How-

. ever, it would be more accurate to say merely that within the compass of the

general relativity theory there exists a core with this unforeseen harmony.
There are other parts. of general relativity, like the presénce of solutions
allowing time-travel and naked singularities, which would create conflict
with all the other laws of physics if they were realized in Nature.

Relatively simple mathematics is useful in describing Nature, not just the
maost abstract and diffcult—although some of that s useful as well, Per-
haps this feature lured gifted individuals like Paul Dirac into the subject of

- mathematical physies. But it ig more likely that, having found mathematics

and physics to be the activity which most nearly fitted the perspectives he
possessed, Dirac then sought to stress those aspects of physics that were
closest to his ideals. And if they are often successful in producing great
discoveries then they come to dominate one’s view.

In this regard it is instructive to consider the interest that mathematicians
and physicists have displayed towards the spectacular pictures of fracta)
curves that computers have recently generated in profusion. Collections of
these have been displayed in many famous art galleries. The pictures have
an undeniable beauty, which is enhanced by the skilful choice of false
colour-coding introduced by the computer scientists, But beyond that there
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is an aspect that connects our aesthetic appreciation to that of Nature itself.
3Is‘}z:;j inti:l?cc;te structures of fractal curves, like the Mandelbrot set (p.' 220),
are closely related to the self-similar structures we see around uvs in the
natural world—the branching of a leafless tree, the pattern of frosted
snowflakes, the crenellated patterns of a mountain landscape—all exhibit
a non-linear invarlance which we find deeply appe:aling. It has taken us a
long time to find the type of mathematical algont;t.ims that can gemerate
such structures systematically, but their discovery is §urc1y important i
locating the centroid of our aesthetic appreciation of visual symmetry and
athematical harmony. i . )
mWe know of no rcas)gn why the laws of Nature should be either sxmple A
‘beautiful’, or anything else that appeals to us. Indeed, the theory that Dirac
thought the ugliest and most unsatisfactory part of phys:cs—qu.antt_lm
electrodynamics—-is the most accurate of all the fundamentat s'mennﬁc
theories that we possess. It s the quantum thepry that describes .the
interaction between light and electric and magnetic forqes. Its theoretical
pradictions are confirmed by experiment good to ten decimal places. Some
physicists fnd this theory ‘beautiful’ too! o o _
All we can conclude from this equally subjective discussion is tha_t scien-
tists do possess conscious and nnconscious biases towards developl_ng cer-
tain types of descriptions and laws of Nature. The more mathematical the
science the more powerful will be these influences. The Ase.arch for sym-
metries and invariances is a goal of the mathernatical physicist. There is 00
real evidence that Nature is in any well-defined sense ‘simple’ or ‘beautifgl .
Indeed, the hallmark of most natural phenomena is a deep complexity
masquerading as simplicity. One is reminded of the story of th_e astron‘emer
who began a public lecture on the nature of stars with the statement ‘Stars
are very simple objects’, only to be met with a cry from the back of the_ hall
that ‘you'd look preity simple too from a distanc,.e of two hundred light-
years!” What is more remarkable is the extent to which thec'anes anc} descrip-
tions that we know now to be-seriously incomplete or Just ,plgm WIONE
proved o be such reliable iemporary guides to a substantial fraction of the
truth for so long in the' past. . )
Dirac’s remarks about the seductive character of elegant matl?cn.lat;cs
are the natural views of a realist who believes that Nature is intn_nsmaliy
mathematical. Thus, Nature and her mathematical representation aze
regarded as equivalent, and the unquestioned beaut;,{ of .the former.can be
sought in our gropings towards the latter. Yet, scientists of a dlﬂ"c_renl
metaphysical persuasion have argued in quite a different direction to Dirac.
Some operationalists, like Bridgman, actually regar-fi the search for aes-
thetic mathematical structures in physical descriptions as a dangc;ous
metaphysical diversion. With regard to general relativity, which both Dirac,
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Chandrasekhar, and most other Pphysicists regard as the most *beautiful’ of
theories, Bridgman writes,

The metaphysical element I feel to be active in the attitude of many
cosmologists to mathematics. By metaphysical I mean the assumption of
the ‘existence’ of validities for which there can be no operational con-
trol ... At any rate, I should call inetaphysical the conviction that the
Hniverse is run on exact mathematical principles, and its corollary that it
is possible for human beings by 2 fortunate four de Jorce 1o formulate
these principles. I belisve that this atfitude is back of the sentiment of
many cosmologists towards Finstein's differential equations of general-
ized relativity theory—when, for example, 1 ask an eminent cosmologist
in conversation why he does not give up the Einstein equations if they
make him so much trouble, and he replies that such a thing is unthink-
able, that these are the only things that we are really sure of|

 OFf course, Bridgman’s philosophy of science regarded mathematics as
simply a tcol for the construction of operational definitions of physical
quantities (although he had to admit that the operationalist doctrine could
not cope with a subject like cosmology, where one needs to talk about
quantities like ‘the mass of the Universe’ which cannot be defined opera-
tionally). He adopted a constructivist interpretation of mathematics which
bordered upon formalism, and regarded this as the natural comple-
ment to. his operationalist philosophy in physics. Proceeding from
. his recognition of our ‘metaphysical’ tendency to assume for Nature a
mathematical structure, he argues that this unquestioned assumption is
a dangerous human bias:

1 believe that there are dangers in any subject in which there is such an
unavoidable mixture of purely ‘scientific’ and *buman’ eiements. It seems
to me that there is a particular danger of introducing actual inconsisten-
cies into the structure if the metapliysical attitude with regard to mathe-
maties is 5o far adopted as to obscure the periectly legitimate use of
mathermatics In attaining simplicity of formulation.

Thus, while Dirac has so much faith in the mathematical beauty and ecop-
omy of Nature that he is willing to follow it as a guiding principle that
might at times rule over experiment, Bridgman argues that it is our willing-
ness to follow such a seductive Pied Piper that undermines his faith in the
intrinsically mathematical character of Nature, .

Einstein had a view that intertwined the two considerations of Bridgman
and Dirac. Unlike Bridgman, he believed that ‘the supreme task of the
physicist is to arrive at those universal elementary laws from which the
cosmos can be built up by pure deduction’. He realized that, even if one

wm
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i i i ical laws, they
adopted an operationalist stance to the creation of physica s
woulljd still require a mathematical representation that could not be gleaned
uniquely from experience. At this point we see that ’r.h‘e physicist has some
artistic licence in the way that he pursues the presentation and development
of his theory.

1f, then, it is true that the axiomatic basis of theoretical physics cannot be
extracted from experience but must be freely invented, can we ever hqpe
to find the right way? Nay, more, has the right way any existence outside
our illusions? Can we hope to be guided safely by experience at all when
there exist theories {such as classical mechanics) which to a large extent
do justice to experience without petting to the root of ?he matter? I
answer without hesitation that there is, in my opinion, a nvght_way, ar%d
that we are capable of finding it. Our experience hitherto justifies us in
believing that nature is the realization of the simplest conceivable mathe.
matical ideas. 1 am convinced that we can discover by means of purely
mathematical constructions the concepts and the laws connecting them
with each other, which furnish the key to the understanding of natural
phenomena. Experience may suggest the appropriate math.cmatxca.l.con-
cepts, but they most certainly cannot be deduced fror_n_ it. Experience
remains, of course, the sole criterion of the physieal utility of a n}athc-
matical construction, But the creative principle resides in mathematics. In
a certain sense, therefore, I hold it true that pure thought can grasp
reality, as the Ancients dreamed,

‘Dirac’s remarks about the secondary role of experiment relative to
theory on some occasions are also worth expanding upon. Wha? he means
by them is not quite what Eddington implied by his fa_mous Warting against
embracing sensational experimental results too readily, ‘do not believe any
experimenta] result until it is predicted by theory’; but rather that one may
conceive a wonderful new mathematical model for the working of, say, tt}e
atomic nucleus, but find it to possess one gbstinate defect which puts it in
disagreement with some experiment. In this circumstance you shoulq ot
necessarily lose faith in your good idea. It may be tha:t you have omitted
some comparatively minor {or even major) ingredient in your new theory,
but this omission can be straightforwardly repaired in the future. This
approach is much in evidence in modem theoretical re:fcarch into ele-
mentary particle physics. In this area of research, speculative Ph;or;f races
way ahead of experiment because of the vast cost and SOphlSth??.thB of
the necessary experiments. They require huge energies to be attained for
particle bombardments, and batteries of sophisticated computers 1o recqrd
and interpret the results, Unaided by cxperimeuta% data, a theorist may pick
upon a gauge theory (of the sort we discussed in Chapter 4) defined by .
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some group of mathematica} operations, and work out some of its experi-
mental consequences. Occasionally it will be found that almost all the
pieces fall into place. Neat, unified explanations appear for facts that were
previously independent and ad hioe. But there BOw exists some horrible new
consequence that is at variance with experiment. Faced with this state of
affairs the theorists may well ignore that problem and pursue the positive
_aspects of the theory in the hope that the awkward discrepancy can be
sor.te'd out later by a generalization of the theory that he has written down
Th;s is often a good strategy, because the gauge theories under study do a0t
¢laim to be theories of everything in the microscopic world, They are
_mcomgletc flescriptions of Nature, and the theorist always Hkes to believe
that it is this contemporary incompleteness alone that is the source of its
bad p;edlictions. When the theory is made greater in scope its superficial
pa_tho!ogic‘:s may well disappear. And sometimes they do. Part of the art of
being an \nnovative theorist is to discern what are temporary difficulties
-bprn of the simple "Prototype medel one is creating and what are fatal
dxsez_ises egdemjc to any theory of the sort being proposed.
. Dirac cites an example drawn from Schrédinger’s experience to support
his argument that formal beauty should sometimes. override experimental
data in the evaluation of a theory’s merits: :

1 hea.rd from‘ Schrédinger of how, when he first got the idea for his
cquation, he immediately apphied it to the behaviour of the elfectron in
the hydrogen atom and then he got results that did not agree with the
expeniment. The disagreement arose because at that time it was not
i_{npwn that the electron has a spin. That, of course, was a great disap-
pointment to Schrédinger, and it caused him to abandon the work for
some months. Then he noticed that if he applied the theory in a more
approxumate way, not taking into account the refinements required by

retativity, to this rough approximation his work was in agreement with
observation.

