James Jeans

from THE MYSTERIOUS UNIVERSE

Our ability to understand the universe and our position in it i

of the glories of the human species. Our ability to link mind ::) y !::"e

language, and especially to transmit our thoughts across the cennt: : by

another. Science and literature, then, are the two achievements ofi;es is

sapiens that most convincingly justify the specific name. In attem ":’0
however inadequately, to bring the two together, this book can bepﬂmgr,‘
as a celebration of humanity. It is only superficially paradoxical to begin
our celebration by cutting humanity down to size, and no science puts us
in our place better than astronomy. | begin with a fragment from James
jeans’s 1930 book, The Mysterious Universe, which is a fine example of the
humbling prose poetry that the stars so intoxicatingly inspire. ¥

Standing on our microscopic fragment of a grain of sand, we attempt
to discover the nature and purpose of the universe which surrounds
our home in space and time. Our first impression is something akin to
terror. We find the universe terrifying because of its vast meaningless
distances, terrifying because of its inconceivably long vistas of time
which dwarf human history to the twinkling of an eye, terrifying because
of our extreme loneliness, and because of the material insignificance of
our home in space—a millionth part of a grain of sand out of all the
sea-sand in the world. But above all else, we find the universe terrifying
because it appears to be indifferent to life like our own; emotion, ambi-
tion and achievement, art and religion all seem equally foreign to its
plan. Perhaps indeed we ought to say it appears to be actively hostile to
life like our own. For the most part, empty space is so cold that all life m
it would be frozen; most of the matter in space is so hot as to mz«fke life
on it impossible; space 1s traversed, and astronomical bodies .con‘tmually
bombarded, by radiation of a variety of kinds, much of which is prob-

ably inimical to, or even destructive of, life.
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Into such a universe we have stumbled, if nm
Jeast as the result of what may properly be descril .
use of such a word need not imply any surprise tha
accidents will happen, and if the universe goes on fo
conceivable accident is likely to happen in time. Ii':
who said that six monkeys, set to strum unintellj
for millions of millions of years, would be bou
the books in the British Museum. If we examin
particular monkey had typed, and found that it ]
strumming, to type a Shakespeare sonnet, we sk
occurrence as a remarkable accident, but if w

Martin Rees

from JUST SIX NUM

¥ As Astronomer Royal and President of the Ro
Rees, too, is no stranger to the romance of the stars ai
approach to putting us in our place invokes the mythi

o&;raborus to situate us exactly in the middle of the (lc
o i |

The firs dadad [
Zhss frot |v::xtt}:'act comes from Rees’s 1999 book Just Six Num
made amazinge :a-r;e book explains its central theme. Moc
- Strides toward . . / ’
our igno : s explaining the universe,
Bu gnorance back Into the first frace g | .‘
t our explanation ction of a second af

s of the deep Problems of existence rely
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dozen numbers, the fundamental constants of physics, wh

can measure but cannot derive from existing theori);ss 1:hw ose .values we
and many physicists, including Rees himself (thou -h ney afr_'e just there;
Victor Stenger, a physicist for whom | also have a vel’%’ hi ;:t, or exam!:»le,
that their precise values are crucial to the existence of agu r.egard) believe
of producing biological evolution of some kind. Rees takesmver:e capab!e
constants in turn, and the one | have chosen for this anth:::,c ?f the six
ratio between the strength of the electrical force that holds atof'ny Fr
and the gravitational force that holds the universe together. M s together

Large Numbers and Diverse Scales

We are each rr'lade up of between 10?® and 10? atoms. This ‘human scale’
is, in a numerical sense, poised midway between the masses of atoms and
stars. It would take roughly as many human bodies to make up the mass
of the Sun as there are atoms in each of us. But our Sun is just an ordin-
ary star in the galaxy that contains a hundred billion stars altogether.
There are at least as many galaxies in our observable universe as there are
stars in a galaxy. More than 10* atoms lie within range of our telescope.
Living organisms are configured into layer upon layer of complex
structure. Atoms are assembled into complex molecules; these react, via
complex pathways in every cell, and indirectly lead to the entire intercon-
nected structure that makes up a tree, an insect or a human. We straddle
the cosmos and the microworld—intermediate in size between the Sun, at
a billion metres in diameter, and a moleéule, at a billionth of a metre. It is
actually no coincidence that nature attains its maximum complexity on this
intermediate scale: anything larger, if it were on a habitable planet, would be

vulnerable to breakage or crushing by gravity.

