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Of all our senses it is vision that most informs the mind.
The instruments of science also favor vision, but they
extend it into new domains of scale, intensity, and color. It
is these domains that the authors traverse in Powers of
Ten, a wondrous journey across the universe from its
largest known dimension (10* meters) to its smallest
(107" meters).

Forty-two powers of ten span our firm knowledge;
beyond that we have only hints and brave conjecture. In
Powers of Ten forty-two remarkable vistas present the
universe, in measured steps, as we now know it. From the
dimension of one billion light years, where entire galaxies
appear as so many specks of dust, we return to the
friendlier realm of our solar system. We travel down
through the dimensions within grasp of our senses until
we reach the atom's interior, where instruments of physics
seek the elusive, tantalizing quark.

An atlas of the universe and a guide to its exploration,
Powers of Ten takes the reader on an extraordinary ad-
venture in magnitudes. From the splendid photographs to
the poetic pages of commentary, Powers of Ten is a book
to savor, a visual odyssey in which we better comprehend
not only the known world but our own place in it.

Powers of Ten is based on the brief and beautiful film
Powers of Ten: A Film Dealing with the Relative Size of
Things in the Universe and the Effect of Adding Another
Zero, made by the Office of Charles and Ray Eames.















The idea of exponential series was a favorite
tool of Charles Eames, as an architect who loved
the art of estimation; he saw it as a way of bring-
ing very large quantities within our grasp. In
the 1952 film A Communications Primer, the use
of powers to help visualize large numbers was
introduced; and one of the early mathemarical
peepshows, made in 1961, was about the powers
of two.

Charles liked to quote Eliel Saarinen on the
importance of always looking for the next
larger thing—and the next smaller. The idea of
scale—of what is appropriate at different scales,
and the relationships of each to each—is very
important to architects. Kees Boeke's book
suggested the possibility of bringing these ideas
together in film. With a constant time unit for

each power of ten, an unchanging center point,
and a steady photographic move, we could
show “'the effect of adding another zero™ to any
number.

The Morrisons, Phil and Phylis, had the
imagination and enthusiasm to see what this
idea could mean. During the making of Powers
of Ten, ideas poured out, fascinating informa-
tion piled up—more than could ever be fitted
into the constraints of the film. But now, in
book form, the opportunity exists not only for
the straight line journey, butalso for enriching
additions and insights at each power, for all our
pleasure—expanding our understanding, ex-
panding our knowledge. And in book form it is
possible to start at the human scale of one
meter, moving outward, power by power, and
understanding little by little what it means to
add another zero—or to start at the farthest
mysterious pointinthejourney, moving through
the human scale of one meter down to the
smallest scale yer explored.

RAY EAMES



Powers of Ten is a phrase you will hear soon
enough in almost any scientific conversation. It
is also the short title of a brief and beautiful ilm
produced by the Office of Charles and Ray
Eames. We came to know the Eameses and their
studio through taking part in the filmmaking,
first at some remove burt later quite intimately.
You can sample the film in this book, as much
as can be expected of a stationary representation
of what is meant to stream by at twenty-four
frames per second.

This book is a transformation of the film, as
the film was itselfa transform of an earlier little
book, Cosmic View: The Universe in Forty Jumps,
by a Dutch school teacher. Kees Boeke's in-
novative book for children was our introduction
to this ingenious itinerary, and we treasured it
for years. Thar journecy—in the book a series of
jumps, in the film a disciplined smooth flow—
became for us a journey throughout science.

These pages present a like voyage of dis-
covery through the universe, but rather more
freely. The original trip was a long and uninter-
rupted straight line: the changing view along
the line was presented without a sidewise glance.
Instead, with Ray we have organized a set ot
illustrated comments, lingering here and there,
looking around, recalling the experience of
earlier travelers, and seeking to convey the evi-
dence that informed the carefully constructed
images of the journey itself. The unity that
arises so clearly out of the diverse scenes will we

hope become perceptible and exciting to readers
new to science, young and old alike. We have
tried particularly to make easily understandable
the world we know from instruments and in-
ference alone. At the same time, we are confi-
dent that the well-grounded reader will find 1t
as satisfying as we ourselves did to see so much
laid out in context scale by scale. Anyone can
see how much we draw on the community of
science; we have more compiled a guidebook
than written an original account.

Finally, this book belongs among the first
written of a new series of books intended to ex-
pand upon science as it has been displayed in
worldwide growth in Scienzific American. We
hope that this small book and its companions
will be as warmly and widely used as the maga-
zine itself has been during the years in which we
have helped prepare—and then always excitedly
read—its monthly pages.

PuiLip AND PriyLIS MORRISON


















LOOKING AT THE WORLD:

AN ESSAY

Of all our senses it is vision that most informs
the mind. We are versatile diurnal primates with
a big visual cortex; we use sunlit color in con-
stant examination of the bright world, though
we also can watch by night. Our nocturnal pri-
mate cousins mostly remain hign in the trees
of the forest, patiently hunting insects in the
darkness.

It is no great wonder that the instruments of
science also favor vision; but they extend it far
into new domains of scale, of intensity, and of
color. Inaudible and invisible man-made signals
now fill every ordinary living room, casily re-
vealed in all their artifice to ear and eye by that
not-so-simple instrument, the radio, and the
even more complicated TV set. [tis very much
this path of novelty that science has followed
into sensory domains beyond any direct bio-
logical perception. There, complex instruments
assemble partial images of the three-dimensional
space in which we dwell, images rich and de-
aailed although at scales outside the physical
limits of visible light.

The images finely perceived by eye and brain in
a sense span the scientific knowledge of our
times (though it is risky to neglect the hand).
The world is displayed by our science in diverse
ways, by manifold instruments and by elaborate
theories that no single person can claim any
longer to master in all detail. The presentation
of the whole world we know as though it were

a real scene before the eyes remains an attractive
goal. It should be evident that no such assem-
blage could be compiete, no picture could be
final, nor could any image plumb the depths of
what we have come to surmise or to understand.
Behind every representation stands much more
than can be imaged, including concepts of a
subtle and often perplexing kind. Yet itis prob-
ably true—truer than the specialists might be
willing to admit—that the linked conceptual
struccures (){ scicnce arc not more (‘eﬂ(rﬂl toan
overall understanding than the visual models
we can prepare.



THE GAMUT OF THE SCIENCES

The world at arm’s length—roughly one meter
in scale—is the world of most artifacts and of
the most familiar of living forms. No single
building crosses the kilometer scale; no massive
architecture, from pyramid to Pentagon, is so
large. A similar limit applies to living forms:
The giant trees hardly reach a hundred meters
in height, and no animals are or have ever been
that large. The smallest individual artifacts we
can use and directly appreciate—the elegant let-
ters in some fine manuscript, or the polished
eye of a fine needle—perhaps go down to a few
tenths of a millimeter. Six orders of magnitude
cover the domain of familiarity. Science con-
ducted at these scales is rather implicit: The
most salient disciplines are those that address
the roots of human behavior.

Let us begin to marshal the furniture of our
wortld according to its physical size. On larger
scales, only occasionally does the work of our
energetic species show up: a bridge, a wall, a
dam, or a highway. These are typically less than
fully three-dimensional. They seem long ribbons
when occasionally they are caught in aerial
views. Only in their collectivity do we see hu-
man artifacts that occupy large surface areas
(still not three-dimensional) in the ten- to hun-
dred-kilometer range, sometimes even beyond.
These are the cultivated plains and terraces, the
irrigated lands, the clearings of the ancient for-
est, the great cities and their environs. Theirs isa
history of growth more than one of design. For
the rest of life, too, we find a similar display.
Blades of grass are small, but grasslands and
savannahs, like the dark forests north and south,
extend over whole regions, easily up to a thou-
sand kilometers across. It is these regions that
make up the visible large-scale landscape. Here
the cognizant sciences are those that aim at the
nature and use of lands. Perhaps still more ger-
mane are the descriptions offered by the his-



torians and geographers of an carlier time, and
those offered by the adepts of elaborated prac-
tical technologies, from agriculture to forestry
and engineering, ancient and modern alike.

Once past the scale of a thousand kilometers,
we lose sight of our species. At the global and
regional scale, up to ten thousand kilometers,
cooler sciences enter in strength. The swift mo-
tons of the air, its clouds and ceaseless winds,
the slower flow of rivers, ocean currents, glacial
ice, and the majestically slow drift of the solid
continents themselves lie behind the single
views. These occupy the dynamical sciences of
meteorology, oceanography, hydrology, and
geology. Within this generation, geology has
far extended its grasp; until recently, the globe
as a whole was hardly a geological topic. Re-
gions were well understood, but no known sin-
gle process had joined distant shores of wide
oceans or ringed the whole globe. All that has
changed: Today a geologist may take the earth
for province.

One leaves the carth, but not yet the domain of
humanity, beyond the range of ten thousand
kilometers. Out to the moon we have sent in-
trepid explorers, while the geosynchronous
carth orbit, a ring five earth radii out into space
above the equator, is now a well-exploited nat-
ural resource. Satellites orbiting within that
gravitational band neither rise nor set, as watched
from the spinning earth, but remain always in
view of the artfully aimed fixed dishes; they re-
lay word and image over radio links to and from
almost every nation.

It takes a scale six powers ot ten larger to reach
the boundaries of our solar system, our there
among the unseen comets. The sciences of the
solar system—the studies of the surfaces and the
interiors of the planets, large and small, their
satellites. meteorites, the comets, the dispersed

dust—are today more than just astronomy. No
longer do we merely look from afar; we touch
and sample now, at least vicariously with our
robot probes. Astronomy proper begins now
with the stars; one of them, the sun, is our own
life-giving hearth, the only star close enough to
permit detailed study. A great gulfis open be-
tween our home region near the sun and even
the second closest star; the steps must cross four
or five powers of ten to enter the realm of the
stars. It is a remarkable story, first told in our
century: the birth, development, and life history
of the stars, diverse globes of gas into which
most of the visible matter in all the universe is
bound. This is the kind of astronomy held in
the root of that word itself: the study of the
stars. It is mature now, though ceraainly un-
finished.

Let us now look the other way, inward trom the
submillimeter world of the attenuve but unaided
eye to the microcosm. First in interest come the
intricate machinery of our own bodies and its
counterparts in all the larger torms of lite. Here
we engage anatomy, physiology. histology, cy-
tology —a battery of specialties, ending with the
study ot the cell itselt, the ubiquitous unit of
living forms. Three or four further powers of ten
span that whole microscopic world of lite-
microbiology—down to the smaller cells ot the
most ancient torms of life, to uncover the not
quite living parasites, the viruses. But at that
level, on the scale of a thousand angstroms or
50, we encounter the mechanisms of molecular
biology (and its newer emulation in the textured
arttaces of microelectronics). These scenes re-
late form to tunction: The torm 1s molecular;
the functions are among the deepest properties
of life, shared by the tull web of life during all
the time we now know of terrestrial evolution.
Here we speak of genetics and of the biochem-
istry ot large molecules and their cycles of inter-



action. Before long we cross the vague frontier
that parts life itself (so much the most subtle of
chemical processes) from the chemist’s world of
random motion and atomic bonds.

Look outagain at the celestial scale. There too
we cross a real boundary of nature once we leave
the Milky Way environs to see galaxies, whole
spinning pools of stars bound together over
time. The astronomy of the stars first extended
to the dilute interstellar medium, the star-form-
ing matter from which new stars are born, and
then went on to galactic and extragalactic as-
tronomy. The fascinating forms and varieties of
star-pools are strewn throughout space as faras
we can see into the distant world.

Again in journey inward from the world of the
large molecules, we reach at last the individual
atom, at a scale of about an angstrom. Below
that scale, all science is physics and chemistry;
once we set out to explore the innermost spaces
of the atom, we enter a strange domain well
beyond any direct imagery. We can represent it
only as it has been puzzled out with the power-
ful tools and concepts of modern physics. Our
study has led far, to new fundamental laws, at
first paradoxical but now fruitful in explaining
the patterned and stable world we know within
matter. The modular world of the hundred
chemical elements and their larger but still lim-
ited variety of nuclear species is a world ruled
by a subtle interplay between order and chance.

The two ends of our procession of images, the
terminal scales of large size and small, mark the
limics only of contemporary knowledge. On the
one end, far out where the galaxies appear like a
glowing froth in darkness, all our sciences be-
come only one: cosmology. We know of no
spatial novelties beyond the billion-light-year
point. All the distinct structures we are aware of
are safely smaller than that. There is certainly

wonderful novelty, but it is expressed not spa-
tially but over time.

The universe has come to be filled with those
diverse galaxies formed out of a once bland and
uniform stuff. At the other end, for the very
small we have again one science only: particle
physics. There are even hints that the two ends
inform each other: The fiercely hot early uni-
verse may once have held only the kind of mat-
ter we see transiently now in the particle labs.
Ours is 2 modular world, built out of myriad
replications of the simplest structures, structures
that we are only now beginning to understand.
Within the nucleus is the proton; within the
proton, the interacting quarks. Within quarks?
The magnetized rings and tubes that are our
great accelerators, the ultramicroscope probes
of our time, have not given the final answer.

Forty-two powers of ten so far span our firm
knowledge; we have only brave hints and con-
jectures beyond that. We do not yet know,
though we can argue about it, whether infinity
lies within the real world as it lies within the
mind’s reach. How far can we continue the ex-
cursion in either direction, out to the macro-
cosm or in to the microcosm? Some day we
hope to learn.

THE SAME AND THE DIFFERENT

Over the wide sweep of size, the eye scans all
that is made. When the thought of Aristotle
turned to such a gamut, he saw the sky-world as
wholly different from this earth on which we
dwell a little while. We know his distinctions:
up there, the objects are shining, circular, per-
petual. Here below the moon, matter is usually
dark, and its motion is neither elegant nor en-
during. But in our times we have seen these two
wortlds made one. The satellite we launch is
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carthy, faulted, marked with the finiteness of
the minds thar designed it and the hands that
wrought it. Yet given that one terrible flaming
impulse of the rocket, it enters the celestial re-
gime, into an orbit that can be as purely circular
as that of any celestial body, there to shine en-
duringly, bright as a star in the night sky.

The world is not dual; that below and thatabove
are one and the same. The difference is but dis-
tance and motion. Aristote’s theory, which has
its insights, was fully superseded by the wider
insights of Copernicus three centuries ago. Since
then we have come to know well chat our earth
is just as celestial as any other planet; it too
shines, its motion is circular and perpetual —if
epicyclic—once viewed from far enough away,
once seen from elsewhere in the sun’s cortege.
We dwell on Spaceship Earch. By the same set of
experiences, we recognize that the red wander-
ing star we call Mars is not an ineffably lumi-
nous body, quite unlike the earth we know. Our
cameras show instead that it Jooks a good deal
like the desert of Arizona. All the rest are places.
100, places as physical, as finite, as wondertully
complex as earth. Of course they are not iden-
tical to earth; our sun, for example, is a2 giant
fiery ball, shining and hot as no planet can be.
But its globe of gas gravitates just as do the
rocks of earth; its nuclear fires, so enduring as
to have warmed our earth since its carliest days
and to have nourished somehow out of water
and air the thread of life, are now under detailed
study. The solar fires are long-lasting bur finite;
one day we may set up their counterparts here
(as we have already done transiently in grim
thermonuclear explosions) to run the shatts of
industry. Heaven and earth are not wholly dis-
tinct, nor are they one; they ditter in their na-
ture, yet they are joined in a wider unity.

So it is with the microcosm. Again the Greek
insight was wise. The early philosophers tried to
£

explain how wood could change to fire and
ashes, how bread could nourish the hungry,
how black iron might rust red. They had the
idea that deep down below the size we perceive,
matter was a web of small modules—the atoms
whose incessant rearrangements account for
all becomings. That profound idea, turned from
speculation to a powerful and growing mastery
of the hundred elements, has teased out the
linked fabric of every substance old and new. It
has led to today’s view of atomic matter, made
clear in the images we build of the world of the
small. Again, there is no trivial path to that un-
derstanding: The atomic world is not just like
the one in which our senses place us. To be sure,
it is the same world, for we have found no other
anywhere, but it is related to the world of fa-
miliar experience through that same curious
blend of the marvelous and the homely that we
tind out there among the planets. The step-by-
step examination within these pages is best
shared by a traveler who is pleased alike by un-
expected familiarity and by exotic novelty.

LILLIPUT AND BROBDINGNAG

Dr. Lemuel Gulliver, acting tor the ironic Jon-
athan Swaft, is the most famous of travelers
among the powers ot ten. (Truth to tell, he vis-
ited the two neighboring powers of twelve.) The
pettiness of the sectarian wars in Lillipuc and the
disdain of the magnanimous Brobdingnagian
giancs for us selt-serving little humans are both
dettly reported as a new quality of moral judg-
menc arising from size alone. In physical dimen-
sions, these peoples, big and lictle, ditter trom
us mainly through our perceptions of them.
Gulhver sees the Lilliputian world at a distance,
say to admire the elegant threading ot an invis-
ible needle with invisible thread. The giants he
sees as it in a microscope; their most elegant
artitacts seem crude, their very bodies gross and



marred to his too-close gaze. Exactly this had
been the real surprise offered by the microscope:
The finest needle points turned jagged and
coarse in its magnifying lens, and the most ad-
mirable complexion viewed microscopically
was a sea of blemishes.

But the effects of scale go well beyond percep-
uon in engendering novelty. The world works
differently at different scales. Swift well knew
the foundations of geometry; he understood
that it takes not simply twelve, not even twelve
times twelve, but twelve times twelve times
twelve six-inch Lilliputians to equal the bulk of
one six-foot man. For not only must the height
be increased twelvefold but the width and the
length must be increased as well. (Eight cubes
of sugar—two layers high, each layer a two-by-
two square—need to be stacked together to
build up a single cube with an edge twice as
long as the edge of one of the original cubes.)
Thus the Lilliputian planners requisitioned for
their prisoner Gulliver 12 x 12 x 12, or 1728,
daily rations.

Experience shows that so simple a trust in
schoolbook geometry is unrealistic. Consider
thata man might get by on a loaf or two of
bread a day. But to feed a small animal like a
chipmunk, six inches long, on about one partin
two thousand of that diet means the active little
creature is fed each day a piece of bread no
larger than your thumbnail. Starvation rations!
The animal will contentedly eat a third to a half
of a slice each day.

For the truth is that the world is not ruled wholly
by the simplicities of Euclid. A scale model may
resemble its counterpart with fidelity to the eye,
but, in general, the model cannot work in the
same way. It was Galileo himself who first
pointed out this result. Put aside the complexi-
ties of nutrition, heat loss, and the rest, and con-

sider one single static but important property—
structural strength. The learned Salviati asks
early on the first day of the dialogue in Galileo’s
graceful Discourses Concerning Two New Sciences
(1638), " For who does not see that a horse falling
[from a height of six or eight feet will break its bones,
while a dog falling from the same height . . . will
suffer no harm?” Later he remarks, "' A little dog
might carry on its back two or three dogs of the same
size, whereas I doubt if a horse conld carry even one
horse of the same size.”’ Indeed, small things are
relatively strong, large ones are weak. Great
steel bridges cannot support a load equal to
their own weight; any wooden plank does much
better. It is no special miracle of design that fits
a worker ant to drag back to her nesta fly much
bigger than she is, nor one that allows a small
bird to fly so well, while humans can barely fly
on muscle power but must enlist the aid of hot
and thirsty metal engines. These facts imply
that form follows not function alone but size,
especially over large changes of scale. Such is
the effect, in the physical world, of “adding
another zero.”

We cannot follos up the reasons for all the ef-
fects of scale change; that would require tread-
ing most of the paths of theoretical science. It
is enough to see how one case works out: the
structural weakness of the greatand the strength
of the small. Every structure on earth must sup-
port itself against the pull of gravity. Gravity is
exigent; it reaches inside every candy box, no
matter what the wrapping, to distinguish the
full pound from the empty container. Humans,
horses, and dogs walk about on their feet; only
the foot surface is available to bear the full
weight of the whole organism. That surface
area, like all areas, increases by 10 x 10—a hun-
dredfold—for one tenfold step in linear size, say
from a small dog to a horse. So the bearing area
goes up by one hundred. But the weight of the



whole body, the tortal load to be held by the
bearing surface, goes up by 10 x 10 x 10—a

thousandfold. The horse is sure to have propor-
tionately less structural reserve than a dog.
Whatever its design, a structure enlarged sufh-
ciently must therefore fail. Where the design
remains similar in form, the reckoning is accu-
rate. Of course a dog is not in fact built very like
a horse. That difference in form partly reflects
the distinct differences in behavior of dog and
horse, but it partly reflects the adaptation to a
change in scale. Large animals tend to thick and
sturdy form; small animals are recognizably
graceful, agile, subject to chill, restlessly hun-
gry, easily waterlogged. Each of these familiar
traits can be given at least rough explanation as

a simple demand of scale.

There is an inner reason for the difference. Dog
and horse are built of the same martcrials, of
flesh and bone. Deep inside matter, the atoms
do not change in size as the size of the creature
increases. The scale model is inconsistent. The
stamp of intrinsic size is held in the nature of
the atom; in another universe than ours, one
with differing atoms, these arguments might be
circumvented. But here they rule. Nor is it only
the elegant engineering of living forms that re-
flects the decisive result of adding zeros. Human
technology naturally must obcey the same rules.
Moreover, natural forms, quite apare from life
and its evolution, are no different; mountains
too must bear their own weight. They can reach
heights only very small compared to the whole
carth, or even to Mars. Every planet, every star
is nearly a sphere. But smaller bodies, like the
little moon of Mars called Phobos, can be quite
unlike a sphere: Phobos resembles a rather poor-
ly formed potato. The reason is in its size alone.
As the size of a body increases (usual materials
always assumed), the self-attraction arising trom
gravitational forces pulls internally on all por-

tions of the object. Let the body become of
great size, and no material has sufhcient strength
to withstand the effects of gravity. The object is
self-compressed; it strains to become as com-
pact as possible. Once it is massive enough, it
must approximate a sphere. It turns out that the
yield limit for rock is reached somewhere near a
couple of hundred kilometers; below that size,
satellites and asteroids come in all shapes: bars,
bricks, lumps. Much above that limit, they are
all spherical. Astronomy is thus the regime of
the sphere; no such thing as a teacup the diam-
eter of Jupiter is possible in our world.

Let us look at still smaller objects—and at other
properties. No one would expect that, 1f you
dipped your hand into a bowl of sugar cubes at
the table, you would bring outa cube with ic,
grasp the

unless you positioned your fingers to
cube. But if the bowl instead contained granu-
lated sugar, some crystals would surely stick. It
the bowl held powdery confectioner’s sugar,
you would fully expect to withdraw a white-
dusted sugary hand from the container. Why? It
15 all the same matenal; the adhesion ot sugar to
skin remains the same. But that adhesion grows
with the area of contact between the two sur-
faces. The total stickiness increases with the
area of the sugar sample removed; but the weight
of the sugar varies rather with its volume, Nor-
mal adhesion cannot lift a sugar cube: toomuch
volume, too little surface. For the powder, the
circumstances are reversed. The world under the
microscope is dominated by just such surtace
effects; 1t 1s trictional, sticky, chinging. Small
bodies do not coast; they show litde etfect ot
iertia. Bacreria experience pure water as we
would a pool of honey; the water is the same,
but the cell’s surtace is so large by comparison
with its tiny volume that even the water we find
so yielding tiercely inhibits their motions. We
repeatedly encounter phenomena associated



with scale change throughout our journey. Stars

shine, planets are round, bridges remain geo-
logically rather small, cells divide rapidly, atoms
randomly vibrarte, electrons disobey Newton, all
because of scale.

INVISIBLE ORDER

No visual model can convey unaided the full
content of our scientific understanding. the less
if it is restricted to the static. Pictures in a book
mostly present a static account of the world, a
limitation not imposed upon swift-flying fitm
or videotape because of their vivid fidelity to the
world of change. Film and the video processes
together constitute the most characteristic form
of art in this changeful period of human history.
The limitation of the static image is not simply
that it lacks the flow that marks our visual per-
ception of motion: Real change in the universe
is often too slow or too fast for any responses of
the visual system. The deeper lack is one of con-
tent. A single take belies the manifold event.
Several still images in a sequence chosen to
bring out the nature of the change can often do
as well cognitively, if not evocatively, as the
flow of re-created motion itself. But that se-
quence is the key: It takes more knowledge to
convey change. While our attention is seized by
the moving image, we usually forget that it is

nothing buta subtle illusion induced in eye and
brain by a multiplicity of still pictures. But what
a profligate flowitis! A couple of dozen dis-
tinct pictures each second are needed to simu-
late ordinary moving reality.

All that implies how much a visual model needs
some additional means by which to present
time, to mark change and its rates. For the world
is a pageant of events whose relative rates of un-
tolding in time are as important as the size of
the stage upon which they play.

One familiar kind of unfolding can offer a trans-
parent example. The physical world isin motion,
whether openly (as in our everyday surround-
ings) or more hidden (as it is within molecular
matter). Sometimes the tempo is so slow that
change is concealed from one quick glance, as
in the larger cosmos. We measure the speed of
motion most directly by noting by how much
an object’s position in space changes in a given
time. The apparent speed of the planets in the
sky provides a correct clue about distance that
not even the most archaic ot naked-eye observ-
ers would ignore. The perceived sequence of
decreasingly swift motions is familiar: birds,
clouds, moon, stars. . . . Since Copernicus, we
have been able to translate the observed round
of the planets—how many years each requires to
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return to the same point, taken not with respect
to the earth, but to the central sun—into their
true orbital speeds. For the size of their circuits
can be read from a Copernican map, relative not
to the meter standard but to the orbit of the
carth, Jupiter's near-circle is five umes the diam-
cter of Earth’s. But Jupiter’s year is about ten
umes longer than our year. Thart result (even
then known with accuracy) was in the hands of
the Copernicans trom the first; it falls at once
out of a scaled diagram of nested circles. Coper-
nicus’s system is by no means as simple as his
drawing might suggest. Copernicus found it
necessary, as today’s nonastronomical reader
does not, to take into account the small devia-
tions of the planets trom uniform circular mo-
ton, long known to the old star-clerks.

The speeds turned out to be of supreme interest.
In the figure, the measured relation of speed to
orbit size ts plotted in graphic form using the
data of today (taking a mean radius to represent
the actual ellipse). The regularity from planet to
planet is striking; itis a relation first adduced by
Kepler and made rational in detail a lifetime
later by Isaac Newton. Our point is simply
made: Without watching over time, we could
not have tound this rule. Nor s this merely one
detail of order missed by the static onlooker; it
is a profoundly diagnostic one. Compound this
regularity among planets with a similar rule for
the little moons of Jupiter, tor those of Saturn,
and for our moon itselt (its motion related to
the tall of an apple at the earth's surtace) and
something of the order behind celestial appear-
ances comes through. Go on to artficiat satel-

lites, whose motion was predicted by Newton
in the seventeenth century, and on to the dis-
tant double stars, and the point is universally
made. Once time is added to space, once the
visibly moving model is augmented with quan-
titative inferences, the invisible order of the
world earns the awe with which the Enlighten-
ment saw it. Their sense is shared by the physi-
cist today, even one who recognizes fully that
the world holds essential disorder, too.

The simplicity of the celestial rounds has long
made them the paradigm of order in science.
But the study of change has gone well beyond
the planets. If the eighteenth century admired
the Newtonian revolution to excess, our present
thought s equally caught up in the physicist’s
notion of energy. Energy does not mean some-
thing close to sunshine, gasoline, or jelly dough-
nuts; the technical meaning is clear, but atto-
gether more abstract. The concept has been
extended successtully beyond the mechanical
donzain, in which it first arose, to every process
of physical change. Energy is a quanuty that
can be defined for any system; its value can be
calculated, but not directly observed, by proce-
dures that demand much detailed analysis ot
the system. Once the value is tound. it holds
without change during all the changes any sys-
tem can undergo: thermal, chemical, biological.
... Only 1f the system 1s in some sense open
(that is, it somehow energy can low along spe-
cific paths out into or back from the world out-
side) can the energy content change. Even for
such an open system, it is always possible to
seek out the compensating change in the en-
vironment that. once included. leaves the roral
energy content of system and its surroundings
again invariant. The aphorism ot the nineteenth-
century physicist Rudolf Clausius. a pioneer in
the wider understanding ot the concept, holds
wday: “The energy of the world 1s constant.”

To energy one should add a variety of other
examples of constancy, like momentum along a
line, momentum of rotation,and electric charge.
which so far seem to hold unreservedly. Their
utility is wider than that of Newton's laws or of



any other of the more detailed statements of
chemist or physicist: They turn out to be as true
and indeed as useful in the quantum theory of
the nucleus as they are in the study of the dis-
tant galaxies. For many complicated natural
systems, they imply the major quantitative state-
ments we can make. Despite any entrepreneurs
who may now be busy selling perpetual motion
devices, no physicist fears the failure of these
high principles. To be sure, for the universe as a
whole—if that somewhat paradoxical concept
can be as well defined as cosmologists now
think—limits may someday appear even to this
class of generalization. Short of that, the invar-
iants work always and everywhere, at every one
of the forty-plus orders of magnitude. These in-
variants (there are more) find a rational connec-
tion with plausible properties of space and time;
they imply a consistency we tend now to de-
mand of proposed new theories of any kind.
Einstein and Schrodinger offered their novel
theories, far from Newton's paradigm. but the
conservation laws hold in those new theories
too in quite recognizable ways. Yet they cannot
appear in the model held before the eye, save by
implication.

Such invisible regularities can reveal the invis-
ible, even literally. A few star images seem to
undulate along the line of motion very slightly
as the years go by, following a path like a gently
meandering stream. Why? The momentum law
explains that such a mass cannot behave so by
itself; there must be an unseen companion to
share the momentum, now pulling the visible
star to one side, then to the other. Disturbances
were found in the motion of the planet Uranus
in the 1840s; on that evidence, an unseen planet
was predicted by John Couch Adamsand Ut-
bain LeVerrier, promptly found in the telescope,
and named Neptune. The last major planert to
be discovered, Pluto, was forecast in a similar

way. (Pluto turns out to be so small that we now
believe the original data were inadequate, and
the final success of the search was a tribute more
to patience than to Newton.) What worked for
planets worked for atoms too. In 1932, certain
cloud-chamber tracks showed protons recoiling
—from nothing. No initiating track was seen
toward the proton from the novel radiozctive
source outside. But the inference was clear,
exact, and soon verified: James Chadwick dis-
closed the neutron by directly applying the same
notion that had found Neptune. Itis this cath-
olicity of scale—planet to nucleus—that war-
rants the conservation laws as the strongest pil-
lars of the invisible order.

Coloris partof the visual experience, like change.
But the perception of color is no simple accom-
plishment of the eye and brain. Rather, it usually
includes an unconscious internal comparison
over the whole visual field, to allow for the qual-
ity of the light that illumines the scene. The
basis of color, the physical quality that distin-
guishes red light from blue, is the energy carried
by light in each single interaction with atomic
matter, ultimately in the retina. All those forms
of energy that are strict analogues to light—
from radio waves to gamma rays—can also be
ordered by the interaction energy they carry.
The variations in energy are large—sixteen or
eighteen powers of ten—from the very low ener-
gies in radio to the highest-energy gamma rays.
(The visible gamut from red to blue spans only
a two-fold increase in energy.) These rays all
move at the speed of light in empty space; but
they interact differently with atomic mateer,
according to their intrinsic energy. At the low-
energy end, the interaction is diffuse, gentle.
Energy carried along into matter by radio—
though it can be great overall—requires a huge
number of single interactions. At the gamma-
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Anather part of the invisible or
der appears in these spots. the
photographic record of the or-
derly diffracuon of x rays ot a

single energy trom a crystalhine

sample of DNA. Measuremient
of such a spot array led to our
knowledge of the torm of the
double helix. The techmque
amounts to a powerful butn-
direct x-ray microscope. The
sample here is a newly found
torm of DNA, a curious leftc-
handed double helix, whose
function may bear on the con-
trol of development 1in many
celled organisms.

ray end, the same total energy would express
itself through only relatively few atomic inter-
actions.

All these types of radiation are called electro-
magnctic because they interact solely with elec-
tric charge and its magnetic counterparts and
with no other property of matter. The images
they form are subject to strict gcometric limita-
tions. Low-energy radio is incapable of reveal-
ing fine structures; its limits are macroscopic.
High-energy rays can probe deep wichin single
material particles, but they disturb the receiving
particles by their disruptive transfer of energy.
The limit for spatial discrimination is propor-
tional to the energy carried. This limit is rough-
ly the wavelength of the radiation, to describe it
in language that expresses the wavelike and not
the raylike aspect of the radiant energy. Indi-
vidual atoms of angstrom size can be imaged
conveniently by radiation whose size discrimi-
nation is at their own scale; that is, the x rays.
Quite elegant means have been found to recover
the spatial arrangement of a crystal exposed to

x rays trom the record of the redirection of the
radiation as it passes through the repetitive ar-
ray of atoms. That is the technique that maps
the torms of such molecules as DNA. The re-
construction is carried out by computation; it

is simply impractical to devise lensing systems
that work well enough for the x-ray region.

The fiery color play of the opal is like x-ray dif-
fraction at another scale. An opal is a stacking
of tiny balls of silica, each about the size of the
minimum discriminating distance of visible
light. Its effect v such light s to disperse it into
different directions, which depend upon the
energy of the interacting light. The different
colors are thus separated, and the fire results. A
careful record made with light ot one sharp en-
ergy—one color—would produce, instead of the

color play, a geometrical pattern of bright spots
in that one color; that pattern could be analyzed
to form an image of the opal array in space. The
x rays produce the same phenomenon but on
the scale of the atom itself.

It is extension of this same set of ideas to in-
coming beams of particles, electrons and even
protons, that has allowed indirect study of the
internal forms of the nucleus and of the sub-
nuclear world. The method is there more com-
plex because the results are so much more di-
verse. If light enters an opal, only light comes
out. But if a fast proton enters a nucleus, many
new particles may emerge. Yet the ordering
principles that depend on the transfer of energy.
momentum, charge, and spin still control the
events.

THE FINE PRINT IN THE ALMANAC

The refinement of astronomical observations is
not a new story. The long time during which
the motions of the planets have been studied
has allowed us to store up a great treasure of
dara. In a specitic city, a solar eclipse can be pre-
dicted a century in advance with an error meas-
ured in seconds. That precision has led students
of the motions of the solar system to a concern
with fine points. The simple story of circular
orbits in strict obedience to the unmoving sun
is evidently too simple. It describes reality well.
buc with a broad brush. We can speak ot a model
of the real system. From Newton's day onward.
it was the task of the theorists to rationalize
more and more precise observations by more
and more attention to detail: improving the
model. The orbits are clearly not circles but el-
lipses. That itself goes a long way toward better
agreement. But they are not truly ellipses erther.
The ellipse is the strictly correct torm of an orbit
on which only the massive sun acts. Yet the



planets in fact pull upon each other and even on
the sun itself; the full study of the overall mo-
tions must take some account of the influences
of each of the planets. The slighter the disturb-
ing effect to be accounted for, the smaller the
planetand the farcher off the source of the dis-
turbance that must be considered. Calculations
can include a great many interacting bodies by
drawing on the full computing power of these
times. The orbits are in reality complicated,
slowly evolving, endless rosettes, always neara
shifting ellipse but beyond any simple descrip-
tion. It is this step-by-step complication of a
first approach that is the chief current task of
many a science, though few have the power ce-
lestial mechanics possesses. The model of the
circles has been inordinately refined.