It is this story that provoked Dirac to make his much-quoted declaration;

he continues:

I think there is a moral 1o this story, namely that it is more i:npoi'tant
to have“ bf:auly m one’s equations than to have them ft experiment,
If Schrédinger had been more confident in his work, ke could have

* published it some months earlier, and he could have published a more
accurate equation. ‘

Thgre is another reason for sometimes taking Dirac’s secondary view of
¢xperiment: experimentis are sometimes wrong! It is interesting to recall a
couple of cases where the existing experimental evidence was contrary to
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the predictions of theorists, but so strong was the belief in the elegance of

he theoretical models that the adverse experimental evidence was correctly

disregarded as unreliable, _

When told of experimental evidence contradicting his theory of relativity
Eipstein’s immediate reaction was that the experiments must be wrong—
and he was right. Later, when the estimates of the age of the Universe
obtained from the evolution of stars were found to be in disagreement with
those predicted by relativistic cosmology, Einstein again stood by the pre-
dictions of his theory on the grounds that it was based upon a firmer
theoretical foundation than the theory of stellar evolution required to
interpret the observational data—and he was right again.

As a last example of the victery of theory over experiment (they are only
notable because there are innumerable defeats) one ean cite the 1958 paper
of Richard Feynman and Murray Gell-Mann en the structure of the weak
interaction. The theory was developed using what the two authors
described as the ‘predifection’ of one of them for a particular type of
equation. However, the results of this theory were in disagreement with the
observed distribution of electron neutrinos in the decay of helium-6. But
the authors were pot dismayed, On the contrary, they wrote of the dis-
agreerent in their paper, that

These theoretical arguments seem to the authors to be strong enough to
suggest ihat the disagreement with the He-6 recoil experiments and with
some other less accurate experiments indicates that these experiments are
wrong.

Ard, indeed, they were correct in this surmise, as later experiments
revealed. '

There is a further interesting consegquence of erronecus experimental
results that has become apparent in recent years on the interface between
particle physics and cosmoelogy. The ‘Big Bang’ theory of the origin and
evohution of the Universe indicates that the Universe must have been a
hotter, denser, and more crowded place in the distant past. As we extra-
polate backwards in time we encounter universal conditions of ever-
increasing temperature in which particles collide with each other at higher
and higher energies. In short, the entire Universe resembled a gigantic
experiment in ultra high-energy particle physics during its early stages,
Cosmologists and particle physicists have thercfore joined forces in the
study of the early history of the Universe. The particle physicist sees a new
environment about which predictions can be made using the very latest
theoretical ideas and speculations. If these ideas lead to predictions that the
present-day Universe shomld possess certain bizarre properties that it evi-
dently does not—Ilike containing no galaxies for instance-~then we can

A




384 | Selection effects

discount t‘hese new ideas as false, Likewise, the cosmologist can examine the
Iate_st bram«chi-ld_rcn of the particle physicists to see if they result in the
Universe CORtAINING new species of elementary particle which 1might resolve
some of the gaps in our picture of the Universe’s make-up, This close
.t:olfg?gratmn between particle physicists and cosmologists began i earmest
in . '

Between about 1979 and 1983 & number of dramatic €xperimental resulty
were announced. It was claimed that the neutring Possessed a small magg
and that different typlcs of neutrino could transmute back and forth intc;

fong before) had been detected; it wag ciaimed that the effects of an electric
chzllrge asymmetry within the neutrop bad been detected, and there were
claims to have scen protons decay. Each of these experiments Zenerated én
enormous: amount of theoretica] interest in the areas of cosmology and
astrophys:cs they touched upon. Innumerable Popular articles ang books
were written about them for the general public, and the aumber of copfer-
ences br;ngmg together particle Physicists and astrophysicists to- discugs
them spxra@led to such an extent that jt became possible to spend one’s
entire life either at or i transit between such gatherings! Logking back on
this explosion of interest it must now be said that all of these Stimulating
cxpenimental results have now either been withdrawn, or such doubt hag
bfzen cast upon them that go theoreticians Jeag upon-them at all. This

disappointing situation is rathey unusual, and merits some explanation.

i };rxd?mgnfal experiments are Zenerally performed carefully and correctly, -
o

the ahowfe-mentioned experiments were peculiar cither i being
chance ObS?WaIIODS or detections of events right at the limit of ap experi-
ment’s Sesitivity to resolve rea] Dlcashrements from the noiss produced by
the measuring instruments themselves, What is most notable about this
collection of unfounded experimental ¢laims is that they led to far more

theoretical PTOgress in exploring new ideas in both particle physics and
cosmology than have correct experiments?

The Anthropic Pringiple

There is no such person as a philosopher; no one is
detached: the observer, like the observed, is in chains.

E. M, Forster

Selection effects | 395

do with you and me? The problem of fitting humaa life into the impersonal
tapestry of cosmic space and time hag ‘been pondered by mystics, philo-
sophers, theologians, and scientists of all ages. The views they have come up
with straddle the entire range of options. At one extreme is painted the
depressing materialist picture of human life as a local accident, totally
disconnected from and irrelevant to the inexorable march of the Universe
into a future ‘Big Crunch’ of devastating heat or the eternal oblivion of ‘the
‘heat deatl’, while at the other extreme is preached the anthropocent;'ic
teleological view that the Universe was tatlor-made for human life by some
form of providential design. The latter view wag strongly held in many
cultures, reaching its zenith amongst English scientists in the eighteenth
century. t remained the view of many biologists until, in the mid-
nineteenth century, Charles Darwin and Alfred Russe! Wallace recognized
the evolutionary adaptation of oIganisms to their environment by natural
selection. Since that time biologists have rejected any notion of evolufion as
being goal-directed. ‘There is no grand goal (Mankind?) to which the entire
evolutionary process is directed. If the environment were to change in some
unusyal way 50 as to render intelligence a liability then we would cease to be
well adapted to swrvive, and might weil face the same sort of demise as did
the dinosaurs. ' _

The lesson we have drawn from the problem of “selection effects’ is that
we must be aware of any in-built biases in OUr measuring instruments
toward preferentiafly gathering evidence of a particular sort, If we were to
observe the Usiverse only with the human eye then we would conclude that

all the radiation in the Universe fies in that range of wavelengths which we -

call the ‘visible waveband’, spanning the spectrum from red to violet, But
there exists radiation of other wavelengths that-the human eye cannot
detect. Light of longer wavelength has too little energy to record its recep-
tion on the rhodopsin molecules at the back of the retina, and light of
much shorter wavelength than the visible is 50 energetic that its reception
would destroy the eye. Our human physiclogy circumseribes the range of
asironomical observations we can make unaided, and hence what the
ancients could learn about astronomy,

Today, we compensate for the eye’s limited observational range by build-
ing artificial ‘eyes’ of far greater power and scope. These take the form of
traditional optical telescopes like those at Mt. Palomar, or radio telescopes
at Jodrell Bank and Arecibo. These are now complemented by infra-red
telescopes high in the mountaing of Hawaii, and X-ray, mira-red, and
ultraviolet detectors orbiting the Earth in satellites. But there is'a more
dramatic aspect of our hurman physiology that simply building better tele-
SCOpes cannot overcore, ’

Human beings are complex biochemical computers. This is not all they
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are but it is their irreducible minimum specificati

ut it is th : pecification, They are composed of
self-reproducing helical molecules of DNA (= deoxyribonucleic ac?d} coxz-
pos?d of atoms of carbon, nitrogen, phosphorus, and oxygen. How such

types of com.pl_ex molecules were produced at different times in a prim-
ordlal SOUp, it 15 quite plausible that those able to effect copies of tI})aem-
selves as a result of their interactions with other molecules would rapid]

come to domm.age the population at the expense of the non-replicators, Bu}t(
:;hat 1s the origin of the carbon, nitrogen, oxygen, and phosphorus that
iie:liioti; tslzirISJ.NA molecules of kife? OF this we are much more certain: it

The atomic elements heavier than hydrogen and helinm could not.have

been produced during the inferno of the Bi
ur g Bang. The Universe ex ands
and cools too rapidly for the heavier nuclei to be synthesized by m}:cIcar

of hydrogép into helium leaves tiny traces of deuterium, Jithium, and the
iSOtOpt:: helivm—3 in refative abundances of 1/1000%, 1/100,000,000%, and
1/1000% by mass Tespectively. These predicted abundances corres;aon&
eE';lctEu to th:a fractions measured jn the Universe today. This remark-
?h eiry, ding is one of the t.:orner-stoncs of the Blg Bang cosmological
. We have learned that the complex phenomenon we call “life’ is built upon

fl%so, silicon, if we foresee a futnre for the non-spontaneous evolution of
life evolved from current sificon technology), the simple nuclei made in
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space. These dramatic death throes, which we witness as supernovae, serve
to disperse the biological elements through space where they become
incorporated into planets, asteroids, and other forms of interstellar debris.
Ultirnately, they find their way into our bodies. We are the ashes of th
stars. :
The most important fact about this stellar alchemy upon which life
hinges is the length of time it all takes. At least ten billion vears of stellar
burning are required to produce essential elements Iike carbon. It is this
simple fact that renders our study of the Universe and its properties the
victim -of an all-embracing selection effect; our own existence. As an
example, let-us take the question of the size of the visible Universe.

-~ The present speed of the Universe’s expansion’ and-its deceleration rate
indicate that the expansion has been occurringfor-a. time: somewhere
between 13 and 18 billion years, This state-of expansion meansthat the size
of:the Universe is inextricably entwined with:its dgeé.The rédson that the
Visible Universe is more than 13 billion light-years in'size'today is that it is

-more than 13 billion years old. A-Univetse that contiin just one-galaxy

like our-own Milky Way, with its 100-billion stars;eachiperhaps surroutided
by planetary systems, might seem a reasonable ecénomy if one were i the
universal construction business, But suchia universeg with more than a:100
billion- fewer galaxies.than- our own;, could-haverexpanded:for little more
than a few months. Itcould have-producetl neithersstarsinor biologicai
elements. It could comtain'no astronomers: We'should'not: be. surprised to
discover that the Universe is so vast in scale, becanse we could ot exist-in
one that was significantly smaller. This realization, that some of .the key
structural features of the Universe may. be-necessary prerequisites-for the
existence of observers, must influence our. view of ‘many issues. Many a
philosopher has argued against the ultimate significance of human life on
the grounds that it occupies such an minuscule. fraction of the known uni-
verse. Some modern astronomers see the .vastness of the- Universe as
persuasive testimony to the overwhelming probability that the Galaxy is
teeming with other intelligent life-forms with whom we might communi-
cate, But the Universe needs to be as bigas it is to support just one solitary
outpost of life. It is a sobering thought that the global and possibly infinite
structure of the Universe is so linked to the conditions necessary for the
evolution of life on a planet like Earth.