We are used to the idea that we are mou .
tre in length, and the min-

are vulnerable to viruses a millionth of a me ; .
ute DNA double-helix molecule encodes our total genetic heritage. And
it’s just as obvious that we depend on the Sun and its power. But what

about the still vaster scales? Even the nearest stars aré millions of t.irfles
further away than the Sun, and the known cosmos extends a bllhor(;
times further still. Can we understand why there is so much beyon

1ded by the microworld: we
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our Solar System? In this book I shall describe severa] wave
are linked to the stars, arguing that we cannot Under?&'
without the cosmicC context. And
The intimate connections between the ‘inner space’ Ofmc
world and the ‘outer space’ of the cosmos are illustrated by
in Figure 1—an ouraborus, described by Encyclopaedia B ri t;:a 2
‘emblematic serpent of ancient Egypt and Greece, repres"
il in its mouth continually devouring itself and i - ‘

.[It] expresses the unity of all things, material and

itself ..
which never disappear but perpetually change form in an eter;

of destruction and re-creation.

On the left in the illustration are the atoms and subatomic pa
is the ‘quantum world’ On the right are planets, stars and galaxies. Th
will highlight some remarkable interconnections betweeﬁ the i
on the left and the macroworld on the right. Our evel‘YdaY.%.‘

Fi
gure 1, The ouraborys

nuclej a
nd ato
Ms (left)
an
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and living cells. The way stars shine depends on the nuclei within those
atoms. Galaxies may be held together by the gravity of a huge swarm of
subnuclear particles. Symbolized ‘gastronomica]ly’ at the top, is the ultimate
synthesis that still eludes us—between the cosmos and the quantum.

Lengths spanning sixty powers of ten are depicted in the ouraborus.
Such an enormous range is actually a prerequisite for an ‘interesting’ uni-
verse. A universe that didn’t involve large numbers could never evolve a
complex hierarchy of structures: it would be dull, and certainly not habi-
table. And there must be long timespans as well. Processes in an atom
may take a millionth of a billionth of a second to be completed; within
the central nucleus of each atom, events are even faster. The complex
processes that transform an embryo into blood, bone and flesh involve a
succession of cell divisions, coupled with differentiation, each involving
thousands of intricately orchestrated regroupings and replications of
molecules; this activity never ceases as long as we eat and breathe. And
our life is just one generation in humankind’s evolution, an episode that
is itself just one stage in the emergence of the totality of life.

' The tremendous timespans involved in evolution offer a new per-
spective on the question "Why is our universe so big? The emergence of
human life here on Earth has taken 4.5 billion years. Even before ouf S}ln
and its planets could form, earlier stars must have transmutf:d Pnstme
hydrogen into carbon, oxygen and the other atoms of the periodic ‘table.
This has taken about ten billion years. The size of the observable universe
is, roughly, the distance travelled by light sinc.e Fhe l?ig Bang, and so the
present visible universe must be around ten billion light-years acroes.

This is a startling conclusion. The very hugeness of fxur universe,
which seems at first to signify how unimportaflt.we are in the cotshnuc
scheme, is actually entailed by our existence! This is not to say ﬂ:t :}l:
couldn’t have been a smaller universe, only that we could not aviﬂ |

i i t an extravagant supertiu-
isted in it. The expanse of cosmic space 1s n'o i
ity; i’s a consequence of the prolonged chain of events.;zl i
before our Solar System formed, that.pre‘ceded our arrtlri P

This may seem a regression toanancient .anﬂ’ll‘opoczzon til;at T
something that was shattered by @pe@m ze:ut wedioaiitcaidle
moves around the Sun ratl?er e :i;;e;ir;ciple of mediocrity’) too
Copernican modesty (sometimes calle p
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ures like us require special conditions to have evolye.

