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CHAPTER SEVEN

The Goldilocks Effect

090000985606

One of the most surprising things about our Universe is that it is
just about as big as it could be without being infinite. This is
expressed in terms of Einstein’s description of the curvature of
spacetime, by saying that the Universe is very nearly ‘flac’. And
this in turn seems to be the result of an extraordinary coincidence,
back at the birth of the Universe in the Big Bang, which
balanced the inward tug of gravity against the outward expansion
of the Universe with cxquisite precision. This may seem like a
rather unusual use of the term ‘balance’. After all, the Universe
expanded out of the Big Bang with dramatic speed, in spite of
the best efforts of gravity to prevent it. But the balance can be
seen in terms of what happens later in the life of the Universe.
Gravity is exactly strong enough to just cancel out the expansion
and bring it to a halt. Not so strong that the expansion never got
started, and not so weak that the expansion will never end. It is
rather as if you could throw a baseball upwards from the foot of a
skyscraper at exactly the right speed so that it would halt its
upward flight precisely when it was level with the top of the
building, so that a friend on the obscrvation deck could reach out
and grab the ball while it seemed, to her, to be hovering in the
air. The Universe will one day ‘hover’ like this, at a state of
maximum expansion, before very reluctantly beginning to fall
back upon itself. As we shall soon see, this really does require a
very delicate balancing of gravity and expansion.

I am going to argue that all apparent coincidences of cosmology
are neither extraordinary nor accidental, but are the natural result
of the processes that gave birth to the Universe. First, though, I
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THE GOLDILOCKS EFFECT

want to look at some of those coincidences, and see just what it is
that any satisfactory theory of the birth of the Universe must
explain.

I mentioned in Chapter One that, according to the equations
of the general theory of relativity, space may be gently curved,
bending round on itself so that the entire Universe is closed. In
that picture, the three-dimensional Universe would be a self-
contained entity in the same way that the two-dimensional
surface of the Earth is a sclf-contained entity, curved back on
itself to make the surface of a sphere. One of the key features of
the surface of a sphere is that it has a definite area — it is finite. In
the same way, if the Universe is closed round on itself like this,
but in an extra dimension, it must have a finite volume in three
dimensions.

In fact, the general theory allows for two other possibilities.
The opposite of a closed universe is, logically enough, an ‘open’
universe. In terms of geometry, just as you can think of a closed
universe as the three-dimensional equivalent of the surface of a
sphere, so you can think of an open universe as the three-
dimensional equivalent of a saddle-shaped surface, the shape of
a mountain pass. The important thing about this kind of surface is
that (unlike a real saddle) it stretches away to infinity, without
ever coming to an end. If the Universe were open, then it too
would stretch away to infinity in all directions.

The third possibility allowed by Einstein’s equations is that of a
‘flat’ universe. A flat universe is the three-dimensional equivalent
of a flat piece of paper. It also stretches away to infinity, but there
is no spacetime curvature in a flat universe, which is a special case
of the equations, exactly balanced between being open and
closed.

As far as the expanding Universe is concerned, there is another
way to look at the difference between open and closed — one
which relates directly to the way in which the Universe has
expanded out of the Big Bang, and continues to expand today.
There are two opposed processes at work in the Universe on the
largest scale. The outward expansion, triggered by the processes
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IN THE BEGINNING

of the Big Bang itsclf, is opposed by the pull of gravity, trying to
halt the expansion. Ever since the Big Bang, the spced at which
the Universe expands has been slowing down. Will gravity ever
overwhelm the expansion, first bringing it to a halt and then
making the entire Universe collapse back upon itself? Or will the
expansion continue forever, albeit at a slower and slower rate?

In the first case, the Universe must be closed, in the Einsteinian
sense of the word. The second case corresponds to an open
universe. And in a flat universe the expansion slows and slows as
the acons pass, until gravity just brings it to a halt, without ever
managing to reverse the expansion into a collapse.

Imagine throwing a ball straight up from the surface of the
Earth. If you throw it with normal human strength, it will go up
a certain distance and then fall back. If you had superhuman
strength, you could throw the ball so fast that it would escape
from the pull of the Earth’s gravity and travel out across space
forever. And if you had not only superhuman strength but also
superhuman skill, you could throw the ball at exactly the right
speed so that gravity would eventually bring it very, very nearly
to a halt, but it would never quite stop and fall back to Earth.

From the surface of the Earth, it is quite easy to escape into space.
Rockets launching satellites and space probes do it often. But if the
Earth had more mass, and therefore a stronger gravitational pull, it
would be correspondingly harder to escape. You need a less
powerful rocket (or ball-throwing arm) to escape from the surface
of the Moon, because the Moon is smaller and less massive than the
Earth; but you would nced a more powerful rocket to escape from
Jupiter, because Jupiter is more massive than the Earth.

If the gravity at the surface of an object is so strong that
nothing at all can escape, not even light, then the object is called a
black hole. If you were inside a black hole and tried to shine a
torch beam upwards, even the light itself would be bent back, by
the curvature of space, towards your feet. If the black hole were
very big (if the entire Universe is a black hole) the light beam
might travel for billions of years on its journey out into space,
around the Universe and back to your feet, but the end-result
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THE GOLDILOCKS EFFECT

would still be the same. The spacetime around a black hole is
completely closed upon itself by gravity.

This is, indeed, exactly equivalent to the closed Universe.
When we describe the Universe as closed, we mean that the
gravity of all the matter in the Universe put together is so strong
that nothing, not even light, can ever escape its grip. Space is
closed upon itsclf, and one day gravity will overcome the expan-
sion of the Universe and make everything fall together into a
single point of superdensity, a singularity. The Universe is, liter-
ally, a black hole. The reason why it does not fit our popular
image of a black hole is simply that it is so big. Anyone who
knows anything about black holes knows that all the matter and
encrgy inside is destined to fall into the centre of the black hole
and be crushed out of existence. But nothing can travel faster
than light, so in a black hole a billion light years across (say), this
crushing process will take a billion years. Our Universe is a great
deal bigger than a billion light years across, and all the stuff it
contains is actually expanding out from a singularity (do not
worry about where the singularity came from in the first place;
all will soon be made clear). It will take many billions of years
before everything gets crushed back into the singularity and
things return to the state we think of as normal for a black hole -
‘what once was, and onc day again will be’. The Universe today
is a black hole, and so was the cosmic fireball, in spite of their
apparent differences, in the same way that both an adult person
and a newly born baby are human beings, in spite of their
apparent differences.

