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Introduction to the Dover Edition

Although here and there in this book there are minor corrections and ad-
ditions, the main addition is a postscript. I have tried in that final chapter to
update the book with brief discussions of majorevents in relativity theory and
its confirmations during the twenty years that have passed since the revised
second edition was published.

I never cared for the book’s two earlier titles: Relativity for the Million (1962),
an echo of Lancelot Hogben’s popular Mathematics for the Million, or The Rela-
tivity Explosion (1976). Hayward Cirker, president of Dover Publications, sug-
gested the present title. . much prefer it because it conveys exactly what the
book is intended to be.

The second edition omitted many of Tony Ravielli’s illustrations, and
dropped the blue color overlays from the pictures that were used. I am happy
to report that his original art, with its color, is here restored.



Introduction to the 1976 Edition

This is a much revised, updated version of my book Relativity for the Mil-
lion, published in 1962. Two entirely new chapters have been added: Chap-
ter 7 to review the latest tests of Einstein’s theory of gravity, Chapter 11
to report on three stupendous new astronomical discoveries—quasars, pul-
sars, and possible black holes—that are intimately connected with relativity.
The last chapter has been greatly expanded to provide an obituary for the
steady-state theory of the cosmos, and to place more emphasis on the cur-
rently fashionable pulsating models. John Archibald Wheeler’s vision of a
universe emerging from superspace, expanding, contracting, and re-entering
superspace is shown to be a sophisticated elaboration of a model proposed by
Edgar Allan Poe. Throughout the book there have been extensive revisions.

So many popular books on relativity had been written before 1962 that
readers may wonder why I then wanted to write another one. I had three
reasons:

1. The best introductions to elementary relativity had been written many
years before 1962, and all of them were out of date. So many exciting new
developments had taken place, all bearing on relativity theory, that I was con-
vinced it was time for a new introductory book that would include this new
material.

2. It was a challenge to try to explain once more, in a simple and enter-
taining way, the main aspects of Einstein’s revolutionary theory. What did
Einstein mean when he wrote “Newton, forgive me”? In my opinion anyone
today who does not understand what he meant is as deficient in his education
as someone who, a hundred years ago, knew nothing about Isaac Newton’s
great contributions to science. I myself was eager to learn more about rela-
tivity. Is there any better way to teach oneself a topic than to write a book
about it?

3. No popular book on relativity had been illustrated so elaborately.
Anthony Ravielli’s brilliant graphic art alone sets this book apart from earlier
introductions,

If the reader wonders why the book contains no chapter on the philosophi-
cal consequences of relativity, it is because I am firmly persuaded that in the
ordinary sense of the word “philosophical,” relativity 4as no consequences.
For the theory of knowledge and the philosophy of science it obviously
has implications, chiefly through its demonstration that the mathematical
structure of space and time cannot be determined without observation and
experiment. But as far as the great traditional topics of philosophy are con-
cerned—God, immortality, free will, good and evil, and so on—relativity
has absolutely nothing to say. The notion that relativity physics supports the
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avoidance of value judgments in anthropology, for example, or a relativism
with respect to morals, is absurd. Actually, relativity introduces a whole series
of new “absolutes.”

It is sometimes argued that relativity theory makes it more difficult to think
that outside our feeble minds there is a “huge world” possessing an orderly
structure that can be described in part by scientific laws. “As the subject [rela-
tivity] developed,” writes the English astronomer James Jeansin his book T#e
Growth of Physical Science, ““it became clear that the phenomena of nature were
determined by us and our experience rather than by a mechanical universe
outside us and independent of us.”

Jeans’s idealism is a respectable metaphysical attitude, and there are even
aspects of quantum mechanics that may bear upon it, but it receives not the
slightest support from relativity. I will not argue the point here. It has been
forcibly made by almost every modern philosopher of science. The interested
reader will find a particularly clear discussion in Chapter 7, “Metaphysical
Interpretations of Relativistic Physics,” in Philipp Frank’s Philosophy of Science.

Is there not something enormously narcissistic about the notion that we
humans, with our crude little brains so recently evolved from the brains of
beasts, are somehow partial creators of the universe? That nothing could be
more distant from Einstein’s own humility you will see at once when you read
the beautiful quotation that follows as this book’s epigraph.

M.G.



Out yonder there was this huge world, which exists independently of us
human beings and whichstands before us like a great, eternal riddle, at least
partially accessible to our inspection and thinking. The contemplation of this
world beckoned like a liberation . . . .

Albert Einstein,
Autobiographical Notes
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1
Absolute

or Relative?

Two sailors, Joe and Moe, were cast away on a deserted island. Several years
went by. One day Joe found a bottle that had washed ashore. It was one of
those new king-size bottles of Coca-Cola. Joe turned pale.

“Hey, Moe!” he shouted. “We’ve shrunk!”

There is a serious lesson to be learned from this joke. The lesson is:
There is no way of judging the size of an object except by comparing it with
the size of something else. The Lilliputians thought Gulliver a giant. The
Brobdingnagians thought Gulliver tiny. Is a billiard ball large or small? Well,
itis extremely large relative to an atom, but extremely small relative to the earth.
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Jules Henri Poincaré, a famous nineteenth-century French mathematician
who anticipated many aspects of relativity theory, once put it in this way (sci-
entists call his way of putting it a “thought experiment”: an experiment that
can be imagined but not actually performed). Suppose, he said, that during
the night, while you were sound asleep, everything in the universe became a
thousand times larger than before. By everything, Poincaré meant everything:
electrons, atoms, wavelengths of light, you yourself; your bed, your house, the
earth, the sun, the stars. When you awoke, would you be able to tell that any-
thing had changed? Is there any experiment you could perform that would
prove you had altered in size?
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ABSOLUTE OR RELATIVE? 5

No, said Poincaré, there is no such experiment. In fact, the universe really
would be the same as before. It would be meaningless even to say it had grown
larger. “Larger” means larger in relation to something else. In this case there
is no “something else.” It would be just as meaningless, of course, to say that
the entire universe had shrunk in size.

Size, then, is relative. There is no absolute way to measure an object and
say that it is absolutely such-and-such a size. It can be measured only by ap-
plying other sizes, such as the length of a yardstick or meter rod. But how
long is a meter rod? Originally it was defined as one ten-millionth of the dis-
tance from the earth’s equator to one of its poles. This soon gave way to the
length of a platinum bar kept in a cellar near Paris. Today it is defined as the
distance light travels through a vacuum in one 299,792,458th of a second.
How is a second defined? It is 9,192,631,770 vibrations of a cessium atom
excited by microwaves. Of course, if everything in the universe were to grow
larger or smaller in the same proportion, including the distance light travels
in a second, there would still be no experimental way to detect the change.

The same is true of periods of time. Does it take a “long” or “short” time
for the earth to make one trip around the sun? To a small child, the time from
one Christmas to the next seems like an eternity. To a geologist, accustomed
to thinking in terms of millions of years, one year is but a fleeting instant.
A period of time, like distance in space, is impossible to measure without
comparing it to some other period of time. A year is measured by the earth’s
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period of revolution around the sun; a day by the time it takes the earth to
rotate once on its axis; an hour by the time it takes the long hand of a clock to
make one revolution. Always one period of time is measured by comparing
it with another.

There is a famous science-fiction story by H. G. Wells called “The New
Accelerator.” It teaches the same lesson as the joke about the two sailors,
only the lesson is about time instead of space. A scientist discovers a way to
speed up all the processes of his body. His heart beats more rapidly, his brain
operates faster, and so on. You can guess what happens. The world seems to
slow down to a standstill. The scientist walks outside, moving slowly so the
friction of the air will not set fire to his pants. The street is filled with human
statues. A man is frozen in the act of winking at two passing girls. In the park,
a band plays with a low-pitched, wheezy rattle. A bee buzzes through the air
with the pace of a snail.
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Let us try another thought experiment. Suppose that at a certain instant
everything in the cosmos begins to move at a slower speed, or a faster
speed,* or perhaps stops entirely for a few million years, then starts up again.
Would the change be perceivable? No, there is no experiment by which it
could be detected. In fact, to say thatsuch a change had occurred would be
meaningless. Time, like distance in space, is relative.

* We disregard in this book, as in most popular science writing, a technical dis-
tinction between speed and velocity. Speed is a scalar (a magnitude expressed by one
variable), whereas velocity is a vector, calling for a specified direction as well as distance
divided by time. If a car spirals around a hill on its way to the top, its speed at any
moment is indicated by the speedometer. But its average velocity from the bottom to
the top of the hill is much less than its average speed because it is obtained by dividing
the distance along the vector line (a straight line from bottom to top) by the time.
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Many other concepts familiar in everyday life are relative. Consider “up”
and “down.” In past ages it was hard for people to understand why a man
on the opposite side of the earth was not hanging upside down, with all the
blood rushing to his head. Children today have the same difficulty when they
first learn that the earth is round. If the earth were made of transparent glass
and you could look straight through it with a telescope, you would in fact
see people standing upside down, their feet sticking to the glass. That is, they
would appear upside down relative to you. Of course, you would appear upside
down relative to them. On the earth, “up” is the direction that is away from the
center of the earth. “Down” is toward the center of the earth. In interstellar
space there is no absolute up or down, because there is no planet available
to serve as a “frame of reference.”

Imagine a spaceship on its way through the solar system. It is shaped like
a giant doughnut and is rotating so that centrifugal force creates an artificial
gravity field. Inside the ship, spacemen can walk about the outer rim of the
doughnut as if it were a floor. “Down” is now away from the center of the ship,
“up” is toward the center: just the opposite of how it is on a rotating planet.
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So you see, there are no absolute “ups” and “downs” in the universe. Up
and down are directions relative to the direction in which a gravitational field
is acting. It would be meaningless to say that while you were asleep the entire
cosmos turned upside down, because there is nothing to serve as a frame of
reference for deciding which position the cosmos has taken.

Another type of change that is relative is the change of an object to its mir-
ror image. If a capital R is printed in reverse form like this, 5, you recognize
it immediately as the mirror image of an R. But if the entire universe (includ-
ing you) suddenly became its mirror image, there would be no way that you
could detect such a change. Of course, if only one person became his mirror
image (H. G. Wells wrote a story about this also, “The Plattner Story”) while
the cosmos remained the same, then it would seem to him as if the cosmos
had reversed. He would have to hold a book up to a mirror to read it, the
way Alice behind the looking-glass managed to read the reversed printing of
“Jabberwocky” by holding the poem up to a mirror. But if everything reversed,
there would be no experiment that could detect the change. It would be just
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as meaningless to say that such a reversal had occurred as it would be to say
that the universe had turned upside down or doubled in size.

Is motion absolute? Is there any type of experiment that will show posi-
tively whether an object is moving or standing still? Is motion another
relative concept that can be measured only by comparing one object with an-
other? Or is there something peculiar about motion, something that makes
it different from the relative concepts just considered?

Stop and think carefully about this for a while before you go on to the
next chapter. It was in answer to just such questions that Einstein developed
his famous theory of relativity. This theory is so revolutionary, so contrary to
common sense that even today there are thousands of scientists (including
physicists) who have as much difficulty understanding its basic concepts as a
child has in understanding why the people of China do not fall off the earth.

If you are young, you have a great advantage over these scientists. Your
mind has not yet developed those deep furrows along which thoughts so often
are forced to travel. But whatever your age, if you are willing to flex your
mental muscles, there is no reason why you cannot learn to feel at home in
the strange new world of relativity.
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;fhe
Michelson-Morley
Experiment

Is motion relative? After some first thoughts you may be inclined to answer,
“Of course it is!” Imagine a train moving north at 100 kilometers per hour.
On the train a man walks south at 4 kilometers per hour. In what direction
is he moving and at what speed? It is immediately obvious that this question
cannot be answered without choosing a frame of reference. Relative to the
train, the man moves south at 4 kilometers per hour. Relative to the ground,
he moves north at 100 — 4 = 96 kilometers per hour.



14 RELATIVITY SIMPLY EXPLAINED

Can we say that the man’s “ground speed” (96 kilometers per hour) is his
true, absolute speed? No, because there are other, larger frames of reference.
The earth itself is moving. It both rotates and swings around the sun. The
sun, with all its planets, speeds through the galaxy. The galaxy rotates and
moves relative to other galaxies. The galaxies in turn form galactic clusters
that move relative to each other. No one really knows how far this chain of
motions can be carried. There is no apparent way to chart the absolute mo-
tion of anything; that is to say, there is no fixed, final frame of reference by
which all motions can be measured.* Motion and rest, like large and small,
slow and fast, up and down, left and right, seem to be completely relative.
There is no way to measure the motion of one object except by comparing
it with the motion of some other object.

Alas, it is not so simple! If this were all there is to say about the relativity
of motion, there would have been no need for Einstein to develop his theory
of relativity. Physicists would have had the theory all along!

The reason it is not simple is this: there appear to be two very easy ways
to detect absolute motion. One method makes use of the speed of light; the
other makes use of various inertial effects that occur when a moving object
alters its path or velocity. Einstein’s special theory of relativity deals with the
first, his general theory of relativity with the second. In this and the next two
chapters the first method that might serve as a clue to absolute motion, the
method that makes use of the speed of light, will be considered.

In the nineteenth century, before the time of Einstein, physicists thought
of space as containing a kind of fixed, invisible substance called the ether.
Often it was called the “luminiferous ether,” meaning that it was the bearer
of light waves. It filled the entire universe. It penetrated all material sub-
stances. If all the air were pumped out of a glass bell jar, the jar would still
be filled—filled with ether. Otherwise, how could light travel through the
vacuum? Light is a wave motion; there had to be something there to trans-
mit the waving. The ether itself, although it must vibrate, seldom (if ever)
would move with respect to material objects; rather, all objects would move
through it, like the movement of a sieve through water. The absolute mo-
tion of a star, planet, or any object whatever was (so these early physicists
were convinced) simply its motion with respect to this motionless, invisible,
etherial sea.

But, you may ask, if the ether is an invisible, nonmaterial substance—a
substance that cannot be seen, heard, felt, smelled or tasted—how can the

* Since that sentence was written, a way has been found to measure the earth’s
quasi-absolute motion relative to the black-body radiation that permeates our uni-
verse. This will be covered in Chapter 12.
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movement of, say, the earth ever be measured with respect to it? The answer
is simple. The measurement can be made by comparing the earth’s motion
with the motion of a beam of light.

To understand this, consider for a moment the nature of light. Actually,
light is only the small visible portion of a spectrum of electromagnetic radia-
tion which includes radio waves, radar waves, infrared light, ultraviolet light,
and gamma rays. Everything said about light in this book applies equally to
any type of electromagnetic wave, but “light” is a shorter term than “electro-
magnetic wave,” so this term will be used throughout. Light is a wave motion.
To think of such a motion without thinking also of a material ether seemed
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to the early physicists as preposterous as thinking about water waves without
thinking of water.

If a bullet is fired straight ahead from the front of a moving jet plane,
the ground speed of the bullet is faster than if it were fired from a gun held
by someone on the ground. The ground speed of the bullet fired from the
plane is obtained by adding the speed of the plane to the speed of the bul-
let. In the case of light, however, the velocity of a beam is not affected by
the speed of the object that sends out the beam. This was strongly indi-

cated by experiments in the late nineteenth and early twentieth centuries,
and has since been amply confirmed, especially by recent tests on the decay
of neutral pi mesons. One famous test was made by Russian astronomers in
1955, using light from opposite sides of the rotating sun. One edge of our
sun is always moving toward us, the other edge always moving away. It was
found that light from both edges travels to the earth with the same velocity.
Similar tests had been made decades earlier with light from revolving dou-
ble stars. Regardless of the motion of its source, the speed of light through
empty space is always the same: about 299,800 kilometers (186,300 miles)
per second.
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Do you see how this fact provides a means by which a scientist (we will
call him the observer) could calculate his own absolute motion? If light trav-
els through a fixed, stationary ether with a certain speed, ¢, and if this ve-
locity is independent of the velocity of its source, then the speed of light can
be used as a kind of yardstick for measuring the observer’s absolute mo-
tion. An observer moving in the same direction as a beam of light should
find the beam passing him with a speed less than ¢; an observer moving
toward a beam of light should find the beam approaching him with a ve-
locity greater than c¢. In other words, measurements of the velocity of a
beam of light should vary, depending on the observer’s motion relative to the
beam. These variations would indicate his true, absolute motion through the
ether.



18 RELATIVITY SIMPLY EXPLAINED

Physicists often describe this situation in terms of what they call an “ether
wind.” To understand just what they mean by this, consider again that mov-
ing train. We have seen how the speed of a man walking through the train
at 4 kilometers per hour is always the same relative to the train, regardless
of whether he walks toward the engine or toward the rear of the train. The
same is true of the speed of sound waves inside a closed car. Sound is a wave

EARNTRRY ol L

motion transmitted by molecules of air. Because the air is carried along by
the car, sound will travel north in the car with the same velocity (relative to
the car) with which it travels south.




THE MICHFLSON-MORLEY EXPERIMENT 19

The situation alters if we move from the closed passenger car to an open
flatcar. The air is no longer trapped inside the car. If the train moves at 100
kilometers per hour, there will be a wind of 100 kilometers per hour blowing
back across the flatcar. Because of this wind, the speed of sound moving from
the back to the front of the car will be less than normal. The speed of sound
from front to back will be greater than normal.

Physicists of the nineteenth century believed that the ether surely must
behave like the air that rushes over a moving flatcar. How could it be other-
wise? If the ether is motionless, any object moving through it would have to
encounter an “ether wind” blowing in the opposite direction. Light is a wave
motion in this fixed ether. The velocity of light, measured on a moving object,
would of course be influenced by such an ether wind.

The earth is hurtling through space, on its trip around the sun, at a speed of
about 30 kilometers per second. This motion, the physicists reasoned, should
create an ether wind of 30 kilometers per second, blowing past the earth
and through the spaces between its atoms. To measure the absolute motion
of the earth—its motion with respect to the fixed ether—all that would be
necessary would be to measure the speed of light as it travels back and forth
in different directions on the earth’s surface. Because of the ether wind, light
would surely move faster in one direction than another. By comparing the
various speeds of light as it is sent in different directions, it should then be
possible to calculate the absolute direction and velocity of the earth’s motion
at any given instant. Such an experiment was first proposed in 1875, four
years before Einstein was born, by the great Scottish physicist James Clerk
Maxwell.*

* The suggestion appears in Maxwell’s article on “Ether” in the ninth edition of
Eneyclopedia Britannica.
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In 1881 Albert Abraham Michelson, then a young officer in the United
States Navy, made just such an experiment. Michelson had been born in
Germany, of Polish parents, but his father had taken him to America when
he was two. After graduating from the U.S. Naval Academy at Annapolis
and serving two years at sea, he became a teacher of physics and chemistry
at the Academy. A leave of absence permitted him to study in Europe. It was
at the University of Berlin, in the laboratory of the famous German physi-
cist Hermann von Helmholtz, that young Michelson made his first attempt
to detect an ether wind. To his great surprise, he could find no difference
in the speed with which light traveled back and forth in any direction of the
compass. It was as if a fish had discovered that it could swim in any direction
through the sea without being able to detect the motion of water past its body;
as if a pilot flying in the open cockpit of a plane could feel no wind against
his face.

A distinguished Austrian physicist named Ernst Mach (we will hear more
about him in Chapter 8) had for some time been criticizing the notion of
absolute motion through the ether. He read Michelson’s published report on
the test and decided at once that the concept of an ether had to be discarded.
However, most physicists refused to take this daring step. Michelson’s appa-
ratus had been crude. There was good reason to think that a better-designed
experiment, with more sensitive equipment, would show positive results.
Michelson himself thought so. He was disappointed in the “failure” of his
test, and eager to try again.

Michelson resigned his naval commission to become a professor of phys-
ics at the Case School of Applied Science in Cleveland, Ohio. At nearby
Western Reserve University, Edward Williams Morley was teaching chemis-
try. (The two schools are now merged as Case Western Reserve University,)
The two men became good friends. “Outwardly,” writes Bernard Jaffe in his
book Michelson and the Speed of Light, “the two scientists were a study in con-
trast. . . . Michelson was good-looking and trim, always immaculately turned
out. Morley, who was casual in dress, to say the least, fit the stereotype of the
absent-minded professor. . . . He let his hair grow until it curled up on his
shoulders, and he wore a great bristling red mustache that straggled almost
to his ears.”
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In 1887, in Morley’s basement laboratory, the two scientists made a sec-
ond, more careful attempt to detect the elusive ether wind. Their experiment,
which became known as the Michelson-Morley experiment, marked one of
the great turning points in modern physics.

The apparatus was mounted on a square slab of stone about five feet on
the side and more than a foot thick. The slab floated on liquid mercury. This
eliminated vibrations, kept the slab horizontal, and permitted it to be rotated
easily around a central pin. An arrangement of mirrors on the slab sent a
light beam 1n a certain direction; then the mirrors reflected the beam back
and forth in that same direction until it had made eight round trips. (This was
done to make the path as long as possible and still keep the equipment on a
device that could be rotated easily.) At the same time, the mirror arrangement
sent a beam of light on eight round trips in a direction at right angles to the
first beam.

The assumption was that when the slab was turned so that one beam
traveled back and forth parallel to the ether wind, this beam would make the
trip in a longer time than it would take the other beam to go the same distance
across the wind. At first you might think the reverse would be true. Consider
the light that travels with and against the wind. Would not the wind boost the
speed by the same amount one way that it would retard the speed the other
way? If so, the boosts and drags would cancel each other, and the time for
the total trip would be the same as if there were no wind at all.
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y,

It is true that the wind would increase the velocity of light in one direction
by the same amount that it would decrease the velocity in the other direction,
but—and this is the crucial point—the wind would retard the speed for a
longer period of time. Calculation quickly shows that the entire trip would take
longer than if there were no wind. The wind would also have a retarding
effect on the beam that traveled across the wind at right angles. This is also
easily calculated. It turns out that this retarding effect is less than in the case
of the beam traveling parallel to the wind.

There was little doubt, then, that #f the earth moved through an immov-
able sea of ether, there would be an ether wind, and if there were an ether
wind, the Michelson-Morley apparatus would detect it. In fact, both scientists
were confident that they would not only find such a wind, but they could also
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determine (by rotating the slab until there was a maximum difference in the
time it took light to make the two journeys) the exact direction, at any given
moment, of the earth’s path through the ether.

It should be pointed out that the Michelson-Morley apparatus did not
measure the actual velocities of each beam of light. The two beams, after
making their respective back-and-forth trips, were combined into a single
beam which was viewed through a small telescope. The apparatus would then
be rotated slowly. Any alteration in the relative velocities of the two beams
would cause a shifting of an interference fringe pattern of alternate light and
dark bands.

Again Michelson was astounded and disappointed. This time the aston-
ishment was felt by physicists all over the world. Regardless of how Michelson
and Morley turned their apparatus, they found no sign of an ether wind!
Never before in the history of science had the negative results of an ex-
periment been so positive and so shattering. Michelson once more thought
his experiment a failure. He never dreamed that this “failure” would make
the experiment one of the most successful, revolutionary experiments in the
history of science.

Later, Michelson and Morley repeated their test with even more accurate
equipment. Other physicists did the same. An extremely accurate test was
made in 1960 by Charles H. Townes of Columbia University. His apparatus,
using a device called a maser (an “atomic clock” based on the vibrations of
molecules), was so sensitive that he could have detected an ether wind even
if the earth moved at a mere one-thousandth of its actual speed. There was
no trace of such a wind.

Physicists at first were so amazed by the negative results of the Michelson-
Morley test that they began inventing all sorts of explanations to save the
ether-wind theory. Of course, if the experiment had been performed a few
centuries earlier, as G. J. Whitrow points out in his book The Structure and
Evolution of the Universe, a very simple explanation would immediately have
occurred to everyone: the earth doesn’t move! This theory seemed unlikely.
The best explanation was a theory (much older than the first Michelson-
Morley experiment) that the ether is dragged along by the earth, like air in-
side a closed train. This was Michelson’s own guess. But other experiments,
one by Michelson himself, ruled this out.

The strangest explanation of all was put forth by an Irish physicist, George
Francis FitzGerald. Perhaps, he said, the ether wind puts pressure on a mov-
ing object, causing it to shrink a bit in the direction of motion. To determine
the length of 2 moving object, its length at rest must be multiplied by the fol-
lowing simple formula, in which 2?2 is the velocity of the object multiplied by
itself, ¢2 the velocity of light multiplied by itself:

2
Vi-%.

(A
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Study this formula and you will see that the amount of contraction is neg-
ligible at small velocities, increases as the velocity increases, and becomes
great as the object’s speed approaches the speed of light. Thus, a spaceship
shaped like a long cigar would, if it moved with great speed, alter its shape
to that of a short cigar. The speed of light is an unobtainable limit; when this
is reached the formula becomes

2
Vi-%,

(A

which reduces to 0. Multiplying the length of the object by O results in 0. In
other words, if an object could attain the speed of light, it would have no
length at all in the direction of its motion!

FitzGerald’s theory was put into elegant mathematical form by the Dutch
physicist Hendrik Antoon Lorentz, who had independently thought of the
same explanation. (Later, Lorentz became one of Einstein’s closest friends,
but at this time they did not know one another.) The theory came to be known
as the Lorentz-FitzGerald (or the FitzGerald-Lorentz) contraction theory.

It is easy to understand how the contraction theory would explain the fail-
ure of the Michelson-Morley test. If the square slab and all the apparatus on
it were contracted by a tiny amount in the direction in which the ether wind
was blowing, the light would have a shorter total distance to travel. Even
though the wind would have an overall drag effect on the beam’s back-and-
forth journey, the shorter path would permit the beam to finish the trip in
the same time that it would take if there were no wind and no contraction.
In other words, the contraction would be just enough to keep the speed of
light a constant, regardless of the direction in which the Michelson-Morley
apparatus is turned.




Why, you may ask, couldn’t this theory be tested simply by measuring the
length of the apparatus to see if it shortens in the direction of the earth’s mo-
tion? The answer is that the ruler would shorten also, in the same propor-
tion. As a result, measurements would come out the same as if there were no
contraction. The contractions would apply to everything on the moving earth.
The situation is similar to Poincaré’s thought experiment (see Chapter 1) in
which the cosmos suddenly grows a thousand times larger, except that in the
Lorentz-FitzGerald theory the change would be in one direction only. Since
the change applies to everything, there is no way to detect it. Within certain
limits (the limits are set by topology—the study of properties that stay the
same when an object is deformed), shape itself is as relative as size. The con-
traction of the apparatus, as well as the contraction of everything else on the
earth, could be observed only by someone outside the earth and not moving
with it.

Many writers on relativity have spoken of the Lorentz-FitzGerald con-
traction hypothesis as ad foc, a Latin phrase (it rhymes with sad sock) meaning
formulated “for this case alone,” and incapable of being tested by any other
experiment. This is not, as Adolf Griinbaum has pointed out, strictly true.
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The contraction theory was ad hoc only in the sense that at the time there was
no way to test it. In principle it is not at all ad Aoc. In fact, it was definitely ruled
out in 1932 by an important experiment called the Kennedy-Thorndike
experiment.

Roy J. Kennedy and Edward M. Thorndike, two American physicists,
repeated the Michelson-Morley test with this major difference: Instead of
making the two arms of the apparatus as equal in length as possible, they
made the lengths as different as possible. The apparatus was then rotated
to see if there was any change in the difference between the times it took
the two light beams to make round trips in the two directions. According
to the contraction theory, this time difference would alter as the apparatus
turned. It would be detected (as in Michelson’s test) by changes in the inter-
ference fringes when the two beams were recombined. No such changes were
observed. More accurate tests have been made in recent years by using a
Maossbauer source of light (the Méssbauer effect will be discussed in Chap-
ter 9) and a receiver mounted at opposite ends of a turntable which is then
rotated rapidly. All such tests have falsified the contraction theory.

Although experiments of this sort could not be made in Lorentz’s time,
he realized that they could be made in principle, and there were good rea-
sons to suppose that like Michelson’s experiment, they would show negative
results. To account for such probable results, Lorentz made an important
addition to his original theory. He introduced changes in time. Clocks, he
said, would be slowed down by an ether wind, and in just such a way
as to make the velocity of light always measure 299,800 kilometers per
second.

Forone example of how this works out, suppose an attempt is made to mea-
sure the speed of light from A to B along a straight path in the direction the
earth is moving Two clocks at A are synchronized, then one clock is moved
to B. A note is made of the time that a light beam starts from A and the time
(measured by the other clock) that the beam is received at B. Since the light
would be moving against the ether wind, its speed should be slowed down and
the time of the trip should be a little longer than it would be if the earth were
at rest. Do you see the flaw in this theory? The clock, in moving from A to
B, also moves against the ether wind. This slows the clock at B down a bit,
so that it is running slightly befind the clock at A. Result: the velocity of light
still clocks at 299,800 kilometers per second.

The same thing happens (Lorentz maintained) if the speed of light is mea-
sured in the reverse direction, from B to A. Two clocks are synchronized at B,
then one is taken to A. A light beam is sent from B to A, moving with the ether
wind. The beam’s speed is boosted by the wind, therefore the time taken by
the light beam to make the trip should be a trifle less than if the earth were
at rest. However, in moving the clock from B to A, it also went with the wind.
The reduction of ether-wind pressure on the moving clock allowed the clock
to gain a bit in time; therefore, when the experiment is made, the clock at A
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is running a bit ahead of the clock at B. Result: the velocity of light once
again clocks at 299,800 kilometers per second.

Lorentz’s new theory not only accounted for the negative results of the
Michelson-Morley experiment; it also accounted for any conceivable experi-
ment designed to detect changes in the speed of light as a result of an ether
wind. Its equations for variations in length and time were worked out in such
a way that every possible method of measuring the speed of light, from any
frame of reference, would always give the same result. It is easy to understand
why physicists were unhappy with this theory. It was ad foc in the full sense of
the word. It seemed little more than a weird effort to patch up the rents that
had developed in the ether theory. There was no imaginable way either to
confirm or refute it. Physicists found it hard to believe that if there were an
etherwind, nature would go to such curious, drastic, almost prankish lengths
to prevent it from being detected. Arthur Stanley Eddington, a distinguished
British astronomer who was one of Einstein’s earliest admirers, described the
situation aptly by quoting the following lines from Lewis Carroll’s song of the
White Knight in Through the Looking-Glass:

But I was thinking of a plan
To dye one’s whiskers green,

And always use so large a fan
That they could not be seen.

Lorentz’s new theory, with its time as well as length changes, seemed al-
most as absurd as the White Knight’s plan. But try as they would, physicists
were unable to think of a better plan.

The next chapter will show how Einstein’s special theory of relativity
pointed to a bold, remarkable way out of this extraordinary confusion.
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In 1905, when Albert Einstein published his famous paper on what later be-
came known as the special theory of relativity, he was a young married man
of twenty-six, working as an examiner for the Swiss patent office. His career
as a physics student, at The Polytechnic Institute of Ziirich, had not been
impressive. He had preferred to read, think, and dream on his own rather
than cram his mind with unessential facts in order to pass examinations with
high marks. He tried teaching physics, but he was a clumsy teacher and lost
several such positions.
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There is another side to this history. From the time that he was a small boy,
Einstein had thought deeply about the fundamental laws of nature. He later
recalled the two greatest “wonders” of his childhood: a compass his father
showed him when he was four or five, and a book on Euclidian geometry that
he read when he was twelve. These two “wonders” are symbolic of Einstein’s
life work: the compass a symbol of physical geometry, the structure of that
“huge world” outside of us, about which we can never be absolutely certain;
the book a symbol of pure geometry, a structure that is absolutely certain
but independent of the actual world. Before he was sixteen Einstein had ac-
quired, largely by his own efforts, a solid understanding of basic mathematics,
including analytic geometry and calculus.

While Einstein was working in the Swiss patent office he was reading and
thinking about all sorts of perplexing problems that had to do with light and
motion. His special theory was a brilliant attempt to account for a wide va-
riety of unexplained experiments, of which the Michelson-Morley test had
been the most startling and best publicized. It is important to understand that
there were many other experiments that had created a highly unsatisfactory
state of affairs with respect to theory about electromagnetic phenomena. If
the Michelson-Morley test had never been made, the special theory would
still have been formulated. Einstein himself later spoke about the small role
that it actually played in his thinking. Of course, if Michelson and Morley had
detected an ether wind, the special theory would have been ruled out from
the start. But the negative result of the test was only one of many things that
led Einstein to his theory.

We have seen how Lorentz and FitzGerald had tried to save the ether-
wind theory by assuming that the pressure of the wind, in some not-yet-
understood way, causes an actual physical contraction of objects in motion.
Einstein, following the footsteps of Ernst Mach, took a bolder view. The rea-
son Michelson and Morley were unable to detect an ether wind, Einstein said,
is simple: There is no ether wind. He did not say that there is no ether; only that
the ether, if it exists, is of no value in measuring uniform motion. (In recent
years a number of prominent physicists have proposed that the term “ether”
be restored, though not, of course, in the old sense of an immovable frame
of reference.)

Classical physics—the physics of Isaac Newton—made clear that if you
are on a uniformly moving object, say a train car that is closed on all sides
so you cannot see the scenery go by, there is no mechanical experiment by
which you can prove that you are moving. (This assumes, of course, that the
uniform motion is completely smooth, with no bumps or swaying of the car
that can serve as clues to motion.) If you toss a ball straight up in the air, it
comes straight down again. This is exactly what would happen if the train
were standing still. An observer on the ground outside the moving car, if he
could see through the sides of the car, would see the ball’s path as a curve.
But to you inside the car, the ball goes straight up and down. It is fortunate
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that objects behave in this way. Otherwise one could never play a game like
tennis or baseball. Each time the ball went up in the air, the earth would move
out from under it.

The special theory of relativity carries the classical relativity of Newton
forward another step. It says that in addition to being unable to detect the
train’s motion by a mechanical experiment, it also is impossible to detect its
motion by an optical experiment; more precisely, by an experiment with elec-
tromagnetic radiation. The special theory can be put in a nutshell: It is not
possible to measure uniform motion in any absolute way. If we are on a
smoothly, uniformly moving train, we have to peek through a window and
look at some other object, say a telephone pole, to make sure we are moving.
Even then we cannot say positively whether the train is moving past the pole
or the pole moving past the train. The best we can do is say that the train
and the ground are in relative uniform motion.