Why push so hard the improvement of a model?
Initial understanding would follow mainly from
the circles and the simple curve of the graph.
Why the rest, which demands most of the ex-
pertise and carries the effort into technical do-
mains beyond the nonspecialist? There is the
challenge, like that of the mountaintops. More
than thart, detail is sometimes a necessity. No
one can aim a spacecraft at Mars and expect it to
arrive there if the aim has been based on an ap-
proximation of circular orbits and the assump-
tion that the only gravity that macters is that of
the sun. So the unknown future is a strong in-
centive to model improvement. Most of all, no
one can know what is hidden in the deviations;
there is always some hope of a grand discovery.
Indeed, Neptune was hidden in the small devia-
tons of the motions of Uranus; a major planet
or two is no small prize. The astronomers of the
late Victorian decades looked hard for addi-
tional planets near the sun, because their orbital
calculations of Mercury's motion were plainly
infected by a small error that would not go
away. No innermost planet has yet been found

that might be responsible for turning the Mer-
cury rosette just a hair faster to fit the now-
certain facts; instead, that discrepancy has been
accounted for fully by the new and radical view
of gravitation that Albert Einstein presented in
1916. It was the first fruit of his most original
accomplishment, the theory of gravitation
known as general relativity.

It is the occasional grand consequence of a mi-
nor misfit that has formed a good deal of the
popular caricature of theoretical change in nat-
ural science: a succession of schemes of the
universe, each one all-embracing, each to be
shattered beyond repair by an ocean of change
that floods through a single crack. No one
would deny that this view contains some truth,
but it is hyperbolic. We no longer need, like the
philosopher Kant, to imagine that human
thinking itself requires Euclid’s geometry and
Newton's laws of motion. Nor is the universe
seen as a clock of infinite precision, a clock that,
once wound up, is fated to tick out its inexor-
able rhythms. We are more modest today in
physics and probably much closer to reality:
There is room for strict cause as there is place
for a reasoned uncertainty, noise, and chance.
The two together play out the intricate univer-
sal drama. Itis true that Einstein's theory lends
itself well to difficult talk of curved spaces and
the geometrization of space-time, and those in-
sights are even irresistible to a degree. But, in
our visual model of the world, such effects can
hardly be seen, for the old descriptions of force
and motion on a large scale (even if wanting
when pressed too far) neatly account for most
of what we see within the larger cosmos, out to
a billion light-years and more.

Let it be affirmed that gravitation, in the plain
old Newtonian style, is today by no means the
effete and elegant subject of precisionists. Their



studies saw no grandly new phenomena but
only agreement in the last decimal places: fine
print in the almanac. One can easily take that
infetence from rhe history of celestial mechan-
ics: Nothing very new is to be expected. But
thatis not true. Gravitation is su!l full of sur-
prises, though to be sure not in the motions of
the major planets. Their orbits have mutually
smoothed themselves out in space over the long
repetitious span of solar ume. But look at the
galaxics in collision, their long arms and coun-
terarms telling a strange yet purely gravitational
tale. Even the new compact objects, like the
neutron stars, are understandable as the out-
come of Newtonian pull, no less than the intri-
cate rings of the planets are. The wild comets,
never disciplined to the flat plane of the solar
system, are occasionally imprisoned for indefi-
nite sentences inside Jupiter's orbit. All these
are signs of the versatility of gravitation. In ¢f-
fect, the whole world of the large is one drama
of resistance to the inexorable, never saturated,
never forgiving pull of gravity, from which its
orbit, its high temperature, or its quantum mo-
tion may preserve a system, at least for a while.

QUANTUM MOTION:
SURPRISE AND COMMONPLACE

If fifteen of the largest powers of ten within our
visual grasp are dominated by gravitation and
its richness, several scenes at the small end are
examples of quantum motion. They follow new
laws, not those of Newton; the ettects of grav-
ity are all but absent. The domain of the atom
both 1n its external partnerships, up to the scale
of molecular mechanisms, and within 1t, down
to the unending quest for the ultimate in fine
structure—is the domam of quantum motion.
That motion. represented in our visual model
by a few rather striking convenuons, is both the
most surprising of all the remarkable discoveries
of physics and the one that most resembles ev-

eryday life. For it is not the almanac that gov-
erns much everyday experience, nor is it the
more or less accidental orbits of gravitating sys-
tems. What we find is material stability: Like
begets like; gold always glitters; bread is nout-
ishing. If atoms were so many tiny solar sys-
tems, that stability would be impossible. No
two planets are alike; yet all electrons are iden-
tical, and so are all atoms, taken species by spe-
cies. No two stars can have identical corteges of
plancts, even if we discover plenty of solar sys-
tems where until now we have seen none. De-
tailed study of atomic structure and atomic
bonding have shown, in analogy to the solar
system, that there is a central heavy bonding
center with an external coterie of circling elec-
trons, analoguces of the plancts. Even the Kep-
lerran laws of motion—in a moditied torm. to be
sure—were found true. The atomic torces are
enormously stronger, particle tor particle; they
proved to be electrical, and thus saturable, not
insatiable fike gravity. The atom wants to gain
or lose at most only a tew more electrons. But
the sun will pick up additional mass whenever it
is oftered. Gravity always attracts, but electric
torces can repel.

The key 1s the modular, precisely repetitive.
stable form. No large system is like thac. Iden-
tcal bullding blocks— identical and stable forms
kept at an energy minimum and resisting any
small disturbance—characterize the atom. They
are the signs of quantum moton. The electrons
bind to an attracting charge just as they would
in large-scale physics; the torces are the same,
and the tall tfrom orbit inward to hug the center
is prevented by motion. But there the analogy
runs out. The quantum motion is ot hxed pat-
tern; only certain arrangements in space are
open to the moving electrons. and ot these only
one kind of structure has the lowest energy.
Given that state, the electron is present, butit 18



untrackable from moment to moment. No orbit

can be traced step by step; there is only an en-
tire stable pattern. Can an electron never be fol-
lowed along a circular orbit? It can, but only if
given an energy much greater than the mini-
mum possible, denying it a larger volume in
which to spread out. The energy present is then
by no means sharply defined but spread among
many energy states, as no stable atom could
allow.

Scale determines. Given a larger particle than an
electron (say a dust mote, or even an electron
with much more energy, like those that paint
the TV image), the motion can be followed as
sequentially as any circuit of the moon. Quan-
tum motion fully reduces to that of Newton
once given the scale conditions of the macro-
scopic world. But in the atomic regime, no stop-
watch, no light flash, no fast camera is adequate
to note the electron in its flight between two
points within its usual domain; and the use of
any radiation or any material sensors that could
function on the appropriate scales of time and
space would require energy transfers so great as
to break up the atom. You might track your
electron, but no longer would it be an electron
within a hydrogen atom bonded normally to
the carbon atom.

For that reason. our visual representation of
quantum motion conceals the particles involved;
the individual electrons in the bonded atoms
are not drawn. Rather, we show the electron
charge cloud that they paint out over time, in a
pattern that, on the average, becomes sure but
cannot be found to unfold from moment to

moment. The convention seems a fair one; the
concepts it represents are profound, even para-
doxical. Butin a way they are not so strange as
the haphazard quality of the might-be-any-
where orbits of the large-scale world. We are
used to a stable world of substances with fixed
if manifold properties; individual atoms in a
way have no history. They are ideutical. A gold
coin may contain last year’s gold from the mines
of the Rand or gold won from the California
placers in 1848. The two metals are one in kind.
All chemical change is by the reassortment of
atoms and electrons, never by their wearing out
or their gradual readjustment to some long his-
tory of attrition. When atoms heal, their recov-
ery is toral. Even nuclear decay is ordered and
modular; aging uranium always turns into lead
atoms of the right sort at the right rate. It is this
stability even during change that marks the
world of quantum motion, the world of modu-
lar identity.

HUMAN SCALE

Between the galaxies and the atoms, the journey
pages of this book dwell fora dozen powers of
ten nearer the human scale, amidst color, life,
and familiar landscapes. This is the realm rec-
ognizable in history. It is better known than
that of the universe at large and not so strange,
in its subtle unfolding, as the atomic patterns,
which seem to obey immutable laws whose his-
tory we can hardly conceive. Life too has had a
long history: evolution. Its intricate mecha-
nisms and its wide adaptations, its fitness like
its beauty, are slowly ripened fruits of time,
time long enough for Darwinian editing of the
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ADVICE TO THE READER

The core of this book is the scenes on the forty-
two right-hand pages that follow. By them-
selves, they present a visual model of our current
knowledge of the universe, showing along one
straight line both the large and the small. Each
image stands against a black background, a
little reminiscent of a darkened theater. Across
from every black-framed page is a page of text
and picture, a pause at cach step along the
journey to examine detail, evidence, or the
history of our knowledge.

The step from one scene to its neighbor is al-
ways made a tenfold change: The edge of each
square represents a length ten times longer or
shorter than that of its two neighbors. The small
central square frames the scene next inward.

The reader is master of the voyage. Starting
point and direction are open to choice. The first
venture might most happily begin at the famil-
iar, the picnic scene labeted one meter, for the
meter is the unit to which all the measurements
relate. Then in one direction the pages open to
the macrocosm, past the sun and the stars to
the darkness of the universe, and in the other
direction down from the familiar into the micro-
cosm of living cells and beyond to the incessant
atomic motion. The journey can be takenall in
one direction, a zoom from largest to smallest,
or quite the other way. Each of these offers its
view of the world.

The voyage can be made by successive steps,
tenfold larger or smaller at each turn of the
page. But the reader can skip, to sample the
world, say by thousandfold leaps. Equally, the
pages offer a reference frame, a marker for ex-
ploration of experience in the domain of astron-
omy, or of geography, or of biology, or of
chemistry. Any physical object can be sought
outin its proper place along the journey, and so
given an appropriate context.

Together these “"powers of ten”" present “'the
relative size of things in the universe and the
effect of adding another zero.”



25
10 meters

The obscure feature marked in
photo 1 isjustabout the far-
thest galaxy ever seen, five or
ten billion light-years away. The
photograph was made at the
telescope in 1979; attention had
earlier been called to the faint
visible object because itis also a
radio source. Itis flying away
from us—or we tfrom 1t—at
about 0.6 the speed of light.

The only objects photographed
so far at distances greater than
that of the faint galaxy in 1 be-
long to a very distant class of
powerful compact sources of
radiation, the quasars. The
marked spotin 2 is one such
quasar, also first picked out be-
cause of its unusual radio emis-
sion. The image near it is that of
a foreground star within our
own galaxy; the two appear of
about the same brightness, al-
though the quasar is about a
million times farther away! It
seems now that quasars are
especially luminous massive
hearts of certain galaxies.

On the facing page we look out at the universe
on a scale of some grandeur: one billion light-
years. The Virgo Supercluster of galaxies re-
mains central but hardly conspicuous. We see
many other clusters and superclusters of galaxies
strung out in lacy patterns, though none near
enough to catch the eye.

The view presented is both deep and old. To
carry such an image, the light would have had
to travel for a time that spans a considerable
part of the whole history of earth, starting on its
way so long ago that the only life flourishing
on earth was microbial.

Yet in the vast realm of the galaxies not much
changes during a billion years. One more step
outward, one more tenfolding, would bring us
to the time when even the galaxies were new,
an epoch we understand little. Before that we
detect signs of a profoundly different universe,
without stars and without galaxies, a bland do-
main of uniform hot gas. The starry galaxies
and even the quasars rightly belong to astron-
omy; the whole uniform gaseous universe,
present before they arose in all their variety, is
the proper subject matter of cosmology, now a
modern science though heir to a strong tradi-
tion of speculative thought.

The gaseous universe of the past was uniform
but not stationary. It had a simple pattern of
motion; it remained uniform while it became
steadily more dilute by expanding as a whole.
Neighboring points drift only slowly apart;
distant ones move more rapidly in strict pro-
portion; thereby uniformity is maintained. The
galaxies retain the old regularity of motion, but
their gravitation has since imposed more modest
and less orderly motions of rotation and orbital
flight: All the distances between clusters of gal-
axies—but not the bound clusters themselves—
still steadily expand.

A group of faintimages 3 is
all we can make out of a far
cluster of galaxies, distant two
to four billion light-years. We
detect only the brightest mem-
bers of this cluster.
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Galaxies cluster under gravity
into groups large and small.
This photo 1 shows the central
region of the nearest great pool
of galaxies, called the Virgo
Cluster, as viewed from earth.
On the facing page that same
Virgo Cluster is represented as
it looks seen from a position
out beyond it, looking back to
earth. At this distance it appears
within the small central square:
that area will entirely fill the
next inward view along our
journey.

A couple of thousand galaxies
of all sorts and sizes make up
the Virgo Cluster, circulating in
mutual orbit. It is around fifty

million light-years away; our
Galaxy and its small group of a
few dozen others seem only
part of an even bigger assembly
of galaxies, vague but enduring,
known as the Virgo Super-
cluster.

Here 2 is one of the dominant
galaxies of the Virgo Cluster,
pristine and undisturbed. Itis a
fine large elliptical galaxy with
many rather old and faint stars.
The fuzzy points that surround
it are globular clusters, each
with some hundred thousand
stars; our Milky Way sports a
hundred or two globulars of its
own, spread far around us rath-
er than gathered into that flat
disk amidst bright spiral arms.

A pair of galaxies 3 is caught
in the slow act of collision. Mu-
tual tidal forces have dragged
out long starry arcs. We see here
stars and some glowing gas; the
collision is lingering, rather
than violent, lasting for a geo-
logical epoch. During such an
interaction, no stars actually
touch; rather, the once-ordering
gravitational forces become am-
biguous. Some outer stars can-
not keep orbital allegiance to
their own galaxy but are slowly
and inexorably swept with their
accompanying gas into long
new arms, to fall back someday
or to fly off for good into the
intergalactic void. Such events
are not uncommon, especially
within crowded clusters of gal-
axies.
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This pair of galaxies is seen in
two different photos, each ex-
posed for about the same time.
But photo 1 admits the wider
range of color, which maps even
the sparse stars fat from the cen-
ual core, and a bridge of stars
becomes clear.

Photo 2 istaken with less
light, using one selected color
range; that color maps the glow-
ing gas, which lies mainly in the
spiral arms.

The visible fotm of this unusual
galaxy is clearly strange: a dust-
belted sphere of stars 3. The
radio telescope discloses it as an
enormous radio source: A map
of its radio emissions is shown
in 4. Farbeyond the central
ball of visible stars this galaxy
has poured out huge dilute
clouds of energy-laden gas that
genetate copious tadio emission
but litcle visible light. The sill
unseen dust- hidden center,
marked by additional x-ray and
infrared radiation, must hold
some energy emitter far more
powerful than any star. Fifteen
million light-years away, this
galaxy is perhaps the nearest
counterpart of that distantand
powerful class we call quasats:
Its nature will be understood
only through inspection by way
of many channels.
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These two irregular companions
to our Galaxy-each holds stars
by the hundred million—are
visible to the unaided eye on
dark nights under far southern
skies. They look 1 like detached
fragments of the Milky Way.
Familiar to the peoples of the
south, they were first reported
to Europe by the Italian navi-
gator Andreas Corsali, who
sailed for the Crown of Portugal
about 1515, a few years before
the first voyage around the
world. A drawing published
from Corsali's report is shown
in 2. The clouds are named in
most languages as fit monu-
ment to Ferdinand Magellan,
the circumnavigator.

The two Clouds are the closest
galaxies we can see clearly; they
have long meant much to astro-
nomical discovery. But the un-
aided eye can pick up one other
galaxy of the Local Group, 2
big spiral, strongly resembling
our own. (Itis best seen on dark
Augustnights high in the north-
ern sky.) This wide-angle photo
3 is specially made to martch
what the eye sees: The broad
band of the Milky Way crowds
the foreground, while below it
faindy shines the small ellipse
of the tilted Andromeda Gal-
axy, two million light years off.
That is the deepest we can reach
with eye alone, ten times farther
out than the Clouds of Magel-
lan. The same galaxy appears in
4 with the magnification and
light grasp of a great telescope:
Instruments can bring fuller
knowledge.

Any galaxy, large or small,
is a swirling pool of very many
stars. But the two big neigh-
bors, our Galaxy and Andro-
meda, share the gravitational
task of binding the Local Group
of much smaller galaxies.
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These nine examples serve to
suggest the unity and diversity
of galaxies. The yellow bulge of
old stars is seen very well in 1,
in 2, andin 8. Brightblue
young stars stand outin 2, in
5, and in 7. The dark lane of
dust s striking in 6 andin 8.
In 3 weseea group of seven
bright galaxies at the consider-
able distance of three hundred
millionlight-years;among them
they show interesting variety.
The three galaxiesin 4, 5, and
6 are all bright flat spirals, but
seen at differing tilts to our di-
rection of view; 4 is face-on
and 6 is edgewise. The galaxy
in 7 is a small one, not so dif-
ferent from the Magellanic
Clouds, dominated by young
stars and without marked order.
The galaxy in 8 is a big spiral
whose central bulge is unusual-
ly swollen. The galaxy in 1 isa
wonder. Brightest galaxy in the
whole Virgo Cluster, it is an
elliptical galaxy, a near-feature-
less sphere of older stars. But
atits core is a powerful radio
source, and that surprising
white jet fingering out from the
center is made not of stars but
of fast-streaming gas. The pair
in 9 are linked in collision; one
long arm of a bright open spiral
is reaching out in response to
the tidal pull of its passing un-
formed dusty little companion.

Living deep within our Galaxy, unable to travel
about it, we have been forced to map it by in-
direct methods. Our map gains credibility from
the overall, if distant, views we have of many
external galaxies. Here is a bouquet of galaxies
drawn from the few thousand specimens which
are all those close enough to see well. Galaxies
differ widely, like other complex natural struc-
tures, but they share in common varying
amounts of three ingredients visible here: a
yellowish central bulge of older stars; bluer star-
stuff, which is the look of bright young stars,
often fogged by lanes of dust; and an innermost
bright core, sometimes marked by violent bursts
of energy.
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We look face-on directly at the Milky Way spiral. A hundred billion stars mutually bound
by gravity encircle the central region, some passing close in, some in wider orbits. Our
own sun swings with the rest in dignified passage clockwise about the distant galactic
center, once every three hundred million years. External galaxies akin to our own are scat-
tered throughout space as far as we can see. They too rotate slowly as they drift.
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“Mankind is made of star-stuff,” said Harlow
Shapley, for the atoms of flesh and bone (save
ancient hydrogen) have certainly been built up
from lighter ones deep within stars of different
kinds. They were spewed out into interstellar
space, there to join those gas clouds thatlong
ago condensed under gravity to form the sun
and its planets. Most stars shed matter steadily,
but the star that ends asa supernova ejects its
outer layers with explosive speed. There is good
evidence that the heaviest atoms on earth—like
lead, gold, and uranium, rare in the universe
though salient in human history—are the prod-
ucts of a fierce stellar explosion, perhaps an
ancient supernova. That blast itself might have
also triggered the infall of gas to form the sun—
the fiery death of one star inducing the birth

of another.

Star clerks in the Far Eastsawa
remarkable new bright star ap-
pear and fade away in the year
+1054, and recorded its sky
position. At that very point is
this striking remnant 5, named
the Crab Nebula by Lord Rosse,
the first to examine it in detail
in the 1840s with his large re-
flecting telescope. Measurable
motions confirm that the ex-
pansion began about +1100.
Out of the expanding cloud
pours a flood of radiation of all

kinds. Study of this nebula and
of the spinning collapsed stat-
stump within (which still pow-
ers it) has been a chief source of
our imperfect understanding of
supernovae.

No supernova has shown up
to be a cynosure within ourown
Galaxy since the seventeenth
century. But each year the tele-
scopes catch about a dozen of
them, faint and far off, among
the thousands of galaxies we
watch. These are two pictures,
6 and 7, of the same spiral
galaxy, M100. The only differ-
ence is thatin 7 asupernova
has appeared, in 1979, at the
outer end of the lower arm.
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In the fall of 1572 many astron-
omers of Europe watched with
wonder a new star that appeared
in the constellation Cassiopeia.
For weeks it outshone every
other star in the sky. Today we
callit Tycho's star, for the best
account of it—his own sky map
of the eventisat I—was given
by the noble young Dane, Ty-
cho Brahe, the finest observer to
work without the telescope.

We do not fully understand
these prodigious, uncommon
stellar explosions, called super-
novae. But we see their rem-
nants and can learn much from
them. The radio image 2 of
Tycho's star reveals a complete
shell of radio-emitting electrons
around the site of the old ex-
plosion. An image caught in the

-x-ray band 3 confirms the con-

centric shell of hot matter. Flung
out four centuries ago and ex-
panding with an average speed
a few percent the speed of light,
the shell is distant from us some
ten thousand light-years, 10%
meters. When we look in visible
light at that very placein 4,

we see a crowded field of stars;
barely to be made out are the
wisps of moving matter that now
make up the shell.
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with patches of darkening dust, mark the slow-changing
of the Galaxy disk. Our distant sun cannot be seen here, but it is in the center

of the image, near the border of one spiral arm.

Clouds of stars and glowing gas,
spiral patterns
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Stars are widely spaced com-
pared to their physical size.
They are distinct, not even close
to touching. But photographs
tend to blur and merge starlight,
for both atmospheric and in-
strumental reasons. In fact, we
might journey on an unwaver-
ing straight line right through
the disk of our own Galaxy with
confidence that we would not
strike any star.

The two galaxies of stars
shown here are both seen edge-
wise. The first photo 3, bor-

dered by a dark foreground blur
of trees, shows a portion of the
Milky Way as the eye might see
it. The other photo 4 isa
matched telescopic view, part
of an edgewise galaxy some five
or ten million light-years away.
Their clear similarity demon-
strates that here weresideamong
the stars of a galaxy, peering out
this way and that from within
its flat star-disk, which appears
edgewise as the band of stars
we know as the Milky Way.
Most of the stars we can see lie
within a few thousand light-
years’ distance at most, well
below 10% meters away.

At this scale we are squarely in the realm of the
stars. The grand pattern of the Galaxy does not
show up, though the volume we inspect is large
enough to present a million stars to telescopic
view. Most of them are faint; only a few are
conspicuous enough for the unaided eye.

Most of the light in this region
is emitted from the surfaces of
stars, though there are many
clouds of gas and dust out
among them that also glow,
illuminated by bright stars near-
by. Such clouds are then seen as
complex bright nebulae, of
which one example is shown in
1. The opposite phenomenon
also is found in these big vol-
umes of interstellar space: The
light of background stars is
here and there obscured by in-
tervening dust, a patchy space
fog. Perhaps the most famous
example of a concentrated ob-
scuring cloud of dust is shown
in 2.
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¢ of the Galaxy, right among a host of stars visible here
of the thousand mapped by the old watchers of the sky,
constellations, lies within this square, our own galactic
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way.

Only a dozen stars among the hundred most
easily visible to the naked eye lie around us
within a sphere of one hundred light-years’
diameter, equal to the edge of this 10'8-meter
square. One is Arcturus. Two others—the near-
est star, the sun, and the second nearest, the
Alpha Centauri star system (it is probably a
triple star) — are closer, within a sphere one-
tenth that diameter. We estimate that about two
thousand star systems in all are within the
hundred-light-year sphere, most of them still
unrecognized faint red stars, hard to find in any
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A star image is a small blurred
point of light in the dark sky.
Its light holds a considerable
message in code. A hint of its
hidden nature is in its color,
though color perception is a
complex process of eye and
brain, and no easy guide. But
place a nearly flat big glass
wedge as a prism in front of the
telescope, and each star image
is drawn out as in a rainbow 1,
the differing colors of light bent
along slightly differing paths to
the photographic plate. At once
the stars are given individual
character: Their light differs not
only in its total intensity, butin
the proportions of red and blue.
Below the center of the photo
can be made out a strange and

wonderful row of halfa dozen
liccle rings, like rings of colored
smoke. They are the several de-
viated images of a ring source
of light—which is the gaseous
shell emerging from the last
puff of a distant aging star. The
light from that nebular shell
does not contain all the colors
of the rainbow but only a se-
lected few; between them the
plate is dark. This interrupted
spectrum is a sign that the
source is a tenuous gas, not a
COmpact star.

A second look at the star rain-
bows may show that they too
are not fully continuous bands
of color; here and there gaps
appear. This effecc—a continu-
ous band of color with a few
omissions—is rather comple-
mentary to the nebular spec-

trum, where only a few colors
show at all. The photo in 2
shows a carefully made spec-
trum of the light of the star
Arcturus. The many narrow in-
terruptions are striking. Here
the position alone indicates col-
or, as on a rainbow imaged in
black and white. The rich pat-
terns of such color distributions
allow inference of the chemical
composition, the temperature,
and the density of glowing lay-
ers of gas. Stars by the hundred
thousand have been classified
according to their spectral types.
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The photo shows one field
crowded with stars. The stars
labeled in 1 are some of the
many whose spectrum resem-
bles the sun’s. There may be in
alla couple of hundred million
stars in the Galaxy that simi-
larly approximate our sun in
their light outpur, stability, and
lifetime. Are they suns as well
to unseen planets, sheltering
some long-evolving patterns of
life? We do not know.

Most stars come in pairs, bound
together by mutual gravitation.
This pair are 200 astronomical
units apart. They are so close to
us—about 11 light-years—and
so well spaced that we easily re-
solve them. The first stellar dis-
tance measured by triangulation
was the distance to this pair.

The sun is a representative star. Being a staris a
matter of scale: Any sufhiciently large and yet
not too large globe of gas becomes a star. Such
a sphere is held together by its own gravita-
tional pull, but keprt from collapse by the bal-
ancing internal pressure of its self-heated gas.
A star loses heat by radiation—it glows—and
must maintain its balance or else contract until
it can stabilize. Stars in general become hot
enough centrally to release thermonuclear en-
ergy by fusion. Once that happens, they can
endure a long time, for the nuclear energy avail-
able is enormous. A normal star is not an intense
emitter of heat for its size; rather, it is so large
that even its slow inner metabolism suffices to
raise the surface temperature to the glow point:
The surface area of a star sphere is small for that
great bulk. A normal human releases more heat
each second than does the same mass of star-
stuff. But stars are self-sustaining. The sun feeds
upon itself—its inner fire needs neither oxygen
not external fuel—and it can do so over a life-
span of ten billion years.

The smallest normal stars glow faintly a dull
red; each contains a few tenths the mass of the
sun. They last many billions of uneventful
years. The largest normal stars, barely stable
against breaking apart, outweigh the sun a hun-
dredfold, glow at blue-white heat, and will not
persist. The most populous of the stars, though
hard to find at any distance, are those dull red
dwarfs. Very few but highly conspicuous afar
are the massive, dazzling, young blue stars,
which spend their energy stores in a million-
year fling.

Most stars are multiple, two or three siblings
swinging round one another, in orbits compar-
able to those of the planets of the solar system.
Stars single like the sun are perhaps one or two
among ten. Our sun has no starry companions;
it has instead its planets. We do not know
whether or not any other solar systems exist,
but we suspect they may be numerous.

Stars begin as condensations out of the galac-
tic gas and dust. As they shine they often boil
out to space. Some end explosively, spewing
everything back into the medium to be re-
worked. All the chemical elements beyond the
very lightest ones were made in some star either
steadily or explosively by a variety of processes.
The cycle is not fully known; we understand
quite well the usual star in its prime of life, but
the beginnings, the ends, and the many unusual
star careers are still at the edge of our researches.
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Most of the marter we know is formed into stars, spheres of gas nourished by central
nuclear fires that often maintain the glow for a very long time. At this point in the journey,
with no star nearby, we see the realm of the stars chiefly as a distant background, no difter-
ent from the night sky we view from earth. For several frames the star background remains
unchanged: The visi 3 are strewn so deep in space that these steps are small in

comparison. . cause no noticeable shifts.
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We call the stars ““fixed”” because
they do notappear to change
their relative positions at all;
the cycles of day and year carry
them around all together. But
that perception is only approx-
imate. Stars do have their indi-
vidual mortions, although hard
to see. One telescopic faint red
star, called Barnard's star, moves
across the sky faster than any
other star known. Its sky mo-
tion is minute; if Tycho Brahe,
the best of all naked-eye ob-
servers, could have seen it, even
he might have detected any
change in position only aftera
vigil of five or ten years. The
prize of the demanding art of
fine positional measurement
turns out to be the distances to
the stars.

The photo shows fourimages
of Barnard’s star 2 along with
a brighter reference star. This
print is the enlarged superposi-
tion of four photographs taken
many months apart. The dots
show Barnard’s star at the four
times; all the images of the ref-
erence star were fitted one on
top of the other. The size of the
relative shift is only about a half
a millimeter on the plate from
the big telescope, yet no other
star shifts so rapidly.

The outcome is something of
a surprise, which the diagram 3
may help to clarify. Barnard’s

The largest structure of our so-
lar system is a cloud of comets
that dwell in a fuzzy spherical
volume around the sun 1, big
enough so objects much be-
yond fall under the gravitation-
al spell of another star. There
the comerts, dusty, icy, tailless
balls of frozen gases, circulate
forages in giant slow orbits.

star moves in a delicately wavy
path across the sky. Its side-to-
side wobble displays a yearly
pattern, a telltale sign. Itis the
yearly circuit around the sun of
the observer on earth, projected
onto the smooth flight of Bar-
nard’s star. The same repetition
appears in the sky path of Hal-
ley’s comet (see the 10'-meter
page). The comet’s big loops
against the sky are grossly visi-
ble; for the star, a hundred
thousand times farther away,
the effect lies at the margin of
our abilities to perceive. This
parallax, as it is called, fixes the
distance to Barnard’s star: near-
ly 4 x 10° astronomical units,

or six light-years. Thousands
of the nearer stars have been
ranged in this way; it is a sur-
veyor's reliable method, certain
in principle if touchy in prac-
tice. Stellar parallax has been the
foundaton of the cosmic scales
of distance since its first suc-
cesses, even before photogra-
phy, around 1840. There are re-
ports that a microscopic second
wobble can be seen in the path
of Barnard'’s star, the pull of an
invisible planet orbiting the star
itself. But that result has not
been confirmed.

The solar system is nowhere to be seen in the
10'®-meter view, except for its sovereign, the
sun. The orbits of the planets are too small to
see. From here the sun is about the distance that
light, moving at the ultimate speed, can traverse
in one year. It is worth recalling that light
speeds from earth to moon in one second plus,
and crosses the whole earth—sun distance, one
astronomical unit, in just 500 seconds. Even far
Pluto is only hours away by light express. A
light-year is a heroic unir, fit for the vast spaces
between the stars; the solar system is too small
for its easy use.

Star Mafio
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Here one central star is brighter than the rest, only because it is so much nearer. Thar star
is the sun. The contrast between night and day, between the cold glitter of the starry sky
and life-giving warmth, is the consequence simply of our planet’s location next to one
modest star. Once we have drawn away from the sun, we can recognize that it is one star
among many stars, and all distant stars are in some way suns.
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Three drawings serve as remind-
ers that some constellations
have been admired for a long
time. The woodcut of Cassio-
peia, the nude princess with the
teather 1, isfrom a sixteenth-
century illustrated edition of a
Roman coltection of sky leg-
ends; it was a best-seller for the
early printers, in countless edi-
tions. The two droll bears 2
come from a popular textbook
of cosmography (note the Point-
ers) printed in 1540. The Chi-
nese Orion map 3 isa portion
of a page long preserved in a
Buddhist monastery; the manu-
script dates to about 940.

In the 10'*-meter square is a star background.

It is probably unfamiliar, tor it is what a watcher
would see from earth looking up not from
noonday Chicago but out the other way, into
the night sky beyond Australia. Our 10**-meter
trip makes no perceptible difference, for all the
stars in sight are strewn deep into the back-
ground, thousands of times that far away.
Some offset might, with effort, be measured,
but none that could be noticed with the un-
aided eye.

Even those who know earth’s southern skies
well could not point out much of interest, for it
happens that this part of the sky sphere is in-
conspicuous to the eye. These star patterns have
been named only recently, mainly for the sake
of completeness.
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Constellations are an ancient
part of human culture, but they
are hardly structures of nature.
They are accidents of our earth-
ly point of view, patterns which
line up as they do only from our
own position in space and time.
That winter spectacle, Orion, is
shown in 4 intwo ways: as we
see it ordinarily, and as its stars
lie in space when viewed from
the side. :
There are exceptions. The
Pleiades, that tight shimmering
cluster, is a real physical associ-
ation of close stars, moving to-
gether, entangled in a cloud of
gas and dust 5. But most pat-
terns in the starry sky are stowly
shifting coincidences, which we
pick out because by eye alone
we cannot grasp the depth of
three-dimensional star space.
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Once ominous, the strange
comets remain unruly subjects
of our sun. Unpredicted com-
ets still plunge in from darkness
toward new visibility. But some
we can confidently announce,
like Halley's comert, shown 1
on its last visit in the spring of
1910 with its faint but intricate
tail. This comet has been noted
repeatedly over history; the

Bayeux tapestry, embroidered
to celebrate Wittiam's crium-
phant Norman expedition
against England, shows it 2

on its visit in the year 1066. Its
presence has been documented
fifteen hundred years before
that. Expect its next close pas-
sage in 19806. This is a travel-
visitor; it will be no flame
y- Its wonder is that it
will arrive on schedule. The
comet's elliptical orbit, stretch-
ing out about 35 astronomical
unirs, well beyond Neptune,

is in harmony with Newton's
theory. In the neat 1750 map of
its orbitin 3, Halley's comet is
labeled simply "the comet of
1682."

The path of Halley's comet
among the stars for the next few
years is shown in 4 as recently
calculated. Most of the ume the
comet is invisible even in the
big telescopes. Burt the path
drawn is most instructive. Think
of standing magically in space
near the sun, your gaze tixed on
the stars, no earth spin or orbit
to disturb you. The comet
plunges in at you faster and
faster, its true path a shorr,
smooth arc (look at 3) untulit
is almost at hand. The ornate
loops of the sky path as seen
trom the earth by contrast re-
flect the involuntary motion of
all earth observers, whose tele-
scopes are carried to and fro an-
nually as the earth orbits the
sun. At first, the apparent path
makes only small loops, for the
comet is still far oft; the loops
appear larger and larger as the
distance shrinks, until finatly
the comet passes over our shoul-
der to head toward the sun.

Stars are not points but hot gas-
eous spheres. For witness we
took at the expressive face of
the active sun, on which we see
the turbulent magnetic weather
of one hot stetlar surface. The
photoin 5 istakenina very
narrow band in the red to reveal
contrast.
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All the sun’s planets circulate within the small square. From earth the planets have always
stood ou, a few strange bright stars restlessly wandering in a skyful of unchanging pat-
terns. Seen here from outside, the planets take on their Copernican aspect; they move
around the sun on these nested ellipses, mapped by colored lines.




Look from earth outward to any
of the big planets, and the face
you see is always nearly full.
The dreamlike image in 1 is
the first in all history to look
back at crescent Saturn, viewed
from five million kilometers be-
yond, its shadow black across
the famous flat rings. The same
robot TV camera on Voyager 1,
a few days before it passed for-
ever outside of Saturn’s orbit,
had ventured through a gap in
the rings. There it showed us
close-up images like 2, a thou-
sand subtle rings and ringlets
where from earth we had made

out only a handful. We know
these rings for a remarkably flat
procession of icy bodies in orbit,
of every size from dust motes

to mountainy chunks, in fre-
quent grinding collision. Rings
are no longer uniquely Saturn-
ian for us; Jupiter and Uranus
bind rings, too, inconspicuous
and newly detected.

In addition to the myriad ob-
jects that make up the rings,
we find more and more satellites
in isolated orbits around the
major planets. Saturn has many
moons; they include big ones
like Titan 3 and little ones like
Mimas 4, one huge impact
crater CONspicuous on its many-
cratered surface. That old en-
counter must have threatened
to fragment the three-hundred-
kilometer ice moon. Mimas is a
close companion to Saturn, cir-
cling not far outside the outer
edge of the rings.
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s fill this picture. That strongly tilted orbit belongs to little,
those of big Neptune, Uranus, Saturn, and Jupiter, with
Jupiter’s path and the sun run the inner planets in their
e counterclockwise here, all in nearly the same plane,
slanetary system, apart from Pluto, is flat as a pancake.
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Three views of Jupiter, the
whirling spots and bands re-
vealing the motions of its thick
outer atmosphere colored by
enduring clouds of uncertain
compositions, show breathtak-
ing visual grasp. The grainiest 1
is what we see with a big tele-
scope from earth, overa long
distance, peering first through
the disturbed air in which earth-
ly telescopes dwell. The next 2
is fine-grained by comparison,
the camera on \0) ager 1 now
in clear space and only thirty
million kilometers from the
planet. In the 1980 close-up of
3, Voyager 1 has gone almost
tenfold closer still; the turbu-
lent Jupiter flow is impressive.
The Great Red Spor there is an
upper-atmosphere pattern—a
vast drifting cyclone—that has
persisted for centuries, waxing
and waning over the years. The
smallest distinguishable deail
in 3 isabout 100 kilometers in
diameter.