This recognition, that there are types of universe which we could not
expect to observs, is often called the Weak Anthropic Principle. It is at root
an extension of our caution in requiring a fuli understanding of the n-built
biases present in our measiring apparati when doing experimental science.
It tells us that our astonishment at many properties of the Universe which
appear unusual a priori must be tempered by the recognition that many of
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them simply must be present if a universe is to be studied by intelligent
observers,

ourselves living there,
It seems t_hat this symbiotic relationship between the Universe and
observers of it hag other more mysterious features that are Impressive but

the .galaxie_s? We don’t know for ceriain how galaxies form, but we know a
bas;c‘physmal process that will lead to the development of structures Like
galaxies. If 2 collection of particles exert attractive forces upon ope another
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then, unless they are distributed in 2 perfectly uniform manner, they wiil
tend to become clumped and non-uniforraly distributed as time passes. In
the context of the Universe the particles are the atoms and grains of matter
emerging from the Big Bang, and the attractive force is gravity, The result is
a process of gravitatiopal aggregation whereby the denser regions of space
get denser at the expense of the sparser ones, By this inevitable process a
Universe that is not perfectly smooth—and none could ever be 50 in view of
the inevitable quantum ambiguity in the positions of elementary particles
within it—will, over a period of billions of years, pass from being almost
smooth and unstructured into a state in which matter is aggregated into
dense islands scattered throughout a sea of lower density gas and dust.
Only in these dense islands, which we identify with galaxies, can materjal

evolve. Oue of the goals of the inflationary universe theory is to provide an
explanation of these small irregularities. The theory has the potential to
predict the level of non-uniformity expected in the Universe. The simplest
i nary universe makes particular predictions about
what we should see in the Universe, if the irregularities that inflation seeded
were of a scale and level that is sufficient to create the galaxies and clusters
of galaxies that we see in the Universe today, These trregularities will slowly
amplify as the Universe ages and leave tell-tale patterns in the background
tadiation left over from the early Stages of the Universe. Satellites have been
able to'detect these fluctuations in the temperature of the radiation as we
receive it from separate directions, The differentes are just two parts in one
hundred thousand when we look in directions on the sky separated by more
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than ten degrees, Moreover, these differences do not change from this value
45 we comparé temperatures over larger and larger separations, up to 180
degrees. This agrees with the predictions of the stmplest inflationary theory.
However, if we could examine the differences between the temperature in
directions that are separated by angles 10 to 100 times smaller then we pre-
dict that very distinctive peaks in the temperature variations should be seen,
Already experiments based at remote sites on the Earth’s surface have
found tentative evidence for variations like this. But the Earth’s atmosphere
spoils the signal, and earth-based observatories can only see a small portion
of the sky. New satellites, MAP from NASA and Planck Surveyor from the
European Space Agency, scheduled for launch in 2000 and 2007, will map
these smaller-scale variations in exquisite detail. If all goes io plan we will
know whether or not our visible universe underwent inflation far in the past
and whether that process gave rise to the irregularities that subsequently
matured into the spectacle of stars and palaxies we see today.

Even if inflation can provide an answer to the problem of the inhomo-
geneity level of the Universe, it still requires .an application of the
Anthropic Principle. We recall that the idea of inflation is that each micro-
scopic region of the Universe can, in its earliest stages, undergo an acceler-
ated phase of expansion. Thus, the entire visible universe today may reflect
the conditiors that existed within a single prehistoric quantum fluctuation.
However, the early universe possesses inany (an infinite number if the uni-
verse is infinite) microscopic regions at the time when inflation can oceur.
Each will inflate by an amount determined by the local conditions within it.
The result will be a universe resembling a foam of bubbles of all sizes. Some
regions will inflate a lot, some only a little, There is no way 'in which the
usual scientific method of prediction or falsification applies here. If we live
in one of these bubbles it is a historical question, and history is the science
of things that are not repeated. If inflation happened then we must find
ourselves inhabiting one of the inflated bubbles which underwent at least
ten or fifteen billion light-years of inflation. Beyond the horizon of our
visible Universe there will exist other inflated bubbles with unpredictable
sizes.

As if this complexification of cosmic geography is not enough, Alex
Vilenkin and Andrei Linde have shown that an analogous complexification
is inevitable for cosmic history. In general, if a bubble inflates then it will
create within itself and its progeny the conditions for further inflation of
those bubbles to take place. This process appears to be self-perpetuating
and never ending. We do not know whether it needs to have a beginning or
_ not, This ‘eternal’ inflationary universe gives us a new perspective on onr
place in the cosmic scheme of things. We may be the inflated image of a
single patch of an infinite universe that happened to get big enough for
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nd carbon-based life to evolve on solid planets. Such events
:;Z;S ctlgcirfr?rloin time to time in the inﬁni?t’: histog of Ehc Umverse&?vllll :vrz
can hope to do is to evaluate the probability of it having happens where
we live. As cosmologists have explored these spe_ctacular COSImHE ;ce nos
in further detail, exploring the theories that predict th'e:.n' fpr allt e(:ilirﬁ 0 .
consequences, they have found more remarkaple Qoss;blhnes. T’h? a %?;-
regions that can inflate by different amounts 1n dlffereut parts t? e o
verse can differ in more profound ways‘than by size or fevel o ;egu'lam v.
The constants of physics can fall out differently in different regions; evc::z
the number of dimensions of space that grow large can vary from region o
region, and the number of separate forces of Nature can ch'ange mﬁtﬁm}z c
from one tegion to another. Only in some of thesg regions, ) age
coincide so that life can arise. Only some of these inflated dom;ms ar
inhabitable by conscious observers. Incvxtablyl, we find ourselves observing
one of those domains where the dice fell out right.

Coincidences
Although we talk so much about coincidencg we do not
really betieve in it. In our heart of hearts we t.hmk better of
the universe, we are secretly convinced that it is not such a

i ir, that everything in it has meaning.
slipshod, haphazard affair, Tyt e

The Weak Anthropic Principle should r‘iot‘be viev\{ed asa i_'alsﬂiable theor’)sr
or theorem. It is 2 methodelogical principle which one }gnore; .at a;alnc X
peril. There have been examples of how a lack of_ Tecognition o 11t o?ée
the cosmologist to speculate unnecessarily, and, in fact, to .dc.ve o;; t?;lse
unnecessary new theories of gravity. Let us rf.f(_:gil the most'stnkm% o ‘ og
because it was the stimulus for the ﬁgst e]75911£1t.c01591:{:1"?]10g1cai statemen
ak Anthropic Principle by Robert Dicke 1 1307, )

th?r?ﬁle 19303 (v?hi%e he was on his honeymoon, in fact) Paul ngac rﬁ:‘;:;
attention to & peculiar coincidence of Nature: th;.t the number o pa joles
in the observable universe is ronghly eq}xal to 10", whereas the ratio o e
strengths of electromagnetic to gravitational _forces between two pro;onfs t
close to 107, That these numbers are so huge is strange enough‘, but the aﬁ:
that one is the square of the other suggests that they ar¢ not totally

unrelated, perhaps by an equation like:
ol 7
(Ratio of strengths of electric and gravitational forces)
= (.1)

Number of atoms in the observable Universe
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However, the suggestion that the square of the first ratio is actually equal to

the latter (as 10™ = 10% x 10 creates a dilemma: the ratio of the intrinsic |
strengths of electric to gravitational forces is fixed by constants of Narure -

(the charge of the electron, the mass of .the proton, and the Newtonian
gravitational constant), and is believed to be the same everywhere and
everywhen, By contrast, the pumber of particles in the ebservable Universe
is continually increasing. At every moment, light rays that began their jour-
ney 10 us from huge distances away are reaching our telescopes for the first
time, Gbjects that are further away from us than the speed of light muiti-
plied by the time for which the Universe has been expanding have not yet
been seen, We are surrounded by a spherical horizon about 15 billion light-
years away which separates the observable part of the Universe (in its
interior) {rom the, as yet unobserved, pirt beyond the horizon. But as time

passes we can see farther and farther, and the number of atoms or particles
1n the visible part of the Universe will steadily increase—in direct propor-

tion to the age of the Universe. The only way in which Dirac's equality (7.1)
can hold is if either the strength of the electromagnetic force or of the
gravitational force were to change with time.

Either 'suggestion is extremely radical, Dirac suggested that it was the

intrinsic streagth of gravity that weakened in Inverse proportion to the age
of the Universe, This idea subsequently generated a vast amount of theo-

retical and experimental physics as mathematicians showed how Einstein’s’

theory of gravitation could be changed to include this Teature, and varicus
expertments were constructed to check whether the strength of gravity was
changing as the Universe aged. To this day there is no evidence that gravity
1s weakening with time. As a result of the Viking space missions to Mars,
we know that if gravity is Weakening with time then it can have changed by
no more than one per cent in the entire 15 billion year history of the
Universe. This is a hundred times smaller than the change predicted by
Dirac, :

The interesting point about this story is that, in 1964, Robert Dicke, an
American physicist working at Princeton, pointed out that Dirac’s coinci-
dence between the square of the relative strength of gravity and electro-.
magretism and the number of particles in the visible universe today was, in
fact, one upoxn which odr own existence depends, It tells us that we five close
to the time when stars have started to bumn their hydrogen into helinim,
Observers can only arise when the Universe has aged sufficiently for Dirac’s
coincidence to hold. Universes which do not display Dirac's coincidence
are unlikely to contain observers, It is an anthropic selection effect, and
no varying gravitational force strengths need be invoked to explain our
observation of it.. :
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The speculative Anthropic Principle

There are two times in a man’s life when he should not
speculate: when he can’t afford it, and when he can.
Mark Twain

The style of argument we have just been discussing is rather striking, and it
‘provoked a number of cosmologists to indulge in more speculati}'e exten-
sions of it. Just suppose, they suggested, that there is an infinity of all
possible universes having all possible sizes, ages, temperatures, shapes, é_lnd
contents. Even imagine that the strengths of gravity and electromagnetism
take on different combinations of values in each one of them. Then how
large is the collection of possible universes within which observers could
arise? In some sense it seems to be very small. If the fundamental forces of
Nature are imagined to"possess slightly different strengths than they do,
then chemistry becomes impossible; there are no stars, no carbon com-
pounds, and apparently no observers. Thus, it appears that of all the uni.
VEISES We can conceive, very few are able to support life. Most are stillborn,
unable to produce the basic building-blocks of life or provide an environ-
ment in which evolution by natural selection can produce non-trivial
results,