But the Universe is only just a black hole — gravity only just
balances the outward expansion. What decides this is the density
of matter in the Universe at any cosmic epoch. The strength of
gravity depends on the density of matter, not just on the amount
of matter. A neutron star, for example, might contain the same
amount of matter as our Sun; but the strength of gravity at the
surface of the neutron star will be much stronger, because that
matter is packed into a smaller volume, and therefore has a
higher density. When the Universe was younger and denser, its
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IN THE BEGINNING

gravitational pull, tugging inward upon itself, was stronger — but
when the Universe was younger, it was also expanding faster
than it is today. Obviously, the matter gets spread thinner as the
Universe expands, but there is still the same amount of matter
there. As the matter thins and the gravitational pull gets weaker,
the expansion rate also slows, so less gravitational effort is needed
to keep the Universe closed. The way the two effects change
together ensures that if gravity were ever strong enough to do the
trick of making the Universe closed, it will always be enough, no
matter how much the Universe expands and thins.

At any epoch during the life of the Universe there is a critical
density, corresponding to flatness in the Einsteinian sense. If the
density exceeds the critical value, the Universe is closed; a density
less than the critical value corresponds to an open Universe. A
closed Universe is the variation on Einstein’s theme that can be
represented by the skin of an expanding balloon. By saying that
the Universe is very ncarly flat, we are saying that the skin of the
balloon is only curved very, very gently — the Universe is like the
skin of an extremely large balloon.

By adding up the mass of all the bright stars in all the galaxies
in our neighbourhood, astronomers can account for about 1 per
cent of the critical density. Adding in the influence of all the dark
matter that is revealed by the way galaxies move within clusters
and superclusters raises this to at least 10 per cent of the critical
density, probably more. Observations of the way galaxies move
are not accurate enough to tell us exactly how much matter there
is altogether, but they do also show that there is definitely no
more than ten times the critical density of matter present in the
Universe today. Fiftecen billion years after the Big Bang, the
density of the Universe is balanced between one-tenth and ten
times the critical value corresponding to flatness. If you set the
critical density to be 1, then the actual density of the Universe
today is somewhere between o.1 and 10.

In fact, with the COBE observations, inflation and the theory
of galaxy formation to guide us, we can pin the parameter down
even more tightly. Inflation, remember, is the process that

162

Supplied by The British Library - "The world's knowledge"




THE GOLDILOCKS EFFECT

whooshed up the Universe from a sced smaller than the nucleus
of an atom to something very much larger indeed, all in a split-
second of time. Among other things, this answers the puzzle
of how the Universe came to be flat. Obviously, the ‘balloon
skin’ corresponding to the original tiny sced would be very
tightly curved, and nowhere near flat; it is inflation that gives the
initial burst of expansion that increases the size of the balloon
(‘inflates it’) so much that it then looks ncarly flat. Imagine
inflating a child’s balloon to the size of the Earth without
bursting it, and you begin to have some idea of what went on.
The surface of that balloon would, like the surface of the Earth,
seem flat to anyone sitting on it. But the relative inflation that
took place when the Universe was born involved far greater
expansion than that.

Combining inflation theory with the COBE data and our
understanding of galaxy formation, we know that the actual
density of the Universe must be at least 1, when all the dark
matter is included; but it still cannot be more than 10. Pinning
down the range of possibilities to within a factor of 10 may not
sound so remarkable — even politicians usually manage to get
their budget forecasts more accurate than that. But the point is
that the critical density is the only ‘special’ density in Einstein’s
equations. As far as we know, there is nothing built into the laws
of physics to say that the density could not have had any value at
all - a billion times the critical density, or onc billionth of the
critical density, or any other number you might pluck out of the
air. If the Universe could have any density at all, why should it
just happen, by coincidence, to sit right on the dividing line
between being open and being closed — why should it be as big as
possible without being infinite?

This discovery is even more surprising because, throughout the
past 15 billion years, the density must have been getting further
away from the critical value. It is very difficult to balance the
opposing mechanisms of expansion and gravity, and as time
passes an expanding universe deviates more and more from
flatness. It is as if you were to fold a piece of stiff cardboard along
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IN THE BEGINNING

its centre to make an inverted ‘V’, then tried to balance a marble
on the crest of the resulting ridge. The marble would quickly roll
off on one side or the other, and as it rolled it would get further
and further away from the ridge. It would take superhuman skill
to balance the marble so -skilfully that it stayed on top of the
ridge for 15 billion years — but the Universe seems to have been
set up, in the beginning, with just such a precise balance between
being open and being closed.

That ridge, the centre-line, corresponds to perfect universal
flatness, in between the two alternatives of being open or closed.
We know from the COBE results and the theory of inflation
that the Universe must, in fact, be closed, and always has been
closed. If the critical density is set at 1, then the density of the real
Universe must be more than 1, even if only just fractionally
so. If the Universe is closed to start with, gravity holds back
the expansion and keeps the density high, which holds back the
expansion still more, and so on. If it had been open to start with,
the expansion would have thinned out matter so that gravity gets
weaker, and this would allow more thinning out, and so on. If
the Universe is nearly flat today, it must have been just a little
flatter last year, or last millennium; and it must have been much
closer to perfect flatness long ago when it was young.

How much closer? In order to be within a factor of ten of
perfect flatness today, one second after the moment of its birth
the Universe must have been flat to one part in 10': the amount
by which the density differed from the critical value was
represented by a decimal point followed by 14 zeros and a 1. But
we know that the density must always have been more than the
critical value. If the value of the critical density is set at 1, then
when the Universe was one second old the actual density was
between 1 and 1.000 000 000000 001.

How much further back can we push the calculation? It may
seem presumptuous to talk blithely of what was happening when
the Universe was just one second old, 15 billion years ago, but
astronomers are actually quite confident that they understand
what was going on at that time. It is fairly simple to ‘wind back’
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THE GOLDILOCKS EFFECT

the equations of Einstein’s theory to discover the temperature and
pressure of the Universe as far back as the first sccond or so, and
these were no more extreme than the most extreme conditions
found in our Solar System today — the conditions at the heart of
the Sun. Then, the entire Universe was in a hot fireball state
rather like the inside of the Sun today, and the behaviour of
particles like protons and neutrons under such conditions is well
understood. Earlier epochs in the life of the Universe, when its
age was measured in split seconds, can be described by slightly
less well-understood theories, requiring more exotic particles and
the application of quantum theory. This is the basis for the highly
successful idea of inflation, which explains how a very smooth
Universe containing enough dark matter to make spacetime
closed (just!) and to begin to pull galaxies together to make those
ripples observed by COBE, emerged from the Big Bang.