These three successively more
detailed images realize in one
way a chief theme of this book.

Io, closest to Jupiter of the four
Galilean satellites, is physically
extraordinary. Voy. ager 1 found
onitabout ten active volcanos
—photoin 4 shows the plumes
from three of them in eruption
at once—that spe\\ out sulfur
and its compounds instead of
terrestrial ash and lava, the dusty
plumes flung 150 kilomerers
high into space above 10’s air-
less, mottled orange surface.

The moons of Jupiter, four of
which compare in size with our
ownmoon, circle swiftly around
the planet, as Galileo first made
out from a Florentine garden in
January 0f 1610. His manuscript
in 5 records the ballet of these
moons. Within 2 couple of
years he unraveled their chore-
ography: shadows, eclipses,
rthythms. Jupiter’s system pro-
vides a compact analogue to the
sun’s whole far-flung system.
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these are the orbits of the smaller earthlike inner

Earth, Venus, Mercury. Another swarm of objects too small and faint to
¢ as well: Asteroids and meteors ply this darkness

in the belt between the orbits of Mars and Jupiter.

Enclosed in the path of massive Jupiter,

planets: Mars,
make out without telescopic aid is presen
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Venus too is a world, but its at-
mosphere is thick and conceal-
ing. The image at 4 isa photo
taken in ultraviolet; all we can
make out is a pattern of drifting
cloud—possibly made of drop-
lets of sulfuric acid, surely not
water. The hot surface is rocky,
as the photo 5 shows, returned
by a Soviet probe in the hour
before its insulated camera died
once the heat of that surface, the
temperature of a soldering iron,
finally leaked in.

The inner planets are neighbors
and counterparts to earth; pre-
dominantly rocky, neither gase-
ous nor icy, of little bulk com-
pared to the outer gas giants.
The planet Mars appearsin 1,
as a dawn crescent seen from
space, its south pole under
night, only the edge of that po-
lar ice cap visible, with a big
impact crater brightened by
fogs and carbon-dioxide frost.
The upper portion of 1 shows
one quiescent volcano emerging
above the haze, its slopes dec-
orated by a morning cloud forty
kilometers high in the Martian
stratosphere.

On the Mars surface we are vis-
ually at home, even though
there is nothing much to breathe
in its thin bone-dry atmosphere.
Images 2 and 3, a pairtaken
on the spot a few months apart
by Viking Lander 2, showa
desert scene of boulder field
and dust—in 3, frost-whitened
in winter. The crisper shadows
of the winter's day suggest that
the sky was less hazy. Arid
though Mars is, hints of liquid
water are there—very little cur-
rently, much more in the an-
cient past. In no other place
save earth is that vital fluid yet
suggested.

This piece of extraterrestrial
nickel-iron 6 fell in Arizona
about twenty thousand years
ago, part of the house-sized
body whose vaporizing impact
made the famous Meteor Crater.
Many thousands of such mete-
orites, diverse in substance,
fallen by chance to earth, have
been collected. Some originated
within the asteroid belt; others
are the catch from one or an-
other drifting, fragmented,
eroding comet.
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Though we had anticipated the
scene, real photos of the whole
earth fragile in space are marvels
still. We had seen earth as it
rises, above the horizon of the
moon, another demonstration
of its planetary nature. But only
in 1977 did we first see an image
like this one 1, a fully Coper-
nican perspective of the earth
and its companion, twin cres-
cents in space viewed as from
another planet. The scene was
captured in orbit by the camera
of Voyager 1, from a distance of
twelve million kilometers, not

long after its departure for Jup-

iterand beyon
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During the Age of Discovery,
around 1510, not long after
Columbus, but before Magel-
lan there circulated privartely
among a few of the learned a
small manuscript by Nicolaus
Copernicus, a respected official
of the cathedral of Frombork, in
Poland. In it he argued that the
earth is the center of the moon'’s
path but not of the universe,
and that, with all the other
planets, it revolves around the
greater sun.

Copernicus’ proposal was not
unprecedented, but it was revo-
lutionary in his time, when the
central importance and majestic
immobility of our earth had
gained theological support.The
prize to be won by setting the
earth free among the celestial
wanderers was nothing less than
the unity of the entire cosmos,
grasped much later by the
seventeenth-century founders

of modern science. Galileo at
thirty -three wrote to Kepler
from Padua in 1597: "', . . Many
years ago I became a convert to the
opinions of Copernicus. . . . I have
written many reasons . . . which up
to now I have preferred not to pub-
lish, intimidated by the fortune of
our teacher Copernicus who though
he will be of immaortal fame to some,
is yet by an infinite number . . .
langhed at and rejected.”
Copernicus’ manuscript 2
for his long-delayed big book,
published only in 1543, the year
he died, shows his own simpli-
fied diagram of the solar system.
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This path marks the earth’s way for four days i
lies somewhere on that small ellipse which

indicated relative to earth. The moon at all times
moves along with the earth in its orbit.
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The moon from her orbit illuminates more than
the night. Far enough away so she is plainly
celestial, yet near enough so the first of all astro-
nomical telescopes could disclose her earthy
nature, her light pales every other star and
planet. The moon has given a unique stimulus
to science, to art, and to the general imagina-
tion. She is a close relative to the earth, but
whether she is by her origin daughter, sister, or
wife we are not yet sure. The moon could be
wrapped neatly in a cloth the size of the two
Americas.

A few of us have been there and back.

The crescent earth 1 rises big
beyond the rocky horizon of
the far side of the airless moon.
The full moon 2 also rises past
earth’s air-smoothed horizon,
viewed from low earth orbit just
above the blue of the sky. Be-
cause we look across the same
distance whether we gaze from
earth to moon or from moon to
earth, the size comparison is
direct.

On the trip to the Littrow crater
field: Apollo 17, 1972.

In the same year in which Wil-
liam Shakespeare began The
Tempest, Galileo wrote: ** Almost
in the center of the moon there is a
cavity . . . perfectly round in shape.
... It offers the same appearance as
would a region like Bohemia if that
were enclosed on all sides by very
lofty mountains arranged exactly
inacircle.”

The Englishman Robert
Hooke drew this detail of the
moon 3 through his telescope
in 1664.

Through one of the first good
telescopes he and his expert
mechanician had constructed,
Galileo saw and drew the mag-
nified moon 4. Matching his
image against a photograph
made 350 years later 5, both
showing the crescent moon
with its craters along the line of
lunar sunrise, offers an idea of
how well Galileo understood
and reported the first view of
the moon as another rocky
world.

The impression of a cylinder
seal, cut twenty-five or thirty
centuries ago in Assyria, cele-
brates the date palm and the
crescent moon 7.
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The farthest place our own kind has yet visited is the companion moon, our nearest celestial
neighbor. Bright moonlight and the tides witness her proximity.
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100 thousand kilometers

The whole earth appears, isolated, elegant, and fragile. We recognize our globe in open
space, a spacecraft in orbit, no Atlas and no turtles to support it. Its smooth, swift motion
around the sun carries it across such a square as this every hour.
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It is easy for us in a time of
satellites to see the earth as a
sphere. But that knowledge,
guessed at from symmetry or
inferred from shadows and trav-
elers’ accounts of strange starry
skies, is old. It was old even to
the Alexandrians, to Prolemy
himself; it was old to the Arab
astronomers; it was old and well
known in the medieval univer-
sities of Europe; it was old to
Christopher Columbus and his
backers; it was fully understood
by Magellan, whosailed around
the world for the first time, a
generation after Columbus.

We celebrate here that mar-
velous ancient understanding,
firm before clocks, cameras, ra-
dios, and satellites. The illustra-
tionin I isa 1489 version—
just pre-Columbian—of the
spherical earth from a classicin-
troductory textbook. First pub-
lished in Paris about 1220, the
book was required reading for
astronomy students on many an
old university campus for four
centuries. The earth is shown
quite round within significant
celestial circles, all drawn as a
real hooped instrument.

The whole earth is close up here at 107 meters,
though itis not quite the whole. That is not
mere awkwardness in cropping the photo, but
rather represents the underlying structure of the
metric system of units. For its originators tried
to rest their unit of length on a firmer base than
the reach of any king. They defined the meter
by setting the distance from pole to equator as
measured on a meridian passing through Paris
at ten million meters exactly, or ten thousand
kilometers. (They were a bit off; the actual dis-
tance is about two kilometers more out of the
ten thousand.) But the diameter of a sphere
with that girth is rather larger than 107 meters.
A square whose edge is set at the seventh power

Our earth is almost palpable
here. It is the blue planet, blue
with sky and sea, and a bright
one, white with cloud, much
brighter than the ash-gray
moon. The continents appear
clearly when the weather allows;
their jigsaw puzzle is evident
where the shoulder of South
America fits the Gulf of Guinea
overseas.

Sky, sea, even land, are thin
shells; the bulk is held within
that roundness. The sky is
infinite in depth to the star-

of ten in meters must cut the sphere.

watchers at night, butitis only
twenty or thirty kilometers
thick by blue day. It curves
neatly around the globe, as you
canseein 2, aphoto made
from Apollo 11 as it headed off
for the first moon landing. All
the four elements are seen there:
The dying storm by sunset over
the Indian Ocean west of Aus-
tralia is a cloud layer planed
smooth, the sky curve delicate
behind it. Even the land we
know is an outer skin; its aver-
age height worldwide is a kilo-
meter above sea level, and the
oceans average under four kilo-
meters in depth. Only the rocky
planetitselfis truly three-dimen-
sional. All the world we inhabit
and traverse is relatively no
thicker than a good coat of
paint ona ten-inch library globe.
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white clouds, dark seas, brown lands, a globe turning always
had for three centuries prepared us for this sight, but it
ind only around 1967.

The earth in detail: blue sky,
eastward. The makers of maps
became real to eyes as well as tom
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About forty 10°-meter squares of this regional
size would patch out the entire land area of the
New World; the hemisphere is mostly seawater.
The paper-thin sheets of the Lakes are in a
steady state; they drain to the sea over Niagara's
scarp about as fast as rain and melting snows
supply fresh water.

Ice carved and first filled the Lakes, scooping
and ponding. Mountains are geologically old,
but most lakes are new and swift to change. It is
only a few tens of thousands of years since dif-
ferent lakes, ancestral to the present chain, lay
here. The rich flat lowlands were silted by lake
and meltwater, and the looping gravelly rises in
the land are deposits by lobes of glacier ice.

Ice still winters here. The satel-
lite shows the lake 1 from orbit
one February: all the land snow-
covered, and floating packice
like the polar seas. Once sunny,
wild prairie, now in summer the
land is host to a novel species of
grass: maize.

By day the marks of mankind
are hard to find at this scale. But
as earth turns the land into
night’s shadow, our presence
strangely enough becomes visi-
ble 2 to the sensitive satellite
camera. City lights mark out
the eastern half of the United
States.

One inanimate creature of the
marine air that can reach region-
al size is the dramatic hurricane,
Here 3 is one example; born

in Adantic or Gulf, it passed
over Mexico, to spin out its
counterclockwise life in these
Pacific waters. Clouds paint the
spinning winds, and that calm
clear eye looks up at the camera.
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This region, viewed from a low orbit, holds the whole of Lake Michigan; the l_)road sheet
of water, like the flat silted lands around it, was formed by continental' glaciers in the most
recent geological past, few tens of thousands of years ago. 'l:he day’s weather is marked
by clouds arrayed in streets and clumps. Though we are looking at the homes of tens of
millions of people, the work of human hands is hardly to be seen.
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This is the scale of countryside,
more comprehensive than any
single peak or river, yet witha
kind of unity. Itis the diversity
of the earth which is here sug-
gested.

The satellite photos shown
here from an ongoing world-
wide survey by Landsat display
that diversity. That satellite re-
cords an area about 185 kilome-
ters on an edge from 500 nauti-
cal miles up; the odd shape of
the image is made by the earth’s
turning under the moving satel-
lite. The path of Landsat around
the earth is like that of a ma-
chine-wound ball of string,
westward-tending at each pass
so that it sees an endless morn-
ing; eighteen days go by before m - - -
it comes back overany single
place onceagain. Since only two
of the colors recorded by the
TV camera are visible to our
eyes, these pictures do not show
natural color. The colors here
are coded: Green vegetation is
shown in deep red and the gray
cities are shown in blue.

The Landsat image at I
shows a varied countryside in
New Zealand. Quietrivers flow
down from the snow-capped
peaks of the Southern Alps. The
city of Christchurch is a blue
patch where the smooth coast-
line breaks off into hills. At 2
all is empty and dry: the Ba-
luchistan Desert crossed by the
border between Iran and Paki-
stan. In 3 the island bead of
Hawaii, pierced by great vol-
canos, adorns the Pacific. An-
other much larger crater can be
seenat 4 ineastern Canada.
Not volcano-formed, it is the
scar of an impact made on this
rocky surface two hundred mil-
lion yearsago by a little asteroid
about three kilometers across.
Now it is used as a reservoir.
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icago nestles at the south end of the lake. On a day like this,

treet might have looked up to a blue sky; but the camera

ould have been hard to pick out. The latcice visible among so
e-square grid of wide Chicago boulevards.
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Ten kilometers horizontally
across the level earth is a mod-
est, even a homey distance for
dwellers in city or country. But
vertically it presses upon the
limits of the earth. Mt. Everest
reaches only that high above the
distant sea; the deepest trenches
of the Pacific depths plumb
only ten or eleven kilometers
benearth the ocean surface. Cor-
rectly scaled profiles of Everest
and of the deep Tonga Trench
are shown in 4.

At this scale the collective work
of our species is easily admired.
In the oblique aerial view 1 is
seen the strong pattern of wheat
fields west of McPherson, Kan-
sas. The roads, woodlands, and
houses are only affixes to these
broad acres, where sunlight is
caught for bread. Every city im-
plies a scene something like this.

Here the essential fields enfold
asmall town 2, whose striking
shape proclaims its planned
origins. Itis the walled military
city of Palmanova, built quickly
around 1600 in the approved
style of the day for fortresses. It
was builta hundred kilometers
east of the Grand Canal to de-
fend the frontier of the Republic
of Venice.

Sioux Falls, South Dakota, is
another geomertrical city among
wheat fields 3, though very
different.
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The heart of the city appears, place of home and work for a million people. The whole
structure shown here—city districts, parks, harbor—is familiar to them. The conflagration
of 1871 burned the city of wooden houses which then lay within this square. Most of the

though the street and railroad layout survived the fire, as in the

detail shown is newer,
future they will outlive most of the individual buildings.




3
10 meters

Just north of the stadium-horse-
shoe on the opposite page is
seen a large black-roofed build-
ing, rather in the form of an H.
It is the Field Museum, this
neighborhood’s extraordinary
treasure house. In the photo 1
we see one of its holdings: an
oval of tanned buckskin, paint-
ed with mineral pigment. It was
acquired by the Museum in
1906 from its owners, the Skidi
band of the Pawnee people.
Once the Pawnee lived along
the Platte River in Nebraska; in
1875 they were removed to Ok-
lahoma. The skin is a star chare,
on which recognizable patterns
have been drawn, less in direct
mapping than as a symbolic dis-
play of important forms. It had
long been used as a ceremonial
object within the memories of
our informants, part of a medi-
cine bundle. It is not hard to
make out the Milky Way, the
Pleiades, the constellations
Taurus and Corona Borealis,
and more. "' The Skidi were or-
ganized by the stars,” said Run-
ning Scout; there is evidence
that their seventeen villages
were once carefully set across
the grasslands in the pattern of
certain stars, the Pawnee Con-
stellation. Time has eaten away
at their unwritten lore; but that
they, too, noted with care and
delight something of the celes-
tial order, and soughta visual
model, is witnessed by the
leather chart.

Leave this Chicago neighbor-
hood for New York City and
the Hudson, west of Manhat-
tan. There an eloquent stretch
of spun steel cable tensely spans
the river. Would you forma
close estimate of one kilometer?
That s the clear horizontal span
of the George Washington
Bridge 4, opened fifty years
ago. The longer linear forms we
have made—highroads, pipe-
lines, and the Great Wall itself

—reach other scales, up to a few-

thousand kilometers, but they
all lack the strucrural integrity
of a great bridge. It soars, while
they lie upon solid ground, one-
dimensional and repetitive. No
structure yet built stands so tall
as one kilometer.

NEIGHBORHOOD

Justrotheright of the kilometer
square, at the very edge of the
neighborhood, is the Adler
Planetarium, with its remark-
able collection of astronomical
instruments. Among them is the
beautiful contrivance 2 inivory
and brass. Itis a geared model
of the planets of the solar sys-
tem, made in Benjamin Martin's
London shop about 1780. Such
a device can hardly be made to
consistent scale, but the planets
execute their proper revolutions,
driven by wheelwork within the
brass drum. With no Uranus
beyond its Saturn, it was surely
completed before the much-
heralded discovery of that tele-
scopic seventh planet by Wil-
liam Herschel in 1781. In many
a drawing room of the Enlight-
enment such a device was a
prized ornament and a visual
model of the world order of
Newtonian philosophy. The
planets are set here in the rela-
tive positions they occupied on
the October day of the journey
in this book.

Abouta hundred thousand peo-
ple are gathered to watch a foot-
ball game at Soldiers’ Field.
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that is not a maplike tracery of symbols, but a scene of familiar

Now we look at a view
re Drive, Soldiers’ Field, an airstrip, boat docks, museums.

places within the city: Lake Sho
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The class of 100-meter objects
includes single human artifacts;
at larger scales the artifacts of
our kind are complexes, like
cities and fields of crops.Living
organisms too—again, not their
communities, not forests and
coral reefs, but single individ-
uals—reach this scale, but they
have never gone beyond it.

This long-lived giant sequoia
1 isamong the largest of living
forms, around 80 meters high; a
few less robust trees cross 100
meters. No individual forms of
life are larger than the great
trees; there may be longer
ground vines or giant seaweeds,
and certain groves of bamboo
with some claim to being one
organism might extend farther.
But the 100-meter scaleisa
sound rough limit for the size
of living beings.

Two more vertical structures
of the 100-meter scale are shown
here: The Saturn V moon rocket
2 is 110 meters from nose to
bottom of jets, while the Statue
of Liberty 3 stands 93 meters
torch-tip to ground.

Many buildings do rise higher
than 100 meters. That famous
Paris tower in iron (built by the
same man who designed Liber-
ty’s skeleton) reached its 300-
meter heightin 1889. The tallest
building in the world rises 450
meters, just 3 kilometers away
from our picnic; a few thin
masts, towers, and chimneys—
metal analogues to the vines
and the kelps—now stand even
taller than the 450 meters,
though none of them goes
much beyond 600 meters height.
Buildings can easily be 100 me-
ters wide. Examples are the Taj
Mahal 4, whose four minarets
form a 100-meter square, and
the superb limestone theater
bowl at Epidaurus in Greece 5,
which is just under 120 meters
in diameter.

Ships are the largest mobile
artifacts. Even a good 30-meter
sailing vessel can go anywhere
at sea; Captain Cook’s Endeavor
was just that length. But the
clippers were 60 meters and
more, and a big full-rigged tall
ship of today, the Coast Guard
training vessel Eaglein 6, is
overall 93 meters long. The big-
gest liners and warships are
around 300 meters, and the
longest ultra-large tankers
stretch a little past 400 meters
from stem to stern.




e

100 meters

s not far from the roaring highway and the boats at their docks.
of privacy all the same, for no one else is near. Were people
land area, these two could lay claim to six times the area
heir own grain, they would need to cultivate only this
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The biggest animals that have
ever lived are the blue whales, a
species threatened in our time.
Big whales in general go be-
yond this 10-meter length, up
to 30 meters for the largest
forms, though no animal life
has ever approached the 100-
meter scale. The beast of 1, a
sauropod dinosaur known as
Diplodocus carnegii, was about as
long as a land animal has ever
grown, just over 25 meters, fully
whale-length, though its whip-
lash tail cannot compare with
the ponderous flukes of the sea-
supported mammal. Its time
was about sixty-five million
years ago, its place the wet low-
lands that are now the arid
Dinosaur National Monument,
in Utah. The largest creatures
of our own mammalian class,
less alien to us than any scaly
reptiles, were giant hornless
thinos of twenty-five million
years ago. Treetop browsers
across the Asian savannah, this
particular species is reconstruct-
ed from fossil finds in the Gobi
desert. Baluchitherium 2 could
have looked comfortably right
over a procession of circus ele-
phants. Its length is 10 meters,
its shoulder height 5.5 meters.

To the nearest order of mag-
nitude, a dwelling house is 10
meters wide and 10 meters high.
This pleasing artifactin 3 is
about like that: Itis the frame
house of John Wilson, a coun-
try printer, built in Deerfield,
Massachusetts, about the year
1816. In the same way, an air-
planeisa 10-meter artifact. That
includes light planes from the
original Wright Flyer to this
much-used modern metal-
skinned aircraft 4. Even the
powerful jet behemoths have
not yet come very near 100 me-
ters in any dimension. The
smallest aircraft, like the largest
birds, are 3-meter fliers. Once
there was a 10-meter flying rep-
tile; it must have been a glider.
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This is the scale we know best, our own.
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This is the scale of human companionship, conversation, touch: A man is asleep on a warm
October day. Around him are necessities and pleasures for mind and body. Between this
image and the next frame inward, the size of the image would for once match the size of

what it represents. "Of all things man is the measure,” wrote Protagoras the Sophist.
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Hands have grasped many dif-
ferent tools. The natural world
is even more diverse at 2 handy
scale. Some of these images
continue the line of human arri-
facts, some that of living forms.
Here are tools 1 keptathand
by the scholar-saint Jerome,
who rendered the Hebrew Scrip-
ture into the Latin Vulgate
Bible, as they were imagined a
thousand years after his time by
the Florentine painter Domeni-
co Ghirlandaio in the fifteenth
century. But the calipersin 2
are real, made of brass by Paul
Revere of Boston to check the
diameter of cannon balls. The
large watch 3 is the first suc-
cessful chronometer, a2 master-
piece of complex hand crafts-
manship and design by John
Harrison, who with it won the
prize long offered by the British
Admiralty for a means to meas-
ure longitude from shipboard.
Hand size is also the size of
many diverse living forms.
These blossoms evolved to at-
tract their insect pollinators by
day. The evidence is at hand, for
by the ordinary light useful to
human vision 4, the flower is
an unmarked plain yellow. But
photographed in ultraviolet
light to present what the insect
sees 5, the blossom is teilingly
marked with a dark pattern.
The bullfrog in the pond 6 is

about ten centimeters long.
That shrimplike animal with
big luminous eyes 7 is called
krill. It is the staple food of the
plankton-sieving blue whale of
the Antarctic Ocean.The whales
are now so few that the krill
abound; it may be that the toral
living mass of this species out-
weighs any other animal spe-
cies, even our own. The shrew
in 8, fierce incessant hunter of
insects and worms, is about the
smallest of the mammals, at the
other end of the sequence from
the blue whale. It must eat
steadily or die; there is no res-
pite from swift loss of body
heatatits small size and great
relative surface.
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The scale is now intimate: This is the look of the back of your own hand, a little enlarged.
That animate structure, guided by eye and mind, joined over time by many another in the
human endeavor, has fashioned all the representations we have of the world, including this

of the hand itself.
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Nimble fingers play over key-
boards everywhere: The type-
writer 1 provides Japanese syl-
labary characters, katakana,
until the shift key is depressed.
These handsome cast silver but-
tons 2 belonged to John Adams
of Quincy. Living things are
represented by a small mush-
room 3 from the wet wood-
lands, a bombardier beetle 4
directing its explosive defensive
spray accurately against the in-
trusive forceps pinching a left
foreleg, and a small hydrome-
dusan 5, almost transparent
and swimming freely.

A fingertip has no pattern of
crinkled folds, but it bears the
familiar set of whorled ridges
that form the fingerprint 6. A
network of lines marks the back
of the hand, only one of many
polygonal networks found in
nature, all obedient to powerful
topological constraints. This
network 7 isa foam held be-
tween two glass plates, seen at
almost natural size. In it, three
bubble surfaces meet at each
corner in the mechanical balance
required by the forces of surface
tension. The interplay between
overall constraints and local
balance results in an abundance
of pentagonal faces. The foam
pentagons are surely related to
the deep cause of the fivefolded-
ness seen often in life, for in-
stance in the five fingers of

the hand.
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A searching look at the skin as if through a strong magnifier. The creasing is both the sign
and the means of tﬁin's flexibility.
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These microscopic scenes are so
near the edge of ordinary vision
that they are recognizable even
in novelty, hidden surprises
within the commonplace. Rob-
ert Hooke drew the piece of
handkerchief linen shown in 1,
and remarked: "' A piece of the
finest Lawn I was able to get . ..
and yet through an ordinary Mi-
croscope you may perceive what a
goodly piece of coarse Matting itis.”
“The small seeds of Poppy,” he
wrote, " for their smallness, multi-
plicity, and prettiness . . . deserve to
be taken notice of.”” After three
centuries, they still come from
the bakery just as Hooke de-
scribed them 2: ... being not
above 1/32 part of an Inch in
Diameter . . . curiously Honey-
comb’d all over.” Microscopy is
much more versatile now;in 3
is a living transparent pond-
water organism, Stentor, fringed
by cilia, seen in a modern light
microscope, and in 4 2 para-
sitic mite, tiny on the neck of
its termite host, viewed in depth
by a scanning electron beam.
Table salt, shownin 5 also
through the scanning electron
microscope, is unmistakably
mineral, as faceted and crystal-
line as the one-meter topaz.

The piece of crude hardware
6 is in fact one of the delicate
adjusting screws that rim the
balance wheel of a fine watch.
In 7 next to the wing of a gnat
is the smallest motor ever made.
Fed alternating current through
the fine copper leads, this sub-
pinhead of an electric motor
spins dizzily. It is about the size
of the head of the screw in 6.
But in today’s most intricate
artifacts, no parts move save
electrons. This is a small thin
square of silicon 8 that bears
abourt 2 hundred thousand func-
tional circuit devices. Itincludes
the memory of a powerful com-
puter.
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Here we share the world of the microscopist, who has unlocked so much of nature. For each
image still closer in than this one, we come nine-tenths of the remaining distance toward
the inner end of our journey, just below the skin of the man, within a cell passing along a

tiny blood vessel.
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The thin layers of the skin that
lie above the capillary blood
vessels are shown in magnified
sectionin I. Insome places,
cell layers are separated; the
outermost cells are in the proc-
ess of shedding. Hair shafts
penetrate these layers.

In 2 isa well-known artifact of
delicate derail, one we know
better by ear than by eye: the
grooves of a long-playing rec-
ord. The very small portion
seen takes only a couple of mil-
liseconds to play. The wavy
form of some grooves shows
the scale of the recorded sound.
The frequency range is a few
thousands of reversals per sec-
ond.
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Radiolaria are gorgeous minute
marine creatures kin to the
amoeba and imporrtant mem-
bers of the zooplankton, espe-
cially in tropical seas. These
pieces of exquisite lacework are
thetests, or skeleral frameworks,
of some forms. Unlike calcium-
based bone and shell, these are
made of translucent silica. The
sea bottom contains such jewels
as a major constituent over large
areas. The photo 4 shows an
example taken recently from the

Another living freshwater cili-
ated protozoan is shown in 5,
replete with newly ingested
strings of blue-green beads.
Those are filaments of widely
found photosynthesizing bac-
teria.

bottom ooze near the Azores;
the drawing 3 is chosen from
the compendium published by
the scientist, artist, and philos-
opher Ernst Haeckel as part of
the report of the renowned ex-
pedition of HMS Challenger,
which sounded the ocean depths
a century ago.




0.1 millimeter 100 microns
- hh" =

we can scarcely orient ourselves. Deeper still, we enter an inti-

Unexpected detail appears;
mate world within, as unfamiliar to us as the distant stars.
L] L
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A small blood vessel is opened
up to the probe of the scanning
electron microscope 1, expos-
ing a strew of blood corpuscles,
borth the disks of the oxygen-
bearing red cells and the ruffled

This is a decisive scale, at which
the cells that form tissue are
fully distinct. This scanning
electron microscope photo 2
shows a section of the retina of
the eye of a pig, very like the
same structure in humans. Light
comes in from the right, to
travel to the photosensitive
layer along the left edge of the
picture. From this detailed look
ata most remarkable instrument
itis evident that the individual
retinal cells, like the distinct
grains on a photographic plate,
must set some limit to our vis-
ual grasp of fine detail. Itis
striking that the retinal limit, on
the order of a micron or two, is
only a little above the intrinsic
limit fixed by the nature of vis-
ible light—its wavelength of

around half a micron. Vision
rests on the interaction of the
specialized cells of the eye with
light. Bu life itself depends on
the photosynthetic energy won
by green leaves through the ab-
sorption of light in special or-
ganelles, called chloroplasts. A
chloroplast in a corn leaf cell is
shown in 3 in thin section un-
der the transmission electron
microscope. The green pigment
chlorophyll, which traps light
energy to begin a long chain of
chemical processes, is held in
the stacks of disks seen here in
cross section. Each disk is a
flattened enclosure of pigment
and protein.

spheres of the white.

Fine structure is present at
micron scale in the mineral
world, too. This scanning elec-
tron micrograph 4 shows a
portion of precious opal. Opal
is plainly a regular array, made
of tiny uniform balls of silica.
Their spacing is 0.2 micron,
which enables them to interact
in a repetitive and reinforcing
way with visible light not far
from that wavelength. The re-
sultis the fire of the opal; the
light is sent in varying direc-
tions according to color. The
same phenomenon is scaled
down to atomic size in ordinary
crystals of matter, all of which
are such regulararrays onan
atomic scale. Their atomic spac-
ing is not 0.2 micron buta thou-
sand times smaller. Thus all
crystals are in effect opals, but
opals only for the proportion-
ately shorter waves of x rays,
not for visible light itself. That
is the basis for the powerful
x-ray analysis of crystalline
matter.

These are two more examples of
condensed complexity. Oneisa
strange freshwater organism 5
with an intricate armor of cellu-
lose. The other is a modern arti-
fact thart just begins to rival the
biological level of minute pat-
tern. Itis an experimental com-
puter device 6, its carefully
formed walls of pure gold.
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neer a capillary vessel, where blood oozes by. Most

We pass through the living skin to e
shore-lived disks that give red blood its color; this

blood cells are the small, incomplete,
white cell, a lymphocyte, is a long-lived participant in the complex cellular and chemical

strategy called the immune system, the body’s defense against infection.
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Nuclear pores are no simple
openings but complicated mo-
lecular passageways. In the
scanning electron micrograph
of 1, the nuclear surface within
a cell of an onion root tip holds
many pores. Recent techniques
of freeze-fracture expose the
surface for a clear view.

Bacteria lack not only nuclei but the other spe-
cialized organelles found in larger and more
complex cells. Their chlorophyll and oxidative
enzymes are not neatly packaged as they are in
the cells with true nuclei.

The smallest living cells are only about 0.1
micron in diameter. Few of the simpler cells
grow as large as 10 microns. Nucleated cells
measure from tens of microns, like the typical
cells of the human body and of multicellular
animals and plants, up to a millimeter for the
free-living single-celled creatures, the protists of
soiland sea, crowded with efficient organelles.
The egg cells of animals can be even larger.

The human cell holds its genetic
legacy safe inside the nucleus.
That long message is stored on
complex scrolls formed of pro-
tein and DNA, the forty-six
chromosomes. Their message
must be consulted at length be-
tween cell divisions, duplicated,
and carefully partitioned upon

division as legacy to the two
new cells. In the electron micro-
graph of 2, one human chrom-
osome is seen doubled, fairly
early in the ballet of cell repro-
duction. The impression here is
that the long molecular message
is still partly unrolled.

The wavelength of visible light
is somewhat smaller than living
cells. From our own vision, and
from the green of plants, we
know how much the interaction
of cells with visible light means
for life on earth. The wave-

Every plant cell and every ani-
mal cell has a nucleus. But the
old families of organic evolu-
tion, the bacteria and their kin,
have none. The electron micro-
graph of 3 shows a section of
one common bacterium, an ac-
tive and ubiquitous form in soil
and freshwater. Its central re-
gion is least dense; within it the
DNA, the small cell’s essential
instructions for self-duplication,
is present as one single strong
unmounted loop of molecular
tape.

urovcs— [ e

1,000 5000 10,000
angstrom

length scaleis drawn in 4, with
color marked along the scale.
Bright light at each wavelength
will stimulate the color sensa-
tion marked, though seeing the
color does not always imply the
physical presence of light with
that wavelength. Color percep-
tion is much more complicated
than a simple wavelength scale.
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THE DOUBLE HELIX

Within the last few years direct
if crude images, as in 2, have
bridged the gap between our as-
sisted vision and the molecular
models like that of DNA, which
physics and chemistry had
steadily elaborated from a com-
plicated chain of inferences.
The quality of such inferred
molecular models can be judged
by a look at a well-founded and
long-familiar example, even
though it has not yet gained
direct visual support.This is the
molecular model of a typical
gas,a liquid,and a solid, drawn
in 1. The simple molecules
that make up an ordinary gas
like room air are well spaced, by
five or ten diameters; they vi-
brate and rotate as they freely
fly, moving at random with the
speed of sound until they strike,
to rebound again and again

from each other and their con-
fining walls. (And the walls
themselvesarealwaysintremor.)
Close-packed, interacting, and
well ordered, the same mole-
cules can bind into a crystalline
solid. There the unceasing mo-
tions are restricted, vibratory.
In the intermediate liquid form,
the molecules jostle past each
other, only transiently bound.
Such a model makes under-
standable the easy compression
and expansion of a gas—the
molecules on average simply
find more or less space for their
flight—and the strong resist-
ance of a solid or liquid, where
compression requires actual
atomic deformarions.

Notice the profligate number
of moving molecules that make
up even a small sample of mat-
ter. A cube one hundred ang-
stroms on an edge holds about
10° simple molecules in the
solid phase, and a couple of
hundred in a gas like normal
air. It is these large numbers
that allow the variety of mare-
rial properties, even when the
architecture is as repetitive as
that of a generally orderly crys-
tal.

Self-duplicating DNA is about
as elaborate a piece of molecular
architecture as we know well,
more subtle than any tape re-
cording, whose form and func-
tion it somewhat recalls. Even
the shorter DN A threads of bac-
teria are built of atoms by the
hundred million. But much
smaller molecular structures
that perform simpler vital func-
tions abound inliving cells. The
image 2 showsa few poorly
seen identical molecules of one
specific bacterial protein; each
of these forms is a complicated
coil wound of some fifty thou-
sand atoms.

The molecular biologist is com-
ing to picture living cells as sys-
tems in which a kind of elegant
engineering assembles the cool
symmetries of certain molecules
into complex functional mech-
anisms. The photoin 3 shows
an example far from genetic or
chemical function. The pattern
is the cross section of a bundle
of molecular tubes that make
one microspine of the scores
radiating from the central body
of an aquartic microorganism.
The structure is tens of microns
long; itis used for feeding and
perhaps for motion.
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The Double Helix, 1968
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In this close-up the DNA is seen as a long twisted molecular ladder, the double helix. The
individuality of the organism is held in the running sequence of the differing rungs. That
chemical message is spelled out at great length in a molecular alphabet of four letters. One
alphabet serves all life, but the tale retold in every cell of the body differs from individual
to individual. The two rails of the Jadder come apart during cell duplication, each to act

as a template for one complete new copy of the ladder of rungs.
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H ATOMIC URFACH

The forces that bind atoms in specific ways to
form the motley coat that is ordinary matter act
on the fuzzy surface of the atoms. All atoms
share a common modular structure and a single

structural principle: They are clouds of identical

electrons grouped around tiny attractive cen-
ters. The surface of every atom is a pattern of
electrons in motion; special symmetries are

present, and electrical forces govern the motion.

