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CHAPTER 1

ANGIENT HISTORY

In which we meet Isaac Newton, and learn how a hopeless cattleherd invented
a theory of gravity and indulged in academic rows. We bid farewell to the fifth
force, find out how to measure the speed of light, and discover how a
seventeenth-century parson used gravity to trap light in black holes.

Modern science began with Isaac Newton, who developed, among other
things, the first scientific theory of gravity, alittle more than three hundred
years ago. Using Newton’s laws, scientists were able for the first time to
explain the motion of heavenly bodies in terms of the same principles that
applied to the behavior of objects on Earth. In the famous analogy, both
the fall of an apple from a tree and the orbit of the Moon about Earth could
be explained by the same set of equations.

Newton’s description of gravity, of course, was later incorporated
within Albert Einstein’s general theory of relativity, which eventually
gave rise to the notion of black holes, which are generally regarded,
therefore, as relativistic objects. But it is some indication of the power
of Newton’s own theory that less than a hundred years after the publi-
cation of his epic volume the Philosophiae Naturalis Principia Mathe-
matica,* Newtonian gravitational theory had already been used to
describe what we now call black holes. Indeed, the surprise is that New-
ton himself, who investigated the nature of light as well as gravity, did
not realize that his equations suggested the existence of dark stars in the
Universe, objects from which light could not escape because gravity
would overwhelm it.

* Usually referred to simply as the Principia and generally regarded as the most important single
book ever published in physics.
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LET NEWTON BE!

Newton was born in Woolsthorpe, Lincolnshire, on Christmas day, 1642,
the year Galileo Galilei died. He was a small, sickly baby, who surprised
his mother by surviving his birthday (his father, also called Isaac, had died
three months before young Isaac was born); he went on surviving his
birthday for another eighty-four years. His contribution to establishing
science and the scientific method as providing the best description of the
material world and the awe in which he was held by his contemporaries
were neatly encapsulated early in the eighteenth century by the poet Al-
exander Pope in his famous couplet

Nature and Nature’s laws lay hid in night:
God said, Let Newton be! and all was light.

But, as we shall see, it wasn’t quite that simple.

Before Newton was two, his mother remarried and moved to a nearby
village, leaving him in the care of his grandmother for nine years, until the
death of his stepfather. The trauma of this separation almost certainly
explains Newton’s strange behavior as an adult, including his secretive-
ness about his work, his obsessive anxiety about how it would be received
when it was published, and the violent, irrational way in which he re-
sponded to any criticism from his peers. After his stepfather died, how-
ever, Isaac and his mother were reunited, and she planned initially for him
to take over the management of the family farm. He proved hopeless at
this, preferring to read books rather than to herd cattle, so he was sent
back to school in Grantham, and then (with the aid of an uncle who had
a connection with Trinity College in Cambridge) on to university. He
arrived in Cambridge in 1661, a little older than most of the other new
undergraduates because of his interrupted schooling.

Newton’s notebooks show that even as an undergraduate he kept abreast
of new ideas, including those of Galileo and the French philosopher René
Descartes. These marked the beginning of the new view of the Universe
as an intricate machine, an idea that had yet to penetrate, officially, the
great universities of Europe. But he kept all this to himself, while he also
made a thorough study of the distinctly old-fashioned official curriculum,
based on the ancient teaching of Aristotle, and eamned his bachelor’s
degree in 1665, a satisfactory, but not brilliant, student in the eyes of his
teachers. The same year, plague broke out in London; as a result the
university was closed and Newton went home to Lincolnshire, where he
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stayed for the best part of two years, until normal academic life resumed.

It was during those two years that Newton derived the inverse-square
law of gravity—perhaps stimulated by watching the fall of an apple. This
was quite an achievement in itself, but because Newton found that the
existing knowledge of mathematics made his calculations awkward, he
also invented a new mathematical technique, differential calculus, to make
the calculations more straightforward! As if this were not enough, he also
began his investigation of the nature of light, discovering and naming the
spectrum of colors that is produced when white light passes through a
prism. None of this made any impact on the scientific world at the time
because Newton didn’t tell anybody what he was up to. When the uni-
versity reopened in 1667, he was elected to a fellowship at Trinity Col-
lege, and by 1669 he had developed some of his mathematical ideas to the
point where they were circulated among the cognoscenti. By now, at least
some of the professors in Cambridge were beginning to take notice of his
ability, and when Isaac Barrow resigned from the post of Lucasian Pro-
fessor of mathematics in 1669 (in order to devote more time to divinity),
he recommended that Newton should be his successor. Newton became
Lucasian Professor at the age of twenty-six—a secure position for life (if
he wanted it to be), with no tutoring responsibilities but the requirement
to give one course of lectures each year.*

Between 1670 and 1672, Newton used these lectures to develop his
ideas on light into the form that later became the first part of his epic
treatise Opticks. But, as a result of one of the most protracted personality
clashes of Newton’s tempestuous career, this was not published until
1704. The problems began when Newton started to communicate his new
ideas through the Royal Society, an organization that had been founded
only in 1660 but which was already established as the leading channel of
scientific communication in Britain. The row, with Robert Hooke, also led
to the most famous remark made by Newton—one which, recent research
suggests, has been misinterpreted for three hundred years.

‘““ON YE SHOULDERS OF GIANTS”
The Royal Society learned of Newton as a result of his interest in light.
But it was his practical skill in inventing the first telescope to use a mirror,

instead of a lens system, to focus light that brought the young professor to

* The present Lucasian Professor is Stephen Hawking.
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their attention, not his theory of how colors are formed. The design is still
widely in use and known to this day as a Newtonian reflector. The learned
gentlemen of the society liked the telescope so much, when they saw it in
1671, that in 1672 Newton was elected a Fellow of the society. Pleased by
this recognition, in that same year Newton presented a paper on light and
colors to the society. Hooke, who was the first ‘‘curator of experiments’’
at the Royal Society, and is remembered today for Hooke’s law of elas-
ticity, was regarded at the time (especially by himself) as the society’s
expert on optics, and he responded to Newton’s paper with a critique
couched in condescending terms that would surely have annoyed any
young researcher. But Newton had never been able, and never learned, to
cope with criticism of any kind, and he was driven to rage by Hooke’s
comments. Within a year of becoming a Fellow of the Royal Society and
first attempting to offer his ideas through the normal channels of commu-
nication, he had retreated to the safety of his Cambridge base, keeping his
thoughts to himself and avoiding the usual scientific to-ing and fro-ing of
the time.

Then, early in 1675, during a visit to London, Newton heard Hooke, as
he thought, saying that he now accepted Newton’s theory of colors. New-
ton was sufficiently encouraged by this to offer the society a second paper
on light, which included a description of the way colored rings of light
(now known as Newton’s rings) are produced when a lens is separated
from a flat sheet of glass by a thin film of air. Hooke immediately com-
plained, both privately and publicly, that most of the ideas presented to the
society by Newton in 1675 were not original at all but had simply been
stolen from his (Hooke’s) work. In ensuing correspondence with the
secretary of the society, Newton denied this and made the counterclaim
that, in any case, Hooke’s work was essentially derived from Descartes.

Things were brewing for an epic row when, seemingly under pressure
from the society, Hooke wrote a letter to Newton that could have been
interpreted as conciliatory (if the reader were charitable) but in which he
repeated all his allegations and implied that, at best, Newton had merely
tidied up some loose ends. It was this letter that provoked Newton’s
famous remark that if he had seen further than other men, ‘‘. . . it is by
standing on ye shoulders of Giants.”’

Traditionally, this remark has been interpreted as an indication of New-
ton’s modesty, and his recognition that earlier scientists such as Johannes
Kepler, Galileo, and Descartes had laid the foundations for his laws of
motion and his great work on gravity—which is odd, because in 1675
Newton hadn’t made his ideas about gravity and motion public. The
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charge of modesty does not, in any case, seem one that would stick to such
a prickly, even arrogant, character as Newton, although it is easy to see
how the story might appeal to later generations. So where did the remark
come from?

As part of the celebrations marking the tercentenary of the publication
of the Principia, in 1987 Cambridge University organized a weeklong
meeting at which eminent scientists from around the world brought the
story of gravity up to date. At that meeting, John Faulkner, a British
researcher now based at the Lick Observatory in California, presented his
persuasive new interpretation of what Newton meant by that remark,
based on Faulkner’s probing into the documents related to the feud with
Hooke. Newton was certainly not being modest, but arrogant when he
made that statement, said Faulkner; and he was certainly not referring to
Kepler and Galileo, or his work on gravity, but, indeed, to his work on
light.

Here are the relevant sentences, with Faulkner’s interpretation of New-
ton’s intended meaning.

‘“What Des-Cartes did was a good step.”’ (Interpretation: He did it
before you did.) ‘‘You have added much in several ways, & especially in
taking ye colours of thin plates into philosophical consideration.’” (Inter-
pretation: All you did was follow where Descartes led.) *‘If I have seen
further it is by standing on ye shoulders of Giants.”’ (Interpretation, taking
particular notice of Newton’s careful use of the capital *‘G’’: My research
owes nothing to anybody except the ancients, least of all to a little runt like
you.)

The upshot of this exchange was that Newton retreated even further into
his shell. He waited patiently until Hooke died, in 1703, before publishing
his Opticks in 1704, when he could safely have the last word. And it was
only through the intervention of his friend Edmund Halley, of comet
fame, that he was pushed into publishing his greatest work, the Principia,
in 1687, twelve years after the second row with Hooke. By then, the core
of the work was more than twenty years old.

THREE LAWS AND A THEORY OF GRAVITY

Newton’s Principia contains the heart of what is known as classical me-
chanics—the three laws of motion and a theory of gravity. The shoulders
on which he could indeed be said to have stood in developing these ideas
were those of Johannes Kepler, a German astronomer who published in
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1609 the first two laws of planetary motion that now bear his name. Kepler
developed those laws using tables of planetary positions painstakingly
compiled by the Dane Tycho Brahe, who had settled in Prague, where
Kepler became his assistint.

Kepler’s first and second laws state that the orbits of the planets around
the Sun are ellipses, not circles, and that a line joining the planet to the
Sun traces out equal areas of the ellipse in equal times, wherever the
planet is in its orbit (figure 1). In other words, each planet moves faster
when it’s closest to the Sun, tracing out a short, fat triangle at one end of
the ellipse, and slower when it is farthest from the Sun, tracing out a long,
thin triangle at the other end of the ellipse. A third law, published several
years later, relates the period of the orbit of each planet to the diameter of
its orbit by a mathematical formula.

All this was intriguing and puzzling for seventeenth-century scientists,
who searched unsuccessfully for an underlying explanation of Kepler’s
laws. Despite Newton’s brushes with scientific establishments he was not
a complete scientific recluse in the late 1670s and early 1680s. He even
engaged in correspondence with Hooke concerning the behavior of objects
falling under the influence of gravity—a correspondence that, almost in-
evitably, later led Hooke to accuse Newton of having stolen the idea of an

7,

Planet

Figure 1: A planet in an elliptical orbit around the Sun moves faster when it is
closer to the Sun, so that the area swept out by the moving planet in a chosen time
is always the same.
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inverse-square law from him. We can only imagine the surprise Halley
must have felt in August 1684 when he visited Newton in Cambridge and,
on mentioning that he was interested in the problem of orbital motion, was
told by Newton that he had solved that puzzle years ago. Whatever his
surprise, Halley kept his wits about him. He persuaded Newton that this
was such a significant discovery it simply had to be published, and just
three months later Newton sent Halley a short paper on the subject. But
this was not enough. Once Newton decided to publish his ideas, he began
revising and rewriting the short paper until it grew into his great book,
published (largely at Halley’s expense) in Latin in 1687; it wasn’t pub-
lished in English until 1729, two years after Newton died.

Even then, however, Newton harbored some of his secrets. Although
his personal papers show that he actually worked out his famous law of
gravity using the calculus he had invented, in the Principia he presented
this in a reworked form, using essentially geometrical techniques that
would have been intelligible to Aristotle. Perhaps he was just being se-
cretive; perhaps, recalling his undergraduate days, he had a low opinion of
the intellect of his peers, and thought that they might be happier with the
old-fashioned approach. Either way, this was to lead to another bitter
wrangle, this time with Wilhelm Leibniz, a German mathematician who
developed the calculus independently and published his work in 1684.
Today, there is no doubt that Newton had the idea first, nor is there any
doubt that Leibniz knew nothing of this when he came up with it on his
own, and both men are given equal credit for the invention. At the time,
it caused yet another of Newton’s bitter feuds.

What really matters, however, is what was in the Principia, not what
Newton chose to leave out. Before Newton, scientists accepted the Aris-
totelian idea that the ‘‘natural’’ state of an object is to be at rest, and to
move only when a force is applied to it. Newton realized that this only
seems to be the case because we live on the surface of a planet, where
things are held down by gravity. So, his first law says that every object
(scientists usually use the term body) continues in a state of rest or of
uniform motion in a straight line unless a force acts upon it. His second
law states that the acceleration of a body is proportional to the force acting
upon it. (Acceleration is the rate at which the velocity changes, and since
velocity includes both speed and direction, acceleration can be the rate of
change of speed or direction or both.) And his third law says that when-
ever a force is applied to an object there is an equal and opposite force of
reaction. If I push a pencil across my desk, for example, or press down on
the desktop itself, I can feel the reaction to the force I am applying, a force
pushing back on my fingertip. And although you might think, according
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to the second law, that the force of gravity should be making us accelerate
toward the center of Earth, as long as we are standing on solid ground the
force of our weight pressing down is countered by an equal and opposite
reaction force pushing up. The two forces cancel out, so there is no
acceleration—unless you fall over, or jump out of the window. (If that
happens, what hurts when you hit the ground is not the force of gravity but
the reaction force of the ground, canceling out the force of gravity and
stopping your motion. )

Using his own three laws and Kepler’s laws, Newton explained the
motion of the planets around the Sun, and of the moons around Jupiter, as
the result of a force of gravity that is proportional to 1 over the square of
the distance between the Sun and a planet, or between Jupiter and a moon.
This is the famous inverse-square law. So, for example, when a planet is
closest to the Sun the force it feels is stronger, and it moves more quickly
as a result. What’s more, Newton said that this was not a special law that
applied only to the orbits of planets around the Sun but a universal law that
described the effect of gravity on everything in the Universe. The neatest
example of this is one Newton himself gave.