It is hard to know what to make of this type of argument at present, %t
may be true that the Universe could have been different. It may not. I.fxﬁ is
true that universes with all possible structures can exist, and the collection
of possible universes in which life can arise is very small, then there need‘bc
no further explanation for many of the Universe’s observed properties.
Indeed, if the Universe is infinitely large in'spatial extent (a view that cur-
reut observations favour) and its initial conditions are random, then some-
where within that randomly infinite set of starting conditions there must
exist an infinite collection of sub-regions that will expand into the unifonp. _
and isotropic expanding visible region we call the presently observable uni-
verse. In this situation there is no deeper explanation for its observed larg_e-
scale properties. This is a rather unsavoury state of affairs for the. scientist
whose goal is to explain the complexity of the Universe we wiiness by

- recourse to a small number of all-embracing laws of Nature, There may
exist such a ‘simple’ explanation, ‘but then again there may not. Wg may
well be living in a habitable portion of an infinite and randoin universe
whose initial state obeyed no laws of Nature at all. C
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Life and observership

1 am always surprised when a young man tells me he wants
to work at cosmology; I think of cosmology as something
that happens to one, not something one can choose,

W H. McCrea

When we list the medley of conditions that must be satisfied in order that-

any type of chemical life evolve in the Universe, we find that a large number
of very finely balanced ‘coincidences’ nust exist in order that the TTniverse
give rise to observers. If we were to imagine a whole collection of hypo-
thetical “other universes’ in which all the quantities that define the structure
of our Universe take on all possible permutations of values, then we find
that almost all of these other possible universes we have created on paper
are stillborn, unable to give rise to that type of chemical complexity that we
call “life’. This discovery led Brandon Carter to suggest that there might
exist some more speculative metaphysical aspect to the Universe which he
termed the Strong Anthropic Principle, to distinguish it from the uncontro-
versial Weak Anthropic Principle discussed above. The Strong Anthropic
Principle suggests that, because there appear to exist such a large number
of remarkable and apparently disconnected ‘cotncidences’ which conspire
to allow life to be possible in the Universe, the Universe must give rise to
observers at some stage in its history.

Now this sounds rather strange. Cosmologists are talking about ‘other

universes’. Where ate they? How can one say that our Universe is better

suited to the evolution of life than another? We also speak of 4ife’ and
‘observers’ as though they have some role to play in physics. How can this
be? In the seéarch for answers modern physics points ns in some surprising
directions.

With regard to the way the Universe began we have two options which
are considered seriously by theoretical cosmologists, Over the 1ast twenty
years favour has continually ebbed and fowed between the two. First, it
could be that there is only one type of Universe that is logically possibie. All
the presently unexplained vatues of the fundamental constants of Nature
would, in such a unique scheme, be'found to possess no possible arbitrari-

ness. There will be found to exist a single ‘Theory of Bverything’, and this
- branch of scientific inquiry will then be complete. The current great excite-

ment armongst theoretical physicists for ‘superstrings’ has arisen because

. this idea provides the first good candidate for a ‘Theory of Everything’. The

other possibility is that there are elements of rand omness in the make-up of
botk the structure of the Universe and the fundamental constants of

Nature. This randomness can cmerge in various ways. The Universe as a | ]
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whole may vary greatly in composition from place to place. If the constants
of Nature arise from the breaking of some symmetry then this could have
happened in different ways in different places, and may even be different
elsewhere in the Universe today. The phenomenon of inflation could ensure
that the laws and constants of Nature are similar only within the co-
ordinated primordial region that inflated to form our visible Universe,

" The conclusion of the second scenario is that the Universe could have
been different. It is in some sense a particular asymmetric manifestation of
deeper, but now partially hidden, symmetry. The symmetries of the laws of
Nature are hidden by the need for particular outworkings of them to occur.

If the Universe is uniquely prescribed by some hi gher internat logic then
we must judge ourselves extremely fortunate that this unique self-consistcpt
arrangement happened to allow the evolution of observers to witness it,
and we are unable to conclude anything further about the connection
between life and the Universe without appealing to metaphysical or reli-
gious beliefs. If the Universe possesses some random aspect in its make-up
then the verdict is rather different. We must accept that, contrary to the
prejudice of many scientists, there are aspects of the large-scale structure of
the Universe which do not have any explanation in the conventional sense.
They arise as random events int the first moments of the Universe's histor.y.
They could have been otherwise (and tmay even be otherwise elsewhere in
the Universe). We could not exist in the majority of possible umniverses,
where the outcomes of such accidents lead o universes that cannot support
Life. : .

This still does not really introdnce observers in any way that makes them
necessary for the existence of the Universe, rather than just for the observ-
ing of it. We could imagine a Universe empty of life. It seems 2 lonely
place-—meaningless perhaps—but it doesn’t seem logically impossible or
physically inconsistent in any way, Or does it? .

The greatest achievement of physical science in modern times has been
the development and use of quantum theory. It is this branch of physics
which underpins our everyday existence. Our understanding of its work‘ings
is 50 good that we are able to use it to develop lasers, transistors, micro-
chips, and computers; the whole of our technological society is built upon it
in a thousand different ways. But this totally pragmatic science which
allows us to understand the micrescopic structure of matter in fantastic
detail, and which governs the behaviour of every atom of Nature and every
DNA helix within our bodies, contains a deep mystery of physics at its
heart. In Chapter 3 we saw how the standard form in which it was
developed by Niels Bolir during the pre-war era maintaing that no phenoxq—
enon exists until it is observed. And when it is observed, the state in which it
is seen is determined uspredictably by the act of observership. All that
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definitely can be predicted about it is the probability that a particular
measurement will be recorded when the state is observed., :

According to Bohr, the only real properties of natural phencmena are
observed phenomena. We can no longer maintain the old Cartesian view
that we can observe Nature like a bird-watcher with a perfect hide. There is
an unbreakable connection between the observer and the observed, The
eminent American physicist and long-time co-worker of Bohr's, John A.
Wheeler, has proposed that taken at face value this interpretation of quan-
tum mechanics requires ‘chservers' in order to bring the quantum world
into being. Thus, according to Bohr's extreme interpretation of quantum
theory, the quantum reality of the distant stars and galaxies cannot be
granted until they are ‘observed’. In Wheeler’s words ‘observers may be
necessary to bring the Universe into being'.

We still do not fully understand what properties are necessary to consti-
tute an ‘observer’ in quantum physics. Sorne argue that any device for
storng information will suffice, but others, most notably the Nobel laureate
Eugene Wigner, have argued that the self-refléctive property of himan con-
sctousness is necessary.

Bohr’s interpretation of quantum theory is strange, but it is the one that
working physicists adopt pragmatically without worrying about how it
works. Such subtleties do not impinge upon its practical use in the labora-
tory. However, in recent years cosmologists have begun to cousider the
implications of applying quantum theory to the Universe as a whole—
quantum cosmology. Such a programme immediately faces an irpasse that
can only be overcome by coming to grips with the meaning of quantum
observership. If we only ascribe reality to what is observed, whe observes
the Universe? If we can only make statements about the probability of the
Universe being observed in a particular state what does this mean when
there is only one Universe? The ‘Many Worlds® interpretation of quantum
reaiity maintains that every time an observation is made there is g splitting
of the observer or the world into two states—one for each possible outcome
of the observation. Thus, the Universe evolves by successively splitting into
an ever-increasing collection of different worlds in which everything that
can logically occur eventually will. The randomness of quantum measure-
ment, which Bohr regarded as intrinsic to the inseparability of the observer
and the observed, is an illusion created by the fact that we experience just
one path through the network of world-splittings, This interpretation of
quantum reality is adopted by quantum cosmologists because it does not
require the Universe to be observed. It ascribes an equal reality to universes
other than the one we experience and observe. It ascribes 1o special signifi-
cance 1o life at the quantum level, but there must exist branches where life
evolves, because all possible outworkings of the laws of Nature are
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explored in the different branches of the Everett worlds. This array qf
universes is equivalent to the picture in which there are random elen:}emfs in
the make-up of our single Universe, aithough here the probabitity distribu-
tion is realized rather than potential.

As yet we do not know whether Bohr or Everett was right about the
1zeaning of quantum tmechanics. Whatever the answer to the riddle of
quantum reality, the correct assessment of the role and meaning of obser-
vers in the Universe must await the outcome of ‘the confrontation of the
Cosmos with the quantum. The marriage of these unlikely partners will
bring cosmologists face to face with the question of the origin of the Uni--
verse: a comundrum in which we are found to play a mysterious and
unexpected part.

Is the Anthropic.PrincipEe an argument for the existence of God?

Give us the power, O Lord, for if thou doest not give us the
power we shall not give thee the gloty, and who will be the

gainer by that, O Lozd?
Old prayer

History reveals that most past cultures, be they Eastern or Western, har-
bouted a deep intuitive belief that Nature was providentially designed for
them by a benevolent God or gods. The beauty of Nature, the availability
of natural resources, the recurrence of night and day, summer and winter,
seed-time and harvest, seemed to bear eloguent witzess to such a state of
affairs, The Old Testament view that fashions so uch of our own cultural
and scientific heritage is no exception. It structured and reflected the early
Jewish view of Nature. It wonld, of course, never have occurred to a pious
Jew that Nature should be used to prove the existence of God. There was
no doubt of His existence. Nature was something to be celebrated and to be
part of. It was also something secular, There were no nature gods. Although
the underlying assumption and belief was grounded in telcology it was not
always naively anthropocentric, as the book of Job bears ¢loguent witnf:ss.
Later, the Greek ideas of Aristotle attained a pre-eminence in philosophical
thinking in Burope. Aristotle laid great stress upon the purpose of things as
revealing their true meaning and significance. He was interested in ‘why’
things happencd as well as ‘how’. The Aristotelian view became merged
with the Judaeo-Christian tradition, and was used to frame many argu-
ments for the existence of God from the existence of apparent ‘design’ in
Nature. Later, the revolutionary change of method and eraphasis in science
brought about by figures like Copernicus, Galileo, and Newtoa tailored the
objectives of science to answering the ‘how’ questions and not the ‘why’.
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- existence of a God who has created the Universe with mortal man in mind, |

- For their guidance hath He made’ sprang from the contemplation of the .
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One might have thought that this would lead to a demise of arguments for
the existence of God being formed from the apparent life-supporting pur-
pose of the world. Nothing could be farther from the truth. The dramatic
unfolding of the laws of Nature, culminating in Newton’s great works, led
only to a change of emphasis. The evidence for the existence of a Deity was
taken {o be the meticulous mathematical precision and regularity of the
laws of Nature themselves rather than:individual events. Alongside this
remained a more naive argument which cited the match between human
and animal physiology, and their needs for survival in the environments in

which they were found, as evidence for the providential design of Nature. It -
was the latter view that Darwin’s theory of natural selection completely

undermined. However, as was widely appreciated at the time, the Darwin-
ian revolution had nothing to say about the other type of Newtonian
Design Argument based upon the mathematical harmony of the
unchanging laws of Nature.