It is aquantum motion these binding electrons
execute, under laws the consequence of this
minute scale; it is not to be visualized as a sim-
ple orbit, like the track of a planet around the
sun. Rather, it is inherently probabilistic.
Though successive electron positions remain

untrackable so long as theatom is stably bound,

the resultant charge pattern is steady and sure.
Shared electrons contribute to regions of in-
creased negative charge, and the positively
charged atomic cores attract those negative re-
gions to bind the molecule.

Moreover, it is the light emitted, absorbed,
or scattered by these very same exterior elec-
trons of the atoms that determines everything
visible of matter, from the glow of flame to the
blackness of ink.

Since all atoms are assemblies of electrons,
they share strong family resemblances. The
hundred-odd different chemical elements—
each element is one atomic species—are thus

not really distinct. That insight is a century old:

It is codified in the body of lore we call the
periodic table.

Krypion

Atomic number

40
Fluorine

yellow
intensely
COrnosive gas

Chlorine

greenish
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forms
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Bromine

red-prown
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hydrogenr

202
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Argon

inerT gas
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compounds
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compounds
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Sodium
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SOWHOr

855
Rubidium

soff silvery
melal
decomposes
waler 1o form a
strong akaline

We tabulate in I some of the
qualirative chemical properties
of a few selected elements. They
are loosely ordered by relative
atomic weight. The chemical
families are plain enough; re-
semblances appear again and
again, varying not smoothly
but periodically with increasing
weights of the atoms.

The same periodic effects are
expressed differently in the

SoUTIoN

graph of 2, notin the qualita-
tive terms of the nineteenth-
century chemist amidst beakers
and acids, but in the quantita-
tive style of the atomic physicist
of the 1930s, the lab all vacuum
tubes and electrical measure-
ments. What is plotted is the
minimum voltage required be-
fore an electron beam becomes
just energetic enough to knock
out additional electrons from
the atoms of the target gas as it
streams past. The periodic max-
ima and minima are plain; the
diverse unity of the elements is
again displayed.
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The quantum laws of atomic scale require a description of electron motion that is more
subtle and less sequcntial than for the moving particles of ordinary experience. Accordingly,
the dot texture shown does not map individual electrons; instead, it suggests the cloud of
electrical charge the electrons paint out during their symmetrical but untrackable quantum
pattern of motion. In that cloud the surface electrons are shared by the bonded atoms.
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Itis extraordinary how small is the atomic nu-
cleus compared to even the atom. For not only
does the nucleus hold all the positive charge of
the atom, it is also the site of the weight of
every atom.The electron cloud plainly occupies
the bulk of an atom, but the electrons in an
atom together contribute relatively less to its
weight than the postage stamp adds to a book
sent parcel post. The nucleus is massive and
tiny; within it intense binding forces are at play.
As the electrons, all identical, supply all the
negative electric charge in ordinary matter, so
the protons comprise all the positive charge.
Electrical unlikes attract; the proton clusters
that form the central nucleus thus bind the
whole atom. Each element is one species of pro-
ton cluster, its defining integer the head count
of its protons, called its atomic number.

Ordinary hydrogen is the lightest of all
atoms; it has weight very near 1 on the scale in
which the carbon-atom standard is 12. Hydro-
gen has unitatomic number as well: one proton.
The hydrogen atom consists of a single positive
proton binding a single negative electron. Car-
bon has weight 12, yet its atomic number, its
proton count, is only 6. That is usual enough:
For example, the heaviest naturally occurring
atomic species, uranium, has a weight of about
238, but an atomic number of only 92. Some-
thing adds weight to the nucleus, enough more
or less to double the weight in protons, but con-
tributes no charge at all. In 1932 that heavy
neutral particle was found; it is called the neu-
tron.

A free neutron is really a strange sort of chem-
ical element, atomic number zero, weight one.
Without charge, it can hold no atomic electrons
atall: It occupies only its own tiny nuclear vol-
ume, with none of that fluffy electron-cloud
bulk; it is without ordinary chemistry. We all
know of it; it is the reagent of nuclear transfor-
mations par excellence, for it combines on nu-
clear contact with almost every other nucleus
we know, to release a large amount of energy—
atom for atom a millionfold the energy of chem-
ical reactions like ordinary combustion. The
end resultis alchemy: the transformarion of one
atom—that is, one element—into another, typi-
cal during deep nuclear changes. (It isn’t eco-
nomical to make gold from lead in such a way,
butit canbe done.)
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The system of the elements as
presented by Niels Bohr in 1923
according to his eatly theory of
atomic structure. The table
shows the chemical symbol for
each element and its atomic
number. Lines connect the ele-
ments of the same chemical
family. By now a dozen ele-
ments with atomic numbers be-
yond 92, uranium, have been
synthesized through successive
nuclear reactions; all are un-
stable.
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The flash-lit photos look
through a thick window into
the depths of a tank of liquid
hydrogen, momentarily on the
verge of boiling.The white lines
that seem etched on a black
ground mark the tracks of high-
energy charged particles. The
particles streak through the
fluid, tens of centimeters or
more, and a trail of tiny visible
bubbles then begins to grow
around the disturbed atoms left
along the track. Uncharged par-
ticles disturb so few atoms as
they pass that they leave no vis-
ible wake.

Note the pairs of particles
that appear together at one spot
out of the blackness 2. These
are electron and positron pairs,
matter made anew out of the
energy of unseen radiation. If
one follows the Vs backward,
they point to the place where
the incoming charged particle
first interacted with a proton of
the fluid to produce charged
particles and the unseen neutral
radiation that made the two
pairs. The two members of each
pair curl oppositely, the orbits
imposed on positive and nega-
tive electric charges by the
strong magnetic field in the
chamber. (The incoming pat-
ticles are unstable positive
pi-mesons.)

These frames from a moving
picture show not a nuclear par-
ticle but a distant star. Itis a
minute star a thousand times
brighter than the sun, flashing
out thirty times a second as it
spins, its beamed light crossing
and recrossing the field of view
like the beam of a rotating light
inalighthouse. In fact, itis a
star made of one huge nucleus.
Here not a few hundred nuclear
particles but about 10°¢ of them
have joined, under mutual grav-
itational forces, to constitute a
chunk of nuclear matter as mas-
sive as the whole sun yet no
larger across than a small city.
This is not the only context in
which we begin to find unex-
pected links between the worlds
at very different powers of ten.

In 3 anincoming meson
strikes a stationary proton of
the fluid, to project it forward
and down. That proton pro-
ceeds to carom off another rest-
ing proton, which itself moves
on a little distance. The right
angle seen at the short prong is
the sign that the two collision
partners have about the same
weight. Meanwhile, the incom-
ing meson moves off upwards.

Careful piecing together of
this sort of subnuclear billiards
in many and varied examples
establishes the properties of the
particles and their interactions.
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A transient view of the eternally dancing structure of stable carbon-12. Those neutrons and
protons that join to form it are universal nuclear modules. Protons are found free as natural
hydrogen; neutrons can be set free by energetic nuclear reaction as in the fission of uranium.
Study of these particles as independent objects has revealed one more analogue to chemistry:
They too react upon collisions at high enough energy to produce a host of new particles,
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A PROTON AND ITS QUARKS

This track photograph records
a complex high-energy multi-
particle event. Here we tran-
scend the stable world of pro-
tons, electrons, and radiation;
we see a whole fan of new and
transient particles (the lighter
trails). Most of these can be
thought of —though firm proof
is not yet to hand—as strongly
bound combinations of parti-
cles never yet seen on theirown:
the quarks. Quarks bear several
novel kinds of charge, analogues
to electrical charge though quite
distinct from it. Three specific
quarks combine to build a pro-
ton, three different ones a neu-
tron; quark pairs constitute the
well-observed unstable particles
called mesons. Other quark
combinations make 1nore kinds
of transient particles, such as
the tracks shown here; plenty of
protons leaving heavy trails are
seen as well.

All the tracks here arose from
one initial event: A single heavy
nucleus within the gold foil (to
the right) was struck and frag-
mented by one incoming par-
ticle.

The particle physicists enter the eighties proud
of the order new-won during the last decade.
The modular world of all the matter and radia-
tions we know currently appears to be buile up
of three small families of particles, not yet fully
verified. First are the strongly interacting nu-
clear particles, proton and neutron and a whole
transient subnuclear world, all made of a few
quarks in combinations. Second are the stable
electron and neutrino, and a few kindred par-
ticles, all with simple structure and compara-
tively weak interactions. Finally, there are a
number of new analogues to the photon, which
itself mediates the electrical and magnetic
forces by quantum exchange among charged
particles. Each of the known fields of force has
its specific set of mediating particles.
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Even the proton has its inner structure, symmetrical, shifting, again untrackable. Here still
stronger forces operate at still shorter ranges. These arise among fast-moving quarks in
intense interaction. The pattern of colored dots is no photo but an abstract symbol of the

physics we just begin to comprehend.







What will we see, and what will we come to understand, once we enter the next levels?
















RULES FOR A
JOURNEY OF
MIND AND EYE

These rules for the reader ex-
press the logic that guided the
construction of the entire se-
quence of forty-two images.

The traveler moves along a’
straight line, never leaving it.

One end of that line lies in the
darkness of outermost space,
while the other is on the earth,
in Chicago, within a carbon
atom beneath the skin of a man
asleep in the sun.

R —

Each square picture along the
journey shows the view one
would see looking toward the
carbon atom’s core, views that
would encompass wider and
wider scenes as the traveler
moved farther away. Because
the journey is along a straight
line, every picture contains all

the pictures that are between it
and the nucleus of the carbon
atom. More: That nucleus is at
the very center of each picture,
whether it can be seen or not.







The multiplier in our journey 1s
a factor of ten, bringing a ten-
fold change to both the step
size and the field of view seen
along the way.

Each image square shows a view
ten times wider or narrower
than its neighbor. In either di-
rection, new information is
found at each step: Ourward,
novelties appear as the view
widens; inward, the expansion
of the picture allows the reso-
lution of more detail. That re-
lationship is emphasized in each
picture by outlining a small
central square whose edges are
one-tenth the width of the
whole frame.
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The reference unit is one meter,
aboutan arm’s length. The
image that is the fulcrum of our
linear journey shows a picnic, in
a view one meter wide. The fac-
tor of ten by which the journey
unfolds was chosen also because
it uses the convenience of our
decimal numbers and that of
the metric measurement system,
both based on the ten fingers of
our hands.

Ten is a good factor for our pur-
poses; each new picture reveals
much that is new, but the cen-
tral area retained—it is only a
hundredth of the whole in area
—is still recognizable. And tak-
ing many steps, each of dimin-
ishing size, has a surprising con-
sequence; it opens up the inner
world of the very small.

Notice some concomitants to
this scheme: An object changes
its size by a factor of ten—peo-
ple speak of an order of magni-
tude—with any single step; a
double step brings a hundred-
fold change. Three steps and
the scale changes by a thousand,
no matter where you start or
which direction you choose.
When going inward, every step
covers nine-tenths of the dis-
tance remaining to the heart of
the atom: Like the competitors
Achilles and the turtle, the trav-
eler on our line can never quite
arrive at his target.



When a number is multiplied
by itself a certain number of
times, the result is called that
power of the number. Our jour-
ney proceeds in steps of powers
of ten: The number label for
each picture of our journey
shows the linear size of the view
in the picture square measured
in meters. The number of me-
ters is written in powers of ten

notation. (A full account is
given on the following page.)
The picture edge and the cen-
tral square provide a handy scale
by which the true size of any
object shown can be estimated.

Our journey's ends are not arbi-
trary. For the far end, we pause
at that distance where further
steps would give us no new
structures in space. The elusive
inner target is approached as
closely as our present knowl-
edge permits. Others who come
later will travel farther.

L1l

Nor is that straight route a ran-
domly chosen line. True, the
outermost portion must be typ-
ical of space; there is not much
to choose from out there be-
tween the galaxies. But the in-
ner end was placed with care to
make the trip full of interest.
That end lies within carbon, the
most interesting of atoms to
living creatures, and within
DNA, the most important of
organic molecules. The route
takes us vertically upward, to
view from above the great city
on the lake shore; itis a daylight
view. The time of day and year
could then be chosen so that
the line not only passes verti-
cally away from earth, but also
straight out perpendicular to
the flat disk of the Milky Way
Galaxy.

Each view looks at a volume of
space that has a particular shape,
asquare-based pyramid; nesting
within are smaller and smaller
pyramid-shaped volumes. In all
views while we are stll limited
to earth, we see no farther than
the ground, the shared base of
those pyramids. Once the earth
becomes a floating globe, we
can also see past it, to stars far,
far beyond - the very stars we
would sce in the night sky of
Chicago’s earthly antipode.

Finally, this is not a journey
over time. It is a set of views, all
referring to one single moment
in time. I we had to travel phys-
ically to take the enormous trip,
we would be limited, as are all
moving objects, to the speed of
light. We could not make great-
er and greater leaps in one fixed
time. Such rapid motion would
distort even the measurement
of time and do queer things to
the light by which we see. The
convention used ts this: Ima-
gine the photos were made all
at one time by competent ob-
servers who ﬂgl’&'(‘d on when
and how they would prepare
their photos. (That final assem-
bly would takea very long time.)
What was done amounts to a
synchronized collaboration, by
preparing all the images at the
right scales at one physical place.



POWERS OF 10:
HOW TO WRITE
NUMBERS LARGE
AND SMALL

This book uses a notation based
on counting how many times
10 must be multiplied by itself
to reach an intended number:
For example, 10 x 10 equals 107,
or 100; and 10 x 10 x 10 equals
103, or 1000. Multiplying a
number by itself produces a
power of that number: 103 is
read out loud as “‘ten to the
third power,” and is another
way to say one thousand. In
this case, there is no great ad-
vantage, but it is much easier
and clearer to write or say 10'
than 100,000,000,000,000 or
one hundred trillion. After 10,
we even run low on names. The
number written above in smaller
type—the 14 in the last example
—is called an exponent, and the
powers notation is often called
exponential notation.

It is not hard to grasp the
positive powers of ten— 10,
107, 10"*—and how they work;
bur the negative powers—10~*
or 10~*—are another marter. If
the exponent tells how many
times the 101s to be self-multi-
plied, what can an exponent of
-5 (negative five) mean? The
system requires a negative ex-
ponent to signal division by 10
a certain number of times: 107!
equals 1 divided by 10, or 0.1
(one-tenth); 10~ equals 0.1 di-
vided by 10, or 0.01 (one-hun-

dredth). Because adding 1 to the
exponent easily works out to be

the equivalent of multiplying
by 10, it is self-consistent that
subtracting 1 there works out to
a division by 10. It is all a mat-
ter of placing zeros. Adding an-
other terminal zero is simply to
multiply by 10: 100 x 10 equals
1,000. Purtting another zero next
after the decimal point is to di-
vide by 10: 0.01 <+ 10 equals
0.001. The powers notation
makes these operations even
clearer.

But what of 10°? That seems
a strange number. However,
notice it is equal to 10! (10) di-
vided by 10 (or to 10~ multi-
plied by 10). Although surpris-
ing, it is at least logical that 10°
should be equal to 1.

Because you can make any pow-
er of ten ten times larger by add-
ing 1 to its exponent (10*x 10
= 10%), it follows that to multi-
ply by 100 you add 2 to the
exponent: 10%x 100 = 10° or
1000 x 100 = 100,000. In gen-
eral, you can multiply one pow-
er of ten by another simply by
adding their exponents: 10°x
10% = 10°. Subtracting the ex-
ponents is the equivalent of di-
vision: 107 = 10° = 10%

All numbers, not only num-
bers that are exact powers of
ten, like 100 ot 10,000, can be
written with the help of expo-
nential notation. The number
4000 is 4 x 10%; 186,000 is 1.86 x
103, This convenient scheme is
referred to as scientific notation.

All of this can be extended to
basic multipliers other than ten:
2% = 2x 2x 2x 2 (the fourth
power of two); 122 = 12 x 12,
and 87! = one-eighth. (But
note that 2° = 1,12% = 1,and
80=1)

Logarithms arise from exten-
sions of this scheme.

The symbol ~ is mathemati-
cians’ shorthand for “approx-
imately” or “'about.”

Me






UNITS OF LENGTH

Parisians stili consult this public
meter displayed near the Palais

o du Luxembourg I. InLondon

7 itis at Greenwich that you can
confirm your yardstick 2. At 3
is printed a real 10~ meter, or

meters |

| mefer, 10°

1! Meqaparsec

10°°

meters |

Liparsec

T | nth v/ea(
O -

mefers |

¥ | astronomical
10 uniT
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10 centimeters.

Grow your own food and build
your own house, and no formal
units of measurement much in-
terest you; such is the gentle
rule of thumb. But commerce
has implied agreement on units
of measurement. The legal yard
has long been displayed for the
use of Londoners, and the me-
ter is still open to public com-
parison on a wall of a Paris
building.

The system we call metric is
the work of the savants of Rev-
olutionary Paris in the 1790s.
Even their determination to
celebrate both novelty and rea-
son met limits: Our modern
second, minute, and hour re-
main resolutely nondecimal.
That was no oversight—the
metric day of ten hours, each of
a hundred minutes with a hun-
dred seconds to the minute, was

q: : I(né%?mﬁer formally adopted. Bl}[ the
=+ | millimeter scheme met fierce resistance.
{1 point About the only costly mecha-
4 nism every middle-class family
meTers 4| micron then proudly owned was a clock
i imicrometer or watch, not to be rendered at
| once useless by any mere claim
1 i nanometer m ofconsistc:cy! Practice won
-10 n X 100 out over theory.
melers 1 ! ongorrom x 100 In much the fsame way, peo-
~ x 10 le who today frequently use
A I PR S Enits ina part};cul;]r cont};xt are
] =10 not always persuaded to sacri-
-5 ] ~ fice appropriateness to consist-
10°4 ! ferm 100 ency.prVe lfijst here a few non-
meters standard units of linear meas-

urement that retain their utility
even in these metric days, some
even within the sciences.




COSMIC DISTANCES
parsec

The word is a coinage from par-
allax of one second. The parsec is
in COMMON us¢ among astron-
omers because it hints at the
surveyor’s basic technique of
measuring stellar distance by
using triangulation. The stand-
ard parallax is the apparent shift
in direction of a distant object
at six-month intervals as the ob-
server moves with the orbiting
carth. Itis defined so that the
radius of the carth's orbit seen
from a distance of one parsec
spans an angle of one second of
arc. The nearest known star to
the sun is more than one parsec
away.

light-year

This graspable interstellar unit
rests on the relationship be-
tween cosmic distance and light
travel over time.

The speed of light in space is
3.00 x 10® meters per second; in
one year light thus moves 9.46 x
10" meters, which is usually
rounded off to 10'® meters,
especially since only a few cos-
mic distances are so well known
that the roundoff is any real loss
ofaccuracy.

astronomical unit

The mean distance between sun
and earth is a fine baseline for
surveying the solar system; itis
atypical length among orbits.

1 AU = 1.50 x 10" meters.
Note: 1 parsec = 3.26 light-
years = 206,300 AU. The inter-
stellar and the solar-system
scales plainly differ; intergalac-
tic distances run to megapar-
secs.

TERRESTRIAL LENGTHS
miles, leagues, etc.

These are units suited for earth-
bound travel, for distances at
sea, or for road distances be-
tween cities. Nobody ever meas-
ured cloth by the mile, or train
rides by the parsec.

yards, feet, meters

These rest on human scale, in
folklore the length of some
good king's arm. They suit well
the sizes of rooms, people,
trucks, boats. Textiles are yard
goods. The meter was defined
more universally, but clearly it
was meant to supplant the yard
and the foot. It was related to
the size of the earth: One quad-
rant of the earth’s circumference
was defined as exactly 10" me-
ters, or 10* kilometers. In 1981
the meter is defined with great
precision in terms of the wave-
length of a specific atomic spec-
tral line. Itis ''1,650,763.73
wavelengths in vacuum of the
radiation corresponding to the
transitions berween the levels
2pyand 5d; of the krypton-86
atom.”

inches, centimeters, etc.

The same king’s thumb? Hu-
man-scale units intended for
the smaller artifacts of the hand:
paper sizes, furniture, hats, or
pies.

line, millimeter, point

Small units for ine work are
relatively modern. The seven-
teenth-century French and Eng-
lish line was a couple of milli-
meters, and the printer’s point
measure is about 0.35 mm. Film,
watches, and the like are com-
monly sized by millimeters. The
pioneer microscopist Antony
van Leeuwenhoek used sand
grains as his length comparison,
coarseand fine: He counted one
hundred of the fine grains to the
common inch of his place and
time. Smaller measurement units
are generally part of modern
science, and thus usually metric.

ATOMIC DISTANCES
angstroms, fermis, etc.

Once atoms became the topic
of meaningful measurement,
new small units of length nat-
urally came inro specialized use.
The Swedish physicist Anders
Angstom a century ago pio-
neered wavelength measure-
ments of the solar spectrum. He
expressed his results in terms of
a length unit just 10~ meters
long. It has remained in wide-
spread informal use bearing his
name: convenient because atoms
measure a few angstroms ()
across. The impulse for such
useful jargon words is by no
means ended; nuclear particles
are often measured in fermis,
after the Italian physicist Enrico
Fermi. 1 fermi equals 10~!* me-
ters.

ANGLES AND TIMt

Angles are measured, especially
in astronomy, by 2 nonmetric
system that goes back to Baby-
lon. A circle is 360 degrees; 1
degree = 60 minutes of arc;

1 minute = 60 arc-seconds. An
arc-second is roughly the small-
est angle that the image of a star
occupies, smeared as it is by
atmospheric motion. This page,
viewed from about twenty-five
miles away, would appear about
one arc-second across.

Time measurement shares the
cuneiform usage of powers of
sixty. Note that a year of 365.25
days of 24 hours, each of 60
minutes with 60 seconds apiece,
amounts to about 3.16 x 107
seconds.



READING
THE RAINBOW

Slowly and smoothly turn the
dial of the radio. As the marker
moves along you are likely to
encounter signal after signal,
some loud, some weak. [t would
be no hard task to draw a graph
in which the intensity of the
sound in the room is plotted
against the reading on the dial.
There would be a set of peaks,
some higher, some lower, with
a good deal of space between
where only a fainc hiss is heard.
That graph is a radio spectrum
for your vicinity at the time.

Plainly it is not complete:
You could turn on the FM set,
or the short-wave, or even the
TV. All of the signals noted for
any of the channels represent
incoming energy of a single
kind: electromagnetic radiation.
Far beyond the dial of any radio
you would come at last to the
visual region. Lzght is the name
we give to electromagnetic ra-
diation in the channels from red
to violet, those the eye can de-
tect. An instrument that selects
among visible channels is likely
to be called a spectrograph, and
to record photographically. Sig-
nals can be found far beyond
the visible, too, and are of no
small importance.

The chart presents the whole
gamut of electromagnetic radia-
tion through which we gain so
much of what we know of the
world, all ordered along a single
scale. That ordering scale can
be labeled in three ways, equally
valid. One description of the
radiation emphasizes its beha-
vior in time. Like regular water

waves, radiation has periodi-
cally recurring maxima along its
path of travel. Atany location
along the path, count those
maxima for one second; the re-
sult is the frequency of the radia-
tion, given in cycles per second,
a unit now named the hertz
(Hz). Another label describes
the wave as a moving pattern in
space: The distance atany in-
stant between one crest and the
spatially adjoining crest is the
wavelength, measured in meters
or in multiples of the meter.
Finally, for every kind of radia-
tion a maximum energy can be
transferred in a single atomic
interaction; that is called the
quantum energy, measured in
electron volts. (One electron
volt is the energy of an electron
that can just make its way
against a certain standardized
electrical repulsion.)

At the radio end of the spec-
trum the label usually used is
frequency, for radio techniques
make time variations discern-
ible, something almost impos-
sible at the other end of the
spectrum. In the middle range,
the wavelength is much used,
fot between the millimeter band
and the x rays, techniques are
quite available for exhibiting
spatial variation. At the high-
energy gamma-ray end, energy
is the most used label; at this
end it is easy to measure the
sizeable energy transfers, while
the intrinsic variations in space
and time are alike inaccessible.

All these radiations have com-
mon physical qualities. Their

speed in empty space is the
same: It is the ultimarte speed,
supersonic by six powers of ten.
All radiations are emitted and
absorbed only by the motions
of electric charges (and by re-
lated magnetic effects). There-
fore as a class they are called
electromagnetic. A sound wave
of frequency one thousand cy-
cles per second (1 kilohertz) is
not at all the same phenomenon
as an electromagnetic wave of
identical frequency, though the
electronic means to convert one
to the other are commonplace.
The electromagnetic wave is a
pattern of varying electricand
magnetic fields persisting even
in empty space; the sound wave
is a pattern of pressure and mo-
tion maintained in the air or an-
other material medium, absent
in vacuum.

Nearly all electromagnetic
radiation, from the lowest fre-
quencies up to quantum ener-
gies in the range of 100 thou-
sand electron volts, is the prod-
uct of energy transfer by mov-
ing electrons, either singly in
atoms or in myriads within a
current-cartying wire. Above
that energy limit the radiation
is often not electronic but nu-
clear in origin, coming from
similar motions of charged pro-
tons. At still higher energies,
over 100 million electron volts,
the energy transfers that can
give rise to or absorb the radia-
tion often involve subnuclear
motions of quarks or of other
novel charged particles.

THE ANALYSIS
OF SPECTRA

In the living room one could
turn the radio dial and count up
and order the radio transmitters
in operation nearby. That would
be a local radio spectrum. In
the analogous way one can re-
cord spectra in the optical re-
gion.Those spectra give a chem-
ical analysis of the glowing
matter that is the source of the
light, whether it be on the lab
bench half a meter away, or on
the surface of a distant star. The
transmitters for specific visible
frequencies turned out to be
particular atoms and molecules.
The channel frequency of a ra-
dio station is determined by the
construction of key elements of
the radio transmitter; channel
frequencies for atoms are simi-
larly intrinsic to atomic struc-
ture. Long before we had much
idea of how atoms are made, we
could treat spectral patterns ob-
served in the labasa kind of
atomic signature. Once the
same pattern of optical channel
locations were seen in starlight
spectra as in lab spectra, it was
easy to infer the elements pres-
ent.

Two kinds of spectra are
shown in the pages at 10'® me-
ters. The range of color seen
from the Ring Nebula resem-
bles the result of our radio-dial
study: intense peaks of color on
a dark background. The other
kind is the spectrum of Arctu-
rus—dark interruptions in a
general glow. There an inter-
vening layer of gas has imposed
its own signature by its prefer-
ential interactions, absorbing




the starlight passing through it.

The glow arises in the decper
and hotter region below, where
theatoms that make the light
are so dense and the layer so
thick that the radiation coming
from below loses, through re-
peated interactions, its sharp-
ness of frequency definition.

More remarkable still is the
kind of result shown in the fig-
ure on page 14. It is a spectrum
seen from atomic hydrogen in a
laboratory clectrical discharge.
No need here to analyze for ele-
ments; the atomic composition
is established. But now the reg-
ularity and simplicity of this
spectral signature of a single
atom—the simplest—are clear.
Bohr could use the invisible
order, the numerical relation-
ships among the frequencies of
those characteristic spectrat
lines of hydrogen, as a kind of
analogue to Kepler's laws (com-
pare p. 9). Quantum motion is
not directly visible like the mo-
tions of the planets, but its spec-
tral signature led to the atom’s
structure, the invisible order
among electrons bound by the
nucleus. It goes without saying
that gamma-ray spectra emitted
by nuclei, and by the quark-
clouds we know as free protons
and neutrons and the rest, are
fine raw material for structural
probes of the ultramicroscopic
world. Spectra reveal the per-
sistent quantum states within
every radiating system.

Finally, if a spectral pattern is
recognizable in a celestial body,
say by the correct ratios of sev-

eral frequencies, it may happen
that individual peaks do not
coincide in frequency with lab-
oratory standards. All of them
are, for instance, shifted to the
red by one part in a thousand.
The interpretation is easy: A
fast-receding source sends to a
detector a radiation signal in
which as time goes by the dis-
tance of travel grows steadily
greater. That has the effect of
lengthening the time between
received crests of the waves, and
so shifting the frequency in pro-
portion. An approaching source
is seen blue-shifted. The speed
of any source relative to the de-
tector can be measured at once;
no need to wait out position
change over centuries. This
shift, the Doppler shiftas it is
called after its nineteenth-cen-
tury Austrian discoverer, works
for any radiation band, pro-
vided an emission frequency
pattern can be recognized. It is
a touchstone for all sorts of as-
tronomical studies; and it is the
only way to distinguish the rap-
id recession of distant galaxies
—the famous cosmological red
shift—believed to be the sign of
a steadily diluting universe at
large scale.

Electromagneric radiation with
a wavelength of one micron,
10~% meters, lies just redward of
what the eye can see. (Thart
range is called the near infra-
red.) It has a frequency of 3.00 x
10" hertzand a quantum ener-
gy of 1.24 electron volts. One
example will fix the relation of
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the three scales; for frequency is
strictly proporrional to quan-
tum energy and inversely pro-
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INSTRUMENTAL VISION

Our grasp of the universe has
grown along with the instru-
ments that in one way or an-
other extend the work of the
senses, in particular the eye.The
seventeenth century brought us
two optical devices whose names
have by now passed into every-
day use: the telescope and the
microscope. A book devored to
the visual exploration of scale
can hardly fail to celebrate these
two in particular, in both older
and newer forms.

Why should we trust the
knowledge brought us by such
unnatural means? Indeed, we
ought not to trust it; each in-
strumental result should be
viewed skeptically until the per-
formance of the device has been
deeply tested. But exactly the
same caution applies to our in-
born instruments, the eye and
the other senses that serve hu-
man perception. They all have
their limitations, their illusions,
their defects. Most of us learned
in childhood much of the na-
ture of instrumental signals
from eye and ear; that interpre-
tation is part of individual hu-
man development.

Accepting what our senses
and our instruments tell us does
not necessarily imply a knowl-
edge of the principles of design
and function of the instrument
itself. The eye, like the tele-
scope, can be viewed as a black
box, a piece of sealed equip-
ment whose relevant properties
can be judged best by use, by
the painstaking tests of consis-
tency and meaning. An after-
image is not a violet spot float-
ing along the wall; we learn
that from early experience and
not from studying the recovery
of exposed retinal pigments. Of
course scientists hope one day
to understand the whole chain
of perceptual events. When the
critics quite rightly complained
that the lenses of Galileo's tele-
scope might be producing mere
illusions, as with the curved
mirrors just then rather popular,
they could be answered best by
tests on the instrument itself.
Galileo observed that it would
be a subtle illusion indeed that
showed four moons moving in
repetitive patterns around Jupi-
ter, but none near Venus or
Mars. That has the ring of the
authentic beginning of modern
science; it leads to a view of
knowledge just as cogent for
everyday witness as for the
learned judgments of the lab-
oratory.

Optical telescope and micro-
scope are extensions and modi-
fications of the eye, which also
depends on a lens. The lens of
the eye projects a small image
of the scene on the retina. The
telescope works by using a lens
to produce a nearby image of a
distant object, which can be
examined close at hand to yield
a magnified view. The micro-
scope has instead a lens that can
image an object very nearby ata
size suited to detailed examina-
tion.

Mirrors can be used to focus
light in much the same way as
lenses. To collect enough en-
ergy for viewing distant weak
sources requires a large collect-
ing area; telescopes (and their
mirrors) grew large. Micro-
scopes, on the other hand, de-
veloped in image-forming qual-
ity and in mechanical nicety and
stability. Their extension be-
yond visible light came once
our technology allowed detec-
tion of radiations invisible to
the evolved eye.
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This instrument site 1 was
builtaround 1584 by Tycho
Brahe, a nobleman of Denmark,
adjoining his great headquarters
observatory on the island of
Ven, in the sound between Den-
mark and Sweden. Masonry pits
held permanent instruments for
[h(: accurate measurcment (){
directions in the sky. Careful
sighting along clegant scales

in heavy and ornate frames of
steel, wood, and brass spoke the
last word in naked-eye preci-
sion, in a tradition two thou-
sand years old, to be outdone
within a few gencrations by
glass lenses. Yet the data scrup-
ulously taken here became the
raw material for Kepler's laws.

These two telescopes 2 were
among many made by Galileo
himself, working in his own
shop along with an expert
mechanician and glassworker.
Their first good instrument was
made late in 1609, on the basis
of areportthat “a certain Dutch-
man" had made a spyglass
through which distant objects
were seen as if nearby. There
scems no doubt that Galileo
developed both the telescope
and how to use it, quickly rais-
ing the device from marginal
utility to become the founda-
tion of a new cosmos. Spy-
glasses of low power were not
uncommon by 1609, for public
salc in Paris as in the Nether-
lands, but most of them were
optically seriously inferior to
these. Tycho's precision was
soon left one or two powers of
ten behind, and celestial novel-
ties poured in as well in the new
look at the small and the faint.

John Herschel took the tele-
scope 3 in 1834 to a country-
side site six miles out of Cape
Town. He used it for four years
in a systematic survey of the
southern skies, studied for the
first time with a substantial in-
strument. His goal was to com-
memorate and extend the life-
long work of his famous father
William (and his aunt Caroline)
in mapping English skies. Its
mirror was 18 inches across; the
simple wooden mounting was
in the family style. Three inter-
changeable mirrors were on
hand: One had been made by
William, another by father and
son together, and the third was
John's own. There was no pho-
tography as yet, but sharp eyes
and the big mirror.



The evocative period photo
from 1916 shows the base of the
tube of the 100-inch reflector 4
with its escort starting out for
the summit of Mt. Wilson, just
north of Pasadena, California.
Such an instrument is plainly a
precision piece of heavy engi-
neering. It was this photograph-
ic telescope that made possible
the first credible scaling of our
Galaxy and the final demonstra-
tion that we live in an island
universe of external galaxies.

Los Angeles grew so big and
bright that Mt.Wilson tele-
scopes no longer saw a sky dark
enough to study faint objects
(except during the brownouts
of World War II). A still greater
telescope was planned in the
1930s, delayed by the war, and
finally built on Palomar Moun-
tain between Los Angeles and
San Diego. This wonderful
drawing made during the long
planning stage shows a cross
section of the proposed dome
and instrument 5; the small
figure of an observer can just be
made our at the highest point of
the big vertical skeleton tube.
The mirror is 200 inches (5.08
meters) in diameter; finished in
1948, this telescope is still the
second largest in the world,
though in the Caucasus Soviet
astronomers have recently be-
gun use of a telescope of full 6
meters aperture. The 200-inch
can claim to its credit, for ex-
ample, the discovery of quasars.
Photography is now beginning
to give way at the telescope to
newer electronic imaging de-
vices.

Radio astronomy wavelengths
are measured in tenths of me-
ters, whereas visible ones are
around a halfa micron. Radio
telescope mirrors therefore need
a very large physical diameter to
match the relative scale of their
optical counterparts. This mirror
in the green hills near Arecibo,
Puerto Rico is the largest radio
dish 6 in the world, 300 me-
ters in diameter. Its surface of
thin perforated aluminum plate
is held true to a fraction of a
radio wavelength, as an optical
MIrror is true to a fraction of a
micron. The central structure
high above (it has the size and
appearance of a railroad bridge;
look for its shadow on the bowl
below) supports a moving an-
tenna at the focus of the big
mirror. The fixed dish can, in
this way, follow a moving
source in the sky to record weak
natural signals for a couple of
hours as the earth turns.