When I referred to someone failing to the ground from a window, I
automatically assumed that gravity applies in the same way to objects
falling to the ground as to planets in their orbits. Familiarity with the
notion makes it seem obvious to us today, but in Newton’s day it was a
new and revolutionary idea. I also mentioned that the force of gravity
acting on an object falling to Earth acts as if all the mass of Earth were
concentrated in a point at the center of the planet—the distance that comes
in to the inverse-square law is actually the distance between the centers of
the two bodies involved, whether they be the Sun and a planet, Earth and
a falling human being, or whatever. In fact, Newton proved this too, and
it is a key feature of his theory of gravity, though it is the hardest part to
prove mathematically, especially the way he did it in the Principia, with-
out using calculus. Newton also knew that the acceleration caused by
gravity near the surface of Earth will make any body (an apple, for
example) fall through a distance of sixteen feet in the first second of its
fall. The Moon is sixty times farther away from the center of Earth than
the distance from the center of Earth to the surface, and according to
Newton’s first law it would ‘‘like’’ to travel in a straight line at a constant
speed—that is, at constant velocity. Even if the speed stays the same, any
deviation from that straight line must be due to a force, deflecting the
Moon. According to the inverse-square law, the force of Earth’s gravity
acting at the distance of the Moon should be less than the force at the
surface of Earth by a factor of 60 squared, which is 3,600. Because of the
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earth’s gravity pulling on it, therefore, the Moon should shift sideways by
a distance given by dividing 16 feet by 3,600 in one second. This works
out to a little bit more than one twentieth of an inch. For an object
traveling at the speed of the Moon, at the distance of the Moon from
Earth, a sideways nudge of exactly this size, every second, is exactly
enough to make it travel in a closed orbit around Earth, completing one
circuit every month,

Newton really had explained the fall of an apple and the motion of the
Moon with one set of laws. In doing so, he removed the mystery from the
behavior of heavenly bodies, and opened the eyes of scientists to the fact
that the behavior of the stars and planets—the behavior of the whole
Universe—might be explained using the same laws of physics that are
derived from studies carried out in laboratories on Earth. Today, many
physicists believe that they may soon be able to find a single set of
equations that will describe all of the particles and forces of nature in one
package—a Theory of Everything, or TOE. If they ever achieve this goal,
it will be the culmination of more than three hundred years of progress
along the path first trodden by Newton, and Newtonian physics will, in a
sense, have come to an end. But as we shall see, that would not neces-
sarily mean that everything in the Universe was thoroughly understood.

Even in Newton’s day it was clear that another layer of understanding
must underpin his famous inverse-square law. To be sure, Newton showed
that the gravitational force exerted by Earth or the Sun, or, indeed, any-
thing else, falls away as 1 over the square of the distance from the center
of the object-—but why should it be an inverse-square law? Why not a
force that falls off as 1 over the distance, or as 1 over the distance cubed,
or some other law entirely? Newton did not know, or he seems not to have
been concerned why gravity should obey an inverse square rather than
some other law. In another famous comment, addressing this very point,
he wrote ‘‘Non fingo hypotheses’ (*‘I do not frame hypotheses’’). He
was content to explain how gravity did its work without worrying about
why it did so; and it took more than two hundred years, following the
publication of the Principia, for anyone to solve that puzzle. Whatever the
“‘why,”’ though, there is no doubt that gravity does follow Newton’s law.

THE TEST OF TIME
The force of gravity exerted by a body is proportional, in fact, both to 1

over the square of the distance from its center and to its mass. A more
massive object exerts a stronger gravitational pull. The gravitational pull
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exerted by Earth at its surface is what we call weight. Each gram of matter
in a body at the surface of Earth is pulled by Earth with the same strength,
so the more matter there is in a body the more weight it has—the heavier
it is. We say that the force exerted by Earth on a mass of 1 gram at
its surface is 1 gram weight—on Earth, a mass of 1 gram weighs 1
gram, which is a logical definition for people who live on the surface of
Earth to use. But things are not so simple for spacefarers. If we move
a body with a particular mass—say, 1 kilogram—from Earth to the
Moon, the body would still have the same mass, in this case 1,000
grams. But because the Moon has less mass than Earth, each gram
would be pulled by the Moon less strongly than it was pulled by Earth
when it was back home on the surface of our planet. So it would have
less weight—in fact, a 1 kilo mass would only weigh about a sixth of
a kilo on the surface of the Moon.

This prediction of Newton’s theory has, of course, been tested di-
rectly—people have been to the Moon and observed the difference in
weight. Nobody seriously expected otherwise—apart from anything else,
the calculation of the trajectory the spacecraft followed used Newton’s
laws, and it would never have gotten to the Moon if those laws had been
incorrect. But still, it’s nice to know that Newton was right at this ‘‘gut-
reaction”’ level. In fact, during the 1980s there was a flurry of excitement
among scientists, which leaked over into the media, as a result of sug-
gestions that at a much more subtle level Newton might, after all, have
been wrong—that there might be a tiny deviation from the inverse-square
law of gravity at distances of a few tens of meters, even though it works
perfectly for calculating planetary orbits and spacecraft trajectories. The
excitement proved unfounded, but as a result of all the fuss Newton’s
gravitational law has now been tested more accurately than ever before
and come out with flying colors.

One way of looking at this is in terms of the proportional constant that
comes into the law. If the gravitational force acting on each gram is
proportional to the mass of Earth and to 1 over the square of the distance
from the center of Earth, this is the same as saying that the force is equal
to a constant (called G) multiplied by the mass of Earth and by 1 over the
square of the distance to its center. Part of Newton’s powerful insight was
that even when we are dealing with different masses and different dis-
tances (such as the mass of the Sun acting on Earth at a distance of 150
million kilometers), the constant, G, is the same. Intriguingly, though,
Newton himself never used the term gravitational constant in the Prin-
cipia. He had no need to, because all his calculations, such as the one
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comparing the fall of an apple to the orbit of the Moon, can be carried out
in terms of ratios, and in such cases the constant cancels out of the
equation.

In the 1730s, the French physicist Pierre Bouguer investigated the den-
sity of Earth by measuring the deflection of a plumb line near a mountain,
and in principle these measurements can be used to calculate G. But the
first accurate measurements of the gravitational constant were made only
in the 1790s, more than a hundred years after the publication of the
Principia, by Henry Cavendish, a British physicist who seems to have
been even more reticent than Newton about publishing his results.

Cavendish was an eccentric recluse who published very little during his
lifetime (he died in 1810 at the age of seventy-eight). He could afford this
indulgence because he inherited considerable wealth from his uncle. Long
after Cavendish died, studies of his papers showed that he had anticipated
a great deal of the work on electricity, in particular, later carried out
by others, including Ohm’s law of resistance; Cavendish’s electrical
researches were eventually edited by James Clerk Maxwell, the first Cav-
endish Professor of Physics and head of the new Cavendish Laboratory,
and published in 1879. His gravity measurements, however, were pub-
lished during his lifetime, in 1798. Like Bouguer’s earlier studies, they
were designed to measure the mass and density of Earth, and, ironically,
Cavendish’s papers made no mention of G. But from Newton’s law of
gravity, once you know the mass of Earth (and its radius) you can find G
simply by measuring the weight of an object at the surface of the planet;
so Cavendish’s experiments are regarded as the first accurate determina-
tion of the gravitational constant. What’s more, the method he used to
make those measurements (which was actually suggested by John Mich-
ell, about whom more shortly) has become the classic laboratory test of its
kind, still used, with minor modifications.*

The force of Earth’s gravity acting on the small spheres in Cavendish’s
experiment (their weight) turned out to be 500 million times (!) greater
than the sideways force exerted by the large spheres, but Cavendish man-
aged to measure the tiny deflections involved and, by comparing these
with the weights of the spheres, work out the mass of Earth. His mea-
surements show that Earth contains 6 X 10** (a 6 followed by twenty-four

* The apparatus used in the experiment, called a torsion balance, consists of a delicate rod
suspended at its center by a thread, with small weights (Cavendish used spheres made of lead)
attached to each end. Two large masses (bigger spheres made of lead) were placed at an angle
to the rod so that the gravitational pull of the large masses acting on the small masses would twist
the rod. Cavendish measured the angle the rod was twisted by, using a system of mirrors, and
worked out the force exerted by the large spheres on the small spheres.
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zeroes) kilos of matter, and its density is five and a half times that of
water, which is what he wanted to know. Just as in the comparison
between the apple and the Moon, the gravitational constant cancels out of
this part of the calculations. But the equations also show, when you turn
them around a little, that the value of G is 6.7 X 1078,

It was another hundred years before the accuracy of Cavendish’s
torsion-balance experiments was improved upon, and it was, indeed, only
in the 1890s that scientists began to quote a value for G and to treat it as
a fundamental constant of nature in the way we regard it today.

There is now a huge amount of evidence from laboratory experiments
that G is unquestionably a constant, the same for all masses, whatever
they are made of, and that G has the same value everywhere, while both
laboratory measurements of falling weights and astronomical studies con-
firm that the law of gravity is indeed an inverse-square law.

The suggestion that something might be wrong with Newton’s law of
gravity stemmed primarily from measurements of the force of gravity
made down mine shafts. In effect, this means weighing an object very
carefully at different depths and seeing how the weight changes as you go
deeper below the surface. If Earth were a perfectly uniform sphere, at each
depth below the surface the force of attraction toward the center of Earth
would be exactly the same as if all of the matter below that level were
concentrated at the center. The gravitational influence of the shell of
material above the depth at which measurements are being made has no
overall effect—the pull in one direction from the smaller amount of mass
directly overhead and nearby is exactly counterbalanced by the pull in the
opposite direction from the larger amount of mass in the same shell at a
greater distance on the opposite side of Earth.

In the real world, measurements of the force of gravity inside Earth
(and even on Earth’s surface) have to take account of geology. Different
kinds of rock have different densities, and will pull on the measuring
apparatus more or less strongly as a result. But in the early 1980s it did
seem, particularly from a series of measurements carried out down a mine
in Australia, that over a range of a hundred meters or so these experiments
showed a deviation from Newton’s law, as if G were about 1 percent less
than the value determined by laboratory experiments and by studies of
planetary motions. Measurements made by lowering instruments down
boreholes (both in the rock and in ice sheets), and by carrying them up tall
towers (weighing things at different heights above the ground), seemed
for a time to confirm these strange anomalies, and physicists began to talk
excitedly of a ‘‘fifth force’’ that acted in the opposite way to gravity
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(antigravity) but had a range of only a few tens of meters.* When some
of the tower measurements seemed to show an extra force of attraction as
well as gravity also at work, they even started talking about the ‘‘sixth
force.”” But it was all pie in the sky; Newton was right, after all. It turned
out that all of the ‘‘non-Newtonian’’ effects that had been claimed could,
in fact, be explained by good old Newtonian gravity, if proper allowance
were made for the geological distribution of the rocks and ore deposits
around the sites where the measurements had been made. The original
Australian ‘‘evidence’’ for ‘‘non-Newtonian’’ gravity, for example,
turned out to be due to the straightforward Newtonian gravitational force
produced by a series of ridges about three kilometers away from the
mine—which gives you some idea of just how sensitive these measure-
ments are.

Of course, it is virtually impossible to prove that there is no fifth force
at work. But what physicists can do is set limits on how strong it can be
without showing up in their experiments. By 1990, those limits had been
narrowed down to a requirement that any fifth force must be at least
100,000 times weaker than gravity in the range from 1 meter to 1,000
meters. But the mythical fifth force can be said to have served a useful
scientific purpose. It was only because some people thought that a fifth
force might exist that in the second half of the 1980s physicists were
encouraged to make the painstaking measurements which set these tight
limits. The result is that the constancy of G and the accuracy of the
inverse-square law are now known better than ever to hold on all length
scales from tabletop experiments to the motion of the stars and planets.
We know, better than even Newton himself knew, that Newton’s law of
gravity really is universal.

Although he lacked the experimental proof that his law of gravity was
universal in this sense, Newton did, of course, believe that the law must
apply everywhere and for all bodies. Since his other great achievement
involved the study of light, and an explanation of its behavior in terms of
tiny particles, or corpuscles, streaming out from a light source and being
reflected by mirrors or refracted by prisms and lenses, this makes it all the
more remarkable that he seems never to have wondered how gravity
would affect light. The first publication of any insight into that mystery
had to wait almost a hundred years after the publication of the Principia,
until Michell, creator of the torsion-balance experiment, came up with the
notion of dark stars.

* “‘Fifth force” because they already know of four others—gravity itself, electromagnetism,
and the so-called strong and weak nuclear forces that operate only on subatomic levels.
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ACROSS THE SOLAR SYSTEM

The key to this idea, apart from Newton’s law of gravity, was the mea-
surement of the finite speed of light. And one of the biggest surprises, to
most people coming across these ideas for the first time, is that the speed
of light was actually measured reasonably accurately before Newton pub-
lished the Principia.

The calculation was made in the 1670s by a Dane, Ole Rgmer, who
was then working at the Paris Observatory. Among other things, Rgmer
studied the behavior of the moons of Jupiter, which were especially
interesting to astronomers of the time because they represented a miniature
version of the Solar System described by Copernicus and Kepler, with the
huge planet Jupiter orbited by a set of moons in much the same way the
Sun is orbited by the planets. One of Rgmer’s more senior colleagues
in Paris was the Italian-born astronomer Giovanni Cassini. Cassini was
a skillful observer, using the latest instruments in the new observatory.
Two of his more important works using these instruments included stud-
ies of the behavior of the satellites of Jupiter and the first reasonably
accurate measurement of the distance from Earth to the Sun. It was
these two sets of information that Rgmer put together to work out the
speed of light.

One of the most obvious and interesting features of the behavior of
the moons of Jupiter is the way they are regularly eclipsed as they move
into and out of the shadow of Jupiter itself. Even before he left Italy,
Cassini had worked out a table of eclipses (rather like a bus timetable)
for the four main satellites of Jupiter—Io, Europa, Ganymede, and Cal-
listo—discovered by Galileo, using the first astronomical telescope, in
January 1610. Applying Kepler’s laws to describe the motion of these
moons, Cassini was able to forecast when they would be eclipsed. But
Rgmer found that sometimes the eclipses were a little early, and some-
times a little late, compared with the data in Cassini’s tables. Concen-
trating on the behavior of the innermost large moon of Jupiter, Io, he
found a regular pattern to this behavior. The gap between eclipses was
shorter than it ought to be when two successive eclipses were observed
while Earth was moving toward its closest to Jupiter (with the two plan-
ets on the same side of the Sun), and longer when two eclipses were
observed while Earth was moving toward its farthest from Jupiter (on
the opposite side of the Sun).

Even without knowing why this should be so, Rgmer could make pre-
dictions on the basis of the pattern he had discovered. In September 1679,
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he predicted that the eclipse of Io by Jupiter due on November 9 would be
ten minutes later than the standard orbital calculations suggested. The
prediction was born out, and Rgmer stunned his colleagues by explaining
the delay as being due to the finite time that it took light to cross space
from Io to Earth.

In the months leading up to that eclipse, Earth had been moving in its
orbit away from Jupiter. So when the previous eclipse had occurred, the
light signaling that the eclipse had happened had not had so far to travel
to reach Earth. The November eclipse really had happened at the calcu-
lated time, said Rgmer, but by then Earth was so much farther away from
Jupiter that the light had taken an extra ten minutes to cross space to the
telescopes of the Paris Observatory.

This was where Cassini’s most important work, the investigation of the
size of the Solar System, came in. In 1672, Cassini had carefully observed
the position of Mars against the background stars from Paris, while his
colleague Jean Richer made similar observations from Cayenne, on the
northeastern coast of South America. From these measurements, they
were able to work out the geometry of an enormously tall, thin triangle,
with a baseline stretching nearly 10,000 kilometers from Paris to Cay-
enne, and with Mars at its tip. This gave Cassini an estimate of the
distance to Mars, from which he could work out the sizes of the orbits of
other planets, including Earth, using Kepler’s laws and the time it takes
each planet to travel around its orbit.