But even quantum theory has its limitations, and no scientific
theory can properly describe the singularity at the moment of
creation itself. A singularity is a place (a point in spacetime)
where the laws of physics break down completely. Whatever
material form an object might take — a star, a human being, a
broken washing-machine or whatever — its identity is completely
lost as it is crushed out of existence in the singularity. The very
atoms and particles of which a thing is made are destroyed and
crushed out of existence. _

Roger Penrose proved in the 1960s that every black hole must
contain a singularity. The ultimate fate of everything inside a
black hole is to form one point of infinite density, where all bets
are off and anything can happen. Stephen Hawking took up this
idea and proved that the expanding Universe must have emerged
out of a singularity. Just as anything falling into a singularity loses
its identity and merges into the singularity itself, so energy
emerging from a singularity can take on any identity. Anything
at all can emerge from a singularity. The laws of physics do not
apply to the split second in which energy or mass emerges from a
singularity, and in principle a singularity could emit broken
washing-machines, human beings or stars. It just happens that
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IN THE BEGINNING

‘our’ singularity emitted a very nearly flat fireball of mass—
energy.

But one law does still apply. Simple things are more likely to
emerge than complex things, and the simplest thing of all is
energy itself. So it is no surprise that the structure of the very first
split sccond of the birth of the Universe was energy filling a tiny,
closed region of space and sending it blasting outward in the
expansion that became the Big Bang. That first split second
represents the limit of quantum theory. It corresponds to 10™* of
a sccond. This ridiculously small number is the ‘quantum’ of
time, the smallest time that has any physical meaning. As far as
the laws of physics that operate in the Universe are concerned,
the Universe was ‘born’ with an age of 10™* of a second: there
was no carlier time.

If you take the rather extreme extrapolation of the flatness of
the Universe right back to this moment, known as the Planck
time (after Max Planck, onc of the pioneers of quantum physics),
it means that a Universe that is flat to one part in ten today, and
was flat to one part in 10" at the age of one second, must have
been flat to one part in 10% at the moment of creation, the
Planck time. This means that the ‘flatness parameter’ is the most
accurately determined number in the whole of science. If it really
were just a coincidence that the Universe happened to be born
out of a singularity in this state, that really would be remarkable.
It is even more remarkable when you consider how even a tiny
deviation from flatness during the first second of the Universe
would have quickly been magnified, making life impossible.

At thc moment the Universe was born (the Planck time), its
diameter was just over 107> cm — the distance that light could
travel in the Planck time. This is known as the Planck length. All
the mass—energy of the Universe (exactly as much as is contained
today in all the bright stars and galaxies and all the dark matter
put togcther) was squeezed into this tiny distance, creating an
intense gravitational field that was almost precisely balanced by
the almost exactly equally intense outward expansion of this seed
of creation.
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THE GOLDILOCKS EFFECT

But these conditions are so extreme that they make the mind
boggle. Let us move forward in our imagination a second or so,
to the time when the Universe was only as hot and dense,
everywhere, as the inside of a star. Suppose that at the age of one
second the density of the Universe had been just ten times the
critical density. In that case, gravity would have been so strong
that the Universe would have collapsed back into a singularity
almost immediately, without ever giving a chance for galaxies,
stars, planets and people to form. Or suppose that at the age of
one second the Universe had only one-tenth of the critical
density. Gravity would then have been so feeble that, even with
the aid of dark matter, clouds of gas would never have been
pulled together to make galaxics and stars and planets and people.
The runaway Universe would have expanded rapidly, spreading
the leftover matter from the Big Bang ever more thinly across
the void. The flatness parameter really does have to have been set
as accurately as one part in 10" when the Universe was just one
second old for us to be here at all. Was it just a lucky coincidence
that the Universe emerged from the Big Bang in this state, just
right to ensure our ultimate arrival on the scene?

This is an example of what is known as anthropic cosmology.
Anthropic cosmology is an attempt to find a reason for the
relationship between human beings and the cosmos. You could
also call it the Goldilocks principle, since, like Baby Bear’s
porridge, the Universe scems to be ‘just right’ for us. The
Goldilocks principle says that coincidences like this cannot really
be coincidences at all, but must have some deep significance. At
one extreme there are those who would argue that the Universe
seems to have been designed for our benefit — that it was
deliberately set up so that, for example, the flatness parameter
was just right to ensure that stars and planets and people could
evolve. Another point of view is that it is indeed no more than an
extraordinary coincidence, pure luck, that the singularity out of
which our Universe emerged just happened to set things up with
the flatness parameter balanced to this ultrafinc degree between
instant recollapse and rapid runaway. But the most intriguing
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IN THE BEGINNING

possibility is that there is a reason why the outburst from the
singularity should have produced a Universe that is just closed,
expanding as fast as it possibly can while still being a black hole.
That reason may have nothing to do with the presence of people
in the Universe today; it may indeed be a lucky accident that we
-are here, because the conditions that have naturally evolved in the
Universe for other reasons just happen to favour us. Nevertheless,
the extent to which those coincidences of cosmology do favour
* usis truly astonishing.

The power of anthropic reasoning in providing insight into the
workings of the Universe is superbly demonstrated by an argu-
ment that raged in the nineteenth century. The protaganists were
the evolutionary biologists, headed by Charles Darwin, and the
physicists and astronomers, headed by William Thomson (later
Lord Kelvin).

Darwin’s theory of evolution could explain how all living
things on Earth had descended from a simple common ancestor,
as a result of competition and natural selection leading to the
survival of the fittest. But above all, evolution clearly required an
cnormous span of time in which to do its work. Geological
processes also required very long periods of time in which to
shape the landscape by processes such as erosion. Darwin and the
geologists concluded that the Earth must have been around for an
immeasurably long time, at least a billion years, in more or less
the same state that it is in today.

But the astronomers of the day knew of no process which
could have kept the Sun shining for so long. If the Sun were
made entirely of coal, for example, burning in an atmosphere of
pure oxygen, it would be burnt out in a few tens of thousands of
years. The most powerful cnergy source that Thomson could
imagine was gravity. He realized that if the Sun were slowly
shrinking inward under its own weight, then gravitational energy
would gradually be converted into heat, which could be radiated
away into space. But a straightforward calculation showed that
even if the Sun shrank from a ball of gas more than a hundred
times the diameter of the Earth to a solid lump about as big as the
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THE GOLDILOCKS EFFECT

Earth itsclf, shining all the while as brightly as it does now, all the
gravitational energy would be released in a few tens of millions
of years. Its maximum possible lifetime, according to the laws of
physics known to Thomson, was certainly less than a hundred
million years, and far less than anything required by geology and
evolution.

And yet, we exist. That fact alone is sufficient, with hindsight,
to pinpoint the error being made by Thomson. No known form
of energy, in the nineteenth century, could keep the Sun hot for
long enough for evolution to have done its work here on Earth,
so some unknown form of energy must be at work inside the
Sun. This argument was put forward forcefully in 1899 by the
American astronomer Thomas Chamberlain. Within a few years,
Einstein’s special theory of relativity predicted that heat could be
released by the conversion of mass into energy; within a few
decades, astrophysicists had a detailed understanding of exactly
how this process operates in the Sun, converting hydrogen nuclei
into helium nuclei and relcasing a little mass—energy in the
process. The power of the Goldilocks principle is that it can tell
us when our treasured theories are wrong (or incomplete) even
when we do not yet know how to put them right (or make
them more complete). In effect, Darwin’s theory of evolution
‘predicted’ Einstein’s theory of relativity.