\"




In 1665 the versatile Robert
Hooke, brilliant pioncer of ex-
perimental science, published a
book called Micrographia. It is a
masterpicce, and meta lasting
popular success through its
lively text and its wonderful
large ittustrations of the newly
found invisible world ata mag-
nification from fifty- to a hun-
dredfold: needles, soor, fleas,
linen, mold, cork, feathers. . . .
The drawing 7 isnade from
the frontispicce of the book; it
shows Hooke's own microscope
with its accessorics. Mr. Samucl
Pepys bought the volume at
once and sat up until two in the
morning to read it: “The most
ingenious book I ever read in
my life,” he noted.

Optical microscopy has grown
in deftness for centuries. By
now the small world can be
studied in detail from millime-
ter scale down to a fraction of a
micron; the limit is sct by the
wavelength of visible light. Op-
tical microscopes can examine
living organisms—wonderful
cinema—for the watery medium
these require is transparent. De-
tail can be revealed by clever use
not only of real color differ-
ences, but of the ones that arise
by optical exploitation of the
density differences of transpar-
ent materials. Using reacuve
dyestuffs to mark structures by
tzking advantage of their chem-
ical differences is another pow-
erful technique. These micro-
scopes work best on thin layers;
the depth of sharp focus is
small.

By the 1930s the control of
electron beams in a vacuum had
matured. Now the transimission
electron microscope (TEM),
which forms an image by using
magnetic analogues to lenses
can show remarkable cross-
sectional detail down almost to
the atomic level of a few ang-
stroms. The scanning electron
microscope (SEM) employs in-
stead a tine pencil-beam of ¢lec-
trons moving in TV fashion to
paint out an image over time,
using the electrons that scatter
off the successive target points.

The medium in which elec-
trons travel undisturbed is the
vacuum; but a vacuum cannot

support life. So under electron
microscopes we view not living
but dead structures. The trans-
mission electron microscope,
like the light microscope, re-
quires thin-layer specimens; the
preparation of such sections has
become a virtuoso technique.
The transmission electron mi-
croscope can work well for
structures from the micron
range down to the order of 10
meters; with special instruments
and techniques we can glimpse
individual atoms.

The strength of the scanning
clectron microscope 1s its won-
derful depth of focus; it can
image structures from millime-
ter scale down to 107 % meters.,
the limit set by the submicron
fineness of 1ts scanning beam.

The big accelerators that bring
beams of protons up to very
high energies are like micro-
scopes. if only in function, for
these ultramicroscopes carry
out probes of spatial structure
at the smallest scales. The result
is much more indirect than any
ordinary image; herc the me-
chanics of the familiar world no
longer hold, 2nd 2 subtler indi-
rect analysis is the rule. This
complex 8 is the Fermi Lab-
oratory. Thelong tangent line
through which the beam of fast
protons exits for study along
with 1ts secondary products is
evident. But the dominating
feature 15 the big main ning of
underground magnet sections,
visible at the surface as a circle
two kilometers 1n diameter.
much larger than the radio dish
at Arecibo. This laboratory 1s
located just off the western edge
ot our Chicago picture, 10°
meters.



CHRONOLOGY
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This list is a selection of the
dates and authors of discover-
ies, inventions, early develop-
ments, and first persuasive for-
mulations of concepts that have
built the present understanding
of the world. The list is not or-
dered by date, but roughly by
the physical scale to which each
finding is related. It shows
when we came to understand
each order of magnitude.

We know that a simple listing
is somewhat misleading; the
history of these 1deas and ex-
periences is too complicated to
describe fully in so summary a
form. Even the dates are a little
uncertain; sometimes they refer
to discovery, sometimes to pub-
lication. Most of these discov-
eries have had their forerunners
and their rivals. We have tried to
point out the influential begin-
nings. Some famous names are
included, partly to place the
great works in time. The list
favors events with strong effect
on the visual model and on the
underlying evidence.

1025 meters

Universal background radiation
found

Quasars recognized

Clustered galaxies share a
common motion

“Island universe”; galaxies are
far-away Milky Ways:
—speculation
—verification

Nuclei of some galaxies are
active

Spiral forms seen in nebula

Galaxies contain populations
of old stars and new

New channels open for
astronomy:
—radio (Milky Way)
—first distant radio galaxy

—x rays (beyond the sun)

—infrared (in deep sky)

—electromagnetic spectrum

Magellanic Clouds made known
to Europeans

Andromeda Nebula seen:
—unaided eye
—telescope

1965

1963
1917

1755
1925

1943

1850
1944

1933
1949

1962

1968

1867
1880

1516

970
1612

Penzias &
Wilson

Schmidt
Slipher

Kant
Hubble

Seyfert

Lord Rosse
Baade

Jansky

Bolton, Stanley
& Slee

Rossi, Giacconi,
Gursky &
Paolint

Becklin &
Neugebauer
Maxwell

Hertz

Corsali

Al-Sufi
Marius







105 meters

Everest shown the highest
mountain

The deep Pacific ocean trenches
sounde

Domestication of wheat

First cities
Bridge cables spun of steel wire

First use of fire

First considerable steel-framed
building, Chicago

10° meters

Systematics of the species of
animals, vegetables, minerals

Origin of species explained
Logarithms

“Instantaneous’” photography
(with fast gelatine dry plates)

Microcomputer (one landmark
in chip development from
1960s)

Circulation of the blood

Optical microscope
The capillary connection
The red cells of the blood seen

Cells described as a general
feature of life

1852

1875

About
-8000

About
—-4000
1883

Before
-10°

1890

1740

1859
1594
1880

1972
1628
About

1610

1661
1674

1839

India Survey
U.S.S. Tuscarora

Uplands from
Palestine to the
Zagros
Mountains

Euphrates Valley

John & Wash-
ington Roebling

Early humans
along the
African rift

Burnham &
Root

Linnaeus

Darwin
Napier

Burgess &
Kenett, Bennett

Intel Corp.

Harvey

Developed by
several, includ-
ing Galileo

Malpighi

Van Leeuwen-
hoek

Schwann

1075 meters
The cell nucleus seen

DNA:
—first isolated
—can carry heritable
information
—the double helix

Bacteria and protozoa seen
under microscope

Bacteria grown in pure culture

Lymphocytes form part of the
human immune system

Lenses for electron beams

Scanning electron microscope

Transmission electron
microscope

An enzyme isolated as a
crystalline protein

Electricity is particulate, and
chemical forces are electrical

The electron is found, weighed
relative to hydrogen (and named)

The hydrogen atom recognized
as the lightest of atoms;
atomic weights

Chemical compounds and
their atomic nature

Specific bonds for specific
atoms

Ring molecules visualized
in space

Modeling of three-dimensional
molecular forms

1831

1864
1944

1953
1675

1881
1882
1925
1938
1953

1931

1926,

1930
1881

1897

1858

1810

1852

1865

1874

Brown

Miescher
Avery &McLeod

Watson & Crick

Van Leeuwen-
hoek

Koch

Pasteur,
Metchnikoff

H. Busch

Von Ardenne
McMullan &
Oatley

Knoll & Ruska
Sumner,
Northrup
Helmholtz

J.J. Thomson

Cannizzaro

Dalton
Frankland
Kekulé

Van't Hoff &
Le Bel
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LOOKING AT THE WORLD:

AN ESSAY

page 1

The uncapuoned figure that
shows an eye caught by the
sight of the two spheres of
heaven and earth is a woodcut
from Cosmographicus liber, by
Peter Apian, editor, Gemma
Frisius, Antwerp, 1533. The
phorto is from the Huntington
Library of San Marino, Califor-
nia.

page 2

The miniature terrestrial globe
in a case, which is itself a con-
cave sky globe showing constel-
lation figures, was a popular ele-
gance of the eighteenth century.
This one was made in London
about 1750; it claims to record
the "New Discoveries by Dr.
Halley.”” The globe and its pho-
to are from the Antique Instru-
ment Collection at The Adler
Planetarium, Chicago.

page S

The theoretical cosmographer
Oronce Finé himself drew this
illustration of the spheres of the
elements for the Lirve singulier
et utile, tonchant I art et practique
de geometrie, by Charles de Bou-
elles, Paris, 1542. The illustra-
tion foreshadows the pyramidal
view of our journey. Photo from
the Hunungton Library.

page 6

The satellite Phobos, of Mars,
is shown (1971) in a Jet Propul-
sion Lab photo: NASA Mariner
9, PHOBOS JPL, ORBIT 34.

page7

The satellite Dione of Saturn
shown in a photo by Voyager 1
from 380,000 ki away, taken
November 1980. JPL photo P-
23215.

We venture a little farther into
the several physical forces. Grav-
itation dominates the large-
scale world, as Phobos suggests.
From the scale of 10° meters
and upwards, it is gravity which
binds almost all structures. They
are, in general, kept by internal
motions from final collapse un-
der that insistent attraction. Be-
tween the scale of 10° meters
and that of 107 meters is the
domain of cohesive matter,
from mountains to molecules
and atoms. So long as we deal
with matter beyond the minute
reach of the strong nuclear
forces, a complex set of bal-
ances is struck between electri-
cal attraction and repulsion.
These forces control all struc-
ture, with the participation of
motion—both the random mo-
tions we know as thermal and
that which we characterize as
quantum motion. Those mo-
tions play their parts especially
well on the molecularand atom-
ic stages. Below the level of the
innermost electrons, at the

10~ "-meter scale and below,

we may enter under the sway of
the nuclear forces themselves.
Mediated by meson exchange,
they are powerful though their
range is so small. Wichin the
nucleus the specific nuclear at-
tractions and repulsions need to
settle their affairs both with the

quantum motion and with the
mutual electrical repulsion of
the positively charged protons.
The results fix the derails of nu-
clear structure. Farther below
that, at 107!% meters and less
within the proton, we come to
the binding of quarks by the
novel forces called chromody-
namic, a complex mediation by
a set of particles named glwons.
With them we near the end of
current knowledge.

pages8

A contemporary drawing done
over an air photo of the Chicago
World's Fair. Photo taken March
2, 1933 by the Chicago Aerial
Survey Co., Des Plaines, Illi-
nois, adapted by artist William
Macy. From the files of the Chi-
cago Historical Society: ICHi-
16222.

page9

Kepler published this relation
in 1619. We used modern data.
Nowadays this law of Kepler
defines an imporrant natural re-
source. Objects orbiting the
earth will obey a similar propor-
tion between their orbital times
and their distances from earth.
The moon orbits earth ata dis-
tance of about 240,000 miles in
around 29 days; a satellite placed
at a distance of abour 26,000
miles from the center of the
earth turns out by Kepler's re-
lation to have an orbital time of
just one day. If the arrificial sat-
ellite not only is placed at the

right distance but is arranged to
circle in the plane of the earth’s
equator, the satellite will appear
to remain at a fixed pointin the
sky, neither rising nor setting
fora watcher—or an antenna—
on the ground below.

That result of Kepler's de-
scribes the geosynchronous or-
bit. It is so practical that scores
of weather and communications
satellites dot that big orbiral
circle in space today, the mak-
ings of an artificial ring around
earth like Saturn’s own.

pagell

This x-ray diffraction photo
with its remarkably fine detail is
the work of a 1979 collabora-
tion between a group at MIT
and one at the University of
Leiden. Photo supplied by An-
drew H. j. Wang of MIT.

pagel2

A tiny additional discrepancy in
this sort of motion long known
for the orbit of Mercury was
explained in 1916 by Einstein’s
new gravitational theory, in its
first triumph.

page 14

The hydrogen spectrum show-
ing the lines of the Balmer series
1s after the drawing by Roger
Hayward in Linus Pauling’s
General Chemistry.

page 15

The mica hand, ten inches long,
is in the collections of the Mar-
shall Field Museum of Natural
History, Chicago.




1025 meters

The overall regular expansion
of the original gas in the uni-
verse led to the mutual recession
of galaxies which grows with
their separation. Two galaxics
that lic at opposite edges of this
largest square drift apare at
roughly 20,000 km 'sec, not
much less than one-tenth the
speed of light.

[t is this motion which shows
up in the spectra of distant gal-
axies and quasars. To go be-
yond 10% meters to the next
tenfold step would squarcly
confront relativistic physics.

The high speed of the very dis-
tant galaxy 1s judged trom the
spectral shift of a few recogniz-
able atomic lines. They appear
redward in wavelength position
by a factor of almost two. Lines
seen from this object in the red
are, upon emission, intrinsically
blue; the lines are idenufied by
matching their wavelength ra-
tos. Enlargement from a direct
(red) plate taken abour 1977 by
H. Spinrad and H. E. Smuth at
the 4-meter telescope of The
Kitt Peak National Observato-
ry, Tucson, Arizona.

THE JOURNEY

The regular recession of distant
galaxies is used to assess the dis-
tance of otherwise unfamiliar
objects so far away that their
overall motion outweighs the
gravitational effects of neigh-
bors. The quasars are the best
examples. Once the recession
speed is one percent that of
light, the method is secure—if
our understanding is correct.
Most quasars show shifts by
more than a factor of two, al-
ways to the red, because expan-
sion carries them all outward
from us (as we would fly out-
ward scen fromany oneofthem)
Source 147 in the Third Cam-
bridge University radio source
list is a quasar. The photo of
3C147 was made in the late six-
ties with the 200-inch Hale tele-
scope at Palomar Observatory,
Pasadena, Cahitornia.

A faint cluster of galaxies in Pis-
ces, from the 200-1nch telescope
Palomar Observatory photo-

graph.

1024 meters

The center region of the Virgo
Cluster, showing M84and a
number of other bright galaxies,
from The Kitt Peak National
Observatory 4-meter telescope.

M8, or NGC 1374, a brightel-
liptical galaxy of the Virgo Clus-
ter, in a photo from The Kict
Peak National Observatory 4-
meter telescope.

The galaxy pairt NGC 4038, 39
emerging from a lengthy colli-
sion, in a photo by Francois
Schweizer with the {-meter tele-
scope of the Cerro Tololo Inter-
American Observatory in Chile.
Their computer simulation of
this event is shown by A Toom-
reand J. Toomre 1n Screntific
American December 1973, We
know a number of colliding
galaxies. Though the density of
macter 1s much greater inside
the galaxies than outside them,
we see no collisions berween
stars. Relative to their own sizes,
stars are far more widely sep-
arated than are the galaxies. Star
collisions would be short-last-
ing events compared to these
galaxy encounters.

We have two ways to estimate
the total substance within galax-
ies and their clusters. One way
is to count up the stars and all
other radiating sources. then to
reckon their total mass using
our local understanding of gal-
axies, gas. and stars. The other
is to work out the gravitational
pulls from their connection to
observed speeds and torms of
the big structures.

It has become fairly sure that
there is an important discrep-
ancy between the two estimates.
Much ot the gravitating martcer
in the universe—perhaps 90 per-
cent of 1t—seems to be quite in-
visible. What can it be? The
Mmost conservative view is that
most galaxies bear big haloes ot
dull reddish dwarf stars, too
taint to see. Already much of
the mass of a galaxy 1s known
to restde in such stars: maybe
there are ten times more ot
them? The most novel proposal.
jazzy-and exciting. is that neu-
trinos—individual subnuclear
partuicles we have good reason
to expect in space but cannot
now detect at all—provide the
visible mass, cheir own mass
This is radical Copernicanism,
tor it it were true, not only 1s
our earth no center of the uni-
verse, but the very macter of our
saars, our earch, and ourselves
would be a sort of impurity ina
universe whose major present
511[‘»\[21“(8 ib [ht‘ ()l'.hl[ll):\v mnvis-
ible neutrinos' For now we do
not know.



1023 meters

The two photos of the galaxy
pair NGC 5426 27 were made
with similar long exposure times
at the i-meter Cerro Tololo tele-
scope in 1977, by Vera Rubin,
Carnegie Institution of Wash-
ington, D.C. The wide-band
photo used blue-sensitive emul-
sion; the other, a narrow filter
for the red Ha line of hydrogen.

The peculiar galaxy NGC 5128,
not far beyond the Local Group,
in a 200-inch photo, Palomar
Observatory.

Redrawn from a radio map of
NGC 5128 made about 1965 at
408 megaHertz with the 210-
foot radio telescope of the Com-
monwealth Scientific and In-
dustrial Research Organization
at Parkes, NSW, Australia, by
Cooper, Price. and Cole, Aus-
tralian Journal of Physics, 1965.

1022 meters

The Large and Small Magellanic
Clouds, ina wide-angle photo
made with the 3-inch Ross-
Tessar camera at the Boyden
Station of Harvard College Ob-
servatory in Bloemfontein,
South Africa, in 1934. This was
a three-hour exposure on blue-
sensitive emulsion. Courtesy
Harvard College Observatory.

The first account of the south
polar sky was published by An-
dreas Corsali in Florence in
1516. It was translated into Eng-
lish and published by Richard
Eden in London, 1555, in The
Decades of the New World or West
India. The figure reproduces
Eden’s redrawing of the Clouds
of Magellan. Courtesy the Li-
brary of Congress.

This night-sky photo of the An-
dromeda galaxy as itappears to
the stargazer is the work of

W. K. Hartmann of Tucson,
Arizona. He took this wide shot
asa twenty-minute time expo-
sure with a 35-mm camera. It s
published as one illustration in
his fine textbook of astronomy
(see our Resources). You might
be able to pick out the lazy "W*
of Cassiopeia on the upper edge
of the Milky Way band.

The same Andromeda galaxy
seen with the magnification and
light grasp of the old 36-inch
Crossley reflector at Lick Ob-

servatory.

102! merers

Dr. James Wray, Department of
Astronomy, University of Tex-
as, has developed a technique
especially for the color photog-
raphy of galaxies. The image
through the big telescope is dis-
played by a television-like de-
vice in the color of a mono-
chrome TV screen. In this way
he takes three separate nega-
tives of the object, each as
viewed through an appropriate
color filter. He superimposes
the three images, adding to each
the single needed color by a dye
transfer process that allows de-
tailed control of the result. (A
forerunner of his procedure is
known as Technicolor.) In this
way he has collected many gal-
axy images in comparable valid
color, though an eye at the tele-
scope could not see color in 50
faint an image. We are grateful
for his permission to reproduce
a number of his images.

M87
NGC 2841
NGC 3745
NGC 488
MS88
NGC 891
NGC 4449
M104

Ms1

Charles Messier published in
1784 a list of fixed nonstellar
objects that might confuse a
comet-seeker like himself who
used a 3- or 4-inch telescope.
The Messier catalogue includes
the brightest, best-seen objects
of that kind, at least in the skies
visible from Paris. There are
only a hundred-odd Messier
numbers, so they are often used.
NGC stands for New General
Catalogue, an Edwardian compi-
lation of about 13,000 nonstel-
lar objects.

[ ]
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1029 meters

Tycho’s map of the remarkable
new star appeared in his first
book, De norva . . . stella, pub-
lished in Copenhagen in 1573,
when its author was twenty-
seven. The event probably im-
pelled Tycho to continue in
astronomy after a year's diver-
sion into chermical experimenta-
tion. Photo by Charles Eames.

X-ray astronomy is only two
decades old. It must be done
from above the bulk of the at-
mosphere; most of its data have
come from instruments in earth
orbit. The latest of these was the
Einstein Observatory (HEAO-
2), launched by NASA in 1979
and acuve until 1981, This fig-
ure is a photon-by-photon re-
CONStruction, to gENErate a Com-
puter map of the Tycho rem-
nant in x rays of a few thousand
electron volts photon energy. It
is the work of Paul Gorenstein,
Harvard-Smithsonian Center
for Astrophysics, Cambridge,
Massachusetts.

This is a radio map of the same
Tycho remnant at the same
scale, published in 1975, taken
with the Westerbork radio tele-
scope in the Netherlands by
Duin and Strom.

The obscure optical remnant of
Tycho's star is shown in a red
photo made some years ago at
the 200-inch telescope of the
Hale Observatories, by S. van
den Bergh.
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The Crab Nebula is shown here
in the red band on a plate of the
200-inch telescope. Courtesy
Palomar Observatory.

This striking color pair taken
one year apart shows the galaxy
M 100 with and without its su-
pernova of spring 1979. This is
the work of a leading amatcur
astronomer, whose techniques
with cooled film get remarkable
results from a 14-inch reflector.
Heis Ben Mayer of Los Angeles,
a professional designer. The
work was done at his Problicom
Observatory, in the mountains
northwest of the city.

The citation 1s the opening sen-
tence of View from a Distant
Star, by Harlow Shapley, Basic
Books, New York, 1963.

109 meters

InSagitrarius, righton the Milky 1
Way plane, this is one of the

best known of bright nebulae.
Itisabour 5000 light-years away.
Its three-part form has given it
the popular name Trifid to add
to M20 and NGC 6514. The
photo was made with the 120-
inch reflector at Lick Observ-
atory.

The dusty dark Coal Sack was
so named by English observers
in South Africa in the nineteenth
century; but dark constellations
that include it are traditional
among southern peoples who
knowtheirskies. NeartheSouth-
ern Cross, it 1s also 1n the plane
of the Galaxy, about five or six
hundred light years away. The
photo is another from Harvard's
Boyden Station near Bloemfon-
tein, a wide-angle shot with the
3-inch camera, taken in 1945.
Courtesy Harvard College Ob-
servatory.

This photo of the Milky Way

1s another of W. K. Hartmann’s
own shots, with a 35-mm cam-
era and a wide-angle lens. It
spans about fifty degrees along
the Milky Way. From Hart-
mann’s text. (See "Resources.”

The photo is made with the
i-meter telescope of the Cerro
Tololo Inter-American Observ-
atory and cropped especially to
compare the edgewise galaxy
NGC 55 with the edgewise view
of our own Mitky Way.

1018 meters

This star field is centered on the
Ring Nebula in Lyra, NGC
6720. That planetary nebula is a
popular object for the small
telescope; it is nearly two thou-
sand light-years away, and it has
been expanding at the modest
speed of 20 km//sec for some
ten thousand years. This rather
early color photo was made
through an objective prism on
the Burrell Schmidt-type wide-
field telescope of the Warner
and Swasey Observatory, Case
Institute of Technology and
Western Reserve University,
Cleveland, Ohio. Red hydrogen
emission and several bluish
emissions of atomic hydrogen
and oxygen arc seen. We thank
Peter Pesch, Director, for this
unusual photo.

Thespectrumot Arcturus shown
in detail. The poruon repro-
duced extends only from 1200

angstroms o 4300 3
wavelength: Itis all within the
violet, yet shows many dark
atomic absorption lines. Arc-
turus is a giant star, a hundred

gstrom

times more luminous than the
sun, perhaps twenty umes larger
in diameter, and only around
1000 degrees Kelvin in surtace
temperature (compared to the
sun’s 5800 K). Tt s relatively
pufty and cool; indeed. it looks
orange to the eye. Mount Wil-
son and Las Campanas Observ-
atories. Camegie Insttution of
Washington.
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10!7 meters

This is a small star ield near the 2 The double star is plain. It is

galactic plane in Lacerta, a frac-
tion of a degree across. On one
portion those stars are marked
that are known to have a spec-
tral type about the same as that
of our sun. Most of them—
though they may be multiple
stars—must be as luminous, sta-
ble, and enduring as is the sun.
(Aboutall we know of them is
whatis marked on this image.)
We can estimate from such sam-
ples how many sunlike stars
the Galaxy holds: plenty! The
marked section is very small,
well under one-millionth of the
whole sky. We do not yet know
ofany other star with planetary
companions like the sun.

That there are very many en-
during sunlike stars in the Gal-
axy is a near certainty. [tisan
old conjecture that somewhere
near such a star there might live
evolved counterparts to our-
selves. For about twenty years it
has been realized that radio
signals from sources no difter-
ent from those we now operate
on earth might be detected
across interstellar distances,
whether used as deliberate bea-
cons or incidental to other ends.
No systematic search for such
signals has yet been organized;
modest pioneer surveys have
tound no signals.

The photo was prepared by
Jesse Greenstein, Hale Observ-
atories, and is reproduced from
SETI: The Search for Extrater-
vestrial Intelligence, NASA SP-
419, Billingham, Morrison, and
Wolfe, eds., Dover, New York,
1795

61 Cygni. famous because it
was the first star to have its dis-
tance measured by parallax, the
feat of F. W. Bessel in 1838. The
two stars move very slowly,
passing around their mutual or-
bitin abouteighthundred years.
They have drawn apart ever
since they were first resolved
around 1780. Both are red
dwarfs, less massive than the
sun, and under a tenth its lumi-
nosity. Their spacing is approx-
imately 80 AU. We know about
a hundred thousand such mul-
tiple systems, mostly faint near-
by stars. This is a 1980 photo by
Tom Reiland and John Stein at
the Allegheny Observatory.
Pitsburgh, Pennsylvania.

106 meters

Comets must be of the solar
system, for they fall in to the
sun with velocities short of en-
try speed from interstellar space.
But they must be very loosely
held to the sun, for they verge
on the speed of escape. These
speeds and the need for a large
pool of the perishable items
led to the postulate of the dis-
tant cloud. first suggested by
Ernst Opik and then worked
out by Jan Oort.

From time to time some small
gravitational impetus from a
passing star startsacomet plung-
ing down, down to the distant
sun and back, a million-year
voyage. That now happens a
few times a year; so there must
be 10'° or 10" comets in the
cloud, if they have been coming
in during the whole of earth his-
tory. Most comets we see share
that cold past, making only a
single venture in to and back
out of the warmth near the sun.
The comets we catch sight of ov-
er and over again on earth
are those few that have been
trapped, mostly by unlucky
gravitational encounters with
Jupiter. These periodic comets
gradually waste their substance
through the growth and renew-
als of their tails, unless they are
set free by another chance en-
counter, to escape again into
the distant cloud.

The composite photograph of
Barnard’s Star is an enlargement
from plates taken at the long
focal-length 30-inch Thaw re-
fractor of the Allegheny Ob-
servatory, in Pitesburgh, Penn-
sylvania, an instrument intend-
ed for this sort of work ever
since it was builtin 1912. No-
tice that only two stars are seen
on the plate, which is exposed
just enough to bring out the
target star well. The comparison
star is about ten minutes of arc
away; itis a ninth-magnitude
star in Ophiuchus. This whole
visual presentation is something
of a tour-de-force; astrometry is
a technique not often taken out
from behind a screen of num-
bers. We are grateful to George
Gatewood, Director, and to
Tom Reiland, who made the
photographic study.
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1015 meters

This illustration of Cassiopcia
on her throne comes from one
of the many editions of Hygi-
nus, Poeticon Astronomicon, Co-
logne, 1534. Collection of Owen
Gingerich.

The two bears are from an cdi-
tion of Peter Apian, Cosmogra-

phia, Antwerp, 1540. Collec -

uon of Owen Gingerich.

The Chinese map of Orion is
reproduced more tully and de-
scribed in detail in che relevant
volume of the living classic
Sctence and Civilization in China,
by Joseph Needham, with the
collaboration of Wang Ling,
Volume 3, Cambridge Univer-
sity Press, 1959. luis a version
of a map prepared five hundred
years earlier, itself based on
older Chinese catalogues from
the fourth century B.c. The
drawing is taken from a manu-
script found in Tunhuang by
Sir Aurel Stein. Photo from the
British Library.

The distances plotted for the
main stars of Orion are found in
The Observer's Handbook 1981 of
the Royal Astronomical Society
of Canada, Toronto.

The Pleiades tangled in dusts
not of their own making are
from a Schmidt camera plate of
the Harvard College Observa-
tory, made at the Agassiz Sta-
ton in Massachusetts, 1946.

1014 meters

When Halley's comet was last
nearby, this photo was taken at
the Boyden Station, then near
Arequipa, Peru. It is a half-hour
exposure on the blue-sensitive
plates of the ume (21 April
1910). Photo from the Harvard
College Obscrvarory.

Thomas Wright of Durham
published 1n 1750 a thcory of
the cosmos 1 which, not with-
out ambiguity, he interpreted
the Milky Way as one disk of
starsamong others moreremote.
In thie book he induded “a true
Delineation of the Solar System,
with the Trajectones of thiree of
the principal comets. ... The
Comet of 1682, with a period of
75Y2 years, came duly around in
1758 afrer his book was out.
Because that return had been
predicted by Edmund Halley,
first to recognize the periodic
nature of some comets, the ob-
ject has been called by lus name
ever since. The engraving is
from Au Original Theory or Neu
Lhypothesis of the Universe, by
Thomas Wright, 1750

The famous embroidery features
the omen ot Halley's comet.
Courtesy of the Mayor of Bay-
eux.

¢ The sky path of Halley was

plotted by Roger Sinnott from
the orbital formula published
by Joseph Brady and Edna Car-
penter, at the University of Cali-
fornia, who took account of the
eftects of Jupiter. We have re-
drawn it from Sky wnd Telescope,
February 19381,

The solar surface on 12 August
1917 shown in detail by the
light of the strong red line of
atomic hydrogen called Ha.
Mount Wilson Observatory
photograph.

Four spacecraft, two Pioneers
and two Voyagers, have gotten
s0 strong a boost from their en-
counters with Jupiter that now
they are headed out of the solar
system, to become the first ma-
terial arcifaces from earth ever to
venture among the stars. Pio-
neer 10 will silently cross the
upper edge of the small central
square of 10" meters during the
late eighties, bound for the stars
toward Taurus, though 1t will
not leave the entire 10" *-meter
frame for a century. Pioneer 11
15 on its way out 1n almost the
opposite direction with a few
years delay, both Voyagers will
be outside Pluto’s orbit by 1990.
All four carry explicit messages,
like bottles tossed rather whim-
sically into the hyperocean of
space.

Mecanwhile, the edge ot our
possible influence moves out
at full light speed. The farthest
signs ot our presence are the un-
intended resule of powerful ra-
dar pulsesand TV transmissions,
enclosing a fast-expanding
sphere but sull well within the
square of edge 10" meters. See
Cosmos, by Carl Sagan (listed in
our Resources).

1013 meters

The National Aeronautics and
Space Administration supports
several centers whose photo-
graphic resources and expert aid
have been generously given.
They include the Jet Propulsion
Laboratory | JPL), Pasadena.
Ca.. for planetary images; the
Goddard Space Flight Center
GSFC). Greenbelt. Md., most-
ly for earth images; The Re-
gional Planetary Darta Center.
Brown University Library, Prov-
idence, R.1.: NASA Headquar-
ters, Washington, D.C., tor im-
ages in general. We are grateful
in particular to Leslie Piers at

JPL, Charles Bohn at GSFC,

and Jim Head at Brown

Voyager 1 took the dramatic
ptcture lookmg back at Saturn
on 16 November 1950. Voyager
1 will be tracked as long as pos-
sible; 1ts power source 1s not
solar but radioacuve heat, so it
has a chance to keep in touch.
The photo is trom NASA head-
quarters: number 80-HC-670.
The starthing picture shows the
complexity of Sacurn’s rings
Once they needed only simple
names hke A, B, C. Voyager 1
.\h\)\\ L’L] strucoure L’Zl(‘hlL',h tora
thousand or two distunct ring-
lets. Voyager 2 in 1951 seems to
have shown another tentold -
crease over that. No one doubt-
ed that the rings are made ot a
myriad cireling bodies; but the
pl’L‘SCntc ot 0 fn.ll\) Z\'“P" .l“\l
crowdings 1n the population



was not expected. Collisions, 1
drifting dust, and lightning are 2
here too. The photo was taken

6 November 1980, 8 million
kilometers away from Saturn,

by Voyager 1. A Jet Propulsion
Laboratory picture: P-23068.

3 Titan is the major moon of Sat-
urn; the other sixteen-plus, to-
gether with the rings, amount
in all to less than one percent

of Titan's mass. Titan is bigger
than our moon. Itis colder out
there, and Titan can easily retain
an atmosphere. It is dusty, as
the scene shows, and perhaps it
is loaded with colorful organic
snows; nitrogen and methane
are constituents of the atmo-
sphere. Methane seas? The hemi-
spheres differ in color, the north
darker at this time. There must
be some sort of global weather.
The photo was made by Voy-
ager 1 on 10 November 1980,
4.5 million kilometers away
from Titan. Itis JPL photo
P-23076.

i The ancient cratered ice sphere
of Mimas is pictured from a dis-
tance of about half a million
kilometers, on 17 November
1980.This is another JPL photo:
P-23210.
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1012 meters

The Mt. Wilson 60-inch looks
at Jupiter. The fine detail is lim-
ited, mostly by air turbulence
close to the telescope, to fea-
tures on Jupiter about two thou-
sand kilometers in size. But
then send out Voyager 1 ona
visit, bearing two TV cameras,
one for wide and one for narrow
view through unusually de-
signed telephoto optics of no
great size. Each TV cameraisa
sensitive vidicon, arranged for
slow-scan readout, up to 48 sec-
onds for each picture. They
shoot through filter wheels that
allow a choice of half a dozen
color bands. Looking through
the orange, blue, and green fil-
ters in quick succession gave
the computers on earth enough
information to build sharp color
pictures. Voyager 2 brought the
camera up much closer still, and
we can admire the intimate re-
sult: the still-puzzling Great
Red Spot. The whole planet
from earth, Mount Wilson Ob-
servatory, 'C California Institute
of Technology; from space,
JPL photo P-20993, Voyager 1,
February 1979; the Red Spot,
Voyager 2, July 1979, JPL P-
21499.

Io was known to be out of the
ordinary: Its orbit was seen both
by Pioneer and from earth to be
filled with gas. But no one ex-

pected the pyrotechnics of eight 2

or ten ongoing volcanic erup-

tions as the Voyagers passed by. 7

The energy probably comes
from the varying tidal forces of
massive nearby Jupiter, which
knead and flex the moon, heat-
ing it throughout. (The radio-
active heat that supplies earth’s
volcanoes 1s not enough there
on little lo.) The plumes eject
matter into space, to hll the or-
bital volume with sultur ions,
their glow visible from earth.
Sulfur dioxide and sulfur must
comprise the volcanic dust and
lava for Io. (The grid of dots is a
calibrating feature within the
camera.) This is a JPL photo,
P-21773, Voyager 2,9 July
97

5 Galileo’s notebook drawing of

the dance of Jupiter's moons is
from the Biblioteca Nazionale
Centrale in Florence.

10!! meters

A Viking shot of Mars during
approach in the summer of 1976.
JPL photo P-19009.

A matched pair on Mars as seen

3 from Viking Lander 2, its cam-

era nodding in slow mechanical
scan of the scene. The place is
the rocky plain called Utopia
Planitia, north temperate Mars.
The pictures were made on Mars
days 871 and 960 after landing
(15 February and 10 May 1979).
JPL photos.

¢t Venusata distance of 59,000 km

taken in February 1979 by Pio-
neer Venus Orbiter, during its
first halfa year in Venus orbit.
This ultraviolet shot shows
poorly understood markings
high in that opaque atmosphere,
probably swirling patterns of
the sulfuric acid clouds. The
high atmosphere of Venus spins
many times faster than does the
solid planet. This NASA HQ
photo is numbered 79-HC-221.

Seven Soviet and four US probes
have made their way to the for-
bidding surface of Venus. All
surface photos have come from
the Sovier landers; their first
views go back to 1975, and the
two latest probes gave us color
photos in March 1982. The re-
markable photo was taken ona
rocky plain in the equatorial
highlands of Venus. The surface
sunlight looks orange under the
thick clouds; some renewing
geological processes areat work,
for the landscape we glimpse is
not worn smooth in spite of the




strong crosion of high pressure,
high winds, and high tempera-
ture. Some fine-grained mate-
rial is visible between the basale
rocks. That sawtooth ring is
part of the lander, as is the color
standard. Photo from Venera 13,
USSR Academy of Sciences.
Louis Fricdmau of The Plane-
tary Society, Pasadena, helped
to provide the photo.

Metcorite from the authors’
collection.