Cassini’s estimate of the distance from Earth to the Sun (now known as
the astronomical unit, or AU) was 138 million kilometers, by far the most
accurate estimate made up to then—Tycho had come up with a figure of
8 million kilometers, and Kepler himself made the distance about 24
million kilometers, while modern measurements indicate that the AU is
actually 149,597,910 kilometers. Using Cassini’s estimate for the distance
across Earth’s orbit, and therefore the extra distance light had to travel
before reaching his telescope, Rgmer calculated that the speed of light
must be, in modern units, some 225,000 kilometers per second (kps). In
fact, using Rgmer’s own calculation but with the modern estimate for the
size of Earth’s orbit, the figure would have been 298,000 kps; the estab-
lished value for the speed of light today is 299,792 kps, so tantalizingly
close to a nice round number that some people have seriously suggested
redefining the length of a meter so that the speed of light is precisely
300,000 kps.

Whatever the actual number that comes out of the calculation, however,
the real sensation surrounding Rgmer’s work was the claim that the speed
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of light was finite, and that light signals did not travel instantaneously
across the void of space. This was such a dramatic claim that many
scientists of the time refused to give it any credence. General acceptance
that the speed of light is indeed finite came only after Rgmer’s death. He
died in 1710, but it wasn’t until the middle of the 1720s that an English
astronomer, James Bradley, worked out the speed of light by a different
technique, leaving no room for any more doubts.

Bradley (who became the third British Astronomer Royal when Halley
died in 1642) found that when he studied the bright star Gamma Draconis
in September he had to tilt his telescope at a slightly different angle to
that required to get a clear image of the same star in March. It was as if
the star moved slightly across the sky and back again during the course
of a year—and the effect, which he called aberration, occurs for all
stars. But Bradley realized that this is actually due to the motion of
Earth through space. The extra tilt of the telescope is needed to allow
for the fact that during the tiny fraction of a second it takes light to
travel down the telescope tube, the telescope has been shifted sideways
by Earth’s motion (figure 2). Bradley measured the angular displace-
ment of the star caused by this effect, which is a little more than 20
seconds of arc; this displacement is just more than 1 percent of the angular
size of the Moon as seen from Earth. By measuring this tiny displacement
of starlight, he found that the speed of light must be 308,300 kps, suffi-
ciently close to Rgmer’s figure to persuade scientists in the eighteenth
century that the speed of light is indeed finite, and very close to the
modern value. *

By the end of that century, two scientific thinkers had each hit on the
idea of using Newton’s law of gravity and Newton’s concept of the nature
of light, together with the latest estimates of the speed of light, to work out
how gravity might influence the behavior of light.

BLACK-HOLE PIONEERS

Anyone who has watched the launch of a space shuttle, even if only on
TV, is aware of the enormous effort that has to be expended to lift an
object from Earth’s surface into a stable orbit around Earth. Even more

* Bradley could, in fact, have used his value for the speed of light and the information about the
eclipses of Io to calculate the diameter of Earth’s orbit and the size of the astronomical unit,
turning Rgmer’s famous calculation on its head. But nobody at the time seems to have thought
of this novel way to work out distances across the Solar System.
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Figure 2: Because Earth is moving, a telescope has to be tilted to let light from a
star travel down the tube of the telescope. A star that is really at position A seems

to be at position B. The shift is in the oppesite direction when Earth is moving the
opposite way, so this makes the apparent positions of the stars change during the
course of a year, as Earth orbits the Sun. The effect is called aberration, and it

can be used to measure the speed of light.

effort is needed to make an object break free from Earth’s gravity entirely
and travel out through the Solar System, like the famous Voyager probes
that sent back spectacular pictures from Jupiter and the other outer planets.
The best way to measure the effort needed to break free from Earth in this
way is in terms of the speed with which the escaping object moves. For
any source of gravitation (which means any object in the Universe), there
is a critical speed—called the escape velocity—that has to be reached
before an object leaving its surface vertically can escape. If you could
magically make Earth more dense, so that it contained more mass but
stayed the same size, the escape velocity would increase. But although
very large objects like the Sun and Jupiter contain much more mass than
Earth, this is spread out across a larger volume, so that the surface of the
Sun or Jupiter is much farther from its center than the surface of Earth is
from its own center. Remember that gravity falls off as 1 over the square
of distance from the center of a body—so this dilutes the strength of
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gravity and compensates for at least some of the extra mass. Thus the
escape velocity from the surface of a more massive (but larger) planet is
not simply proportionately larger than the escape velocity from the surface
of Earth but also depends on the density of the planet.

A rocket, like the space shuttle, builds up speed gradually as it uses fuel
during takeoff. But we could achieve the same effect if we had a cannon
powerful enough to fire cannonballs upward at escape velocity. If we did
this from the surface of Earth, and fired the cannonballs straight up, they
would have to leave the muzzle of the gun with a speed of 40,000 kilo-
meters per hour (kph) (11 kps) in order to escape from Earth’s gravita-
tional grip. Anything moving with less initial speed will slow down, come
to a halt, and then fall back to Earth; anything moving faster than escape
velocity will be slowed down, but never brought to a halt, and will
continue moving out across space until it comes under the gravitational
influence of another massive object. For comparison’s sake, the escape
velocity from the Moon is just 8,570 kph, and the escape velocity from
Jupiter is nearly 220,000 kph (just more than 60 kps).

What if we could mount our hypothetical cannon on the surface of the
Sun? There, the escape velocity would be more than 2 million kph—a
speed that sounds truly impressive until you realize that it is only 624 kps,
which may be nearly 57 times the escape velocity from the surface of
Earth but is still only 0.2 percent of the speed of light. So light has no
difficulty escaping from the surface of the Sun.

In the eighteenth century, scientists thought of light as being made up
of corpuscles, in the way Newton had described, which could be visual-
ized as very much like tiny cannonballs spat out from a glowing object. It
was natural to guess that these corpuscles would be affected by gravity in
just the same way as any other object, and it was straightforward to work
out the escape velocity from Earth and make a reasonable guess at the
escape velocity from the Sun, assuming it had the same density as Earth.
But suppose there were objects in the Universe even bigger than the Sun.
Suppose, indeed, that there were some stars so big that the escape velocity
from the surface exceeded the speed of light. They would be invisible!
This outrageous notion was suggested by Michell in 1783 and caused a
major stir among the sober Fellows of the Royal Society.

Born in 1724, Michell was seven years younger than his friend Henry
Cavendish. At the height of his scientific career, he was regarded as
second only to Cavendish among English scientists, and today he is still
known as the father of the science of seismology. He studied at the
University of Cambridge, graduating in 1752, and his interest in earth-
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quakes was stimulated by the disastrous seismic shock that struck Lisbon
in 1755. Michell established that the damage had actually been caused by
an earthquake centered underneath the Atlantic Ocean. He became Wood-
wardian Professor of Geology at Cambridge in 1762, a year after becom-
ing a bachelor of divinity. In 1764 he became the rector of the parish of
Thornhill, in Yorkshire, and some books give the impression that the
Reverend John Michell was simply a country parson and some kind of
dilettante, amateur scientist, when in fact his scientific reputation was well
founded before he entered the Church, and he had already been elected a
Fellow of the Royal Society (in 1760) before becoming a bachelor of
divinity.

Michell made many contributions to astronomy, including the first re-
alistic estimate of the distances to the stars, and the suggestion that some
pairs of stars seen in the night sky are not simply chance alignments of two
objects at quite different distances along the line of sight but are really
“‘binary stars,’’ in orbit around each other. And, as I have mentioned, he
suggested the torsion-balance method of determining the gravitational
force, although he died, in 1793, before the measurements were actually
carried out. In spite of all this, Michell’s name became almost forgotten
in the nineteenth and twentieth centuries, to such an extent that in spite of
a recent rehabilitation of his reputation, his brief entry in the Encyclopedia
Britannica, for example, does not even mention what now seems his most
prescient and dramatic piece of work.

The first mention of dark stars was made in a paper by Michell read to
the Royal Society by Cavendish in 1783. This was an impressively de-
tailed discussion of ways to work out the properties of stars, including
their distances, sizes, and masses, by measuring the gravitational effect of
light emitted from their surfaces. Everything was based on the supposition
that *‘the particles of light’’ are ‘‘attracted in the same manner as all other
bodies with which we are acquainted,’’ because gravitation, said Michell,
is, ‘‘as far as we know, or have any reason to believe, an universal law of
nature.”” Among the many other detailed arguments in Michell’s long-
forgotten, but now famous, paper, he pointed out that:

If there should really exist in nature any bodies whose density is not
less than that of the sun, and whose diameters are more than 500
times the diameter of the sun, since their light could not arrive at us

. we could have no information from sight; yet, if any other
luminiferous bodies should happen to revolve about them we might
still perhaps from the motions of these revolving bodies infer the
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existence of the central ones with some degree of probability, as this
might afford a clue to some of the apparent irregularities of the
revolving bodies, which would not be easily explicable on any other
hypothesis.

What Michell had realized, in modern language, is that a sphere 500 times
bigger than the Sun (about as big across as the entire Solar System out to
Jupiter) and with the same density as the Sun would have a surface escape
velocity greater than the speed of light. Although the idea stitred up an
excited debate in London, it seems not to have spread outside England, for
in 1796 Pierre Laplace, seemingly in complete ignorance of Michell’s
proposal, put forward essentially the same idea in his semipopular book
Exposition du Systéme du Monde.

Bearing in mind the political changes France was going through at that
time, it is not surprising that Laplace had not been keeping up to date with
his reading of the Philosophical Transactions of the Royal Society; he was
too busy surviving; something he proved to be very good at indeed. In
1773 Laplace was elected a member of the French Academy of Sciences,
and he worked for the government both before and after the Revolution,
serving on.the Commission of Weights and Measures that introduced the
metric system and as a senator under Napoleon (echoing, in a way, New-
ton’s public career as master of the Royal Mint). In 1814, sensing which
way the political wind was blowing, Laplace voted for the restoration of
the monarchy; his reward was to be made a marquis by Louis XVIII, and
he remained active in public life, now as a supporter of the Bourbons,
until his death in March 1827 (exactly one hundred years, to the month,
after the death of Newton). The miracle is that with all that going on he
managed to do any science at all; in fact, he was extraordinarily prolific,
in some ways a French counterpart to Newton, and among other things he
dotted the i’s and crossed the t’s of Newton’s own application of gravi-
tational theory to the Solar System.

Newton himself had been baffled by one feature of the behavior of the
planets. One planet on its own, orbiting the Sun, would indeed move in a
perfect ellipse in obedience to Kepler’s laws, under the influence of the
inverse-square law of gravity. But with two or more planets, the extra
gravitational forces of the planets acting on each other would tug them out
of their Keplerian orbits. Newton feared that these effects might lead to
instability, eventually tumbling the planets out of their orbits, and sending
them either crashing into the Sun or drifting away into space. He had no
scientific answer to the problem but suggested that the hand of God might
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be required, from time to time, to put the planets back in their proper
orbits before such perturbations became too large.

In the mid-1780s, however, Laplace proved that these perturbations are
actually self-correcting. Using the example of Jupiter and Saturn, the two
largest planets in the Solar System, with the strongest gravitational pulls,
he found that although one orbit might contract gradually for many years,
in due course it would expand again, producing an oscillation around the
pure Keplerian orbit with a period of 929 years. This was one of the foun-
dations of what is possibly the most famous remark ever made by Laplace.
When this work on celestial mechanics was published in book form, Na-
poleon commented to Laplace that he had noticed that there was no mention
of God in the book. Laplace replied: ‘‘I have no need of that hypothesis.”’

Laplace’s version of the dark-star hypothesis—he called them ‘‘des
corps obscurs,”” which translates as ‘‘invisible bodies,’” and obviously
thought their existence more likely than that of God—was essentially the
same as Michell’s. One minor difference was that Laplace described his
dark stars in terms of objects with the density of Earth, which is greater
than the density of the Sun, and therefore calculated a diameter 250 times,
rather than 500 times, that of the Sun. He suggested that there might exist
““in heavenly space invisible bodies as large, and perhaps in as great
number, as the stars. A luminous star of the same density as the earth, and
whose diameter was two hundred and fifty times greater than that of the
sun, would not, because of its attraction, allow any of its rays to arrive at
us; it is therefore possible that the largest luminous bodies of the universe
may, through this cause, be invisible.”’

The account of dark stars appeared in the first edition of the Exposition,
published in 1796, and the second edition, published in 1799. In 1801, the
German astronomer Johann von Soldner calculated how a ray of light
passing near a star would be bent by the influence of Newtonian gravity,
and even speculated that the stars that make up the Milky Way might be
orbiting a very massive, central ‘‘corp obscur’’ of the kind proposed by
Laplace (but he decided that they probably were not, because he thought,
incorrectly, that if they were the sideways motion that would result ought
to have been detected). In the edition of the Exposition published in 1808,
however, and in all later editions, all reference to dark stars was deleted.
Why did Laplace abandon the idea? It may well have been because the
Newtonian image of corpuscles of light, streaming through space like tiny
cannonballs, no longer seemed accurate, following the work by Thomas
Young in England and Augustin Fresnel in France that revealed light to
behave like a wave.
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WAVES AND PARTICLES: TOWARD
TWENTIETH-CENTURY SCIENCE

Newton had been able to explain the properties of light in terms of cor-
puscles. In particular, the evidence that light travels in straight lines told
him that it could not be a wave—anyone who has dropped a pebble into
a pond and watched the waves spreading out will know that waves do not
travel in straight lines. One obvious example of just how straight are the
lines in which light travels can be seen by looking at a shadow; there is no
light getting round the corners behind the illuminated object to wash out
the shadow. Even light that has traveled all the way across space from the
Sun and past the Moon during a solar eclipse still produces a clear shadow
with nice sharp edges on the surface of Earth.

What Young and Fresnel found, however, is that light does behave like
a wave, but at a much more subtle level than these examples can show.
The key experiment actually involves passing light through two very thin
slits in a screen and letting the light that gets through the slits fall onto
another screen. The pattern of bright and dark stripes produced on the
second screen shows that light has spread out, like a wave, from each of
the two slits, and that the light waves have interfered with each other, just
like the interference produced by the two sets of waves when you drop two
pebbles into a still pond at the same time. The reason the interference
effects don’t show up more obviously is that light has a wavelength of
about three thousandths of a centimeter, tiny compared with even the
smallest ripples on a pond. With delicate enough measuring equipment,
though, it is even possible to see how light does leak around the edges of
objects to partly fill in their shadow—provided the object being illumi-
nated has a very sharp edge, like a razor blade.

So whereas in the 1720s, when Newton died, almost all scientists had
been convinced that light was made up of a stream of particles, by the
1820s, when Laplace died, almost all scientists were convinced that light
was produced by a form of waves. Later in the nineteenth century, Max-
well discovered the equations that describe how these waves propagate
through space in the form of electromagnetic variations. A varying electric
component creates the varying magnetic component, which in turn creates
the varying electric component, and so the wave moves along. Maxwell
developed his equations shortly before the discovery of radio waves,
which were soon shown to be produced by electromagnetic effects; he
found that the equations automatically fix the speed of the electromagnetic
wave, and that the speed built in to the equations is the speed of light.
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Radio waves do indeed move at this same critical speed. There could be
no more convincing evidence that both light and radio are waves that obey
Maxwell’s equations.