Such anthropic predictions do not always require the benefit of
hindsight. I have already mentioned that Fred Hoyle was the
prime mover, in the 1950s, behind the work that led to an
understanding of how all the elements except for hydrogen,
helium and tiny traces of very light elements left over from the
Big Bang are manufactured inside stars. This includes the carbon,
nitrogen and oxygen that are so fundamentally important (along
with that hydrogen) to life on Earth. But that understanding rests
upon a powerful piece of insight by Hoyle that led to a genuine
prediction, based on the fact that we exist, of what the properties
of subatomic particles must be.

Once physicists began to understand how nuclear reactions
work, it was fairly straightforward to guess, in a general sort of
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way, how the heavy elements are built up inside stars. The first
step is the combination of hydrogen nuclei (single protons) into
nuclei of helium-4, which each contain two protons and two
neutrons. This is the process going on inside the Sun and other
main sequence stars. The 4 in helium-4 simply denotes the total
number of nucleons (that is, protons plus neutrons) in each
nucleus of the element, and is very important.

Helium-4, as it happens, is a very stable nucleus, and behaves in
many ways like a single particle ~ which is why it is often called
the alpha particle. This stability makes nuclei that contain a
whole number of helium-4 nuclei (a whole number of alpha
particles) particularly stable and common in the Universe. They
include carbon-i2 and oxygen-16, which can be regarded as
being made up of three and four alpha particles, respectively.
Once carbon-12 is present inside a star, then under suitable
conditions of temperature and pressure it is relatively easy to add
an extra helium-4 nucleus to make oxygen-16, and so on in fours
all the way up the nuclear fusion ladder to iron-56.

In-between elements (like nitrogen-14) are made when lighter
neighbours (in this case carbon-12) latch onto the odd proton or
two from the surrounding superdense plasma, or when radioactive
forms of some nuclei decay, spitting out the odd proton or
positron (the positively charged counterpart of an electron) and
rcadjusting their nuclear composition. Still heavier eclements,
beyond iron-$6, are made in supernova explosions, which come
in to the story of the life of a galaxy, told in the next chapter.

But there is a snag. The exception to the rule that nuclei made
up from alpha particles are particularly stable breaks down drasti-
cally in one crucial place — on the very first rung up the ladder of
nuclear fusion. The nucleus composed of two alpha particles put
together is beryllium-8; and beryllium-8 is so unstable that any
nucleus of beryllium-8 that happens to form when two helium-4
nuclei collide in the plasma maelstrom inside a star blasts itself
apart within 107" a second. The only way to make carbon-12
(and therefore the only way to make anything heavier than
carbon-12) seemed to be if a third alpha particle arrived on the
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scene during that tiny split second in which a beryllium-8 nucleus
existed. But under such circumstances kinetic energy provided by
the impact of a third alpha particle would itself simply blow the
beryllium-8 nucleus apart.

In 1954, Hoyle saw that there was only one way round the
difficulty. It hinges on a property known as resonance. Atomic
nuclei, including those of carbon-12, can exist in more than one
state. The different states are known as energy levels, and you can
think of them as like the different notes corresponding to a single
plucked guitar string. The string can vibrate at its fundamental
wavelength, one wave filling the length of the string, or it can
produce overtone vibrations, harmonics in which the wavelength
is one-half, or one-third, or some other integer fraction of the
length of the string, so that there are always a whole number of
waves filling the length of the string.

If you shout at a guitar, the strings will move a little in
response to the waves in the air corresponding to the noise — but
only a little, because the wavelengths of the sound you make do
not correspond to natural wavelengths for the guitar strings. But
if you play a note on another instrument at a wavelength that
corresponds exactly to one of the harmonics of the guitar strings,
the string will vibrate in sympathy, as if the guitar is playing
itself. '

Nuclei ‘resonate’ in an analogous way. If the right amount of
energy is put into a carbon-12 nucleus, it will absorb the energy
and move into an excited state for a while, before radiating the
energy away again and falling back to its lowest cnergy level,
known as the ground state. Hoyle said that the only way in
which carbon-12 could be formed from a collision between
highly unstable beryllium-8 and an alpha particle, during the split
second that the beryllium-8 nucleus exists, would be if carbon-12
had a suitable excited state corresponding to the encrgy of one
beryllium-8 nucleus and one alpha particle put together.

It is as if the ‘shout’ of an alpha particle hitting a beryllium-8
nucleus just happens to be in tune with a carbon-12 ‘harmonic
note’. If so, then instead of the collision blowing everything
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apart, the combined nuclei would slip smoothly into the guise of
an excited carbon-12 nucleus. That carbon-12 nucleus could then
radiate away its excess encrgy, and settle down into its ground
state.

In 1954, the idca scemed outrageous. In order to make carbon
(and all the heavier clements), the laws of physics would have to
be precisely fine-tuned for this resonance to occur. Hardly anyone
took the idea scriously, and the researchers who did, under
Hoyle’s nagging, sct out to measure the resonances of carbon-12
in the laboratory, did so more in the hope of shutting him up
than in expectation of proving him right. But to their surprise,
they found exactly what Hoyle had predicted. The coincidence is
so remarkable that it is worth putting some numbers in. The
energies involved are measured in mega-electronvolts (MeV), but
that doesn’t matter — just look at the numbers themselves.

The energy of a beryllium-8 nucleus plus a helium-4 nucleus
is 7.3667 McV; the energy of an excited carbon-12 nucleus is
7-6549 McV. The difference between the two is just under 4 per
cent, and the extra 0.3 MeV or so required to make the match
perfect is just the sort of energy of motion that will be carried
into the collision by the alpha particle. Instead of blasting the
beryllium-8 apart, the energy carried by the alpha particle is just
enough to carry the combination over the top and make excited
carbon-12: ‘just right’ to make the carbon nuclei that go into the
atoms in Baby Bear’s porridge. '

The power of the coincidence is brought home when you
consider what would have happened if the balance had just tilted
the other way, with the beryllium-8/alpha particle combination
having an encrgy even just 1 per cent more than the excited state
of carbon-12. Then there would be no resonance. The incoming
alpha particle would indeed blast the beryllium-8 apart, and there
would be no carbon (or any heavier elements) in the Universe.
And all for the sake of a swing of just s per cent on the excited
carbon-12 energy level.