w

. Creat . ; ‘ ed,
far spective is bound to be in some sense atypical. The vas hae
per vastness

erse shouldn’t surprise us, even though we may still seek
i : v
. n for its distinctive features. . s

i o4

explanatio

e

The Value of N and Why it is So Large

Despite its importance for us, for our biospl.lere, and for the
ity is actually amazingly feeble comp al:ed with the oﬂ}er f
atoms. Electric charges of opposite ‘sign’ attract each o
atom consists of a positively charged proton, with a single (z
tron trapped in orbit around it. Two protons would, accordin;
laws, attract each other gravitationally, as well as exerting an
of repulsion on one another. Both these forces depend on
same way (both follow an ‘inverse square’law), and so their re
is measured by an important number, N, which is the same :
of how widely separated the protons are. When two hydroger
bound together in a molecule, the electric force between
neutralized by the two electrons. The gravitational attraction
protons is thirty-six powers of ten feebler than the elect
quite unmeasurable. Gravity can safely be ignored by
study how groups of atoms bond together to form mole
How, then, can gravity nonetheless be dominant, |
gr Ou.nd.and holding the moon and planets in their co
Stavity is always an attraction: if you double a mass, t er
et s On et hnd i
as attract; they can be either positive
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disturbed when a solid is compressed or stretched. An apple falls onl
when the combined gravity of all the atoms in the Earth can defeat thz
electrical stresses in the stalk holding it to the tree. Gravity is important
o us because we live on the heavy Earth.

We can quantify this. In Chapter 1, we envisaged a set of pictures
cach being viewed from ten times as far as the last. Imagine now a set o;
differently sized spheres, containing respectively 10,100, 1000, ...atoms
in other words each ten times heavier than the one before. The eight:
ecenth would be as big as a grain of sand, the twenty-ninth the size of a
Luman, and the fortieth that of a largish asteroid. For each thousand-
fold increase in mass, the volume also goes up a thousand times (if the
spheres are equally dense) but the radius goes up only by ten times. The
importance of the sphere’s own gravity, measured by how much energy
it takes to remove an atom from its gravitational pull, depends on mass
divided by radius, and so goes up a factor of a hundred. Gravity starts
off, on the atomic scale, with a handicap of thirty-six powers of ten;
but it gains two powers of ten (in other words 100) for every three
powers (factors of 1000) in mass. So gravity will have caught up for
the fifty-fourth object (54=36%3/2), which has about Jupiter’s mass.
In any still heavier lump more massive than Jupiter, gravity is so strong
that it overwhelms the forces that hold solids together.

Sand grains and sugar lumps are, like us, affected by the gravity of
the massive Earth. But their self-gravity—the gravitational pull that
their constituent atoms exert on each other, rather than on the entire
Earth—is negligible. Self-gravity is not important in asteroids, nor in
Mars’s two small potato-shaped moons, Phobos and Deimos. But bodies
as large as planets (and even our own large Moon) are not rigid enough
to maintain an irregular shape: gravity makes them nearly round. And
masses above that of Jupiter get crushed by their own gravity to extraor-
dinary densities (unless the centre gets hot enough to supply a balancin‘g
pressure, which is what happens in the Sun and other stars like it). I_t -
because gravity is so weak that a typical star like the Sun is so massive.
In any lesser aggregate, gravity could not compete with th? e
squeeze the material hot and dense enough to make it shine. =

The Sun contains about a thousand times more g tban ]uplm
If it were cold, gravity would squeeze it a million times denser than an

ordinary solid: it would be a ‘white dwarf’ about the size of the Earth

t
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but 330,000 times more massive. But the Sun’s core actyalle
perature of fifteen million degrees—-—thousands of nmes 0
glowing surface, and the pressure of this irnmensely K
the Sun and holds it in equilibrium. v
The English astrophysicist Arthur Eddington wag amm@*
understand the physical nature of stars. He speculateq about
we could learn about them just by theorizing, if we lived on
cloud-bound planet. We couldn’t, of course, guess how ! ,¢
but simple reasoning along the lines I've just outlined co 1l
big they would have to be, and it isn’t too difficult to exxe
further, and work out how brightly such objects could shj
concluded that: ‘When we draw aside the veil of cloud.
our physicist is working and let him look up at the sky; th,
a thousand million globes of gas, nearly all with [these] 1
Gravitation is feebler than the forces governing the microy
number N, about 10%, What would happen if it weren’t
Imagine, for instance, a universe where gravity was ‘only’;
10* feebler than electric forces. Atoms and molecules won
asin our actual universe, but objects would not need to bes
gravity became competitive with the other forces. The n
needed to make a star (a gravitationally bound fusion 3
a billion times less in this Imagined universe. Planet mas:

be scaled down by a billion. Irrespective of whether t}
retain steady orbits,
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Jifetimes would be a million times shorter. Instead of Livina ci .
years, a typical star would live for about 10 Ving for ten billion