So it came as something of a shock to physicists when, early in the
twentieth century, Albert Einstein pointed out that some of the properties
of light could still only be explained in terms of a stream of particles. In
particular, in 1905 he explained the way a beam of light can knock
electrons out of a metal surface (the photoelectric effect) as due to the
impact of successive particles of light, exactly equivalent to Newton’s
corpuscles. There is no way a pure wave, even an electromagnetic wave,
can do this. Einstein’s work prompted a reexamination of the nature of
light, which led to the shattering conclusion that it could only be explained
if it behaved both as a wave and as a stream of particles, now known as
photons. In 1921, Einstein received the Nobel Prize in physics for this
work. So, by the 1920s, just two hundred years after the death of Newton,
physicists were convinced that both Newton and Young were right, and
that light is both particle and wave.

This wave-particle duality has implications that go far beyond the study
of light. It is a cornerstone of the quantum theory, which describes the
behavior of the world at the subatomic level, and experiments carried out
during the 1920s showed that electrons, entities that had previously been
thought of as particles, also had a wave nature to their character. It is now
clear that this wave-particle duality applies to all entities, and aithough it
becomes important only on the molecular and subatomic scale, as we shail
see later, quantum effects can influence the behavior of black holes.

The discovery that light has a dual nature did not, however, destroy the
validity of Maxwell’s equations. Light is still a wave, as well as being a
particle; in particular, even if for some purposes, such as explaining the
photoelectric effect, it is necessary to think of light as being composed of
photons, these photons must still travel at the speed of light required by
Maxwell’s equations. But these equations make no allowance for light to
be slowed down by the influence of gravity as it leaves a star—not even
by the immense surface gravity of one of Michell’s dark stars. In other
words, force does not make photons accelerate. Einstein realized that
Maxwell’s equations and Newton’s laws of motion were incompatible,
and he developed the special theory of relativity (also published in 1905)
to resolve the dilemma.

The cornerstone of the special theory is the fact that the speed of light
in space is always the same, wherever it is measured from and however
fast (and in whatever direction) the person doing the measuring is moving.
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It is this theory that says that all observers moving at constant velocity
relative to each other are each equally entitled to regard themselves at rest,
with every other observer in motion. It explains how moving clocks run
slow (because time itself is slowed by motion), moving rulers shrink, and
moving objects gain mass, compared to such a stationary observer. It also
tells us that energy and mass are interchangeable, and, most important of
all in the present context, it says that no object can ever travel faster than
light. In other words, if dark stars like those envisaged by Michell and
Laplace do exist, nothing at all can ever escape from them. All of these
effects, it is important to realize, have now been tested and measured
directly in experiments involving fast-moving particles. Although the spe-
cial theory of relativity runs counter to our common sense, this is because
the relativistic effects become important only at sizable fractions of the
speed of light, and our common sense developed in a world where things
do not move at such speeds.

But Einstein appreciated that he still did not have a complete theory of
the Universe, such as Newton presented in the Principia, because his
special theory deals only with constant velocities, not accelerations. To
describe acceleration, and gravity, he developed the general theory of
relativity, published in its complete form in 1916. This is the theory that
deals with the bending of spacetime, and that explains (indeed, requires)
the existence of black holes in the Universe. It shows that even though
light always travels at the same speed (denoted by c), objects just the size
envisaged by Michell and Laplace will indeed trap light and be dark.

The first hints that this might be the case, after the general theory was
published, echoed the speculation of von Soldner, more than a century
before. Einstein’s new theory predicted a deflection of light from the stars
as it passed close by the Sun, but a different amount of deflection from that
expected in the old Newtonian theory. Nobody had ever looked for this
deflection, partly because by the time it became possible to carry out the
necessary tests everyone believed that light was a wave, and so would not
be affected in the way von Soldner had suggested at all. However, both
waves and particles (or dual wave-particles) would be deflected, accord-
ing to Einstein’s theory, by space itself, which would be bent by the
presence of the Sun’s mass—in effect, acting like a lens. But how can you
see stars in the daytime? The only way to test this prediction was to wait
for a total eclipse of the Sun, when it is possible to photograph the stars
that lie in the direction of (but far beyond) the Sun. If the Sun is bending
space to make it act like a lens, the apparent positions of these stars will
be slightly shifted. Comparing these photographs with ones taken six
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months later, when the Sun is on the opposite side of the sky as viewed
from Earth, and the same stars are now visible at night, you can see if any
of the images have been shifted. Fortuitously, there was a total solar
eclipse in 1919; the photographs were taken and compared, and proved
Einstein’s theory to be correct (figure 3). The story made headline news,
suggesting (not entirely accurately) that Newton’s theory had been over-
turned, and Einstein became a household name.

The discovery of light bending initiated a little flurry of what turned out
to be premature speculation by a few theorists, unwittingly echoing the
forgotten speculations of Michell and Laplace in a more modern form.
Now, however, for the first time those speculations considered what would
happen to the escape velocity of a star like the Sun if it were squeezed into
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Figure 3: A. When light from a distant star passes near the Sun, the ‘“starbeam”
is deflected by the Sun’s gravity. B. During the solar eclipse of 1919, a team led
by Arthur Eddington measured the light-bending effect for several stars. The
amount by which the light was deflected for the different stars (crosses on the
graph) exactly matched the predictions of Einstein’s general theory of relativity

(solid line).
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a smaller sphere, so that the distance from the surface to the center got
smaller and gravity at the surface increased, even though the mass stayed
the same. A researcher from University College, Galway, commented in
1920* that:

We may remark, though perhaps the assumption is very violent, that
if the mass of the sun were concentrated in a sphere of diameter 1.47
kilometers, the index of refraction near it would be infinitely great,
and we should have a very powerful condensing lens, too powerful
indeed, for light emitted by the sun itself would have no velocity at
its surface. Thus if, in accordance with the suggestion of Helmholtz,
the body of the sun should go on contracting there will come a time
when it is shrouded in darkness, not because it has no light to emit,
but because its gravitational field will become impermeable to light.

Just a year later, in the same journal the physicist Sir Oliver Lodge, whot
had recently retired as principal of Birmingham University, wrote:

A sufficiently massive and concentrated body would be able to retain
light and prevent its escaping. And the body need not be a single
mass or sun, it might be a stellar system of exceedingly porous
character.

Lodge had realized that the greater the volume of what we would now call
a black hole, the lower the density of matter needed to trap light. The
reason is that the strength of gravity at the surface of the sphere is not only
proportional to 1 over the square of the distance from the center (which
makes gravity weaker for bigger spheres with the same mass) but is
proportional to the amount of matter inside the sphere, which, for a chosen
density, increases as the cube of the distance from the center. For larger
spheres with the same density, the overall effect is that the strength of
gravity and the escape velocity at the surface increase exactly in line with
the increase in radius. Double the radius and you double the escape ve-
locity. You can make a black hole out of anything at all, with any density
you like, if you have enough of it to fill a big enough sphere. Lodge
realized that a star system like our Milky Way Galaxy but larger, con-
taining thousands of millions of billions of stars spread over a sphere with

* A. Anderson, Philosophical Magazine, vol. 39, pp. 626-28. Quoted by Werner Israel in his
contribution to 300 Years of Gravitation, edited by Stephen Hawking and Werner Israel; see
Bibliography for details.

+ Philosophical Magazine, vol. 41, pp. 549-57.
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a radius of thousands of light-years, could have an overall escape velocity
greater than that of light, even though the stars, planets, and people within
the system were in no way unusual. We could be living inside a black hole
and not even notice. But he also realized that if atoms could be squeezed
together so tightly that their nuclei touched one another, it would be
possible to make a black hole without using much more mass than there
is in the Sun.

These ideas were about half a century ahead of their time, and nothing
came of them in the 1920s. Science simply wasn’t ready to take the
concept of dark stars—let alone dark galaxies—seriously. But while the
physicists were more concerned with other problems—sorting out the new
quantum theory and using Einstein’s mass-energy relationship to explain
how stars can be kept hot for so long—the mathematical foundations of
the study of black holes as warps in spacetime were already being laid.
Indeed, the foundations were already being laid in the first half of the
nineteenth century, by Karl Gauss, Nikolai Lobachevsky, and Janos
Bolyai. Having zipped all the way through scientific history from Newton
to Einstein, and dipped a toe into the deep waters of twentieth-century
physics, it is time to draw back a little to look at this nineteenth-century
mathematics and how the idea of non-Euclidean geometry, developed
more fully in the second half of that century by Bernhard Riemann,
directly influenced Einstein’s work on the general theory of relativity.



CHAPTER 2

WARPING SPAGE AND TIME

Problems with parallel lines, and how a fly provided a lazy philosopher with
the key to studying curves. Bending geometry to curve space and close the
Universe; putting geometry into relativity. How drum majorettes explain the
theory of relativity. The rubber-sheet universe, and the rediscovery of black
holes.

To a physicist, ancient history begins with Newton, in the seventeenth
century. The history of geometry is both longer and shorter. Longer if you
go back to the time of the ancient Greeks, two thousand years and more
ago, when the basic principles we learned in school—the angles of a
triangle add up to 180 degrees, parallel lines never meet, and so on—were
laid down; but shorter if you are interested in the kind of geometry that
describes warped spacetime and why gravity obeys an inverse-square law.
Even mathematicians only realized the possibility of this non-Euclidean
geometry in the nineteenth century, and it wasn’t until the twentieth cen-
tury that physicists made any practical application of these ideas to the
Universe we live in.

FROM EUCLID TO DESCARTES

Euclid, who lived around 300 B.C., got his name attached to the ‘‘stan-
dard’’ form of geometry not because he invented (or discovered) it all but
because he wrote it down in a treatise of thirteen books called the Ele-
ments. He lived in Alexandria and may have studied at Plato’s Academy
in Athens, though probably not until after Plato’s death in 340 B.c. He was
not a great mathematician in his own right (certainly no Archimedes), but
he lived at the end of the great period of Greek mathematical investiga-
tions, and he wrote everything down clearly, using logical arguments to
prove various geometrical properties (such as the fact that the angles of a

28
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triangle add up to 180 degrees) starting out from a few basic axioms—
definitions of what we mean by a “‘point,”’ or a ‘‘straight line,”” and so on.
The Elements was translated first into Arabic, then into Latin, surviving
and remaining as the basis for mathematics for more than two thousand
years.

But one of Euclid’s basic postulates, concerning parallel lines, always
proved troublesome. This is known as the parallel postulate, and it says
that if you have a straight line and a point that is not on that straight line,
there is one, and only one, straight line that can be drawn through the
point and parallel to the first line. Although the notion seems like common
sense—and trial and error with a ruler, pencil and paper will convince
most people that it must be true—it actually turns out to be impossible to
prove the parallel postulate using the other axioms of Euclidean geometry.
In 1733 the Italian mathematician Girolamo Saccheri showed that the
parallel postulate must hold as long as there is at least one triangle that
does have angles which add up to precisely 180 degrees; he actually
considered the possibility of triangles in which this is not the case, but
thought, wrongly, that he had proved that they could not exist. So Sac-
cheri missed discovering the possibilities of non-Euclidean geometry. Eu-
clidean geometry itself, however, had been transformed in the seventeenth
century by the work of Descartes.

Descartes had been born in 1596, the son of a councillor in the parlia-
ment of Brittany, in France. He was a sickly child and got into the habit
of lying in bed, thinking. He was educated at a Jesuit college and then
studied law at the University of Poitiers, graduating in 1616. But instead
of settling down to a quiet life as an academic or a lawyer, he spent most
of the next dozen years or so serving in various European armies, putting
his mathematical talents to use as a military engineer. It was while the
army of the duke of Bavaria, in which he was then serving, was in winter
quarters on the bank of the river Danube, on November 10, 1619, that
Descartes, lying snug in his bed, came up with his revolutionary insight
into geometry. We know the exact date and the circumstances of the
discovery because Descartes himself later recounted them in his epic book
A Discourse on the Method of Rightly Conducting the Reason and Seeking
Truth in the Sciences, published in 1637 and usually referred to simply as
The Method.

By then, Descartes had settled in the Netherlands, after leaving military
service in 1629. He should, we can now appreciate, have stayed in Hol-
land; but in 1649 he could not resist an invitation from Queen Christina of
Sweden to become a member of her court in Stockholm, to found an
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academy of sciences, and to teach her philosophy. To his horror, on
arriving in Stockholm, Descartes, now in his fifties, found that instead of
being able to lie in bed in the mornings, his duties included visiting the
queen at 5 A.M. each day for her personal tuition. In the Swedish winter,
he soon caught a chill, which developed into pneumonia and (with the aid
of the enthusiastic bleeding that doctors used to treat the illness) finished
him off. He died in February 1650, a few weeks short of his fifty-fourth
birthday.

The geometrical insight that Descartes had described in The Method still
remained, however, along with many other works that place him in the
first rank of philosophers and scientific thinkers, not just of his day but of
any day. What Descartes had realized, while lying in bed and watching the
erratic movement of a fly buzzing around in the corner of his room, was
that the position of the fly at any moment in time could be defined simply
by three numbers, specifying the distance of the fly from each of the three
surfaces (two walls and a ceiling) that met in the corner. Although he
immediately saw this in three-dimensional terms, we are more used to
thinking of such coordinate systems, as they are called, in two dimen-
sions, on the surface of Earth or on a piece of graph paper. The notion that
a point on a piece of paper can be specified using two numbers, x and y,
is, indeed, so ingrained in us that the surprise today is that anybody had to
come up with the idea at all. But Descartes did, and in his honor such sys-
tems of measurement of position are known as Cartesian coordinates. If you
ever give directions to someone in a modern city by telling her to go *‘three
blocks north and two blocks east’’ to find her destination, or if you locate
the position of her objective on a town map in terms of numbered squares,
you are giving the directions in Cartesian coordinates (figure 4).

In the same way, you can specify the properties of a geometrical shape
in terms of Cartesian coordinates. Once you choose a set of axes as a
reference (usually two lines at right angles to each other, like the x and y
axes of a graph), a triangle, for example, can be represented by three pairs
of numbers that specify the positions of its points, or vertices. With this
simple realization, Descartes opened up the possibility of using relation-
ships between sets of numbers—algebraic equations—to study geometry.
He also opened up the possibility of turning problems in algebra into
problems in geometry by representing equations as graphs.* And all this

* My father used to tell me that he had managed to pass his math exams in school (back in the
1930s) only by converting algebraic problems into graphs and measuring off the answers he
required, instead of solving the equations. If so, it was thanks to Descartes that he passed those
exams!
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Figure 4: Using Cartesian coordinates, three pairs of numbers—(2,3), (6,6), and
(8,1)—completely specify a particular triangle.

is by no means restricted to shapes made up of straight lines, like trian-
gles. Any curved line, in two dimensions, can be defined by setting out the
pairs of numbers (the xs and ys) that specify each point along the line, or
by an equation that tells you how to work out the xs and ys. The same
thing applies in three dimensions, for example, to calculate the flight path
of a fly, provided that you have three reference axes and three coordinate
numbers.