Note the constant repetition in the last paragraph of that word “uniform.”
Uniform motion is motion in a straightline at a constant speed. Nonuniform
or accelerated motion is motion that is getting faster or slower (when it is getting
slower the acceleration is said to be negative), or motion along a path that
is not a straight line. The special theory of relativity has nothing new to say
about accelerated motion.
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The relativity of uniform motion seems harmless enough, but the fact is
that it plunges us immediately into a strange new world that at first seems
to resemble nothing so much as the nonsense world behind Lewis Carroll’s
looking-glass. For if there is no way to measure uniform motion relative to a
universal, fixed frame of reference like the ether, then light must behave in
an utterly fantastic way, completely contrary to all experience.

Consider an astronaut in a spaceship that is racing alongside a light beam.
The ship is traveling with half the speed of light. The astronaut will find, if he
makes the proper measurements, that the beam is still passing him at its usual
velocity of 299,800 kilometers per second! Think about this for a moment
and you will soon realize that this must indeed be the case if the notion of an
ether wind is discarded. If the astronaut found that light slowed down relative
to his motion, he would have detected the very ether wind that Michelson
and Morley failed to detect. Similarly, if his spaceship travels directly toward
a source of light, moving with half the speed of light, will he find the beam
approaching him twice as fast? No, it is still moving toward him at 299,800
kilometers per second. Regardless of how he moves relative to the beam, his
measurements will always give the beam the same speed.

Frequently one hears the remark that relativity theory makes everything in
physics relative, that it destroys all absolutes. Nothing could be further from
the truth. Itmakes some things relative that were previously thought absolute,
but in doing so, it introduces new absolutes. In classical physics the speed of
light was relative in the sense that it should appear to change depending on
the motion of the observer. In the special theory of relativity, the speed of
light becomes, in this sense, a new absolute. No matter how a source of light
moves, or how an observer moves, the speed of light relative to the observer
never changes.
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Imagine two spaceships, A and B. There is nothing in the cosmos except
these two ships. They move toward each other at uniform speed. Is there any
way that astronauts on either ship can decide which of the following three
situations is “true” or “absolute”?

1. Spaceship A is at rest, B is moving.
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3. Both ships are moving.

Einstein’s answer is: No, there is no way to decide. An astronaut on either
ship can, if he wishes, choose to make ship A the fixed frame of reference.
There is no experiment of any sort, including experiments with light or any
other electrical or magnetic phenomena, that will prove this choice wrong.
The same is true if he chooses to make ship B the frame of reference. If he
prefers to regard both ships as moving, he simply chooses a frame of refer-
ence outside the two ships; a spot relative to which both ships are in motion.
There is no question of one of these choices being “right” and the others
“wrong.” To speak of an absolute motion of either ship is to say something
that has no meaning. There is only one reality: a relative motion that brings
the ships closer together at uniform speed.

In a book of this sort it is impossible to go into technical details about the
special theory, especially details that involve its mathematics. We must be
content with mentioning some of the more surprising consequences that fol-
low logically from what Einstein, in his first paper on relativity, calls the two
“fundamental postulates” of his theory:

1. There is no way to tell whether an object is at rest or in uniform motion
relative to a fixed ether.

2. Regardless of the motion of its source, light always moves through empty
space with the same constant speed.
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(The second postulate should not be confused, as it so often is, with the con-
stant speed of light relative to a uniformly moving observer. This is a deduction
from the postulates. Note also that we are concerned only with light’s speed
in avacuum. Light travels more slowly through light-transmitting substances
such as air or glass, otherwise no lens would refract light.)

Other physicists had, of course, considered these two postulates. Lorentz
had tried to reconcile them by his theory in which absolute lengths and
times were altered by the pressure of the ether wind. Most physicists thought
this too radical a violation of common sense. They preferred to believe that
the postulates were incompatible and at least one of them must be wrong.
Einstein thought about the problem more deeply. The postulates were incom-
patible, he said, only ifone refused to give up the classical view that length and
time were absolute. When Einstein published his theory he did not know that
Lorentz had been thinking along similar lines, but like Lorentz he recognized
that measurements of length and time must depend on the relative motion of
object and observer. Lorentz, however, had gone only halfway. He had kept
the notion of an absolute length and time for objects at rest. He thought that
the ether wind distorted “true” length and time. Einstein went the full way.
There is, he said, no ether wind. There is no meaning to the concepts of ab-
solute length and time. This is the key to Einstein’s special theory. When he
turned it, all sorts of locks began slowly to open.

To explain his special theory in a nontechnical way, Einstein once intro-
duced the following famous thought experiment. Imagine, he said, an ob-
server M who is standing beside a railroad track. At a certain distance down
the track is a spot A. At the same distance up the track is a spot called B.
Lightning happens to strike simultaneously at points A and B. The observer
knows these events are simultaneous, because he sees the two flashes at the
same instant. Since he is midway between them, and since light travels at a
constant speed, he calculates that the lightning struck simultaneously in the
two spots.
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Now assume that when the lightning strikes, a train is moving at great
speed along the track in the direction from A to B. At the instant the two
flashes occur, an observer on the train—we call him M’ —is exactly opposite
observer M on the track. Since M’ is moving toward one flash and away from
the other, he will see the flash at B before he sees the flash at A. Knowing
that he is in motion, he will make allowances for the speed of light; he, too,
will calculate that the two flashes occurred simultaneously.

All well and good. But according to the two fundamental postulates of the
special theory (and confirmed by the Michelson-Morley test), we have just as
much right to assume that the train is at rest while the ground moves rapidly
backward under the train’s wheels. From ¢his point of view, M, the observer
on the train, will conclude that the flash at B actually did occur ahead of the
flash at A, just as he observed them. He knows that he is midway between
the two flashes and, since he regards himself as at rest, he is forced to con-
clude that the flash he saw first must have occurred before the flash he saw
second.

M, the observer on the ground, is forced to agree. True, he sees the flashes
as simultaneous, but now /e is the one who is assumed to be moving. When
he makes allowances for the speed of light and the fact that he is moving
toward the flash at A and away from the flash at B, he will calculate that the
flash at B must have taken place first.

We are driven to conclude, therefore, that the question of whether the
flashes are simultaneous cannot be answered in any absolute way. The answer
depends on the choice of a frame of reference. Of course, if two events occur
simultaneously at the same spot, it can be said absolutely that they are simulta-
neous. When two airplanes collide in midair, there is no frame of reference
from which the smashing of both planes will not be simultaneous. But the
greater the distance between two events, the greater the difficulty of deciding
about simultaneity. It is important to understand that this is not just a ques-
tion of being unable to learn the truth of the matter. There is no actual truth of



THE SPECIAL THEORY OF RELATIVITY PART I 37

the matter. There is no absolute time throughout the universe by which abso-
lute simultaneity can be measured. Absolute simultaneity of distant events is
a meaningless concept.

How radical this notion is can be seen by a thought experiment in which
vast distances and enormous speeds are involved. Suppose that someone on
Planet X, in another part of our galaxy, is trying to communicate with the
earth. He sends out a radio message. This is, of course, an electromagnetic
wave that travels through space with the speed of light. Assume that the earth
and Planet X are ten light-years apart, which means that it takes ten years for
the message to travel to the earth. Twelve years before a radio astronomer
on earth receives the message, the astronomer had received a Nobel Prize.
The special theory permits us to say, without qualification, that he received
this prize before the message was sent from Planet X.

Ten minutes after receiving the message, the astronomer sneezes. The spe-
cial theory also permits us to say, without qualification, and for all observers
in any frame of reference, that the astronomer sneezed after the message was
sent from Planet X.

Now suppose that sometime during the ten-year period, while the radio
message was on its way to the earth (say, three years before the message was
received), the astronomer fell off his radio telescope and broke a leg. The
special theory does not permit us to say without qualification that he broke
his leg before or after the sending of the message from Planet X.

The reason is this: one observer, leaving Planet X at the time the message
is sent and traveling to the earth with a speed judged from the earth to be
slow, will find (according to his measurements of the passing of time) that the
astronomer broke his leg affer the message was sent. Of course, he will arrive
on earth long after the message is received, perhaps centuries after. But when
he calculates the date on which the message was sent, according to his clock
it will be earlier than the date on which the astronomer broke his leg. On
the other hand, another observer, who also leaves Planet X at the time the
message is sent, but who travels very close to the speed of light, will find that
the astronomer broke his leg before the message was sent. Instead of taking
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centuries to make the trip, he will make it in, say, only a trifle more than ten
years as calculated on the earth. But because of the slowing down of time on
the fast-moving spaceship, it will seem to the ship’s astronaut that he made
the trip in only a few months. He will be told on the earth that the astrono-
mer broke his leg a little more than three years before. According to the as-
tronaut’s clock, the message was sent a few months before. He will conclude
that the leg was broken years before the message left Planet X.

Ifthe astronaut traveled as fast as light (of course this is purely hypothetical,
not possible in fact), his clock would stop completely. It would seem to him
that he made the trip in zero time. From his point of view the two events, the
sending of the message and its reception, would be simultaneous. A/ events
on earth during the ten-year period would appear to him to have occurred
before the message was sent. Now, according to the special theory there is
no “preferred” frame of reference: no reason to prefer the point of view of
one observer rather than another. The calculations made by the fast-moving
astronaut are just as legitimate, just as “true,” as the calculations made by
the slow-moving astronaut. There is no universal, absolute time that can be
appealed to for settling the differences between them. The instant “now” has
meaning only for the spot you occupy. You cannot assume that a “now” exists
simultaneously for all spots of the universe.

This breakdown in the classical notion of absolute simultaneity is by all
odds the most “beautifully unexpected” aspect of the special theory. (The
phrase “beautifully unexpected” is from a speech on relativity by the nu-
clear physicist Edward Teller*) Newton took for granted that one universal
time permeated the entire cosmos. So did Lorentz and Poincaré. It was this
that prevented them from discovering the special theory ahead of Einstein!
Einstein had the genius to see that the theory could not be formulated in
a comprehensive, logically consistent way without giving up completely the
notion of a universal cosmic time.

There are, said Einstein, only local times. On the earth, for example,
everyone is being carried along through space at the same speed; therefore,
their watches all run on the same “earth time.” A local time of this sort, for
amoving object like the earth, is called that object’s “proper time.” There is
still an absolute “before” and “after” (obviously no astronaut is going to die
before he is born), but when events are separated by vast distances, there are
long time intervals within which it is not possible to say which of two events
is before or after the other. The answer depends on the observer’s motion
with respect to the two events. The decision reached by one observer is just
as “true” as a different decision reached by another observer. All this follows
with iron logic from the two fundamental postulates of the special theory.

* The speech was reprinted as “The Geometry of Space and Time,” in The
Mathematics Teacher (November 1961).
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When the concept of simultaneity falls, other concepts fall with it. Time
becomes relative because observers differ in their estimates of the time that
elapses between the same two events. Length also becomes relative. The
length of a moving train cannot be measured without knowing exactly where
the front and back ends are at the same instant. If someone reports that at 1:00
o’clock the front end of a train was exactly opposite him and that the back
end was a mile down the track at some time between 12:59 and 1:01, there
obviously is no way of determining the exact length of the train. In other
words, amethod of establishingexact simultaneity is essential for the accurate
measurements of distances and the lengths of moving objects. In the absence
of such a method, the lengths of moving objects become dependent on the
choice of a frame of reference.

For example, if two spaceships are in relative motion, an observer on each
ship will measure the other ship as contracted slightly in the direction of
its motion. At ordinary speeds this change is extremely minute. The earth,
which moves at 30 kilometers per second around the sun, would appear, to
an observer at rest relative to the sun, as shortened only by a few inches.
When relative speeds are very great, however, the change becomes signif-
icant. It turned out, happily, that the same formula for contraction that
had been devised by FitzGerald and Lorentz, to explain the Michelson-
Morley test, could be applied here. In relativity theory it is still called the
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Lorentz-FitzGerald contraction, but it would be less confusing if it had some
other name because Einstein gave the formula a fundamentally different
interpretation.

For Lorentz and FitzGerald the contraction was a physical change, caused
by pressure of the ether wind. For Einstein it had only to do with the results
of measurement: in this case, when the astronauts on one spaceship mea-
sure the length of the other ship. The observers on each ship detect no
change in the length of their own ship, or the lengths of objects inside it.
When they measure the other ship, however, they find it shorter. Lorentz and
FitzGerald still thought of moving objects as having absolute “rest lengths.”
When objects contracted, they were no longer their “true” lengths. Einstein,
by giving up the ether, made the concept of absolute length meaningless.
What remained was length as measured, and this turned out to vary with the
relative speed of object and observer.

How is it possible, you ask, for each ship to be shorter than the other? You
ask an improper question. The theory does not say that each ship is shorter
than the other; it says that astronauts on each ship measure the other ship as
shorter. This is a quite different matter. If two people stand on opposite sides
of a huge concave lens, each sees the other as smaller, but that is not the same
as saying that each is smaller.

In addition to apparent changes in length, there are also apparent changes
in time. Astronauts on each ship will find that clocks* on the other ship are
running slower. A simple thought experiment shows that this must indeed
be the case. Imagine that you are looking out through the porthole of one

* The word “clock” is used here and throughout the book for any type of periodic
process that is not dependent on gravity: the movement of a balance-wheel clock, the
beating of a heart, and so on. It is good to bear in mind that gravity clocks, such as
pendulum clocks and sand glasses, would be useless under the described conditions.
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spaceship into the porthole of another ship. The two ships are passing each
other with a uniform speed close to that of light. As they pass, a beam of light
on the other ship is sent from its ceiling to its floor. There it strikes a mirror
and is reflected back to the ceiling again. You will see the path of this light
as a V. If you had sufficiently accurate instruments (of course no such instru-
ments exist), you could clock the time it takes this light beam to traverse the
V-shaped path. By dividing the length of the path by the time, you obtain the
speed of light.
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Now suppose that while you clock the light beam on its V-shaped path,
an astronaut inside the other ship is doing the same thing. From his point of
view, assuming /s ship to be the fixed frame of reference, the lightsimply goes
down and up along the same line, obviouslya shorter distance than along the
V that you observed. When he divides this distance by the time it took the
beam to go down and up, he also obtains the speed oflight. Because the speed
of light is constant for all observers, he must get exactly the same final result
that you did: 299,800 kilometers per second. But his light path is shorter.
How can his result be the same? There is only one possible explanation: his
clock is slower. Of course, the situation is perfectly symmetrical. If you send
a beam down and up inside your ship, he will see its path as V-shaped. He
will deduce that your clock is slower.
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The fact that these bewildering changes of length and time are called “ap-
parent” does not mean that there is a “true” length or time which merely
“appears” different to different observers. Length and time are relative con-
cepts. They have no meaning apart from the relation of an object to an ob-
server. There is no question of one set of measurements being “true,” another
set “false.” Each is true relative to the observer making the measurements;
relative to his frame of reference. There is no way that measurements can be any
truer. In no sense are they optical illusions, to be explained by a psychologist.
They can be recorded on instruments. They do not require a lizing observer.

Mass, too, is a relative concept, but we must defer this and other matters
to the next chapter.
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Length and time, as was shown in the previous chapter, are relative concepts.
If two spaceships pass each other with uniform velocity, observers on each
ship will find that astronauts on the other ship are thinner and moving about
more slowly. If the relative speed is great enough, they will seem to move like
actors in a slow-motion picture. All phenomena with periodic movements
will seem reduced in speed: tuning forks, balance-wheel watches, heartbeats,
vibrating atoms, and so on. As Eddington once expressed it, even cigars on
the other ship will seem to last longer. A six-foot astronaut, standing erect
in a horizontally moving ship, will still appear six feet tall, but his body will
seem thinner in the line of travel. When he lies down with his body in line
with the ship’s motion, his body will be restored to normal width but he will
now seem shorter from head to toes.
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If two spaceships actually could pass each other with arelative speed great
enough to make such changes significant, all sorts of technical difficulties
would make it virtually impossible for observers on either ship to see such
changes. Writers like to explain relativity by using oversimplified dramatic
illustrations. These colorful illustrations do not describe changes that actually
could be observed, either by the human eye or by any instruments presently
known. They should be thought of as changes that could, in principle, be
inferred by the astronauts on the basis of measurements, with sufficiently
precise instruments and after making necessary corrections for the velocity
of light. Whenever we speak of an “observer” we mean an imaginary, ideal-
ized person, attached to a specified reference frame, who reaches certain
conclusions based on his measuring instruments.*

Inaddition to changesinlength and time, there are also relativistic changes
in mass. Mass, in a rough sense, is a measure of the amount of matter in an
object. A lead ball and a cork ball may be the same size, but the lead ball is
more massive. It contains a greater concentration of matter.

* The actual appearance of an object—how it would look on a photograph taken
instantaneously—when observer and object are passing each other at high relativis-
tic speeds, is a complicated matter that has been investigated only since 1959. Clas-
sical laws of optics combine with Lorentz contractions to produce surprising results.
A sphere, for example, always appears as a circular disk. Under certain conditions
a cube seems to have been rotated. The interested reader will find such matters dis-
cussed in James Terrell, “Invisibility of the Lorentz Contraction,” Physical Review (No-
vember 15, 1959); V. E. Weisskopf, Physics Today (September 1960); G. D. Scott and
M. R. Viner, “The Geometrical Appearance of Large Objects Moving at Relativistic
Speeds,” American Journal of Physics (July 1965).
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There are two ways to measure an object’s mass. It can be weighed or it
can be determined how much force is needed to accelerate the object by a
certain amount. The first method is not a very good one because the results
vary with the local strength of gravity. A lead ball carried to the top of a high
mountain will weigh a trifle less than before, although its mass remains ex-
actly the same. On the moon its weight would be considerably less than on
the earth. On Jupiter its weight would be considerably more.

The second method of measuring mass gives the same result regardless of
whether one is on the earth, the moon, or Jupiter, but it is subject to a different
and odder kind of variation. To determine the mass of a moving object by
this method, one must measure the force required to accelerate it by a certain
amount. Clearly, a stronger push is needed to start a cannonball rolling than
to start a cork ball rolling. Mass measured in this way is called inertial mass to
distinguish it from gravitational mass. Measurements of this nature cannot be
made without making measurements of time and distance. The inertial mass
of a cannonball, for example, is expressed by the amount of force required
to increase its speed (distance per unit time) by so much per unit of time. As
we have seen, time and distance measurements vary with the relative speed
of object and observer. As a result, measurements of inertial mass also vary.
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In Chapter 5 we will return to the concept of gravitational mass and its
relation to inertial mass. Here we are concerned only with inertial mass as
measured by an observer. For observers at rest relative to an object—for ex-
ample, astronauts carrying an elephant on a spaceship—the object’s inertial
mass remains the same regardless of the speed with which the ship is traveling.
The elephant’s mass, as measured by such observers, is called its proper mass
or rest mass. The same elephant’s inertial mass, measured by an observer in
relative motion with the elephant (for example, by an observer on the earth),
is called the elephant’s relativistic mass. The rest mass of an object never varies.
Its relativistic mass does. Both are measurements of inertial mass. In this
chapter we are concerned only with inertial mass; when the word “mass” is
used it should always be taken in that sense.

Allthree variables—length, time, mass —are covered by the same Lorentz
contraction formula given in Chapter 2. Length and the rate of clocks vary
in the same direct proportion, so the formula is the same for each. Mass and
the length of time intervals vary in inverse proportion, which means that the
formula has to be written like this:

1

2
1%
Vi-5

[4

The mass of an object, measured by an observer in uniform motion relative
to the object, is obtained by multiplying the object’s rest mass by the above
formula (where v is the relative velocity of the object, ¢ the speed of light).

For example, if the relative speed of two spaceships is close to 259,635
kilometers per second, observers on either ship will find the other ship half
as long, its clocks running half as fast, its hours twice as long, and its mass
twice as large. Of course, the astronauts will find everything completely nor-
mal inside their own ship. If the ships could attain a relative speed equal to
that of light, observers on each ship would think the other ship had shrunk
to zero in length, acquired an infinite mass, and that time on the other ship
had slowed to a full stop!

If inertial mass did not vary in this way, then the steady application of
force, such as the force supplied by rocket motors, could keep increasing a
ship’s velocity until it passed the speed of light. This cannot occur because
as the ship goes faster and faster (from the standpoint, say, of an observer on
the earth), its relativistic mass keeps increasing in the same proportion as its
length and time are decreasing. When the ship has contracted to one-tenth
its rest length, its relativistic mass has become ten times as great. It is offer-
ing ten times as much resistance to its rocket motors; therefore, ten times as
much force is required to produce the same increase in speed as would be
required if the ship were at rest. The speed of light can never be reached. If
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it were reached, the outside observer would find that the ship had shrunk to
zero length, had acquired an infinite mass, and was exerting an infinite force
with its rocket motors. Astronauts inside the ship would observe no changes
in themselves, but they would find the cosmos hurtling backward with the
speed of light, cosmic time at a standstill, every star flattened to a disk and
infinitely massive.

Only a science-fiction writer would dare speculate on what astronauts
might observe from a ship moving faster than light. Perhaps the cosmos would
appear to turn inside out and become its own mirror image, stars would ac-
quire negative mass, and cosmic time would run backward. I hasten to add
that none of this follows from the formulas of the special theory. If the speed
of light is exceeded, the formulas give values to length, time, and mass that
are what mathematicians call “imaginary numbers” —numbers that involve
the square root of minus one. Who can say? Maybe a ship that broke the light
barrier would plunge straight into the Land of Oz!
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After learning that nothing can outrun light, beginning students of relativ-
ity are often perplexed when they come across references to velocities faster
than light. To understand exactly what relativity has to say on this point, it
will be best to introduce the term “inertial frame.” (Earlier writers on rela-
tivity called it “inertial system” or “Galilean system.”) When an object like
a spaceship is in uniform motion, that object and all objects moving along
with it in the same direction and with the same speed (such as all the objects
inside the ship) are said to be attached to the same inertial frame. (To be more
technical, the inertial frame is the Cartesian coordinate system to which the
spaceship is attached.) Outside the context of a specific inertial frame, the
special theory no longer applies and there are many ways that speeds faster
than light can be observed.

Consider, for example, this simple situation. A spaceship, traveling at three-
fourths the speed oflight, passes overhead going due east. At the same instant
another spaceship, also traveling at three-fourths the speed of light, passes
overhead going due west. From your frame of reference, attached to the in-
ertial frame of the earth, the two ships pass each other with a relative velocity
of one and one-half times the speed of light. They approach at that speed,
move apart at that speed. There is nothing in relativity theory to deny this.
However, the special theory does insist that if you were riding on either ship, you
would calculate the relative speed of the ships to be less than that of light.

In this book we are trying our best to avoid the mathematics of relativity,
but like the Lorentz contraction formula, the formula below is too simple to
leave out. If x is the speed of one ship relative to the earth and y is the speed
of the other ship relative to the earth, then the speed of the ships relative to
each other, as seen from the earth, is, of course, x plus . But as seen by an observer
on either ship, we have to add velocities by the following formula:

xt+y

]+ 22,
62

In this formula, ¢ is the velocity of light. It is easy to see that when the
speeds of the ships are small compared to light, the formula gives a result
that is almost the same as the result obtained by adding the two velocities in
the usual manner. But if the speeds of the ships are very great, the formula
gives a quite different result. Take the limiting case and assume that instead
of spaceships there are two beams of light passing overhead in opposite di-
rections. The earth observer sees them separate with a speed of 2c, or twice
the speed of light. But if he were riding on one beam, he would calculate this
speed, according to the formula, as

c+c

1+ €,
2
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which, of course, reduces to the value of ¢. In other words, he would see the
other beam moving away from him with the speed of light.

Suppose that a beam of light passes overhead at the same time that a space-
ship moves in the opposite direction with a speed of x. From the earth’s iner-
tial frame, ship and light pass each other with a speed of ¢ plus x. The reader
may enjoy using the formula to calculate the speed of light as observed from
the spaceship’sinertial frame. It turns out, of course, to be ¢ again.

Outside the province of the special theory, which is concerned only with
inertial frames, it is still possible to speak of the speed of light as an absolute
limit. But now it has to be phrased in a different way: There is no way to send
a signal, from one material body to another, with a speed faster than light.
“Signal” is here used in a wide sense to include any sort of cause-and-effect
chainbywhich amessage can be transmitted: the sending of a physical object,
for instance, or the transmission of any type of energy such as a sound wave,
electromagnetic wave, shock wave in a solid, and so on. A message cannot
be sent to Mars with a speed greater than the speed of light. This cannot be
done by writing a letter and sending it in a rocket, because as we have seen,
the rocket’s relative speed must always be less than the speed of light. If the
message is coded and sent by radio or radar, it goes at the speed of light. No
other type of energy can provide a faster transmission of the code.
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Although signals cannotbe sent faster than the speed of light, it is possible
to observe certain types of motion that, relative to the observer, will have a
speed faster than light.* Imagine a gigantic pair of scissors, the blades as long
as from here to the planet Neptune. The scissors begin to close with uniform
speed. As this happens, the point where the cutting edges intersect will move
toward the points of the scissors with greater and greater velocity. Imagine
yourself sitting on the motionless pin that joins the blades. Relative to your
nertial frame, the point of intersection of the blades will soon be moving
away from you with a speed greater than that of light. Of course, it is not a
material object that is moving, but a geometrical point.

* See Milton A. Rothman, “Things That Go Faster Than Light,” Scientific American
(July 1960).



54 RELATIVITY SIMPLY EXPLAINED

Perhaps this thought occurs to you: Suppose that the handles of the scissors
are on the earth and the point of intersection of the blades is at Neptune. As
you wiggle the handles slightly, the intersection point jiggles back and forth.
Could you not, then, transmit signals almost instantaneously to Neptune?
No, because the impulse that moves the blades has to pass from molecule to
molecule, and this transmission must be slower than light. There are no ab-
solutely rigid bodies in special relativity. Otherwise you could simply extend
a rigid rod from the earth to Neptune and send messages instantaneously by
wiggling one end. There is no way that the giant pair of scissors, or any other
type of so-called rigid object, could be used for transmitting a signal with a
speed faster than the speed of light.

Ifasearchlight beam is aimed at a screen that is big enough and far enough
away, the searchlight can be turned to make the spot on the screen move
across the screen faster than light. Here again, no material object is moving.
The motion is really an illusion. If the searchlight is aimed out in space and
rotated, distant parts of the beam will sweep through space at a speed far be-
yond that of light. Oscilloscopes are made in which a beam of light “writes”
on the screen with a speed faster than light.

Chapter 5 will show that it is permissible to assume that the earth is a
nonrotating frame of reference. From this point of view, the stars will have a
circular velocity around the earth that is much greater than the speed of light.
A star only ten light-years away has a relative velocity around the earth of
twenty thousand times the speed of light. It is not necessary even to look to
the stars for this geometrical method of breaking the light barrier. By spinning
a top, a child can give the moon a rotational speed (relative to a coordinate
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system attached to the top) that far exceeds the velocity of light. Chapter 12
explains that according to a once popular theory about the universe, distant
galaxies may be moving away from the earth with a velocity greater than that
of light. None of these examples contradicts the assertion that the speed of
light is a barrier to sending signals from one material body to another.

An important consequence of the special theory, which can be touched
upon only briefly, is that under certain conditions energy will change to mass,
and under certain other conditions mass will change to energy. Physicists used
to think that the total amount of mass in the cosmos never changes and the
total amount of energy never changes. This was expressed by the laws of the
“conservation of mass” and the “conservation of energy.” Now the two laws
have merged into one single law, the “conservation of mass-energy.”

When rocket motors accelerate a spaceship, part of the energy goes into
the ship’s increased relativistic mass. When energy is put into a coffeepot by
heating—that is, by speeding up its molecules—the pot actually weighs a
trifle more than it did before. As the coffee cools, mass is lost. When a watch
is energized by winding, it actually gains a tiny amount of mass. As the watch
runs down, it loses the mass. Such gains and losses of mass are so infinitesimal
that they would never be considered in the ordinary calculations of physics.
The change from mass to energy is not so infinitesimal, however, when a
hydrogen bomb explodes!

The bomb’s explosion is the sudden conversion to energy of part of the
mass of the bomb’s material. Energy radiated by the sun has a similar ori-
gin. The sun’s enormous gravity puts the hydrogen gas in its interior under
such great pressure, raises the gas to such a high temperature that hydro-
gen is fused, or converted, into helium. In this process some mass is turned
into energy. The equation that expresses the relation of mass to energy is, as
everyone now knows:

e=me2,

where ¢ is energy, m is mass and ¢2 is the velocity of light multiplied by it-
self. This equation was formulated by Einstein in connection with his special
theory. It is easy to see from the formula that an exceedingly small bit of mass
is capable of releasing a monstrous amount of energy. Life on earth would
not exist without the sun’s energy, so in a sense life depends on this formula.
Now itappearsas if the end of life on earth is also bound up with the formula.
It is no exaggeration to say that learning how to cope with the terrible fact
expressed by this simple equation is the greatest problem that has ever faced
mankind.
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The bomb, however, is only the most spectacular of many confirmations
of the special theory. Experimental evidence began to accumulate almost as
soon as the ink was dry on Einstein’s 1905 paper. It is, in fact, one of the
best-confirmed theories of modern physics. It is confirmed every day in the
laboratories of atomic scientists who work with particles that travel with a
speed close to that of light. The faster such particles move, the greater the
force needed to accelerate them by a given amount: in other words, the
greater their relativistic mass. This is precisely why physicists keep building
larger and larger machines for accelerating particles. They need stronger and
stronger fields to overcome the increasing mass of particles as they are boosted
closer and closer to the speed of light. Electrons can now be accelerated to
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0.999999999+ the speed of light. This gives to each electron a mass (rela-
tive to the earth’s inertial frame) that is about forty thousand times its mass
at rest! Relativistic changes of time are also observable. The average life of a
fast-moving meson, for example, is longer than a slow-moving one because
the meson’s proper time runs more slowly the faster it goes.

When a particle collides with its antiparticle (a particle of the same struc-
ture but opposite electrical charge), there is total and mutual annihilation.
The entire mass of both particles turns into radiant energy. So far, this has
been done in the laboratory only with individual, short-lived particles. If
physicists ever succeed in constructing antimatter (matter made up of anti-
particles), they will be able to achieve the ultimate in atomic power. A tiny
amount of antimatter on a spaceship, kept suspended by magnetic fields,
could be combined slowly with matter to provide propulsion sufficient to
carry the ship to the stars.
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So thoroughly has the special theory ofrelativity been confirmed by experi-
ment that it would be hard to find a physicist today who doubts the theory’s
soundness.

Uniform motion is relative. But before it can be said that a/l motion is rela-
tive, there is one last hurdle to cross: the hurdle of inertia. Exactly what this
hurdle is and how Einstein crossed it will be the topic of Chapter 5.
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At the beginning ofthe second chapter it was pointed out that there are two
ways by which absolute motion might be detected: by measuring motion with
respect to a beam of light, and by making use of inertial effects that arise
when an object is accelerated. The first method was shown by the Michelson-
Morley experiment to be unworkable. Einstein’s special theory of relativity
explained why. This chapter turns to the second method: the use of inertial
effects as clues to absolute motion.
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When a rocket ship blasts off, an astronaut inside the ship is pressed against
the back of his seat with enormous force. This is a familiar inertial effect
caused by the rocket’s acceleration. Does not this indicate that it is the rocket
that is moving? In order to maintain that all motion is relative, including ac-
celerated motion, it must be possible to choose the rocket as a fixed frame of
reference. In such a case, the earth and the entire cosmos must be regarded
as moving backward, away from the rocket. But if the situation is viewed in
this way, how can the inertial forces that act on the astronaut be explained?
The force with which he is pressed against his seat seems to indicate, beyond
any doubt, that the rocket moves, not the cosmos.

Another convenient example is provided by the rotating earth. Centrifugal
force, an inertial effect that accompanies rotation, causes the earth to bulge
slightly at the equator. If all motion is relative, does it not follow that the earth
can be chosen as a fixed frame of reference, with the cosmos rotating around
it? This can certainly be imagined, but then, what would cause the earth’s
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equator to bulge? The bulge seems to indicate that it is the earth, not the
universe, that rotates. Incidentally, astronomers are not agreed as to whether
centrifugal force continues to maintain the equatorial bulge, or whether the
bulge developed in past geologic ages when the earth was more plastic, and
has now become a feature of a rigid earth, a feature that would remain even
if the earth stopped rotating. All agree, however, that centrifugal force is
responsible for the bulge.

This exact line of thought convinced Newton that motion was not relative.
He cited as proof the fact that if a bucket of water is rotated around a vertical
axis, centrifugal force will cause the surface of the water to become concave
or even to spill over the sides. It is unimaginable that a rotating universe
could have this effect on the water; therefore, it must be concluded, Newton
argued, that the bucket’s rotation is absolute.

For ten years after he had published his special theory, Einstein brooded
about this problem. Most physicists did not even see it as a problem. Why not
face the fact, they said, that uniform motion is relative (as the special theory
asserts), but that accelerated motion is absolute? Einstein was not satisfied
with this state of affairs. He had a hunch that if uniform motion is relative,
accelerated motion is also. Finally, in 1916, eleven years after the publication
of his special theory, he published his general theory of relativity. The theory
is called “general” because it is a generalization or extension of the special
theory. It includes the special theory as a special case.

The general theory is a much greater intellectual achievement than the
special theory. If Einstein had not been the first to conceive of the special



64 RELATIVITY SIMPLY EXPLAINED

theory, there is little doubt that other physicists would soon have thought of
it. Poincaré, the French mathematician mentioned earlier, was one of several
who came within a hair’s breadth of it. In a remarkable speech that he gave
in 1904,* Poincaré predicted that there would arise “an entirely new me-
chanics” in which no velocity can exceed that of light, just as no temperature
can fall below absolute zero. It would maintain, he said, “the principle of
relativity, according to which the laws of physical phenomena should be the
same, whether for an observer fixed, or for an observer carried along in a uni-
form movement of translation; so that we have not any means of discerning
whether or not we are carried along in such a motion.” Poincaré did not see
the essential steps that had to be taken in order to carry out such a program,
but he certainly had an intuitive grasp on the essence of the special theory.
At the time, Einstein was not aware of how closely the thoughts of Poincaré,
Lorentz, and others were to his own. Years later he paid generous tribute to
these men.