. For some there still exists an irresistible temptation to draw a strong
metaphysical conclusion from the fact that we have found a whole collec-

tion of coincidences in the make-up of the physical Universe, which con- -

trive in concert to make our existence possible. Is this not evidence for the

they ask? This'type of ‘natural theology’, as it became known, originated as
a systematic study in medieval times, but reached its peak amongst English
scientists.in the seventeenth century. Flushed with the success of the New-
tonian revolution, they sought to understadd the order they had found in
terms of their religious beliefs. The meticulous clockwork precision and
regularity of the underlying laws of Nature was cited as primary evidence
for the existence of a Grand Designer behind the Universe, who was identi-

fied with the God of the theologians. Such ideas were absorbed within the .

mainstream of Protestant theology of the day and eloquently expressed by
the hymn-writer, whose famous lines, ‘Laws which never shall be broken/

newly revealed laws of Nature. And indeed, Newton was pleased with this
use of his ideas. In the introduction of the Principia he remarked that in its
writing he had an ‘eye upon arguments’ for belief in a Deity. And most
intriguingly, he wrote to Richard Bentley that “There is yet another argu-
ment for a Deity weh I take to be a very strong one, but till ye principles on
wch tis grounded be better received I think it more advisable to let it sleep.’
Newton never revealed this new argument.. It is possible, in view of the

context of the remark, that Newton had deduced an age of a hundred -

million years or so for the past lifetime of the solar system, based upon his
law of gravitation. :
Today, this type of theological deduction is still attractive to many
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individuals, and the merest suspicion of it seems to spur its opponents to
man the trenches just as the theological exploitation of Newton’s work led

. to the critical reaction of David Hume and Immanuel Kant against any

argument for God from the so-called design of Nature. Heinz Pagels
believes that some scientists regard the Anthropic Principle as a form of
substitute religion; he claims,

Of course, some scientists, believing science and religion mutually
exclisive . .. {when] ... faced with questions that do not fit into the
framework of science . . . are loath to resort to religions explanation; yet
their curdosity will not let them leave matters unaddressed.

Maybe this is not so unusuzl a charge as it first sounds. Others have
remarked upon the curious resemblance between traditional religious ideas
about ‘salvation’ and the motivations of some eminent searchers for extra-
terrestrial intelligence, who believe that contact with advanced civilizations
will reveal to us the secret of successful world govermment, and “save us
from ourselves’, ’

Motivated by these controversies, John Updike has recently felt the need
to write an entire novel in which the English natural theological tradition is
pitted against the Barthian stance of the utter transcendance and inaccess-
ibility of God to mundane scientific argiunents. The cyclopean enthusiasm
of a young computer student out to develop a computer code that will lead
from Nature up to Nature’s God, aided by the anthropic coincidences
amongst the fundamental constants of Nature, is foiled by the arid scepti-
cism of a liberal theologian convinced of Barth’s words, that there is ‘no
way from us to God’, and alarmed at the prospect because, “The god who
stood at the end of some human way . . . would not be God’. 1t is interest-
ing that Updike has used many (although often garbled) cosmological
coincidences to decorate the dialogue of the novel, and acknowledges a
selection of popular scientific articles as their source.

There are two simple things one can say about well-meaning logical and
scientific quests for the existence of God (or gods). The logical arguments
are all of a piece, They begin with some assumptions (‘axioms’ as the
logicians like to call them), and then proceed to deduce the existence of
God by a series of imexorable logical steps. But in the last analysis we are
left not with a conclusion, but a choice. Only if we believe the assumptions
at the outset must we believe the conclusions. There cannot be an ineluct-
able logical proof of God’s existence or non-existence. There will always be
a choice about the credibility of assumptions. Furthermore, one suspects
that evén the great propounders of logical arguments for the existence
of God, like Thomas Aquinas, had a personal faith that would not have
been perturbed one iota by the undermining of their logical or scientific

A
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demonstrations, because it was grounded elsewhere, By the same token,
they could not honestly have expected their arguments to sway anyone clse
to accept their conclusion.
it is for reasons of this sort that the Strong Axthropic coincidences can-
not be the basis of a cogent argument for God's existence from apparent
- anthrispocentric design in the Universe, although they are quite consistent
with such a conclusion. The wide range of remarkable coincidences
between values of constants of Nature which have allowed complex living
things to evolve are only conditions necessary for the existence of life, They
are not sufficient to guarantee it. Modern biologists reject the notion that
the evolution of life in the Universe is in any sense nevitable, Such a teleo-

logical view-—that there is some future goal to which Nature is directed or

magnetically attracted—finds no support in known facts, although it
recaptured popular attention in the 1950s and 1960s following its semi-
postic espousal by the Catholic scientist and mystic Teithard de Chardin.

The Anthropic Principie mercely identifies coincidences which are neces-
sary for the evolution of complex chemistry of the sort that biochemists
believe to be essential for the Spentaneous evolution of life by natural
selection. The fact that it fnds these ‘toincidences’ to be numerous and
surprising does not allow the conclusion to be drawn that they also guaran-
tee the presence of conscious observers in the Universe.

The time of yaur life

I have not found out wiy we humans think of time as a line

going from backwards, forwards, whilst it may be in a]l dir-

cctions like everything else in the system of the world.
Ferruccio Busoni

We are all aware of the subjectivity of time. Although we sense the acrival
of the future, we have no sure sense of the rate of passage of time. Yet,
despite this we hold to the belief (because we have read it) that there is &
definite time behind the subjectivity of our experience, and that time dis-
tinguishes the future from the past in an absolute way, These thoughts take
us back to issues that we have raised in earfier chapters. In Chapter 3 we
encountered the dilemma of the Second Law of thesmodynamics, which
picks out an ‘arrow’ of time by the direction of entropy increase, In Chap-
ter 4 we encountered the discovery of the expanding universe, which pro-
vides us with another arrow of time in the sense of expansion. The paradox
of quantum measurement which arose in Chapter 3, wherein the time-
reversible evolution of the quantum wave function is supplanted by the
irreversible effect of quantum measurement, gives rise to another breed of
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arreversibility. In prineiple, all these ‘arrows’ which distinguish the future
from the past might be distinct from the subjective consciousness we have
of the direction of future time. Some have speculated that they might all be
linked in some deep way. In his suggestion that there exists a fundamental
‘entropy’ which gauges the evolution of the complexity of the gravitational
field of the Universe, Roger Penrose hypothesizes that such a quantity plays
some role in uniting the irreversible antics of thermodynamics and quan-
twmn measurement with the overall evolution of the Universe,

Connections between the local thermodynamic arrows of time and the
expansion of the Universe have been suggested before. It was once a popu-
lar speculation to link the two with the result that, if the Universe were one
day to reverse its expansion into contraction, then the local arrows of time
would also reverse, and we would see entropy decrease in. the future. Our
desks would grow spontaneously tidy; perpetual-motion machines would
abound. Such a conclusion does not really stand up to close analysis
though. The reversal of the expansion dynamics of the Universe is a global
phetomenon, whereas the arrow of time in some microscopic physical pro-
cess giving rise to frictional resistance here and now is a local one. How can
the local process ‘know’ that the Universe elsewhere has expanded to its
maximum extent. If we attribute the local arrow of thermodynamics to the

' local expansion dynamics then we have a chaotic situation, In a realistic

universe some places will reach their expansion maxima before others, The
universe will be composed of regions, some expanding, some contracting,
with different thermodynamic arrows of time.

The idea that there might be different arrows of thermodynamic time is
an old one which pre-dJates the idea that time's arrow might be connected
with the expansion of the Universe. In Chapter 3 we discussed how the

" thermodynamic arrow of entropy increase is a reflection of the relative

probabilities of various states. Ordered states are far more improbable than
disordered omes, and so it is far more likely that a system will evolve from a
state of order into one of chaos. Boltzmann saw that this view precipitated
a subjective view of the Second Law of thermodynamics and the direction
of time which it defines. If the Univeise varies from place to place in its
initial state of disorder, then there will be some places which begin in an
improbable state, and from which entropy and disorder tend to increase,
but there will exist other regions which begin in probable disordered states
from which the evolution can proceed to states of lower entropy and dis-
order. In this way the local thermodynamic arrows of time in the Universe
would be different. Boltzmann explains:

‘We have the choice of two kinds of picture. Either we assume that the
whole universe is at present in a very improbable state. Or else we assume

2% :
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that the aeons during which this improbable state lasts, and the distance
from here to Sirius, are minuze if compared with the age and size of the
whole universe. In such a universe, which is in thermal equilibrium as a
whole and therefore dead, relatively small regions of the size of our
galaxy will be found here and there; regions (whick we may call *worlds")
which deviate significantly from thermal equilibrivm for relatively short
stretches of these ‘asons’ of time, Among these worlds the probability of
their state will increase as often as they decrease. In the universe as a
whole the two directions of time are indistinguishable, just as in space
there is no up or down. However, just as at a certain place on the zarth’s
surface we can call ‘down’ the direction towards the centre of the earth,
50 a living organism that finds itself in 'such a world at a certain period of

-time can define the ‘direction” of time as going from the less probable
state to the more probable one (the former will be the *past’ and the latter
the ‘future’), and . . . he will find that his own small region, isolated from
the rest of the universe is ‘initially’ always in an improbable state, It scems
to me that this way of looking at things is the only one which allows us 1o
understand the validity of the second law, and the heat death of each
individeal world, without invoking a unidirectional change of the entire
universe from a definite initial state to the final state.

Events in the parts of Boltzmann’s world where entropy decreases would be
very strange. Poincaré argued that familiar concepts like ‘prediction’ would
be hopeless. Friction would cease to be a retarding force. Objects would be
spontaneonsly accelerated. In the future of our subjective time the oceans
would not tend to equilibrate their temperatures. Inequalities would grow
in an unstable fashion. This is not the type of world where life can either
evolve or survive, Thus Boltzmann’s world need not conflict with the world
we see, The Weak Anthropic Principle persuades us that we could only exist
in one of the entropy-increasing islands,

As a final speculation upon this world of many times we might consider
what would happen at the interfaces betiveen regions where the thermo-
dypamic arrows of time differ. Norbert Wiener cites the following
conundrum;:

It is a very interesting intellectual experiment to make the fantasy of an
intelligent being whose time should run the other way to our own. To
such a being all communication with us would be impossible, Any signal
iie might send would reach us with a logical stream of consequents from
his point of view, antecedent from ours, These antecedents would already
be in our experience, and would have served to us as the natural ex-
planation of his signal, without presupposing an intelligent being to
have sent it.
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Reichenbach proposed one idea for communication'. which might be
explored in order to ascertain that the other beings did have a counter-
oriented thermodynatnic arrow:-

That such a system is developing in the opposite time direction might be
discovered by us from some radiation travelling from the system to us and
perhaps exhibiting a shift in spectral lines upon arrival . . . the radiation
travelling from the system to us would . . . not leave that system but arrive
at it. Perhaps the signal could be interpreted by inhabitants of that Sys~
tern as a message from our system telling them that our system develops
in the reverse time direction. We have here a connecting light Tay which,
for each system, is an arriving light ray annihilated in some sbsorption
process.