This is not the end of the story. Other nuclei can also have
excited states. Oxygen-16, for example, has an energy level at
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7.1187 MeV, but the combined encrgy of a carbon-12 nucleus
and an alpha particle is 7.1616 MeV. This is just too high (by a
mere 0.6 per cent) for a combination of carbon-12 and helium-4
to yield a perfect match with oxygen-16. In this casc the kinetic
energy of the incoming alpha particle, adding to the total, makes
the discrepancy even worsc.

There is no problem about making oxygen-16 slowly inside
stars, because carbon-12 (unlike beryllium-8) is stable and stays
around to get involved in many collisions. For a proportion of
carbon-12 nuclei, nuclear reactions resulting from these collisions
eventually do the trick, without recourse to resonance. But
plenty of carbon is left over at the end of the life of the star,
ready to form part of the mix going into the next generation of
stars and planets. If, however, the oxygen-16 energy level lay just
above the combined carbon-12/alpha particle level (which would
happen if the excited oxygen cnergy level were just 1 per cent
higher), then it would resonate, and all the carbon-12 inside a star
would quickly be converted into oxygen-16. There would be no
carbon available to take part in all those interesting reactions that
are the basis of life as we know it on Earth.

So there are two remarkable coincidences which allow life-
forms like us to exist — a double Goldilocks effect — at work
inside stars. The first makes it possible for carbon to form at all;
the second prevents all the carbon turning into oxygen, but
allows enough oxygen to be made to carry the process of
nucleosynthesis on up the chain to iron-356. The fact that we exist,
with bodies based on carbon chemistry and breathing oxygen
from the air, tells us in very precise terms what some of the
properties of nuclear particles must be. Could such coincidences
arise by accident? Were they ‘built in’ to the structure of the
Universe by a designer? Or have they evolved through natural
selection?

Hoyle’s own view was that if the Universe is infinite then
there might be regions of the Universe in which different laws of
physics operate. In some regions (most!) the coincidences that
allow carbon and oxygen to form inside stars would not cxist,
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and there would be no life-forms like us to notice the fact. But in
some parts of the Universe where the laws of physics just
happened to allow this (literally by coincidence), then life-forms
like us could evolve to notice the fact and wonder at its implica-
tions. In Hoyle’s picture, it is as if Goldilocks had an infinite
number of bowls of porridge to choose from, with temperatures
ranging all the way from boiling hot to stone cold, and with all
possible degrees of saltiness for cach temperature. One of the
bowls must contain porridge that is ‘just right’ for her taste.

The idea that the Universe is open and infinite in this sense has
been overtaken by recent events, although as we shall see in
Chapter Nine a different perspective on infinity may come into
the debate. But I find this version of anthropic reasoning very
unsatisfying, since it holds out no hope of ever finding why
things are as they are. The entire Universe, including ourselves, is
explained as no more than a lucky accident (or scries of lucky
accidents). Since there is no prospect of ever finding why the
laws of physics are as they are (because in this picture there is no
‘why’), physicists might just as well shut up shop and turn their
attention to somcthing else. Fortunately, though, the new under-
standing of the Big Bang does suggest a ‘why’.

The range of coincidences that have to be explained by any
satisfactory theory of how and why the Universe came to be as it
is is vast. If a coincidence in the energy levels of atomic nuclei
inside stars seems a little remote from everyday life, there are
plenty of examples closer to home. Take the peculiar properties
of water, for example. In the second decade of the twentieth
century, Lawrence Henderson of Harvard University drew atten-
tion' to the remarkable properties of water that seem to be
essential for the existence of life as we know it. The ability of
water to dissolve such a wide range of other substances is unique,
and it has other properties that distinguish it from other liquids. I
shall pick on just one — the fact that water expands on freezing
into ice, so that ice floats on water.

This is an utterly bizarre property. You would not expect, for
example, a lump of solid lead to float in a puddle of liquid lead,
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and you would be right. The strange behaviour of ice only seems
‘normal’ to us because there is a lot of water in our environment.
It is also very important for life on Earth. If ice sank when it
froze, the way solids ‘ought’ to when freezing out from the
liquid form of the same substance, then in the winter ice would
settle at the bottom of lakes and oceans, not the top. The exposed
surface of the water would continue to lose energy, radiating it
away, and more ice would literally ‘build up’ from the bottom
until the entire ocean was one lump of ice. In such a frozen
condition, with the shiny white surface reflecting away solar heat,
it would be extremely difficult ever to thaw the planet again. But
in the real world, ice forms on the surface of the sea and stops
evaporation, which helps to keep the water below warm. It also
acts as an insulating lid, stopping heat from being radiated away.
Ice is a very good insulator, which is why an igloo made of ice-
blocks is a cosy and practical kind of dwelling in the Arctic.

This behaviour can be traced to the unusual properties of
hydrogen atoms and oxygen atoms, which together form
molecules of water (H,0). One of the key factors is that because
cach hydrogen atom only has one electron, the proton inside (the
hydrogen nucleus) is not screened very well from the outside
world. Part of its positive charge is ‘visible’ through the electron
screen, giving it the ability to form weak bonds with electrons in
the clouds around other atoms even when it is already chemically
bonded in a molecule like water. This type of bond, known as a
hydrogen bond, operates particularly strongly between hydrogen
nuclei in water molecules and oxygen atoms in adjacent water
molecules. This makes water molecules slightly sticky, so that
they do not move past one another as easily as they otherwise
would. As a result, water is a liquid at temperatures as high as
100°C, even though the nearest comparable compound, hydrogen
sulphide (H,S), boils below —350°C and is a gas at room
temperature.

The hydrogen bonding between molecules is also responsible
for the crystalline structure of ice, in which the molecules are
arranged in a very open lattice, making the ice lighter than liquid
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water. And as if that were not enough, among its many other
influences on chemistry it is the hydrogen bond that holds the
two strands of molecules of DN A together.

The properties of carbon, hydrogen and oxygen scem to be
not only cssential for the appearance of life on Earth, but unusu-
ally ‘arranged’ to make life possible, in the same way that the
properties of carbon-12 and oxygen-16 nuclei, together with
those of beryllium-8 and alpha particles, seem to be ‘arranged’
to make nuclcosynthesis possible inside stars (and in the same
way that Baby Bear’s porridge seems to be ‘arranged’ to suit
Goldilocks’ taste).

But while Henderson appreciated the importance of these
properties of carbon, hydrogen and oxygen to the evolution of
life, he stopped short of suggesting that those properties of the
elements had themselves evolved. ‘Nothing is more certain’,
he wrote in his book The Order of Nature (published in 1917),
‘than that the properties of hydrogen, carbon, and oxygen are
changeless throughout time and space.’