The general theory of relativity is an altogether different matter. It was, to
use Teller’s phrase again, “beautifully unexpected”: a work of such stupen-
dous originality, along such unorthodox lines, that it came into the scientific
world with something like the same effect that the new dance craze, the twist,
invaded in 1962 the ballrooms of the United States. Einstein had given a new
twist to the ancient dance rhythms of time and space. In a surprisingly short
time every physicist in the world was either dancing the new twist, expressing

* This speech was reprinted in Scientific Monthly (April 1956).
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shocked horrorover it, or complaining that he was too old to learn. If Einstein
had not lived, no doubt other scientists would have given physics the same
twist, but a century or more might have slipped by before they did so. Few
other great theories in the history of science seem so completely the work of
asingle man.

“Newton, forgive me,” Einstein wrote toward the end of his life. “You
found the only way which, in your age, was just about possible for a man of
highest thought and creative power.” It is a moving tribute by the greatest
scientist of our time to his greatest predecessor.

At the heart of Einstein’s general theory is what he calls the principle of
equivalence. This is nothing less than the staggeringassertion (Newtonwould
have considered it mad) that gravity and inertia are one and the same. This
does not mean merely that they have similar effects. Gravity and inertia are two
different words for exactly the same thing.

Einstein was not the first scientist to be impressed by the strange resem-
blance between gravitational and inertial effects. Consider for a moment just
what happens when a cannonball and a small wooden ball are dropped from
the same height. Assume that the cannonball’s weight is one hundred times
that of the wooden ball. This means that gravity pulls on the cannonball with
a force that is one hundred times the force with which it pulls on the wooden
ball. It is easy to understand why Galileo’s enemies could not believe that two
such balls would hit the ground at the same time. Of course we all now know
that, ignoring the influence of air resistance, the balls fall side by side. To ex-
plain this fact, Newton had to assume something very curious. At the same
time that gravity is pulling down on the cannonball, the ball’s inertia—that
is, its resistance to force—is holding back the cannonball. True, the force of
gravity is one hundred times greater on the cannonball than on the wooden
ball, but the inertia holding back the cannonball is also exactly one hundred
times greater!
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Physicists often express it this way: The force of gravity on an object is
always proportional to the object’s inertia. If object A is twice as heavy as
object B, its inertia is also twice as great. Twice as much force will be needed
to accelerate object A to a certain speed as will be necessary to accelerate ob-
ject B to the same speed. If this were not the case, objects of different weight
would fall with different accelerations.

It is easy to imagine a world in which the two forces are not proportional.
In fact, scientists imagined just such a world from the time of Aristotle to
the time of Galileo! We could get along quite well in such a world. Condi-
tions would not be exactly the same in a falling elevator, but how often does
one ride in a falling elevator? As it is, we happen to live in a world in which
the two forces are proportional. Galileo was the first to demonstrate this.
Surprisingly accurate experiments confirming Galileo’s findings were made
around 1900 by a Hungarian physicist named Baron Roland von Eotvos.
The most accurate tests of all were made in the early 1960s by Robert H.
Dicke and his associates at Princeton University* As far as they could de-
termine, gravitational mass (weight) is always exactly proportional to inertial
mass.

Newton knew, of course, about this curious tug of war between gravity
and inertia, a tug of war that causes all objects to fall with the same accel-
eration, but he had absolutely no way of accounting for it. It was simply an
extraordinary coincidence. Because of this coincidence it is possible to make
use of inertia in such a way that gravitational fields can be both created and
eliminated. Chapter 1 brought out the fact that an artificial gravity field can
be produced in a spaceship shaped like a torus (doughnut) simply by rotat-
ing the ship like a wheel. Centrifugal force will cause objects inside the ship
to press against the outside rim. By rotating the ship at a certain constant
speed, an inertial force field is created inside the ship that has the same ef-
fect as the gravitational field of the earth. Spacemen would walk about on
what they would regard as a curved floor. Dropped objects would fall to this
floor. Smoke would rise to the ceiling. All the effects of a normal gravitational
field would be present. Einstein illustrated the same point with the following
famous thought experiment.

Imagine an elevator that is being pulled up through space with constantly
increasing speed. If this acceleration is uniform, and exactly the same as the
acceleration with which an object falls to the earth, then persons inside
the elevator will believe themselves to be in a gravitational field exactly like
the earth’s.

Not only can acceleration counterfeit gravity in this way, it can also
counteract gravity. In a falling elevator, for example, the downward accelera-
tion completely eliminates the effect of gravity inside the car. A state of zero
£ (zero gravity) prevails inside a spaceship so long as it is in a state of free fall:

*See R. H. Dicke, “The Eotvos Experiment,” Scientific American (December 1961).
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moving freely under the influence of no force except gravity. The weightless-
ness experienced by Russian and American astronauts on their trips around
the earth is explained by the fact that their ships are in a state of free fall as
they circle the earth. So long as a spaceship’s rocket motors are not working,
there is zero g inside the ship.

This remarkable correspondence between inertia and gravity remained
unexplained until Einstein developed his general theory of relativity. As in
his special theory, he invoked the simplest, most daring hypothesis. In spe-
cial relativity, remember, Einstein said that the reason there seems to be no
ether wind is that there isn’t any ether wind. In general relativity he says: The
reason gravity and inertia seem to be the same thing is that they are the same
thing.
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It is not quite correct to say that inside a free-falling elevator a condition
of zero gravity is simulated. For an observer on earth it is true that the earth’s
gravitational field is still there, causing both the elevator and the person in-
side to fall. But to the observer in the elevator, who takes the elevator as his
frame of reference, the earth and the entire universe are accelerating toward
him. This sets up a gravity field (as we will see in a moment) that nullifies the
field surrounding the earth. The field equations are such that when the total
situation is described by the observer in the elevator, the earth’s gravitational
field has disappeared. It is true zero gravity.

Similarly, it is not quite correct to say that gravity in a rotating spaceship
or an upward-accelerating elevator is counterfeited. It is not counterfeited.
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Gravity is genuinely created. A gravitational field produced in this way does
not have the same geometrical structure as a field surrounding a large body
like the earth, but it is a true gravity field nonetheless. As in the special theory,
the mathematical description of nature must be made more complicated to
permit these startling assertions, but the end result justifies the complication.
Instead of two forces, gravity and inertia, there is only one.

Einstein hated complexity and loved simplicity, in his daily life as well as
in his thinking. Once when a friend asked him why he refused to buy shaving
soap (he shaved with ordinary bar soap) Einstein said he found intolerable
the notion of keeping two kinds of soap when one would do. Before Einstein
came along with his sharp Occam’s razor (the principle that entities should
not be multiplied beyond necessity), scientists shaved the universe with two
kinds of soap, gravity and inertia. Would Einstein have thought of his general
theory had he not found this intolerable?

It may seem strange to use a word like “simplicity” for a theory employing
such advanced mathematics that it was once said that no more than twelve
men in the world could understand it (an exaggeration, by the way, even at
the time the remark was current). The mathematics of relativity is indeed
complicated, but this complexity is balanced by a remarkable simplification
in the overall picture. The reduction of gravity and inertia to the same phe-
nomenon alone is enough to make general relativity a most efficient way of
looking at the world.

Einstein made this point in 1921 when he lectured on relativity at
Princeton University. “The possibility,” he said, “of explaining the numerical
equality of inertia and gravitation by the unity of their nature gives to the gen-
eral theory of relativity, according to my conviction, such a superiority over
the conceptions of classical mechanics, that all the difficulties encountered
must be considered as small in comparison.”

In addition, relativity theory has what mathematicians like to call “ele-
gance”: a kind of artistic grandeur. “Every lover of the beautiful,” Lorentz
once declared, “must wish it to be true.”

Einstein’s principle of equivalence —the equivalence of gravity and iner-
tia—makes possible the view that all motion, including accelerated motion,
is relative. This is how the trick is done. When Einstein’s elevator is visualized
as moving upward through the cosmos with accelerating velocity, inertial
effects can be observed inside the elevator. But the elevator can theoretically
be made a fixed, motionless frame of reference. Now the entire universe,
with all its galaxies, is moving down past the elevator with accelerating speed.
This accelerated motion of the universe generates a grantational field. The field causes
objects inside the elevator to press against the floor. One can say that these
effects are gravitational, not inertial.

But which is really happening? Is the elevator moving and causing inertial
effects or is the universe moving and causing gravitational effects? This is
not a proper question. There is no “real,” absolute motion. There is only a
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relative motion of elevator and universe. This relative motion creates a force
field, described by the field equations of the general theory. The field can be
called either gravitational or inertial, depending on the choice of a frame of
reference. If the elevator is the frame, the field is called gravitational. If the
cosmos is the frame, the field is called inertial. Inertia and gravity are merely
two different words that can be applied to the same situation. Naturally, it
is much simpler, more convenient, to think of the universe as fixed. No one
would consider calling the field inside the upward-accelerating elevator gravi-
tational. The general theory of relativity says, however, that the field can be
called gravitational if a suitable frame of reference is adopted. No experi-
ment that would prove this choice “wrong” can be performed inside such an
elevator.

When it is said that the observer in the elevator cannot tell whether the
field that is pressing him to the floor is inertial or gravitational, this does not
mean that he cannot tell the difference between his field and a gravitational
field surrounding a large body of matter, such as a planet. The gravitational
field around the earth, for example, has a spherical structure that cannot be
duplicated by accelerating an elevator in space. If two apples are held a foot
apartand dropped from a great height above the earth, they will move closer
together as they fall because each apple drops along a straight line aimed
toward the center of the earth. In the moving elevator, however, all objects
fall along parallel lines.
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The difference between the two fields can be brought out by another sim-
ple thought experiment. Iftwo apples are dropped in an upward-accelerating
elevator, one a meter directly above the other, the distance between them re-
mains constant as they fall. Not so if they are dropped from a height above
the earth. The distance between them lengthens. It is because the lower object,
being closer to the earth’s center, is always accelerating faster than the object
above it.

Let’s combine these two effects and see what happens to a large object
of spherical shape as it falls toward the center of a strong gravitational field
created by a massive object like the sun. The nonuniformity of the field will
squeeze the sphere on the sides and lengthen it in the direction of fall. As-
tronomers call these “tidal forces.” They are the forces that can cause a small
planet to disintegrate if it falls toward a much more massive body.
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Tidalforces are exerted by gravitational fields surrounding massive bodies,
not by gravitational fields produced by accelerations. There is no frame of
reference from which an observer would not see the effects of such tidal
forces. An observer inside the accelerating elevator would be able to make
tests for tidal forces that would tell him the structure of the field. This does
not mean that he is distinguishing between inertia and gravity. He is simply
distinguishing between fields with different geometrical structures.

A similar situation is presented by the rotating earth. The ancient argu-
ment over whether the earth rotates or the heavens revolve around it (as
Aristotle taught) is seen to be no more than an argument over the simplest
choice of a frame of reference. Obviously, the most convenient choice is the

universe. Relative to the universe, we say that the earth rotates and iner-
tia makes its equator bulge. Nothing except inconvenience prevents us from
choosing the earth as a fixed frame of reference. In the latter case we say
that the cosmos rotates around the earth, generating a gravitational field that
acts upon the equator. Again, this field does not have the same mathemati-
cal structure as a gravitational field around a planet, but it can be called a
true gravitational field nevertheless. If we choose to make the earth our fixed
frame of reference, we do not even do violence to everyday speech. We say
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that the sun rises in the morning, sets in the evening; the Big Dipper revolves
around the North Star. Which point of view is “correct”? Do the heavens re-
volve or does the earth rotate? The question is meaningless. A waitress might
Jjust as sensibly ask a customer if he wanted ice cream on top of his pie or the
pie placed under his ice cream.

Think of the cosmos as having a kind of mysterious “grip” on every object
in it. (Chapter 8 considers the question of where this grip comes from.) The
odd thing about this grip is that once an object is moving uniformly through
the universe, the universe offers no resistance to the motion. As soon as an
attempt is made to force the object into nonuniform (accelerated) motion,
the grip tightens. If the universe is made a fixed frame’ of reference, the grip
is called the object’s inertia: its resistance to the change of motion. If the ob-
ject is made a fixed frame of reference, the grip is called gravitational: the
universe’s attempt to drag the object along as it (the universe) moves in a
nonuniform way.

The general theory of relativity is often summed up as follows: Newton
made it clear that if an observer is in uniform motion, there is no mechani-
cal experiment he can perform that will prove whether he is moving or at
rest. The special theory of relativity extended this to include a// experiments,
optical as well as mechanical. The general theory is another extension: an
extension of the special theory to include nonuniform motion. There is no
experiment of any sort, the general theory says, by which an observer in any
sort of motion, uniform or nonuniform, can prove whether he is moving or
at rest.
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The general theory is sometimes put this way: All the laws of nature are
invariant (the same) with respect to any observer. This means that regardless
of how an observer is moving, he can describe all the laws of nature (as he
sees them) by the same mathematical equations. He may be a scientist work-
ing in a laboratory on the earth, or on the moon, or inside a giant spaceship
that is slowly accelerating on its way to a distant star. The general theory of
relativity provides him with a set of equations by which he can describe all
the natural laws involved in any experiment he can perform. These equations
will be exactly the same regardless of whether he is at rest, moving uniformly,
or moving with acceleration with respect to any other object.

The next chapter takes a closer look at Einstein’s theory of gravitation, and
how it is related to an important new concept known as spacetime.
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Gravity
and
Spacetime

Before anything can be said about Einstein’s theory of gravity, it is necessary
to make a few remarks, all too brief, about the fourth-dimension and non-
Euclidian geometry. Hermann Minkowski, a Polish mathematician, gave
relativity theory its elegant interpretation in terms of a four-dimensional
spacetime. Many of the ideas in this chapter are as much Minkowski’s as they
are Einstein’s.
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Consider a geometric point. It has no dimension. If it is moved in a straight
line, it generates a line of one dimension. Move the line in a direction at right
angles to itself and it generates a plane of two dimensions. Move the plane
in a direction at right angles to itself and it generates a space of three dimen-
sions. This is as far as we can go in our imagination. But a mathematician
can conceive (not in the sense of picturing it in his mind, but in the sense of
working out the mathematics) of moving three-dimensional space in a direc-
tion at right angles to all three of its dimensions. This generates a Euclidian
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space of four dimensions. There is no need to stop at four. We can goonto
spaces of five, six, seven, or more dimensions. All these spaces are Euclidian.
They are extensions of Euclidian geometry in the same way that Euclidian
solid geometry is an extension of Fuclidian plane geometry.

Euclidian geometry is based on a series of postulates of which one is the
notorious parallel postulate. This postulate says that on a plane, through a
given point outside a line, it is possible to draw one and only one line parallel
to the given line. A Euclidian plane to which this postulate applies, is said to
be flat. It has zero curvature, infinite area. A non-Euclidian geometry is one
in which the parallel postulate is replaced by another postulate. This can be
done in two essentially different ways.

One way, called elliptic geometry, says that on the plane 7o line can be
drawn through a point outside a line and parallel to that line. The surface
of a sphere provides a rough, not exact, model of this type of non-Euclidian
plane. The “straightest” possible line on the sphere is a great circle (a circle
with a diameter equal to that of the sphere). All great circles intersect each
other, so it is impossible for two great circles to be parallel. A non-Euclidian
plane of this type is said to have positive curvature. This curvature causes the
plane to curve back on itself. It has a finite area instead of an infinite area.
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The other type of non-Fuclidian geometry, called hyperbolic geometry, is
one in which the parallel postulate is replaced by a postulate which says that
on a plane, through a point outside a line, there is an infinity of lines that are
parallel to the given line. A rough model of a portion of this type of plane is
provided by a saddle-shaped surface. Such a surface is said to have negative
curvature. It does not close back on itself. Like the Euclidian plane, it extends
to infinity in all directions.

Both elliptic and hyperbolic geometry are non-Euclidian geometries of
constant curvature. This means that the curvature is everywhere the same;
objects do not undergo distortions as they move from one spot to an-
other. A more general type of non-Euclidian geometry, usually called general
Riemanmian geometry, is one that permits the curvature to vary from point to
point in any specified way.

Just as there are Euclidian geometries of 2, 3, 4, 5, 6, 7, ..., dimen-
sions, so also there are non-Euclidian geometries of 2, 3, 4, 5, 6, 7
dimensions.

In developing the general theory of relativity, Einstein found it necessary
to adopt a four-dimensional general Riemannian geometry. Instead of a
fourth space dimension, however, Einstein made time his fourth dimension.
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There is nothing mysterious or occult about this concept. It merely means
that every event that takes place in the universe is an event occurring in a
four-dimensional world of spacetime.

This can be made clear by considering the following event. You get into
a car at 7 PM. and drive from your home to a restaurant that is 3 kilometers
south and 4 kilometers east of your house. On the two-dimensional plane the
actual distance from your house to the restaurant is the hypotenuse of a right
triangle with sides of 3 and 4 kilometers. This hypotenuse has a length of 5
kilometers. But it also took you a certain length of time, say, ten minutes, to
make this drive. This time span can be shown on a three-dimensional graph.
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One coordinate of the graph is the distance south in kilometers, another is
the distance east in kilometers; the vertical coordinate is the time in minutes,
On this three-dimensional graph of spacetime, the “interval” (spacetime
distance) between the two events (leaving your house and arriving at the
restaurant) is shown as a straight line.

This straight line is not a graph of the actual trip. It is simply a measure
of the spacetime distance between the two events. A graph of the actual trip
would be a complicated curved line. It would be complicated because your
car accelerates when it starts, the arrangement of streets may make it impos-
sible to drive to the restaurant on a straight line, perhaps you stopped at traffic
lights along the way, and finally, you had to accelerate negatively when you
stopped the car. The complicated wavy graph of the actual trip is, in relativity
theory, called the “world line” of the trip. In this case, it is a world line in a
spacetime of three dimensions, or (as it is sometimes called) in a Minkowski
three-space.

Because the trip by car took place on a plane of two dimensions, it was
possible to add the one dimension of time and show the trip on a three-
dimensional graph. When events occur in three-dimensional space it is not
possible to draw an actual graph of four-dimensional spacetime, but math-
ematicians have ways of handling such graphs without actually drawing
them. Try to imagine a four-dimensional hyperscientist who can construct
four-dimensional graphs as easily as the ordinary scientist can construct
graphs with two and three dimensions. Three of the coordinates of his graph
are the three dimensions of our space. The fourth coordinate is our time. Ifa
spaceship leaves the earth and lands on Mars, our imaginary hyperscientist
will draw the world line of this trip as a curve on his four-dimensional graph.
(The line is curved because the ship cannot make such a trip without accel-
erating.) The spacetime “interval” between takeoff and landing will appear
as a straight line on the graph.

In relativity theory, every object is a four-dimensional structure lying time-
lessly along its world line in the four-dimensional world of spacetime. If an
object is considered at rest with respect to the three space coordinates, it is still
traveling through the dimension of time. Its world line will be a straight line
that is parallel with the time axis of the graph. If the object moves through
space with uniform motion, its world line will still be straight, but no longer
parallel with the time axis. If the object moves with nonuniform motion, its
world line becomes curved.

Strictly speaking, one should not say that an object moves along its world
line, because “moves” implies movement in time, whereas time is already rep-
resented by the world line. The world line is no more than a convenient way
to graph the motions of an object in three-space. The fact that a Minkowski
graph s, in a sense, a static, timeless picture of the world has nothing whatever
to do with the question of whether the future is or is not completely deter-
mined by the present. An object moving in a random, unpredictable way can
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be graphed by a world line just as easily as an object moving in a predictable
way. After an event has occurred, its Minkowski graph does indeed freeze the
event in a timeless “block universe,” but this has no bearing on the question
of whether the event had to happen the way it did.

We are now in position to look at the Lorentz-FitzGerald contractions of
the special theory from a new point of view: the Minkowski point of view,
or the viewpoint of our hyperscientist. As we have seen, when two space-
ships pass each other in relative motion, observers on each ship see certain
changes in the shape of the other ship as well as changes in the rate of the
other ship’s clock. This is because space and time are not absolutes that exist
independently of each other. They are, so to speak, like shadow projections
of a four-dimensional spacetime object. If a book is held in front of a light
and its shadow projected on a two-dimensional wall, a turn of the book will
alter the shape of its shadow. With the book in one position the shadow is a
fat rectangle.

In another position it is a thin rectangle.
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The book does not change its shape; only its two-dimensional shadow
changes. In a similar way, an observer sees a four-dimensional structure, say,
a spaceship, in different three-dimensional projections depending on his mo-
tion relative to the structure. In some cases, the projection shows more of
space and less of time; in other cases, the reverse is true. The changes that
he observes in the space and time dimensions of the other ship can be ex-
plained by a kind of “rotation” of the ship in spacetime, causing its shadow
projections in space and time to alter. This is what Minkowski had in mind
when (in 1908) he began a famous lecture to the 80th Assembly of German
Natural Scientists and Physicians. This lecture is reprinted in The Principle
of Relativity, by Albert Einstein and others. No popular book on relativity is
complete without this quotation:

The views of space and time which I wish to lay before you have sprung from
the soil of experimental physics, and therein lies their strength. They are radi-
cal. Henceforth space by itself, and time by itself, are doomed to fade away into
mere shadows, and only a kind of union of the two will preserve an independent
reality.

The important point to grasp here is that the spacetime structure, the four-
dimensional structure, of the spaceship is just as rigid and unchanging as it
is in classical physics. This is the essential difference between the discarded
Lorentz contraction theory and the Einstein contraction theory. For Lorentz,
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the contraction was a real contraction of a three-dimensional object. For
Einstein, the “real” object is a four-dimensional object that does not change at
all. It is simply seen, so to speak, from different angles. Its three-dimensional
projection in space and its one-dimensional projection in time may change,
but the four-dimensional ship of spacetime remains rigid.

Here is another instance of how the theory of relativity introduces new
absolutes. The four-dimensional shape of a rigid body is an absolute,
unchanging shape. We can slice spacetime so the shape of a spaceship de-
pends on the motion of the frame of reference from which we make the
slice, but (as J. J. C. Smart writes in the introduction to his anthology, Prob-
lems of Space and Time), “the fact that we can take slices at different angles
through a sausage does not force us to give up an absolute theory of sau-
sages.” The theory of relativity, Smart continues, does not decide between
absolute and relational philosophies of space and time. It merely shifts the
question from space and time taken separately to an interrelated spacetime
continuum.

In a similar sense the four-dimensional interval between any two events
in spacetime is an absolute interval. Observers moving at great speeds and
with different relative motions may disagree on how far apart they judge two
events to be in space, and on how far apart they judge two events to be in
time, but all observers, regardless of their motions, will agree on how far apart
they judge two events to be in spacetime. E. F. Taylor and J. A. Wheeler, in
their marvelous textbook Spacetime Physics, put it this way: “Space is different
for different observers. Time is different for different observers. Spacetime is
the same for everyone.”

In classical physics an object moves through space in a straight line, with
uniform velocity, unless acted upon by a force. A planet, for example, would
move off in a straight line were it not held by the force of the sun’s gravity.
From this point of view, the sun is said to “pull” the planet into an elliptical
orbit.

In relativity physics an object also moves in a straight line, with uniform
velocity, unless acted upon by a force, but the straight line must be thought
of as a line in spacetime instead of space. This is true even in the presence
of gravity. The reason for this is that gravity, according to Einstein, is not a
force at all! The sun does not “pull” on the planets. The earth does not “pull”
down the falling apple. What happens is that a large body of matter, such as
the sun, causes spacetime to curve in the area surrounding it. The closer to
the sun, the greater the curvature. In other words, the structure of spacetime
in the neighborhood of large bodies of matter becomes non-Euclidian. In
this non-Euclidian space, objects continue to take the straightest possible
paths, but what is straight in spacetime is seen as curved when projected onto
space. Our imaginary hyperscientist, if he plots the orbit of the earth on his
four-dimensional graph, will plot it as a “straight” line. We who are three-
dimensional creatures (more precisely, creatures who split up spacetime into
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three-dimensional space and one-dimensional time) see the space path asan
ellipse.

Writers on relativity theory often explain it in the following way. Imagine a
rubber sheet stretched out flat like a trampoline. A grapefruit placed on this
sheet will make a depression. A marble placed near the grapefruit will roll
toward it. The grapefruit is not “pulling” the marble. Rather, it has created
a field (the depression) of such a structure that the marble, taking the path of
least resistance, rollstoward the grapefruit. In a roughly (very roughly) simi-
lar way, spacetime is curved or warped by the presence of large masses like
the sun. This warping is the gravitational field. A planet moving around the
sun is not moving in an ellipse because the sun pulls on it, but because the
field is such that the ellipse is the “straightest” possible path the planet can
take in spacetime.
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Such a path is called a geodesic. This is such an important word in rela-
tivity theory that it should be explained more fully. On a Euclidian plane,
such as a flat sheet of paper, the straightest distance between two points is
a straight line. It is also the shortest distance. On the surface of a globe, a
geodesic between two points is the arc of a great circle. If a string is stretched
as tautly as possible from point to point, it will mark out the geodesic. This,
too, is both the “straightest” and the shortest distance connecting the two
points.
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In a four-dimensional Euclidian geometry, where all the dimensions are
space dimensions, a geodesic also is the shortest and straightest line between
two points. But in Einstein’s non-Euclidian geometry of spacetime, it is not so
simple. There are three space dimensions and one time dimension, united
in a way that is specified by the equations of relativity. This structure is such
that a geodesic, althoughstill the straightest possible path in spacetime, is the
longest instead of the shortest distance. This concept is impossible to explain
without going into complicated mathematics, but it has this curious result:
A body moving under the influence of gravity alone always finds the path
along which it takes the longest proper time to travel; that is, the longest
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when measured by its own clock. Bertrand Russell has called this the “law
of cosmic laziness.” The apple falls straight down, the missile moves in a pa-
rabola, the earth moves in an ellipse because they are too lazy to take other
routes.

It is this law of cosmic laziness that causes objects to move through space in
ways sometimes attributed to inertia, sometimes to gravity. If you tie a string
to an apple and swing it in circles, the string keeps the apple from moving in
a straight line. We say that the apple’s inertia pulls on the string. If the string
breaks, the apple takes offin a straight line. Something like this happens when
an apple falls off a tree. Before it falls, the branch prevents it from moving

through space. The apple on the branch is at rest (relative to the earth) but
speeding along its time coordinate because it is constantly getting older. If
there were no gravitational field, this travel along the time coordinate would
be graphed as a straight line on a four-dimensional graph. But the earth’s
gravity is curving spacetime in the neighborhood of the apple. This forces
the apple’s world line to become a curve. When the apple breaks away from
the branch, it continues to move through spacetime, but (being a lazy apple)
it now “straightens” its path and takes a geodesic. We see this geodesic as the
apple’s fall and attribute the fall to gravity. If we like, however, we can say that
the apple’s inertia, after the apple is suddenly released from its curved path,
carries it to the ground.
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After the apple falls, suppose a boy comes along and kicks it with his bare
foot. He shouts in pain because the kick hurts his toes. A Newtonian would
say that the apple’s inertia resisted his kick. An Einsteinian can say the same
thing, but he can also say, if he prefers, that the boy’s toes caused the entire
cosmos (including the toes) to accelerate backward, setting up a gravitational
field that pulled the apple with great force against his toes. It is all a matter
of words. Mathematically the situation is described by one set of spacetime
field equations, but it can be talked about informally (thanks to the principle
of equivalence) in either of two sets of Newtonian phrases.
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Although relativity theory replaces gravity by a geometrical warping of
spacetime, it leaves many basic questions unanswered. Does this warping take
place instantaneously through space or does it propagate like a wave motion?
Almost all physicists agree that the warping moves like a wave and that these
waves travel with the speed of light. There is also good reason to believe
that gravity waves consist of tiny indivisible particles of energy called “gravi-
tons.” In 1969 Joseph Weber, at the University of Maryland, announced that
his equipment, consisting of huge aluminum cylinders, had detected gravity
radiation. It seemed to be coming from cataclysmic events at the center of
the Milky Way: Since then, dozens of attempts have been made to confirm
Weber’s claim, some by physicists with detecting equipment more sensitive
than Weber’s. The results have been negative. The present consensus is that
Weber misinterpreted his readings, and that gravity waves have not yet been
observed.

As for gravitons, no one has any knowledge of what a graviton is like, al-
though many physicists are trying to invent theories that will predict some
of its properties. Presumably it contains a tiny bit of spacetime curvature,
otherwise large numbers of gravitons would be unable to transmit curvature
through space. At the moment the graviton, like the particle physicists’ quark,
remains a hypothetical beast that physicists hope someday to capture.

In 1939 the famous British mathematician and physicist P A. M. Dirac
developed a theory in which gravity is slowly weakening as the universe ex-
pands and its density thins. Indeed, the weakening of gravity could even be
the cause, or partial cause, of the universe’s expansion. (We will discuss this
expansion in later chapters.) Many physicists and astronomers take this no-
tion seriously and have constructed similar theories.* If gravity is weakening,
large bodies in the universe would tend to expand. This could explain the
cracking of the crusts of the moon, and planets like the earth and Mars, and
contribute to the drifting of continents on the earth. The sun, also, would
be expanding. Two billion years ago it would have been smaller, denser, and
hotter—a fact that would explain the tropical conditions that seem to have
prevailed over most of the earth in earlier geological epochs.

Relativity theory furnishes a new way of looking at gravity and describing
it, but it still remains a mysterious, little-understood phenomenon. No one
knows what connection it has, if any, with electromagnetism. Einstein and
others have tried to develop a “unified field theory” that will unite gravity and
electromagnetism in one set of mathematical equations. The results were dis-
appointing until the 1980s, when a variety of “theories of everything” were
proposed. Many physicists, including Stephen Hawking, believe that a final
unification of all the particles and forces of nature is close at hand.

* See Thomas C. Van Flandern, “Is Gravity Getting Weaker?,” Scientific Ameri-
can (February 1976), and “Is the Gravitational Constant Constant?,” Chapter 9 in
Clifford Will's Was Einstzin Right? (revised edition, Basic Books, 1993.)
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Relativity

Has the general theory of relativity been supported by experimental evi-
dence? When the first edition of this book was published, physicists were
complaining about the weakness of such evidence in contrast to the strong,
abundant evidence for the special theory. As Misner, Thorne, and Wheeler
put it in their big book Grauvitation: “For the first half-century of its life, general
relativity was a theorist’s paradise, but an experimentalist’s hell. No theory
was thought more beautiful, and none was more difficult to test.”
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This is no longer true. Advances in technology, especially in the precision
of instruments for measuring time, have made it possible to test general rela-
tivity in a variety of ways, and it is safe to predict that more and better tests will
be made before the nineties run their course. What follows is a brief sketch
of how Einstein’s theory of gravitation, the heart of the general theory, has
remained undamaged by experimental evidence over the past sixty years.

The first great test of general relativity involved the rotation of Mercury’s
elliptical orbit. Mercury’s orbit departs more from a circle than the orbit of
any other planet, with the sole exception of Pluto. This makes it much easier
to measure the orbit’s slow rotation, as predicted by both the Newtonian
and Einsteinian theories of gravity. The major axis of Mercury’s orbit wheels
around the sun at a rate close to 5,600 seconds of arc per century. Newton’s
equations for gravity, after taking into account the influence of other planets,
lead to an expected rotation of about 43 seconds per century /ess than what
is actually observed. Einstein’s equations give the tiny planet an additional
relativistic push, so to speak, of just the right amount—43 seconds of arc per
century.

Is this a dramatic confirmation of general relativity? Most physicists think
it is, but Dicke, the Princeton physicist mentioned in Chapter 3, is not so sure.
He and his former student, Carl Brans, have a theory of gravity in which
Einstein’s tensor field, although it accounts for about 95 percent of gravity, is
combined with a scalar field similar to Newton’s. Dicke’s theory, known as a
scalar-tensor theory, leads to a prediction that the relativistic push on the axis
of Mercury’s orbit should be less than the 43 seconds supplied by Einstein’s
theory. The Brans-Dicke theory is the leading contender among new theories
of gravitation that modify general relativity in significant ways.

Is it possible, Dicke asked himself, that something has been overlooked in
measuring the various gravitational fields acting on Mercury; something that
would explain the discrepancy between the prediction of his theory and Mer-
cury’s actual orbit? At one time, before Einstein’s theory accounted so beauti-
fully for the excess rotation of Mercury’s orbit, some astronomers conjectured
that a tiny planet—it was even given the name of Vulcan—is hugging the
sun inside Mercury’s orbit and giving Mercury the needed push. This was
soon ruled out by modern telescopes capable of seeing such a planet. Other
possible sources for the push were suggested and discredited. Only one good
possibility remains: Perhaps the sun is not perfectly round but, like the earth,
flattened at the poles. The bulge would increase the sun’s gravitational influ-
ence on Mercury, making the relativistic effect on the planet’s orbit closer to
what Dicke’s scalar-tensor theory says it should be.

In 1964 Dicke and his associates began work on a device for measuring
the sun’s shape. It consisted essentially of a wheel with two notches on op-
posite sides. The plan was to spin this wheel in front of the sun’s image so
that it would screen off all light except light coming from the rim. A bulging
equator would send more light through the rotating notches than would the
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flattened poles, and this variation in brightness would cause a flickering. By
measuring the flicker, the shape of the sun could be calculated with higher
precision, Dicke believed, than ever before.

Dicke announced his results in 196 7. The sun, he said, is indeed oblate, and
to a degree surprisingly close to what his theory predicted. This oblateness,
he reasoned, could be caused by a rapidly rotating inner core. Strong mag-
netic fields on the sun’s surface, interacting with the gas that envelops the
sun, could exert a braking effect that would slow the surface rotation to its
observed rate of about once every twenty-eight days.

Unfortunately, many anomalies have turned up in later attempts to mea-
sure the sun’s shape, and these anomalies cast grave doubts on the accuracy
of Dicke’s figures. Dicke assumed that greater brightness at the sun’s equator
is a measure of oblateness. Astronomers now believe that the brightness has
other causes. In 1974 Henry Allen Hill, at the University of Arizona, reported
on observations which led him to conclude that the increased brightness of
the sun’s equator is just that, and has nothing to do with the sun’s shape. A
year later he reported that the distribution of brightness on the sun’s disk os-
cillates at various frequencies in periods of a few minutes to an hour. More
recent observations have indicated that the sun is indeed pulsing like an enor-
mous heart, but at the moment astronomers are not agreed on the nature
of the pulses or their causes. At any rate, Dicke’s effort to discredit Einstein’s
gravitational theory by finding a fatter sun is now regarded as unsuccessful.