It is not difficult 10 conceive of better tests than this which exploit the
properties expected in sources of radio waves and noise in transmission
signals, but we shall resist the urge to speculate further. It is left, in the
immortal words of the textbook-writer, as an exercise for reader.

Cosmology, stars, and fife

As the mystic said 1o the hot-dog vendor, “Make me one with
evetything’
Laurence Kushner

Prior to the discovery of the expansior: of the Universe there was little
that cosmology could contribute to the question of extraterrestrial life aside
from probabilities and prejudices. After our discovery of the expansion and
evolution ‘of the Universe the situation changed significantly, The entire
cosmic environment was recognized as undergoing steady change. The his-
tory of the Universe took on the complexion of an unfolding drama in
many acts, with the formations of first atoms and molecules, then galaxies
and stars, and most recently, planets and life. The most important and
simplest feature of the overall change in the Universe that the expansion
produces is the rate at which it oceurs. This is linked to the age of the
expanding universe and that of its constituents, |

In the 1930s, the distinguished biolopist I B, S. Haldane took an interest
in Milne’s proposal that there might exist two different timescales govern-
ing the rates of change of physical processes in the Universe; one, 1, for
‘atomic changes’ and another, 7 for ‘gravitational changes’ with 7 = log (1/1,)
and f, constant. Haldane explored how changing from one timescale to the
other could alter your picture of when conditions in the Universe would
become suitable for the evolution of biochemical [ife. In particular, he
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argued that it would be possible for radioactive decays to occur with a
decay rate that was constant on the timescale but which grew in propor-
tion to ¢ when evahuated on the < scale. The biochemical processes asso-

tau scale before which life wag impossible but after which it would become
increasingly likely. Milne’s theory subsequently fell into abeyance, although
the interest in gravitation theories with a varying Newtonian ‘constant’ of
gravitation led to detailed scrutiny of the paleontological and biological
comsequences of such hypothetical changes for the past history of the
Earth. Ultimately, this led to the formulation of the collection of ideas now
known as the Anthropic Principles. -

Another interface between the problem of the origin of life and cosmol-
0gy has been the perennial problem of dealing with finite probabilities in
situations where an infinite number of potential trials scem to Be available,
For example, in a universe that is infinite in spatial veolume {as would be
expected for the case for.an expanding, open universe with non-compact
topology), any event that has a finite probability of occurring should occur
not just once but infinitely often with probability one if the spatial structure
of the Universe is exhaustively random. In particular, in an infinite universe
we conclude that there should exist an infinite number of sites where life has
progressed to our stage of development. In the case of the steady-state
universe, it is possible to apply this type of argument to the history of the
universe as well as its geography because the universe is assumed to be
infinitely-old. Every past-directed world line showld encounter a living civil-
ization, Accordingly, it has been argued that the steady state universe makes
the awkward prediction that the naiverse should now be teeming with life
along every line of sight,

The key ingredient that modern cosmology introduces into consider-

‘ ations of biclogy is that of time, The observable universe is expanding, and

not in a steady state, The density and temperature age steadily failing as the
expansion prockeds. This means that the average ambient conditions in the
universe are lisiked to its age. Rouvghly, in all expanding universes, dimen-
sional analysis tells us that the density of matter, p, is related to the age ¢
and Ne[‘;vton’s gravitation constant, G, by means of a relation of the form
p= LG,

The expanding universe creates an interval of cosmic history during
which biochemical observers, like ourselves, can expect to be examining the
Universe. Chemical complexity requires basic atomic building blocks whick
are heavier than the elements of hydrogen and helium which emerge from
the hot early stages of the universe. Heavier clements, kike carbon, nitrogen,
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and oxygen, are made in the stass, as a result of nuclear reactions that take
billions of years to complete, Then, they are dispersed through space by
supernovae after which they find their way into grains, planets, and uiti-
mately, into people. This process takes billions of years to complete and
allows the expansion to produce a universe that is billions of light years in
size. Thus we see why it is inevitable that the universe is seen to be'so large,
A universe that is billious of years old and hence billions of light years in
size is a necessary prerequisite for observers based upon chemical complex-
ity. Biochemists believe that chemical life of this sort, and the form based
upon carbon in particular, is likely to be the only sort able to evolve spon-

. taneously. Other forms of living complexity (for example.that being sought

by means of silicon physics) almost certainly can exist but it is by being
developed with carbon-based life-forms as-a catalyst rather than by spon-
taneous evolution, . -

- -The inevitability of universes that are big.and old as habitats for Jife also
leads us to conclude. that they must. be rather-cold on average because

- significant expansion to large size reduces the average.temperature inversely

in proportion to the size of the:universe. They. must also-be. sparse, with a
low average density of matter and large distances between different stars
and galaxies. This low temperature and density.also ensures that-the-sky is
dazk at night (the so called ‘Olbers’ Paradox*firstnoted by Hailey) because
there is-too little energy available in Space-to provide.significant apparent
luminosity from all the stars. We conclude that miany-aspects of our Uni-
vetse which, superficially, appear hostile-to.the:evolution of life are neces-
sary prerequisites for the existence of any form;eﬁébiological.-i:omplexity,in
the Universe. ' R .

Life needs to evolve on a timescale .that-is intermediate between the
typical time scale that it takes for stars to reach a state of stable hydrogen
burning, the so called inain-sequence lifetime, 7{star}, the timescale on
which stars exhaust their ouclear fuel and gravitationally collapse. This
timescale'is determined by a combination:of fundamental coustants of
Nature, :

Evidently, in our solar system, Jife first evolved quite soon after the for-
mation of & hospitable. terrestrial environment. Suppose the typical time
that it-takes for life to evolve is denoted by some timescale t{bio}, then
from the evidence presented by the solar system, which is about 4.6 bitlion
years old, it seems that 7 {bio}=~ t{star}. A first sight we might assume that
the microscopic biochemical processes and local environmental conditions
that combine to determine-the magnitude of ¢{bio} are independent of the
miclear astrophysical and gravitational processes that determine the typical
stellar main sequence lifetime t{star}. However, this assumption leads to
the striking conclusion that we should expect eatraterrestrial forms of life
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to I?c exceptionally rare. The argument, in jts simplest form, is as follows, If
t{bio} and r{star} are independent then the time that life takes to arise is
random with respect to the stellar timescale #{star}. So it is most likely that
either 7{bio} is far greater than t{star}, ér that #{bio} is far smaller than
t{star}. But if r{bio_} is far fess than f{star}, we must ask why jt is that the

is most likely to have t{bio} = t{star}, since systems in which t{bio} is
much bigger than us have yet to evolve. Thus we are a rarity, one of the first

- living systems to arrive on the scene. Generally, we are led to g conclusion,

anq a'somewhat pessimistic one for searchers after extraterrestrial life, that
t{bio} greatly exceeds t{star} and we are likely to be among the first cosmic
outposts of life.

In ord.cr to escape from this conclusion we have to undermine one of the
assumptions underlying the argument that leads to jt. For example, if we
suppese that r{bio} is not independent of t{star}, then things look differ-
ent. If r{bio} increases as #{star} increases, then it is becomes likely that we
vydl find r{bio} = #{star}. The ‘astrophysicist Mardo Livio has given a
-sunple modet of how it could be that t{bio} and #{star} are related in this
way. He takes a very simple model of the evolution of a life-supporting
planetary atmosphere, like the Barth’s, to have two key phases determine
the fraction of oxygen in the atmosphere. During phase 1, oxygen is
re.lc‘ased by the photodissociation of water vapour. On Earth this took 2.4
billion years and led to a build-up of oxygen to about one-thousandth of its
present value. During phase 2, the oxygen and ozone levels grow to about
one tenth of their present levels. This is sufficient to shield. the Barth’s
surface from lethal levels of ultra-violet radiation in the 2000-3000 Ang-
sirom }:and (nucleic acid and protein absorption of ultra-violet radiation
peaks in the 2600-2700 and 27002900 Angstrom bands, respectively). On
Earth this phase took about 1.6 billion years,

Now the length of Phase 1 might be expected to be inversely pro-

* portional to the intensity of radiation in the wavelength interval 1000-

2000 Angst'roms, where the key molecular levels for absorption by water
molecules lie. Studies of steflar evolution aflow us to determine this time
mterval and provide a rough numerical estimate of the resulting link

between the biological evolutior time (assuming it to be determined closely

by thf: photodissociation time) and the main-sequence stellar lifetime,

This simple model indicates a possible route towards establishing a link
between the biochemical time-scales for the evolution of life and the astro-
physical time-scales that determine the time required to create an environ-
ment supported by a stable hydrogen-burning star. There are obvious weak

REY
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links in the argument. It provides only a necessary condition for life to evolve,
not a sufficient one. We know that there are many other events that need to
ocenr before life can evolve in a2 planetary system. We could imagine being
able to derive an expression for the probability of planet formation around
a star, This should involve many other factors which determine the amount
of material avaiiable for the formaticn of solid planets with atmospheres at
distances which permit the presence of liquid water and stable surface con-
ditions. Unfortunately, we know that there were many ‘accidents’ of the
planetary formation process in the solar system which have subsequently
played a major role in the existence of long-lived stable conditions on
Earth. For example, the presence of resonances between the precession
rates of rotating planets and the gravitational perturbations they feel from
all other bodies in their solar system can easily produce chaotic evolution
of the tilt of a planet’s rotation axis with respect to the orbital plane of the
planets over times much shorter than the age of the system. The planet’s
surface-temperature variations, insolation levels, and sea levels are sensitive
to this angle of tilt. It determines the climatic differences between what we
call ‘the seasons’. In the case of the Barth, the modest angle of tilt
{approximately 23 degrees) would have experienced this erratic evolution
had it not been for the presence of the Moon, The French astronomer
facques Laskar and his colleagues have shown that the Moon is large
enough for its gravitational effects to dominate the resonances which oceur
between the Earth’s precessional rotation and the frequency of external
gravitational perturbations from the other planets. As a result, the Barth’s
tilt wobbles only by one half a degree around 23 degrees over hundreds of
thousands of years. Enough perhaps to cause some climatic change—ice
ages even—but not catastrophic for the evolution of life.