Where do you measure the coordinate numbers from? It doesn’t mat-
ter! You can put the base you measure from (the origin of the axes, in
the case of those graphs we drew in school) anywhere you like; you can
even twist the axes around, to alter the direction (or directions) they
point in, or change the angle between them, so that it is no longer a
right angle. There will still be a unique set of Cartesian coordinates to
describe the line you are interested in. And just as you can use a set of
numbers (or an equation) to describe the shape of a line, so you can use
a set of numbers (or the appropriate equations) to describe the shape of
a surface, such as a flat sheet of paper, the surface of Earth, a soft drink
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can, or (in principle) something more complicated, like a crumpled
piece of paper. That is exactly what was done by the nineteenth-century
mathematicians who went beyond Euclid, with the aid of the tools pro-
vided by Descartes.

BEYOND EUCLID

The first person to go beyond Euclid and appreciate the significance of
what he was doing was the German Karl Gauss, one of the greatest of all
mathematicians, who was born in Brunswick in 1777. He came from a
poor family (his father was a gardener and an assistant to a local mer-
chant) but displayed such a remarkable talent for mathematics that at the
age of fourteen he was presented at court, by friends of his schoolteacher,
to the duke of Brunswick. Brunswick became his patron and supported
Gauss financially until the duke died of wounds received while fighting
against the army of Napoleon at the Battle of Jena in 1806. By then, Gauss
was not only well established in his own right but had already, at the age
of twenty-nine, completed almost all of his important contributions to
mathematics.

By the beginning of the nineteenth century, Gauss had turned the main
focus of his scientific attention to astronomy, and after the death of the
duke of Brunswick he became the director of the Géttingen Observatory,
as well as being a professor at the university, where he remained until he
died in February 1855. His notebooks, written in his own form of math-
ematical shorthand, contain some entries that have never been deciphered
and may refer to mathematical discoveries later generations have as yet
failed to reproduce; but they also show that he discovered one form of
non-Euclidean geometry in 1799, exactly thirty years before the first de-
scription of such a geometry was actually published, by the Russian math-
ematician Nikolai Ivanovitch Lobachevsky.

Lobachevsky (who first discussed the idea publicly in 1826) had also
been preempted by a Hungarian army officer, Jdnos Bolyai. Bolyai was
not a complete amateur, but the son of another mathematician, Wolfgang,
who was a contemporary and friend of Gauss’s and who had wanted Janos
to study under Gauss in Gottingen but had been di.appointed to see the
young man join the army in 1818, at the age of sixteen. Like Descartes,
the younger Bolyai was not a fighting soldier but an engineering officer;
encouraged to probe the nature of Euclidean geometry by his father’s
obsession with the parallel postulate, he had made a similar discovery to
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that of Lobachevsky and Gauss in 1823 but failed to get it published until
1832.

All three researchers hit on essentially the same kind of ‘“‘new’’ geom-
etry. They showed that it is possible to set up a complete, self-consistent
geometry in which all the axioms and postulates of Euclidean geometry
hold, except the parallel postulate. In the specific non-Euclidean geometry
developed by each of them independently, it is possible to draw a straight
line and mark a point not on that line through which you can draw many
more lines, none of which crosses the first line, and which are therefore all
parallel to it. This kind of geometry applies on a surface curved in a
particular way, known as a hyperbolic surface. It is shaped like a saddle—
such a surface is open and extends to infinity (figure 5). On an open,
hyperbolic surface, the sum of the angles of a triangle is always less than
180 degrees; it is described as having negative curvature.

Most people find it easier to grasp the concept of non-Euclidean geom-
etry from a different example, which, curiously, was not the way the three
non-Euclidean pioneers made their discovery. This is the surface of a
sphere, like the surface of Earth, which does not extend to infinity (always

Figure 5: The Euclidean geometry we learned in school only works perfectly on
flat surfaces (A). You need different rules of geometry to describe what goes on
curved surfaces, which may be either closed (B) or open (C). Three-dimensional
space can also be curved; our Universe is very nearly flat, but is almost certainly
slightly curved, like the surface of a sphere, so that it is closed. A black hole closes
space off around itself in this way.
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an uncomfortable concept for nonspecialists) and is said to be closed, or
to have positive curvature. It is easy to see that parallel lines behave
strangely on the surface of a sphere—take any two lines of longitude, that
start out straight and parallel at the equator, running due north and south;
like all other lines of longitude, they will cross each other twice, at the
north and south poles. On a closed surface like this, the angles of a
triangle always add up to more than 180 degrees (figure 6). Flat surfaces,
where Euclidean geometry holds sway, are, after all, just a special case on
the borderline between the open-and-shut possibilities. But the fact that
there are many possible non-Euclidean geometries, both open and closed,
did not sink in to the minds of the mathematicians until the work of
Bernhard Riemann, a pupil of Gauss’s, in the 1850s. It was Riemann who
discovered, among other things, spherical geometry.

GEOMETRY COMES OF AGE

Riemann opened up the worlds of non-Euclidean geometry by treating
them algebraically, in Cartesian terms. This offers an infinity of possibil-
ities, which cannot be dealt with by geometers restricted to using mea-
suring sticks, protractors, compasses, and so on. Those instruments work
well enough if you are investigating the relationships between different
shapes drawn on a two-dimensional surface, or even between different

Figure 6: A. On a sphere, lines of latitude all cross the equator at right angles, so
they are parallel—but they all meet at the poles! B. And the angles of a triangle
drawn on the surface of a sphere add up to more than 180 degrees.
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objects in three-dimensional space. But how can you measure things in
four (or more) dimensions? You can’t, and only a mathematician would
even think of asking the question. But you can write down, and manip-
ulate, the equations that describe such multidimensional phenomena.

Take the famous theorem of Pythagoras, for example, which relates the
squares of the lengths of the sides of a right-angled triangle. Today, the
term square in this context immediately conjures up an image of a number
like x?; Pythagoras himself, though, worked his theorem out in terms of
the areas of squares literally drawn on each of the sides of the triangle.
Geometry (the word means ‘‘Earth measurement’”) developed from the
need to measure things like fields, which have definite areas. But you can
also express the relationship in Cartesian terms, as three parameters (usu-
ally called x, y, and z) related to one another by an equation. Once you
have such an equation, you can construct similar equations with more than
three parameters (indeed, with as many parameters as you like) that are
related to one another by the same rule that gives us Pythagoras’s theorem
for a triangle. In some sense, the equation with the extra terms in it is
describing the geometry of the equivalent of triangles in higher-
dimensional space.

All of this is fascinating for mathematicians, if not of much interest to
lesser mortals (except, as we shall see, when it comes to describing the
geometry of four-dimensional space). And it was Riemann who pointed
out the mathematical possibilities.

Riemann, who was born in 1826, entered Gottingen University at the
age of twenty and learned his mathematics initially from Gauss, who had
turned seventy by the time Riemann moved on to Berlin in 1847, where
he studied for two years before returning to Goéttingen. The accepted way
for a young academic like Riemann to succeed in a German university in
those days was to seek an appointment as a kind of lecturer known as a
privatdozent, whose income would come from the fees paid by students
who voluntarily chose to take his course. To demonstrate his suitability for
such an appointment, the applicant had to present a lecture to the faculty
of the university, and the rules required the applicant to offer three pos-
sible topics for the lecture, from which the professors would choose the
one they would like to hear. It was also a tradition, though, that while
three topics had to be offered, the professors always chose one of the first
two on the list. The story is that when Riemann presented his list for
approval, it was headed by two topics he had already thoroughly prepared,
while the third, almost an afterthought, concerned the concepts that un-
derpin geometry. Riemann was certainly interested in geometry, but ap-
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parently he had not prepared anything along these lines at all, never
expecting the topic to be chosen. Gauss, still a dominating force in the
University of Gottingen even in his seventies, found the third item on
Riemann’s list irresistible, whatever convention might dictate, and the
twenty-seven-year-old would-be privatdozent learned to his surprise that
geometry was what he would have to lecture on to win his spurs.

Perhaps partly under the strain of having to give a talk he had not
prepared and on which his career depended, Riemann fell ill, missed the
date set for the talk, and did not recover until after Easter in 1854. He then
prepared the lecture over a period of seven weeks, only to have Gauss call
a postponement on the grounds of ill health. At last, the talk was deliv-
ered, on June 10, 1854. The title, which had so intrigued Gauss, was ‘‘On
the Hypotheses Which Lie at the Foundations of Geometry.”” In that
lecture—which was not published until 1867, the year after Riemann
died—he covered an enormous variety of topics, including a workable
definition of what is meant by the curvature of space and how it could be
measured, the first description of spherical geometry (and even the spec-
ulation that the space in which we live might be gently curved, so that the
entire Universe is closed up, like the surface of a sphere, but in three
dimensions, not two), and, most important of all, the extension of geom-
etry into more than three dimensions with the aid of algebra.

Although Riemann’s extension of geometry into many dimensions was
the most important feature of his lecture, the most astonishing, with hind-
sight, was his suggestion that space might be curved into a closed ball.
This is even more remarkable than the idea of dark stars arrived at by
Michell and by Laplace, since, after all, they were simply applying New-
tonian ideas about gravity to the Newtonian concept of light as tiny par-
ticles. More than a half a century before Einstein came up with the general
theory of relativity—indeed, a quarter of a century before Einstein was
born—Riemann was describing the possibility that the entire Universe
might be contained within what we would now call a black hole. ‘‘Every-
body knows’’ that Einstein was the first person to describe the curvature
of space in this way—and ‘‘everybody’’ is wrong.

In 1855, less than a year after Riemann gave his exposition of the
hypotheses on which geometry is based, Gauss died. Then in 1859, on the
death of Gauss’s successor, Riemann got the job. This was just four years
after taking up his job as a humble privatdozent. Riemann died of tuber-
culosis only seven years later, at the age of thirty-nine. If he had lived as
long as Gauss, however, he would have seen his intriguing mathematical
ideas about multidimensional space begin to find practical applications in
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Einstein’s new description of the way things move. But Einstein was not
even the second person to think about the possibility of space in our
Universe being curved, and he had to be set out along the path that was to
lead to the general theory of relativity by mathematicians more familiar
with the new geometry than he was.

THE GEOMETRY OF RELATIVITY

Chronologically, the gap between Riemann’s work and the birth of Ein-
stein is nicely filled by the life and work of the English mathematician
William Clifford, who lived from 1845 to 1879, and who, like Riemann,
died of tuberculosis. Clifford translated Riemann’s work into English and
played a major role in introducing the idea of curved space and the details
of non-Euclidean geometry to the English-speaking world. He knew about
the possibility that the three-dimensional Universe we live in might be
closed and finite, in the same way that the two-dimensional surface of a
sphere is closed and finite, but in a geometry involving at least four
dimensions. This would mean, for example, that just as a traveler on Earth
who sets off in any direction and keeps going in a straight line will
eventually get back to the starting point, so a traveler in a closed universe
could set off in any direction through space, keep moving straight ahead,
and eventually end up back at the starting point. But Clifford realized that
there might be more to space curvature than this gradual bending encom-
passing the whole Universe. In 1870, he presented a paper to the Cam-
bridge Philosophical Society (at the time, he was a Fellow of Newton’s
old college, Trinity) in which he described the possibility of ‘‘variation in
the curvature of space’” from place to place, and suggested that *‘small
portions of space are in fact of nature analogous to little hills on the
surface [of Earth] which is on the average flat; namely, that the ordinary
laws of geometry are not valid in them.’” In other words, still seven years
before Einstein was born, Clifford was contemplating local distortions in
the structure of space—although he had not gotten around to suggesting
how such distortions might arise, nor what the observable consequences of
their existence might be.

Clifford was just one of many researchers who studied non-Euclidean
geometry in the second half of the nineteenth century*—albeit one of the

* A comprehensive guide to their activity has been given by J. D. North, in The Measure of the
Universe (New York: Oxford University Press, 1965).
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best, with some of the clearest insights into what this might mean for the
real Universe. His insights were particularly profound, and it is tempting
to speculate how far he might have gone in preempting Einstein had he not
died eleven days before Einstein was born.*

With all of this interest in geometry in the latter part of the nineteenth
century, it may seem odd that Einstein arrived at his special theory of
relativity, and presented it to the world in 1905, using purely algebraic
techniques, setting out the equations that describe motion in a way con-
sistent with Maxwell’s discovery that the speed of light is a constant, and
solving them. But, of course, Einstein was a physicist, not a mathemati-
cian. He was very nearly not even a physicist; he was so bored by the dull
methods of his teachers that he was told by several of them that he would
never amount to much, was expelled from one school in Germany, failed
the entrance examination to the Polytechnic in Zurich the first time he took
it, and even after cramming for a year and passing the examination at his
second attempt was later described by one of his teachers there, Hermann
Minkowski, as a ‘‘lazy dog’’ who was certainly quite bright, but who
“‘never bothered about math at all.”” However, it wasn’t only math that he
didn’t bother with. When the time approached for the final examinations,
Einstein was way behind in many subjects, having skipped all the lec-
tures he found boring. He was again forced to do some hard cramming
in order to catch up, and passed only with the aid of the lecture notes
taken down by his friend Marcel Grossman, a more assiduous student
who went on to a distinguished career in science in his own right. The
story has often been told of how Einstein scraped his degree (graduating
in 1900) but failed to get an academic job, and spent the early years of
the twentieth century working in the patent office in Bern—a job ar-
ranged for him through the good offices of Grossman’s father. The job
was sufficiently undemanding that it left Einstein plenty of free time to
think about physics. The special theory of relativity was published in
1905, and the rest is history.

Well, almost. Special relativity was not an immediate sensation that
swept the board and established Einstein’s reputation. Indeed, partly from
choice (he was offered other jobs) he stayed in the patent office until 1909,
when his steadily growing reputation brought him the offer of a job at the

* Curiously, while Will Clifford can be regarded, with hindsight, almost as a pioneering relativist
of the 1870s, one of the highly respected relativists of the 1970s and 1980s, and the author of the
best introduction for the lay person to general relativity—Was Einstein Right? (New York: Basic
Books, 1986)—is the American researcher Clifford Will, who was born 101 years after his
inverse namesake.
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University of Zurich. Part of the reason why his reputation had grown so
much by then was that his old teacher, Minkowski, had taken Einstein’s
algebraic expression of the special theory and had developed a geometrical
description in four dimensions that improved the clarity of the theory and
is still regarded as the best way to understand it. It was Minkowski who
put the geometry into relativity.

Minkowski had been born back in 1864, two years before Riemann
died. He held the post of professor of mathematics at the Polytechnic in
Zurich (its full name is the Federal Institute of Technology) for only half
a dozen years (overlapping with Einstein’s time as a student there), and
from 1902 until his death from appendicitis in January 1909, he worked at
Gottingen University, following in the tradition of Gauss and Riemann.
But his geometrization of the special theory of relativity owed as much to
Descartes as to either of his eminent predecessors in Géttingen.

Einstein’s equations of motion—the equations of the special theory of
relativity—involve four parameters, which describe the location of an
object in terms of the usual three coordinates of three-dimensional space,
plus another coordinate representing time. Remember Descartes, lying in
his bed and watching the fly buzzing around the corner of his room. He
realized that its position at any moment in time could be specified by three
spatial coordinates. In effect, Einstein’s equations said that the entire life
history of the fly could be specified in terms of four Cartesian coordinates,
three of space and one of time. You can imagine drawing a line tracing the
route followed by the fly through space from the moment the egg it
emerged from was laid to the moment it died, a very wiggly line that, on
one particular day, November 10, 1619, happened to pass through Des-
cartes’s bedroom. Such a line is now called a world line, and it exists in
four dimensions (figure 7, see page 40).