Y000 Years. A mini-Sun wo
burn faster, and would have exhausted its energy before even the ﬁrst s:p‘:
in organic evolution had got under way.

tion would undoubtedly be less favourable 1f (leavm

there is in our actual universe between the immense nm.gpms Qfm
nomical processes and the basic mlcrophysmal tlmescales for P e
chemical reactions. The converse, however, is that an even j,_ bt
could allow even more elaborate and longer—hved structure ot
Grav1ty is the orgamzmg force for the cosmos.., [It} 15*”;;': cial in all

featureless. But it is only because it is weak red
that large and long-lived structures can
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The emergence of consciousness, like the unfg]dir. .
upon restraint. Richness, the richness of the perCéiVéﬂZ
richness of the imagined worlds of literature dndi s

We are walking archives of ancestral wisdom. Our b
are live monuments to our forebears’ rare successes.
taught us. The human eye, the brain, our instincts, are I
ural selection’s victories, embodiments of the cumulati
the past. And this biological inheritance has enabled us to
inheritance: a cultural ascent, the collective endowment o:
Science is part of this legacy, and this book is about one «

achievements: Darwinian theory itself, ¥

]

A World Without Darwin
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The answer is: practically everything about living things—about all
of life on earth and for the whole of its history (and, probably, as we’ll
see, about life elsewhere, too). But there are two aspects of organisms that
had baffled and puzzled people more than any others before Darwin and
wallace came up with their triumphant and elegant solution in the 1850s.

The first is design. Wasps and leopards and orchids and humans and
JJime moulds have a designed appearance about them; and so do eyes and
kidneys and wings and pollen sacs; and so do colonies of ants, and flowers
attracting bees to pollinate them, and a mother hen caring for her chicks.
All this is in sharp contrast to rocks and stars and atoms and fire. Living
things are beautifully and intricately adapted, and in myriad ways, to their
inorganic surroundings, to other living things (not least to those most like
themselves), and as superbly functioning wholes. They have an air of pur-
pose about them, a highly organised complexity; a precision and efficiency.
Darwin aptly referred to it as ‘that perfection of structure and co-adaptation
which most justly excites our admiration’. How has it come about?

The second puzzle is ‘likeness in diversity’—the strikingly hierarch-
ical relationships that can be found throughout the organic world, the
differences and yet obvious similarities among groups of organisms,
above all the links that bind the serried multitudes of species. By the
mid-nineteenth century, these fundamental patterns had emerged from
a range of biological disciplines. The fossil record was witness to con-
tinuity in time; geographical distribution to continuity in space; classifi-
cation systems were built on what was called unity of type; morphology
and embryology (particularly comparative studies) on so-called mutual
affinities; and all these subjects revealed a remarkable abundance

of further regularities and ever-more diversity. How could these
relationships be accounted for? And whence such profligate speciation?

In the light of Darwinian theory, the answers to both questions, and to
a host of other questions about the organic world, fall into place. Darwin
and Wallace assumed that living things had evolved. Their problem was to
find the mechanism by which this evolution had occurred, a mec?lanlsm
that could account for both adaptation and diversity. Natural selectlo.n was
their solution. Individuals vary and some of their variations are hentabl.e.
These heritable variations arise randomly—that is, independently of their
effects on the survival and reproduction of the or: ganism. Bu_t they i Efer-
Petuated differentially, depending on the adaptive advantage theyecilp:
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time, populations will come to consist of the better
organisms. And, as circumstances change, different adaptations

gradually giving rise to divergent forms of life.