This shows how the causal link between stellar Tifetimes and biological
evolution times may be rather a miner factor in the chain of fortuitous
circumstances that must occur if habitable planets are to form and sustain
viable conditions for the evolution of life over long periods of time, The
problem remains to determine whether other decisive astronomical factors
in planet formation are functionally linked to the surface conditions neaded
for biochemical processes.

-We know that several of the distinctive features of the large scale strue-
ture of the visible Universe play a réle in meeting the conditions needed for
the evolution of biochemical complexity within it. The first example is the
proximity of the expansion dynamics to the ‘critical’ state which separates
an ever-expanding future from one of eventual contraction, to better than
ten per cent. Universes that expanded far faster than this would be unable
to form galaxies and stars, and hence the building blocks of biochemistry

would be absent. The rapid expansion would prevent islands of material
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separating out from the global expansion and becoming bound by their
own self-gravitation. By contrast, if the expansion rate were far below that
characterizing the critical rate then the material in the Universe would have
condensed into dense structures and black holes long before stars could
form.

The second example is that of the uniformity of the Universe. The non-
uniformity level on the largest scales is very small, approximately one part
in 100,000. If it were significantly larger then galaxies would have.rapidly
degenerated into dense structures within which planetary orbits would be
disrupted by tidal forces, and black holes would form rapidly before life-
supporting environments could be established. If it were significantly
smaller then the non-uniformities in the density would be gravitationally
too feebie to collapse into galaxies and no stars would form. Again, the
Universe would be bereft of the biochemical building blocks of life.

In recent years, the most popular theory of the very early evolution of
the Universe has provided a possible explanation as to why the Universe
cxpands so close to the critical life-supporting divide and why the fluctu-
ation level has the value observed. This is the picture of ‘inflation’ that we
have already encountered. Recall that it proposes that during a short inter-
val of time when the temperature was very high, the: expansion of the
Universe accelerated. This required the material content of the Universe to
be temporarily dominated by forms of matter which effectively anti-
gravitated for that period of time. Remarkably, modern theories of particle
physics predict that many such forms of matter should exist in Nature, As
yet, we have pot got particle colliders energetic enough to produce them,
and so we cannot be sure that the type of anti-gravitation they display is
strong enough and persistent enough to produce inflationary expansion of
the Universe in its early stages. In fact, astronomers hope that by working
out the very detailed cosmological consequences of these particles they may
be able to discover whether or not they exist more easily than the particle
physicists, .

The inflation is envisaged to end because the matter fields responsible
decay into other forms of matter, like radiation, which do not display anti-
gravitation. After this oceurs, the expansion resumes the state of decelerat-
Ing expansion that it possessed before its inflationary episode began.

If inflation occurs it offers the possibility that the whole of the visible
part of the Universe (roughly fifteen billion light-years in extent today) has
expanded from a region that was small enough to be causally linked by light

- signals at the very high temperatures and early times when inflation

occurred, If inflation does not ocour then the visible Universe would have
e?cpanded from a region that is far larger than the distance that light can
circumnavigate at these early times, and so its smoothness today is a mys-
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tery. If inflation ocours it will transform the irreducible quantum statistical
fluctuations in space into distinctive patterns of fluctuations in t?m micro-
wave background radiation, which future satellite observations will be able
to detect if they were of an intensity sufficient to have produced the
observed galaxics and clusters by the process of gravitatiopal instability.

As the inflationary universe scenario has been explored in greater depth
it has been found to possess a number of unexpected properties which, if
they are realized, would considerably increase the complexity of the gl.()b?,t
cosmological problem and create new perspectives on the existence of life in
the Universe. ' ‘

It is possible for inflation to oceur in different ways in different places in
the early Universe. The effect is rather like the random expansion of a foam
of bubbles. Some inflate considerably while others hardly inflate at all. This
is ‘chaotic inflation’. Of course, we have to find ourselves in one of the
regions that underwent sufficient inflation so that the expansion lasted for
longer than #{star}, and stars could produce biological elements. In such a

" scenario the global structure of the Universe is predicted to be highly

inhomogeneous. Our observations of the microwave background tempera-
ture structure will only be able to tell us whether the region which expanded
to encompass out visible part of the Universe underwent inflation in its
past. An important aspect of this theory is that for the first time it has
provided us with a positive reason to expect that the observable Universe is.
not typical of the structure of the Universe beyond our visible horizon, fif-
teen billion light years away. ‘

We have already disucssed (p. 400) how, under fairly general conditions,
inflation can be self-reproducing, That is, quantum fluctuations within each
inflating bubble will necessarily create conditions for fusther inflation of
microscopic regions to occur. This process or ‘cternal inflation’ appears to
have no end and may not have had & beginning. Thus life will be possible
ouly in bubbles with properties which allow self-organized complexity to
evolve and persist.

Tt has been found that there is further scope for random -variations in
these chaotic and eternal inflationary scenarios. In the standard picture we
have just sketched, properties like the expansion rate and temperature qf
each inflated bubble car vary randomly from region to region. However, it
is also possible for the strengths and number of Jow-gnergy forces of
Nature to vary. It is even possible for the number of dimensions of space
which have expanded to large size to be different from region to region. We
know that we cammot produce the known varieties of organized bio-
chemical complexity if the strengths of forces change by relatively small
amounts, or in dimensions otber than three because of the impossibility of
creating chemical or gravitational bound states.

F3) :
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It is possible to have random variations like this because inflation is
ended by the decay of some matter field which displays anti-gravitation due
to ils negative pressure. This corresponds to the field evolving to & min-
imum in its self-interaction potential. If that potential has a single min-

imum then the characteristic physics that results from that ground state will ",
be the same everywhere, But if the potential has many minima (for,

example, like a piece of corrugated roofing) then each minimum will have
different Jow-energy. physics, and different parts of the Universe can emerge
from inflation in different minima and with different effective laws of inter-
action for elementary particles. In general, we expect the symmetry break-
ing which chooses the minima in different regions to be independent and
random. : '

Considerations like these, together with the light that superstring theories -
have shed upon the origins of the constants of Nature, mean that we should 1

assess how narrowly defined the existing constants of Nature need to be in
order to permit biochernical complexity to exist in the Universe. For
example, if we were to allow the ratio of the electron and proton masses ()
and the fine structure constant {a) to change their values (assuming no
other aspect of physics is changed by this assumption--which is. clearly
likely to be falsel) then the allowed variations are very constraining.
Increase £ too much and there can be no ordered molecular structures
because the small value of B ensures that electrons occupy well-defined

* positions in the Coulomb field created by the protons in the nncleus; if i

exceeds abdut 0.005¢'?, then there would be no stars; if modern grand
unified gauge theories are correct then a must lie in 4 narrow range between
about 1/180 and 1/85'in order that protons do not decay too rapidly and a
fundamental unification of the forces of Natuse can occur. If, instead, we
consider the allowed variations in the strength of the strong nuclear forcs,
a,, and in a, then ¢, must be less than about 0.3a" if bioclegically useful

. elements like carbon are to be stable. If we increase a, by just 4 per cent

disaster follows, because the helinm.2 isotope can exist (it just fails to exist
in practice) and allows very fast direct nuclear burning of hydrogen to
helium. Stars would rapidly exhaust their fuel and collapse to véry dense
states or black holes. In contrast, if a, were decreased by about 10 per cent
then the deuterium nucleus would cease to be bound and the nuclear dstro-
physical pathways to the build-up of biological elements would be blocked.
Again, the conclusion is that there is a rather smalf region of parameter
space in which the basic building blocks of chemical complexity cani exist.
We should stress that conclusions regarding the fragility of living systems
with respect to variations in the values of the constants of Nature are not
really rigorous in all cases. The values of the constants are simply assumed

to take different constant values to those that they are observed to take and
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the consequences of changing them one at a time are cxaminfad. However, if
the different constants are fully linked together, as we might expect for
many of them if a unified Theory of Everything exists, then many of these
independent variations may not be possible. The consequences of a small
change in one constant would have further necessary ramifications for the
allowed values of other constants. One would expect the overall effect to be
more constraining on the allowed variations that are life-sgppomng.

‘These considerations are Likely to have a bearing on interpreting any
future-quantum cosmological theory. Such a theory, by.it‘..; quantum nature;
will make probabilistic predictions. It will pradict that it is ‘rmost probable
that we find the Universe (or its forces and constants) to_take particular
values. This presents an interpretational problem: because it is not clear that
we should expect the most probable values to be the ones that we observe.
Sinee only a narrow range of the allowed values:for, say, the fine structure
constant wilt permit observers to exist in the Universe, we must find our-
selves- in:the narrow range of possibilities which permit them, no matter
how.improbable. they may be. This means that in order to test fully the
predictions of future Theories of Everything,‘ we must have a thoroug_h
understanding of all the ways in which the possible existence of observers is
constrained by variations in the structure of the Universe, in tI}e valfles o_f
the constants that define its properties, and in the number of dimensions it

possesses, ‘

The misanthropists

There is no possibility of reducing all laws to one ]‘aw ... .30
a priori means of excluding from the world the unique,
' Josiah Royce

The Weak Anthropic Principle recognizes the constraints ‘that are placed
upon what we can expect to obsérve in Nature by the ‘seiectlon effect of our
own existence as observers made of carbon living billions of years after the
Big Bang. This is an uncontroversial statement of trut_h, but is ita useful
addition to our knowledge? Not everybody seems to think so. Heinz Pagels

claims that

AsT thought more about the anthropic principle, however, it scemed less
like a grand Darwinian selective principle and mote I:lf;q a far-fetched
explanation for those features of the universe which physu:lst_s cannot yet
explain, Physicists and cosmologists who appeal to anthropic reasoning
seemed-to mé to be gratuitously abandoning the successful program
of conventional physical science of understanding the guantitative

WA
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properties of our universe on the basis of universal physical laws .. . We
could debate its merits and demerits a long time. But such interminable
debate is 2 symptom of what is wrong with the anthropic principle: unlikes
the principles of physics, it affords no way to determine whetler it is right
Of wrong; there is no way to test i, Unlike conventional physical
pringiples, the anthropic principle is not subject to experimental falsifica-
tion . .. the influence of the cosmological principle on the development
of contemporary cosmological models has been sterile: it has explained
nothing . . . no knowledge has been gained by the adoption of anthropic
reasoning. I would opt for rejecting the anthropic principle as needless
clutter in the conceptual repertoire of science .. . My own view is that
although we do not yet know the fundamental laws, when and if we find
them the possibility of life in 2 untiverse governed by those laws will be writ-
ten into them. The existence of life ig the universe is not a sclective prin-
ciple acting upon the faws of nature; rather it is a consequence of time,

This enthusiastic condemnation includes most of the standard objec-
pic Principle. We can abstract them explicity

L. Scientists spent ceaturies separating philosoply from science. The
Anthropic Principle is undoing this by mixing them up again.