One of the key equations of Einstein’s special theory of relativity ac-
tually looks rather like the equation that describes the algebraic version
of Pythagoras’s theorem. This is no coincidence. The equation tells how
to identify, or measure, the shortest distance between two points. Such
an equation is said to describe the ‘‘metric’’ of the multidimensional
space (or spacetime)—from the same root as the metry in geometry. The
shortest distance between two points in any multidimensional space is
itself called a geodesic, and, of course, on a flat sheet of paper, or the
mud of the fields near the river Nile, the geodesics are simple straight
lines and the metric is described by Pythagoras’s theorem. The theorem
works like this: In two dimensions, if we identify two points by Cartesian
coordinates x and y, we can then draw a right-angled triangle and calculate
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Figure 7: A. A ‘‘spacetime diagram’’ portrays how things move. The three dimen-
sions of space are represented by the ‘‘x-axis,”’ and the passage of time by the
“‘y-axis.”” The world line of an object (a fly, perhaps) shows its position in space at
any instant of time. B. Particle 1 stays in the same place all the time. Its world
line is vertical. Particle 2 moves from A to B as time passes. It has a sloping
world line.
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the shortest distance between those points, which is the hypotenuse of the
triangle, k> = x> + y* (figure 8). We can do the same thing in three di-
mensions, using three coordinates, x, y, and z. And, Minkowski realized,
Einstein’s equations said that we can do the same thing in four dimensions,
using four coordinates, x, y, z, and +—in everyday language, by specifying
the location in terms of ‘‘up/down,”” *‘left/right,”” ‘‘forward/backward,”’
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Figure 8: If we know the Cartesian coordinates of two points, we can make a
right-angled triangle and use Pythagoras’s theorem to calculate the shortest dis-
tance between the two points. This works wherever we put the zero of our coor-
dinate system—wherever we measure x and y from—because what matters is the
differences between the pairs of numbers. The same trick works in four (or
more!) dimensions; even though we cannot draw four-dimensional ‘‘triangles,’’
the equations corresponding to Pythagoras’s theorem in four dimensions are easy
to write down and work out. So we can calculate the shortest distance between
points in spacetime, not just in space.
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Figure 9: As a drum majorette’s baton twirls through the air, it looks as if its
length keeps changing. But we know from everyday experience that this is just a
trick of perspective. Einstein’s discovery of the strange way that moving clocks
run slow while moving rulers shrink actually describes the same sort of perspec-
tive effect operating in the four dimensions of spacetime. Although time and
three-dimensional length are both distorted by motion, there is an underlying
‘‘four-dimensional length’>’ which stays the same.

and ‘‘past/future.”’ So, Minkowski combined Descartes’s insight and
Riemann’s extension of geometry into four dimensions.*

This provides the clearest explanation of how time can run slower and
rulers can shrink when you move at speeds close to the speed of light.
Einstein’s equations tell us that there is an equivalent of length, measured
in four dimensions; this is called extension. The extension of, say, a ruler
can be thought of as the length of the hypotenuse of a four-dimensional
triangle, calculated using Pythagoras’s theorem, and it does not change.
But to a moving observer, the perspective of this extension does change;
time stretches and length shrinks always in a perfect balance with one
another.

Think of a drum majorette’s baton in the familiar three dimensions of
everyday space. It always has the same length. But depending on your
point of view—your perspective—it may seem to be very short, because
you are viewing it nearly end on, or its full length, if you are viewing it
from the side. As it twirls through the air, its length seems to be constantly
changing—but it is all a matter of perspective (figure 9). And that is how

* When we are dealing with curved surfaces (or spaces), we can still construct tiny Pythagorean
triangles and measure the sizes of the squares on each of their sides, but now these squares (or
areas) will not obey the rule Pythagoras discovered. The way the squares deviate from Pythag-
oras’s rule then provides us with a measure, in metric terms, of the nature (open or closed) and
size of the curvature of space (or even of spacetime). But this is exactly what Einstein was still
not aware of in 1909.
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you explain the strange features of special relativity using geometry—in
terms of varying perspective in four dimensions, three of space and one of
time.

There is one major, and one minor, additional subtlety. In the equa-
tions, the parameter involving time appears with a minus sign, while the
three parameters representing the three dimensions of space each appear
with a plus sign. This is why time cannot be regarded simply as a fourth
dimension of space. It is a fourth dimension, but it is a kind of negative
space. When rulers shrink, time expands; when rulers expand, time
shrinks. But all the while, the four-dimensional extension of the ruler in
spacetime stays the same. In addition, the parameter representing time in
the equations is always multiplied by the speed of light, so that one second
of time is equivalent to just under 300,000 kilometers of space. This is
why relativistic effects become noticeable only if you are moving at a
sizable fraction of the speed of light.

Minkowski’s enormous simplification of special relativity was de-
scribed in a lecture he gave in Cologne in 1908, and appeared in print in
1909, shortly after his death. His opening words indicate the importance
he attached to this new concept of four-dimensional spacetime, an impor-
tance immediately recognized by others:

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 radical. Henceforth space by itself, and time by
itself, are doomed to fade into mere shadows, and only a kind of
union of the two will preserve an independent reality. *

But one of the people who was not, at first, impressed by Minkowski’s
geometrization of special relativity was that well-known ‘‘lazy dog,”’
Albert Einstein, who never had taken much interest in mathematics. He
soon learned to live with it, though, no doubt encouraged by the fact that
his reputation began to take off almost immediately from the point in
spacetime where Minkowski uttered those words—as shown, for exam-
ple, by the fact that Einstein was awarded an honorary doctorate, the first
of many, by the University of Geneva in July 1909.

Even so, although Minkowski’s version of special relativity took on
board one of Riemann’s many ideas, the notion of multidimensional ge-
ometry, it took no account at all, because it had no need to, of Riemann’s

* Quoted by Abraham Pais in Subtle Is the Lord (London: Oxford University Press, 1982),
p. 152.
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even more profound ideas concerning curved space. The geometry of the
special theory of relativity is still Euclidean geometry, obeying the rules
that apply in flat space. It is just that it is Euclidean geometry extended to
four dimensions—to flat spacetime. The next big step came when Ein-
stein, prodded hard by his old friend Grossman, began to consider the
implications of curved spacetime, going beyond the special case of flat
spacetime to create a general theory—the general theory of relativity.

EINSTEIN’S GRAVITATIONAL INSIGHT

Conventional wisdom has it that although special relativity was a product
of its time, and that had Einstein not come up with the theory in 1905
someone else soon would have, under the pressure of the need to explain
the conflict between Newtonian mechanics and the behavior of light,
general relativity was a work of unique inspiration, which sprang from
Einstein’s genius alone, and which might not have been discovered for
another fifty years had he fallen under the wheels of a tram in 1906. I have
even been guilty of perpetuating this myth myself, in earlier books. But
now, it seems to me that this case does not bear close inspection. It is a
case made by physicists, looking back at how Einstein’s theory describes
material objects. The conflict between Newton and Maxwell pointed to a
need for a new theory, but once that theory was in place, the argument
runs, there were no outstanding observational conflicts still to be ex-
plained. Maybe. But by the 1900s, as I have pointed out, many mathe-
maticians were already intrigued by the notion of curved space. Once
Minkowski had presented special relativity as a theory of mechanics in flat
four-dimensional spacetime, it would, surely, not have been long before
somebody (maybe even Grossman) wondered how those laws of mechan-
ics would be altered if the spacetime were curved. From a mathematical
point of view, general relativity is every bit as much a child of its time as
special relativity was, and a logical development from the special theory
(indeed, as we shall see, in this connection the mathematicians stayed
several jumps ahead of the physicists until well into the 1960s, and are still
a jump or two ahead today). All of this is certainly born out by the fact that
it took the prodding of a mathematician to get the physicist Einstein
moving along the right lines after 1909,

What Einstein lacked in terms of top-flight mathematical skill and
knowledge, though, he more than made up for in terms of physical intu-
ition—his ‘‘feel’’ for the way the Universe worked was second to none.
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His special theory of relativity, for example, developed from Einstein’s
wondering what the Universe would look like if you could ride with a light
ray as it hurtled through space at nearly 300,000 kps; and the seed that
grew into the general theory was an inspired piece of reasoning about the
behavior of a light ray crossing a falling elevator. The seed was sown
within a couple of years of the completion of the special theory; but, partly
because at that time Einstein knew nothing of Riemannian geometry, it
took a further nine years to grow to fruition.

The special theory of relativity tells us how the world looks to observers
moving with different velocities. But it deals only with constant veloci-
ties—steady motion at the same speed in the same direction. Even in
1905, it was obvious that the theory failed to describe how objects behave
under two important sets of conditions that exist in the real world. It does
not describe the behavior of accelerated objects (by which physicists
mean, remember, objects that change their speed or their direction, or
both); and it does not describe the behavior of objects that are under the
influence of gravity. Einstein’s insight, which he first presented in 1907,
was that both these sets of conditions are the same—the acceleration is
exactly equivalent to gravity. This simple concept is such a cornerstone of
our modern understanding of the Universe that it has been deemed a
fundamental principle: the principle of equivalence.

Anyone who has traveled in a high-speed elevator knows what Einstein
meant by the principle. When the elevator starts moving upward, you are
pressed to the floor, as if your weight has increased; when it slows at the
top of its rise, you feel lighter, as if gravity has been partly canceled out.
Clearly, acceleration and gravity have something in common; but it is a
dramatic step to go from this observation to say that gravity and acceler-
ation are exactly the same. An implausible scenario demonstrates just how
equivalent they are. If the cable of the elevator snapped and all the safety
devices failed, while the elevator was falling freely down its shaft you
would fall at the same rate, weightless, floating about inside the fall-
ing “‘room.”’

But what would happen to a beam of light shone across the falling
elevator from one side to the other? In the weightless falling room, ac-
cording to Einstein, Newton’s laws apply and the light must travel in a
straight line from one side to the other. Then, however, he went on to
consider how such a beam of light would look to anyone outside the
failing elevator, if the car had walls made of glass and the path of the light
beam could be tracked. In fact, the ‘‘weightless’’ elevator and everything
inside it is being accelerated by the gravitational pull of Earth. In the time
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it takes the light beam to cross the elevator, the falling room has increased
its speed, and yet the light beam still strikes the spot on the opposite wall
level (according to an observer in the car) with the spot from where it
started. This can only happen if, from the point of view of the outside
observer, the light beam has bent downward slightly while crossing the
falling elevator. And the only thing that could be doing the bending is
gravity.

So, said Einstein, if acceleration and gravity are indeed precisely equiv-
alent to one another, gravity must bend light. You can cancel out gravity
while you are in free fall, constantly accelerating; and you can create an
effect indistinguishable from gravity by simply providing an acceleration,
which makes everything seem to ‘‘fall’’ to the back of the accelerating
vehicle (figure 10).

The possibility of light bending was neither new or startling—as we
have seen, Newtonian mechanics and the corpuscular theory suggest that

Y Rocket 'elevator' 7/

Figure 10: Gravity and uniform acceleration produce identical forces, which we
call weight.
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light should be bent, for example, when it passes near the Sun. Indeed,
Einstein’s first calculations of gravitational light bending, based on the
principle of equivalence, suggested that the amount of bending would be
exactly the same as in the old Newtonian theory. Fortunately, though,
before anyone could carry out a test to measure the predicted effect (not
that anyone was very interested in it while the theory was incomplete),
Einstein had developed a full theory of gravity and accelerations, the
general theory of relativity. In the general theory, the predicted light
bending is mwice as much as in the Newtonian version, and it was the
measurement of this non-Newtonian effect that made people sit up and
take notice of the general theory. But that wasn’t until 1919.

For more than three years after he first stated the principle of equiva-
lence, Einstein did very little work on trying to develop a proper theory of
gravity based on the principle. There were many reasons for this. As
Einstein’s reputation grew, he took up a series of increasingly prestigious
academic posts, first as a privatdozent in Bern, then assistant professor in
Zurich, then on to be a full professor in Prague. He had a growing
family—his son Hans had been born in 1904, and Eduard arrived in 1910.
But, most important of all, during that period Einstein’s scientific atten-
tion was focused on his contributions to the exciting new developments in
quantum physics, and he simply didn’t have time to struggle with a new
theory of gravity as well. It was after he had reached a temporary impasse
with his work on quantum theory that, in Prague in the summer of 1911,
he returned to the gravitational fray.

THE RELATIVITY OF GEOMETRY

It was in 1911, in fact, that Einstein first applied the idea of light bending
to rays passing close by the Sun, and came up with a prediction essentially
the same size as the Newtonian prediction. The Newtonian version of the
calculation had been made back in 1801, by the German Johann von
Soldner, acting on the assumption that light is a stream of particles;
Einstein, completely unaware of von Soldner’s calculation, calculated his
own initial version of light bending by the Sun in 1911 by treating light as
a wave (even though he had himself been instrumental in showing that
light sometimes does behave like a stream of particles!). The two calcu-
lations give almost precisely the same value for the bending. In 1911,
Einstein was struggling with a horribly complex and unwieldy set of
equations that in effect corresponded to a combination of warped time with
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flat space, and as a result he was only halfway to the full value of the
light-bending effect.

Things began to look up, however, as soon as Einstein returned to
Zurich, after staying in Prague for only a year. His return to Switzerland
was engineered by the friend whose lecture notes he had borrowed a dozen
years before—Marcel Grossman, who had now risen to become dean of
the physics and mathematics department of the Polytechnic.

Grossman’s own career had followed a much more conventional pattern
than Einstein’s, although he had reached this eminence very young. He
was just one year older than Einstein, and after graduating with Einstein
in 1900 he worked as a teacher while writing his doctoral thesis, also
producing two geometry books for high school students and several papers
on non-Euclidean geometry. On the strength of this work, he joined the
faculty at the Polytechnic, becoming a full professor in 1907 and dean in
1911 at the age of thirty-three. One of his first acts as dean was to entice
Einstein back to Zurich. He arrived on August 10, 1912, knowing that he
had the basis of a workable theory of gravity, but uncomfortably aware
that he lacked the right mathematical tools to finish the job. Much later,
he recalled a plea he made at this time to his old friend: ‘‘Grossman, you
must help me or I’ll go crazy!”’* Einstein had realized that the method for
describing curved surfaces developed by Gauss (essentially, the metric
technique I have mentioned) might help with his difficulties, but he knew
nothing about Riemannian geometry. He did, however, know that Gross-
man was a whiz at non-Euclidean geometry, which is why he tumed to
him for help: ‘I asked my friend whether my problem could be solved by
Riemann’s theory.”” The answer, in a word, was yes. Although it took a
long time to sort out the details, what Grossman was able to tell Einstein
immediately opened the door for him, and by August 16 he was able to
write to another colleague, ‘It is going splendidly with gravitation. If it is
not all deception, then I have found the most general equations.”’