The verse from Sumer is from
the Iddin-Dagan tablets that
bear sacred marriage hymns.
The tablets with the verse seem
clear evidence that by 1900 B.c.
the identity of Venus as both
Morning and Evening Star was
clear in Sumer. The recognition
of that continuity, a threshold
for rational astronomy, ante-
dates by a great deal the Ho-
meric texts of the Odyisey, in
which classical scholars claim to
detect Greek ignorance on the
point. This new translation of
the hymn is the work of Diane
Wolkstein and Samuel Nozh
Kramer, Inanna, Queen of Heaven
and Earth, Goddess of Love, Har-
per and Row, New York 1982.
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1010 meters

This is the first photo to catch
crescent earth and crescent
moon in one frame from so far
away that the two appear in
proper size relation. Voyager 1
took the picture on its way on
17 September 1977, The lunar
umage was brightened up three-
fold to make the moon easily
visible on the print; the moon’s
gray dust is no match for the
carth’s reflecting white clouds.
The photo is JPL's P-1981C.

This manuscript of Copernicus’
book written in his own hand is
held in the library of the Jagicl-
lonian University in Cracow,
where he was a student. The

drawing occurs in Chapter 10 of

Book I, carly in the volume.
Note that the circles are not
scaled paths of the planets;
rather, the plancts were held by
Copernicus to move within the
spaces between adjoining cir-
cles. The photo is by Charles
Eames.

Translation of Galileo's letter
is by Stitlman Drake.

109 meters

Earthrise: taken from Apollo 17
in December 1972. NASA HQ
photo 72-HC-976.

Moonrise: taken from Gemini
7 on 18 December 1965. NASA
HQ photo 65-HC-618.

“Having a pretty large corner

of the Plate . . . void,” Robert
Hooke reproduced the moon
crater which he drew by a
thirty-foot Glass, in October 1664."
The crater is near the center of
the face of the moon; it had al-
ready been named Hipparchus
by Riccioli, and the name has
stuck. Hooke experimented
with models for the ongin of
moon craters, but he decided
against impact. Hooke, Micra-
grapbra. London, 1665. Photo-
graph by Owen Gingerich. Per-
mission of the Houghton Li-
brary, Harvard University. The
Galileo remark is from his Srarry
Messenger, 1610.

The modern moon photo has
been printed slightly out of fo-
cus tor comparison with Gahi-
leo's onginal drawing, now held
in Florence. ""His drawings ure at
least as good as one might expect
[from a non-artistic pevion (which
he admits) using an unmaonnted,
20-power, puo F"t/h’,l/,'!), narrote-
Sreld. dim-rmaged telescope i cald
midwmter with « flickering candle
Jor illummation.”” Nevertheless
Galileo's faithtul hand was dett
enough to allow after three cen-
turies the idenutication of the
exact time his drawing was
made, “abont 5 p.m. Paddua time

on 2 December 1609.” (See Science,
Vol. 210. p. 136, 1980.) The
comparison and the comments
are due to Ewen Whitaker, Lu-
nar and Planetary Laboratory,
University of Arizona, whom
we thank for the photos.

The snapshot shows the junior
Senator from New Mexico, geo-
logist Harrison H. Schmitt (R),
on one of his more ambitious
field trips, December 1972. The
photographer was astronaut
Eugene Cernan, and overhead
in orbit astronaut Ronald Evans
remained with their main ve-
hicle. NASA HQ photo 72-
HC-931.

The constellanon Taurus can be
seen, and perhaps also the stars
of Corona. The photo ts of an
impression of a cylinder seal in
the dnlled style from late As-
syrian times, carved between
1000 and 600 B.¢ Boston Mu-
seum of Fine Arts, 65.1662.
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In 1948 Fred Hoyle looked
ahead: " Once a photograph of the
Earth, taken from vutside, is avail-
able—once the sheer isolation of the
earth becomes plam, a new idea as
poweiful as any in history will be
Jet loose.”” Tt took twenty years to
confirm Hoyle's prescience.
That idea was loosed by NASA
before the end of 1967. First it
was Lunar Orbiter 1, circling the
moon, which senta grainy and
exciting image of the half-earth
seen rising above a long lunar
horizon, in August 1966. There
were more such black-and-white
photos from the next Lunar Or-
biters. By January 1967 ATS-1,
the firstapplications technology
satellite, was out there in the
geosynchronous orbit. Trs TV
camera showed almostthe whole
earth in black and white, day
driving night westward out of
the hemisphere. Then ATS-3
carried a new color scan camera
into geosynchronous position
over Brazil. Launched on S No-
vember 1967, five days later it
sent back the famous first color
picture of the whole earth, the
blue marble of home against the
black void. That image remains
themost used ofall in the NASA
treasury; it is here in 2.

Apollo 10: May 1969. The west-
ern United States, the north
pole, and much of the Pacific
Ocean are visible. NASA HQ
69-HC-487.

ATS-3: 10 November 1967. The 7

whole earth; South America and
West Africa are visible: NASA
HQ 67-HC-723.

Apollo 11: July 1969. A watery
view, showing the earth’s north
polar cap. NASA HQ 71-HC-
104.

Apollo 11: July 1969. A crescent
earth, showing the rosy edge of
sunrise. NASA HQ 71-HC-379.

* Apollo-ASTP: 20 July 1975.

NASA HQ 75-HC-578.

Meteosat, the European Space
Agency’s geosynchronous satel-
lite, made these two images on
8 April 1979. The Europeans
have placed their geosynchron-
ous weather satellite above the
crossing of the equator and the
zero of longitude. The photo-
graph at 6 shows an infrared
image: The tones represent tem-
peratures; cold, high clouds ap-
pear white, warmer clouds gray,
and hot deserts show as very
dark areas. Contrast in the spec-
tral band (6 um), where water
vaporabsorbs infrared radiation,
producea a \\'il[ef-\'ﬂpof map Of
the earth 7, taken at the same
time as the preceding picture.
Courtesy European Space
Agency, Paris.

Apollo 17: December 1972.
Antarctica, Africa. and the sun-
ny Arabian peninsula can be
clearly made out in this view of
our planet. NASA HQ 72-HC-
928.

107 meters

This standard woodcut of the
armillary sphere was long used
to illustrate printed editions of
that perennial bestseller, De
Sphera, by John of Holywood
(Sacrobosco). This reproduc-
tion is actually taken from a
later rival work, De Astrorum
Scientia, by Leopoldus. Augs-
burg. 1489. The publisher Rat-
dolt had simply reprinted a
stock woodblock used for his
own editions of Sacrobosco.
Photo from the collection of
Owen Gingerich.

The broken stratus is a familiar
oftshore cloud pattern. (The
five-sided reflection is produced
within the camera.) The picture
was taken by an Apollo 11
astronaut on the way to the first
moon landing in July 1969.
NASA HQ photo 71-HC-114.

The diameter of a sphere is its
quadrant arc muluplied by 4/,
or by 1.27.

106 meters

' The ice pack on Lake Michigan

is driven downwind by the pre-
vailing westerlies of winter
storms. This Landsat photo was
taken on 10 February in the cold
winter of 1977. NASA HQ pho-
to 80-HC-110.

The night photomap is routine
nighttime coverage by the or-
biting satellites of the Defense
Meteorological Satellite Project.
US Air Force photo, February
1974.

A hurricane of 2 September 1975
was caught by GEOS-1, the first
geostationary one among the
many successive meteorological
imaging satellites. Photo from
Goddard Space Flight Center.




10% meters

A series of satellites, now gener-
ically called Landsat, began with
a launch in July 1972. Landsart 3
is the one now in orbit; it passes
over cach place on earth about
9:30 in the morning. Each suc-
cessive orbit shifts far westward;
but next day the orbits run be-
side those of the day before, off-
sct about 150 kilometers west.
In 18 days the fields of view
paint the whole carth from the
900-kilometer orbit height.
Each photo includes a square
on the ground of about 185
kitometers on edge. Detail is
visible down to 80 meters. A
powerful publication scheme
has made year-by-ycar coverage
widely available. The inforima-
tion is held on tape, but it can
be prepared visually in many
ways. The images are made in
several color bands; their com-
bination into color pictures is
usual, though the bands avail-
able require a coded color pres-
entation, the false color usual
for infrared photography.

In general, Landsac images
are available from Lros Data
Center, Stoux lalls, South Da-
kota. Photos 1, 2, and 3 on this
page courtesy Goddard Space
Flight Center.

Here is a New Zealand winter
scene as it was shot in August
1975, by Landsat 1. It has been
reproduced in the handsome
compilation Mission to Earth.
(See “Resources.”)

' The Baluchistan desert in west-

ernmost Pakistan along the Af-
ghanistan border The enhanced
Landsat print is by courtesy of
Ralph Bernstein, IBM, Palo
Alto, California.

Hawaii, the big island, is pres-
ent in a mosaic of two Landsat
images made 11 February 1973,
also found in Mission to Earth.

The Landsat photo of the Man-
icouagan crater in northern
Quebec was made 20 April 1974.
(See Mission to Earth.)

104 meters

Agricultural photography of
Kansas fields by Grant Heil-
man, Lititz, Pennsylvania.

The fortress town of Palmano-
va, from J. Goldthorpe Aero-
films, Ltd., Boreham Wood,
England.

Acrial photomosaic of Sioux
Falls, South Dakota. Eros Data
Center photograph.

Everest profile draswn from con-
tours on the map in The Times
Atlas of the Warld, Houghton
Mifflin, Boston, 1967. Tonga
Trench profile from The Face of
the Degp, by Bruce Heezen and
Charles Hollister, Oxford Uni-
versity Press, 1971.

103 merers

Pawnee star chart photo by Von
Del Chamberlain, by permission
of the Field Museum of Nartural
History, Chicago.

Orrery, by Benjamin Martin,
photo by Roderick and Mar-
jorie Webster, Curators of the
Antique Instrument Collection,
TheAdlerPlanetarium, Chicago.

Soldier’s Field Stadium, Chicago
Park District photo. by Bud
Bertog, December 1980.

The George Washington Bridge
joins Manhattan at 179th Street
with Fort Lee, New Jersey It
was designed by O. H. Ammann
and opened 1n October 1931 by
the Port Authority for whom
Ammann was Chiet Bridge En-
gineer. Atter fifty years. there
are half-a-dozen longer bridges
in the world; the longest of
these 1s suspended across the
Humber, about 1400 meters tree
span. But Ammann’s daring
bridge had doubled the span
length ot its predecessors. ¢ The
Image Bank, New York.



102 meters

1 The General Grant Sequoia

stands in Kings Canyon Na-
tional Park, California. Photo
in 1980 by David Muench, San-
ta Barbara, California.

An early test of the Saturn V,
which is shown among gantries
at Cape Canaveral. NASA HQ
photo SAT 5-63.

The figure is based on a drawing
on which the sculptor F. A. Bar-
tholdi wrote “‘Praise to M. Eif-
fel with thanks from the Statue
of Liberty who owes him her
iron skeleton.”” Her exterior
form is made of hammered cop-
per sheets, rather heavier than
the concealed frame. Redrawn
from The Tallest Tower, by
Joseph Harriss, Houghton
Miftlin, Boston, 1975.

¢+ In Agra on the Yamuna in north

India stands the serene tomb of
the Empress Mumtaz Mahal
built in her memory in 1632.
The photo is from Editorial
Photo Archives, New York.

The theater of Epidaurus is a
“triumph of intelligible art™
according to the archeologist
who made the aerial photo with
theaid of the Hellenic Air Force.
See Wings over Hellas, by Ray-
mond V. Schoder, S.J., Oxford
University Press, 1974.

Barque-rigged, this graceful
steel-hulled ship was launched
at Hamburg in 1936; she be-
came a war trophy of the US.
Photo by US Coast Guard.

10! meters

i The elongated Jurassic giant,

excavated near Vernal, Utah, by
a Carnegie Museum team led
by Carl Douglas in the 1920s,
became one of the most cele-
brated of dinosaurs. Casts of
the skeleton are found in mu-
seums around the world. The
original stands in the Carnegie
Museum in Pittsburgh, Penn-
sylvania (except that those last
thin eight feet of tail are in stor-
age). This beautiful reconstruc-
tion drawing is the recent work
of Jim Senior of that Museum.
Photo by the Carnegie Museum
of Natural History.

2 In the course of building a life-

sized reconstruction for the
University of Nebraska State
Museum in Lincoln, Roger
Vandiver, now of Norman, Ok-
lahoma, drew the lumbering
rhino.

5 Photo of the printer’s house is

by Charles Eames.

Airplane, Cessna 152, Wichita,
Kansas.

109 meters

Protagoras is cited from the
translation of the fragments in
Abncilla to the Pre-Socratic Philos-
ophers, by Kathleen Freeman,
Harvard University Press, 1957.

A California sheep. Photo by
Charles Eames.

A chair of plywood, model
DCW, designed in 1946 by
Charles Eames. Photo by Charles
Eames.

Ripened wheat. Photo by Grant
Heilman.

© Topaz is a natural aluminum

fluorosilicate. The outsized
crystals came from Brazil. Photo
2054A by Smithsonian Institu-
tion, Washington, D.C.

The circus wagon wheel was
photographed at the Circus
World Museum, Baraboo, Wis-
consin, by Charles Eames.

The photos of cheetah and pea-
cock are courtesy of the Na-
tional Zoological Park, Smith--
sonian Institution, Washing-
ton, D.C.

10 ! meters

! The portrait of St. Jerome is in

the Church of All Saints, Flor-
ence. (The artist included the
date in the painting.) Photo by
Charles Eames.

~ Paul Revere's tools are at the

~

Bostonian Society. Photo by
Charles Eames.

Harrison built a succession of
workable chronometers over
thirty years; this one, his model
Number 4, about five inches in
diameter, is by far the most
practical. Itis keptat the Na-
tional Maritime Museum,
Greenwich, England; their pho-
tograph is here reproduced. On
its trans-Atlantic test voyage in
1761, this chronometer kept
time to a few seconds in a
month, which implies an error
in position of about one mile.
1 think I may make bold to say,”
wrote Harrison, "'that there is
neither any other Mechanism oy
Mathematical thing in the World
that is move beautiful or curions in
texture than this my watch. ..."

The evening primrose (Oeno-
thera parviflora) in two photos,
one using a filter that passed
only the ultraviolet and one
without filter. Photographed by
Thomas Eisner, Cornell Univer-
sity.

' The fine frog (Rana catesbeiana)

is by the edge of a pond in
Rensselaerville, New York.
Photo by Thomas Eisner.




7 The crustacean Enphansia super-
ba Dana is the chicf form of the
Antarctic krill. Dense patches
of the animals redden the sur-
face waters there; other species
of the genus are found in all
seas. The century-old drawing
by G. O. Sars, Norwegian ma-
rine zoologist, is from the Re-
port of the Scientific Results of the
Exploring Voyage of HMS Chal-

lenger during the years 1873-1876,

50 volumes, London, Edin-

burgh, and Dublin, 1885-1895.

See Volume 13. Photo by Ma-
rine Biological Laboratory,
Woods Hote, Massachusectts.

8 The shrew Sorex longirastris.
Photo by John MacGregor
from Peter Arnold, Inc., N.Y.
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1072 meters

An IBM typewriter keyboard
for katakana. These signs derive
from portions of Chinese char-
acters; they use up all the stand-
ard keys and some shifted posi-
tons. Photo by Charles Eames.

The buttons are an inch across;
they are held 1in the Adams Na-
uonal Historical Site in Quincy,
Massachusctts. Photoby Charles
Eames.

Mushroom on Martha’s Vine-
yard, Massachusetts. Photo by
Charles Eames.

The bombardier beetle, Stenap-
tings ignitus, 1s just 2 centimeters
long. That spray comes froma
remarkable little incernal ex-
plosion made by a sudden mix-
ing of separately sccreted oxi-
dantand fuel within a special
vessel of the beede. Photo by
Thomas Eisner and Daniel
Aneshansley.

¢ The marine organism is Polyor-

=\

chis haplus, star of the 1970 film
of the same name. Film and
photo by Charles Eames.

This scanning electron micro-
scope picture 1s made trom a
cellulose acetate cast replica of
the skin of a fingerup. Theaper-
tures seen on the ndges are the
openings of sweat gland ducts.
The photo is from Tiswes and
Organs, by R. G. Kessel and
R. H. Kardon, W. H. Freeman
and Company, San Francisco.
Copyright ©1979.

" The soap foam was prepared

and photographed by Cyril S.
Smith, MIT, Cambridge, Mas-
sachusetts. The topological and
mechanical analysis is found in
a celebrated paper on such net- =
works in A Search for Structure:
Selected Essays on Science, Art, and
History, by C. S. Smith, MIT
Press, Cambridge, Ma., 1981.
Scealso Peter Stevens, Chaprer

7, cited in Resources.

1073 meters

The Hooke citation is found on
the fourth page of his preface to
Micrographia. (See Resources.)

The linen drawing is Hooke's,
found on Schem: XIII, Fig. 3.
of the Micrographia. Itis dis-
cussed in Obs. III. The poppy-
seed is Schem: XIX. Photos:
Linen, by Owen Gingerich.
Permission of Houghton Li-
brary, Harvard University. Pop-
pyseed, by Charles Eames.

3 The big blue ciliate is seen alive

ina phase-contrast optical mi-
croscope photo by Lynn Mar-
gulis, Boston University. The
beads are part of the giant nu-
cleus of this unusually large
single-celled form, a protist,
Stentor cerndens.

These two are scanning electron
micrographs by David Scharf.
The mite, order Acarina, prob-
ably an oraband mite, 1s seen on
a western subterranean termite.
The salt was gold-coated for the
exposure. See Mugnifications, by
David Scharf, Schocken Books,
New York, 1978. Photo sup-
plied by Peter Arnold Inc., N.Y'.

The watch screw 1s shown inan
SEM picture trom the Eastman
Kodak Company, Rochester,
New York.



Richard P. Feynman, Professor
of Physics, California Institute
of Technology, offered a $1000
prize to “'the first guy to make
an operating electric motor that
will be within a 1/64-inch cube,
not counting the lead-in wires.”
His offer was made in Decem-
ber 1959 at a public meeting of
the American Physical Society.
William H. McLellan, an engi-
neer in the laboratory of a Pasa-
dena firm, then Electro-Oprtical
Systems, designed and built a
motor that met the conditions.
It cost him a few months work
on and off in the lab, with help
from two technicians. The mo-
tor has four coils mounted on a
square base. Each iron-core
magnet coil is wound with the
smallest commercial copper
wire, 0.0005 inches in diameter.
All other parts—disks, rods, and
sleeves—were fabricated under
the microscope (or two of them)
with microdrill press and watch-
maker’s lathe. A steeve bearing
and a thrust bearing of quartz
receive the molybdenum shaft
with its magnetized disk. The
motor is a two-phase synchro-
nous AC motor; it works on
milliamperes at millivolts, and
has turned up to 1800 rpm.
Data and microphoto from
William McLellan of Pasadena.

& This is the instruction decode

unit of the two-chip general
dara processor of a microcom-
puter of the newest generation,
from the Intel Corporation,
Santa Clara, California. The chip
(a high-performance metal-ox-
ide semi-conductor) bears the
layered logic circuitry of this
firm. The nearly uniform black
area is the sixty-four-thousand-
bit read-only memory section.
The light squares that border
the chip are contact pads for its
external connections. The chip
is designated iIAPX 43201. Mi-
crophoto courtesy Intel Cor-
pora[lon.

1074 meters

This transverse section of the I
skin is an SEM photo from Tis-
sues and Organs, by Kessel and
Kardon.

Phonograph record grooves:
SEM photo by Eastman Kodak
Company.

Ernst Haeckel drew this elab-
orate radiolarian test in his co-
piously illustrated Volume 18
of the Challenger Report, Plate
22. It was taken in the Central
Pacific, near the surface. Photo
by Marine Biological Labora-
tory.

4 The name radiolarian is obso- 2

lescent, though still in common
use. (These protists are now
classified under the phylum Ac-
tinopoda.) The sample of tests
has been acid-washed free of
the sedimentary debris usual in
the ooze of the sea bottom. This
SEM is by John McNeill Sie-
burth, University of Rhode Is-
land. It is found in his book
Microbial Seascapes, University
Park Press, Baltimore, Mary- -
land, 1975.

© The well-fed protozoan { protist

is a current term) in the micro-
graph came from a wet ditch

in Ithaca, New York. The fila-
ments were once called blue-
green algae; the present name
for that group is cyanobacteria.
The contoured relief effect is the
result of the interference con-
trast optical system named after
Nomarski. Photo by Thomas
Eisner.

107° meters

The volume shown is within an
arteriole, rather larger than the
usual capillary. Blood runs
about five million red cells—
these little biconcave disks—to
the cubic centimeter. Formed in
the bone marrow, their life ex-
pectancy is a few months. They
are cells specialized for trans-
port that have lost their nuclei
and most other organelles. The
white cells are altogether more
normal, though they, too, have
aspecial immunochemical func-
tion. The deep SEM photo is
from Tissues and Organs, by Kes-
sel and Kardon.

The structure of the mammalian
retina in €ross section is unex-
pected. The network of signal-
carrying nerve fibers, evidently
transparent, covers the whole of
the surface at which light enters.
Beyond that layer the light con-
tinues through various cell con-
nections and central bodies.
Only at the far end of its pas-
sage is the light at last absorbed
in the active layer of photosen-
sitive dyestuff. There is a final
backing layer of dark pigment,
not preserved in this section.
The SEM photo is by W. H.
Miller, Ophthalmology and
Visual Science, Schoo! of Med-
icine, Yale University.

The transmission electron mi-
crograph (TEM) of the chloro-
plast is the work of Michael
Walsh, Utah State University,
Logan, Utah.




4 The wonderfully stacked pile of 1
cannonbalis is an SEM picture
of a Gilson synthetic opal of
high quality. The very regular
spheres of silica have settled
stowly but spontancously into

this configuration aftera long 2

time in water suspension. Photo
courtesy of Pierre Gilson, Saint-
Sulpice, Switzerland. (Compare
with 10 m, Figure 3.)

i)

The orgamisin shown is a species
of Gonyaulax, a close relative of
the luminous principal marine
organism of the toxic red tide.
These plankton are dinoflagel-
lates: They have two flagellae, 3
whose placing results ina spin-
ning motion through the water.
The carved cellulose walls are
distinctive for these protists.
The SEM is by Eugene B. Small,
University of Maryland. Cour-
tesy Gregory Antipa.

(o

This prototype circuit structure
was made by a lithographic
process in which the resist to be
etched was exposed to a pattern
made by x rays. SEM photo by
Ralph Feder and Eberhard Spil-
ler, IBM Research Center,York-
town Heights, New York.

106 meters

The SEM picture of this freeze-
fractured surface of the nucleus
of a cell of onion is the work of
Daniel Branton, Harvard Uni-
versity.

The TEM of a human chromo-
some in mitosis at late prophase
shows the two complex DNA
and protein strands of the newly
duplicated chromosome joined
at their crossing point. Micro-
graph by W. Engler, reproduced
through the courtesy of G. F.
Bahr, Armed Forces Institute of
Pathology, Washington, D.C.

The TEM photo of this ubiqui-
tous oxygen-breathing form,
I)J!’ll(/(l,”’)’hll ”lll/’il OrdNns, a \\'CC(]
among bacteria, magnifics a
thin section. The cell wall is
conspicuous; the dense graiy
texture comes from the large
number of protein-synthesizing
ribosomes in the body of the
swift-growing cell. In this sort
of cell, the single unpackaged
DNA loop is spread out on in-
ternal membranes. Photo by

S. Holtand T. G. Lessie, Uni-
versity of Massachusctts. Sce
Five Kingdoms, by L. Margulis
and K. Schwartz, W. H. Free-
man and Company, San Fran-
cisco, 1982,

The wavelengths of visible light
arranged logarichmically. Under
a hand lens the dots in any color
halfrone will suggest something
of the additive nature of color
perception. (See ““Reading the
Rainbow.")

10~7 meters

The classic TEM photo shows

a DNA molecule spilling from
a broken virus casing, whose
shape marks it as one of the
best-known of bacterial viruses,
T2 bacteriophage; that virus
grows within the human colon
bacterium, Escherichia coli. Pho-
to by A. K. Kleinschmidt, Uni-

versitat Ulm.

> Here s a cluster of T2 bacterio-

phages attached to the hapless
host bacteral cell. Some of the
virus heads appear empty of
their DNA content. The springs
at the business end of several
T2 particles can just be made
out; they aid injection of the
DNA molecular intruder into
the cell. TEM by T. F. Ander-
son and Lee Simon, Rutgers
University.

While an egg of the African
clawed toad (Xenspus species) is
being formed, there is multipli-
cation of about 500 repeated
genes, all of which encode for
one particular group of RNA
molecules. These molecules
form key parts of the many ribo-
somes needed to carry out the
very rapid protein synthesis that
goes on to form the new egg
cell. Some millions of tran-
scribed RNA molecules are
swiftly produced in the repeti-
tive process so excitingly pic-
tured here. The TEM was made
by O. L. Miller, Jr., University
of Virginia.

For this TEM the background
substrate for the DNA-protein
structure was stained with
strongly scattering heavy mole-
cules of uranyl acetate to in-
crease the necklace visibility.
The DNA string between the
tiny beads of supporung pro-
tein has been strecched 1 che
process. Photo by Ada L. Ohlins
and Donald E. Olins, Univer-
sity of Tennessee, Oak Ridge
Graduate School.



1078 meters

The citation occurs at the end
of Chapter 23 of The Double He-
Jix, published by Atheneum in
1968 (paperback, Mentor, 1969).

Atoms visualized in a gas, a
liquid, and a solid; the motion
ubiquitous at this scale is called
thermal motion. It provides the
most profound measure of tem-
perature. The molecules in all
three of these samples of matter
at room temperature move in a
statistically well-defined way,
with the same average speed for
each, whether in free flight, in
jostling exchange, or in tremor-
ous vibration. The vibrating
molecules within the crystal can
never move far; they vibrate
back and forth in a distance
small compared to their own
average spacing, so they must
reverse direction more than 1013
times a second.

Thermal motion dominates
the motions of the molecular
world at ordinary temperatures.
For larger objects it is some-
times detectable, though it is
small; for smaller objects—elec-
trons in the atom—it loses im-
portance compared to the quan-
tum motion.

© The photo shows some mole-

cules of the enzyme glutamine
synthetase from the bacterium
E. coli. An enzyme is a kind of
molecular jig; its surface shape
mediates and controls one par-
ticular step in a chemical reac-
tion. Molecules that so mediate
chemical reactions are called
catalysts; enzyme is the term for
a protein catalyst. Much of the
text of the genetic message con-
sists of recipes for enzymes.
This enzyme catalyzes the
final step in assembly of the
amino acid glutamine, which is
an essential building block of
many proteins. The enzyme
participates in an elaborate feed-
back loop that fixes overall the
rate of protein synthesis in the
cell. The high-magnification
TEM photo is by Earl Stadt-
man, National Institutes of
Health, Bethesda, Maryland.

The TEM picture shows a trans-
verse slice along one feeding
microspine of a protist, a species
of Echinosphaerium. The section
shows about a hundred micro-
tubules bundled into a neat spi-
ral array to make the long spine.
Each identical microtubule is
itself a hollow tube of helically
wound protein.

A photo of the whole hand-
some organism, a heliozoan or
sun animalcule, similar to the
radiolarians, is found in Fire
Kingdoms. The photo here is by
J. A. Kitching, University of
East Anglia, Norfolk, England.

1072 meters

Dalton published these sym-
metrical molecules in his three-
volume book, A New System of
Chemical Philosophy, Manches-
ter, 1808, 1810. There was no
chemical evidence yet for the
forms, and only partial evidence
for the composition of the com-
pounds. Photograph by Owen
Gingerich. Permission of
Houghton Library, Harvard
University.

> Molecular models in standard

form are much used. Anaccount
of conventional space-filling
models and other types is found
in Biochemistry, by Lubert Stryer,
W.H. Freeman and Company,
San Francisco, 1981. Wonderful
molecule drawings in space-
filling style by the late Roger
Hayward grace the earlier chem-
istry text General Chemistry, by
Linus Pauling, W. H. Freeman
and Company, 1954.

This high-resolution electron
micrograph shows the block
structure which is typical of this
complicated meral oxide crys- ~
tal. It includes a pattern of lay-
ers with deficient numbers of
oxygen atoms; these deficient
layers appear here in a kind of
edgewise view as dark bound-
aries across the entirely regular
atomic lattice. The photo was
made in 1973 by S. lijima, Ari-
zona State University, Tempe.

10710 meters

This excerpt from the periodic
table of the elements and the
ionization data are information
from any general chemistry text.

The citation is by now part of
Trinity College oral tradition;
ina politer form it was pub-
lished in Rutherford and the Na-
ture of the Atom, by E. N. An-
drade, Doubleday/Anchor,
Garden City, N.Y., 1964.
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101! meters

The x-ray photo of a hand was
made by Michael Pupin, re-
nowned Columbia University
professor of physics, as part of
the first flood of x-ray interest.
The patient was a New York
attorney, his name now lost.
Photo from the book Rintgen
and the Discorery of X-Rays, by
Bern Dibner, Franklin Watts,
Inc., New York, 1968.

The graph of x-ray spectra isa
form of the diagram first pub-
lished by Henry Moscley in
1914. Moscley was killed inac-
tion at Gallipoli in the Darda-
nelles at the age of twenty-
seven. See Segre in the Re-
sources.

10 2 meters

From this point down to smaller
scales most of the evidence is
so indirect and abstract that it is
presented in diagrams and
charts, rather than photographs.
Bolir carly worked out this phys-
ical account of the periodic table
of the elements with his old
quantum theory of ¢lectron
states, before even the exclusion
principle of Pauli was clear, not
to speak of moderi quantum
mechanics. The table—empiri-
cally based—remains essentally
correct. Note that the trans-
uranic clements were foreseen
as a sct of chemically similar
atoms. From Annalen dev Physik,
volume 71, 1923,

1013 meters

The data for the 1sotope charts
of the elements are taken from
Tables of Physical and Chemical

Constants, 14th edition, by

G.W.C. Kayeand T. H. Laby,

Longman, London, 1973.

10 14 meters

The pulsing optical source in
the center of the Crab Nebula
was long known as a star with a

trange spectrum; in early 1971
it was found to flash on and
Soon after that this cinemalike
view was made. It is no ordinary
movie; the flashes are too faint
to record without electronic
tricks. The frames shown are
spaced by about one three-hun-
dredth of a second. Photo from
Kitt Peak National Observa-
tory

oft.

The electron-positron pairs a

the 90-degree proton-proton

collision are shown as parts of
more complex events, in photos
of a bubble chamber of liquid
hydrogen exposed to a second-

the Brookhaven

ary bean
National Laboratory proton ac-
celeratorin Long [sland. Inboth
cases the incoming particles are
unstable positive pi-mesons
with an energy of 3 9 GeV. Such
mesons have relativistc speeds;
they are moving at 99.93 per-
cent of the ulumate speed; their
mass during that motion 1s 27-
fold what they have at rest. At
this point relativity cannot be
glossed over. Here it s tunda
mental. The big accelerators are
examples of relanvistc engi-
neering on large scale. These
photos (and a sinular one at
10! come trom
the extensive files ot Robert
Hulsizer and his group at MIT.
one of many groups worldwide

meters as well

who measure and interpret large
numbers ot bubble-chamber
photos



10715 meters

This complex event is another
bubble-chamber picture. Now,
however, the bubble chamber
with its liquid hydrogen is the
one at the Fermilab, near Chi-
cago (shown in the section In-
strumental Vision). Here the in-
coming beam is at even higher
energy; it is a mixed beam of
protons with 7+ and K* mesons
at 200 GeV. The electron has

its antiparticle, the positron,
and so also doall the other lep-
tons and quarks. The antipar-
ticles are so intimately related
that they are not often regarded
as types distinct from their par-
ticle counterparts. We tabulate
the particle families as they are
believed to be.

1. Quarks. Three pairs of quarks
build up all the other strongly
interacting particles, collective-
ly called hadrons. Each of the
six quark types or “flavors”
(and its anti-quark) comes in
three ““colors,” the name for a
new analogue to electric charge.

2. Leptons. Three pairs of weak-
ly interacting electronlike par-
ticles are called leptons. These
include the stable electron and
two more massive unstable rela-
tives, each with its own neu-
tino type. The three lepton
pairs are associated with the
three pairs of quarks.

3. The field-mediating particles.
These are exchanged among
any particles in interaction;
each kind of force requires its
own specific carriers. The elec-
tromagnetic and neutrino-re-
lated forces are unified through
the exchange of four related
particles: the familiar photon or
light quantum, and three heavy
particles, not yet verified.

The strong interactions be-
tween quarks require the ex-
change of eight entirely novel
particles called gluons, which
carry color, and one or more
neutral particles. (These are all
indicated, but hardly verified.)

Gravitation requires a medi-
ating particle, still undemon-
strated.

10716 meters

The Anchoress Julian of Nor-
wich wrote this around 1400.
The version here comes from
Revelations of Divine Love, by
Julian of Norwich, edited from
a manuscript in the British Mu-
seum by Grace Warrick, Meth-
uen & Co., London, 1901.

The formal qualities of the
small-scale world of the parti-
cles echo the early uniformities
of the great cosmos. Today we
see hints of a direct physical re-
lationship between the transient
particles and the embryonic
universe, once so hot that the
novel particles, and not our fa-
miliar long-lasting matter, were
1ts main contents.




THE IMAGLES
FROM THE FILM

Powers of Ten, A Film Dealing
with the Relative Size of Things in
the Universe and the Effect of Add.-
ing Another Zero, made by the
Officcof Charlesand Ray Eames,
is a color and sound film 9%,
minutes long. The forty-two
large square images that mark
the powers of ten were rephoto-
graphed especially for repro-
duction in this book from the
original images used in the pro-
duction of the film. The work
was done by Alex Funke, who
had taken a major part in the
1977 production. He has pre-
pared this brief technical note
on the sources and techniques
used in the ilm itself:

"Powers of Ten is essentially one
continuous animation-stand
truck shot. The animation was
photographed in a series of ten-
seccond moves, made in such a
way that the apparent acceler-
ation is constant. Every ten-
sccond period begins with a big
close-up of the center of a large
imagce, and ends on a hield ten
times larger. At the center of
cach image—there were more
than a hundred of them—was
an inserted, ten times reduced
view of the entire preceding
scene, Lo assure continuity of
detail and color. The successive
moves were linked by in-camera
dissolves.

Some of the pictures in this
book show signs of their use in
the film. In some cases the in-
serted center picture is discern-
able; and in almost every case,
the edge of the square image
will have less detail than the
center. In order to retain the
proper fecling of perspective,
the degree of detail in each area
of the image was made to be
inversely proportional to the
distance from which the area
would be seen by the camera.

In preparing for thie hlm, we
first sought out at every power
the very best pictures avadable,
then asked workers in that par-
ticular realm what we might sce
if the umaging were a hundred,
a thousand times better. We had
the raw maternal— the acnal pho-
tographs and the shots froin the
Hasselblads of Skylab, the radio
maps of hydrogen in the arms
of our galaxy, the plates from
the great telescopes, clegantly
treeze-cleaved sections ot leuco-
cytes, and the vast mathematical
models of large and small
things, local groups of galaxies
and clouds of electrons. Then in
each case we made the imaging
more than real through adding,
by hand, the details of what
might (or should) be there.

When there were only mental
models, we made physical ones;
built the doubly twisted DNA
helix, animated the electron
shells and the quarks. And we
drew upon the mapmakers, the
aerial civic surveyors. the der-
matologists with their casts of
theskininsiliconeand in epoxy.
the makers of the Lick Sky Sur-
vey, the scanning electron mi-
croscopists in half a dozen dis-
ciplines. We tried to pack into
cach final image enough infor-
mation to give the illusion of
almost unlimited layers of tex-
ture and detail.”