dvantageous, Wi
; The kgey 0 all of this—to how natural selection is able to pr

wondrous results—is the power of many, many small but ct

changes. Natural selection cannot jump from the primaeval soup
and ants all in one go, at a single stroke. But it can get there thro
lions of small changes, each not very different from what went be:
amounting over very long periods of time to a dramatic transfor
These changes arise randomly—without relation to whether tk
good, bad or indifferent. So if they happen to be of advantage that’
matter of chance. But it’s not a grossly improbable chance, beca
change is very small, from an organism that’s not much like an e
fashioned orchid to one that’s ever-so-slightly more like it. So wi
otherwise be a vast dollop of luck is smeared out into acceptably
portions. And natural selection not only seizes on each of these
advantages but also preserves them cumulatively, conserving
after another throughout a vast series, until they gradually build
the intricacy and diversity of adaptation that can move us to awed
tion. Natural selection’s power, then, lies in randomly generated ¢
;1;:; is dz:qed into line and .sh.aped over vast periods of time
is both opportunistic and conserving. -

Thus, over
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Richard Fortey i
from TRILOBITE!

¥ Richard Fortey has the same virtues as a palaeontolo.
his trilobites as Simpson loved his mammals and
about the wonderful crystalline eyes of the trilo
wonderful enough to think that trilobites had eyes 2
to imagine the Palaeozoic coral gardens they ¢

-

forgotten fights and flights that their eyes initiated
reappears towards the end of this book. ¥

Trilobite eyes are made of calcite. This makes them un
kingdom. .
Calcite is one of the most abundant minerals. T
Dover are calcite; the bluffs along the Mississippi river
the mountains stacked like giant termite mounds in Gt
China, are composed of calcite that has resisted millent
ing. Limestones (which are calcite) have been used to
the most monumental and enduring buildings: the st
of Bath, the pyramids of Gizeh, the amphitheatres and
columns of classical times. Polished slabs 'composed of
the floors of Renaissance churches in Italy, still grace the
HYatt—Regency hotels, or conference halls, or wherever arcl

to suggest the dignity that only real rock seems to confer. R
stone builds our rockeries; its finer,

whiter counterpart prc
ture grows. Only silica sa

purities and fine crystal masses that pi‘@-r E
the yellows and greys and fine mottling. i 7!_'-:"3' ,

vide the colour and design:

2

e S



RICHARD FORTEY - 83

i red of the scaglio rosso so typical of Italian church floors is a
f ferric iron. Purge calcite of all these impurities and it is
olourless: But it-rr%ay not be tra.nspare?t even tl.len. Chalk is almost
Jre calcite, but it is a mass of tiny gr.alns—fossﬂ'fragments most of
them,,which scatter and reﬂeft the light: hence its almost indecent
whiteness- When the Seven Sisters (?n the southern English coast
emerge from a sea mist it is like observing a line of undulating starched
sheets, SO frigid is their purity. But when a calcite crystal grows more
slowly in nature, then it may acquire its perfect crystal form, and be
glassy clear. The chemical composition, calcium carbonate (CaCoO,),
is simple as minerals go. As the crystal grows the constituent atoms
stack together in a lopsided way, and do not allow other stray atoms to
intrude to cloud its mineral exactitude. Layer builds on layer to reveal
the crystalline form, the macrocosm of the gem reflecting exactly the
microcosm of atomic sructure. As with the handiwork of a master
mason, there is no mistake permissible in the atomic brickwork. Large,
fine crystals often grow in mineral veins. These are often rejected by
miners in search of rarer booty, for precious metals sometimes hide in
grey and opaque minerals that seem dull by comparison with calcite’s
perfectly formed spar. Some of these crystals are sharply pointed and
then are described as dog’s tooth spar, looking much like the zig-zag
ornament favoured by Norman craftsmen over church doors; others,
blunt-tipped, are termed nail head spar.Bt learest crystal, tra
‘parent as a toddler’s motives} is Iceland spar.

Look into a crystal of Iceland spar and you can see the secret of the
trilobite’s vision. For trilobites used clear calcite crystals to make lenses
in their eyes; in this they were unique. Other arthropods have mostly
developed ‘soft’ eyes, the lenses made of cuticle similar to that con-
structing the rest of the body. Within this limitation there is enormous
variety: many-lensed eyes like those of the fly; large complex eyes such