A second major prediction made by general relativity was that light from
the sun ought to show an extremely minute shift toward the red portion of its
spectrum. According to Einstein’s equations, strong gravitational fields have
a slowing effect on time. This means that any rhythmic process, such as the
vibrations of atoms or the ticking of a balance-wheel clock, would take place
on the sun at a slightly lower rate than on the earth. This would shift the
spectrum of sunlight toward the red. Such a shift was observed, but it was
not until 1962 that it was measured with sufficient accuracy to provide good
confirmation for the general theory. A white dwarf star very close to Sirius
(the Dog Star), known as the companion of Sirius, is much denser than our
sun, and so should have a greater redshift. Sir Arthur Stanley Eddington was
elated when such a shift was observed, but the data later proved to be unreli-
able. Recent measurements of the redshifts of white dwarfs have been more
successful. In the early 1960s, using the Mossbauer effect (see Chapter 9),
a redshift of gamma rays, in a 22.5-meter-high tube at Harvard University,
agreed to a precision of 1 percent with general relativity’s prediction. Other
recent tests of gravity’s effect on time will be discussed in Chapter 9.

The most dramatic of all early tests of the general theory took place in
1919 during a total eclipse of the sun. Einstein had reasoned as follows: if
an elevator in interstellar space were pulled upward with an accelerating ve-
locity, a light beam traveling from side to side inside the elevator would bend
down in a parabolic path. This would be regarded as an inertial effect, but
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according to the general theory, one can make the elevator a fixed frame of
reference and view the curving of the beam as a gravitational etfect. Grav-
ity, then, is capable of curving light beams. The curving is much too minute
to be detected by any laboratory experiment, but it can be measured by as-
tronomers during a total eclipse of the sun. Because the sun’s light is blocked
off by the moon, stars very close to the sun’s edge become visible. Light from
these stars passes through the strongest part of the sun’s gravitational field.
Any shift in the apparent positions of these stars would indicate that the sun’s
gravity was bending their light. The greater the shift, the greater the bend.

A word of caution: when you read about the “bending” of light by grav-
ity or inertia, you must remember that this is just a three-dimensional way
of speaking. In space the light does indeed curve. But in four-dimensional
spacetime, light continues, as in classical physics, to move along geodesics. It
takes the “straightest” possible path.

Eddington, the English astronomer, was in charge of an expedition of sci-
entists that went to Africa in 1919 to observe the total eclipse of the sun. The
primary purpose of the expedition was to make accurate measurements of
the positions of stars close to the sun’s rim. Newton’s physics also suggested
a bending of light in gravitational fields, but Einstein’s equations predicted a
deflection about twice aslarge. Sotherewere at least three possible outcomes
of the test:

1. There would be no change in the positions of the stars.

2. The deflection would be close to what Newtonian physics had predicted.

3. The deflection would be close to what Einstein had predicted.

The first outcome would damage both Newton’s equations and those of
the general theory of relativity. The second would strengthen Newton, dis-
credit Einstein. The third would discredit Newton, strengthen Einstein. Ac-
cording to a story that made the rounds at the time, two astronomers on the
expedition were discussing the three possibilities.
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“And what,” said one of them, “if we get a deflection twice as big as Einstein
predicted?”

“Then,” said the other, “Eddington will go mad.”

Happily, the deflection proved to be close to Einstein’s prediction. It was
the publicity surrounding this dramatic confirmation of general relativity
that first brought the theory to the attention of the general public. Today;, as-
tronomers are skeptical of this confirmation. The difficulties in making pre-
cise measurements of star positions during an eclipse are much greater than
Eddington supposed, and there have been differences in the results obtained
during eclipses since 1919.

It is not hard to understand the reasons for these discrepancies. Measuring
instruments have to be carried to the site of the total eclipse. This is usually in
some remote region, such as the middle of an ocean, a desert, an arctic waste,
or a swamp where alligators are snapping at the astronomers’ legs. During
the eclipse the temperature of the air drops suddenly, causing unpredictable
changes in refraction that alter observed positions of stars. Control pictures,
showing the same star pattern when the sun isn’t there, either have to be made
on the spot, many montbhs later when atmospheric conditions have changed,
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or compared with photographs taken at observatories in other regions. No
wonder the results scatter as much as they do, and we have not even consid-
ered the influence of unconscious bias on the part of astronomers who have
preconceived ideas of what kind of data they are expected to find.

Einstein’s theory predicts an average deflection of 1.75 seconds of arc for
each star. Two measurements in 1919 showed deflections of 1.98 and 1.61,
both fairly close. But the deflection dropped to 1.18 in a 1922 test and rose
to 2.24 in a 1929 test. At a 1962 meeting of the Royal Society of London,
a group of scientists concluded that the difficulties are so great that eclipse
observers should no longer attempt such measurements.

Dozens of sophisticated tests of general relativity in the 1970s supported
Einstein’s theory and tended to discredit all its rivals. Spacecrafts orbiting the
sun have exchanged radio signals when they were positioned so that the waves
would pass close to the sun and accurate measurements could be made of the
time lag caused by the sun’s gravitational field. Other tests have used radar
signals from earth that passed close to the sun as they bounced off Mercury
and Venus. Still other tests involve radio emissions coming from distant qua-
sars (see Chapter 11) and passing close to the sun’s rim. New tests are being
made almost every month, and Einstein’s theory of gravity is passing all of
them.

A careful test, reported in 1976, was based on the round-trip travel times
of laser beams aimed at reflectors left on the moon by astronauts. From these
data, fantastically accurate measurements of the moon’s motion can be made.
Dicke’s theory predicts a deviation of several feet from what is predicted by
general relativity. No departure from Einstein’s equations could be detected
within the limits (about five inches) of measurement.

A scientific theory is not very powerful unless one can think of experi-
ments that might strongly refute it. George Gamow, the eminent Russian-
born physicist who died in 1968, described one such experiment involving
antiparticles.* In 1957 Philip Morrison and Thomas Gold conjectured that
antiparticles may have negative gravitational mass. If so, any gravitational
force acting upon them would cause them to accelerate in a negative direc-
tion. An antiapple made of antimatter would have flown up in the sky instead
of falling on Newton’s nose. The conjecture is attractive because, if true, it
would explain the absence of antimatter in our galaxy. Any antimatter pro-
duced in the past, in the vicinity of the galaxy, would long ago have been
projected outward. Whether antiparticles have negative gravitational mass
has not yet been unequivocally determined, but if it is found that they do,
relativity theory will be in serious trouble.

To understand why there would be a difficulty, imagine a spaceship sus-
pended in interstellar space, motionless with respect to the stars. Floating
inside the spaceship is a solitary antiapple with negative gravitational mass.

* See Gamow’s article, “Gravity,” in Scientific American (March 1961).
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The ship starts to move in the direction of the ceiling with an acceleration of
one g. (A “g” is the acceleration with which bodies fall to the earth.)

What happens to the apple?

From the standpoint of an observer outside the ship, attached to the iner-
tial frame of the cosmos, the apple should stay right where it is relative to the
stars. No force is acting on it. The ship itselfdoes not touch the apple; the ship
might just as well be a thousand miles away. The floor of the compartment
should, therefore, move up until it hits the apple. (We don’t have to worry, in
this thought experiment, about what happens when the floor hits the apple.)

The situation is altogether different if the ship is taken as a fixed frame of
reference. Now the observer must suppose a gravitational field acting inside
the ship. This would send the apple toward the ceiling with an acceleration
(relative to the stars) of two g. A basic principle of relativity has been violated:
The two frames of reference are not interchangeable.

In other words, negative gravitational mass is difficult to reconcile with
general relativity, although Newton’s approach to inertia accommodates it
easily. Classical physics simply takes the first point of view. The ship has an
absolute motion with respect to the ether. The apple remains at absolute rest.
No gravitational field enters to complicate the picture.

It is important to realize that relativity is in trouble only when one type of
mass is positive, the other negative. A body with both masses negative intro-
duces no contradictions, although its behavior would be surprising.* A mov-
ing baseball made of such matter could be caught in a glove only by slapping
it hard in the direction in which it is moving. However, the ball would fall to

* See Hermann Bondi, “Negative Mass in General Relativity,” Reviews of Modern
Physics (July 1957), and Banesh Hoffmann, “Negative Mass,” Science Journal (April
1965).
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earth in the normal manner. In the case of a falling ball made of ordinary
matter, the gravitational attraction between it and the earth is balanced by
the drag of its inertial mass. In the case of a falling ball with both masses
negative, the gravitational repulsion between it and the earth is balanced by
the pull toward the earth of its inertial mass. Therefore it, too, falls normally
in the earth’s gravitational field.

Assume that “positive mass” means both masses are positive, and “nega-
tive mass” means both masses are negative. A positive mass attracts both
kinds of masses, a negative mass repels both kinds. If a positive-mass star
were in the vicinity of a negative-mass star, the positive star would attract, the
negative star would repel. As a result, one star would chase the other through
space with uniform acceleration! The negative star would gain in negative
energy as its speed increased, otherwise the system would increase in energy
in violation of the law of conservation of mass-energy.

The discovery of a particle with positive inertial mass and negative gravita-
tional mass would be, as we have seen, altogether different. It would introduce
a contradiction that would be fatal to general relativity and force a return to
Newton’s view of inertia as arising from absolute motion with respect to a
fixed space. “The author earnestly hopes,” Gamow concludes, “that this will
not come to pass.”






3
Mach’s

Principle

Einstein’s principle of equivalence says that when an object is accelerated
or rotated, a force field is created which can be looked upon either as iner-
tial or gravitational, depending on the choice of a reference frame. A ques-
tion of great importance now arises; a question that leads quickly into deep,
yet-unsolved problems.

Are these force fields the result of motion with respect to a spacetime struc-
ture that exists independently of matter, or is the spacetime structure created
by matter; that is to say, created by the galaxies and other material bodies of
the universe?
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Experts divide. All the old eighteenth-century and nineteenth-century ar-
guments over whether “space” or the “ether” has an existence apart from
matter are still with us; only now they are arguments about the spacetime
structure (sometimes called the “metrical field”) of the cosmos. Most of the
early writers on relativity—Arthur Stanley Eddington, Bertrand Russell,
Alfred North Whitehead, and others—believed that the structureis indepen-
dent of the stars, though of course it is given local distortions by the stars.
More plainly, if there were no other objects in the cosmos except the earth,
it would still be possible, so these writers contended, for the earth to rotate
relative to this spacetime structure. (It is irrelevant to this argument whether
the structure has an overall positive, negative, or zero curvature.) A lone
spaceship, the sole object in the universe, could still turn on its rocket motors
and accelerate. Inside the ship, astronauts would still feel the inertial forces
of acceleration. A lone earth, rotating in space, would still bulge around its
middle. It would bulge because particles of its matter would be forced into
paths that were not geodesics in the spacetime structure. The particles would
go, so to speak, against the natural “grain” of spacetime. It would even be
possible, on such a lone earth, to measure a type of inertial force called the
Coriolis force* and determine the direction in which the earth was spinning.

Einstein granted the possible truth of this view, but he did not (at least
as a young man) find it to his taste. He preferred instead a point of view
that had first been advanced by the Irish philosopher Bishop Berkeley. If
the earth were the only body in the universe, Berkeley argued, it would
be meaningless to say that it could rotate. Somewhat similar views were

* If an intercontinental missile is traveling north or south, the rotation of the earth
tends to deflect it to the right in the northern hemisphere, to the left in the southern
hemisphere. This inertial effect is called the Coriolis force after G. G. Coriolis, an
early nineteenth-century French engineer who was the first to analyze it completely.
Cyclones and other circular movements of the atmosphere are traceable to Coriolis
forces.
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held in the seventeenth century by the German philosopher Gottfried von
Leibniz and the Dutch physicist Christian Huygens, but it remained for
Ernst Mach (the Austrian physicist mentioned in Chapter 2) to back up this
view with a plausible scientific theory. Mach anticipated much of relativity
theory, and Einstein has written about the extent to which Mach inspired
his early thinking. (Sad to relate, Mach in his old age, after his insights had
been incorporated by Einstein into a successful theory, refused to accept
relativity)

From Mach’s point of view, a cosmos without stars would have no
spacetime structure relative to which the earth could spin. For there to be
gravitational (or inertial) fields capable of bulging a planet’s equator and
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spilling water over the sides of a rotating bucket, there must be stars to cre-
ate a spacetime structure. Without such a structure, spacetime would possess
no geodesics. It could not even be said that a light beam, speeding through
completely empty space, would travel in a geodesic, because in the absence
of a spacetime structure the beam would not know how to take one path
rather than another. As expressed by one writer, A. d’Abro (in his classic
work, The Evolution of Scientific Thought), it would not know which way to go.
Even the existence of a spherical body such as the earth might be impossible.
Particles of earth are packed together by gravity, and gravity moves particles
along geodesics. With no spacetime structure and no geodesics, the earth (as
d’Abro says) would not know what shape to take. Eddington once expressed
this point humorously: in an entirely empty universe (if Mach is correct),
Einstein’s gravitational fields would fall to the ground!
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D’Abro describes a thought experiment that helps clarify Mach’s position.
Imagine an astronaut floating in space. In his hand he holds a brick. There
are no other objects in the universe. We know that the brick would have no
weight (gravitational mass). Would it have inertial mass? If the astronaut tried
to heave the brick into space, would it resist the movement of his hand? From
Mach’s point of view, it would not. With no stars in the cosmos to provide a
metrical field for spacetime, there is nothing relative to which the brick can
accelerate. Of course there is the astronaut, but his mass is so small that any
effect relative to him would be negligible.

Einstein used the term “Mach’s principle” for Mach’s point of view. It
was Einstein’s early hope that this view could be incorporated into relativity
theory. In fact, he once devised a model of the universe (to be discussed in
Chapter 10) in which the spacetime structure of the universe has no existence

except insofar as it is created by the stars and other material bodies. “In a
consistent theory of relativity,” Einstein wrote in 1917 when he published his
first mathematical description of this model, “there can be no inertia relative
to ‘space,’ but only an inertia of masses relative to one another. If, therefore,
I have a mass at a sufficient distance from all other masses in the universe,
its inertia must fall to zero.”

Later, serious flaws were discovered in Einstein’s cosmic model and he was
forced to abandon Mach’s principle, but the principle continues to exert a
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strong fascination over today’s cosmologists.* It is not difficult to see why. It
carries the relativity of motion to its ultimate. The opposing point of view, the
view that assumes a spacetime metric even in the absence of stars, is really
very close to the old ether theory. Instead of a motionless, invisible jelly called
the ether, there is a motionless, invisible spacetime structure. By assuming
this to be fixed, accelerations and rotations take on a suspiciously absolute
character. In fact, proponents of this point of view have not hesitated to speak
of rotations and accelerations as “absolute.” But if inertial effects are relative
not to such a structure but only to a structure generated by the stars, then a
very pure form of relativity is preserved.

Dennis Sciama, a British cosmologist, has developed an ingenious theory
along Machian lines. He gives an entertaining account of it in his popularly
written book, The Unity of the Universe. According to Sciama, inertial effects
due to rotation or acceleration are the result of a relative motion with re-
spect to the total matter in the universe. If this is true, then a measurement
of inertia provides a method for estimating the amount of matter in the uni-
verse! Sciama’s equations show that the influence of nearby stars on inertia
is astonishingly small. All the stars in our galaxy, he believes, contribute only
about one ten-millionth of the strength of inertia on the earth. Most of its
strength is contributed by distant galaxies. Sciama estimates that 80 percent
of inertial force is the result of motion relative to galaxies so distant that they
have not yet been discovered by our telescopes!

In Mach’s day it was not known that galaxies other than our own existed,
nor was it known that our galaxy rotates. Astronomers today know that cen-
trifugal force, arising from rotation, causes our galaxy to bulge enormously.
From Mach’s point of view this bulge could occur only if vast quantities of
matter existed outside the galaxy. Had Mach known of the inertial effect of
rotation on our galaxy, Sciama points out, he would have been able to deduce
the existence of other galaxies fifty years before any of them were discovered.

The startling character of Sciama’s point of view can be made even more
evident by the following illustration. I once owned a small glass-topped
puzzle, shaped like a square and containing four steel balls. Each ball rested
on a groove that ran from the square’s center to one of its corners. The
problem was to get all four balls into the corners at the same time. The only
way to solve it was by placing the puzzle flat on a table and spinning it. Cen-
trifugal force did the trick. If Sciama is right, this puzzle could not be solved
in this way if it were not for the existence of billions of galaxies at enormous
distances from our own.

* For an excellent discussion of current attitudes toward Mach’s principle, and
various interpretations placed upon it, see R. H. Dicke’s paper, “The Many Faces of
Mach,” in Gravitation and Relativity, edited by Hong-yee Chiu and William F. Hoffman
(New York: The Benjamin Co., 1964).
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Will the future of physics move in the direction of Mach, or will it retain
an absolute structure of spacetime, independent of matter and waves? No
one can say. If a successful field theory is developed, in which particles and
their fields can be explained in terms of spacetime structure, then the stars
will become merely one aspect of the geometry of spacetime. Instead of stars
generating the spacetime structure, the structure will generate the stars.

These are deep questions. Physicists are nowhere near answering them.






9

The
‘Twin
Paradox

How did the world’s leading scientists and philosophers react when they
caught their first glimpse of the strange new world of relativity? The re-
action was mixed. Most physicists and astronomers, confused by the viola-
tions of common sense and the difficult mathematics of the general theory,
maintained a discreet silence. But scientists and philosophers capable of
understanding relativity were inclined to accept it with exhilaration. It has
already been mentioned how quickly Eddington perceived the greatness of
Einstein’s achievement. Moritz Schlick, Bertrand Russell, Rudolf Carnap,
Ernst Cassirer, Alfred North Whitehead, Hans Reichenbach, and many
other eminent philosophers were early enthusiasts who wrote about the
theory and tried to clarify its implications. Russell’s book The ABC of Relativity,
first published in 1925, is still one of the best popular accounts of relativity
ever written.
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Here and there scientists were unable to shake themselves loose from old
Newtonian habits of thought. In many ways they resembled the scientists
back in the days of Galileo who could not bring themselves to admit that
Aristotle might have been mistaken. Michelson himself, a limited mathema-
tician, never accepted relativity, even though his great experiment smoothed
the way for the special theory. Aslate as 1935, when I was an undergraduate
at the University of Chicago, I took a course in astronomy from Professor
William D. Macmillan, a widely respected scientist. He was openly scornful
of relativity.

“We of the present generation are too impatient to wait for anything,”
Macmillan wrote in 1927. “Within forty years of Michelson’s failure to detect
the expected motion of the earth with respect to the ether we have wiped out
the slate, made a postulate that by no means whatever can the thing be done,
and constructed a non-Newtonian mechanics to fit the postulate. The success
which has been attained is a marvelous tribute to our intellectual activity and
our ingenuity, but I am not so sure with respect to our judgment.”*

All sorts of objections were raised against relativity. One of the earliest,
most persistent objections centered around a paradox that had first been
mentioned in 1905 by Einstein himself, in his paper on special relativity. (The
word “paradox” is used in the sense of something opposed to common sense,
not something logically contradictory.) This paradox is very much in the sci-
entific news today because advances in space flight, coupled with progress
in building fantastically accurate timing devices, may soon provide a way to
test the paradox in a very direct manner.

The paradox is usually described as a thought experiment involving twins.
They synchronize their watches. One twin gets into a spaceship and makes
a long trip though space. When he returns, the twins compare watches. Ac-
cording to the special theory of relativity, the traveler’s watch will show a
slightly earlier time. In other words, time on the spaceship will have gone at a
slower rate than time on the earth. So long as the space journey is confined to
the solar system, and made at relatively low speeds, this time difference will
be negligible. But over long distances, with velocities close to that of light, the
“time dilation” (as it is sometimes called) can be large. It is not inconceivable
that someday a means will be found by which a spaceship can be slowly ac-
celerated until it reaches a speed only a trifle below that of light. This would
make possible visits to other stars in the galaxy, perhaps even trips to other
galaxies. So, the twin paradox is more than just a parlor puzzle; someday it
may become a common experience of space travelers.

Suppose that the astronaut twin goes a distance of a thousand light-years
and returns: a small distance compared with the diameter of our galaxy.
Would not the astronaut surely die long before he completes the trip? Would

* From Macmillan’s contribution to 4 Debate on the Theory of Relativity, by Robert D.
Carmichael and others (La Salle, Ill.: Open Court Publishing Company, 1927).
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not his trip require, as in so many science-fiction stories, an entire colony of
men and women so that generations would live and die while the ship was
making its long interstellar voyage?

The answer depends on how fast the ship goes. If it travels just under the
limiting speed of light, time within the ship will proceed at a much slower
rate. Judged by earth-time, the trip will take more than two thousand years.

Judged by the astronaut on the ship, if he travels fast enough, the trip may
take only a few decades!

For readers who like specific figures, here is a recent calculation by Edwin
M. McMillan, a nuclear physicist at the University of California in Berkeley.
An astronaut travels from the earth to the spiral nebula in Andromeda. As-
sume that the nebula is 1.5 mllion light-years from the earth (a conservative
estimate; some astronomers believe it is closer to 2 million) and that the ship
travels at such speed that the astronaut ages fifty-five years while making the
trip there and back. When he returns, he finds that on the earth 3 million
years have gone by!

(Note of caution: The reader should regard all references in this book to
interstellar or intergalactic space trips, made at speeds close to that of light, as
primarily thought experiments intended to clarify aspects of relativity. For a
good account of the enormous practical difficulties in obtaining such speeds,
see Edward Purcell’s contribution to Interstellar Communication, edited by
A. G. W. Cameron (Benjamin, 1963). “All this stuff about traveling around the
universe in space suits,” Purcell concludes, “—except for local exploration,
which I have not discussed—belongs back where it came from, on the cereal
box.” Perhaps.)

You can see at once that this raises all sorts of fascinating possibilities. A
scientist of forty and his teen-age laboratory assistant fall in love. They feel
that their age difference makes a marriage out of the question. So off he goes
on a long space voyage, traveling close to the speed of light. He returns, age
forty-one. Meanwhile, on the earth his girl friend has become a woman of
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thirty-three. Perhaps she could not wait fifteen years for her lover to return;
she has married someone else. The scientist cannot bear this. Off he goes on
another long trip. Moreover, he is curious to know if a certain theory he has
published is going to be confirmed or discarded by later generations. He re-
turns to earth, age forty-two. His former girl friend is long since dead. What
is worse, his pet theory has been demolished. Humiliated, he takes an even
longer trip, returning at the age of forty-five to see what the world is like a few
thousand years hence. Perhaps, like the time traveler in H. G. Wells’s story
“The Time Machine,” he will find that humanity has become obsolete. Now
he is stranded. Wells’s time machine could go both ways, but our lonely sci-
entist has no means of getting back into the stream of human history where
he belongs.

Unusual moral questions would arise if this sort of time travel became
possible. Is there anything wrong, for instance, in a girl marrying her own
great-great-great-great-great-great-grandson?

Please note: This kind of time travel avoids all the logical traps that plague
science fiction, such as dropping i into the past to kill your parents before you
are born, or whisking into the futdre and shooting yourself between the eyes.
C0n51der for example, the plight of Miss Bright in that familiar limerick:

There was a young lady named Bright,
Who traveled much faster than light.
She started one day
In the relative way,
And returned on the previous night.*

If she returned on the previous night, then she must have encountered a
duplicate of herself. Otherwise it would not have been truly the night before.
But there could not have been two Miss Brights the night before because the
time-traveling Miss Bright left with no memory of having met her duplicate
yesterday. So you see, there is a clear-cut contradiction. Time travel of that sort
1s not logically possible unless the existence of parallel worlds running along
branching time tracks is assumed. Even with this gimmick, matters become
quite complicated.

Note also that Einstein’s form of time travel does not confer upon the
traveler any genuine immortality, or even longevity. As far as Ae¢ is concerned,
he always ages at the normal rate. It is only the earth’s “proper time” that
for the traveler seems to gallop along at breakneck speed.

Henri Bergson, the famous French philosopher, was the most eminent

* This limerick about Miss Bright was written by A. H. Reginald Buller, a profes-
sor of botany at the University of Manitoba, and first published in Punch. The contra-
diction that arises from Miss Bright’s journey back in time also applies to “tachyons”
(conjectured particles that go faster than light) if tachyons can be used for transmitting
signals. See my column on time travel in Scientific American (May 1974).
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thinker to cross swords with Einstein over the twin paradox. He wrote about
it at some length, poking fun at what he thought were its logical absurdities.
Unfortunately, what he wrote only proves that it is possible to be a great phi-
losopher without knowing much about mathematics.* In the 1970s the same
objections were raised again. Herbert Dingle, an English physicist, refused to
believe the paradox. For years he wrote witty articles about it, accusing other
relativity experts of being either obtuse or evasive. The superficial analysis to
be given here will not clear up this controversy, which quickly plunges into
complicated equations, but it will explain in a generalwaywhy there is almost
universal agreement among experts that the twin paradox will really carry
through in just the manner Einstein described.

Dingle’s objection, the strongest that can be made against the paradox, is
stated this way. According to the general theory of relativity, there is no ab-
solute motion of any sort, no “preferred” frame of reference. It is always pos-
sible to choose a moving object as a fixed frame of reference without doing
violence to any natural law. When the earth is chosen as a frame, the astro-

* Bergson’s attack is in his book Durée et Simultanéité (3rd ed.; Paris, 1926). In the
United States the same naive arguments were repeated by philosophers William
Pepperell Montague and Arthur Oncken Lovejoy. See Montague’s “The Einstein
Theory and a Possible Alternative,” Philosophical Review, Vol. 33 (March 1924), pages
143-170. (Montague’s alternative is the assumption —physicists now call it the Ritz
theory—that light is influenced by the motion of its source; his attacks on Einstein
reveal an amazing lack of comprehension of relativity theory.) For Lovejoy’s attack on
the twin paradox, see “The Paradox of the Time-Retarding Journey, Part I,” Philo-
sophical Review, Vol. 40 (January 1931), pages 48—68; Part II appeared in the March
issue, same volume, pages 152—167. Lovejoy concludes that Bergson is right: there
are many “fictitious times” but “only one real time.” Evander Bradley McGilvary
rebuts Lovejoy in the July issue, pages 358—-379, but Lovejoy, unconvinced, replies in
November, pages 549~567.
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naut makes the long journey, returns, finds himself younger than his stay-
at-home brother. All well and good. But what happens when the spaceship
is taken as the frame of reference? Now it must be assumed that the earth
makes a long journey away from the ship and back again. In this case it is the
twin on the ship who is the stay-at-home. When the earth gets back to the
spaceship, will not the earth rider be the younger? If so, the situation is more
than a paradoxical affront to common sense; it is a flat logical contradiction.
Clearly, each twin cannot be younger than the other.

Dingle likes to state it this way: Either the assumption must be made that
after the trip the twins will be exactly the same age or relativity must be
discarded.

Without going into any of the actual computations, it is not hard to under-
stand why the alternatives are not so drastic as Dingle would have us believe.
It is true that all motion is relative, but in this case there is one all-important
difference between the relative motion of the astronaut and the relative
motion of the stay-at-home. The stay-at-home does not move relative to the universe.

How does this affect the paradox?

Assume that the astronaut is off to visit Planet X, somewhere in the gal-
axy. He travels at a constant speed. The stay-at-home’s watch is attached to
the inertial frame of the earth, on which there is agreement among clocks
because they are all relatively motionless with respect to each other. The as-
tronaut’s watch is attached to a different inertial frame, the frame of the ship.
If the ship just kept on going forever, there would be no paradox because
there would be no way to compare the two watches. But the ship has to stop
and turn around at Planet X. When it does so, there is a change from an
inertial frame moving away from the earth to a new inertial frame moving
toward the earth. This shift is accompanied by enormous inertial forces as
the ship accelerates during the turnaround. In fact, if the acceleration during
the turnaround were too great, the astronaut (and not his twin on the earth)
would be killed. These inertial forces arise, of course, because the astronaut
is accelerating with respect to the universe. They do not arise on the earth,
because the earth is not undergoing similar acceleration.

From one point of view it can be said that the inertial forces produced by
this acceleration “cause” a slowing down of the astronaut’s watch; from an-
other point of view the acceleration merely indicates a shift of inertial frames.
Because of this shift, the world line of the spaceship—its path when plotted
on Minkowski’s four-dimensional graph of spacetime—becomes a path on
which the total “proper time” of the round trip is less than the total proper
time along the world line of the stay-at-home twin.* Although acceleration
is involved in the shifting of inertial frames, the actual computation involves
nothing more than the equations of the special theory.

* To see exactly how this works out mathematically, read the excellent article on
“The Clock Paradox in Relativity Theory,” by Alfred Schild, in American Mathematical
Monthly (January 1959).
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Dingle’s objection still remains, however, because exactly the same calcu-
lations can be made by supposing that the spaceship instead of the earth is
the fixed frame of reference. Now it is the earth that moves away, shifts in-
ertial frames, comes back again. Why wouldn’t the same calculations, with
the same equations, show that earth-time slowed down the same way? They
would indeed if it were not for one gigantic fact: when the earth moves away,
the entire universe moves with it. When the earth executes its turnaround, the uni-
verse does also. This accelerating universe generates a powerful gravitational
field. As explained earlier, gravity has a slowing effect on clocks. A clock on
the sun, for instance, would tick more slowly than the same clock on earth,
more slowly on the earth than on the moon. Now, it turns out, when all the
proper calculations are made, that the gravitational field generated by the
accelerating cosmos slows down the spaceship clocks until they differ from
earth clocks by precisely the same amount as before. This gravity field has,
of course, no effect on earth clocks. The earth does not move relative to the
cosmos; therefore, there is no gravitational field with respect to the earth.

It is instructive to imagine a situation in which the same time difference
results, even though no accelerations are involved. Spaceship A passes the
earth with uniform speed, on its way to Planet X. As the ship passes the earth
it sets its clock at zero time. Ship A continues with uniform velocity to Planet
X, where it passes spaceship B, moving with uniform speed in the opposite
direction. As the ships pass, A radios to B the amount of time (measured by
its own clock) that has elapsed since it passed the earth. Ship B notes this
information and continues with uniform speed to the earth. As it passes the
earth it radios to the earth the length of time A took to make the trip from
the earth to Planet X, together with the length of time it took B (measured by
its own clock) to make the trip from Planet X to earth. The total of these two
periods of time will be less than the time (measured by earth clocks) that has
elapsed between the moment that ship A passed the earth and the moment
that ship B passed the earth.

This difference in time can be calculated by the equations of the special
theory. No accelerations of any sort are involved. Of course, now there is no
twin paradox because there is no astronaut who goes out and comes back. It
can be supposed that the traveling twin rides out on ship A, then transfers to
ship B and rides back, but there is no way he can do this without transferring
from one inertial frame to another. To make the transfer he must undergo
incredibly strong inertial forces. These forces indicate his shift of inertial
frames. If we wish, we can say that the inertial forces slow down his clock.
However, if the whole episode is viewed from the standpoint of the traveling
twin, taking him as the fixed frame of reference, then a shifting cosmos that
sets up gravitational fields enters the picture. (A major source of confusion in
discussing the twin paradox is that the situation can be described in so many
different verbal ways.) Regardless of the point of view adopted, the equations
of relativity give the same time difference. This difference can be accounted
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for by the special theory alone. It is only to counter the objection raised by
Dingle that the general theory must be brought into the picture.

It cannot be stated too of ten that it is not correct to ask which situation is
“right” Does the traveling twin move out and back or do the stay-at-home
and the cosmos move out and back? There is only ore situation: arelative mo-
tion of the twins. There are, however, two different ways of talking about it.
In one language, a change of inertial frames on the partof the astronaut, with
its resulting inertial forces, accounts for the difference in aging. In the other
language, gravitational forces overbalance the effect of a change of inertial
frames on the part of the earth. From either point of view, the stay-at-home and the
cosmos do not move relative to one another. Thus the situation is entirely different
for each man, even though the relativity of motion is strictly preserved. The
paradoxical difference in aging is accounted for, regardless of which twin is
taken to be at rest. There is no need to discard the theory of relativity.

An interesting question can now be asked: What if the cosmos contained
nothing except two spaceships, A and B? Ship A turns on its rocket engines,
makes a long trip, comes back. Would the previously synchronized clocks on
the two ships be the same?

The answer depends on whether you adopt Eddington’s view of inertia
or the Machian view of Dennis Sciama. In Eddington’s view the answer is
yes. Ship A accelerates with respect to the metric spacetime structure of the
cosmos; ship B does not. The situation remainsunsymmetrical and the usual
difference in aging results. From Sciama’s point of view the answer is no.
Acceleration is meaningless except with respect to other material bodies. In
this case, the only material bodies are the two spaceships. The situation is
perfectly symmetrical. In fact, there are no inertial frames to speak of because
there is no inertia (except an extremely feeble, negligible inertia resulting
from the presence of the two ships). In a cosmos without inertia it is hard to
predict what would happen if a ship turned on its rocket motors! As Sciama
says, with British understatement, “Life would be quite different in such a
universe.”

Because the slowing of the traveling twin’s time can be viewed as a gravita-
tional effect, any experiment that shows a slowing of time by gravity provides
a kind of indirect confirmation of the twin paradox. In recent years there
have been several such confirmations by means of a wonderful new labora-
tory tool called the Mossbauer effect.* A young German physicist named
Rudolf L. Méssbauer discovered, in 1958, how to make a “nuclear clock”
that keeps unbelievably accurate time. Imagine one clock ticking five times
every second and another clock ticking at so nearly the same rate that after a
million million ticks it has lost only one hundredth of a tick. The Méssbauer
effect is capable of detecting at once that the second clock is slower than the
first! Experiments using the Mossbauer effect have shown that time near the
bottom of a building (where gravity is stronger) is a bit slower than time near

*See Sergio DeBenedetti, “The Mossbauer Effect,” Scientific American (March
1960).
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the top of the same building. “A typist working on the first floor of the Em-
pire State Building,” Gamow observed, “will age slower than her twin sister
working on the top floor.” The difference in aging is, of course, infinitesimal;
nevertheless, it is real and can be measured.