Most present-day scientists would agree with this, since they
would also agree that the properties of these elements depend on
the nature of fundamental forces that operate throughout the
Universe, and have done so in exactly the same way since the Big
Bang - since, in fact, the moment when the age of the Universe
was the same as the Planck time. Indeed, in their book The
Anthropic Cosmological Principle, published in 1986, two modern
researchers, John Barrow and Frank Tipler, quote Henderson
with approval, going on to say that ‘the elements cannot “evolve”
in the sense of having the freedom to take different evolutionary
paths like living creatures can. This portion of Henderson’s
argument must still be regarded as sound.’” Later in that same
book, they say that: ,

twentieth-century physics has discovered there exist invariant properties
of the natural world and its elementary components which render
inevitable the gross size and structure of almost all its composite objects.
The size of bodies like stars, planets and even people are neither random
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nor the result of any progressive selection process, but simply manifesta-
tions of the different strengths of the various forces of Nature.

I disagree. Not with the detail of the argument used by
Henderson and by Barrow and Tipler, but with the narrowness
of their vision. The natural forces to which they refer almost
certainly are the same throughout the Universe as we know it, so
that the properties of stars or plancts or water are, beyond any
reasonable doubt, going to be the same in any galaxy that we can
see through our telescopes as they are in our Milky Way Galaxy.
But where did those forces, and the visible Universe itself, come
from? What went on before the Big Bang, and is there any
reason why the set of forces that emerged from the singularity at
the Planck time took on the precise valucs they did? [ believe that
all these questions can now be answered, putting the entire
Universe in an evolutionary perspective. But before I go on to
describe those answers I should explain what these fundamental
forces are. They involve just four kinds of interaction between
particles, and they underpin every one of the coincidences of
cosmology, from the properties of water to the carbon-12
resonance and from the size of a human being to the shape of a
galaxy.

Two of the forces are familiar from everyday life. The first is

gravity, responsible for holding us down on the surface of the
Earth, holding the Earth in orbit around the Sun, and, indecd,
for holding the whole Universe together and ensuring that it will
one day recollapse into a singularity. The second familiar force is
really two forces in one, known as clectromagnetism. Until the
nineteenth century, the forces of electricity and magnetism seemed
to be two scparate entities, but they were unified into one
package by the equations developed by James Clerk Maxwell. A
flowing electric current always has 4 magnetic field associated
with it, and a moving magnetic field induces an electric cur-
rent in a conductor. This is the basis of both the generation
of clectricity in power stations and the operation of electric
motors. Light and radio waves are both forms of electromagnetic
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radiation, and the speed at which they travel, the famous constant
¢, comes out of Maxwell’s equations of clectromagnetism.

Gravity and clectromagnetism are both long-range forces.
Gravity acts literally right across the Universe, and so too in a
sense does clectromagnetism, when light travels between widely
separated galaxies. But, unlike gravity, both electricity and
magnetism come in two flavours which cancel each other out. An
atom, a planet like the Earth or a galaxy like the Milky Way
contains the same amount of positive electric charge (in the form
of protons) as it does negative electric charge (in the form of
electrons), so its overall charge is zero. Similarly, every magnetic
north pole is accompanied by a magnetic south pole. So the effect
of electromagnetism on the Universe at large is much less (or at
least, less obvious) than it might otherwise be. Although the orbit
of Mars, for example, is slightly affected by the gravity of the
Earth (and vice versa), because each planet has no overall electric
charge and no overall magnetic polarity, neither orbit is affected
directly by electromagnetic forces from the other planet.

The other two forces of nature both operate only on the small
scale, over a distance roughly equivalent to the diameter of the
nucleus of an atom. A neutron and a proton inside the nucleus,
essentially touching each other, can ‘feel’ the influence of these
nuclear forces from each other, but they cannot feel the influence
of the nuclear forces from the atom next door, let alone one on a
different planet. The strong nuclear force is the powerful (though
short-range) force of attraction which holds the nucleus together
against the tendency of the positive charge on all the protons to
blow the nucleus apart.

The weak force is harder to picture in everyday terms, because
it is not simply involved in pulling things together (like gravity)
or pushing them apart (like two magnets placed with their north
poles in contact). The weak force is responsible for radioactive
decay, and in particular for the way in which a neutron can eject
an electron and transform itself into a proton.

The behaviour of everything in the visible Universe, and the
Universe itself, depends on the balance between these four forces,
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together with the exact values of the basic unit of electric charge
(the charge on an clectron) and the exact masses of the proton,
neutron and electron. The standard idea of the Big Bang as a
unique event offers no explanation of why these fundamental
entities should have the properties they do. It is either just luck
(coincidence) or the work of a designer, depending on your
personal preference. But there is no doubt that the exact values of
these fundamental entities are crucially important to the nature of
the Universe, and to the existence of life-forms like us.

The four fundamental forces differ wildly not only in range but
in strength, and these differences are a key to the cvolution of
the Universe and to our existence. Their strengths are usually
measured in terms of how two protons alongside each other in a
nucleus would ‘feel’ each of the forces. Because electromagnetism
was the first of the forces to be studied in the laboratory, the
strength of the electromagnetic interaction is set at 1. On this
scale, the strength of gravity is a feeble 107%: the force of electric
repulsion between two protons in a nucleus is 10 times stronger
than the force of gravity attracting them to each other.

On the same scale, the strength of the weak force is 107
Even the weak force is 10%® times stronger than gravity, so
gravity cannot stop the decay of a neutron into a proton and an
electron. But the strength of the strong force is roughly 1000, in
these units, comfortably enough to hold the nucleus together
even though clectric forces are trying to break it apart. It cannot
prevent radioactive decay, however, because the electron ejected
in the process is immune to the strong force, just as a piece of
wood is immune to magnetic forces.

Just as Maxwell succeeded in combining the description of

10

“electricity and magnetism into one set of equations, so today

physicists dream of finding a single /set of equations that will
describe all four of these interactions in one package. They have
already succeeded in developing an ‘clectroweak’ theory that
unifies electromagnetism and the weak force, and they think they
have a good idea of how the strong force might be included in
the package. Gravity is proving more stubborn. Physicists also
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believe that the properties of protons and neutrons depend on the
fact that each of these particles is made up of three other entities,
known as quarks. But none of that nced bother us now. We
already have enough information to explain why planets, stars
and people exist in our Universe,

The size of atoms, for example, can be explained simply in
terms of the masses of protons and electrons and the strength of
the electric force of attraction between them. Although quantum
physics can be used to make the argument more subtle, there is
enough truth in the simple picture of an electron ‘in orbit’
around the nucleus, like a planet orbiting the Sun, for it to be
relevant. The balance between the electric force pulling the
electron in and the energy of its orbital motion depends on the
mass of the electron and the strength of the electric force, and a
very simple calculation then sets the sizes of atoms to be a bit less
than 1078 cm — the right answer, sincc atoms really are about that
size.