1 . nc-
as those of most spiders; eyes that can see in the dark; eyes that fu

: scs has
tion best in brilliant sunshine. The octopus among the mollu

- 3 d
an eye that is famously like that of backbone-bearing animals, an

ion in the
provides one of the best examples of convergent evolutio

I he sorry eyes of a
i 1 t of us will have contemplated t .
animal kingdom. Most 0 i pais

dead fish, and remarked the compar

The dar

. oo
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eyes. Trilobites alone have used the transparency of Gl
ilobite eye i -

of transmitting light. The tr in contingje,
its shelly armour, It sits op top of the cheek of the an,inm*
eyeglass, tough as clamshell. : :
The science of the eye demands a little explanatiq
the optical properties of calcite, Gz

and this depends i
lography. If you break a large piece of Crystalline ca]

n. Ital]

mineral does the bidding of the invisible érrangemen%ﬁﬁ I

You are left with a regular, six-sided chunk of the mineral in

termed a rhomb. Neither foursquare like a cube, nor rect:

crystal: the simplest case js

the cube, in which axes pass:
the centre of the faces and m

eeting at the middle are all at

a case of science for once taki
the structure of calcite,
to it set at 120 degrees
the rhomb. The clear ¢

one major axis has three axes p
from one another, hence the config
alcite of this not-quite-a-cube treats |

L e e
. e R ST R R -
S S L "‘

peer to see two images of
dinary, and the other by th
and one directjop, only, in which light is not -

splitting, This is where 3 ray of ligh
graphic axis; from this

Passes straight throug

IRTRRPRI ol ST
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approaching from the. angle at which it po-inFs is specially favoured. If
2 crystal is elongated in parallel to the ¢ axis into the shape of a prism
light will still pass unrefracted through the crystal along the long axis
of the prism. But light approaching the same prism from other angles
will be split into ordinary and extraordinary rays, which will in turn
be deflected to reach the edge of the prism, where they might be partly
internally reflected, or refracted yet again. When the prism is long
enough the only light to pass clearly through to the far side of the prism
is that which approaches from the direction of the ¢ crystallographic
axis. To put it the other way round, the light that such a crystal ‘sees’
approaches from one particular direction. It is an astonishing fact that
trilobites have hijacked the special properties of calcite for their own
ends. They have crystal eyes.

The eyes of trilobites are composed of elongate prisms of clear
calcite. Most eyes have many such prisms stacked side by side. By
comparison with dozens of other kinds of arthropods the prisms
obviously functioned as individual lenses, in just the same way as a fly’s
eye is a honeycomb of hexagons, each one a lens—or the dragonfly’s,
or the lobster’s. The trilobite carries on its head another example of
such an arthropod compound eye—an eye composed of numerous
small ocular units, which had to collaborate to paint a portrait of
the world. Each component unit is a lens. The unique difference is
that the trilobite’s lenses are composed of a rock-forming mineral. It
would be no less than the truth to say that the trilobite could give you
a stony stare. One is reminded of the strange lines from that strangest
of Shakespeare’s plays, The Tempest:

- Wy o
Full fathom five thy father lies: QMQ:Q.(\S
Of his bones are coral made: » Q
Those are pearls that were his eyes:

Nothing of him that doth fade,

But doth suffer a sea-change

Into something rich and strange.

If to travel back to the time of the trilobite is a historical se;-tila?rgﬂal:i::
there can be nothing stranger than the calca.reOl.lS fyes ;link;ng lenses;
And pearls are chemically the same as t!ne o Stl::n although pearls
being yet another manifestation of calcium carbonate,
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.+ reflectors of light rather than transm.itter s of it. The wejrq.
are exquisite reflectc line results from his suggestions of pearly Opacity,
ness of Shakespeare StraIleOr med; dead, yet seeing. The trilobite saw the
the hints ofa CC;;PVS\Z th eyes tessellated into a mosaic of calcified lenses;
sutﬁartl}f:: :;rd seafarer, his stony eyes read the world through the

€
lrlr::zdium of the_living rock.