2. The Anthropic Principle is a form of teleological reasoning that Dar.”
win overthrew.

3. The Anthropic Principle is not testable, theréfore it is not scientific. It
is a quasi-religious principle.

4. The Anthropic Principle is like the ‘God of the Gaps. With every new
discovery that explains a breviously unexplained large-scale property of
the Universs, the need for the Anthropic.-Principle shrinks, Inflation
explains most of the cosmological properties in a more attractive way.

3. The Anthropic Principle is an inappropriate methodology. Particle
physics offers the prospect of a theory of everything in which the struc-
ture of the Universe, including all the values of its physical constants, will
be determined umiquely and completely. The possibility of life evolving in
the Universe will be built into these laws from the begianing, Life is only
a consequence of the laws of Nature,

6. The Anthropic Principle makes statements of comparative reference
td other hypothetical universes, We know of, and can know of, only one
Universe,

7. The Anthropic Principle appeals to the Many Worlds interpretation

-of quantum mechanics, but we can never test that the other quantum

worlds exist.

8. The Anthropic Principle takos g parochial view of [ife, and assunes
that all life-forms in the Universe resemble ourselves,
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. The most common misconception regarding the Anthropic Principle,
which features in the quotation given above is that it is in some sense a rival
cosmological or particle physics theory which one is being offered as an
alternative to the standard picture, This is rather misleading. Al that is
being claimed is that the Anthropic Principle must be used as a complement
to the standard deductive theories, otherwise there is a real danger of draw-
ing erromeous conclusions or, more commonly, providing elaborate
‘explanations’ for non-existent problems. A classic cxample is Dicke’s
demonstration that Dirac’s Large Number Coincidences do mot require any
extreme hypothesis, like the time-vardation of Newton’s gravitation con-
stant, to explain them. The Weak Anthropic Principle does not explain
them, but it shows that a posterdori they are not surprising. A discovery that
the gravitation constant was decreasing with time in the way predicted by
Dirac would falsify the anthropic explanation for these coincidences. An
anthropic explanation can be ruled out by observation. '

The first three objections are all of a piece. We have become so indoctrin-
ated by the philosophers of science, with their paradigms and exemplars,
their emphases upon falsification and verification, that we can easily Jose
sight of the fact that they are methodological principles for the expedient
practice of science, They need have nothing whatsoever to do with whether
particular theories are actually true or false, If someone writes down the
correct ‘theory of everything’, then that will not be falsifiable either. To
believe that we will be able to test and falsify all theories is just the sort of
anthropocentric view of the Universe that critics of the Anthropic Principle
so roundly decry elsewhere. Why should Nature b constructed upon a scale
that is spanned by human intelligence? Why should what is true also be
humanly faisifiable or verifiable?

The fundamental questions of cosmology and particle physics are of a
very special type. Any explanation for the origin and structure of the Uni-
verse is likely to be of a very unusual sort. We would be foolish to discard
certain approaches to these problems simply because they do not have
analogues in more mundane scientific investigation, It is surely right to
study MNature with the confident-asswnption that it can be fully understood,

- but it is net correct to reject ideas because they do mot fit in with the

religious view that Pagels puts forward. Needless to say, the Weak
Anthropic Principle does not claim that the Universe was constructed espe-
cially for kife, human or otherwise, only that the existence of life may need
to be included in a right evaluation of its global properties,

Objections 4 and 5 are the most interesting. Let us consider first the
question of a ‘theory of everything’, This is topical at present because of
the impetus provided by superstring theories. Of course, the existence of a
theory of everything is just an assumption. There is no evidence for it itis a

2
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philosophical view that is mixed into science (compare Objection 1), Never-
theless, it is a reasonable one to entertain, But what is not reasonable to
entertain is that a knowledge of laws of Nature in their unified entirety will
suffice to provide a complete explanation for the structure of the Universe
and our own evolution. Even if the laws of Nature are found to be uniquely
determined, the solutions of those laws may not be, We know from our
experience with particle physics that solutions of equations need not pos-
sess the same symmetries as the equations themselves. Even in the presence
of a theory of everything it is quite reasonable to entertain the view that
there will exist quasi-random elements in the Universe’s structure, and
even to some extent in its laws and ‘almost® symmetries. This means that,
even when in possession of the complete set of equations governing
the evolution of the visible Universe and the logically determined values
of its fundamental constants, we will not be able to predict the structure of
the actual Universe uniquely, any more than we can predict the direction
in which the Earth is spinning from the law of angular momentum
conservation. T

One must also regard as speculation the assumption that a theory of
everything will provide a set of unique initial conditions for the evolution
of the Universe. Such a provision seems more unlikely still if the Universe
had no beginning (so ‘initial’ conditions are set at past temporal infinity),
or has tunnelled from some earlier quantum state, in which case we could

. have no more than a prebability that any particular final state arises, In all
these pictures where there is an element of chance in the gross structure

of the Universe, it is quite possible a priori for the Universe to expand
into a state that cannot evolve and support carbon-based life-forms. A
correct explanation for its structure and evolution could not neglect the a
posteriori fact of our awn evolution,

As we look out into the Universe there are some things that we do not
look to a fundamental law of Nature to explain—why it is raining today,
why the Earth has 4 moon, the number of planets in the solar system, the
number of galaxies in the Local Group of galaxies. These are chance
events, in that they could have been different without doing violence to the
laws of Nature. In the local cosmic environment from which these examples
are drawn it is relatively easy to pick out such events, but when we consider

. the large-scale structure of the Universe it is not clear which aspects require

a fundamental explanation in terms of laws of Nature and which do not.
Pagels assumes everything about the large-scale Universe requires, and has,

2 fundamental and unigue explanation, whereas the Anthfopic Principle

recognizes that there may be elements of the observed structure of the
Universe that are chance outcomes of particular symmetry breakings. We
are able to observe the outcomes that we do only because they fell outina
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ion that aliows observers to arse subsequentiy: Both positions are
gzss}f:;gtions, both employ unverified philosophical ideas, both could b;
wrong, or one might be right; it is too early o pass judgement wit
ainty. o
cer\;lith' :J':Yegard‘ to the inflationary universe picture (see Objequou 4) one c?n
say more about the relationship with anthropic e_xpi'anatlons. Far from
being an alternative to the Anthropic Principle, in its purfast'form n}:ik‘lc
inflationary universe actually has to employ the Antproplc Principle. Infla-
tion assumes chaotic imitial conditions in the Universe, and each local
microscopic region then inflates by an amount detf:rmmed by the degree of
microscopic stnoothness within it. Some'ref,nonfs }nﬂat_e a lot, some only a
little. The result is that the Universe ends up 531v1ded into domains wl_ucg
have very different conditions. We have to live in a dornain that_has infiate
1o at least thirteen billion light-years in extent in order 'that‘hfa can have
formed. The inflationary hypothesis could be made to faﬂm§nnply assume
that no domain inflates enough to explain the large-scale uniformity of the
observable wniverse—but of course nobody countenances such an assump-
tion. They use the Anthropic Principle fmplicifl [ 1o fieduce that at least ;ne
region must expand to large size, and that we mh?b:t one of those that do.
The issue of ‘other worlds’ also arises in inflationary explanations.

. Andrei Linde, one of the inventors of the current inflationary universe

model, suggests that in an infinite Universe we shou_ld re:gard the inﬁatxpn»
ary development of a large universe E.ik‘e.our own as 'mcwtabl.c, beg:aus; in 3
randomly infinite universe there will m1tw_111y exist microscopic regions m Sl
possible states of smoothness, which will therefore result in all possible
inflated states. We will inhabit one of the large ones for no other reason
than the fact that a large universe is necessary for life to cvolye. There is no
reason at present to believe that a theory of everything will change this
significantly. ‘
argvl;?g:et fri?nﬁthis isc,iea that the infinite Universe can be recast inio an
infinite number of causally disjoint regions where d';ﬂ'erent‘thmgs happen.
In this case the ‘other worlds’ are neither Spefzu-lz.nwe nof mystefious. A;
present, in the absence of any definitive law of mm_al_ conditions, we regar
the possibility of changing the possible initial conditions f)f the Universe as
equivalent to changing the starting condlnpns in solutions of ‘Ems‘tc‘}? ]
equations. Bach of the universes that results is regarded as a possible “other
werse’. : ) ]
m’?l:e Many Worlds interpretation of quantum mech.amc_:s _has ZLOWL iln
popularity with the study of quantum cosmglogy. Again, it is an exan:ipkc
of a type of theory that opponents reject basically })ecausc they do not lld €
it, or because we might be unable to test the‘emstence qf othgr worlds.
Cleasly, if the Universe is perpetually branching every time a quantum
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interaction ocours we are again in the situation where 3 fundamental theory

assumptions in order to explain the things that are seen,
A common reaction to the problem of the interpretation of quantun

and that is all that matters. The question of the meaning of quantum mech-
4mics is not one that physicists should worry about. However, this is not an

that if it ‘works’ then that is #ood enough.

The question of whether ajl life-forms in the Universe have to resemble
ourselves itk respect of being carbon-based is an interesting one. The view
of the biochemists is that only life that makes use of carbon can come into
existence spontaneously. Thus, while in the future we may create forms of
artificial sificon-based jg telligence meriting the title “life’, this life is second.

arguments regardiug the length of time required for the stellar synthesis of

carbon apply equaily to the origin of silicon, nitrogen, phosphorus, Oxygen,

and alf the heavier elements as well. One can be very sure that there are o
forms of atomic life that avoid the use of elements heavier than lithium, and
large, Big Bang universes are nhecessary for the production of all these
heavier efements, ‘

In conclusion, it i important to stress once again that the fundamenta]
problems at the frontiers of modern cosmology and particle physics are of
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a.n).( boundary between fundamental sciencq and metzxp_hysmai theolc;gy
will become increasingly difficult o drew. Sight must give way to faitt}.
Confronted with an emotionally satisfying mathematlc;‘il scheme which is
‘simple’ enough to comrmand universal asm?ut, but esoteric enough to admit
no means of experimental test and grandiose f:nc?ugh to provoke no new
questions then, closeted within our world within the world, we m.lggé
simply have to believe it. Whereof we cannot speak thereof we must
silent: this is the final sentence of the laws of Nature,