When it comes to planets, what matters is the balance between
the clectric forces between electrons in the outer parts of atoms
and gravity. Gravity tends to pull cverything together, but is a ‘
very feeble force on the scale of an atom. The electric charge on |
the electrons in an atom tends to keep them apart (once again, i
quantum cffects are important if you want to do the calculation T
accurately, but not important enough to bother us here). The }
outward force resisting the crushing of an atom stays the same for ‘
any atom, but the inward force of gravity trying to crush the
atom depends on how many atoms there are piled up on top of
it. Once you start dealing with 10%® atoms or more, you have a
chance of gravity overwhelming the electric forces and crushing
the atoms in the middle of the pile completely.

In fact, it is not quite that easy, because all those 10* atoms
cannot all be at exactly the same point. Instead, they are spread
out through a rock, a planet or a star (a rock a few kilometres
across actually contains about 10% atoms). This gives gravity a
handicap, reducing its effectiveness by a one-third power, because
the volume of a lump of material depends on the cube of its
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radius. So gravity can crush atoms at the centre of a planet out of
existence once there are about 1057 atoms collected in one planet
(38 is two-thirds of 57).

So gravity dominates the electrical force when the total mass
of a collection of atoms is about 10° times the mass of a proton
(a number I always remember as the ‘Heinz soup parameter’).
Under these conditions, atoms are crushed out of existence and
converted into a plasma of free electrons and nuclei. Nuclear
fusion begins, as the nuclei are squeezed closer together and start
bouncing off one another. The collection of atoms has become a
star. A lump of matter containing 10%” atoms is, indeed, the size
of a star just a little bit smaller than our Sun (with a mass about
85 per cent of the Sun’s).

The balance between gravity and electric forces is also
important to life on Earth. It is the electrical forces between
atoms that holds molecules together, and on the surface of the
Earth these forces are rather closely balanced by the strength
of the force of gravity from all the atoms in the Earth pulling
together.

The old adage ‘the bigger they come, the harder they fall’
comes into its own’ here. The clectric forces that hold together
the atoms of, say, a coffee-cup are likely to be disrupted if I drop
the cup onto a hard floor. This is because the cup picks up kinetic
energy as it falls under the influence of gravity. When it hits the
ground this energy of motion has to go somewhere, and it is
shared out among the atoms and molecules of the cup, disrupting
the chemical (that is, electrical) bonds that hold them together.

If I drop the cup from just above the floor, it will probably not
break. The kinetic energy shared out among the atoms and
molecules when it hits the ground will be enough to raise
the temperature of the cup by a minute amount, but not enough
to break the bonds. The cup is more likely to break if I drop it
from a greater height, because it will have had more chance to
accelerate under the influence of gravity, and it will hit the
ground harder.

It is the same with people, and other land animals. If you break
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a bone when you fall over, it is because the energy provided by (

gravity during your fall has been sufficient to break apart the
clectrical bonds between atoms and molecules in the bone. The
only numbers that really matter are the relative strengths of the
clectromagnetic and gravitational forces, the masses of protons
and neutrons, and the number of atoms in your body and in the
entire Earth put together. Once again, a simple balancing of these
numbers tells us that any animal that lives on Earth and has a
mass bigger than about 100kg (2201b) has a fair chance of
breaking a bone when it falls over. You can be a bit heavier than
1oo kg if you are agile enough to avoid falls, and much heavier if
you move carefully, like an eclephant. But you cannot get away
with being big and agile. Which is one reason why there are no
10 metre (30 feet) tall giant people around on Earth.

These are all interesting discoveries, and help to cxplain why
the Universe is as it is, and why we are as we are. But they do
not come into the category of cosmic coincidences. The size of a
human being, for example, simply represents an adaptation to the
forces that operate on the surface of our planct. But when we
look again at what goes on inside stars, we find further evidence
that there is something very peculiar about the balance of the
four forces in our Universe.

With two basic kinds of nucleus (the proton and the neutron) to
play with, you might expect that three kinds of ‘double nucleon’
nucleus could exist: the diproton (two protons stuck together), the
dineutron (two neutrons stuck together) and the deuteron (one of
each kind stuck together). In fact, only the deuteron can exist in
our Universe, and this has profound implications for energy
generation inside stars and for nucleosynthesis.

The reason why the diproton and the dineutron are unstable is
that they have too much energy. Nothing is ever completely still,
and the jostling motion of a particle like a proton is known as its
zero-point energy. Two particles (or more) in a nucleus are con-
stantly jostling one another as a result, and this zero-point energy
tends to break the nucleus apart, adding to any tendency for
distuption caused by the positive charge on all the protons.
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There is a further complication introduced by quantum effects,
which makes it easier for two different kinds of particle to stick
together — as in the deuteron — than for two identical particles to
stick together.

The overall effect is that in a deuteron the strong force can just
hold the two particles together; in a diproton or in a dineutron
the combination of electric repulsion and zero-point energy
would be too great for the strong force to overcome. This is
crucially important. If the diproton did exist, it would be a form
of helium — helium-2. If the strong force were just a little bit (13
per cent) stronger than it actually is, all of the hydrogen in the
Universe would have been turned into helium-2 very early on in
the Big Bang. There would be no hydrogen in the Universe
today at all, and therefore no water, and none of the curious
coincidences that Henderson noted about the behaviour of water,
and no organic life-forms like ourselves. Since all main sequence
stars are powered by the fusion of protons into helium-4 nuclei,
there would be no stars like the Sun in such a universe, either. On
the other hand, if the strong force were rather less strong (by
about 31 per cent), even the deuteron could not be held together.
The Universe would then consist of nothing but hydrogen, since
nucleosynthesis would never get started. Either way, we would
not exist.

This is a powerful example of the Goldilocks effect at work. Is
the strength of the strong force ‘just right’ for Goldilocks because,
as Hoyle argued, it is part of an infinite variety of choices, one of
which must, by chance, be just right? Or has the cosmic porridge
been lovingly cooked up by a cosmic chef who knows what
Goldilocks likes? Or is there some reason why a Universe like
ours must evolve into more or less the state in which we find it?

Whichever alternative you prefer, there is plenty more to
explain. Our existence also depends, for cxample, on the fact that
the mass of the neutron is very nearly the same as the mass of the
proton. There is no explanation for this in terms of standard
physics; it is just one of the facts of life that a neutron weighs just
1.290 MeV more than a proton (since mass is cquivalent to energy,
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both are measured in the same units). It is a puzzle why, first,
there should be any difference at all in the masses and, secondly,
that the difference should have this particular value. But whatever
the reasons for its existence, the value of the mass difference
comes into the story of nucleosynthesis and energy generation
inside stars because it affects the stability of nuclei.