Physicists have also discovered, using the Mssbauer effect, that a nuclear
clock slows down a bit when placed on the edge of a rapidly rotating disk as
small as six inches in diameter. The revolving clock can be viewed as the trav-
eling twin who undergoes constant changes of inertial frames (or alternatively,
as the twin affected by a gravitational field if the disk is assumed at rest and
the cosmos rotating), so this provides an excellent test of the twin paradox.
The twin effect is also evident in the slower aging of muons, making circular
trips in magnetic fields, as compared with muons that “stay at home.”
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A more direct test was made in 1971 by Joseph Hafale and Richard
Keating. They carried four atomic clocks around the earth on commercial
jet liners, first circling the earth eastward, then making a western round trip.
The eastward plane moved faster (relative to the universe) than the westward
plane. Compared to a reference clock in Washington, the traveling clocks
performed as expected. They lost time on the eastward trip, gained time on
the westward trip. Scientific American (September 1972) called it the cheapest
test ever made of relativity. It cost about $8,000, of which $7,600 was for
air fare.

The time is rapidly approachmg when an astronaut can make the final,
definitive test by carrying a nuclear clock with him on a long space voyage.
No physicist except Professor Dingle* doubits that the astronaut’s clock, when
he returns, will be slightly out of phase with a nuclear clock that stayed at
home.

* Well, not quite. Dingle has a few supporters. An amusing history of the contro-
versy, giving all sides and 305 references, is L. Marder’s Time and the Space- Traveller (Uni-
versity of Pennsylvania Press, 1974). Dingle (who died in 1978) became persuaded
that all of relativity, both special and general, is wrong. See his Science at the Crossroads,
published by International Pubns. Service, 1974.
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Models
of the

Universe

In this chapter the fairly solid, agreed-upon aspects of relativity are left be-
hind and the reader is plunged into a misty region of strong controversy: a
region where views are no more than tentative suggestions to be accepted or
rejected on the basis of evidence that science does not yet possess. What is
the universe like as a whole? We know that the earth is the third planet from
the sun in a system of nine planets, and that the sun is one of about a hun-
dred billion stars that make up our galaxy. We know that as far as the most
powerful telescopes can probe, space is strewn with other galaxies, galaxies
that also must be counted by the billions. Does this go on and on forever? Is
there an infinity of galaxies? Or does the cosmos have a finite size?
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Astronomers try to answer these questions as best they can by constructing
what are called models of the universe: imaginary pictures of what the cos-
mos is like when viewed in its totality. In the early nineteenth century many
astronomers assumed that the universe went on and on forever, containing
an infinity of suns. Space was Euclidian. Straight lines extended to infinity in
all directions. If a spaceship began a journey in any direction and continued
in a straight line, it would go on endlessly without ever reaching a boundary.
This, of course, is a view that goes back to the ancient Greeks. They liked to
say that if a warrior kept throwing his spear farther and farther out into space,
he could never reach an end; if such an end were imagined, the warrior could
stand there and toss his spear still farther!

There is one important objection to this view. Heinrich Olbers, a German
astronomer, pointed out in 1826 that if the number of suns is infinite, and the
suns are randomly distributed in space, then a straight line from the earth,
in any direction, would eventually intersect a star. This would mean that the
entire night sky should be one solid, blinding expanse of starlight. Obviously,
it isn’t. Some explanation of the dark night sky has to be devised to explain
what is now called Olbers’ paradox. Most astronomers of the late nineteenth
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and early twentieth centuries explained it by saying that the number of suns
is finite. Our galaxy, they argued, contains all the suns there are. Outside the
galaxy? Nothing! (It was not until the mid-twenties of this century that the
evidence became overwhelming that there were millions of galaxies at enor-
mous distances from our own.) Other astronomers suggested that the light
of distant stars may be blotted out by masses of interstellar fog.

The cleverest explanation of all was advanced by the Swedish mathe-
matician C. V. L. Charlier. Galaxies, he said, are grouped together in
clusters. These clusters (he speculated) are grouped into superclusters, the
superclusters into super-superclusters, and so on to infinity. At each step to a
higher grouping, distances between the groupings grow larger in proportion
to the sizes of the groups. If this were true, then the farther a straight line
extended from our galaxy, the less the probability that it would encounter
another galaxy. On the other hand, the hierarchy of clusters is endless, so it
still can be said that the universe contains an infinity of stars. There is nothing
wrong with Charlier’s explanation of Olbers’ paradox except that there is a
simpler explanation. It will be given in a moment.

The first cosmic model based on relativity theorywas proposed by Einstein
himself in a paper published in 1917. It was an elegant, beautiful model, al-
though Einstein later had to abandon it. As we learned earlier, gravitational
fields are the warps or curves produced in the structure of spacetime by the
presence of large masses of matter. Within every galaxy, therefore, there is
a great deal of this twisting and bending of spacetime. What about the vast
reaches of empty space between the galaxies? One point of view is that the
farther space extends, away from the galaxies, the flatter (more Euclidian)
space becomes. If the universe were empty of all matter, it would be com-
pletely flat, or perhaps it would be meaningless to say that it had any struc-
ture at all. In either case, the universe of spacetime stretches to infinity in all
directions.

Einstein made an attractive counter-suggestion. Suppose, he said, the
amount of matter in the universe is great enough to produce an overall
positive curvature. Space would then curve back on itself in all directions.
This cannot be fully understood without going into four-dimensional, non-
Euclidian geometry, but the meaning can be grasped easily enough with
the help of a two-dimensional model. Imagine a Flatland on which two-
dimensional creatures live. They think of it as a Euclidian plane that extends
to infinity in all directions. It is true that the suns of Flatland cause various
bumps in the plane, but these are localized bumps that do not affect the
overall flatness. There is, however, another possibility that might occur to
Flatland astronomers. Perhaps each local bump produces a slight warping
of the entire plane, so that the total effect of all the suns is to curve the plane
until it becomes the surface of a bumpy sphere. Such a plane would still be
boundless in the sense that you could move in anydirection forever and never
come to a boundary. A Flatland warrior would still be unable to find a spot
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beyond which he could not toss his flat spear. Nevertheless, the surface would
be finite. A trip continued long enough in a “straight line” would eventually
bring the traveler back to where he started.

Mathematicians say that such a surface is “closed.” It is finite but un-
bounded. Like infinite Euclidian space, its center is everywhere, its circum-
ference nowhere. This “closure,” a topological property of the surface, is one
that Flatlanders could easily test. One test has already been mentioned: going
around the sphere in all directions. Another test would be to paint the surface.
If a Flatlander started at one spot and painted larger and larger circles, he
would eventually paint himself into a spot on the opposite side of the sphere.
If the sphere were large, however, and the Flatlanders confined to a small
portion of its surface, they would be unable to make such topological tests.
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Einstein suggested that our space is the three-dimensional “surface” of
a vast hypersphere (four-dimensional sphere). Time, in his model, remains
uncurved: a straight coordinate extending back to an infinite past, forward to
an infinite future. If the model is visualized as a four-dimensional spacetime
structure, it is more like a hypercylinder than a hypersphere. For this reason,
the model is usually called the “cylindrical universe.” At any instant of time
we see space as a kind of three-dimensional cross section of the hypercylinder.
Each cross section is the surface of a hypersphere.

Our galaxy occupies only a minute portion of this surface, so it is not yet
possible to perform a topological experiment that will prove its closure. A
telescope powerful enough might be focused upon a certain galaxy in one
direction, and then upon the back of the same galaxy by being pointed in the
opposite direction. If there were spaceships that could approach the speed
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of light, they might be able to circle the cosmos by moving in any direction
in the straightest possible line. The cosmos cannot literally be “painted,” but
essentially the same thing could be done by mapping it, making the spheri-
cal maps larger and larger. If the mapper continued long enough, he might
find himself passing a point beyond which he would be #side the sphere he
was mapping. This sphere would grow smaller and smaller as he continued
mapping, like the circle that diminishes when a Flatlander paints himselfinto
a spot.
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In some ways Einstein’s non-Euclidian model is simpler than the classical
model in which space is flat. It is simpler in the same sense that a circle may be
said to be simpler than a straightline. A straight line stretches off to infinity at
both ends, and infinity in mathematics is quite a complicated topic! A circle
is comfortably finite. It has no ends; no one need worry about what happens
to the line at infinity. Similarly, in Einstein’s tidy universe no one need worry
about all the loose ends at infinity, about what cosmologists like to call the
“boundary conditions.” There are no boundary problems in Einstein’s cozy
universe, because it has no boundaries.

Other cosmic models, all consistent with general relativity, were proposed
and debated during the twenties. Some of them have propertieseven stranger
than those of Einstein’s cylindrical universe. The Dutch astronomer Willem
de Sitter worked out another closed, finite model, but in his model, time
curves as well as space. The farther one looks through de Sitter’s space, the
slower clocks seem to be running. If one looks far enough, he arrives at a
region where time stops altogether, “like the Mad Hatter’s tea party,” writes
Eddington, “where it is always six o’clock.”
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“Not that there is any boundary,” explains Bertrand Russell in The ABC of
Relativity. “The people who live in what our observer takes to be lotus land
live just as bustling a life as he does, but get the impression that he is eter-
nally standing still. As a matter of fact, you would never become aware of
the lotus land, because it would take an infinite time for light to travel from
it to you. You could become aware of places just short of it, but it would re-
main itself always just beyond your ken.” Of course, if you traveled to this re-
gion in a spaceship, keeping the region under constant observation through
a telescope, you would see its time slowly speeding up as you got nearer to it.
When you arrived, everything would be moving at a normal rate. The lotus
land would now be at the edge of a new horizon.

Have you ever noticed that when an airplane zooms low overhead the
sound of its motors suddenly lowers a bit in pitch as the plane passes over-
head? This is called the Doppler effect, after Christian Johann Doppler, an
Austrian physicist who discovered the effect in the mid-nineteenth century.
It is easily explained. As the plane approaches, its speed causes the pulses
of sound from its engines to strike your eardrums at a faster rate than they
would if the plane were not moving. This raises the pitch of the sound. As
the plane moves away, the pulses strike your ears at a slower rate. The pitch
lowers.

Exactly the same sort of thing happens when a light source moves rapidly
toward or away from you. This has nothing to do with the velocity of light
(which is always constant), but with the wavelengths of light. If you and a light
source are in relative motion toward one another, the Doppler effect shortens
the wavelength of light toward the violet end of the spectrum. If you and the
light source are movingapart, the Doppler effect causes a similar shift toward
the red end of the spectrum.
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George Gamow; in one of his lectures, told a story (no doubt apocryphal)
involving the Doppler effect that is much too good to be overlooked. It seems
that Robert W. Wood, a famous American physicist at Johns Hopkins Uni-
versity, had been caught driving through a red light in Baltimore. In his ap-
pearance before the judge, Wood gave a brilliant account of the Doppler
effect, explaining how his motion toward the red light had shifted the color
toward the violet end of the spectrum, causing him to see it as green. The
judge was set to waive the fine, but one of Wood’s students (whom Wood
had recently flunked) happened to be present. He pointed out the speed that
would be required in order to shift the traffic light from red to green. The
judge dropped the original charge, and fined Wood for speeding.



Doppler thought that the effect he discovered explained the apparent color
of distant stars: Reddish stars would be moving away from the earth, bluish
stars moving toward the earth. This turned out not to be the case (the colors
have other causes), but during the 1920s it was discovered that light from dis-
tant galaxies shows a distinct shift toward the red that cannot be accounted
for adequately except by assuming that the galaxies are moving away from
the earth. Moreover, the shift increases, on the average, in the same propor-
tion as the distance of the galaxy from the earth. If galaxy A is twice as far
away as galaxy B, the redshift of A tends to be twice the redshift of B.

Various attempts have been made to account for this redshift in some other
way than by assuming it to be a Doppler effect. One of them, the “tired light”
theory, says simply that the longer light travels, the slower it vibrates. (This is
a perfect example of an ad hoc hypothesis, because there is no other evidence
tosupport it.) Another explanation is that the passage of light through cosmic
dust causes the shift. De Sitter’s model explains the shift neatly in terms of a
curving time. But the simplest explanation, the one that fits best with other
known facts, is that the redshift does indicate an actual motion of galaxies.
A new series of “expanding universe” models were soon developed on this
assumption.
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It is important to understand that this expansion does not mean that the
solar system, or that galaxies, are expanding, or even (it now appears) that
spaces between the galaxies in a galactic cluster are expanding. The expan-
sion seems to involve only the spaces between the clusters. Imagine a huge
lump of dough in which hundreds of raisins are embedded in a random way.
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Each raisin represents a cluster of galaxies. If the dough is baked so that it
expands uniformly in all directions, the raisins themselves remain the same
size. It is the space between the raisins that grows larger. No one raisin can
be called the center of this expansion. From the viewpoint of any individual
raisin, all the other raisins seem to be moving away from it. The more distant
the raisin, the faster it seems to recede.

Einstein’s model of the universe is static. This, of course, is because he
developed it before astronomers decided the universe was expanding. In
order to prevent gravitational forces from pulling his cosmos together and
collapsing it, he had to suppose that there is another force (he called it the
“cosmological constant”) which acts as a repelling influence and keeps the
stars apart. Later calculations showed that Einstein’s model is unstable, like a
thin dime balanced on edge. The slightest shove would make it fall heads or
tails, heads for an expanding, tails for a collapsing universe. The discovery of
the redshift ruled out the contracting universe, so cosmologists turned their
attention toward expanding models.

All sorts of expanding models were constructed. The Russian Alexander
Friedmann and the Belgian Abbé Georges Lemafitre were responsible for two
early models. Some of these models assume a closed space (positive curva-
ture), some an open space (negative curvature), some leave open the question
of whether space is open or closed. Eddington devised a model and wrote a
very readable book about it, The Expanding Universe. His model is essentially
the same as Einstein’s, closed like the surface of a vast four-dimensional bal-
loon, but expanding uniformly in all three of its spatial dimensions. Today
astronomers doubt that space closes on itself. The density of matter in space
seems to be insufficient to account for such an overall positive curvature. As-
tronomers prefer the open or infinite universe of overall negative curvature,
like the surface of a saddle.




The reader must not suppose that because the surface of a sphere has
positive curvature, the inside of a sphere’s surface has negative curvature. The
sphere’s surface curvature is positive, whether viewed from one side or the
other. The negative curvature of the saddle surface arises from the fact that
at any point the surface is curving two different ways. It is concave if you
run your hand over it from back to front, convex if you run your hand from
side to side. One curvature is expressed by a positive number, the other by
a negative number. The two numbers are multiplied to obtain the curvature
of the surface at a given point. If at all points this number is negative, as it
is sure to be if at all points the surface is curving two different ways, the sur-
face is said to have negative curvature. The surface surrounding the hole of a
torus (doughnut) is another familiar example of a surface with negative cur-
vature. Such surfaces are, of course, only crude models of negatively curved
three-dimensional space.

Perhaps more powerful telescopes will settle the question of whether the
universe has positive, negative, or zero curvature. A telescope can see galaxies
only within a certain spherical volume. If the galaxies are randomly distrib-
uted, and if space is Euclidian (zero curvature), the number of galaxies within
such a sphere should alwaysbe proportional to the cube of the sphere’s radius.
In other words, if a telescope were built that could see twice as far into space
as any previous telescope, the number of visible galaxies should jump from
to 8n. If the jump were less than this, it would indicate a positive curving of
the universe; if more than this, a negative curving.
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One might think it would be the other way around, but consider the case
of two-dimensional surfaces of positive and negative curvatures. Suppose a
circle is cut from a flat sheet of rubber. On it are glued raisins at distances of
a quarter-inch apart. To be formed into the surface of a sphere, the rubber
must be compressed and many raisins brought closer together. In other words,
if the raisins are to remain a quarter-inch apart on the spherical surface, fewer
raisins will be needed. The reverse is true if the rubber is distorted into a sad-
dle surface. This stretches the rubber and moves the raisins farther apart. To
keep them a quarter-inch apart on the saddle surface, more raisins are needed.
The moral of all this is, so runs a stale mathematical joke, that when you buy
a bottle of beer, be sure to tell the clerk you want a bottle containing space
that is curved negatively, not positively!

The expanding-universe models made it unnecessary to retain Einstein’s
cosmological constant, the hypothetical force that keeps the stars from mov-
ing together. (Einstein later considered this concept of a cosmological con-
stant the greatest mistake he ever made.) The new models also cleared up
immediately the problem of Olbers’ paradox about the brightness of the
night sky. Einstein’s static model had been of little help on this score. True,
it has only a finite number of suns, but because of the closed character of its
space, light from these suns is trapped into going round and round the uni-
verse forever, twisting this way and that as it is bent by local distortions of
spacetime. This would light up the night sky as much as an infinity of suns
unless one assumes that the cosmos is so young that light has been able to
make only a limited number of round trips.

The notion of an expanding universe eliminates the paradox very simply.
If the distant galaxies are moving away from the earth with a speed propor-
tional to their distance, the effect is a dimming of the total amount of light
reaching the earth. If a galaxy is far enough away, its speed will exceed that
of light. Its light will never reach us at all. Many astronomers today seriously
believe that if the universe were not expanding, there literally would be no
difference between night and day:.

The fact that distant galaxies may exceed the speed of light relative to the
earth seems to violate the dictum that no material body can go faster than
light. But as we saw in Chapter 4, this dictum holds only for conditions that
meet the requirements of the special theory. In the general theory, it must be
rephrased as the dictum that no signals can be transmitted faster than light.
Still, there is considerable controversy over whether distant galaxies actually
can pass through the light barrier, so to speak, and vanish forever from man’s
ability to see them even if he had the most powerful telescopes imaginable.
Some experts think the speed of light is a limit here, so that the most dis-
tant galaxies would simply grow dimmer and dimmer without ever becom-
ing totally invisible, provided man had sufficiently sensitive instruments for
detecting them.
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Old galaxies, someone was the first to say, never die. They just fade away: It
is important to understand, however, that no galaxy actually vanishes in the
sense that its matter disappears from the universe. It merely reaches a speed
that makes it impossible, or almost impossible, for the earth’s telescopes to
detect it. The vanishing galaxy continues to be visible, of course, from all gal-
axies that surround it at closer range. For each galaxy there is an “optical ho-
rizon,” a spherical boundary, beyond which its telescopes cannot penetrate.
These spherical horizons are not the same for any two galaxies. Astronomers
calculate that the point at which galaxies may be vanishing over our “rim”
is about twice as far away as any present optical telescope can reach. If this
assumption is correct, about one eighth of all the galaxies that will ever be
visible are now being seen.
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If the universe is expanding (regardless of whether it is flat or non-
Euclidian, open or closed), then two tantalizing questions arise. What was the
universe like if one goes back as far as possible in time? And what is going to
happen to our universe if one goes forward as far as possible in time? These
questions will be pondered in our final chapter. But first we must take a look
at some spectacular new astronomical discoveries.
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(Quasars, Pulsars,

and Black Holes

The past 35 years have seen a remarkable upsurge of interest in relativity
theory. Scores of important new books and hundreds of technical papers on
the subject have been published in all major languages. We saw how new lab-
oratory techniques have made possible new confirmations of general rela-
tivity, but that is only one reason for the relativity explosion. The major reason
is that in 1962, the very year that the first edition of this book was published,
there began a series of incredible astronomical discoveries, all connected with
relativity, that boggled the minds of astronomers and physicists.

The first of these extraordinary developments was the finding of a radically
new kind of stellar object called the “quasar.” The name stands for “quasi-
stellar” radio source. The first quasar to be identified is known as 3C 273,
the brightest and presumably the nearest of all the quasars. Australian radio
astronomers had first pinpointed it as a source of strong radio waves, then
Maarten Schmidt, at California’s Palomar Observatory, identified the source
with a fuzzy spot of light in the sky. An examination of the light’s spectrum
threw Schmidt into a state of shock. The redshift is so enormous that 3C 273
is apparently moving away from us with a velocity about 15 percent that of
light, and so far away (more than a billion light-years) that there is no simple
way to account for the strength of its radio emission. It is too big to be a star,
too small and dense to be a galaxy, yet it is pouring out energy far greater
than a galaxy.
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Other quasars were soon detected, many of them even harder to compre-
hend than 3C 273. One seems to be moving away from us at a speed of more
than 90 percent the speed oflight, and throwing out energy about a hundred
times that of a typical galaxy! Quasars have been found with the same stu-
pendous redshifts but emitting little or no radio waves: “radio-quiet quasars”
they are called. Hundreds of quasars have now been located and new ones
are being discovered every week. A complete survey of the sky could turn up
millions.

There is no consensus among experts on what quasars are, where they are,
how they got there, or what is happening to them. At the moment the biggest
debate is about where they are. Most cosmologists are persuaded that they are
at the very rim of the seeable universe. This means that we are seeing objects
about as far away as we can, and about as far backward in time. If this is
true, the quasars must have come into being billions of years ago when the
universe was just an infant.

A small number of astronomers violently disagree. They think the quasars
are so near that they are actually within the cluster of galaxies to which our
Milky Way belongs. If so, their enormous redshifts must have some uncon-
ventional explanation. Perhaps the quasars were expelled from within our
galaxy when 1t was formed, and are still moving rapidly away from us. Per-
haps their redshifts are produced by colossal gravitational forces, or by “tired
light,” or by some other cause not yet known. Any of these explanations, if
confirmed, would throw modern cosmology into utter chaos.

Those who believe the quasars are nearby are no doubt responsible for the
quip that short-sighted cosmologists think quasars are far away, whereas far-
sighted cosmologists think they are close by. Astronomers like Halton C. Arp,
James Terrell, and Geoffrey and Margaret Burbidge are leading the “far-
sighted” group. They point to spots where two or more quasars seem to be
associated with one another but have widely different redshifts. In one case
a pair of quasars appear to be joined by a bridge of light, yet their redshifts
are not the same. “Near-sighted” cosmologists argue that these are optical
anomalies; that quasars which seem to be connected are actually remote from
one another.

In 1971 astronomers found two radio sources, associated with a quasar,
that seem to be separating from each other at more than nine times the speed
of light! We saw in Chapter 4 how relativity permits an observer to chart the
velocities of two objects, relative to one another, as close to twice the speed of
light, but nine times the speed is an outright contradiction of relativity. On
the other hand, if this quasar is near, estimates of the relative speeds of its two
radio sources would drop to comprehensible values. Cosmologists who be-
lieve that this particular system is far away argue that the apparent speeds are
an illusion caused by a “Christmas-tree effect.” Objects, or parts of objects,
that are not moving at all may be flashing on and off between observations,
like Christmas-tree bulbs, to give an illusion of impossible motion.
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The origin of quasar energy is also a dark mystery. The most popular
theory is that the fantastic energy is produced by gravitational collapse, a
process we will consider later in this chapter. George Gamow expressed the
great mystification of astrophysicists by writing the following parody:

Twinkle, twinkle, quasi-star,
Biggest puzzle from afar.
How unlike the other ones;

Brighter than a billion suns.
Twinkle, twinkle, quasi-star,
How I wonder what you are.

While astronomers were still wondering, and trying to recover their com-
posure, they were rocked by an even stronger blow. This was the discovery of
“pulsars.” Pulsars are objects that send out radio pulses so accurately timed
that when radio astronomers at the University of Cambridge first discovered
them in 1967, they couldn’t believe they were hearing anything natural in
origin. For a few weeks they actually thought they had tuned in to some sort
of message from intelligent life beyond the solar system.

One of the pulsars, NP 0531, is within the Crab Nebula in the constellation
Taurus (the Bull). It is sending out beats of about thirty a second, with the
precision of a clock that would be in error by only a second in many millions
of years. When astronomers turned optical telescopes on the spot in the Crab
Nebula where the pulses were coming from, they got another surprise. They
found a point of light flashing on and off'in perfect synchronization with the
pulses! Of course, it had been flashing that way all along, but flashing so rap-
idly that it had appeared to the eye, and on photographs, as a steady point
of light.

Since then more than a hundred pulsars have been spotted, some puls-
ing with visible light as well as radio waves. Their “tick” periods vary from
1/30 of a second (the tick of NP 0531) to almost four seconds. Using atomic
clocks, astronomers have been able to measure these periods with accuracies
of an eight-decimal fraction of a second, and to discover that all of them are
slowing down by tiny amounts every year. Occasionally a pulsar undergoes
a sudden increase in rate—astronomers call it a “glitch.” NP 0531 has had
several glitches since it was first identified. Like the quasars, new pulsars are
constantly being found, and there may be millions in the sky:

Unlike quasars, pulsars are known to be small stellar objects inside our
Milky Way galaxy. Most astronomers are convinced that they are rapidly
spinning neutron stars, sending out radio beeps and sometimes flashing light
in 2 manner similar to the rotating beam of a lighthouse. To explain what a
neutron star is, let’s take a quick look at the three primaryways a star in our
galaxy can die. It turns out that the smaller a star, the gentler its death; the
more massive, the more violent. Our sketch will deal only with the life his-
tories of typical stars, but behind almost every sentence is a vast amount of
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theory that represents an extraordinary mixing of astronomy with relativity
theory and particle physics.

First, let’s consider what astronomers believe is the probable fate of a star
about the size of our sun or smaller. Eventually such a star will burn up its
hydrogen fuel and expand a few hundred times its former size to become
what is called a red giant. The expansion will, of course, greatly thin the
star’s density. When our sun gets around to this, billions of years from now,
it will probably swallow Mercury, Venus, and the earth. The reddish star
Betelgeuse, the right “shoulder” of Orion, is a red giant.

Red giants produced by small stars remain in that condition only for a
while. Eventually gravity causes them to contract to what is called a white
dwarf, a star about the size of the earth but as massive as the sun. A piece of
white dwarf the size of a pea would weigh (on earth) more than a hippopota-
mus. The enormous inpull of the white dwarf’s gravity is balanced by the
pressure of fast-moving electrons. The star’s substance never loses its atomic
structure. As time goes on, the white dwarf slowly cools to become a mass of
cinders called a black dwarf.

Suppose that the original star is slightly larger than our sun but not twice
as large. It, too, is likely to become a red giant. When it starts to contract,
however, its greater mass causes itto pass a certain critical limit and the star
may explode to become a supernova. When this happens, the explosion is
visible in our sky as a new star much brighter than any others. The Crab
Nebula is the remnant of just such an explosion. It occurred in 1054 and was
so spectacular that it was carefully recorded by Oriental astronomers. Why
it wasn’t recorded in the Western world is still an historical mystery.

When a star explodes into a supernova, something very remarkable is be-
lieved to occur. J. Robert Oppenheimer and other physicists figured it all
out on paper in 1938. The greater part of the star’s mass shrinks in a few
seconds to a star much smaller than the earth, a star of no more than ten
to twenty kilometers wide. Gravitational forces are so intense within such
a concentrated mass that the star becomes a million times as dense as the
earth. A piece of the star the size of a marble weighs millions of tons. This is
much too compact to allow preservation of atomic structure. Electrons and
protons lose their identity and are squeezed into neutrons. The star becomes
a neutron star.

Have you noticed that when a performing ice skater wants to spin like a
top he (or she) starts whirling with arms outstretched, then suddenly the arms
are pulled in close to the body? This sudden shift of mass to a smaller orbit
causes the body to rotate faster. Exactly the same thing happens to a rapidly
contracting neutron star. The spin it had as a red giant is enormously acceler-
ated. The final result is a tiny neutron star, incredibly compact, and spinning
faster than a ball on a juggler’s fingertip. As it whirls it sends out radio pulses,
sometimes accompanied by pulsing light. Exactly how the spinning star does
this is still far from understood. The latest theories assume that the star’s
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matter is in what is called a superfluid state—a state close to absolute zero
temperature at which there is no viscosity or friction—and covered over by a
thin, solid crust. Starquakes in this crust could be the cause of pulsar glitches.

Eventually the gas of the supernova fades. The explosion of the Crab
Nebula was so recent, however, that its gaseous debris still glows in our sky.
The little pulsar at the center is the neutron star that was once a sun slightly
larger than our own.

Now we come to the third way a star can die, a way so bizarre that no
one, before the theory of relativity was propounded, could have believed for
a moment it was anything except the fantasy of a mad scientist or a writer of
science fiction.

Thisthirdkind of fate awaits a star with an originalmass much greater than
the sun’s, say, a mass of ten times or more. The huge star may go throughits
red-giant phase, but now, when it begins its gravitational collapse, its mass is
so great and the forces of gravity so colossal that the pressure of electrons is
insufficient to halt the star in a neutron stage. The implosion just keeps on
going. It becomes a runaway, catastrophic collapse that transforms the star
into what is called a black hole.

The most important thing to understand about a black hole is that it is
smaller than its “Schwarzschild radius.” As we learned back in Chapter 6,
large masses alter the structure of spacetime so that rays of light passing close
to the mass, taking geodesic paths, follow paths we see as curved in our ordi-
nary three-dimensional space. The greater the mass, the greater this warping
of spacetime and the greater the curvature of light. A few months after the
theory of general relativity was published, Karl Schwarzschild, a German
astronomer, proved that if gravitation compresses a mass within a certain ra-
dius (the distance dependent on the amount of mass), gravity would become
so strong that no matter, radiation, or any sort of signal could escape from
it. The radius of this sphere, into which anything can fall but from which
nothing can escape, is the Schwarzschild radius.

Pierre Simon de Laplace, a French mathematician, pointed outas far back
as 1798, using Newton’s theory of gravity, that a star could be so massive
with respect to its size that no light could escape from it. This was the first
anticipation of what is now called a black hole. In 1939 Oppenheimer and
his student Hartland S. Snyder made calculations similar to those of Laplace,
but using the more refined formulas of relativity theory. They showed that if
a star were sufficiently massive, it would indeed undergo a final catastrophic
collapse to a density and size within the Schwarzschild radius. Since no light
could escape from such a black hole, the star would become invisible. You
couldn’t see it by turning a bigsearchlight on it because the hole would simply
absorb the light without reflecting any back. Either there are holes like this in
the universe, someone has said, or there are holes in the theory of relativity.

For a star as massive as our sun, the Schwarzschild radius is between one
and two kilometers. For an object like the earth, it is smaller than a marble.
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A typical star, massive enough to collapse into a black hole, would produce a
hole with a radius of only several kilometers. At the core of the hole is what
mathematicians call a “singularity”” Nothing is known about what happens
to matter at such a spot because quantum mechanics no longer applies.
Gravitational forces become infinite. Density and the curvature of spacetime
become infinite. Particles of matter are literally crushed out of existence.

These ultimate distortions of space and time are reflected in the radically
different ways that observers would view the final collapse. An observer safely
outside a black hole would measure the time of the collapse as infinite, but to
an observer on the star, his proper time would measure the collapse in milli-
seconds. An astronaut falling into a black hole would be instantly killed by
the enormous tidal forces (see Chapter 5). They would compress him on all
sides and pull him lengthwise into a fine filament that would approach zero
thickness as he fell.

What would finally happen to his mass and energy? No one knows.
Would it become pure spacetime? Would it become nothing? Is there a
difference between spacetime and nothing? Perhaps a star that collapses
into a black hole would go through what John Archibald Wheeler, the
Princeton University physicist, calls a “worm hole” to re-enter another re-
gion of our universe. Or it might enter another universe lying outside our
spacetime. Some physicists have speculated that our black holes are aper-
tures through which energy is constantly pouring into another universe. The
holes from which such energy emerges are called white holes. Is it possible
that the black holes of some other cosmos are white holes at the centers
of our quasars, holes through which energy is constantly pouring into our
spacetime?

Another question, about which there is a frenzy of current debate, is
whether a black hole can rotate. The assumption is that since stars can rotate,
a star that collapsed into a black hole would produce a rotating hole. If so, the
rotating hole might provide unlimited energy for a technologically advanced
civilization. Wheeler has imagined such a society living on a gigantic shell
that has been builtaround a rotating black hole the size of a mustard seed. He
has even worked out a scheme by which garbage is dropped downward into
the black abyss. The hole neatly disposes of the garbage, crushing it instantly
out of existence, and politely sends back energy to supply all the needs of the
civilization flourishing on the spherical shell.

Our universe, some physicists conjecture, may be dotted with millions of
these “mini black holes.” On June 30, 1908, there was amysteriousexplosion
in central Siberia. It was so cataclysmic that it blew over trees for a radius
of more than thirty kilometers in all directions. To this day no one knows
the cause of that monstrous blast. It was not a meteor, because no trace of a
crater or buried meteorite has been found. Perhaps a comet struck the earth.
Could it have been a mini black hole the size of a dust grain but weighing a
billion tons? It mighthave struck the earth, then passed straight through the
earth to emerge on the other side and continue through space.



QUASARS, PULSARS, AND BLACK HOLES 147

Is it possible for astronomers to detect the presence of a black hole in the
sky? One way to look for a black hole is to look for an intense source of grav-
ity waves. If a star or planet were to fall into a black hole, it would produce
a burst of gravity waves. Some astronomers think that quasars are drawing
their energy from black holes. Some think there may be black holes at the
centers of galaxies. At the moment the most likely candidate for a black hole
is the invisible X-ray source of Cygnus X-1 in the constellation Cygnus (the
Swan). This is believed to be a system of two objects that revolve about once
every five and a halfdays. The visible object is a supergiant star. The invisible
component is apparently too massive to be a dwarf or a neutron star, and
some astronomers have decided it must be a black hole. Skeptics are not so
sure. Instead of a black hole there may be two objects, neither of them black
holes.

Wheeler believes we are living inside a universe that will eventually stop
expanding. It will then begin a contraction phase that eventually becomes
runaway gravitational collapse. Finally the entire universe will vanish into its
black singularity like the fabled Poof Bird that flies backward in ever decreas-
ing circles until “Poof!” —it vanishes up its own posterior. Where it goes and
what happens next are speculations that take us to our final chapter.
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Beginning

and End

Picture in your mind an expanding cosmos, then run the scene backward
like a motion picture in reverse. It is apparent that there must have been a
moment, in what Shakespeare once called the “dark backward and abysm
of time,” when an enormous amount of matter was concentrated in a very
small space. Perhaps a great primeval explosion, many billions of years ago,
started the whole process. This is the big-bang concept, which was first advo-
cated by Lemaitre (see Chapter 10), and which found its most able champion
in George Gamow.
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Gamow wrote a persuasive book, The Creation of the Universe, in defense of
his theory. Lemafitre thought the big bang took place about five billion years
ago, but estimates of the age of the universe have also been expanding in
recent years. It now appears that fifteen to twenty billion is a much better
guess. At any rate, according to Gamow there was a time when all the mat-
ter in the universe was concentrated in one incredibly dense, uniform glob
of concentrated matter which he liked to call Ylem (pronounced “eelem”; it
is an old Greek word for primordial matter). How did the Ylem get there?
Gamow thought it previously may have been spread out through the space
of a collapsing universe. This period of the big squeeze is obviously a period
about which information is hard to obtain. Like Lemaitre’s model, Gamow’s
model really begins with a bang. This is sometimes called the “moment of
creation”—not in the sense of making something out of nothing, but in the
sense of making a shape out of something previously shapeless. If belief in a
creation out of nothing is preferred, ¢his is as good a point as any, in Gamow’s
theory, to pick for it.