AN



Here are the title and
credits of the film:

Powers

of Ten

A Film Dealing with

the Relative Size of Things
in the Universe

and the Effect

of Adding Another Zero

Made by the Office of
Charles & Ray Eames
for IBM

@Charles & Ray Eames 1977

Music Composed
and Performed by
Elmer Bernstein

Narrated by
Philip Morrison

For the Eames Othce:
Alex Funke

Michael Wiener
Ron Rozzelle
Dennis Carmichael
Wendy Vanguard

Cy Didjurgis

Don Amundson
Michael Russell

Sam Passalacqua

Consultation:
John Fessler
Owen Gingerich
Kenneth Johnson
Jean Paul Revel
and

Philip Morrison

With Thanks to
Chicago Aerial Survey
Graphic Films
Modern Film Effects
NASA

Norman Hodgkin

With Much
Gratitude to
Kees Boeke

A first version of rhe film was
made in 1968. The title and
credits are:

A Rough

Sketch

for a

Proposed

Film

Dealing with

the Powers

of Ten

and the Relative

Size of Things

in the Universe

With Much
Gratitude to
Kees Boeke

Research

and Development:
Judith Bronowski
Effects:

Parke Meek

Production:
Antii Paatero
Tadas Zilius
Ted Organ

Music Composed
and Performed by
Elmer Bernstein

Made for the Commission
on College Physics

by the Office

of Charles Eames

UNITS OF LENGTH

The photo of rhe public meter
is by Christian Gavel, courtesy
Dorothy Erlandson, Chambre
de Commerce et Industrie, Pa-
ris, 1980.

The photo of the yard is by
Jehane Burns, 1973.

The 10-centimeter length—
which we hope is handy for
readers—is the metric system
realized: not an image. The sys-
tem was first put forward in
1790 by Talleyrand himself; the
scientist-founders of the metric
system were Borda, Lagrange,
Laplace, Condorcet, Monge,
and Lavoisier. The scheme was
formally presented to the world
from Paris by an international
committee in June 1799.

The present standardized metric
international system of units,
with the somewhar trendy des-
ignation SI (for Systéme Inter-
nationale), was first officially
approved by delegates from a
few dozen nations at the Elev-
enth General Conference of
Weights and Measures at Paris
in 1960.

READING
THE RAINBOW

The prisms are set up to recall
an important experiment de-

scribed by Newton in his Op-
ticks. The photo was made at
the Office of Charles and Ray
Eames, by Alex Funke.

INSTRUMENTAL VISION

The plan of Tycho's observa-
tory is a woodcut in his work
Astronomiae Instauratae Progym-
nasmata, 1588. Photo by Charles
Eames.

= Two of Galileo’s telescopes are

preserved at the Museum of the
History of Science in Florence.
The longer one is of wood cov-
ered with paper; its objective is
of 26 mm aperture, its magnifi-
cation 14. The other is of wood
covered with leather; its objec-
tive is stopped down to 16 mm,
magnification 20. Photo cour-
tesy of Maria Luisa Righini Bo-
nelli, Museo di Storia della
Scienza.

The drawing by John Herschel
of his South African observa-
tory was reproduced as the lich-
ograph shown here, frontispiece
to his report Results of Astronom-
ical Observations Made during the
Years 1834/5/6/7/8 at the Cape
of Good Hope, by Sir John Fred-
erick William Herschel, Smith,
Elder and Company, London,
1847. (The entire expense of the
expedition and of its report was
borne by John Herschel him-
self.)

. The establishment of the ob-

servatory on Mt. Wilson high
above Los Angeles was the work
of George Ellery Hale, begin-
ning in 1905. At first, transport
was by mule and burro; by
1908, the 60-inch reflector was
on the mountain. This photo
made around 1916 shows the
improved transportation of the

m B &
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day that helped in construction
of the Hooker 100-inch tele-
scope so well-used by Edwin
Hubble. The Mack truck with
the jaunty crew is heavily laden;
a later shot shows itand its val-
uable load in the ditch, fortun-
ately without harm. Photo by
Owen Gingerich from the files
of theMt.Wilson Observatorics.

The detailed cutaway drawing
of the 200-inch in its dome was
made in 1938 by Russell W.
Porter. Photo from Palomar
Observatory.

» Arccibo Observatory's 1000-

foot radio dish is inland and up-
hill from the city of Arecibo in
Puerto Rico. The countryside is
well-developed karst, limestone
that dissolved away and then
collapsed to form deep basing
between knolls. Unlike the
Theater of Epidaurus, this bowl
is set in a rich green landscape;
the porous limestone subsoil
drains well, or the dish would
stand in water. The three con-
crete pylons that suspend the
dish on its cables like a great
hammock are above 150 meters
tall. This observatory is part of
the National Astronomy and
Ionosphere Center. Photo cour-
tesy Cornell University/NSF.

Hooke's microscope is from the
frontispiece of Micrographia, in
a photo by Charles Eames.

The proton synchrotron is at
the Fermi National Accelerator
Laboratory in Batavia, Hlinois.
Aerial photo by Fermilab.

CHRONOLOGY

Many sources were used. We
mention the sixteen-volume
Dictionary of Scientific Bisgraphy,
edited by C. Gillespie, Charles
Scribner’s Sons, New York,
1970-1980, and the [History of
Techuology, 7 volumes, cdited by
C.Singer, E. Holmyard, A. Hall,
and T. Williams, Oxford Uni-
versity Press, 1954-1978. (There
15 a uscful smnall history by
Charles Singer listed in Re-
sources.) A valuable specialized
book is Electronic Inventions and
Discoveries (second edition), by
G. A. Dummer, Pergamon
Press, New York, 1978.

THE BOOK OVERALL

Every book today, in particular
such a patchwork of text and
image as this onc, requires the
joint work of many profession-
als. In addition to those whom
we have mentioned before in a
specific context, we want to
thank these, whose work shows
cverywhere:

Alex Funke, who so clegantly
made the forty-two full-page
photos.

Ippy Patterson, who drewand
re-drew the original itlustrations
made especially for the book.

Genise Schnitunan, who made
the index and more.

IBM, whose support made the
film possible.

Malcolin Grear Designers, who
gave the book its visual form;

it was the work of Pat Apple-
ton, Malcolm Grear, Bill New-
kirk, and Rick Pace, with design
consultation by Tina Beebe at
the Eames Oftice.

Howard Boyer, Linda Chaput,
Andrew Kudlacik, and Carol
Verburg, all indispensable to
the editorial work.

Laura Argento, Betsy Dilernia,
Barbara Ferenstein, Charles A.
Goehring, Gary Head, Bob Ishi,
Linda Jupiter, Neil Patrerson.
Peter Renz, and Mary Winters
of W.H. Freeman and Company.

Jehane Burns, Dennis Flanagan.
Owen Gingerich, Jack and Nira
Goldstein, and Lynn Margulis,
friends and critics of the text
and 1ts logic.

Mary Dawson, Grant Heiken.
Jackie Kloss, Richard T. Miller,
Carol Palmer, Yvonne Pappen-
heim, Marianne von Randow:.
Conway Snyder, Gerald Soffen,
Bob Staples, Judy White, and
Robert R. Wilson. for diverse
and gencrous assistance.

The young people who over the
years explored Kees Boeke's
COSINIC VIEW,



These are resources we wish to
share with the reader. More spe-
cific references will be found in
the “'Sources and Notes™ sec-
tion.
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RESOURCES FOR THE READER

THE FILMS

Powers of Ten. Made by the Office of Charles and
Ray Eames for IBM. 1977. 9% minutes.

A Rough Sketch for a Proposed Film Dealing with
Powers of Ten. Made by the Office of Charles
and Ray Eames. 1968. 8 minutes.

These films are available in 16 mm sound and
color, and on video media, from Pyramid Films,
P.O. Box 1048, Santa Monica, California.

BOOKS THAT TAKE AN OVERVIEW

Cosmic View: The Universe in Forty Jumps, by
Kees Boeke. John Day, 1957. The origin of the
tenfold journey; the book was made with and
for children of junior-high-school age, but its
appeal is wide.

One Two Three . . . Infinity, by George Gamow.
Bantam Books, New York. 1979. A classic of
witty exposition, completed in 1961, treatng
mathemarics, macrocosm, and microcosm.

Knoteledge and Wonder: The Natural World As
Mun Knows It, by Victor Weiskopf. MIT Press,
Cambridge, Mass.. 1979. With a philosophical
flavor.

Cosmos, by Carl Sagan. Random House, New
York, 1980. Personal, richly documented, up
to date.

Timescale, by Nigel Calder. Viking Press, New
York. 1982. A tenfolding voyage through time.

ASTRONOMY

The Astronomical Companion, by Guy Ottewell.
Published in 1979 by Guy Ottewell, Depart-
ment of Physics, Furman University, Greenville,
South Carolina, 29613.

Astronomy: The Cosmic Journey, by William K.
Hartmann. Wadsworth Publishing Co., Bel-
mont, Ca., 1978.

Orttewell and Hartmann have made two admir-
able surveys of astronomy at the introductory
level. The first is original, graphically brilliant,
less a textbook than a hand-drawn visual tour
led by a devoted guide. The second is an out-
standing text, comprehensive and insightful.

The Red Limit, by Timothy Ferris. Willam Mor-
row & Co., New York, 1977. An informal intro-
duction to the step at 10?° meters and larger,
aimed at cosmological issues beyond our
journey.

Discoveries and Opintons of Galileo, by Stillman
Drake. Doubleday & Co., New York, 1957.
Texts and commentary on Galileo and his work
by a leading Galilean scholar.

THE SOLAR SYSTEM IN PARTICULAR

The Solar System, by John Wood. Prentice-Hall,
Englewood Cliffs, N J., 1979. A wide look, at
the college level.

NASA has many excellent popular publications
on the various probes and their results. Two of
special interest are:

The Martian Landscape, by the Viking Lander
Imaging Team. NASA SP-425, 1978.

Vayage to_Jupiter, by David Morrison and Jane
Sanz. NASA SP-439, 1980.




149

THE EARTH

Mission 1o Earth: Landsat Views the World, by
Nicholas Short, Paul Lowman, Jr., and William
Finch, Jr., NASA SP-260, 1976. A big volume
with hundreds of Landsat views in color, set
into context,

The International Ailas. Rand McNally & Co.,
Skokie, HI., 1969. A useful work for map ref-
erences.

Continents Adrift and Continents Aground, edited
by J. Tuzo Wilson. Readings from Sczentific
American. W. H. Freeman and Company, San
Francisco, 1976. An anthology of the new

geology.

Geolagy Hlustrated by John S.Shelton. W.H. Free-
man and Company, San Francisco, 1966. Ad-
mirable introduction to geology with acrial
views to support the text.

Freld Guide to Landforms in the United States, by
John Shiner. Macmillan Co., New York, 1972
Wich the classic maps drawn by Erwin Raisz.

A Freld Guide to the Atmosphere, by Vincent
Schaceffer and John Day. Houghton Mifllin Co.,
Boston, 1981. A guide to wind and warter, rain-
bow and snowflake. Richly illustrated.

CLOSE TO HUMAN SCALE

Structures, or Why Things Don’t Fall Down, by

J. E. Gordon. Plenum Publishing Corp.. New
York, 1978. A fascinating introduction to forces
and materials in structures from blood vessels
to cathedrals.

Patternsin Nature, by Peter S. Stevens. Litde,
Brown & Co., Boston, 1974. Thoughtfully
illustrated, this book summarizes at an intro-
ductory level the nacural constraints on form.
with ordinary perception as its main source of
data. There is a good chaprer on scale effects.

Grand Design, by George Gerstner. Paddington
Press, New York, 1976. The world of nature
and man by an artst of the aenal camera

Any of the inexpensive factual annuals. We have
used The Hammond Almanac of @ Million Facts,
Recards, Forecasts, editor in chiet, Martn Bach-
cller, Hammond Inc., Maplewood. N J.. 1950

LERE

Biolugy, by Helena Curtis. Worth Publishers.
New York, 1979. A comprehensive and very
well illustrated introductory text. Sce also

Buology of Plants, by Peter H. Raven, Ray F.
Evert, and Helena Curtis. Worcth Publishers.
New York, 1981.

Molecudes 1o Living Cells. edited by Philip Hana-
walt. Readings from Serentific Amerrcan. W. H.
Freeman and Company, San Francisco, 1980.

An anthology of molecular biology.

Life Story, by Virginia Lee Burton. Houghron
Miflin Co., Boston, 1962, A book on evolution
ata single location over tune; a sort of Powers
of Ten in time, for younger children.



THE MICROSCOPE

Micrographia, by Robert Hooke, 1665. Re-
printed by Dover Publications, New York,
1961. An inexpensive reduced facsimile of a
masterpiece of popular science.

The Scanning Electron Microscope, by C. P. Gill-
more. New York Graphic Society, Boston,
1972. The electronic images of our day, a litde
in the manner of Hooke.

CHEMISTRY AND ATOMIC PHYSICS

Chemistry, by Linus Pauling and Peter Pauling.
W. H. Freeman and Company, San Francisco,
1975. A clear introduction to the subject.

General Chemistry, by Linus Pauling. W. H. Free-
man and Company, San Francisco, 1953. Older,
but with unmatched drawings by Roger Hay-
ward.

QUANTUM AND PARTICLE PHYSICS

From X-Rays to Quarks, by Emilio Segre. W. H.
Freeman and Company, San Francisco, 1980. A
fine history of modern physics by a participant,
who includes a good deal of the context.

Particles and Fields, edited by William J. Kauf-
mann, III. Readings from Scientific American.
W. H. Freeman and Company, San Francisco.
1980. An anthology of particle physics.

Later accounts of the growing new theory of
basic particles and their relationships are given
in Scientific American articles: G. 't Hooft, June
1980; H. Georgi, April 1981; S. Weinberg, June
1981.

The Nature of Matter: Wolfson College Lectures
1980, edited by J. H. Mulvey. The Clarendon
Press, Oxford University Press, New Yotk,
1981. Eight well-known physicists survey the
particles and their symmetries for nonspecialist
readers.

THE METRIC SYSTEM

The Metric System: A Critical Study of Its Principles
and Practice, by M. Danloux-Doumesnils. Ath-
lone Press, University of London, 1969. A
delightfully clear and candid account, including
the history.

HISTORY

The Cosmographical Glass: Renatssance Diagrams
of the Universe, by S. K. Henninger. The Hunt-
ington Library, San Marino, Ca. 1977. The
enterprise of making visual models of the world
during that decisive period of European history.

A Short History of Sctentific Ideas to 1900, by
Charles Singer. Clarendon Press, Oxford, 1969.
Concise and yet general.

TO FIND MORE BOOKS

The Next Whole Earth Catalogue: Access to Tools,
edited by Stewart Brand. Random House, New
York, 1980. A thick, annotated guide to inter-
esting books and other valuable tools, many
bearing directly on our topics. Opinionated,
free of inhibitions.




INDEX

a, "'alpha,” the first letter of the
Greck alphabet; the name of a
specificspectral lineof hydrogen
(Ha), 10" note

~, a symbol for “approximately”

u, the Greck letter “mu’’; the
abbreviation for “micron” or
“micrometer”: 1y = 10-%
meters

accelerators, 10'* note, 121

Achilles and the turde, 111

Actinopoda, 10-* note

Adams, John, his buttons, 10-* m

Adams, John Couch, and predic-
tion of Neptune, 10

adhesion and the effect of scale, 7

Adler Planetarium, 10* m

African clawed toad (Xenopus),
10-7 note

age of the earth, 4.6 x 10? years,
10-% m

air, molecular model of, 10-*m

airplanes, aircraft, 10! m

alchemy, 10-"* m

Alexandrians familiar with concept
of earth as a sphere, 107 m

algae, blue-green, or cyanobac-
teria, 10~ m, 10-* note

Alpha Centauri, 10** m

Alps, Southern, 10°m

aluminum fluorosilicate, or topaz,
10° note

amino acids, the molecular build-
ing blocks of all natural pro-
teins, 10 m

Amman, O. H., 10° note

amoeba, 10-* m

anatomy, 3

Anchoress Julian of Norwich,
Revelations of Divine Love,

10-'* m, 10-'¢ note
Andromeda galaxy. See galaxies.
angles and time, measurement of,

115
Angstrom, Anders, for whom is

named the atomic-scale unit of

measure; 1 angstrom = 10-1°

meters, 10-°m, 115
animal cells, 10-¢ m

protein synthesis in, 10-7 note
animation, 145

Apian, Peter, editor of Cosmo-
graphicus Liber (1533), 128
Apollo 10, 10* note
Apollo 11, 10* m, 10* note
Apollo 17, 10° m, 10* note
Applications Technology Satellite
(ATS), 10® note
Arab astronomers familiar with
concept of earth as a sphere,
107 m. Se¢ also astronomers.
arc defined, 115
arc-seconds defined, 115
Arcturus, its spectrum, 10" m,
10'* note
Arccibo Observatory, 1000-foot
radio telescope, Puerto Rico,
120, 121, 147
Aristotle, 4
Arizona, Meteor Crater, 10" m
armillary sphere, 107 note
art, and mental models expressed
inimages, 15
arteriole, 10-* note
artifacts
evolution of, from fields and
citles at macroscopic end to
electronic chips at microscopic
end, as embodiment of human
mind, language, and culture,
15
hand-sized, 10-' m
material, first to leave solar sys-
tem, 10'* note
relative sizes of, 2
single vs. complex, 10° m
uny, 107 m
tinter (record groove), 10-* m
tiniest (experimental computer
device), 10 m
artificial satellites, 128. See also
geosynchronous carth orbit.
Assyrian cylinder seal, 10° m
asteroids, 10° m, 10 m
belt of, 10" m i
astrometry, precision measure of
star images, 10'7 note
astronomers
Arab, 10° m
Victorian search for additional
planets to explain deviation in
motion of Mercury, 12

See also Copernicus, Galileo,
Halley, Herschel, Hoyle,
Hubble, Kepler, Newton,
Oort, Rosse, Shapley, and
Tycho.

astronomical instruments, 116,117
model of planets and stars by
Benjamin Martin, 10° m
astronomical observation, 11
astronomical unit (AU), the aver-
age distance from earth to sun

(150 million kilometers), 10'* m,

115
astronomy, 10°** m, 3, 7

galactic and extragalactic, 4

atmosphere

of earth, 10° m, 10* m

of Jupiter, 10"* m

of Mars, 10" m

of Venus, 10" m

atomic

array in crystalline solids, 10-* m

array like the structure of opals,
11

bonds, spacing and angles of,
10 m

forces, 10-° m, 13

nucleus, its size and weight,
100¥ m

number, 10-"' m

number and atomic weight,
10 m

particles and species, modular
quality of, 13

species, 10-'' m

surface, its “fuzziness,” 10~ m

weight, relative, 107 m

atoms

as arranged in gas, liquid, and
solid, and in thermal and
quantum motion, 10-* note

in a crystal, 10-° m

how they are unlike miniature
solar systems, 13

how they resemble solar systems,
13

invariability of their size within
a given species, 7

measuring, 115. See wlo ang-
strom.

in physics and chemistry, 4



atoms (continued)
scale of, 4, 13

ATS-1 (Applications Technology
Satellite), first whole earth
photos taken by, 10® note

Australia, view into night sky
from, 10'* m

Azores, 10~ m

bacteria, 10-¢ m, 7
blue-green, 10-* m
Balmer series lines of hydrogen,
128
Baluchistan desert, 10° m
Baluchitherium, 10" m
bamboo, 10> m
Barnard’s star, 10'®* m, 10! note
Bartholdi, F. A., 10* note
Bayeux Tapestry, 104 m
bears, 10'* m
beryllium, 16-* m
Bessel, F. W, distance to 61 Cygni
measured by, 10'7 note
binary star, distance to nearest,
10" m
biochemistry, 3
blood corpuscles, 10-* m, 10-°
note
blood vessels, 10-* m, 10-5 m
blue-green algae (cyanobacteria),
10-* m, 10-* note
blue whale, 10* m, 10-' m
Bohr, Niels, 10-2 m
and the periodic table, 10-12
note
and use of spectral frequencies,
117
bombardier beetle, 10-* m
exploding spray, 10-? note
bone, material of, 10-* m
bone marrow, 10-* note
Brahe, Tycho. Se¢ Tycho Brahe.
Brazil, 10° note
bridges, 10° m
Brobdingnag, 5
Brookhaven National Laboratory
particle accelerator, 10-!* note
bubble chamber pictures, 10-% m,
105 m
bubbles, 10-2 m
left by track of particles, 10-!* m,
10-* m
buildings, height of tallest, 10* m
bullfrog, 10-' m
buttons, John Adams’, 10-* m

calcium, 10-* m

calipers, 10-! m

capillaries, 10-4 m, 10-5 m

carbon
atom, 10~ m
its atomic number, 10-> m
its atomic structure, 10~ m
its atomic weight, 1012 m
as char, 10 m

nucleus of, 10-¥ m
protons in, 10-* m
Cassiopeia
constellation, 10*® m, 10* note
supernova remnant in, 10*° m
catalysts, 10-° note
celestial models
armillary sphere, 107 m
Copernican, 101 m
discussed by Plato, 1, 15
illustrations from old books,
1,5, 10" m
orrery, 10° m
Pawnee, 10°
cell division, 10-¢* m
nuclear membrane, pores, and
synthesis of molecular prod-
ucts, 10-* m
cells
formed into tissues, 10-° m
nuclear membrane and pores,
10-°*m
nucleus of, 10-®* m
number in human body com-
pared with number of stars
in the Galaxy, 10-* m
size of smallest and largest,
10-*m
skin, 10-* m
surface to volume ratio, 7
cell surface, size of in relation to
volume of cell and its friction
in water, 7
cellulose, as armor for a variety
of plankton, 10-°> m
centimeters, ten, pictured actual
size, 115
Chadwick, James, and discovery
of neutrons, 10
chain reaction, 10-* m
chair, 10° m, 10° note
Challenger expedition, 10~ m,
10-! note, 10~* note
cheetah, 10° m
chemical
formulas, 10-? m
periodicity of elements, 1071 m
symbols, 10-* m
chemistry of different atomic
species, 10~ m
Chicago, 10° m, 10 m, 121
Great Fire of 1871, 10 m
metropolitan area, boulevards
seen, 10° m
World's Fair of 1933, 8
Chinese star map, 10! m, 10'®
note
chip, computer, 10-* m
chlorine, 10-* m
chlorophyll, 10-°> m
in bacteria, 10~ m
chloroplast, 10->m
chromatin fibers, 10-" m
chromodynamic forces (quark-
binding), 128

mediated by gluons, 10-!5 note,
128
See also quarks.
chromosomes, 16-* m, 10~ m,
10-% note
normal number of in human
cells, 10-"m
chronology of discoveries, ar-
ranged by relevant powers of
ten, 122
chronometer, Harrison’s, 10-! m
cilia, 10-* m, 10-* m
circuits, 10~ m
ultrasmall, 10-3 note
circus wagon wheel, 10° m
city lights from space, 105 m
Clausius, Rudolf, 9
clippers (ships), 10° m
clocks and the resistance to metric
units of time, 114
cloud chamber and discovery and
verification of the neutron, 10
clouds
on earth seen from space, 10° m,
10° m
on Jupiter, 10 m
stratus, 107 note
of sulfuric acid on Venus, 10"
note
Clouds of Magellan, 10 m
clusters of galaxies, 10%° m, 10 m
cm: centimeter, 0.01 meter
Coal Sack Nebula, 10-* m, 10-2
note
coded, or false, color
explained, 10 note
and infrared photography,
10° note
in pictures of Saturn, 106 m
used in temperature map, water
vapor map, 10° note
cohesion of matter
at large scales, due to gravitation,
128
at small scales, 7
collisions
of galaxies, 10 m
of particles, 10-1* m
color
coded or false. See coded, or
false, color.
and everyday life, 10
perception of, 10
photography, 10* note
its physical basis, 10
and role of cones in vision,
10-> m
seen in scattering of white light
in opal, 105 m
wavelengths, 10- note
See also light and spectra.
colors of quarks, 10-15 m,
10-1 m, 10-'° note
Columbus, Christopher, familiar
with earth as a sphere, 10" m

comets, 10 m, 10" m
on Bayeux Tapestry, 10 m
cloud of, 10'® m, 10'® note
elliptical orbits, 10*4 m
estimating number of, 106 note
and gravitational influence of
Jupiter, 13, 10'® note
Halley’s, 1014 m
looseness of gravitational bond
to the sun, 10 note
orbits of, 104 m
as part of solar system,
10'¢ note
computer
chip, 10-* m
component, 10-* m
maps, 10*° note
memory, 10-* m
cones and rods, 10-* m
conservation laws
as foundation underlying order
of universe, 10
persistence across range of
scale, 10
constancies
electric charge, 9, 10~ m
energy, 9
linear momentum, 9, 10-1¥ m
momentum of rotation (angu-
lar), 9
See also conservation laws.
constellations, 10?° m, 10! m
the bears (Ursa Major and Ursa
Minor), 10 m
Cassiopeia, 10'* m
Chinese, 10'* m
Corona, 10° m, 10° m
and earliest astronomers, 10 m
Orion, 10** m
Pawnee, 10’ m
Pleiades, 10'* m, 10° m
Taurus, 10° m, 10° m
continents seen from space, 10-" m
Cook, Captain James, 10° m
Copernican orbits of planets,
10 m, 10'° m
Copernican view of earth and
moon in 1977 image, 10'° m
Copernicus, 10! m, 8, 9
alma mater of, 10'° note
argues for heliocentric solar
system, 10' m
diagram of the solar system,
published in 1543, 10'° m
insight that earth is a celestial
body and circles the sun, 5
copper, 10-* m
coral reefs, 10* m
corn leaf cell, 10-5m
Corsali, Andreas
The Decades of the New World or
West India, 10%* note
map of Magellanic Cloud, 10* m
Cosmographicus liber, edited by
Peter Apian, 128




cosmological red shift, 10% note,
117
cosmology, 10** m, 4
and particle physics, 10-1% note
Crab Nebula, 10*° m
pulsar (pulsing optical source),
10-'* note
crater, impact
in Arizona, 10" m
Littrow crater field, 10° m
Manicouagan, 10° m
on Mars, 10" m
on Mimas, 10"* m
on Moon, 10° m
crater, volcanic
on Hawaii, 10° m
on lo, 10” m
on Mars, 10" m
Crick, Francis, 10-* m
crystal, 10-% m
atoms in, 107 m
niobium oxide, 10-? m
topaz, 10° m
salt, 10-* m
crystalline
array, 10-° m. See also opal.
form, 10-* m
solids, molecular model and
structure of, 10-% m
cyanobacteria (blue-green algae),
10-* note
cyclone
on earth, 10° m
on Jupiter, 10" m
cysteine (an amino acid), mo-
lecular model of, 10-? m
cytology, 3

Dalton, John, models of mole-
cules by, 10-? m
day, 115
on earth as a consequence of
our location on a planet
orbiting a star, 10'® m
and evolution and behavior of
diurnal and nocturnal ani-
mals, 1
on Mats, 10" note
seen advancing on heels of
night in Lunar Orbiter pic-
ture, 10% note
De Astrorum, by Leopoldus,
107 note
decay, radioactive, 1012 m,
10-** m. See also radiation.
Deerfield, Mass., 10' m
De Nova . . . stella, by Tycho
Brahe, 10*° note
density differences of transparent
materials exploited in micro-
scopic techniques, 121
De Sphera, by John of Holywood,
107 note
diluting universe, 10** m
dinoflagellates, 10-* note

Dinosaur National Monument,
Utah, 10! m
dinosaurs, 10' m
Dione, 7. See also Saturn.
Diplodocus carnegis, 100 m
Discourses Concerning Two New
Sciences, by Galileo, 6
diurnality among primates, 1
DNA (deoxyribonucleic acid),
10-*m, 10-°m, 100" m, 10-%m,
10-¢ note, 10-7 note
bacterial, number of atoms in,
10-% note
and individuality of organisms,
10-* m
molecule, 10-7 note
seen as double helix, and struc-
ture and function as mo-
lecular alphabet (genctic
code), 10-* m
seen in clectron micrograph,
10" m
spools and supercoils, 1007 m
as template in manufacture of
molecular products, 10-* m
threads, length of in humans,
1007 m
Doppler shift, 117
as explanation of red shift,
10%° note
The Double Helix, by J. D. Watson,
10* m
double stars, 10'7 m. See also stats.
61 Cygni, distance to measured
by parallax, 10*" note
Douglas, Carl, and excavation of
Diplodocus, 10" note
dust clouds. See nebulae.
dyestuffs and microscopic tech-
nique, 121

Eagle, US Coast Guard training
vessel, 10° m
earth, 10° m, 10* m
age of, 10 m
horizon of, 10° m, 10° m
motion of demonstrated by
apparent path of comet, 10**m
at night, from satellite, 10° m.
See also night.
path of and moon's route,
shown for four days 1n Oc-
tober, 10" m
shown for six wecks in Sep-
tember and October, 10" m
seen as a crescent rising above
the moon, 10 m
as a sphere, 10’ m
sunrise seen over crescent, 10°
whole
first pictures, 10° note
pictured, 10" m, 10% m, 10" m
earthrise, 10?, 10° note
Echinosphaerium (a marine protistl,
microspine of, 108 m, 10-* note

eclipses, solar, prediction of, 11
E. coli. See Escherichia coli.
Eddington, Arthur, 101 m
effects of scale, 6, 7, 8, 13, 14
egg cells, sizes of, 10-* m
Eiffel, Gustave, 10? note
Eiffel Tower, 10° m
Einstein, Albert, 12
Einstein Observatory (HEAO-2),
10*° note. See also satellites,
artificial.
Einstein’s theories, 12
and curved space, geometriza-
tion of spacetime, 12
and discrepancy in orbital
motion of Mercury explained
by gravitational theory, 128
and Newton’s Laws, 10
See also relativity.
electrical attraction and repulsion,
128
electrical charge, 9, 10-'* m
electrical forces, 10-'S m
binding electrons to atoms,
10 m
electric motor, tiniest, 10-* note
¢leccromagnetic field, 104 m
clectromagnetic radiation, 116.
See also tadiation.
clectron, 10-"' m, 10-'* m
beam, 10-'" m, 10! m
as cloud of charge, 14, 10-!" m,
10-1¥ m
in ¢lectton microscopes, 121
identity of every, 13
nnermost, 10- m
as “"moving parts’ of electronic
motors, 10* m
and positron pairs, 107 m,
10-!* note, 10-'* note
untrackability of in quantum
motion, 14
See also quantur motion.
elements
ancient, 10° m
arranged systemaucally, 10-* m
See also Bohr, Niels.
chemical idea of, 10-* m
explanation of the arrangement
and meaning of the periodic
table, 10-'° m
identity determined by number
of protons in nucles, 10°* m
isotope chart, 10° m
made in some star process,
107 m
periodic table, petiodicity of,
10" m, 10 m
Empress Mumtaz Mahal, 10* note
emptiness
of intergalactic space, 10* m
south ot Milky Way, volume of
space apparendly devoid of
galaxies, 10 m
within structure ot atom, 10-* m

Endearor, Cook's ship, 10° m
energy
constancy of, 9
matter-radiation interchange,
10-* m
from nuclear transformations,
10-2* m
photosynchetic, 10-* m
quantitative concept, 9
range from lowest to highest in
electromagnetic radiation,
10, 116. See also spectra.
the Enlightenment, 10° m
conception of invisible order
underlying universe, 9
enzyme, 10-> m
defined as a "molecular jig,”
relation of surface shape to
function, 10-3 note
Epidaurus, theater of, 10° m,
10* note
Escherichia coli, 10-" note
attacked by viruses, 10~ m
enzyme of, 10-* m
estimating
comet paths, 10* note
cosmic range of radar, radio,
and TV signals (and hence,
possible range of human
communications and in-
fluence), 10** note
distance of stars using principle
of parallax, 10'* m
number of cells in human body,
compared with number of
stars in Galaxy, 10-* m
number of comets in solar
system, 10'® note
number of sunlike stars in the
galaxy, 10'7 note
recession speed of galaxies,
10'* note
total mass in universe,
10* note
Euclid, 6
geometry of, 12
Euphausia superba, Antarctic krill,
107! note
European Space Agency,
10® note
evening primrose, Oenothera parvi-
fora, 107" m, 107! note
Evening Star recognized by Su-
merians as identical with
Morning Star, 10" note. See
also Venus.
evolution
as Darwinian editing, 14
expansion of universe seen in
dnft of galaxies and red shitt,
10% note, 117. See also quasars
and enirics wunder spectra.
exponential notation, 112
extraterrestrial lite, 10! note
eye, retina of, 10~ m



false color. See coded, or false,
color.
feedback loop in protein syn-
thesis in cells, 10-3 note
fermi, defined and appropriate use
discussed, 115
Fermi Laboratory, 121
Feynman, Richard P., 10-% note
fibers
chromatin, 10-7 m
linen, 10-* m
field-mediating particles, 10-1%
note
Field Museum, 10° m
Finé, Oronce, 128
fingertip, fingerprint, 102 m
fire, Chicago, 10* m
fission, nuclear, 10-2* m, 10-'* m
five-foldedness in nature, 102 m
5 P.M. Padua time, 2 December
1609, 10° note
flavors of quarks, 10-'5 note
foam, 102 m
football field, 10° m
force fields, 10-1* m
forces of physics, 128. See also
entries under atomic, electrical,
gravitation, particles, and
quantum.
forests, 102 m
form
and the effects of scale, 6
and function in enzymes (or-
ganic molecular catalysts),
10-% note
of matter; gas, liquid solid,
105 m
fossils, 10! m
free neutron, 10-12 m. See also
neutron.
freeze-fracture technique, 10-° m,
10-5 note
French Revolution and invention
of metric system, 114
frequency, 10-* m
defined, 114
frog, Rana catesheiana, 10-! m,
10! note
Frombork Cathedral, 10!° m
fusion
in stars, 107 m
in thermonuclear explosions, 5

galaxies

Andromeda, 10 m

bound by gravitation, 102 m

clusters of, 10% m, 10> m

colliding, 10** m, 10* m,
10* note, 13. See also gravi-
tation and tidal forces.

distances between expanding,
10* m

edgewise view of, 10> m

elliptical, 102 m

globular clusters in, 10%** m
Local Group, 102 m
NGC numbers of, 10% to
10" notes
orbital motion of under gravi-
tation, 10%*® m. See a/so gravi-
tation and tidal forces.
radio, 10%® m, 10** m, 10 m
recession of, 117, See also red shift.
selected variety of specimens
illustrated and described,
10 m
spiral, 10** m, 10® m, 10** m
Galaxy, our, 10 m, 10 m
its center, 10*' m
Milky Way, our home is a
galaxy, 10" m
its spiral pattern, 10°° m
Galileo Galilei, 6
Discourses Concerning Two New
Sciences, 6
drawings of
the moon, 10° m, 10° note
the moons of Jupiter, 10> m
letter to Kepler, 10'* m
notebook, 10'? note
observation of Jupiter's moons,
as confirmed by modern
imaging techaniques, 10> m
The Starry Messenger, 10° m
his telescopes, 10? m, 119
gamma rays, 10
as electromagnetic radiation, 116
spectra emitted by nuclei, 117
gas
expansion and compression of,
10-*m
glowing intragalactic, pictured,
10® m
molecular model of, 10-5 m
gas and dust, galactic, 10*° m
stars form through condensa-
tion of, 10" m
Gemini 7, 10° note
General Grant Sequoia, 10° note
general relativity, Einstein’s
theory of, 12. See a/so Einstein’s
theories.
genetic message, 10-5m, 10-° note
genetics, 3
geology, 3
geometric progression, 10° m
George Washington Bridge,
10® m, 10° note
geosynchronous earth orbit, 3,
128
distance above the equator, 3
satellites in, 10% note, 10° note, 3.
See also orbiting systems and
satellites, artificial.
Ghirlandaio, Domenico, 10! m
glaciers, and landforms made by,
10® m
globe with sky constellations,
English 18th century, 2

glucose, molecular model of,
10-° m
gluons, 10-1° note, 128
and chromodynamic forces, 128
glutamine, synthesis of, 10-% note
Gobi Desert, 10° m
Goddard Space Flight Center,
10" note
gold, 10°° m, 10-5 m, 10-1* m,
10-¥* m, 10-1®* m
its chemical identity, 14
Gonyanlax and red tide, 10-° m,
10-° note. See a/so plankton.
grain, area two people would
need to cultivate to raise
enough for self-sufficiency,
10° m
Grand Canal, 10 m
gravitation, 12, 13
binding galaxies into groups,
10® m
binding gas into stars, 107 m,
10~ m
binding stars into galaxies,
10** m
etfects rule large-scale world,
6, 7, 128
Einstein's theory of, 12
influence of planets upon each
other due to, 12
orbital motion of galaxies
caused by, 10* m
ubiquity of, 13
Great Lakes, 10° m
Great Red Spot, 102 m, 10" note,
See also Jupiter.
Great Wall of China, 10° m
Greece, 5, 10* m
green
leaves and photosynthesis,
10-° m
light, 10-¢* m
of plants and interaction of cells
with light, 10-®* m
Greenwich, London
Harrison's chronometer kept
at, 10! note
legal yard displayed publicly, 114 -
groove of phonograph record,
10~ m
Gulf of Guinea, 10’ m
Gulliver, Dr. Lemuel, 5
Gulliver's rations, 6

hadrons, 10-8 note. See a/so quarks.
Haeckel, Ernst, 10-* m, 104 note,
hair shafts, 10-* m
Hale, George Ellery, 146
Halley, Edmund, 10** note
Halley's comet, 10"* m
date of last visit, 10! note
date of nexr visit (1986), 104 m
pictured
on Bayeux Tapestry, 10" m
against star background, 104 m

sky path plotted, 10! note
Wright's path for, 1014 m
See also comets.
hand, 10-! m, 10! note
of mica made by Hopewell
Indians, 15
number of fingers on, and in-
vention of decimal numbers
and metric system, 111
representations of the world as
artifacts of, 10-' m
x ray of, with lead shot, 10-! m
Harrison, John, and his chronom-
eter, 10! m, 10! note
Hawaii, volcanoes on, 10° m
heavy nucleus, 10! m. See a/so
nucleus.