Einstein and Grossman investigated the significance of curved space-
time (warping both space and time) for a theory of gravity in a paper
published in 1913. The collaboration ended when Einstein accepted an
appointment as director of the new Institute of Physics at the Kaiser
Wilhelm Institute in Berlin in 1914—a post so tempting, and requiring no
teaching duties but allowing him to devote all his time to research, that it
tore him away from Switzerland and Grossman. But the two remained
firm friends until Grossman’s death, from multiple sclerosis, in 1936. It

* Quotes in this section are from Pais, Subtle Is the Lord, pp. 208-27.
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was in Berlin that Einstein, alone, completed the long journey from the
special theory of relativity to the general theory.

The full version of the general theory was presented at three consecutive
meetings of the Prussian Academy of Sciences in Berlin in November
1915, and published in 1916. Although it has implications far beyond the
scope of the present book, what matters here is the way Einstein used
Riemannian geometry to describe curved space. A massive object, like the
Sun, can be thought of as making a dent in three-dimensional space, in a
way analogous to the way an object like a bowling ball would make a dent
in the two-dimensional surface of a stretched rubber sheet or a trampoline.
The shortest distance between two points on such a curved surface will be
a curved geodesic, not what we are used to thinking of as a straight line,
and this applies in the three-dimensional case as well. Because space is
bent, light rays are bent (figure 11). But Einstein had already discovered,
as we have seen, that light rays are bent near a massive object by a warp
in the time part of spacetime as well. And, as it happens, the space
warping alone bends the light by the same amount as the time-warping
effect that Einstein had already calculated. Overall, the general theory of
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Figure 11: A heavy object placed on a stretched rubber sheet (insert) makes an
indentation. The presence of the Sun ‘“indents” spacetime in an analogous way.
This accounts for the light-bending effect described on page 25 (figure 3).
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relativity predicts rwice as much light bending as Newtonian theory does. *
That is why during the eclipse of 1919, when the light bending was
measured and found to agree with Einstein, not Newton, the newspapers
proclaimed that Newton’s theory of gravity had been overthrown. But that
is wrong.

What Einstein had actually done was to explain Newton’s law of grav-
ity. There are some subtle differences, such as with the bending of light
by the Sun, between simple Newtonian theory and the general theory of
relativity. But what really matters is that if gravity is explained as the
result of curvature in four-dimensional spacetime, then, because of the
nature of this curvature itself, it is virtually impossible to come up with
any version of gravity except an inverse-square law as Newton had. An
inverse-square law of gravity is far and away the most natural, and likely,
consequence of curvature in four-dimensional spacetime. Unlike Newton,
Einstein did ‘‘frame hypotheses’’ about the nature of gravity. His hypoth-
esis was that spacetime curvature causes gravitational attraction, and the
implication of that hypothesis is that gravity must obey an inverse-square
law. So, far from overturning Newton’s theory, Einstein’s work actually
explains it and puts it on a more secure footing than ever before.

The best way to picture this is as a kind of dialogue between matter and
spacetime. Because the distribution of matter across the Universe is un-
even, the curvature of spacetime is uneven—the very geometry of space-
time is relative, and the nature of the metric, defined in terms of tiny
Pythagorean triangles, depends on where you are in the Universe. Lumps
of matter distort spacetime, not so much making hills, as Clifford con-
jectured, but valleys. Within that curved spacetime, moving objects travel
along geodesics, which can be thought of as lines of least resistance. And
you can calculate the length of even a curved geodesic in general relativity
in terms of many tiny Pythagorean triangles which each ‘‘measure’’ a tiny
portion of its length, added together using the integral calculus developed
originally by Newton. But a falling rock, or a planet in its orbit, doesn’t
have to make the calculation—it just does what comes naturally. In other
words, matter tells spacetime how to bend, and spacetime tells matter how
to move.

There is, however, one important point that often causes misunder-
standings and confusion that I ought to get clear about all this. We are not
just dealing with curved space. The orbit of Earth around the Sun, for

* Indeed, it is the ‘‘new’’ space-warping effect discussed by Einstein in 1916 that is actually the
equivalent of the old Newtonian effect; it is the time warping that makes the relativistic prediction
different from the Newtonian calculation.
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example, forms a closed loop in space. If you imagine that this represents
that curvature of space caused by gravity, you would leap to the false
conclusion that space itself is closed around the Sun—which it obviously
is not, since light (not to mention the Voyager space probes) can escape
from the Solar System. What you have to remember is that Earth and the
Sun are each following their own world lines through four-dimensional
spacetime. Because the factor of the speed of light comes into the time
part of Minkowski’s metric for spacetime, and this carries over into the
equivalent metric in general relativity, these world lines are enormously
elongated in the time direction. So the actual path of Earth ‘“around”’ the
Sun is not a closed loop but a very shallow helix, like an enormously
stretched spring (figure 12). It takes light eight and one-third minutes to
reach Earth from the Sun. So each circuit that Earth makes around the Sun
is a distance of about fifty-two light minutes. But it takes a year for Earth
to complete such a circuit, and in that time it has moved along the time
direction of spacetime by the equivalent of a light-year—more than 10,000
times farther than the length of its annual journey through space, and more
than 63,000 times the distance from Earth to the Sun. In other words, the
pitch of the helix representing Earth’s journey through spacetime is more
than 63,000 times bigger than its radius. In flat spacetime, the world line
would be a straight line; the presence of the Sun’s mass actuaily distorts
spacetime only slightly, just enough to cause a slight bending of the world

World line of Sun World line of Earth

Radius

Figure 12: A. Earth’s orbit around the Sun is closed in ordinary space. B. In
spacetime, Earth’s orbit is like a coiled spring, or helix. C. Actually, because the
speed of light factor is so big, the helix is so elongated that Earth’s world line is
very nearly straight—the “‘pitch”’ of the helix is 63,000 times its radius!
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line, so that it weaves to and fro, very gently, as Earth moves through
spacetime. You need to have much more mass, or a much higher density
of mass, in order to close space around an object.

Within a few weeks of his presentation of the general theory, Einstein
was back at the Prussian Academy of Sciences, reporting a solution to his
equations that described just such a phenomenon. This was the first public
airing of the correct mathematical description of a black hole. But it was
not Einstein’s work. He was communicating it to the academy on behalf
of a scientist he had been corresponding with and who would shortly lie
dying in a hospital in Potsdam.

SCHWARZSCHILD’S SINGULAR SOLUTION

It may come as a surprise that it wasn’t Einstein who first solved his own
equations of the general theory of relativity. But the equations have to
come first, before they can be solved—and although it is hard enough to
invent, or discover, the self-consistent set of equations that describe some-
thing as complex as the behavior of spacetime in the presence of matter,
even that is no guarantee that the equations will be easy to solve. In a way,
it’s a bit like a crossword puzzle. Compilers of crossword puzzles know
what words are supposed to fit into the squares and have some freedom to
choose the grid of squares that they want to make the words fit; but even
then it is no easy task to make the puzzle work, if you obey the strict rules
that puzzle compilers follow, in particular the requirement that the pattern
of squares be symmetrical. Once the puzzle has been compiled, someone
else can then solve it. With the general theory of relativity, it is as if nature
had set the puzzle, knowing the answers that ought to fit into the squares.
What Einstein did was to find out what the pattern of squares was and to
identify the clues that made it possible to solve the puzzle—all without
knowing what words were supposed to fit into those squares. Then, armed
with Einstein’s grid for the pattern of squares and the clues he had un-
covered, someone else could solve the puzzle.

The man who did so was a senior astronomer, six years older than
Einstein, who was already in his forties when World War I broke out. But
Karl Schwarzschild was a patriot who left his secure post as director of the
Potsdam Observatory to volunteer for army service (he had previously,
incidentally, been the head of the observatory in Gottingen, yet another
connection between that city and the development of relativity theory). Of
course, the authorities appreciated that his skills were too valuable to
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squander in routine soldiering. Once in military service, Schwarzschild
worked first in Belgium, at a weather station, and then in France, calcu-
lating the trajectories for shells fired over very long range. Then, he was
sent to the Russian front. It was while serving on the eastern front that he
contracted a rare skin disease known as pemphiga, which in those days
was inevitably fatal.

Schwarzschild, who kept in contact with fellow scientists throughout
his military service, learned of Einstein’s latest work late in 1915, and was
immediately intrigued by it. He had, after all, held the same post in
Gottingen that Gauss had held a few decades before him, and Schwarz-
schild himself was one of those people who had, like Clifford, speculated
that the geometry of space might be non-Euclidean while Einstein was still
an undergraduate. The papers Einstein presented to the academy on his
behalf were completed only shortly before Schwarzschild succumbed to
his fatal illness. On January 16, 1916, Einstein read to the academy a
paper by Schwarzschild describing the exact mathematical form of the
geometry of spacetime around a mass concentrated in a single point; on
February 24, he presented Schwarzschild’s description of the spacetime
geometry around a spherical mass. On May 11, Schwarzschild died in a
hospital in Potsdam, five months short of his forty-third birthday. And for
all his achievements as an astronomer and director of two of Germany’s
great observatories, it is for those two papers, written as a serving officer
in wartime conditions and completed in the last months of his life, that
Schwarzschild’s name is remembered today.

Schwarzschild’s initial approach echoes the way Newton calculated the
gravitational force between the Sun and a planet (or between Earth and the
Moon, or Earth and an apple) as if all the mass of each object is concen-
trated in a point at its center. As far as anybody outside the object is
concerned, this is a perfectly good way to describe the gravitational in-
fluence of any mass. But Schwarzschild’s solution to Einstein’s equations
showed that there is no outside for a genuine point mass! Any mass
concentrated into a mathematical point will distort spacetime so much that
space closes up around the mass and pinches it off from the rest of the
Universe. The pinching off happens at a distance from the point that
depends only on the mass involved. Of course, this is unrealistic. Real
masses are never actually concentrated at mathematical points. But
Schwarzschild went on to show that for any particular mass, there is a real
physical significance of the crucial radius, now known as the Schwarz-
schild radius (or sometimes as the gravitational radius), at which this
pinching off occurs. If the appropriate amount of matter gets squeezed into
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a sphere smaller than the corresponding Schwarzschild radius, even if it is
not actually squeezed into a mathematical point, space (not just space-
time) will indeed be curved so much that the mass will be cut off from the
Universe outside. Nothing at all, not even light, will be able to escape.
The bigger the mass, the bigger the appropriate Schwarzschild radius. For
the Sun, it is 2.9 kilometers; for Earth, 0.88 centimeters. A typical galaxy
has a Schwarzschild radius of a thousand billion kilometers; but even a
mass as small as that of a proton has its own Schwarzschild radius, albeit
a mere 2.4 X 10”2 centimeters. In each case, if you could squeeze the
appropriate mass within the corresponding radius you would create what
is now known as a black hole.

The extreme distortion of spacetime that makes the mass pinch off from
our Universe occurs only if the entire mass is squeezed within the appro-
priate volume. We would not find, for example, a black hole with a radius
of 0.88 centimeters now sitting at the center of Earth, and if you could
drill down the center of Earth you would find nothing unusual going on at

Axis

Figure 13: Any point on the curve known as a parabola is the same distance from
a point known as the focus and a straight line known as the directrix.
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that distance from the center—nothing to indicate that this is where the
surface of the black hole would form if Earth were squeezed into such a
tiny volume. Once such a squeezing had been achieved, however, any-
thing that crossed the spherical surface with the Schwarzschild radius
could never escape from the hole in space. Then, the sphere defined by the
Schwarzschild radius defines the surface of a black hole (the surface from
which the escape velocity is the speed of light).

The distortion of a spacetime geometry that produces this effect is best
visualized by imagining a curved two-dimensional surface embedded in
three dimensions. The geometry of spacetime described by Schwarz-
schild’s solution is exactly equivalent to the shape you would get by
rotating a parabola in ordinary space. A parabola is a very simple curve
(figure 13) made up of a set of points each equally distant from a point
known as the focus of the parabola and a straight line known as the
directrix. If you imagine twiddling the parabola around the directrix, you
will get a smoothly curved surface with a wide throat that narrows down
into a waist (figure 14). Far away from the waist, the curved surface flares
out and becomes flat—equivalent to saying that the gravitational force is
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Figure 14: The curvature of space around a black hole echoes the shape you
would get by twirling a parabola around its directrix.



86 * UNVEILING THE EDGE OF TIME

very weak. The more the surface is curved, the stronger the gravitational
force at that point, and therefore the greater (in familiar Newtonian lan-
guage) the escape velocity. If you imagine sliding in along the flared
surface toward the waist, it will be harder and harder to escape as the
parabolic walls get steeper and steeper. At some critical distance from the
waist, which you could mark by drawing a circle around the throat of the
surface, it will be impossible to escape. That circle drawn around the
throat of the hole is the equivalent on the two-dimensional curved surface
to the sphere that marks the surface of a black hole in the three-dimensional
curved space of our Universe. Anything that crosses that line can never get
out again.

Far away from any mass, the spacetime curvature is the same, whether
or not the mass is squeezed within its Schwarzschild radius. Schwarz-
schild’s solution to Einstein’s equations then gives exactly the same rule
of gravity as Newton did—the inverse-square law. But if (like the Sun)
the mass is actually nor sufficiently concentrated to make a black hole,
then instead of the parabolic surface forming a waist it has a rounded
bottom, like a well (figure 15); the sides never get steep enough to make
it impossible to escape from the object’s gravitational grip. But what
happens at the center of a black hole? There, according to Schwarzschild’s
solution, the curvature becomes infinite. Such an infinity is known as a
‘‘singularity.”’ Equations that imply the existence of singularities are usu-
ally regarded as flawed—infinities usually indicate to physicists that some-
thing is wrong with our reasoning, not with the way the Universe works.

Figure 15: An object like the Sun makes a ‘‘dent’’ in space like that of a black
hole but with a rounded bottom.
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Partly because of this, Schwarzschild’s singular solution to Einstein’s
equations was not taken at face value by physicists for many years. Al-
though some mathematicians tinkered with the equations, and even though
the general theory of relativity passed every other test with flying colors,
Schwarzschild’s solution was not regarded as having any practical sig-
nificance in the real Universe. And yet, there the equations were—a
complete, accurate representation of the spacetime geometry of a spherical
black hole, worked out before the ink was even dry on Einstein’s papers
presenting the full version of the general theory of relativity itself, and
published in 1916, three years before the epic test of light bending during
an eclipse that established the accuracy of Einstein’s theory to the world
at large. It was to be fully fifty years after Schwarzschild’s death before
the genuine physical significance of his singular solution as a description
of real objects in our Universe began to dawn on astronomers.



CHAPTER 3

DENSE STARS

Degenerate dwarfs that burn white hot, and Indian insights into the fate of
matter. Beyond the quantum limit. Stardeath. Black holes discovered again—
and forgotten for twenty-five years! Scruffy pulsars, little green men, and
confirmation from the Crab.