Just before the big bang, the temperature and pressure of the Ylem was in-
credibly high. Then came the monstrous, unimaginable explosion. Gamow’s
book will supply all the details of what may have happened after that. Even-
tually the stars congealed from the expanding dust and gas. The present ex-
pansion of the universe is the continuation of the motion imparted to matter
by the initial explosion. Gamow believed that the motion will never stop.
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In 1961, when I wrote the first edition of this book, the chief rival to the
big-bang theory was the steady-state universe proposed in 1948 by three
Cambridge University scientists: Hermann Bondi, Thomas Gold, and Fred
Hoyle. The most persuasive defense of this theory is Hoyle’s popular book The
Nature of the Universe. Like Gamow’s theory, the steady-state theory accepts the
expansion of the universe and assumes space to be open and infinite rather
than closed as in Eddington’s model. Unlike Gamow’s theory, it does not start
with a bang. In fact, it does not start at all. Not by accident does the title of
Hoyle’s book differ from Gamow’s only by the change of one word. Hoyle’s
cosmos has no moment of “creation” —or rather, it has, as we shall see, an
infinity of small creations. As Hoyle expresses it elsewhere: “Every cluster
of galaxies, every star, every atom had a beginning, but not the Universe it-
self. The Universe is something more than its parts, a perhaps unexpected
conclusion.”

The steady-state universe is always in the running, just the way it is now.
Going back a hundred thousand billion years, the same types of evolving
galaxies are found in any portion of the cosmos, containing the same types
of aging stars, some with the same types of planets whirling around them,
and on some of these planets, probably, similar types of life. There may be an
infinity of planets on which at this very moment (whatever that may mean)
intelligent creatures are sending their first astronauts into space. The cosmos
is uniform, in an overall way, throughout an infinite space and an infinite
time.

The universe is expanding, says the steady-state theory, but the expan-
sion is not the aftermath of an explosion. It is due to an unknown repulsive
force similar to Einstein’s abandoned cosmological constant. Perhaps, some
steady-staters argue, the force is caused by an infinitesimal difference be-
tween the proton’s positive charge and the electron’s negative charge. Atoms,
hitherto considered neutral, would carry tiny charges, and since like charges
repel, the universe would have a built-in tendency to expand. Whatever the
nature of the repulsive force, it pushes the galaxies apart until finally they
vanish over the “rim” as they pass through the light barrier. This disappear-
ance 1s, of course, from the standpoint of an observer in our galaxy. When an
observer on the earth sees Galaxy X and its neighbors fade away, observers
in Galaxy X see our galaxy do the same thing.

An all-important question remains: If the universe has always been ex-
panding and will keep on expanding forever, why doesn’t it thin itself out?
Clearly there is no way to maintain the steady state without assuming that
new matter is constantly being created, perhaps in the form of hydrogen,
the simplest of the elements. According to Hoyle (it is almost impossible to









BEGINNING AND END 155

write about Hoyle’s views without indulging in this obvious play on words),
if one hydrogen atom per bucketful of space were to come into existence
about every ten million years, it would keep the cosmos steady: Naturally, the
rate at which matter forms has to be just such as to balance the thinning-out
process.

Where do the hydrogen atoms come from? No one presumes to know. This
is the point at which Hoyle’s theory begins. If a belief in creation from noth-
ing is maintained, this is the point in the steady-state theory where creation
takes place, or rather, where it constantly takes place.

In 1961, the two rival theories, the big bang and the steady state, were
running neck and neck. The values of the relevant parameters—variables
needed for the construction of the models—simply were not known with
enough precision to decide between the two theories. Relativity theory ap-
plied equally well to both, and both fitted equally well into the known facts
about the universe—more accurately, what were thought at the time to be facts.
But “facts” are hard to come by in cosmology, and estimates of the parameters
are constantly altering. In the 1950s astronomers on each side of the debate
wrote books and articles that made it appear as if all the evidence were on
their side, and not much evidence on the side of their stubborn, out-of-date
opponents.
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Looking back on it now one can see that strong, sometimes unconscious
emotional attitudes played a role. For many people there is something deeply
disturbing about the notion of a universe coming into existence with a big
explosion and then expanding forever until it freezes to death, and something
cozy and comforting about a universe that is always the same. Hoyle and
his followers were eloquent in expressing their emotional preference for this
kind of universe.

For others it works the opposite way. Some people can think of nothing
more ghastly than a universe forever expanding and forever remaining the
same throughout an infinity of time and space. If there is such a thing as hu-
man immortality, G. K. Chesterton once wrote, perhaps it is part of God’s
mercythat he cuts it up for usinto finite pieces so we can enjoy it. Maybe God
himself, wanting to enjoy the spectacle of cosmic history, has to cut it up like
a ribbon into finite pieces. At any rate, Gamow was equally frank about his
emotional preference for the big bang. Is it possible that American culture,
born in a recent revolution, inclines American astronomers toward a revo-
lutionary beginning of the universe? Teller once suggested that the steady
state was the dominant theory in England not only because it was the work
of British cosmologists but because it expressed the British desire to maintain
the status quo around the world.

Suddenly, in the mid-sixties, a funny thing happened to Hoyle on his way
to the observatory. His steady-state theory faded like a galaxy vanishing from
sight at the optical edge of the universe. The first big blow to his theory was
the discovery of the quasars. Assuming that their redshifts do not have un-
conventional causes, they are structures existing only at the far edges of our
cosmos. This means they were formed billions of years ago and haven’t been
forming since. There is no good waythat the steady-state theorycan account
for them.
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The greatest blow, the fatal blow, to the steady state was the discovery
in 1965 that the universe is permeated with high-frequency waves on the
borderline between microwave radio emissions and infrared light. It is some-
times called “black-body radiation” because black bodies at extremely low
temperatures emit radio waves of this sort. The only good way astrophysicists
can account for this radiation is to assume it is the residue of the great flash
of light from the primordial fireball.

The infrared radiation was independently discovered by scientists at the
Bell Laboratories in New Jersey and by physicists at Princeton University: It
was Robert Dicke, the Princeton physicist, who had first proposed looking for
such radiation, and his associates who found it were using a radiometer that
Dicke had designed. It was a remarkable coincidence that the two groups of
scientists, although working in laboratories near to each other, were unaware
of each other’s work, yet found the microwave radiation at about the same
time.

Theradiation “sea” is unquestionably there. It has a temperature of about
3 degrees on the absolute scale; a faint electromagnetic glow, a merest “whis-
per,” left over from the big bang. At bang time the waves must have had short
wavelengths, but they have been lengthened by the expansion of the universe
over the past fifteen to twenty billion years.

The remarkable thing about this microwave radiation is its “iso-
tropy”—that is, its uniformity in all spatial directions. It is this that rules
out the possibility that the black-body radiation is coming from some sin-
gle, unknown source. If such were the case, it could not be isotropic. The
isotropy is so uniform that for the first time astronomers now have a way
to measure the “absolute” motion of the earth. As we have seen, the earth
moves around the sun, the sun moves through the Milky Way, the Milky
Way rotates and moves within a cluster, and the cluster belongs to a mov-
ing supercluster of some 2,500 galaxies. Now that we know the universe is
uniformly permeated with microwave radiation, we can use the Doppler
effect to measure the earth’s motion with respect to that radiation. We
simply check on the amount of shift in various directions. Attempts to do
just this are now under way, although no hard conclusions have yet been
reached.

The reason I put “absolute” in quotes in the above paragraph is because
it would be a measurement of the earth’s motion with respect to the largest
frame of reference we know—the universe itself. You must not suppose that
this in any way violates relativity. One could just as legitimately assume the
earth to be fixed and the entire universe, with its great spherical cloud of
black-body radiation, to be moving. The equations are the same. Indeed,
from the standpoint of relativity the choice of reference frame is arbitrary.
Naturally, it is simpler to assume the universe is fixed and the earth moving
than the other way around, but the two ways of talking about the earth’s
relative motion are two ways of saying the same thing.
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It took a long while for proponents of the steady state to give up the
theory. Dennis Sciama expressed himself movingly about it. “I must add
that for me,” he wrote in Scientific American (September 1967), “the loss
of the steady-state theory has been a cause of great sadness. The steady-
state theory has a sweep and beauty that for some unaccountable rea-
son the architect of the universe appears to have overlooked. The universe
in fact is a botched job, but I suppose we shall have to make the best
of it.”

The biggest botch, Sciama goes on to say, is the big bang itself. It was
to avoid this “unpleasant singularity;” he writes, that led to the steady-state
theory. When Sciama was the guest at a Scientific American editorial luncheon,
shortly before he wrote this, I heard him say that for years he had been trying
to “weasel” out of the mounting evidence for the “unpleasant singularity”
until finally he “ran out of weasels.”

Hoyle seems not to have totally abandoned hope. For years he has pro-
posed various weasels, some of them fantastic. Almost every year he puts
forth a new scheme designed to restore some kind of steady state to every-
thing, though not of course in the form of his dead theory. None of these new
Hoylean speculations are taken seriously by the big-bangers. As George P.
Thomson once said, criticizing Hoyle for his propensity to invent new laws
to fit his theories, “There are many ways to solve chess problems if one is
allowed to invent fresh moves for the pieces.”

The fact that the big bang has won the day doesn’t mean that cosmolo-
gists are now in substantial agreement. Far from it! It just means that the
debate has shifted ground. Almost all experts now agree that our universe
is expanding, that no new matter is entering it from higher spaces, and
that it had its origin in a monstrous explosion some fifteen to twenty billion
years ago.

The two biggest unanswered questions are about the beginning and the
end. What happened before the explosion? What will eventually happen to
the expanding universe?

All sorts of models can be constructed, but to decide between them
we need more information about the fundamental parameters. The most
important blank concerns the total amount of mass in the cosmos. Is
there enough to halt the expansion and start the universe going the other
way? The most recent attempts to calculate this mass give an amount that
falls far short of what is necessary to halt the expansion, as well as far
short of the amount necessary to “close” spacetime as in Einstein’s origi-
nal model or Eddington’s modified version. Try as they will, astronomers
are unable to find evidence for more than about 10 percent of the mass
needed. If these estimates are correct, the open universe will go on ex-
panding forever until it finally dissipates all its energy and expires from the
cold*

* See J. Richard Gott III, James E. Gunn, David N. Schramm and Beatrice M.
Tinsley, “Will the Universe Expand Forever?,” Scientific American (March 1976).
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Cosmologists who cannot bear the thought that the universe will end in
such a wintry whimper are forced to assume that somewhere in the uni-
verse there is enough “hidden mass” to close spacetime and eventually stop
the universe from getting larger. Many theories have been proposed about
the hiding places of this mass. The latest and most exotic is that it is hid-
den inside millions of mini black holes that were formed by the primordial
explosion.

Let’s assume the mass is there and that the universe will indeed go into a
contracting phase. There is no way to halt such a contraction once it starts.
The shrinking will finally become catastrophic and the universe will enter the
singularity of a black hole. No one can think of any way to avoid the singu-
larity, that dark abyss in which the density of the cosmos goes to infinity and
matter is crushed out of existence.

Some cosmologists like to think the result will be another fireball. The
new explosion will blow hydrogen into space as before, where it will con-
dense into new galaxies, and the whole process will repeat itself. These are
the “pulsating” or “oscillating” models. The idea was independently devel-
oped as a serious theory in 1919 by Howard P. Robertson and Richard C.
Tolman. Of course the general notion, unsupported by scientific data, is
much older. It underlies the concept of eternal reoccurrence that is part of
many Eastern religions. Brahma, the Hindu creator god, inhales and ex-
hales universes through his nose while Shiva, in a ring of fire, dances each
old cosmos out of existence and dances in the new. Similar visions have
been defended by a few Western philosophers. The ancient Stoics taught
that the universe goes through endless cycles, each ending with everything
dissolving in a central fireball. Nietzsche was obsessed by the same no-
tion—the “ring of eternity,” he called it—and defended it lyrically in Thus
Spake Jarathustra.

Oscillating universes can be infinite in number, either closed structures
within a spacetime of five dimensions, isolated from each other like bub-
bles in a foam, or parallel worlds in spacetimes of higher orders. This
leads to a new kind of steady state.* Superspace is forever blowing bub-
bles. In recent years Hoyle himself has been attracted to this view, but
it is Wheeler who has argued it with the greatest mathematical sophisti-
cation.

* If we go back to cosmologies that predate the discovery of the expansion of the
universe, there are many “steady-state” models, starting with Aristotle’s. W. D. Mac-
millan, the Chicago astronomer who opposed relativity (see Chapter 9), had a non-
relativistic steady-state theory in which the redshift is caused by light evaporating
into space and re-emerging as hydrogen atoms. In its modern sense, “steady state”
is limited to relativistic theories that take cosmic expansion into account.
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In Wheeler’s vision, our spacetime can be described by a point in an un-
thinkably vast superspace. Occasionally a portion of superspace ties itselfin a
complicated knot and there is an explosion which creates a universe of three
spatial dimensions. Random factors enter the explosion, so that each time a
new universe is born it has its own peculiar set of constants, particles, and
laws. An infinity of different universes are forever coming into existence for
a while, expanding, then contracting back to oblivion. We are living in one
that happened to explode in just such a way as to produce particles and laws
which permitted the universe to evolve complicated structures (us) capable
of contemplating itself:

A curious historical footnote to all this is that Edgar Allan Poe had just
such avision. He described it in his last published work, a small but remark-
able book called Eureka that came out in 1848. At the time, Poe’s cosmology
seemed bizarre to his contemporaries. Today it reads as if it had been written
by one of Wheeler’s students!

A universe begins, said Poe, when God creates a “primordial particle”
out of nothing. From it, matter is “irradiated” spherically in all directions,
in the form of an “inexpressibly great yet limited number of unimaginably
yet not infinitely minute atoms.” As the universe expands, gravity slowly
gains the upper hand, and the matter condenses (as in Laplace’s nebu-
lar hypothesis, which Poe admired) to form stars and planets. This theory,
wrote Poe (in a phrase often applied to relativity), is too beautiful not to
be true.

Our universe, Poe argued (restating Olbers’ paradox), is finite, otherwise
the entire sky would be blazing with starlight. However, it is only one of an
infinity of universes, the others so “unspeakably distant” that no light passes
between them. These cosmic bubbles are forever isolated from one another,
and there is no way that an intelligence in one universe can ever become
aware of another. Each cosmos has its own deity.

Eventually gravity halts the expansion and the cosmos starts to contract.
Finally all matter returns to its original Unity; that is, it becomes nothing
again. The final “globe of globes will instantaneously disappear,” and the
God of that universe will remain “all in all.” The deity will then start another
creation with (and it is here that Poe comes so remarkably close to Wheeler)
“anew and perhaps totally different series of conditions.” This cyclic process
goes on “for ever, and for ever, and for ever; a novel Universe swelling into
existence, and then subsiding into nothingness at every throb of the Heart
Divine.”

Poe’s pulsating universe is now the favored model of many cosmologists.
There are, of course, other models, some advanced seriously, some in jest.
Hoyle once said that he had invented dozens of models so bizarre that he
never published them, even though each was consistent with present esti-
mates of the relevant parameters. There are models in which space twists
back on itself like a Moebius strip (a one-sided surface formed by giving a



162 RELATIVITY SIMPLY EXPLAINED

strip of paper a half twist and joining the ends). If you travel once around
such a universe, you find yourself back where you started, only everything
is reversed as in a mirror. Of course you can go around once more and
straighteneverything out. The mathematician Kurt Gédel published in 1949
a strange nonexpanding model in which every point in space is rotating the
same way around an axis. All the axes are parallel, and to an observer at
any spot, the entire universe seems to be rotating around him in the same
direction.

The “kinematic relativity” model of the Oxford University astronomer
Edward A. Milne is perhaps the most bizarre of all. It introduces two essen-
tially different kinds of time. In terms of one time, the universe is infinite in
age and size, not expanding at all. In terms of the other time, it is finite in
size and has been expanding only since a moment of creation. It is a matter
of convenience which kind of time is taken as basic.

The Englishmathematician Edmund Whittaker* once proposed (as a joke)
a diminishing-universe theory in which our finite cosmos is now contract-
ing and its matter continually vanishing back into wherever it comes from
in Hoyle’s theory. The world eventually fades completely away. “This would
have the recommendation,” Whittaker writes, “of supplying a very simple
picture of the final destiny of the universe.” Of course, such a theory would
have to explain why we see a galactic redshift instead of a violet one, but this
is not hard to account for. All we have to do is borrow one of de Sitter’s de-
vices and assume that time is getting faster. (As a friend, Sidney Margulies,
has pointed out, this might explain why, as one grows older, the years seem
to slip by like months. They are slipping by like months!) Light that reaches
the earth from a distant galaxy would then be light from the galaxy as it
appeared millions of years ago when its light vibrated more slowly. This could
produce a redshift large enough to more than balance the Doppler shift to
the violet. Of course, the farther the galaxy, the older and redder it would
appear.

The fact that a diminishing model can be constructed shows how flex-
ible the equations of relativity are. They can be fitted to scores of differ-
ent cosmic models, all of which account fairly well for everything that can
at present be observed. It is interesting to find the English philosopher
Francis Bacon writing in his Novum Organum in 1620: “Many hypotheses
with regard to the heavens can be formed, differing in themselves, and
yet sufficiently according with the phenomena.” Modern cosmology is un-

* Sir Edmund Whittaker wrote a two-volume History of the Theories of Aether and
Electricity (1900~ 1926). It is a monumental, valuable account, but marred by a curi-
ous attempt to minimize Einstein’s contributions. The theory of relativity is regarded
throughout as the creation of Lorentz. For an attempt to explain Whittaker’s blind-
ness, see “Poincaré, Einstein, and the Theory of Special Relativity,” by Jeremy J. Gray,
in The Mathematical Intelligencer (Vol. 7, 1995, pp. 651T).
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changed in this respect, though the amount of phenomena observed is
much greater; therefore, there are grounds for supposing that modern
models are closer to the truth than the old. Of course the fashionable
cosmic models of a hundred years from now, based on astronomical data
not known at the moment, may be wildly unlike any model now taken
seriously.

It is with this humbling thought in mind that so many writers of popular
books on modern cosmology, from Eddington to Sciama, have quoted from
Book 8 of John Milton’s Faradise Lost. The angel Raphael is speaking to
Adam and Eve. Note how the relativity of the earth’s motion is assumed.

To ask or search I blame thee not; for Heaven
Is as the Book of God before thee set,
Wherein to read his wondrous works, and learn
His seasons, hours, or days, or months, or years.
This to attain, whether Heaven move or Earth
Imports not, if thou reckon right; the rest
From Man or Angel the great Architect
Did wisely to conceal, and not divulge
His secrets, to be scanned, by them who ought
Rather admire. Or, if they list to try
Conjecture, he his fabric of the Heavens
Hath left to their disputes— perhaps to move
His laughter at their quaint opinions wide
Hereafter, when they come to model Heaven,
And calculate the stars.

There is an amusing short tale by the Irish writer Lord Dunsany (in his
book The Man Who Ate the Phoenix) in which Atlas explains to Dunsany what
happened on the day when science made it no longer possible for mortals
to believe in the old Greek model of the universe. Atlas admits that he had
found his task rather dull and unpleasant. He was cold, because he had the
earth’s South Pole on the back of his neck, and his hands were always wet
from the two oceans. But he remained at his task as long as people believed
in him.

Then the world, Atlas says sadly, began to get “too scientific.” He decided
he was no longer needed. So he just put down the world and walked away.

“Yes,” Atlas says, “Not without reflection, not without considerable re-
flection. But when I did it, I must say I was profoundly astonished; utterly
astonished at what happened.”

“And what did happen?”

“Simply nothing. Simply nothing at all.”
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In this book I have tried to tell the story of what happened on a more recent
occasion when Newton’s God of Absolute Motion, after a couple of prods by
Einstein, put down the earth and walked away. Nothing much happened to
the earth, at least not for a while. It continued to rotate on its axis, bulge at
its equator, whirl around the sun. But something did happen to physics. Its
power to explain, its power to predict, above all its power to alter the face of
the earth for good or evil, became greater than it had ever been before.
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Postscript,
1996

“What do you know about Time?” she said.
“Nothing,” answered the old, black cat, though

nobody spoke to him.
—LORD DUNSANY, “The Avenger of Perdonis,”
in Tales of Three Hemispheres

Since the second edition of this book was published in 1976, hundreds of
tests have been made, using advanced technology, of the special and general
theories of relativity. Classic experiments such as the Michelson-Morley and
the Kennedy-Thorndike have been tested with ever greater precision. Both
theories have passed all tests with flying colors. For an excellent summary
of these results I recommend physicist Clifford M. Will’s excellent book Was
Einstein Right? (Basic Books, revised edition 1993).
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Will recalls in his book that in 1976 a famous astronomer at the California
Institute of Technology advised a graduate student to avoid specializing in
relativity because it “had so little connection with the rest of physics and as-
tronomy” Kip Thorne, the student, wisely ignored this advice and is now a
leading expert in the rapidly growing field of relativistic cosmology. Thanks
to new telescopes and space probes, the universe has become a vast labora-
tory for testing Einstein’s general theory. Relativity is inextricably bound up
with observations of pulsars, quasars, and black holes, and with all the ex-
citing new theories about the basic particles and the nature of the Big Bang
that produced them.

In the light of observational and experimental results and the unification
of gravity and inertia, the general theory of relativity is amazingly and beau-
tifully simple. Professor Will recalls Einstein’s joking remark that if tests ever
decided against the theory it would only prove God made a mistake when he
designed the universe. Of course Einstein knew that elegance is not enough
to make a theory fertile. Early in the game he himself, as we have seen, pro-
posed three ways of testing the basic ideas of general relativity. How much
does light from distant stars bend when it passes close to the sun? Does the
elliptical orbit of Mercury rotate on the plane at a rate which agrees with
relativity? And is the wavelength of light shifted toward the red side of the
spectrum when influenced by gravity?

Before 1960 all three tests had only weak confirmations. Repeated at-
tempts to measure the bending of starlight, as it grazed the sun during a
total eclipse, were marred by huge margins of error. Measurements did
confirm bending, but the degree of bend was impossible to pin down. Even
Newtonian physics, Will reminds us, predicts the bending of light by gravity,
though at only half the amountrequired by relativity. Mercury’s orbit seemed
to support Einstein, but again other explanations could not be ruled out. The
gravitational red shift of light had almost no empirical support.

In the 1960s, Will writes, physicists suddenly found themselves in pos-
session of fantastically powerful new tools. Atomic clocks of various kinds
made possible incredibly accurate measurements of time. Laser instruments
were perfected. Larger radio and X-ray telescopes were built. Faster com-
puters made it easier to analyze complex data. Radar and laser light could be
bounced off mirrors on the moon and off planets and satellites. What Will
calls a renaissance of interest in general relativity soon emerged. At first the
solar system was the new testing “laboratory.” In the 1970s the laboratory
enlarged to regions far beyond our galaxy.

Professor Will makes an important distinction between the basic ideas of
general relativity, which physicists now take for granted, and the ten tensor
equations Einstein finally provided as a way of measuring the curvature of
space-time. If by “general relativity” we mean those equations, then in the
1960s many rival theories, with slightly different equations, were proposed.
The most important was a theory devised by Princeton’s Robert Dicke and
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his former graduate student Carl Brans. The Brans-Dicke theory, as it was
later called, accepted all the central ideas of general relativity but modified
Einstein’s field equations by adding a second field. As a consequence, it made
predictions that differed slightly from Einstein’s.

Torepeat what I said earlier in Chapter 7, measurements of the sun’s shape
seemed toshow that the sun was fatter at its equator than had been suspected,
perhaps because its core rotated faster thanits surface. When this oblateness
was taken into account, the Brans-Dicke theory predicted the rotation of
Mercury’s orbit better than did Einstein’s. In a chapter called “The Rise and
Fall of the Brans-Dicke Theory” Will explains why knowledge of the sun’s
precise shape remains cloudy. The sun’s brightness and the fact that it con-
stantly throbs like a beating heart make its shape extremely difficult to deter-
mine. Some observations reported in 1985 seem to show that the sun’s core
rotates more slowly than its surface. In any case, support for the Brans-Dicke
theory has been rapidly eroding.

The most precise measurements supporting Einstein over Brans-Dicke
are described in the chapter “Do the Earth and the Moon Fall the Same?”
Einstein’s field equations require an absolute equivalence in the way all mat-
ter is influenced by gravity. “If we were to drop the Earth and a ball of alu-
minum in the gravitational field of some distant body,” Will writes, “the two
would fall at the same rate.” A 1969 experiment, using lasers, verified that
the earth and moon fall toward the sun with the same acceleration, and to a
precision of one part in a hundred billion. Because the Brans-Dicke theory
does not accept what is called the “strong equivalence principle,” this test
counted heavily against it. Had Einstein been told of its result, Will surmises,
he would have replied, “Of course!”

Ephraim Fischbach of Purdue University announced in 1986 that he and
his associates had found evidence for a hitherto undetected repulsive force
which they call “hypercharge.” If it exists, it would be much weaker than
gravity—but could cause gravity to act differently on different kinds of mat-
ter. A feather would not fall in a vacuum with exactly the same accelera-
tion as an iron ball. Such a new force would be a revolutionary challenge to
the strong equivalence principle. As Will reports in a new chapter added to
his second edition, “Is It Twilight Time for the Fifth Force?,” sophisticated
efforts to detect such a force have all been failures, although such attempts
are continuing.

A test of relativity, not proposed by Einstein, involves the way gravity de-
lays a light signal. Professor Will explains it with a rubber-sheet model. Put a
heavy ball on the center of a flat elastic sheet supported at its perimeter. The
ball will produce a depression—a three-dimensional distortion of the sheet’s
two-dimensional space. This causes a marble, placed anywhere outside the
depression, to roll toward the ball. The ball does not pull the marble. The
marble moves because of the sheet’s curvature. If you imagine a light ray
on the sheet, entering and leaving the depression, it will travel farther than
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it would if the sheet were flat. This is similar to what happens when light
goes through a region strongly warped by a star’s mass. Because the path has
lengthened, there is what is called the Shapiro time delay, after Irwin Shapiro,
who worked out the mathematics in the early 1960s. Complex measurements
of this delay by Viking spacecraft have confirmed Einstein’s field equations
with an error of one part in one thousand. Will calls it “still the most accurate
test of the theory ever performed.”

In brief, Will’s book answers the question posed by its title with a resound-
ing yes. Einstein was right. Not only have his equations been confirmed over
and over again, but the general theory has become indispensable for under-
standing the incredible new objects that modern telescopes have detected: the
pulsars believed to be fast-spinning neutron stars and the far-distant quasars
suspected of having black holes at their centers because there seems no other
‘way to account for their enormous energy output. The day has long passed,
writes Will, when cosmologists can remain ignorant of relativity. Every year
astrophysicists find new phenomena that only the general theory can explain.
The most recent are the powerful gravity fields outside our galaxy that act
like mammoth lenses, magnifying and refracting what is seen through them.
Such lenses were predicted by Einstein in 1936. In 1990 the Hubble Space
Telescope recorded a beautifully defined pattern called the “Einstein Cross.”
Itshows a galaxy whose gravitational field has acted as a lens to produce four
images (above, below, and on each side) of a distant quasar.

Although tests of light bending as it passes close to the sun continue to
be muddied by the sun’s corona and other factors, extremely accurate tests
confirming such bending have been made by radio telescopes (unknown of
course to Einstein) of radio waves from stars and pulsars as the waves graze
the sun.

New tests using radiation from pulsars while they orbit a star have strongly
confirmed light’s velocity to be independent of its source. The elliptical orbits
of such binary pulsars, as they are called, swivel much faster than Mercury’s
orbit, Measurements of these precessions confirm Einstein’s equations with
amazing accuracy. Each time a pulsar goes behind its companion star, its ra-
dio signals are blocked. Measurements of the blocking show that the orbital
periods are slowing down by just the amount predicted by relativity on the
assumption that the pulsar is slowly losing energy by radiating gravity waves.

In spite of many recent attempts, gravity waves have yet to be detected,
though few physicists doubt that they will be observed when the technology
for seeing them improves. The quantized particle of the gravitational field,
the graviton, also remains undetected. In modern superstring theory; all basic
particles, which appear as mathematical points, are actually inconceivably
tiny closed loops, like rubber bands, with enormous tensile strength. Their
various modes of vibration, in higherspace dimensions, produce the different
particles. The theory remains controversial, but one of its greatest merits is
that it explains the graviton as the simplest possible vibration of a superstring.
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So far, this bizarre but elegant theory is the best candidate for unifying gravity
and quantum mechanics although as yet there is no way to test the theory.
(On superstrings, see my New Ambidextrous Universe, W. H. Freeman, 1990.)

The exact value of the “Hubble constant” —the rate at which the universe
expands—is far from settled. It is not even known if it is a steady rate, or ac-
celerating or decelerating. As Ronald Angel jingled in a letter to Science News
(February 18, 1995):

There was a stargazer named Hubble,
Who said, “We expand like a bubble.”
But finding the rate,

Was a source of debate,

Dissension, contention, and trouble.

The value of Hubble’s constant depends on the amount of hidden mass
in the universe. Measurements of the rotation of spiral galaxies show that
unless there is a hidden mass or “dark matter” within them, their speed of
rotation would cause them to fly apart. Something is holding them together.
For this and other reasons cosmologists are embarrassed to admit that about
90 percent of the universe’s mass is as yet undetected! Perhaps the “hot”
(fast-moving) neutrinos are not massless. Perhaps the universe contains large
numbers of “machos” —invisible low-mass stars or giant planets like Jupiter.
Undetected black holes are other candidates for the missing mass. Or there
may be cold (slow-moving) dark matter made up of unseen exotic particles
with such names as axions and wimps that have been conjectured but never
found. The nature of the universe’s hidden mass is the greatest mystery in
today’s cosmology.

Because no one knows how much mass pervades the universe, there is no
way to know for sure whether the universe will expand forever (as most cos-
mologists believe) until it dies of the Big Chill, or whether there is enough
mass to halt the expansion and start the universe going backward to its even-
tual demise in a Big Crunch. Models of oscillating universes, popular when
this book’s second edition was written, are now out of favor. The main reason
is that no theorist has been able to come up with a good explanation of how
a universe could get the energy to bounce back.

Although bouncing universes are no longer fashionable, there are plenty
of wild speculations these days about a vast superspace in which many uni-
verses, perhaps an infinity, are popping in and out of existence like. bubbles
of foam on the river of time, as science-fiction writer Arthur C. Clarke once
put it in a short story. Each new universe could have its own unique set of
laws and constants, only a small number with laws that permit life to evolve.
We are here, so goes an argument called the “anthropic principle,” because
our universe just happened to be one with laws that allowed you and me to
exist.

I find it remarkable that on certain fundamental questions about the uni-
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verse we are not much closer to answers than the ancients. Lucian, the Greek
satirist of the second century, had these comments in an essay translated
in the Oxford University Press four-volume edition of his works (Volume 3,
page 130):

How their [the philosophers’] theories conflict is soon apparent; next-door
neighbours? no, they are miles apart. In the first place, their views of the world
differ. Some say it had no beginning, and cannot end; others boldly talk of its
creator and his procedure; what particularly entertained me was that these latter
set up a contriver of the universe, but fail to mention where he came from, or
what he stood on while about his elaborate task, though it is by no means obvi-
ous how there could be place or time before the universe came into being. . . .
I wish I could give you their lucubrations on ideas and incorporeals, on finite
and infinite. Over that point, now, there is fierce battle; some circumscribe the
Al others will have it unlimited. At the same time they declare for a plurality
of worlds, and speak scornfully of others who make only one.

The term “big bang” was coined by Fred Hoyle as one of derision. In The
Nature of the Universe he called it an “old idea” that was “unsatisfactory even
before detailed examination showed that it leads to serious difficulties. For
when we look at our own galaxy there is not the smallest sign that such an
explosion has occurred.”

In the last chapter of the heavily revised 1960 edition of this book, Hoyle
speculated on whether future observations will ever discredit his steady-state
theory. “Is it likely that any astonishing new developments are lying in wait
for us? Is it possible that cosmology of 500 years hence will extend as far be-
yond our present beliefs as our cosmology goes beyond that of Newton? It
may surprise you to hear that I doubt whether this will be so.” As someone
has said, cosmologists are often wrong but seldom uncertain.

Sir Fred has never given up on his steady-state model, though his later ver-
sions of it have grown steadily more bizarre. In 1982 he and his associate and
former student, the Indian physicist Jayant Narlikar, attacked the notion that
the universe is expanding. The expansion is no more than an illusion, they
argued, caused by the shrinking of atoms inside our measuring instruments!
See “Was There Really a Big Bang?” by William Kaufman II1, in Science Digest
(March 1982).

Poincaré’s thought experiment about doubling the universe, with which
I opened this book, has since been the topic of much confusing debate. For
the doubling to be meaningless it is necessary to include changes in time, in
electrical charge, and in other factors that may or may not be related to size.
The trouble is that the thought experiment is poorly defined. If, for exam-
ple, an electron is a point, without internal structure, what does it mean to
say it doubles in size? On the other hand, if the electron is a tiny loop as in
superstring theory, doubling in size becomes meaningful. For an attack on
Poincaré’s doubling see “It Is False that Overnight Everything Has Doubled,”
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by G. Schlesinger, in Philosophical Studies (Volume 15, 1964, pages 65—-71). For
a defense of the doubling, see Adolf Griinbaum’s Geometry and Chronometry in
Philosophical Perspective (University of Minnesota Press, 1986, pages 147—194).