Hebrew scripture, 10! m
heliozoan spine shown in cross
section, 10-% m, 108 note

helix, DNA as, 10’ m
Herschel, John, 146
Herschel, William, 10* m
his telescope, 119
hertz, unit of frequency, defined,
116
high-energy multi-particle event,
10-'® m, 10-!% note
high-energy particles, 10-14 m
Hindi number names, 113
Hipparchus, 10°? note
histology, 3
honey-comb pattern
on poppy seed, 10-* m
in soap-foam network, 10-2 m
Hooke, Robert
drawings of
linen cloth, 10~ m
moon crater, 10° m
poppy seed, 10-3 m
Micrographia, 120
quoted, 10-* m
Samuel Pepys on, 120
his microscope, illustrated,
120
Hopewell Indians, mica hand
made by, 15
horizons of earth, 10° m, 10’ m
host, 10-* m
bacterial cell, of virus parasite,
10-*m
house of John Wilson in Deer-
field, Massachusetts, 10! m
Hoyle, Fred, 10% note
Hubble, Edwin, 147
Hudson River, 10 m
human scale, history, 14
hurricane in Pacific, 10° m
hydrogen, 10-2 m
atomic number of, 10-1> m
atoms, 10-% m
liquid, and bubble-chamber
photos, 10-14 note
number of protons in atoms of,
10-¥ m




spectrum and Balmer series, 14,
128
structure of, 10-* m
weight of atoms of, 10-** m
hydromedusan Polyorchis haplus,
10-* m, 10~ note
Hyginus, Poeticon Astronomicon,
10'¢ note

iAPX 43201, 10-? note
ice
comets made of, 10'* m
Great Lakes and other land-
forms made by, 10° m
on Lake Michigan, 10° note
on Mars, 10'' m
and moons and rings, 10'* m,
10'? note
immune system and role of white
blood cells, 10-* m, 10-* note
impact crater. See crater, impact.
Inanna, 10" m
inches, 115
Indian ocean, 10’ m
individuality of organisms, related
to function of DNA, 10-* m
infrared
radiation from galaxy, 10** m
satellite images by, 10” note
inner electron shell, 10-"' m
inner plancts, 10" m
insect vision, 10-' m
instruments of science, 118
tendency to favor sense of
vision, 1
interstellar gas and dust
glow of due to ncarby stars,
10 m
obscuring dusts of Coal Sack
Nebula illustrated, 10'? m
stars formed through conden-
sation of, 10! m
sun and planets formed through
condensation, 10*° m
interstellar probes, 10'* in
invisible matter and neutrinos,
10* note
To, 10 m
gas in orbit of, 10'* note
tidal forces on, 10" note
volcanoes on, 10" note
See also Jupiter.
Ionian philosophers, 10-? m
ionization voltages, 10-'° m
Iran, 10°m
isotopes defined, 10-'* m
chart of, 10-* m
natural, 10°"* m
stable, unstable, 10-'* m

Jagiellonian University, Cracow,
10'° m

Japanese syllabary characters
(katakana), 10-* m, 10-* note

jellyfish, 10-* m

Jerome, Saint, his desk, 10-* m,
10-! note
jet of galaxy, M87, 10*' m
Jet Propulsion Lab, 10** note
journey, day of, 10° m, 10° note
Jupiter, 10'* m
atmosphere of, 10 m
clouds on, 10 m
cyclone on, 102 m
dates of Voyager flybys, 102
note
effect of on path of Halley's
Comet, 10'* note
and gravitational “trapping” of
comets, 10'¢ note
Great Red Spot, 102 m
moons of, 10 m
as Galileo first saw them, 102 m
o, 10 m
volcano on, 10" m
orbit size and length of year, 9
seen from carth and from Voy-
ager, 10 m
spots and bands in atmosphere,
10 m
Jurassic Period, dinosaur from,
10! note

Kansas, 10'm

Kant, Immanuel, 12

karst, 147

katakana (Japanese syllabary al-
phabet), 10°* m, 10-% note

Kepler, Johannes, letter from
Galileo to, 10" m

Keplerian motion (as seen in
planets) and quantum motion
(as scen in atoms) compared,
117

Kepler's Law relating orbital
times and sizes of orbiting
systems, 9, 128

keyboard, 10-* m

km: kilometer, 1000 meters

K-mesons, 10 !* note

krill, Aatarctic, Euphausia superba,
10-! m, 10! note

krypton-86 atom and current
definition of meter, 115

Lagrange, Joseph, and metric
system, 146

Lake Michigan, 10° m, 10° m,
10* m, 10° note

Lake Shore Drive, 10° m

Laplace, Pierre-Simon, and metric
system, 146

land, average height above sea,
10" m

Landsat satellite photographs,
10 m, 10° m

language as human arciface, 15

Latin Vulgate bible, 10* m

Laue photograph, 11

Lavoisier, Antoine-Laurent, and
metric system, 146
lead, 10*° m, 10-* m
as product of decay of uranium,
14
league (unit of measure), 115
Leopoldus, 107 note
leptons, 10~ note, 10-*% note.
See also particles and quarks.
light, 116
and the atoms of the elements,
10 m
emitted, absorbed and scattered
in matter, 10-1° m
energy, 10-3m, 117
and insect vision, 107! m
and interaction with retina,
10-* note
speed of given quantitatively,
S
visible, 10-° m, 10-"! m. See also
visible light.
in vision, 10~ m
wavelengths, 10-* m, 116
See also color, spectra, ultra-
violet light, and visible light.
lightning, 10-" m
on Saturn, 10'? note
light-year, about 10'® meters, 115
Lilliput, 5
line (unit of measure), 115
linen, 10* m
liquid
molecular model of, 10-* m,
10-* note
liquid hydrogen, 10-'* m
lithography technique using
x rays, 10-* note
Littrow crater field, 10° m
Local Group ot galaxies, 10% m,
10** note
loganthms, 112
longitude prize, 10-! note
Lunar Orbiter 1, 10° note
lunar sunrise, 10° m
ly: light-ycar, about 10'¢ meters
lymphocyte, 10-* m
Lyra, Ring Nebula in, 10'* note

m: meter, the base unit of the
metric system
Mack truck, 120
macrocosm and microcosm, the
two ends of the journey, 19
Magellan, Ferdinand, 10¥ m
Clouds named for, 10% m
familiar with earth as a sphere,
10°' m
voyage around the world, 10° m
magnetc field, 10-'* m
magnetic torces, 101* m
maize, 10® m
mammals
largest, 10! m
smallest, 10! m

Manhattan, 10° m
Manicouagan Crater, 10° m
Mars, 108 m, 5
atmosphere of, 10! m
crescent, pictured, 10! m
icecap of, 10" m
moons of, 7
Phobos, its potato shape, 7
stratosphere of, 10% m
volcano on, 10¥ m
water on, 10 m
winter snow on, 108 m
Martin, Benjamin, his orrery,
10° m
mass, total in universe, 10* note
measurement, 114
of time, 115
mediating particles, 10-1* m. See
also particles.
medieval universities familiar with
earth as a sphere, 10° m
medusan, 10-* m
megaparsec, 1 million parsecs:
1 parsec = about 334 light-years
Melville, Herman, “The Town-
Ho's Story”" from Moby Dick,
quoted, 10°m
Mercury, deviation in motion of
explained by Einstein’s theory,
12
meson-proton collision, 10-'* m.
See also particles.
mesons, 1014 m, 10-'* m
effects at near light speed,
10! note
and nuclear forces, 128
Messier, Charles, his catalog.
10* note
metal oxide crystal, 10-* note
defects seen in electron micro-
graph, 10-? note
Metcor Cracer, Arizona, 104 m
meteonite, 10" m
meteorological imaging satellites,
10¢ note
meteorology, 3
meteors, 10" m
Meteosat, 10® note
meter, 10° note, 10° m. Se¢ also
metric system.
current definition in terms of
spectral lines of krypton
atom, 115
origin of 1ts definition 1n terms
of size of carth, 115
public, 114
methane, 10" note
metnc
hourts, minutes, 114
numbers, names of, 114
metric system, defined, 107 m,
146
and French scienusts and phi-
losophers who devised 1t, 146
related to size of the earth, 10" m



microbiology, 3
microcomputer chip, 10-* note
microcosm and macrocosm, the
two ends of the journey, 19
Micrographia, by Robert Hooke,
10-* note
quoted, 10~* m
reviewed by S. Pepys, 120
micrometer: 10-° meter
micron: 10-% meter
microscopes and microscopy,
120, 121
optical, 10-* m, 120, 121
scanning electron (SEM),
10-* m, 10-5 m, 121
tiny motor built under,
10-* m
transmission electron (TEM),
10-% m, 121
microscopic scale (begins at
10-*-m level), 10-* m
microspine, 10-* m
microtubules, 10-7 m
mile, 10* m, 115
Milky Way, 10* m, 10 m
globular clusters of, 10** m
illustrated
pictured on Pawnee star char,
10° m
as seen from earth with naked
eye, 10 m
as seen in telescope view,
10¥ m
millimeter defined, 113
Mimas, 10'® m. See a/so Saturn.
mineral, 10°m, 10-* m, 10-° m
minute
of angular measure, 115
of time, metric and nonmetric,
114
mirrors of radio telescopes, 120
mite, orabatid, 10-* m, 10-* note
mitosis, 10-¢ m
mm: millimeter, 0.001 meter
Moby Dick, by Herman Melville,
quoted, 10° m
model
atomic and molecular, 10-* m,
10° m
of celestial system, 1, 15, 107 m,
10° m
Copernicus’s, 10° m
increasing precision and refine-
ment of, 11
nuclear, 10-1 m
practical necessity of and in-
centive for improvement of,
12
as theme in science, 1, 10-% m,
10 m
modular nature
of all matter and radiation,
1071 m
of atoms, 10-1° m, 13. See also
quantum motion.

of chemical elements and nu-
clear species, 4
See also elements.
molecular biology, 10-* m, 3
molecular mechanisms, 13
molecular models, 10~ m, 10-° m
Dalton’s, 10~ m
space-filling and other types,
10-° note
molecular structure, 10-° m
molecules
of protein from bacterial cell
seen, 10-% note
size of, 10-3 m
momentum law, 10
and discovery of Neptune and
neutron, 10
Monge, Gaspard, and metric
system, 146
monomers, 10- m
moon (Luna}, 10*° m, 10° m
Copernican view of earth and
moon confirmed, 10!° m
earth’s, 10> m
Galileo’s drawing and later
photo compared, 10° m
Littrow crater field, 10° m
orbit, 10° m
surface area, 10° m
moonrise, 10° m
moons
of earth. Se¢e moon.
of Jupiter. See Jupiter.
of Mars. See Mars.
of Saturn. See Saturn.
Mosely, Henry, 10-* note
motion, random, thermal and
quantum, 128, 10-% note
Mount Everest, height of, 10* m
Mt. Wilson Observatory, Los
Angeles, 120
Hooker 100-inch telescope, 120,
146
60-inch reflector, 146
multi-particle event, 10-'° note
multiple star, 10'" m
mushroom, 10-> m

NASA (National Aeronautics and
Space Administration) research
centers, 10" note
natural isotopes, 10-13 m. See a/so
isotopes.
Nebraska, 10° m
nebulae, 10 m. See also inter-
stellar gas and dust.
bright and dark, 10 m
Coal Sack, 10"
Crab, 10** m

pulsar in, 107 m
Magellanic Clouds, 10% m
Messier's list of, 10°! note
planetary, 10'% note
Ring, 10'* m
Trifid, 10 m

Neptune, 10
The Netherlands, Westerbork
radio telescope in, 10* m
neutrino, 10-1* m
and “invisible matter,” 10~
note
neutron, 10-* m, 10-* m
discovery of, 10
free, 10-12 m
number of, in relation to iso-
topes, 10-1° m. See also iso-
topes.
neutrons and protons, shift of
balance of numbers of each as
nuclear weight increases,
10-* m
neutron stars, 13, 10-'* m
and gravitation, 13
New General Catalog (NGC),
10* note
Newton, Isaac, 14
his laws of motion, 10° m, 12
New York City, 10° m
New Zealand shown in Landsat
image, 10° m
NGC (New General Catalog),
10* note
Niagara Falls, 10° m
nickel-iron, meteor composed of,
10 m
night
and day, 10°m
over eastern US, 10° m
night vision, 10~ m
niobium oxide, 10-° m
nocturnal primates, 1
non-comets, Messier's list of,
10*! note
non-crystals. See opal.
nonmetric measures, 115
nuclear core (of atoms). See
nucleus.
nuclear decay, 10-!* m, 14
modular nature of, 14
nuclear fires, 5
in interior of the sun, S
counterparts of in thermo-
nuclear explosions and
fusion reactors, 5
of stars, 10" m
nuclear forces, 10-* m
mediated by meson exchange,
128
and quantum motion and elec-
trical repulsion of protons,
128
strong forces, 128
See also entries under atomic,
electrical, gravitation, par-
ticles, and quantum.
nuclear matter, 10-* m
nuclear particles, 10-1° m
nuclear pores (of cell nuclei),
10~ m
nuclear transformations, 10-* m

nuclear weight, 10-* m
nucleus
of atoms, 10-* m, 103 m I
heavy, 10-1 m
of cells, 10 m
of galaxies, innermost core,
10' m
numbers, names, and symbols for:
metric, American, Hindi, Ro-
man, 113

ocean depths, 107 m, 10! m,
107* m
ocean liners, 10 m
oceanography, 3
October day
the day of the journey, 10 m
orrery showing planet align-
ment for that day, 10° m
Oklahoma, 10° m
100-inch telescope, Mt. Wilson,
120
onion cell, nucleus of, 10~ note
Oort, Jan, and comet cloud
theory, 10'* m
opal, 10-° m, 11
synthetic, 10-° note
See also crystalline.
Ophiuchus, 10 note
Opik, Ernst, 10 note
optical microscopy. See micro-
scopes and microscopy.
Opticks, by Isaac Newton, 146
orbital motion of galaxies, ruled
by gravitation, 10*> m
orbital speeds
of the planets, relation of to
orbital size (adduced by
Kepler, rationalized by
Newton), 9
orbiting systems
moons and rings of Saturn and
other planets, 10** m
of the sun, 10!* m
See also atoms, galaxies, moons,
and orrery.
orbits
of charged high-energy particles,
104 m
Copernicus’s drawing of, 101 m
elliptical
of comets and earth, 10" m, 12
of the planets pictured, 10% m
geosynchronous, 3, 128
of outer planets, 10** m
of planets
complex rosette pattern, 12
and gravitation, 13
order of magnitude, 110
organelles of cells, 10-° m
absence of in red blood cells,
10-% note
chloroplasts, 10-°* m
organic molecular chains (poly-
mers), 10-° m




Orion, 10" m
distances plotted for main stars
of, 10®* m
orrery (a mechanical model of the
solar system) arranged as for
day of journey, 10° m. See also
celestial models.
outer electron shell, 10-1° m
outer planets, 10'* m, 10** m

Pacific Ocean
depth of, 10* m
hurricane seen over, 10° m
Padua, 10'° m
Pakistan, 10° m
Palais du Luxembourg, Paris, 114
Palmanova, Italy, 10* m
Palomar telescope, 120
parallax, 10'* m
and Barnard’s star, 10'% m
and parsec, 115
parasite, 103 m
parsec, about 3.26 light years, 115
particle accelerators, 10-'* note,
121
function like microscopes in
studying spatial structure at
ultrasmall scales, 121
and relativistic enginecering,
10" note
and study of nuclear and sub-
nuclear structure, 11
particle physics, 101 m, 10-1°
note, 4
particles, 10-1¢ m
interactions of, weak and strong,
104 m
mediating, 128
tracks of in bubble chamber,
10°¥ m
transient, 10-1% m
See also entries under specific
particles.
Pauli's exclusion principle,
10~ note
Pawnee star chart, 10° m
peacock, 10° note
pentagonal structures and five-
foldedness in nature, 10* m
Pepys, Samuel, quoted, 120
periodic properties of elements,
101 m
periodic table of elements,
10 m
Phobos, 7
phonograph record grooves,
10-* m
photography, color, of galaxies:
techniques explained, 10 note
photon, 10-'* m
photosynthesis, 10~ m
in bacteria, 10-° m
in corn leaf cell, 10-% w1
physiology, 3
picnic, 10° m, 10! m, 10° m

pigment in photosynthesis, 10-° m
pig’s eye, in a, 10-> m
pi-mesons, 10-14 note
Pioneers 10 and 11, space probes
cosmic message-in-a-bottle
abroad, 10" m
time it will take them to travel
beyond 10'-meter scale,
10" note
Pisces, a cluster of galaxies in,
10%® note
planets, 10" m, 10'* m
inner, 10" m
outer, 10'° m, 102 m, 10" m
See also entries for individual
planets.
plankton, 10-Y m, 10-* m. See also
krill.
planned city, 10* m
Plato
quoted from Timaceus, opposite p. 1
on visual models, 15
Platte River, Nebraska, 10° m
Pleiades, 10 m
scen in Pawnce star chart, 10° m
Pluto, 10'% m, 10'* m
discovery of, 10
its tilted orbit, 10 m
Poeticon Astronomicon, by Hyginus,
10'® note
point (printer's measure) defined,
115
polygonal networks, 10°? m
polymers, 10-* m
poppy sced, 10-% m
positron, 104 m
powers of a number, terms ex-
plained, 112
adding and subtracting expo-
nents, 112
powers of twelve and Gulliver's
journcy, 6
prairi¢, 10° m
primrose, evening, Qenothera
parviflora, seen in ultraviolet
visible light, 10-! m, 10! note
prism, 10" m
set up as in Newton's experi-
ment, 146
See also spectra.
prophase, late, 10-'% note
Protagoras, 10° m
protein, 10-® m, 10-" m
from bacterial cell, molecules
seen, 10-% note
composed of chains of amino
acids, 10 m
with DNA in chromosomes,
10 m
and structure and function of
chloroplast in photosynthesis,
10 m
synthesis of, 107 m, 10-° note,
107 note
See also enzyme,

protists, also called “protoctists,”
10-®* m, 10-* m, 10-° note
proton, 10-** m
constituent particles of, 10- m
in nuclei, 10-¥ m
proton-proton collision, 10-!* m,
10-* note
protozoan, ciliated, 10-*m, 10~ m
Pseudomonas multivorans, a bac-
terium, 10-° note
Prolemy familiar with earth as a
sphere, 10° m
pulsar in Crab Nebula, 10-'* m
Pupin, Michael, 10-"! note

qualitative and quantitative
periodicity of elements, 10-'m
quantum encrgy defined, 116, See
also quantum motion.
quantum motion, 10 m, 13
and attempts to track electrons,
14
and effects of scale, 14
(as seen in atoms) and Kepler-
ian motion (as seen in
planets) contrasted, 117
visual representations of, 14
See also modular nature.
quantum theory of the atomic
world, 10
quarks, 10-'* m, 10-** m, 10-'¢
note, 117
quasar defined, 10* m, 10 m
and red shift and expansion of
the universe, 10 note
Quebec, Manicouagan Crater,
10° m

radar, cosmic range of, 10'* note
radiating systems, quantum states
in revealed by spectra, 117
radiation, 10°** m, 10* m
from Crab Nebula supernova,
10 m
electromagneuc, 116
energy ot from visible light and
trom x rays compared, 10" m
and the penodic table—period-
icity of elements, 10~ m
See also energy, light, radio-
acuvity, wnd spectra.
radio
emitters, emissions, sources,
10 m, 10° m, 10* m. See
alse interstellar gas and dust.
maps, 10 m, 10°" note
wavelengths, and those from
visible light, compared, 120
waves, 10, 114, 120
radioactive decay, 10 m
radioactivity, 10" m, 10-%* m
radio astronomy, 10°* m, 10°° m,
120
radio dish at Arecibo, 121
radiograph, medical. Se¢ X rays.

radiolarians, 10-* m, 10-" m
rainbow. See spectra.
reaction, nuclear, 10-2* m. See also
fission and fusion.
recession of galaxies, 10?® note.
See also quasar and spectra.
record grooves, 10-* m
red blood cells, 10-3 note
absence of organelles in,
10~ note
number per cubic centimeter,
10-% note
red dwarf, 10'" note
61 Cygai, 10'" note
Red Sea, 10-°m
red shift
and quasars, 10*5 note
and recession of galaxies and
expansion of universe,
10% note
See also quasars and spectra.
Red Spot, on Jupiter, 102 m
red stars, 10'® m, 10'® m. See also
stars.
red-tide organism, 10-* m
relative strength of small things,
weakness of large, 6
relativity
effects of, demonstrated 1n
particle accelerators,
10- note
1n engineering, 10-!* note
Sce also Einstein’s theories.
reptile, flying, 10' m
retuna, mammalian, 10-% m,
10-° note
photosynthetic dyestuff in,
10-% note
Revere, Paul, his calipers, 10-' m
ribosomes, 10-¢ note, 10-7 note
Riccioli, Giambatusta, 10? note
Ring Nebula, 10" m
spectrum of, 10" m, 10'* note
See also spectra
rings, planet-orbitng, 10'* m
Jupiter's Saturn’s, Uranus's,
10 m
RNA, 100" m
rods and cones, 10-° m. See awlso
retina.
Roentgen, Wilhelm, 10-" m
Lord Rosse, William Parsons,
10°° m
rules tor the journey, 108
Running Scout quoted, 10° m
Ruthertord, Ernest, quoted,
105 m,

Saguarius, Tritd Nebula in,
10"’ note

salt, NaCl, table salt seen by
SEM, 10" m

“Salut au Monde,” by Walt
Whitman, 10% m

Salviau, Filippo, ¢



Sars, George, 107! note
satellites, artificial
in earth orbit, 3
in geosynchronous orbit, 3, 128
and global communications, 3
Landsat, 10°m, 105 m
and x-ray astronomy, 10% note
satellites, natural
earth’s. Se¢ moon.
of other planets. See entries for
planets.
of the sun. See asteroids, comets,
and planets.
Saturn, 108 m
crescent, as viewed by Voyager 1,
10" m
lightning on, 10" m
moons of
Dione, 7
Mimas, 10* m
Titan, 10'* m, 10" note
orbit of, 103 m
rings of, ringlets, 10" m,
10" note
seen from five million kil-
ometers, 101 m
Saturn V rocket, 10> m
savannah, Asian, 10' m
scale
catholicity of and conservation
laws, 10
effects of
and quantum motion, 14
and surface. See surface area.
and engineering of natural and
living forms and of human
artifacts, 7
of human companionship, con-
versation, touch, 10° m
intimate, 10-! m
provided by picture edge and
central square of journey
pages, 19, 111
and quantum vs. Newtonian
motion, 13
scanning electron microscope
(SEM), 10 m, 10-* m, 10~* m,
10-5m, 10-°*m
explained, 121
Schmitt, Harrison, 10° note
Schrédinger, Erwin, his theory,
and Newton’s laws, 10
science, and mental models
expressed in images, 15
screw from watchworks, 10-3 m
seaweeds, 10* m
seconds of time
based on powers of sixty, 115
metric and nonmetric, 114
sections for microscopic exami-
nation, preparation of, 121
SEM. See scanning electron
microscope.
sensory domains beyond direct
perception, 1. See @/so primrose,

Tycho's Supernova, and the
section “‘Instrumental Vision.”
sequoia, 10° m
Shakespeare, William, The Tem-
pest, 10° m
Shapley, Harlow, 10** m, 10>
note
shell, 10 m
ships: clippers, tall ships, ocean
liners, tankers, warships, 10> m
shrew, Sorex longirostris, 10! m,
10! note
silica, 10-* m, 10 m
balls of stacked into opals, 11,
10-% note
Sioux Falls, South Dakota, 10* m
sixty, 115
61 Cygni, 10'7 note
distance to, how measured,
10'7 note
as example of double star,
10'" note
skin, 102 m
creasing, 10> m
layers, 10-* m
sky, 10" m
snow
on earth, 10° m, 10° m
on Mars, 10! m
solar system, 10 m
boundaries of, 10! m
its flatness, 10 m
model of, 10° m
possibility of others beside our
own, 10'" m, 10'7 note
Soldier’s Field, 10* m
solid, molecular model of,
10°*m
South America seen from satellite,
10" m
Southern Alps, 10° m
Southern Cross, 10'? note
Soviet probes, Venus surface
photo by, 10! m
spectra, 116
of Arcturus, 10’ m
of atomic hydrogen, 14, 117
continuous and line, 10 m
defined, 117
objective prism, 10'* m
red shift and expansion of uni-
verse, 10°% note. See also
spectral shift.
of Ring Nebula, 10* m
of stars, 101* m
of stars whose spectra resemble
the sun’s, 10'" m
of visible light, 10-° m
x-ray, of elements, 10-1! m
spectral lines
of hydrogen, 14
and modern definition of
meter, 115
red shift and expansion of uni-
verse, 10°° note

spectral shift, 10!% note
and frequencies, 116
See also red shift.
spectral types, 10 m
spectrum: singular of spectra,
which see.
speed of light, 115
and light-year, 10'* m, 115
sphere of the earth, 107 note. See
also De Sphera.
spherical shape as an effect of
gravitation and scale, 7
spiral arm, 10°° m. See also
galaxies.
stable isotopes, 10-* m
star chart, 10** m, 10** m, 10! m,
10° m
star clerks, 10*° m, 9
stars
birch and death of, 10** m
blue young, 10 m, 10" m
defined, 101" m
energy released by fusion in,
10" m
lifespan of, 10" m
made of one huge nucleus
(pulsar), 10-¥* m
multiple (binary, double, twin),
10" m
nearest the sun, distance to, 115
red, red dwarf, 10!* m, 10" m
spacing of, 10'? m
spectra of, 10 m
yellowish old, 10** m
star-stuff, 10 m, 10** m, 10'®* m
The Starry Messenger, by Galileo,
10° m
states of matter, 10-* m
Statue of Liberty, 10° m
Eiffel and her skeleton, 10° note
sculptor of, 10* note
stellar parallax, 115
Stentor cerulens, 10-3 m
stickiness and surface-to-volume
ratio, 7
storm
over Indian Ocean, seen from
satellite, 10" m
on Jupiter (Great Red Spot),
10> m
over Pacific, 10° m
on Saturn, 10 m
stratus clouds, 107 note
strong forces, 128
strong interactions, 10-* m. See
also particles.
sugar, and friction and scale
effects, 7
sulfuric acid in clouds surround-
ing Venus, 10" m
sulfur ions and sulfur dioxide on
surface of lo, 10" note
Sumerian hymn to Inanna, 10" m
Sun, a star named Sol, 107 m,
10> m, 10" m

brightness of, 10% watts (com-
pare to a 100 w bulb), 101 m
less bright than Arcturus,
10! m
distance to other stars, 3
earth and other planets revolve
around, recognized by Coper-
nicus, 10 m
inner electrons of atoms within,
10" m
with its planets, 104 m, 10** m
as a representative star, 10! m
singleness of (not part of a
multiple star system), 10'" m
as a star; other stars are suns,
10 m
surface view of, 101 note
sunlit color, 1
supernova, death of a star in-
ducing birth of another, 10** m
Crab Nebula, 10** m
relic as pulsar, 107 m
in M100, 10°* m
Tycho's, 10°* m, 10 m
surface area and effects of scale,
6,7
and nutritional requirements of
the shrew, 10! m
relationship to increase in linear
size, 6
and weight bearing by animals
and structures, 6
surface, atomic
its “'fuzziness,” 101 m
properties of, 10-> m
surface shape of enzymes, related
to function, 10~ m
Swift, Jonathan, and Gulliver's
Travels, 5
Systeme Internationale, 146

table salt, 10-3 m
Taj Mabhal, 10 m, 10* note
tall ships, 10* m
Talleyrand, Charles, and metric
system, 146
Taurus, 10° m
visible in Pawnee star chart,
10° m
Technicolor, 10! note
telescopes, 10° m, 118, 120
Arecibo radio telescope, 120, 121
Galileo’s, 10° m, 119
large, 120
Mt. Wilson, 120
Palomar, 120
radio, 120
Soviet, 6-meter, in Caucasus, 120
TEM (transmission electron
microscope), 10-% m, 121
The Tempest, by William Shake-
speare, 10° m
termite, 10-* m
thermal motion, 10-* m

W



thermonuclear energy in stars,
including the sun, 10" m, 5
tidal forces and volcanoes on Io,
10" note. See a/so gravitation
and tides.
tides on earth, 10° m
time, units of, 114, 115
Titan, 10* m
atmosphere of, 10!* note
mass of compared with other
moons of Saturn plus ma-
terial in rings, 10" note
methane seas conjectured,
10"* note
weather on, 10'? note
Tonga Trench, depth of, 10* m
topaz crystal, 10° m
tools, 10-! m
“The Town-Ho's Story,” from
Moby Dick, by Herman Mel-
ville, 10° m
transcription of DNA, 10-7 note
transient particles, 10-'* m, See
also particles.
transmission ¢lectron microscope
(TEM), 105 m, 121
transuranic elements, 10 m
tree, heighe of tallest, 2
giant sequoia, 10° m
triangulation
to measure star distance from
observer, 10'7 m
and parsecs, 115
See also parallax.
Trifid Nebula, 10" note
Trinity College, Cambridge,
10~ note
turtles, metaphorical, 10* m, 111
TV
cameras, 10'? note
transmission, cosmic range of
estimated, 10'* note
200-inch telescope, Palomar
mountain, 120
Tycho Brahe, 10*° m, 10*° note
Astronomiae Instauratae Progym-
nasmata, 106
De Nova Stella, 10°° note
his observatory, 119
“star’”’ named for. See Tycho's
supernova.
Tycho's supernova, SN 1572,
B Cass, 10°° m, 10"* m
radio image of, iltustrated,
10*° m

in visible light, 10*° m
x-ray image of, illustrated,
10*° m

ultraviolet light (UV)
image of Venus taken in, 10'' m
insect vision and, 10-! m
See also light and spectra.
units of measurement, 114, 115
of angle, 115
of length, 114, 115
metric and nometric, 114, 115
of time, 114, 115
universe
expansion of and red shift,
10%** note
mass of, 10*% note
size and age of, 10 m
unstable isotopes, 10-* m
untrackability of electrons, 14.
See also electron and quantum
motion.
uranium, 10*° m, 10-* m
atomic weight, 1072 m
decay into lead, 14
isotopes of, 10-'* m
uranium-235 and -238, 10-'* m
Uranus, 10** m, 10, 12
discovery of, 10° m
orbit of, 10" m
rings of, 10"* m
Utah, 10' m
Utopia Planitia, Mars, 10" note

vacuum and electron microscopy,
121
van Leeuwenhoek, Antony, 115
devises small unit of measure
for use in microscopy, 115
Venera, Soviet space probe,
10! note
Venus, 10" m
atmosphere of, 10'' m, 10" note
equatorial highlands with rocky
plain, 10" note
¢rosion on, 10! note
landings on by Venera, 10" note
in Sumerian myth, 10" note
ultraviolet image of, 10" m
Le Verrier, Urbain, and discovery
of Neptune, 10
vibratory motion of atoms and
molecules, 105 m

Viking Lander 2
Mars images taken by, 10" m
dates of Mars landings by,
10 note
Virgo Cluster, 10°* m
Virgo Supercluster, 10% m
virus, 10-* m, 10-7 note
T2 bacteriophage, 10~ m,
10-7 note
visible light, 10-> m, 10-% m,
10" m, 115
and evening primrose, 10-! m
and opals, 10-° m, 11
relation of its wavelength to
retinal limit, 10-* m
relative energy of light versus
X fays, 10-1' m
wavelengths of, 10-1! m
arranged logarithmically,
10-% note
See also light and spectra.
vision, 10-* m, 10-°m, 1
by insects, 10! m
visual models, 8
contrasted with conceptual
structures, 2
and laws of energy, 10
Plato’s words on, opposite p. 1
of quantum motion, 14
volcanoes
on Earth, 10° m
on o, 10" m, 10" note
on Mars, 10" m
voltage and ctectron-beam energy,
107 m
Voyagers 1 and 2
dates of flyby of Saturn,
10'* note
pictures of Jupiter, 10" m
robot TV images of Saturn,
10" m

watch, 10”' m
water, H:O
lakes on earth, 106 m
and life, 10°m, 10" m, 10-*m
on Mars, evidence tor, 10" m
molecular model of, 10> m
See alo clouds, ice, and snow.
Watson, James D, 10" m
wavelength
defined, 116
of visible light, arranged loga-
rithmically, 10 m

weak interactions, 10-!* m. See
also particles.
weather
earth’s, seen as a white cloud
pattern over blue earth, 10° m
on journey day, seen from space,
10¢ m
on Jupiter, 10° m
on Mars, 10" m
on the surface of the sun, 10**m
on Titan, 10* note
on Venus, 10" note
See also atmosphere and clouds.
whales, 10! m
blue whales, 10! m
longest, 10! m
wheat, 10* m, 10° m
white blood cells (leucocytes,
lymphocytes!, 10-3, 10-° note
and immune system, 10-> m
Whitman, Walt, "Salut au
Monde," quoted, 10° m
whole earth, 10° m, 10° m
Wilson, John, his house, 10! m
winter
on Lake Michigan, 10° m
on Mars, 10" m
Wright. Thomas
An Original Theory or New
Hypothesis of the Universe,
10'* note
shows path of comet later to be
known as Halley's Comet
when 1t returned as predicted,
10! note
Wright Flyer, 10' m

x-1ay

astronomy, 10%° note

crystallography, 103 m, 11

diffraction, 11

image of hand, early medical
use of, 10-' m

lithography artifact, 10* m

radiation from Centaurus, 10°¥ m

spectra, 107" note

See also radiation wnd spectra.

yard, 10° m, 114
year
and angular measure, 115
earth's, compared with those ot
other planets, 9

zooplankton, 10-! m, 10! note
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