\ \)M(}d(ﬁ(

Colin Blakemore

from THE MIND MACHINE

¥ The theme of eyes continues with the next extract by Colin Blakfe-
more, British physiologist and head of the Medical Research Council,
who always seems to me to be an iIncongruous (in the nicest possible

way) combination of glamorous whiz kid and eminent elder statesman of
science. The use of ‘Grandma’ as the ob

ject perceived in this hypothetical
ry as it sounds, by the way, but is an
in-joke. Ever since the American neu i

Sight Unseen

A single atom of gas, :

Unimaginah]
of the sun, suddenly shj i Pl
out the surplus ener
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slows down a little as it hits the atmosphere of the Earth
1 hOFon { a second later it reaches the surface. It strikes the

t;m o(; an old woman but, as chance has it, the wavelength
wﬂnkled A% d photon of light is such that it is not captured by the
g Charfnllleer §<i11. It is reflected, and 10 microseconds later it shoots
?i%;“:?;;black hole, just 3 millimetres across. This hole is the pupil
in

ofa man's €ye. .

The photon slips past the transparent window that covers the front
of his eye, through the lens within it and on, between the particles of
the gelatinous mass behind the lens, even across the membranes and
cytoplasm of the nerve cells of the retina in the back of the eye. But time
i< running out. It penetrates a strange, thin cell at the back of the retina
and its existence ends as it strikes a single molecule of pigment inside
that cell, which captures the photon, destroying it by stealing its energy.

‘Hello, Grandma. The man, whose retina has caught our hero, the
photon, has recognised his grandmother. He sees her wrinkled face and
her blue gingham dress.

She smiles and opens her mouth. As she exhales, the folds of her lar-
ynx vibrate as the air rushes past them. Her breath rushes around her
moving tongue as it darts skilfully back and forth within her mouth,
occasionally touching her lips or her teeth. She is speaking. The rich
mixture of tones and noises pulses through the air towards her grand-

son’s head. Some of the vibrating particles in the air are caught by the
crevices of his outer ear and funnelled into the narrow tube that leads
to his eardrum. They beat on it, setting up a rhythm in a chain of min-
ute bones, which rattle at another membrane, setting up waves in the
liquid inside a tiny coiled tube. And these vibrations, in turn, tickle hairs

on tiny specialised nerve cells that stand like a regiment of sharp-eared

soldiers along the length of the tube. ‘Hello dear. The man hears his
grandmother speaking.

This everyday scene sets the stage for a detective story. The detective is
the human brain; the story is our perception of the world around us.

d a frac

KNOWLEDGE FROM MOLECULES AND WAVES _ |
To theinner eye and ear of the conscious mind, our senses give uswmdq;:ls
through which we see, hear, touch, taste, and smell the physical world.
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The job of the sense organs is to.con.vert light, sound, heat, Pressure
and molecules into the tiny electrical l.mpulses that scurry along nery,
fibres—their currency of communication. We are blissfully Unaware of
the machinery of nerves within our sense organs and our brains; a]] thag
we know directly is the impression of reality. Perception is an inventiop,
of nerve cells inside our heads. |
For more than 2000 years, philosophers and scientists have beep
deceived by the apparent simplicity of perception. The great Greek
geometer, Euclid, who lived about 300 Bc, thought that we see the
world because light flows out of the eyes, like an invisible hand, feeling
the reality of the physical world. But Plato, who lived 100 years earlier,
realised that knowledge—even knowledge of the outside world—comes

from within. He described a fable, told by Socrates, about people living

in a strange underground world:

Behold! Human beings living in an underground den, which hasa

mouth open towards the light...Here they have been from their child-
hood...Above and behind them a fire is blazing at a distance, and between

the fire and the prisoners there is a raised path; and you will see, if you
look, a low wall built along the path, like the screen which marionette
players have in front of them, over which they show the puppets. |
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standing of the universe, yet he wrote, in 1623, fourteen years before
he lost his sight, that sensations ‘are nothing more than names when
separated from living beings, just as tickling and titillation are nothing
but names in the absence of such things as noses and armpits’.

PICTURES IN THE HEAD

How, then, can nerve cells create our knowledge of the world? To start
to answer that question, we can peer backwards in time and downwards
through the animal world to simple creatures with no more than a few
thousand neurons to help them find their food, avoid their enemies and
manage their lives. Any animal that moves must understand something
of the world around it. Many simple animals detect light but learn little
from it: they merely move towards or away from the light, depending on
their particular style of life. The light-sensitive nerve cells in the human
retina, on which those photons that enter the pupil fall, can also do n.oth—
ing more than signal the intensity of light. All the richness of our visual

perceptions, all the information needed to recognise a grandmother’s

face, comes from those tiny cells in the retina that know nothing but the

number of photons hitting them.