One would have expected that since the death of Herbert Dingle, and in
light of experimental confirmations of the twin paradox, there would no
longer be any doubters of its validity. Surprisingly, this is not the case. Mendel
Sachs, a physicist at the State University of New York at Buffalo, rejects
the clock paradox, though on grounds entirely different from Dingle’s. Din-
gle argued that relativity theory does indeed imply the paradox, but that
this shows that relativity theory is false. Sachs accepts relativity, but thinks
Einstein blundered in saying it entailed the paradox!

Sachs has called belief in the paradox “the scandal of 20th-century phys-
ics” and an example of antiscience comparable to astrology. In several pa-
pers during the 1970s he tried to show that the paradox did not follow from
relativity theory, and in “Einstein’s Later View of the Twin Paradox” (Foun-
dations of Physics, Volume 15, 1985), he contends that Einstein himself later
changed his mind about the twins’ asymmetric aging. Waldyr A. Rodrigues,
Jr., and Marcio A. F. Rosa, in “The Meaning of Time in the Theory of Rela-
tivity and Einstein’s Later View of the Twin Paradox” (Foundations of Physics,
Volume 19, 1989), give a proof of the so-called clock paradox, and also show
that “Einstein never wrote a single line which endorses Sachs’s misleading
point of view.”

In spite of the fact that no expert on relativity agrees with him, Sachs
never gives up. In his recent book Relativity in Our Times (1993), Chapter 22
1s titled “Relative Time and the Twin Paradox.” Once again he denies that
asymmetric aging occurs and once again insists that Einstein later changed
his mind about the aging.

The twin paradox is closely related to the fact that a planet’s elliptical or-
bit around a sun is a geodesic in the curved spacetime created by the sun’s
huge mass. As I said in Chapter 6, a planet orbits the sun along the shortest
possible world line, but one with the longest elapsed proper time. If a moving
object deviates from its geodesic it must follow a path that is not “straight”
in spacetime, and therefore longer.

Imagine the earth to be propelled out of its orbit, swinging far out in space
and back again to a spot just ahead of where it left its orbit, but moving so
fast during its outward loop that its orbital period around the sun remains
the same. To do this, the earth would for a while have to move very much
faster than it does. This would retard its clocks. Although a clock on the sun
would show the time of the earth’s round trip to be the same as if it had not
left its orbit, the proper time, measured by clocks on the earth, would show
the trip around the sun to have taken a shorter time. The earth would thus
correspond to the spaceship carrying the twin out and back. A person on
the earth that deviated from its geodesic would be younger than he would
have been had the earth remained on its normal path. This is what Bertrand
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Russell meant when he said that objects like planets, moving along geodesics,
display a “cosmic laziness.” They follow the shortest path in spacetime, but
take the longest proper time to move along it.

Einstein’s cosmological constant, which he considered his greatest blun-
der, is now being seriously reconsidered, and may prove not to be a blunder
after all! Observations in 1994 by Wendy Freedman of a type of star called a
Cepheid variable suggest that the universe may be younger than previously
supposed. Its age could be no more than 8 to 12 billion years, instead of 15
to 20. If true, this sharply contradicts strong evidence that some stars are at
least 14 billion years old, making them older than the universe! How can one
be older than one’s mother?

A way out of this cosmological scandal would be to find, as Einstein had
conjectured in 1917, a very weak propulsive force operating within matter.
As we learned earlier, Einstein proposed this force to preserve his tidy, closed,
steady-state cosmos from gravitational collapse. If such an antigravity force
exists, it could mean that the universe started expanding very slowly, but after
the galaxies and stars condensed it would cause a faster expansion that would
make the universe appear younger than it really is. The situation is complex
and bewildering. In any case there is no evidence yet for such a constant,
or any good theory to explain its nature. Maybe in a few years the Hubble
Telescope will resolve this curious crisis.

The most ambitious, most difficult project to test the general theory of rela-
tivity is known as Gravity Probe B, first proposed in 1959 by three Stanford
physicists. Under the direction of Francis Everitt, the plan is to send four gy-
roscopes into space to orbit the earth. Each gyroscope is a quartz ball four
centimeters in diameter, about the size of a table-tennis ball and so perfectly
round that, as science writer James Trefil once put it, if it were enlarged to
the size of the earth its highest mountain would be about a yard tall.

Each ball is coated with niobium. This allows each spinning ball, at a
supercool temperature slightly above absolute zero, to remain suspended in
a vacuum surrounded by superconducting electrical fields. Magnetometers
will measure the degree to which the axes of the balls precess relative to the
universe of stars. Because it would take almost a hundred thousand years
for the axes to turn 360 degrees, you can imagine how precise the mea-
surements must be to determine how much the axes drift in, say, one year of
5,000 orbits. The degree of shift will then either confirm Einstein’s equations
or disconfirm them and so perhaps support certain rival theories that make
slightly different predictions.

NASA has already spent $140 million on Gravity Probe B. Another $50
million is needed in 1996, and more than $300 million may be required
to complete the experiment. If Everitt can persuade Congress to provide
this funding, and all else goes well, the little gyroscopes are expected to
be launched in 1999. The worst outcome would be that deviations from
Einstein’s equations would be so slight as to be within experimental error.
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The whole test would then have to be repeated!

Galileo and Newton made experiments, but the extraordinary thing about
Einstein is that he made no experiments. Moreover, he was often unaware
of significant tests that had strong bearings on his speculations. He just sat
alone, thinking deeply about the secrets of the Old One, as he liked to call
the universe. Newton was a devout Anglican who spent half his life strug-
gling to unravel the mysteries of biblical prophecy. Einstein had no interest
in any religion except in the sense that Spinoza, whose secular pantheism
he admired, was religious. Yet he and Newton, in addition to their giant in-
tellects and creative intuitions, shared a strong sense of wonder toward the
Old One and of humility before the unanswerable riddle of existence. Both
were Platonists in their conviction that what science knows is an infinitesimal
portion of what it does not know.

Newton, in an often quoted passage, likened himself to a boy playing on
the shore of a vast “ocean of truth,” amusing himself by picking up here and
there a smooth pebble or a patterned shell. Einstein made the same point
with a different metaphor. He told an interviewer that he thought of himself
as a child who has entered an enormous library; its books written in many
languages. He takes down one volume and manages to translate a few pages.
What a far cry from those now trying to persuade us that physics is on the
brink of discovering Everything!



Index

This is primarily a name index. Topics are not included when they are so
broad and all-pervasive that it would be meaningless to list dozens of page ref-
erences. There are, for example, no entries for absolute, acceleration, energy,
frame of reference, gravity, inertia, light, length, mass, motion, rest, relative,
space, spacetime, thought experiment, time, and so on. For such topics the
reader is urged to read the entire book.

Andromeda, 111
Angel, Ronald, 170
anthropic principle, 170
antimatter, 58, 97
antiparticles, 58, 97
Aristotle, 72, 160

Arp, Halton C., 142
Atlas, 163—164

atomic clocks, 167
axions, 170

Bacon, Francis, 162
Bergson, Henri, 112-113
Berkeley, Bishop, 102

Big Bang, 149ff., 167, 171
Big Chill, 170

Big Crunch, 170

binary pulsars, 169
black-body radiation, 158
black hole, 145ft., 167, 169-170
Bondi, Hermann, 98, 152
boundary conditions, 129
Brahma, 160

Brans, Carl, 93, 168
Brans-Dicke theory, 93, 168
Bright, Miss, 112

Buller, A.H. R, 112
Burbidge, Geoffrey, 142
Burbidge, Margaret, 142

Cameron, A. G. W, 111

Carmichael, Robert D., 110

Carnap, Rudolf, 109

Carroll, Lewss, 10, 27, 32, 129

Cassirer, Ernst, 109

centrifugal force, 8, 6263, 66,
106

Cepheid variable, 173

Charlier, C. V. L., 123

Chesterton, G. K., 156

Chiu, Hong-yee, 106

Christmas tree effect, 142

Clarke, Arthur C., 170

clock paradox, see twin paradox

clocks, 41fF.

conservation of mass-energy, 56

Coriolis, G. G., 102

Coriolis force, 102

cosmological constant, 134,
136, 152, 173

Crab nebula, 143—145

curvature, negative, 1 34ff.

curvature, positive, 1344f.

Cygnus (the Swan), 147

cylindrical universe, 126ff.

D’Abro, A., 104
dark matter, 170
DeBenedetti, Sergio, 116



176 INDEX

de Sitter, Willem, 129, 132
Dicke, Robert H., 66, 93,

106, 168
Dingle, Herbert, 1131t., 172
Dirac, P A. M., 91
Doppler, Christian Johann, 130
Doppler effect, 130ff., 158, 162
Dunsany, Lord, 163, 166

Eddington, Arthur Stanley, 27,
45,94-95, 102, 104, 116,
129, 134, 152, 159

Einstein, Albert, vii, viii, 1, 291t
56, 64-65, 67, 102105,
110, 123, 159, 166ft.

Einstein Cross, 169

electron, 57-58, 145, 171

elliptic geometry, 79

E6tvos, Roland von, 66

equivalence, principle of, 65t
90, 1011t 168

ether, 14, 30ff.

Euclidean geometry, 771f.

Everitt, Francis, 173

Fischbach, Ephraim, 168

FitzGerald, George Francis, 23

FitzGerald-Lorentz theory, see
Lorentz-FitzGerald contraction

Flandern, Thomas C. Van, 91

Flatland, 123fF.

fourth dimension, 78ft.

Frank, Philipp, viii

Freedman, Wendy, 173

Friedmann, Alexander, 134

fundamental postulates of the
special theory, 34— 35

Galilean system, 51

Galileo, 65-66, 174

Gamow, George, 131, 143,
149-152

general theory of relativity, 611,
1664t

geodesics, 88fY., 172

glitch, 143

God, vii, 156

Godel, Kurt, 162

Gold, Thomas, 97, 152

Gott,]J. Richard, III, 159

gravitational collapse, 98, 145fF.,
160fY, 173

gravitational mass, 47

gravity fields, 169

Gravity Probe B, 173

gravity waves, 169

gravitons, 91, 169

Gray, Jeremy J., 162

Griinbaum, Adolf; 25, 172

Gunn, James E., 159

Hafale, Joseph, 117

Hawking, Stephen, 91

helium, 56

Helmbholtz, Hermann von, 20

hidden mass, 160, 170

Hill, Henry Allen, 94

Hoffman, William F, 106

Hoffmann, Banesh, 98

Hoyle, Fred, 1521t 159—-160,
171

Hubble constant, 170

Hubble Space Telescope,
169, 173

Huygens, Christian, 103

hydrogen, 56, 155

hydrogen bomb, 5657

hyperbolic geometry, 80

hypercharge, 168

inertial frame, 51
inertial mass, 4751
1sotropy of space, 158

Jaffe, Bernard, 20
Jeans, James, viii

Jupiter, 170



Kaufman, William, III, 171

Keating, Richard, 117

Kennedy, Roy J., 26

Kennedy-Thorndike experiment,
26, 166

kinematic relativity, 162

Laplace, Pierre Simon de,
145, 161
laser, 167
Leibniz, Gottfried von, 103
Lemaitre, Georges, 134, 149
150
Lorentz, Hendrick Antoon, 24,
35, 39f1., 64, 69, 162
Lorentz-FitzGerald contraction,
24-27, 35,40-43, 84-85
Lovejoy, Arthur O, 113
Lucian, 171

Mach, Ernst, 20, 30, 105fT.

Mach’s principle, 105ft.

machos, 170

Macmillan, William D,, 110,
160

magnetometers, 173

Marder, L., 117

Margulies, Sidney, 162

mass-energy, conservation of, 56

Maxwell, James Clerk, 19

McGilvary, Evander B, 113

McMillan, Edwin M., 111

Mercury, orbit of, 93fF., 167, 169

meson, 58

meter, 5

Michelson, Albert Abraham,
20ff, 110

Michelson-Morley experiment,
13ff, 30, 110, 166

Milne, Edward A., 162

Milton, John, 163

mini black holes, 146

Minkowski, Hermann, 77, 85

mirror image, 10, 49

INDEX 177

Misner, Charles W, 92
Moebius strip, 161162
Montague, William P, 113
Morley, Edward Williams, 20fF.
Morrison, Philip, 97
Maossbauer, Rudolf L., 116
Maossbauer effect, 26, 94, 116

Narlikar, Jayant, 171

NASA, 173

negative mass, 97-99

neutrinos, 170

neutron star, 143—-145, 169

Newton, Isaac, vii, 30, 39, 63,
65, 73, 174

Nietzsche, Friedrich Wilhelm,
160

niobium, 173

non-Euclidean geometry, 79ff.

Occam’s razor, 69

Olbers, Heinrich, 121

Olbers’ paradox, 121, 136, 161

Oppenheimer, J. Robert, 144 -
145

optical horizon, 138

oscillating universe, 160161,
170

Oz, 49

parallel postulate, 79

Plato, 174

Poe, Edgar Allan, 161

Poincaré, Jules Henri, 5, 39,
64,171

poof bird, 147

proper mass, 48

proper time, 39, 172

pulsars, 143ft., 167, 169

Purcell, Edward, 111

quantum mechanics, 170
quasars, 141fF, 167, 169



178 INDEX

radar, 167

radiation, 169

radio telescope, 167, 169

Ravielli, Anthony, vii

red giant star, 144

redshift, 94, 130ff,, 141-142,
162, 167

Reichenbach, Hans, 109

relativistic cosmology, 167

relativistic mass, 48fT.

rest mass, 48fT.

Riemannian geometry, 80

Ritz theory, 113

Robertson, Howard P, 160

Rodrigues, Waldyr A, Jr., 172

Rosa, Marcio A. F, 172

Rothman, Milton A., 53

Russell, Bertrand, 89, 102, 109,
130, 172

Sachs, Mendel, 172

scalar-tensor theory of relativity, 93

Schild, Alfred, 114

Schlesinger, G., 171

Schlick, Moritz, 109

Schmidt, Maarten, 141

Schwarzschild, Karl, 145

Schwarzschild radius, 145fF.

Sciama, Dennis, 106, 116, 159

Scott, G. D, 46

Shakespeare, William, 149

Shapiro, Irwin, 169

Shapiro time delay, 168—169

Shiva, 160

signal, 52fF.

simplicity, 69

simultaneity, 35ff.

Sirius, 94

Smart, J. J. C., 86

Snyder, Hartland S., 145

special theory of relativity, 271F,
45ft., 166

speed of light, 144f., 32ff., 49-56

speeds faster than light, 49ff., 136

Spinoza, 174

spiral galaxies, rotation of, 170
starlight, bending of, 167, 169
steady state, 152ff.) 171, 173
Stoics, 160

sun, 16, 93fT, 168

supernova, 144—145
superspace, 170

superstring theory, 169, 170

tachyons, 112

Taylor, E. F, 86

Teller, Edward, 39, 64, 156
Terrell, James, 46, 142
Thomson, George P, 159
Thorndike, Edward M., 26
Thorne, Kip S, 92, 167
tidal forces, 71, 146

time travel, 112

Tinsley, Beatrice M., 159
tired light, 132, 142
Tolman, Richard C., 160
Townes, Charles H., 23
Trefil, James, 173

twin paradox, 109ff.,, 172

unified field theory, 91

universe, expansion of, 171

Viking spacecraft, 169
Viner, M. R, 46

Weber, Joseph, 91

Weisskopf, V. F, 46

Wells, H. G, 6, 10, 112

Wheeler, John Archibald, vii,
86, 92, 146, 160—161

white dwarf star, 94, 144

white holes, 146

Whitehead, Alfred North, 102, 109

Whitrow, G.J., 23

Whittaker, Edmund, 162

Will, Clifford M., 91, 166fT.

wimps, 170



INDEX 179

Wood, Robert W, 131 x-ray telescope, 167
world line, 82fF., 172
worm-holes, 146 Ylem, 150-151



MARTIN GARDNER is the prolific author of some sixty books about science,
mathematics, philosophy, and literature. His science books include Fads
and Fallacies in the Name of Science (Dover) and The New Ambidextrous Universe
(Freeman). The Night I's Large, a collection of his essays written over the past
fifty years, was published in 1996 by St. Martin’s Press. The son of a geolo-
gist, Gardner was born in Tulsa in 1914 and is a graduate, majoring in phi-
losophy, of the University of Chicago. He and his wife Charlotte live in the
mountains of western North Carolina.

ANTHONY RAVIELLI is one of the nation’s top graphic artists. Books he has
illustrated include Wonders of the Human Body, An Adventure in Geometry, My Ten
Secrets of Bowling, by Don Carter, and one other book by his friend Gardner,
Science Puzzlers, a Dover paperback retitled Entertaining Science Tricks with Every-
day Objects. For manyyears Ravielli illustrated covers and articles for Sports /-
lustrated. A native of Manhattan, he now lives in Stamford, Connecticut, with
his wife, Georgia.



A CATALOG OF SELECTED
DOVER BOOKS

IN ALL FIELDS OF INTEREST

-




A CATALOG OF SELECTED DOVER
BOOKS IN ALL FIELDS OF INTEREST

CONCERNING THE SPIRITUAL IN ART, Wassily Kandinsky. Pioneering work
by father of abstract art. Thoughts on color theory, nature of art. Analysis of earlier
masters. 12 illustrations. 80pp. of text. 5% x 8'4. 23411-8 Pa. $4.95

ANIMALS: 1,419 Copyright-Free Illustrations of Mammals, Birds, Fish, Insects, etc.,
Jim Harter (ed.). Clear wood engravings present, in extremely lifelike poses, over
1,000 species of animals. One of the most extensive pictorial sourcebooks of its kind.
Captions. Index. 284pp. 9 x 12. 23766-4 Pa. $14.95

CELTIC ART: The Methods of Construction, George Bain. Simple geometric tech-
niques for making Celtic interlacements, spirals, Kells-type initials, animals, humans,
etc. Over 500 illustrations. 160pp. 9 x 12. (USO) 22923-8 Pa. $9.95

AN ATLAS OF ANATOMY FOR ARTISTS, Fritz Schider. Most thorough refer-
ence work on art anatomy in the world. Hundreds of illustrations, including selec-
tions from works by Vesalius, Leonardo, Goya, Ingres, Michelangelo, others. 593
illustrations. 192pp. 74 x 10%. 20241-0 Pa. $9.95

CELTIC HAND STROKE-BY-STROKE (Irish Half-Uncial from “The Book of
Kells”): An Arthur Baker Calligraphy Manual, Arthur Baker. Complete guide to cre-
ating each letter of the alphabet in distinctive Celtic manner. Covers hand position,
strokes, pens, inks, paper, more. Illustrated. 48pp. 84 x 11. 24336-2 Pa. $3.95

EASY ORIGAMI, John Montroll. Charming collection of 32 projects (hat, cup, pel-
ican, piano, swan, many more) specially designed for the novice origami hobbyist.
Clearly illustrated easy-to-follow instructions insure that even beginning paper-
crafters will achieve successful results. 48pp. 8% x 11. 27298-2 Pa. $3.50

THE COMPLETE BOOK OF BIRDHOUSE CONSTRUCTION FOR WOOD-
WORKERS, Scott D. Campbell. Detailed instructions, illustrations, tables. Also data
on bird habitat and instinct patterns. Bibliography. 3 tables. 63 illustrations in 15 fig-
ures. 48pp. 5'% x 8. 24407-5 Pa. $2.50

BLOOMINGDALE’S ILLUSTRATED 1886 CATALOG: Fashions, Dry Goods
and Housewares, Bloomingdale Brothers. Famed merchants’ extremely rare catalog
depicting about 1,700 products: clothing, housewares, firearms, dry goods, jewelry,
more. Invaluable for dating, identifying vintage items. Also, copyright-free graphics
for artists, designers. Co-published with Henry Ford Museum & Greenfield Village.
160pp. 8% x 11. 25780-0 Pa. $10.95

HISTORIC COSTUME IN PICTURES, Braun & Schneider. Over 1,450 costumed
figures in clearly detailed engravings—from dawn of civilization to end of 19th cen-
tury. Captions. Many folk costumes. 256pp. 8% x 11%. 23150-X Pa. $12.95



CATALOG OF DOVER BOOKS

STICKLEY CRAFTSMAN FURNITURE CATALOGS, Gustav Stickley and L. &
J- G. Stickley. Beautiful, functional furniture in two authentic catalogs from 1910. 594
illustrations, including 277 photos, show settles, rockers, armchairs, reclining chairs,
bookcases, desks, tables. 183pp. 6' x 94. 23838-5 Pa. $11.95

AMERICAN LOCOMOTIVES IN HISTORIC PHOTOGRAPHS: 1858 to 1949,
Ron Ziel (ed.). A rare collection of 126 meticulously detailed official photographs,
called “builder portraits,” of American locomotives that majestically chronicle the
rise of steam locomotive power in America. Inwoduction. Detailed captions. xi +
129pp. 9 x 12. 27393-8 Pa. $13.95

AMERICA'S LIGHTHOUSES: An Illustrated History, Francis Ross Holland, Jr.

Delightfully written, profusely illustrated fact-filled survey of over 200 American light-

houses since 1716. History, anecdotes, technological advances, more. 240pp. 8 x 10%.
25576-X Pa. $12.95

TOWARDS A NEW ARCHITECTURE, Le Corbusier. Pioneering manifesto by
founder of “International School.” Technical and aesthetic theories, views of indus-
try, economics, relation of form to function, “mass-production split” and much more.
Profusely illustrated. 320pp. 6% x 9%. (USO) 25023-7 Pa. $9.95

HOW THE OTHER HALF LIVES, Jacob Riis. Famous journalistic record, expos-
ing poverty and degradation of New York slums around 1900, by major social
reformer. 100 striking and influential photographs. 233pp. 10 x 7%.

22012-5 Pa. $11.95

FRUITKEY AND TWIG KEY TO TREES AND SHRUBS, William M. Harlow.
One of the handiest and most widely used identification aids. Fruit key covers 120
deciduous and evergreen species; twig key 160 deciduous species. Easily used. Over
300 photographs. 126pp. 5% x 8%. 20511-8 Pa. $3.95

COMMON BIRD SONGS, Dr. Donald J. Borror. Songs of 60 most common U.S.
birds: robins, sparrows, cardinals, bluejays, finches, more—arranged in order of
increasing complexity. Up to 9 variations of songs of each species.

Cassette and manual 99911-4 $8.95

ORCHIDS AS HOUSE PLANTS, Rebecca Tyson Northen. Grow cattleyas and
many other kinds of orchids—in a window, in a case, or under artificial light. 63 illus-
trations. 148pp. 5% x 8%. 23261-1 Pa. $5.95

MONSTER MAZES, Dave Phillips. Masterful mazes at four levels of difficulty.
Avoid deadly perils and evil creatures to find magical treasures. Solutions for all 32
exciting illustrated puzzles. 48pp. 8!4 x 11. 26005-4 Pa. $2.95

MOZART’S DON GIOVANNI (DOVER OPERA LIBRETTO SERIES),
Wolfgang Amadeus Mozart. Introduced and translated by Ellen H. Bleiler. Standard
Italian libretto, with complete English translation. Convenient and thoroughly
portable—an ideal companion for reading along with a recording or the performance
itself. Introduction. List of characters. Plot summary. 121pp. 54 x 8.

24944-1 Pa. $3.95

TECHNICAL MANUAL AND DICTIONARY OF CLASSICAL BALLET, Gail
Grant. Defines, explains, comments on steps, movements, poses and concepts. 15-
page pictorial section. Basic book for student, viewer. 127pp. 5% x 8'4.

21843-0 Pa. $4.95



CATALOG OF DOVER BOOKS

THE CLARINET AND CLARINET PLAYING, David Pino. Lively, comprehen-
sive work features suggestions about technique, musicianship, and musical interpre-
tation, as well as guidelines for teaching, making your own reeds, and preparing for
public performance. Includes an intriguing look at clarinet history. “A godsend,”
The Clarinet, Journal of the International Clarinet Society. Appendixes. 7 illus.
320pp. 5% x 8'. 40270-3 Pa. $9.95

HOLLYWOOD GLAMOR PORTRAITS, John Kobal (ed.). 145 photos from 1926-
49. Harlow, Gable, Bogart, Bacall; 94 stars in all. Full background on photographers,
technical aspects. 160pp. 8% x 11%. 23352-9 Pa. $12.95

THE ANNOTATED CASEY AT THE BAT: A Collection of Ballads about the
Mighty Casey/Third, Revised Edition, Martin Gardner (ed.). Amusing sequels and
parodies of one of America’s best-loved poems: Casey’s Revenge, Why Casey
Whiffed, Casey’s Sister at the Bat, others. 256pp. 5% x 8'4. 28598-7 Pa. $8.95

THE RAVEN AND OTHER FAVORITE POEMS, Edgar Allan Poe. Over 40 of
the author’s most memorable poems: “The Bells,” “Ulalume,” “Israfel,” “To Helen,”
“The Conqueror Worm,” “Eldorado,” “Annabel Lee,” many more. Alphabetic lists of
titles and first lines. 64pp. 5%s x 84. 26685-0 Pa. $1.00

PERSONAL MEMOIRS OF U. S. GRANT, Ulysses Simpson Grant. Intelligent,
deeply moving firsthand account of Civil War campaigns, considered by many the
finest military memoirs ever written. Includes letters, historic photographs, maps and
more. 528pp. 6% x 9'%. 28587-1 Pa. $12.95

ANCIENT EGYPTIAN MATERIALS AND INDUSTRIES, A. Lucas and ]J.
Harris. Fascinating, comprehensive, thoroughly documented text describes this
ancient civilization’s vast resources and the processes that incorporated them in daily
life, including the use of animal products, building materials, cosmetics, perfumes
and incense, fibers, glazed ware, glass and its manufacture, materials used in the
mummification process, and much more. 544pp. 6'/s x 9'/.. (USO)

40446-3 Pa. $16.95
RUSSIAN STORIES/PYCCKNE PACCKAS3bI: A Dual-Language Book, edited by
Gleb Struve. Twelve tales by such masters as Chekhov, Tolstoy, Dostoevsky, Pushkin,
others. Excellent word-for-word English translations on facing pages, plus teaching
and study aids, Russian/English vocabulary, biographical/critical introductions,
more. 416pp. 5% x 8%. 26244-8 Pa. $9.95

PHILADELPHIA THEN AND NOW: 60 Sites Photographed in the Past and
Present, Kenneth Finkel and Susan Oyama. Rare photographs of City Hall, Logan
Square, Independence Hall, Betsy Ross House, other landmarks juxtaposed with
contemporary views. Captures changing face of historic city. Introduction. Captions.
128pp. 84 x 11. 25790-8 Pa. $9.95
AIA ARCHITECTURAL GUIDE TO NASSAU AND SUFFOLK COUNTIES,
LONG ISLAND, The American Institute of Architects, Long Island Chapter, and
the Society for the Preservation of Long Island Antiquities. Comprehensive, well-
researched and generously illustrated volume brings to life over three centuries of
Long Island’s great architectural heritage. More than 240 photographs with authori-
tative, extensively detailed captions. 176pp. 84 x 11. 26946-9 Pa. $14.95
NORTH AMERICAN INDIAN LIFE: Customs and Traditions of 23 Tribes, Elsie
Clews Parsons (ed.). 27 fictionalized essays by noted anthropologists examine reli-

gion, customs, government, additional facets of life among the Winnebago, Crow,
Zuni, Eskimo, other tribes. 480pp. 64 x 9%. 27377-6 Pa. $10.95



CATALOG OF DOVER BOOKS

FRANK LLOYD WRIGHT’S DANA HOUSE, Donald Hoffmann. Pictorial essay
of residential masterpiece with over 160 interior and exterior photos, plans, eleva-
tions, sketches and studies. 128pp. 9/« x 10%. 29120-0 Pa. $12.95

THE MALE AND FEMALE FIGURE IN MOTION: 60 Classic Photographic
Sequences, Eadweard Muybridge. 60 true-action photographs of men and women
walking, running, climbing, bending, turning, etc., reproduced from rare 19th-centu-
ry masterpiece. vi + 121pp. 9 x 12, 24745-7 Pa. $10.95

1001 QUESTIONS ANSWERED ABOUT THE SEASHORE, N. J. Berrill and
Jacquelyn Berrill. Queries answered about dolphins, sea snails, sponges, starfish, fish-
es, shore birds, many others. Covers appearance, breeding, growth, feeding, much
more. 305pp. 54 x 84. 23366-9 Pa. $9.95

ATTRACTING BIRDS TO YOUR YARD, William J. Weber. Easy-to-follow guide
offers advice on how to attract the greatest diversity of birds: birdhouses, feeders,
water and waterers, much more. 96pp. 5%s x 8'. 28927-3 Pa. $2.50

MEDICINAL AND OTHER USES OF NORTH AMERICAN PLANTS: A
Historical Survey with Special Reference to the Eastern Indian Tribes, Charlotte
Erichsen-Brown. Chronological historical citations document 500 years of usage of
plants, trees, shrubs native to eastern Canada, northeastern U.S. Also complete iden-
tifying information. 343 illustrations. 544pp. 6% x 9%. 25951-X Pa. $12.95

STORYBOOK MAZES, Dave Phillips. 23 stories and mazes on two-page spreads:
Wizard of Oz, Treasure Island, Robin Hood, etc. Solutions. 64pp. 8% x 11.
23628-5 Pa. $2.95

AMERICAN NEGRO SONGS: 230 Folk Songs and Spirituals, Religious and
Secular, John W. Work. This authoritative study traces the African influences of songs
sung and played by black Americans at work, in church, and as entertainment. The
author discusses the lyric significance of such songs as “Swing Low, Sweet Chariot,”
“John Henry,” and others and offers the words and music for 230 songs.
Bibliography. Index of Song Titles. 272pp. 6'/2 x 9'/4. 40271-1 Pa. $9.95

MOVIE-STAR PORTRAITS OF THE FORTIES, John Kobal (ed.). 163 glamor,
studio photos of 106 stars of the 1940s: Rita Hayworth, Ava Gardner, Marlon
Brando, Clark Gable, many more. 176pp. 8% x 11%. 23546-7 Pa. $14.95

BENCHLEY LOST AND FOUND, Robert Benchley. Finest humor from early 30s,
about pet peeves, child psychologists, post office and others. Mostly unavailable else-
where. 73 illustrations by Peter Arno and others. 183pp. 5% x 8%. 22410-4 Pa. $6.95

YEKL and THE IMPORTED BRIDEGROOM AND OTHER STORIES OF
YIDDISH NEW YORK, Abraham Cahan. Film Hester Street based on Yekl (1896).
Novel, other stories among first about Jewish immigrants on N.Y.’s East Side. 240pp.
5% x 8'. 224279 Pa. $6.95

SELECTED POEMS, Walt Whitman. Generous sampling from Leaves of Grass.
Twenty-four poems include “I Hear America Singing,” “Song of the Open Road,” “I
Sing the Body Electric,” “When Lilacs Last in the Dooryard Bloom’d,” “O Captain!
My Captain!”~-all reprinted from an authoritative edition. Lists of titles and first lines.
128pp. 5%s x 8'4. 26878-0 Pa. $1.00



CATALOG OF DOVER BOOKS

THE BEST TALES OF HOFFMANN, E T. A. Hoffmann. 10 of Hoffmann’s most
important stories: “Nutcracker and the King of Mice,” “The Golden Flowerpot,” etc.
458pp. 5% x 8'%. 21793-0 Pa. $9.95

FROM FETISH TO GOD IN ANCIENT EGYPT, E. A. Wallis Budge. Rich
detailed survey of Egyptian conception of “God” and gods, magic, cult of animals,
Osiris, more. Also, superb English translations of hymns and legends. 240 illustra-
tions. 545pp. 5% x 8'4. 25803-3 Pa. $13.95

FRENCH STORIES/CONTES FRANCAIS: A Dual-Language Book, Wallace
Fowlie. Ten stories by French masters, Voltaire to Camus: “Micromegas” by Voltaire;
“The Atheist’s Mass” by Balzac; “Minuet” by de Maupassant; “The Guest” by
Camus, six more. Excellent English translations on facing pages. Also French-English
vocabulary list, exercises, more. 352pp. 5% x 8'%. 26443-2 Pa. $9.95

CHICAGO AT THE TURN OF THE CENTURY IN PHOTOGRAPHS: 122
Historic Views from the Collections of the Chicago Historical Society, Larry A.
Viskochil. Rare large-format prints offer detailed views of City Hall, State Street, the
Loop, Hull House, Union Station, many other landmarks, circa 1904-1913.
Introduction. Captions. Maps. 144pp. 9% x 12%. 24656-6 Pa. $12.95

OLD BROOKLYN IN EARLY PHOTOGRAPHS, 1865-1929, William Lee
Younger. Luna Park, Gravesend race track, construction of Grand Army Plaza, mov-
ing of Hotel Brighton, etc. 157 previously unpublished photographs. 165pp. 8% x 11%.