Again, quantum effects come into play, and I shall not go into
the details. What matters is that the so-called binding energy of a
nucleus has to be sufficient to overcome the mass difference
between the protons and the neutrons. The binding energy in
deuterium is just 2.23 MeV. So if the mass difference between a
proton and a neutron were twice as big, deuterium could not
exist.

While we are considering might-have-beens, imagine what the
Universe would be like if the force of gravity were not so weak.
Suppose it was about 10 billion times stronger (which would still
make it by far the weakest of the four forces, with a strength
1072 that of the clectric force). You would not need so many
atoms to make a star. The atoms and nuclei themselves would be
much the same as in our Universe, because gravity would still
be vastly weaker than the other forces and would not affect
subatomic processes. Bit stars in a high-gravity universe would
then have the mass of a small planet, or a large asteroid in
our Universe; and because they would contain fewer atoms,
squeezed more fiercely by gravity, they would use up their
nuclear fuel more quickly. Quite a lot more quickly, in fact — in
about a year.

A typical star in the high-gravity universe would be about
2km across, burning with a bright blue light; any planet about
500,000 km from the star (roughly twice the distance from the
Earth to the Moon) would be just comfortably warm, with an
average temperature of about 25°C. It would also be no bigger
than a small moon in our Solar System. But it would be very
unlikely that life could evolve on such a planet, in the short
lifetime of the parent star. Indeed, at the time nucleosynthesis had
produced heavy elements and planets had formed, the entire
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THE GOLDILOCKS EFFECT

universe would be only a few years old, and a few light ycars
across.

On the other hand, if gravity were even weaker than it actually
is, it would never have been able to hold clouds of gas in an
expanding universe together to make galaxies, stars and planets at
all. Such a universe would be filled with a thin gas of hydrogen
and helium, spreading ever thinner as the universe expanded.

Changing any of the forces of nature, or the fundamental
particle masses, seems to shift the balance of our Universe against
life. In the same way, if Baby Bear’s porridge is ‘just right’ for
Goldilocks, then any change in the recipe would have made the
porridge less palatable for her. But at least Goldilocks did have
three bowls of porridge to choose from, improving her chances
of finding one that she liked. We only have one Universe, take it
or leave it.

The more you look at the way our Universe is set up, the
more it seems to be set up in a very odd way, to encourage
nucleosynthesis and the formation of stars, planets and people. In
his book Galaxies, Nuclei and Quasars (published in 1965), Hoyle
says that it looks as if ‘the laws of physics have been deliberately
designed with regard to the consequences they produce inside
stars’. He has also described the Universe, and the carbon and
oxygen resonances in particular, as a ‘put-up job’. Quoted by
Paul Davies in his book The Accidental Universe (published in
1982), Hoyle said that ‘a commonsense interpretation of the facts
suggests that a superintellect has monkeyed with physics, as well
as chemistry and biology, and that there are no blind forces
worth speaking about in nature’.

But this is almost exactly the ‘argument from design’ used,
before evolution was understood, as evidence for the existence of
God (it still is used, as an alleged’ refutation of the ideas of
evolution, by people who do not — or will not — understand
Darwin’s theory). The argument was presented in its classic form
by William Paley, in the cighteenth century. He said that the fact
that a bee, or an oak tree or a human being is so precisely fitted
to its environment reveals the work of a great designer, and that
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such things could not arisc by chance. The refutation of this
argument is that evolution by natural selection does not operate
by chance in the way that the argument from design suggests as
the only alternative to the hand of God. Variations from one
gencration to the next — mutations — may indeed occur at
random, but the selection process, cssential to evolution, is not
random at all, and involves sclection of the fittest.

The argument is beautifully explained by Richard Dawkins, in
his book The Blind Watchmaker. It works to explain such amazing
‘coincidences’ among life on Earth as the way in which, say, a
humming bird has evolved a beak which can penetrate the
flowers of the plants it feeds on. The ‘fit’ of the bird’s beak to the
flower is not like the fit of a piece in a jigsaw puzzle, carefully
carved out by a designer, but rather like the fit of a flowing river
to the river bed, a result of the river and the bed ‘evolving’
together to match each other. And I believe that evolution can
also be used to explain the balance of the four forces of nature,
the marginal stability of deuterium, and all the other coincidences
of cosmology puzzled over by Hoyle and others.

But I also believe that these puzzles have, until very recently,
been looked at from the wrong perspective. It is natural for
human beings like us to see the coincidences of cosmology as
indicating that the Universe has been set up (either by a designer
or by evolution) for our benefit. But this anthropocentric view
may be very wide of the mark. Take the example of our own
eyes. They have evolved to make very efficient use of the
radiation provided by sunlight. Without sunlight (or its artificial
equivalent), our eyes would be useless. There is no doubt that
artificial lights, like the one in the corner of the room where I
wrote this book, were designed for our benefit, with human eyes
in mind. But there is no reason at all to think that the Sun was
designed to produce light suitable for human cyes. Rather, the
light came first and eyes evolved to make use of it.

Indeed, our entire living planet, Gaia, has evolved to make use
of energy pouring out of the Sun, in what is essentially a parasitic
manner.
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Recall Jim Lovelock’s comment that ‘Gaia will do what’s best
for herself, not necessarily what’s best for us’. The Universe may
have evolved along lines that are good for the Universe (or for
universes in general), with any benefits for us merely an incidental
side-cffect. We (by which I mean all organic life) may simply
have been very good at making the best use of what the Universe
had to offer, just as our eyes have evolved to be very good at
making use of what the Sun has to offer. The use of carbon,
hydrogen, oxygen and nitrogen provided by the Universe is an
equally parasitic act by life as we know it.

In that case, the interesting question is why the production of
carbon, hydrogen, oxygen and nitrogen is ‘good’ for the Universe
itself. Why is there nucleosynthesis, and why are there main
sequence stars, and galaxies like the Milky Way? What is it that is
being selected for out there in the Universe at large?

These are the questions I shall answer in the rest of this book. It
may very well be that there is something special about the laws
of physics, and that they have been sclected by a process of
evolution. But there is no evidence at all that that reason
involves our existence. It seems more likely to me that the
processes of natural selection which have led to the existence of
our Universe are completely blind to the existence of organic
life-forms like ourselves, and living planets like the Earth. Our
existence is an example of the supreme opportunism of life,
latching on to any available source of energy and insinuating
itsclf into any conceivable ecological niche. Those niches, we
have already seen, extend from the scale of viruses at least up to
the scale of our whole planet. Now, we can see how the scale
extends indefinitely upwards; and then, at last, we shall be able to
understand the real driving force of the evolution of universes,
and the possibly genuine coincidence that what is good for the
Universe just happens to be good for us.
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