23587-4 Pa. $13.95

THE MYTHS OF THE NORTH AMERICAN INDIANS, Lewis Spence. Rich
anthology of the myths and legends of the Algonquins, Iroquois, Pawnees and Sioux,
prefaced by an extensive historical and ethnological commentary. 36 illustrations.
480pp. 5% x 8%. 25967-6 Pa. $10.95

AN ENCYCLOPEDIA OF BATTLES: Accounts of Over 1,560 Battles from 1479
BC. to the Present, David Eggenberger. Essential details of every major battle in
recorded history from the first battle of Megiddo in 1479 B.c.to Grenada in 1984. List
of Battle Maps. New Appendix covering the years 1967-1984. Index. 99 illustrations.
544pp. 6% x k. 24913-1 Pa. $16.95

SAILING ALONE AROUND THE WORLD, Captain Joshua Slocum. First man
to sail around the world, alone, in small boat. One of great feats of seamanship told
in delightful manner. 67 illustrations. 294pp. 5% x 8'. 20326-3 Pa. $6.95

ANARCHISM AND OTHER ESSAYS, Emma Goldman. Powerful, penetrating,
prophetic essays on direct action, role of minorities, prison reform, puritan
hypocrisy, violence, etc. 271pp. 5% x 8'4. 22484-8 Pa. $7.95

MYTHS OF THE HINDUS AND BUDDHISTS, Ananda K. Coomaraswamy and
Sister Nivedita. Great stories of the epics; deeds of Krishna, Shiva, taken from
puranas, Vedas, folk tales; etc. 32 illustrations. 400pp. 5% x 8%.  21759-0 Pa. $12.95

THE TRAUMA OF BIRTH, Otto Rank. Rank’s controversial thesis that anxiety
neurosis is caused by profound psychological trauma which occurs at birth. 256pp.
5% x 8k 27974-X Pa. $7.95

A THEOLOGICO-POLITICAL TREATISE, Benedict Spinoza. Also contains
unfinished Political Treatise. Great classic on religious liberty, theory of government
on common consent. R. Elwes translation. Total of 421pp. 5% x 8%. 20249-6 Pa. $9.95



CATALOG OF DOVER BOOKS

MY BONDAGE AND MY FREEDOM, Frederick Douglass. Born a slave,
Douglass became outspoken force in antislavery movement. The best of Douglass’
autobiographies. Graphic description of slave life. 464pp. 5% x 84, 22457-0 Pa. $8.95

FOLLOWING THE EQUATOR: A Journey Around the World, Mark Twain.
Fascinating humorous account of 1897 voyage to Hawaii, Australia, India, New
Zealand, etc. Ironic, bemused reports on peoples, customs, climate, flora and fauna,
politics, much more. 197 illustrations. 720pp. 5% x 8%. 26113-1 Pa. $15.95

THE PEOPLE CALLED SHAKERS, Edward D. Andrews. Definitive study of
Shakers: origins, beliefs, practices, dances, social organization, furniture and crafts,
etc. 33 illustrations. 351pp. 5% x 8. 21081-2 Pa. $8.95

THE MYTHS OF GREECE AND ROME, H. A. Guerber. A classic of mythology,
generously illustrated, long prized for its simple, graphic, accurate retelling of the
principal myths of Greece and Rome, and for its commentary on their origins and
significance. With 64 illustrations by Michelangelo, Raphael, Titian, Rubens,
Canova, Bernini and others. 480pp. 5% x 84 27584-1 Pa. $9.95

PSYCHOLOGY OF MUSIC, Carl E. Seashore. Classic work discusses music as a
medium from psychological viewpoint. Clear treatment of physical acoustics, audi-
tory apparatus, sound perception, development of musical skills, nature of musical
feeling, host of other topics. 88 figures. 408pp. 5% x 8'4 21851-1 Pa. $11.95

THE PHILOSOPHY OF HISTORY, Georg W. Hegel. Great classic of Western
thought develops concept that history is not chance but rational process, the evolu-
tion of freedom. 457pp. 5% x 8. 20112-0 Pa. $9.95

THE BOOK OF TEA, Kakuzo Okakura. Minor classic of the Orient: entertaining,
charming explanation, interpretation of traditional Japanese culture in terms of tea
ceremony. 94pp. 5% x 8%. 20070-1 Pa. $3.95

LIFE IN ANCIENT EGYPT, Adolf Erman. Fullest, most thorough, detailed older
account with much not in more recent books, domestic life, religion, magic, medi-
cine, commerce, much more. Many illustrations reproduce tomb paintings, carvings,
hieroglyphs, etc. 597pp. 5% x 8%. 22632-8Pa.$12.95

SUNDIALS, Their Theory and Construction, Albert Waugh. Far and away the best,
most thorough coverage of ideas, mathematics concerned, types, construction,
adjusting anywhere. Simple, nontechnical treatment allows even children to build
several of these dials. Over 100 illustrations. 230pp. 5% x 8%. 22947-5 Pa. $8.95

THEORETICAL HYDRODYNAMICS, L. M. Milne-Thomson. Classic exposition
of the mathematical theory of fluid motion, applicable to both hydrodynamics and
aerodynamics. Over 600 exercises. 768pp. 6'/s x 9'/.. 68970-0 Pa. $20.95

SONGS OF EXPERIENCE: Facsimile Reproduction with 26 Plates in Full Color,

William Blake. 26 full-color plates from a rare 1826 edition. Includes “TheTyger,”

“London,” “Holy Thursday,” and other poems. Printed text of poems. 48pp. 5% x 7.
24636-1 Pa. $4.95

OLD-TIME VIGNETTES IN FULL COLOR, Carol Belanger Grafton (ed.). Over
390 charming, often sentimental illustrations, selected from archives of Victorian
graphics—pretty women posing, children playing, food, flowers, kittens and puppies,
smiling cherubs, birds and butterflies, much more. All copyright-free. 48pp. 9% x 12'4.

27269-9 Pa. $7.95
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PERSPECTIVE FOR ARTISTS, Rex Vicat Cole. Depth, perspective of sky and sea,
shadows, much more, not usually covered. 391 diagrams, 81 reproductions of draw-
ings and paintings. 279pp. 5% x 8'. 224872 Pa. $7.95

DRAWING THE LIVING FIGURE, Joseph Sheppard. Innovative approach to
artistic anatomy focuses on specifics of surface anatomy, rather than muscles and
bones. Over 170 drawings of live models in front, back and side views, and in wide-

ly varying poses. Accompanying diagrams. 177 illustrations. Introduction. Index.
144pp. 8% x11%. 26723-7 Pa. $8.95

GOTHIC AND OLD ENGLISH ALPHABETS: 100 Complete Fonts, Dan X. Solo.
Add power, elegance to posters, signs, other graphics with 100 stunning copyright-
free alphabets: Blackstone, Dolbey, Germania, 97 more—including many lower-case,
numerals, punctuation marks. 104pp. 8% x 11. 24695-7 Pa. $8.95

HOW TO DO BEADWORK, Mary White. Fundamental book on craft from simple
projects to five-bead chains and woven works. 106 illustrations. 142pp. 5% x 8.
206971 Pa. $5.95

THE BOOK OF WOOD CARVING, Charles Marshall Sayers. Finest book for
beginners discusses fundamentals and offers 34 designs. “Absolutely first rate . . . well
thought out and well executed.”-E. J. Tangerman. 118pp. 7% x 10%.

23654-4 Pa. $7.95

ILLUSTRATED CATALOG OF CIVIL WAR MILITARY GOODS: Union Army
Weapons, Insignia, Uniform Accessories, and Other Equipment, Schuyler, Hartley,
and Graham. Rare, profusely illustrated 1846 catalog includes Union Army uniform

and dress regulations, arms and ammunition, coats, insignia, flags, swords, rifles, etc.
226 illustrations. 160pp. 9 x 12. 24939-5 Pa. $10.95

WOMEN’S FASHIONS OF THE EARLY 1900s: An Unabridged Republication of
“New York Fashions, 1909,” National Cloak & Suit Co. Rare catalog of mail-order
fashions documents women’s and children’s clothing styles shortly after the turn of
the century. Captions offer full descriptions, prices. Invaluable resource for fashion,
costume historians. Approximately 725 illustrations. 128pp. 8% x 11%.

27276-1 Pa. $11.95

THE 1912 AND 1915 GUSTAV STICKLEY FURNITURE CATALOGS, Gustav
Stickley. With over 200 detailed illustrations and descriptions, these two catalogs are
essential reading and reference materials and identification guides for Stickley furni-
ture. Captions cite materials, dimensions and prices. 112pp. 6'% x 9%.

26676-1 Pa. $9.95

EARLY AMERICAN LOCOMOTIVES, John H. White, Jr. Finest locomotive
engravings from early 19th century: historical (1804-74), main-line (after 1870), spe-
cial, foreign, etc. 147 plates. 142pp. 11% x 8%. 22772-3 Pa. $10.95

THE TALL SHIPS OF TODAY IN PHOTOGRAPHS, Frank O. Braynard.
Lavishly illustrated tribute to nearly 100 majestic contemporary sailing vessels:
Amerigo Vespucci, Clearwater, Constitution, Eagle, Mayflower, Sea Cloud, Victory,
many more. Authoritative captions provide statistics, background on each ship. 190
black-and-white photographs and illustrations. Introduction. 128pp. 8% x 11%.
27163-3 Pa. $14.95
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LITTLE BOOK OF EARLY AMERICAN CRAFTS AND TRADES, Peter
Stockham (ed.). 1807 children’s book explains crafts and trades: baker, hatter, coop-
er, potter, and many others. 23 copperplate illustrations. 140pp. 4°/s x 6.

23336-7 Pa. $4.95

VICTORIAN FASHIONS AND COSTUMES FROM HARPER’S BAZAR,
1867-1898, Stella Blum (ed.). Day costumes, evening wear, sports clothes, shoes,
hats, other accessories in over 1,000 detailed engravings. 320pp. 9% x 12¥%.

22990-4 Pa. $15.95

GUSTAV STICKLEY, THE CRAFTSMAN, Mary Ann Smith. Superb study sur-
veys broad scope of Stickley’s achievement, especially in architecture. Design phi-
losophy, rise and fall of the Craftsman empire, descriptions and floor plans for many

Craftsman houses, more. 86 black-and-white halftones. 31 line illustrations.
Introduction 208pp. 6'% x 9%. 27210-9 Pa. $9.95

THE LONG ISLAND RAIL ROAD IN EARLY PHOTOGRAPHS, Ron Ziel.
Over 220 rare photos, informative text document origin ( 1844) and development of
rail service on Long Island. Vintage views of early trains, locomotives, stations, pas-
sengers, crews, much more. Captions. 8% x 11%. 26301-0 Pa. $13.95

VOYAGE OF THE LIBERDADE, Joshua Slocum. Great 19th-century mariner’s
thrilling, first-hand account of the wreck of his ship off South America, the 35-foot
boat he built from the wreckage, and its remarkable voyage home. 128pp. 5% x 8'4.

40022-0 Pa. $4.95

TEN BOOKS ON ARCHITECTURE, Vitruvius. The most important book ever
written on architecture. Early Roman aesthetics, technology, classical orders, site
selection, all other aspects. Morgan translation. 331pp. 5% x 8%. 20645-9 Pa. $8.95

THE HUMAN FIGURE IN MOTION, Eadweard Muybridge. More than 4,500

stopped-action photos, in action series, showing undraped men, women, children

jumping, lying down, throwing, sitting, wrestling, carrying, etc. 390pp. 74 x 10%.
20204-6 Clothbd. $27.95

TREES OF THE EASTERN AND CENTRAL UNITED STATES AND CANA-
DA, William M. Harlow. Best one-volume guide to 140 trees. Full descriptions,

woodlore, range, etc. Over 600 illustrations. Handy size. 288pp. 4'4 x 6%.
20395-6 Pa. $6.95

SONGS OF WESTERN BIRDS, Dr. Donald J. Borror. Complete song and call
repertoire of 60 western species, including flycatchers, juncoes, cactus wrens, man
more—includes fully illustrated booklet. Cassette and manual 99913-0 $8.95

GROWING AND USING HERBS AND SPICES, Milo Miloradovich. Versatile
handbook provides all the information needed for cultivation and use of all the herbs
and spices available in North America. 4 illustrations. Index. Glossary. 236pp. 5% x 8.

25058-X Pa. $7.95

BIG BOOK OF MAZES AND LABYRINTHS, Walter Shepherd. 50 mazes and
labyrinths in all—classical, solid, ripple, and more—in one great volume. Perfect inex-
pensive puzzler for clever youngsters. Full solutions. 112pp. 8% x 11.

22951-3 Pa. $5.95
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PIANO TUNING, ] Cree Fischer. Clearest, best book for beginner, amateur.
Simple repairs, raising dropped notes, tuning by easy method of flattened fifths. No
previous skills needed. 4 illustrations. 201pp. 5% x 8% 23267-0 Pa. $6.95

HINTS TO SINGERS, Lillian Nordica. Selecting the right teacher, developing con-
fidence, overcoming stage fright, and many other important skills receive thoughtful
discussion in this indispensible guide, written by a world-famous diva of four
decades’ experience. 96pp. 5°/x x 8'/2. 40094-8 Pa. $4.95

THE COMPLETE NONSENSE OF EDWARD LEAR, Edward Lear. All nonsense
limericks, zany alphabets, Owl and Pussycat, songs, nonsense botany, etc., illustrated
by Lear. Total of 320pp. 5% x 8%. (USO) 20167-8 Pa. $7.95

VICTORIAN PARLOUR POETRY: An Annotated Anthology, Michael R. Turner.
117 gems by Longfellow, Tennyson, Browning, many lesser-known poets. “The
Village Blacksmith,” “Curfew Must Not Ring Tonight,” “Only a Baby Small,” dozens
more, often difficult to find elsewhere. Index of poets, titles, first lines. xxiii + 325pp.
5h x 8%. 27044-0 Pa. $8.95

DUBLINERS, James Joyce. Fifteen stories offer vivid, tightly focused observations
of the lives of Dublin’s poorer classes. At least one, “The Dead,” is considered a mas-
terpiece. Reprinted complete and unabridged from standard edition. 160pp. 5%s x 8.

26870-5 Pa. $1.00

GREAT WEIRD TALES: 14 Stories by Lovecraft, Blackwood, Machen and Others,
S. T. Joshi (ed.). 14 spellbinding tales, including “The Sin Eater,” by Fiona McLeod,
“The Eye Above the Mantel,” by Frank Belknap Long, as well as renowned works
by R. H. Barlow, Lord Dunsany, Arthur Machen, W. C. Morrow and eight other
masters of the genre. 256pp. 5% x 8% (USO) 40436-6 Pa. $8.95

THE BOOK OF THE SACRED MAGIC OF ABRAMELIN THE MAGE, trans-
lated by S. MacGregor Mathers. Medieval manuscript of ceremonial magic. Basic

document in Aleister Crowley, Golden Dawn groups. 268pp. 5% x 8'.
23211-5 Pa. $9.95

NEW RUSSIAN-ENGLISH AND ENGLISH-RUSSIAN DICTIONARY, M. A,
O’Brien. This is a remarkably handy Russian dictionary, containing a surprising
amount of information, including over 70,000 entries. 366pp. 4% x 6.

20208-9 Pa. $10.95

HISTORIC HOMES OF THE AMERICAN PRESIDENTS, Second, Revised
Edition, Irvin Haas. A traveler’s guide to American Presidential homes, most open
to the public, depicting and describing homes occupied by every American President
from George Washington to George Bush. With visiting hours, admission charges,
travel routes. 175 photographs. Index. 160pp. 8'% x 11. 26751-2 Pa. $11.95

NEW YORK IN THE FORTIES, Andreas Feininger. 162 brilliant photographs by
the well-known photographer, formerly with Life magazine. Commuters, shoppers,
Times Square at night, much else from city at its peak. Captions by John von Hartz.
181pp. 9% x 10%. 23585-8 Pa. $13.95

INDIAN SIGN LANGUAGE, William Tomkins. Over 525 signs developed by
Sioux and other tribes. Written instructions and diagrams. Also 290 pictographs.
111pp. 6% x 9. 22029-X Pa. $3.95
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ANATOMY: A Complete Guide for Artists, Joseph Sheppard. A master of figure
drawing shows artists how to render human anatomy convincingly. Over 460 illus-
trations. 224pp. 8% x 11%. 27279-6 Pa. $11.95

MEDIEVAL CALLIGRAPHY: Its History and Technique, Marc Drogin. Spirited
history, comprehensive instruction manual covers 13 styles (ca. 4th century thru
15th). Excellent photographs; directions for duplicating medieval techniques with
modern tools. 224pp. 8% x 11%. 26142-5 Pa. $12.95

DRIED FLOWERS: How to Prepare Them, Sarah Whitlock and Martha Rankin.
Complete instructions on how to use silica gel, meal and borax, perlite aggregate,

sand and borax, glycerine and water to create attractive permanent flower arrange-
ments. 12 illustrations. 32pp. 5% x 8%. 21802-3 Pa. $1.00

EASY-TO-MAKE BIRD FEEDERS FOR WOODWORKERS, Scott D. Campbell.

Detailed, simple-to-use guide for designing, constructing, caring for and using feed-

ers. Text, illustrations for 12 classic and contemporary designs. 96pp. 5% x 8'%.
25847-5 Pa. $3.95

SCOTTISH WONDER TALES FROM MYTH AND LEGEND, Donald A.
Mackenzie. 16 lively tales tell of giants rumbling down mountainsides, of a magic
wand that turns stone pillars into warriors, of gods and goddesses, evil hags, power-
ful forces and more. 240pp. 5% x 8'%. 296776 Pa. $6.95

THE HISTORY OF UNDERCLOTHES, C. Willett Cunnington and Phyllis
Cunnington. Fascinating, well-documented survey covering six centuries of English
undergarments, enhanced with over 100 illustrations: 12th-century laced-up bodice,
footed long drawers (1795), 19th-century bustles, 19th-century corsets for men,
Victorian “bust improvers,” much more. 272pp. 5% x 8k. 27124-2 Pa. $9.95

ARTS AND CRAFTS FURNITURE: The Complete Brooks Catalog of 1912,
Brooks Manufacturing Co. Photos and detailed descriptions of more than 150 now
very collectible furniture designs from the Arts and Crafts movement depict daven-
ports, settees, buffets, desks, tables, chairs, bedsteads, dressers and more, all built of
solid, quarter-sawed oak. Invaluable for students and enthusiasts of antiques,
Americana and the decorative arts. 80pp. 6'% x 9'. 27471-3 Pa. $8.95

WILBUR AND ORVILLE: A Biography of the Wright Brothers, Fred Howard.
Definitive, crisply written study tells the full story of the brothers’ lives and work. A
vividly written biography, unparalleled in scope and color, that also captures the
spirit of an extraordinary era. 560pp. 6"z x 9'/.. 40297-5 Pa. $17.95

THE ARTS OF THE SAILOR: Knotting, Splicing and Ropework, Hervey Garrett
Smith. Indispensable shipboard reference covers tools, basic knots and useful hitches;
handsewing and canvas work, more. Over 100 illustrations. Delightful reading for sea
lovers. 256pp. 5% x 8'%. 26440-8 Pa. $8.95

FRANK LLOYD WRIGHT’S FALLINGWATER: The House and Its History,
Second, Revised Edition, Donald Hoffmann. A total revision—-both in text and illus-
trations—of the standard document on Fallingwater, the boldest, most personal archi-
tectural statement of Wright's mature years, updated with valuable new material
from the recently opened Frank Lloyd Wright Archives. “Fascinating”~The New
York Times. 116 illustrations. 128pp. 9% x 10%. 27430-6 Pa. $12.95
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PHOTOGRAPHIC SKETCHBOOK OF THE CIVIL WAR, Alexander Gardner.
100 photos taken on field during the Civil War. Famous shots of Manassas Harper’s
Ferry, Lincoln, Richmond, slave pens, etc. 244pp. 10% x 8%. 22731-6 Pa. $10.95

FIVEACRES AND INDEPENDENCE, Maurice G. Kains. Great back-to-the-land
classic explains basics of self-sufficient farming. The one book to get. 95 illustrations.
397pp. 5% x 84 20974-1 Pa. $7.95

SONGS OF EASTERN BIRDS, Dr. Donald J. Borror. Songs and calls of 60 species
most common to eastern U.S.: warblers, woodpeckers, flycatchers, thrushes, larks,
many more in high-quality recording. Cassette and manual 99912-2 $9.95

A MODERN HERBAL, Margaret Grieve. Much the fullest, most exact, most useful
compilation of herbal material. Gigantic alphabetical encyclopedia, from aconite to
zedoary, gives botanical information, medical properties, folklore, economic uses,
much else. Indispensable to serious reader. 161 illustrations. 888pp. 6% x 9%. 2-vol.
set. (USO) Vol. I: 22798-7 Pa. $9.95

Vol. II: 22799-5 Pa. $9.95

HIDDEN TREASURE MAZE BOOK, Dave Phillips. Solve 34 challenging mazes
accompanied by heroic tales of adventure. Evil dragons, people-eating plants, blood-
thirsty giants, many more dangerous adversaries lurk at every twist and turn. 34
mazes, stories, solutions. 48pp. 8% x 11. 24566-7 Pa. $2.95

LETTERS OF W. A, MOZART, Wolfgang A. Mozart. Remarkable letters show
bawdy wit, humor, imagination, musical insights, contemporary musical world;
includes some letters from Leopold Mozart. 276pp. 5% x 8%. 22859-2 Pa. $7.95

BASIC PRINCIPLES OF CLASSICAL BALLET, Agrippina Vaganova. Great
Russian theoretician, teacher explains methods for teaching classical ballet. 118 illus-
trations. 175pp. 5% x 8%. 22036-2 Pa. $5.95

THE JUMPING FROG, Mark Twain. Revenge edition. The original story of The

Celebrated Jumping Frog of Calaveras County, a hapless French translation, and

Twain’s hilarious “retranslation” from the French. 12 illustrations. 66pp. 5% x 8%.
22686-7 Pa. $3.95

BEST REMEMBERED POEMS, Martin Gardner (ed.). The 126 poems in this
superb collection of 19th- and 20th-century British and American verse range from
Shelley’s “To a Skylark” to the impassioned “Renascence” of Edna St. Vincent Millay
and to Edward Lear’s whimsical “The Owl and the Pussycat.” 224pp. 5% x 8%.
27165-X Pa. $5.95

COMPLETE SONNETS, William Shakespeare. Over 150 exquisite poems deal
with love, friendship, the tyranny of time, beauty’s evanescence, death and other
themes in language of remarkable power, precision and beauty. Glossary of archaic
terms. 80pp. 5% x 84. 26686-9 Pa. $1.00

BODIES IN A BOOKSHOP, R. T. Campbell. Challenging mystery of blackmail
and murder with ingenious plot and superbly drawn characters. In the best tradition
of British suspense fiction. 192pp. 5% x 8%. 24720-1 Pa. $6.95
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THE WIT AND HUMOR OF OSCAR WILDE, Alvin Redman (ed.). More than
1,000 ripostes, paradoxes, wisecracks: Work is the curse of the drinking classes; I can

resist everything except temptation; etc. 258pp. 5% x 8%. 20602-5 Pa. $6.95

SHAKESPEARE LEXICON AND QUOTATION DICTIONARY, Alexander
Schmidt. Full definitions, locations, shades of meaning in every word in plays and
poems. More than 50,000 exact quotations. 1,485pp. 6% x 9%. 2-vol. set.
Vol. 1: 22726-X Pa. $17.95
Vol. 2: 22727-8 Pa. $17.95

SELECTED POEMS, Emily Dickinson. Over 100 best-known, best-loved poems by
one of America’s foremost poets, reprinted from authoritative early editions. No
comparable edition at this price. Index of first lines. 64pp. 5%s x 8%.

26466-1 Pa. $1.00

THE INSIDIOUS DR. FU-MANCHU, Sax Rohmer. The first of the popular mys-
tery series introduces a pair of English detectives to their archnemesis, the diabolical
Dr. Fu-Manchu. Flavorful atmosphere, fast-paced action, and colorful characters
enliven this classic of the genre. 208pp. 5% x 8. 29898-1 Pa. $2.00

THE MALLEUS MALEFICARUM OF KRAMER AND SPRENGER, translated
by Montague Summers. Full text of most important witchhunter’s “bible,” used by
both Catholics and Protestants. 278pp. 6% x 10. 22802-9 Pa. $12.95

SPANISH STORIES/CUENTOS ESPANOLES: A Dual-Language Book, Angel
Flores (ed.). Unique format offers 13 great stories in Spanish by Cervantes, Borges,
others. Faithful English translations on facing pages. 352pp. 5% x 8%.

25399-6 Pa. $8.95

GARDEN CITY, LONG ISLAND, IN EARLY PHOTOGRAPHS, 1869-1919,
Mildred H. Smith. Handsome treasury of 118 vintage pictures, accompanied by care-
fully researched captions, document the Garden City Hotel fire (1899), the Vander-
bilt Cup Race (1908), the first airmail flight departing from the Nassau Boulevard
Aerodrome (1911), and much more. 96pp. 8/s x 11%/.. 40669-5 Pa. $12.95

OLD QUEENS, N.Y,, IN EARLY PHOTOGRAPHS, Vincent F. Seyfried and
William Asadorian. Over 160 rare photographs of Maspeth, Jamaica, Jackson
Heights, and other areas. Vintage views of DeWitt Clinton mansion, 1939 World’s
Fair and more. Captions. 192pp. 8% x 11. 26358-4 Pa. $12.95

CAPTURED BY THE INDIANS: 15 Firsthand Accounts, 1750-1870, Frederick
Drimmer. Astounding true historical accounts of grisly torture, bloody conflicts,
relentless pursuits, miraculous escapes and more, by people who lived to tell the tale.
384pp. 5% x 8'4. 24901-8 Pa. $8.95

THE WORLD’S GREAT SPEECHES (Fourth Enlarged Edition), Lewis Copeland,
Lawrence W. Lamm, and Stephen J. McKenna. Nearly 300 speeches provide public
speakers with a wealth of updated quotes and inspiration—from Pericles’ funeral ora-
tion and William Jennings Bryan’s “Cross of Gold Speech” to Malcolm X’s powerful
words on the Black Revolution and Earl of Spenser’s tribute to his sister, Diana,
Princess of Wales. 944pp. 5% x 8% 40903-1 Pa. $15.95

THE BOOK OF THE SWORD, Sir Richard F. Burton. Great Victorian
scholar/adventurer’s eloquent, erudite history of the “queen of weapons”—from pre-
history to early Roman Empire. Evolution and development of early swords, varia-
tions (sabre, broadsword, cutlass, scimitar, etc.), much more. 336pp. 6% x 9%.
25434-8 Pa. $9.95
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AUTOBIOGRAPHY: The Story of My Experiments with Truth, Mohandas K.
Gandhi. Boyhood, legal studies, purification, the growth of the Satyagraha (nonvio-

lent protest) movement. Critical, inspiring work of the man responsible for the free-
dom of India. 480pp. 5% x 8% (USO) 24593-4 Pa. $8.95

CELTIC MYTHS AND LEGENDS, T. W. Rolleston. Masterful retelling of Irish and
Welsh stories and tales. Cuchulain, King Arthur, Deirdre, the Grail, many more. First
paperback edition. 58 full-page illustrations. 512pp. 5% x 8%. 265072 Pa. $9.95

THE PRINCIPLES OF PSYCHOLOGY, William James. Famous long course com-

plete, unabridged. Stream of thought, time perception, memory, experimental meth-
ods; great work decades ahead of its time. 94 figures. 1,391pp. 5% x 8'4 2-vol. set.

Vol. I: 20381-6 Pa. $13.95

Vol. II: 20382-4 Pa. $14.95

THE WORLD AS WILL AND REPRESENTATION, Arthur Schopenhauer.
Definitive English translation of Schopenhauer’s life work, correcting more than
1,000 errors, omissions in earlier translations. Translated by E. F. J. Payne. Total of
1,269pp. 5% x 8'4 2-vol. set. Vol. 1: 21761-2 Pa. $12.95

Vol. 2: 21762-0 Pa. $12.95

MAGIC AND MYSTERY IN TIBET, Madame Alexandra David-Neel.
Experiences among lamas, magicians, sages, sorcerers, Bonpa wizards. A true psy-
chic discovery. 32 illustrations. 321pp. 5% x 8%. (USO) 22682-4 Pa. $9.95

THE EGYPTIAN BOOK OF THE DEAD, E. A, Wallis Budge. Complete repro-
duction of Ani’s papyrus, finest ever found. Full hieroglyphic text, interlinear translit-
eration, word-for-word translation, smooth translation. 533pp. 6% x 9.

21866-X Pa. $11.95

MATHEMATICS FOR THE NONMATHEMATICIAN, Morris Kline. Detailed,
college-level treatment of mathematics in cultural and historical context, with numer-
ous exercises. Recommended Reading Lists. Tables. Numerous figures. 641pp. 5% x 8%.

24823-2 Pa. $11.95

PROBABILISTIC METHODS IN THE THEORY OF STRUCTURES, Isaac
Elishakoff. Well-written introduction covers the elements of the theory of probabili-
ty from two or more random variables, the reliability of such multivariable structures,
the theory of random function, Monte Carlo methods of treating problems incapable
of exact solution, and more. Examples. 502pp. 5'/s x 8'/.. 40691-1 Pa. $16.95

THE RIME OF THE ANCIENT MARINER, Gustave Doré, S. T. Coleridge.
Doré’s finest work; 34 plates capture moods, subtleties of poem. Flawless full-size
reproductions printed on facing pages with authoritative text of poem. “Beautiful.
Simply beautiful.”—Publisher’s Weekly. 77pp. 9% x 12. 22305-1 Pa. $7.95

NORTH AMERICAN INDIAN DESIGNS FOR ARTISTS AND CRAFTSPEO-
PLE, Eva Wilson. Over 360 authentic copyright-free designs adapted from Navajo
blankets, Hopi pottery, Sioux buffalo hides, more. Geometrics, symbolic figures,
plant and animal motifs, etc. 128pp. 8% x 11. (EUK) 25341-4 Pa. $8.95

SCULPTURE: Principles and Practice, Louis Slobodkin. Step-by-step approach to
clay, plaster, metals, stone; classical and modern. 253 drawings, photos. 255pp. 8% x 11.
22960-2 Pa. $11.95
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THE INFLUENCE OF SEA POWER UPON HISTORY, 1660-1783, A. T. Mahan.
Influential classic of naval history and tactics still used as text in war colleges. First
paperback edition. 4 maps. 24 battle plans. 640pp. 5% x 8. 25509-3 Pa. $14.95

THE STORY OF THE TITANIC AS TOLD BY ITS SURVIVORS, Jack Winocour
(ed.). What it was really like. Panic, despair, shocking inefficiency, and a little hero-

ism. More thrilling than any fictional account. 26 illustrations. 320pp. 5% x 8'4.
20610-6 Pa. $8.95

FAIRY AND FOLK TALES OF THE IRISH PEASANTRY, William Butler Yeats
(ed.). Treasury of 64 tales from the twilight world of Celtic myth and legend: “The
Soul Cages,” “The Kildare Pooka,” “King O’Toole and his Goose,” many more.
Introduction and Notes by W. B. Yeats. 352pp. 5% x 8'4 26941-8 Pa. $8.95

BUDDHIST MAHAYANA TEXTS, E. B. Cowell and Others (eds.). Superb, accu-
rate translations of basic documents in Mahayana Buddhism, highly important in his-
tory of religions. The Buddha-karita of Asvaghosha, Larger Sukhavativyuha, more.
448pp. 5% x 8Y%. 25552-2 Pa. $12.95

ONE TWO THREE . . . INFINITY: Facts and Speculations of Science, George
Gamow. Great physicist’s fascinating, readable overview of contemporary science:
number theory, relativity, fourth dimension, entropy, genes, atomic structure, much
more. 128 illustrations. Index. 352pp. 5% x 8'4. 25664-2 Pa. $8.95

EXPERIMENTATION AND MEASUREMENT, W. ]. Youden. Introductory man-
ual explains laws of measurement in simple terms and offers tips for achieving accu-
racy and minimizing errors. Mathematics of measurement, use of instruments, exper-
imenting with machines. 1994 edition. Foreword. Preface. Introduction. Epilogue.
Selected Readings. Glossary. Index. Tables and figures. 128pp. 5/s x 8'/..

40451-X Pa. $6.95

DALI ON MODERN ART: The Cuckolds of Antiquated Modern Art, Salvador
Dali. Influential painter skewers modern art and its practitioners. Outrageous evalu-
ations of Picasso, Cézanne, Turner, more. 15 renderings of paintings discussed. 44
calligraphic decorations by Dali. 96pp. 5% x 84%. (USO) 29220-7 Pa. $5.95

ANTIQUE PLAYING CARDS: A Pictorial History, Henry René D’Allemagne.
Over 900 elaborate, decorative images from rare playing cards (14th-20th centuries):
Bacchus, death, dancing dogs, hunting scenes, royal coats of arms, players cheating,
much more. 96pp. 9% x 12Y%. 29265-7 Pa. $12.95

MAKING FURNITURE MASTERPIECES: 30 Projects with Measured Drawings,
Franklin H. Gottshall. Step-by-step instructions, illustrations for constructing hand-
some, useful pieces, among them a Sheraton desk, Chippendale chair, Spanish desk,
Queen Anne table and a William and Mary dressing mirror. 224pp. 8% x 11%.
29338-6 Pa. $13.95

THE FOSSIL BOOK: A Record of Prehistoric Life, Patricia V. Rich et al. Profusely
illustrated definitive guide covers everything from single-celled organisms and
dinosaurs to birds and mammals and the interplay between climate and man. Over
1,500 illustrations. 760pp. 7' x 10%. 29371-8 Pa. $29.95

Prices subject to change without notice.
Available at your book dealer or write for free catalog to Dept. GI, Dover Publications, Inc., 31
East 2nd St., Mineola, N.Y. 11501. Dover publishes more than 500 books each year on science,
elementary and advanced mathematics, biology, music, art, literary history, social sciences and
other areas.



RELATIVITY
SIMPLY
EXPLAINED

Martin Gardner
lllustrated by Anthony Ravielli

Since the publication of Einstein’s Special Theory of Relativity in 1905, the
discovery of suchastronomical phenomena as quasars, pulsars and black holes—all
intimately connected to relativity—have provoked a tremendous upsurge of
interest in the subject.

This volume, a revised version of Martin Gardner’searlier Relativity ferthe Millien,
brings this fascinating topic up to date. Witty, perceptive and easily accessible to
the general reader, it is one of the clearest and most entertaining introductions to
relativity ever written.

Mr. Gardner offerslucid explanations of not only thespecialand general theories of
relativity, but of the Michelson-Morley experiment, gravity and spacetime, Mach’s
principle, the twin paradox, models of the universe and other topics. A new
Postscript, examining the latest developments in the field, and specially written for
this edition, is also included.

The clarity of the text is especially enhanced by the brilliant graphics of Anthony
Ravielli, making this “by far the best layman’s account of this difficult subject.”—
Christian Science Monitor.

Revised and enlarged Dover (1996) republication of The Relativity Explosion,
published by Vintage Books, New York, 1976 (itself a revised, updated version of
Relativity for the Million, 1962). 100 two-color illustrations by Anthony Ravielli.
New Postscript by the author. 224pp. 5% x 8%. Paperbound.

ALSO AVAILABLE

ReLaTiviTY IN [LLUSTRATIONS, Jacob T. Schwartz. 128pp. 6% x 9%4. 25965-X Pa. $7.95

UNDERSTANDING EINSTEIN'S THEORIES OF RELATIVITY: Man’s New Perspective on the
Cosmaos, Stan Gibilisco. 208pp. 6} x 9%. 26659-1 Pa. $8.95

Free Dover Complete Mathematics and Science Catalog (58065-8) available upon
request.
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