It is a straightforward calculation to determine the distances to the planets
of the Solar System, and to the Sun itself, using what is essentially
a grand-scale application of the triangulation techniques used by sur-
veyors here on Earth. That is, the calculations are simple, once the
painstaking measurements required have been carried out. Such mea-
surements involve, for example, observing the position of Mars against
the backdrop of distant stars simultaneously from opposite sides of the
Atlantic Ocean, and using the observations to calculate the geometry of
a long, thin triangle, with a base stretching from Europe to the Amer-
icas, and Mars at its tip. Once the distance to the Sun has been calcu-
lated, the actual size of the Sun’s diameter can be figured out from the
apparent size of the solar disk on the sky—it is about 109 times bigger
across than Earth is, which means that more than a million spheres the
size of Earth would fit inside the Sun.* And if we know the distance to
the Sun, and how long it takes Earth to complete one orbit around the
Sun (one year), we know how big the force of attraction holding Earth
in its orbit is—which, once we know the constant of gravity, G, tells us
what the mass of the Sun is.

The mass of the Sun is about one-third of a million times the mass of
Earth. Since the volume of the Sun is about a million times that of Earth,
this means that the average density of the Sun is just one-third that of
Earth. So the density of the Sun is only about 1.5 times the density of

* The volume of a sphere is proportional to the cube of its radius, and 100? is 1,000,000.
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water, because the average density of Earth is about 4.5 times the density
of water.

It may seem surprising that the density of a star is so low, and in
particular that it is less than the density of a typical planet. But remember
that this is an average density. The simple average conceals the fact that
there is an enormous variation of density within the Sun, from a tenuous
atmosphere of thin gas to a core where the density is many times greater
than that of lead (although, astonishingly, the conditions of pressure and
temperature are so extreme at the heart of the Sun that the material of the
core still behaves like a gas!). The density variations, and the overall
average, are very much in line with the structure inferred from calcula-
tions of the physical processes that keep stars hot.*

The temperature at the surface of a star is directly related to its
color—blue-white stars are hotter than yellow stars, yellow stars are hot-
ter than red stars, with a whole range of subtle variations in between
(our Sun, a yellowish orange star, with a surface temperature of just
under 6,000°C, is pretty much in the middle of the range of stellar col-
ors). You might expect that, by and large, hotter stars are brighter than
cooler stars—and, by and large, you would be right. But there are ex-
ceptions. This rule of thumb applies only if stars are more or less the
same size as each other. One of the simplest features of stars in general
is that their brightness depends both on how hot they are and on how
big they are. A star that has a large surface area, radiating energy out-
ward across every square meter of its surface, can have a fairly cool
surface and still be very bright, simply because there are so many square
meters doing the radiating. In order to shine with the same brightness
overall, a smaller star would have to have a hotter surface so that each
square meter could radiate more energy than the same area of the larger
star. And just about at the time Einstein was completing his general
theory of relativity, and Schwarzschild was using Einstein’s equations to
describe the structure of a black hole in mathematical terms, observa-
tional astronomers were puzzling over the discovery that some hot stars
are also very dim, and seemed to be not much larger than Earth, even
though they contained nearly as much mass as our Sun. Taken at face
value, this seemed to imply that the average density of such a star must
be about a hundred thousand times the density of water.

* The physics of the Sun in particular, and stars in general, is described in my book Blinded by
the Light (New York: Harmony Books, 1991).
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DWARFISH COMPANIONS

In fact, the first hint that such dense stars might exist came in the 1840s
from observations made by the German astronomer Friedrich Bessel, late
in his career. Bessel was born in 1784 and died in 1846, only a couple of
years after finding the first evidence that small, dense stars exist. He is
best known, though, not for this discovery but for his greatest achieve-
ment, which was to measure the distance to another star. He did this by
extending the surveyors’ triangulation technique to its limit. Instead of
observing Mars from opposite sides of the Atlantic, Bessel observed a star
known as 61 Cygni when Earth was on opposite sides of its orbit around
the Sun—the observations were made six months apart. This gave him a
baseline 300 million kilometers long (the diameter of Earth’s orbit), and
showed a tiny apparent movement of 61 Cygni against the background
stars (the effect, known as parallax, is actually due to the movement of
Earth around its orbit). Bessel worked out that the star was so far away
from us that light must take several years, at a speed of 300,000 kps, to
travel across space from 61 Cygni to Earth—in other words, it is several
light-years away. This was the beginning of an understanding of the true
scale of the Universe.

As part of the background to this work, Bessel had measured and
cataloged the accurate positions of some fifty thousand stars. Only the
nearest stars are close enough to us for their distances to be measured by
the parallax effect; for most stars, the distances are so huge that even a
baseline 300 million kilometers across is not enough to produce a mea-
surable parallax. The discovery of dense stars stemmed from Bessel’s
observation that some stars really do move in a rhythmic way against the
background sky, not because of the optical illusion of parallax but because
something is tugging on them. He found that two bright stars, Sirius
(which is actually the brightest star in the night sky, partly because it
really is bright but also because it is relatively close to us) and Procyon
both showed such a rhythmic, regular motion, wiggling from side to side.
This could not be explained as a parallax effect caused by the motion of
Earth around the Sun. But it could be explained as the result of a force, in
each case, tugging the visible star from side to side. The natural expla-
nation for such a rhythmic tug acting on these stars was that each of them
had a companion, an unseen star in orbit around them, pulling on them by
gravity.

Careful observations of the way Sirius moved showed what kind of
orbit that unseen companion must be in. Sirius is twice as bright as any
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other star in the night sky and is easily visible near the constellation Orion.
Because it is so close to us (only 8.7 light-years away), its motion through
space shows up against the background of the ‘‘fixed’’ stars, which are
actually all moving, but are so remote that they do not seem to move at ail
from one year to the next. Even the motion of Sirius across the sky
amounts to a mere 1.3 seconds of arc each year—0.07 percent of the
distance across the full Moon as seen from Earth. It is the fact that this
motion across the sky is not in a straight line, but has a tiny wiggle, that
reveals the presence of a companion star. The wiggle tells us that the
companion orbits Sirius once every forty-nine years, and, armed with
Kepler’s laws of orbital motion and Newton’s law of gravity, astronomers
could then calculate the masses of both Sirius and its companion. Sirius
weighs in at just under 2.5 times the mass of our Sun, while its compan-
ion, now known as Sirius B, has a mass roughly 80 percent of that of the
Sun. Sirius is a hot, white star; its unseen companion, it seemed obvious
in the middle of the nineteenth century, must be a cool, dim star.

The first person to see the companion of Sirius was Alvin Clark, an
American telescope maker. In 1862 he was testing a telescope with a new
18-inch lens that was destined for installation in the Dearborn Observatory
in Illinois. He turned the new instrument on Sirius. The telescope was so
good he could see the companion, which turned out to be so faint that if
it were the same distance from us that the Sun is, it would shine only one
four-hundredth as brightly in the sky. The faintness of the companions to
Sirius and Procyon puzzled astronomers for more than another fifty years,
and in the early years of the twentieth century the puzzle was compounded
by the discovery of one or two similar celestial objects. The initial re-
sponse of astronomers to the puzzle was accurately summed up in a book
by the American astronomer Simon Newcomb, published in 1908. Re-
ferring to the companions of Sirius and Procyon, Newcomb said that
‘“either they have a far less surface brilliancy than the sun or their density
is much greater. There can be no doubt that the former is the case.”’* The
two alternatives Newcomb presented were, indeed, the only possible so-
lutions to the puzzle; but his conclusion was wrong.

Even Newcomb must have had some doubts about the conclusion,
because although it is difficult to see Sirius B clearly in a telescope
because of the glare from Sirius itself, as far as anyone could tell the
* The Stars, published by John Murray, London. Newcomb (who was born in Canada) lived
from 1835 to 1909, and had a distinguished career as a scientific officer in the U.S. Navy,
working at the Naval Observatory in Washington and at Johns Hopkins University, as well as

being a founder of the American Astronomical Society and its first president. His comment is,
indeed, representative of the establishment view at the time.
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companion star seemed to be a white (which meant hot) star, the same
color as Sirius itself. This suspicion was confirmed six years after New-
comb died. In 1915, Sirius B was at its farthest distance from Sirius in its
orbit, so it could be seen relatively clearly. In December that year Walter
Adams (an American astronomer who had actually been born in Syria, in
1876, where his parents worked as missionaries) obtained the first spec-
trum of Sirius B. In this connection, the important feature of such a
spectrum is that it shows how much energy the star is radiating at different
wavelengths (different color bands), and gives a precise measure of its
temperature, as well as its color. The spectrum of the companion turned
out to be identical to that of Sirius. It was the same color as Sirius, which
meant that its surface was at the same temperature as Sirius, which (in
order for it to be so faint overall) meant that it was much smaller than
Sirius, only a little bigger than Earth.

The only other alternative, which a few astronomers tried to cling to for
a few months, was that the companion did not shine by its own light at all
but merely reflected the white light from Sirius, in the way that the Moon
reflects the light from the Sun. But Adams had an answer to that—he
pointed out that another star, Eridani B, also had a very low overall
brightness, but a spectrum like that of Sirius B, even though, in this case,
there was no white companion star whose light might be being reflected.
Eridani B (and, by implication, Sirius B) had to be both white and
small—a white dwarf star, with a density, in round terms, ten thousand
times the density of lead.

Strangely, the oddity of Eridani B had been noticed in passing five years
earlier as a result of a chance remark by an astronomer at Harvard. But
none of the three people who spotted the oddity followed the observation
through. The astronomer who made the chance observation was Henry
Norris Russell, later to become one of the coinventors of a method of
relating the brightness of a star to its temperature (or color) on a kind of
graph known as a Hertzprung-Russell diagram. The famous diagram
emerged in 1913; but the work that led up to it, involving studies of the
colors of stars with different brightnesses, was already well under way in
1910.

Stars are classified by color in terms of a system worked out at the
Harvard College Observatory in the early 1900s. What should have been
a simple alphabetical list got shuffled up because some of the alphabetical
labels were attached to the wrong kinds of star early on, before their actual
properties were known accurately. So, to this day, stars are classified by
color in terms of the labels O, B, A, F, G, K, M. O and B stars are white
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and hot; K and M stars are cool and red. Our Sun is an orange G-type
star.* Russell needed to know the spectra of as many stars as possible in
order to find general rules relating color and brightness, and Edward
Pickering, the director of Harvard College Observatory, had agreed to
provide spectra for stars that had been observed during parallax studies of
the kind pioneered by Bessel. This led Russell to the discovery that all the
very faint stars on the list were of type M. Many years later, Russell
recalled ruefully how he had been discussing this discovery with Pickering
one day in 1910, and mentioned that it would be interesting to check
whether other faint stars fit the pattern:

Pickering said ‘“Well, name one of these stars.”” Well, said I, for
example the faint companion of Omicron Eridani. So Pickering said,
‘“Well, we make rather a speciality of being able to answer questions
like that.”” And so we telephoned down to the office of Mrs Fleming
and Mrs Fleming said, yes, she’d look it up. In half an hour she came
up and said ‘‘I’ve got it here, unquestionably type A.”’ I knew
enough, even then, to know what that meant. I was flabbergasted. I
was really baffled trying to make out what it meant. Then Pickering
thought for a moment and then said with a kindly smile, ‘‘I wouldn’t
worry. It’s just these things which we can’t explain that lead to
advances in our knowledge.”” Well, at that moment Pickering, Mrs
Fleming and I were the only people in the world who knew of the
existence of white dwarfs.

Pickering was right. It was indeed the failure of white dwarfs to fit the
pattern that was to lead to further advances in knowledge. Even after
Adams obtained the spectrum of Sirius B, however, it was to take almost
another twenty years for the puzzle to be solved—and even then, not every
astronomer was happy with the solution.

DEGENERATE STARS

An understanding of the nature of white dwarf stars emerged during the
1920s as part of the developing understanding of the internal structure of
stars in general. This work was pioneered by the same Arthur Eddington

* The Harvard classification system is made memorable by a mnemonic invented in those days
of unthinking male chauvinism, which runs ‘‘Oh, Be A Fine Girl, Kiss Me.””

+ From a talk by Russell at Princeton University Observatory in 1954 (three years before he died,
in his eightieth year); referred to in the Source Book edited by Kenneth Lang and Owen Gingerich
(see Bibliography).
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who had been involved in measuring the light-bending effect in 1919, and
who, as an expert on both general relativity and stellar structure, was a
metaphorical giant who towered over the astronomical community of the
time.

The understanding of how stars work developed slowly because it re-
quired an understanding of how atoms work, which was itself developed,
in the form of quantum mechanics, only in the mid-1920s. One of the key
ingredients in the new understanding of stellar structure was the realiza-
tion that explained why the deep interior of a star like the Sun can be
described as if it were a perfect gas, even though it has such a very high
density. The secret lies in the fact that an atom is made up of a tiny
nucleus, composed of particles called protons and neutrons, surrounded
by a cloud of smaller particles known as electrons. The size of the nu-
cleus, in relation to the size of the whole atom, is like a grain of dust in
the middle of a football stadium. The nucleus actually takes up only about
one-trillionth of the volume of the atom.

In a gas, such as the air you breathe, atoms are moving about rapidly,
constantly bashing against one another, just like tiny spheres of perfectly
elastic material. In a solid, the atoms stay more or less in the same place,
vibrating gently and jostling against one another. In a liquid, they have
just enough energy to slide past one another. In each case, the nuclei of the
atoms take no part in the bashing, jostling, or sliding—only the electrons,
on the outside of the atoms, ever come into contact with one another.

Under the conditions of intense heat and pressure inside a star, how-
ever, the collisions are so violent that electrons are knocked off the atoms.
This can leave bare nuclei behind, mingling with electrons and with each
other in a kind of hot fluid known to physicists as a plasma. If all the
electrons are removed from the nuclei, the plasma can be squeezed to one-
trillionth of the volume of the equivalent cloud of gas and still behave
exactly like a gas—only now, instead of atoms moving at high speed and
bouncing off one another, it is nuclei that move at high speed and bounce
off one another. This is what happens in the heart of the Sun and most
stars. In the process, some of the nuclei collide with one another so hard
that they stick together, converting nuclei of hydrogen into nuclei of
helium and releasing energy as they do so, which is known as nuclear
fusion. That is how stars stay hot.*

But what happens when the potential for nuclear fusion is exhausted and
a star begins to cool down in its heart? You might expect that the nuclei

* ] describe how stars stay hot in more detail in my book Blinded by the Light; details of quantum
physics are explained in In Search of Schrédinger’s Cat (New York: Bantam, 1984).
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would recapture their electrons, turning back into atoms and turning the
plasma back into a cloud of gas. But in order to do this, they would have
to find energy from somewhere, to make the star core expand again and
make room for the atoms, in spite of the weight of gravity tugging it
inward. Since there is nowhere for the star to get this energy from, it
cannot happen. As Eddington used to express it, such a star would have
to gain energy in order to cool down! ‘It would seem,’” he said in his
classic book The Internal Constitution of the Stars, ‘‘that the star will be
in an awkward predicament when its supply of sub-atomic energy ulti-
mately fails.”’

In1926, the year Eddington’s book was published, Ralph Fowler, work-
ing at the University of Cambridge, showed how a dying star might begin
to resolve that predicament. He calculated that according to the new
quantum theory what would actually happen to such a star would be for it
to settle down into a very dense state, with atomic nuclei embedded in a
sea of electrons. The pressure of the electrons themselves bashing against
each other and against the nuclei would balance the inward tug of gravity
once the star had shrunk to a certain size. The actual size at which a dense
star would stabilize depends on its mass; Fowler calculated the range of
possibilities and found that they were very close to the actual masses of
white dwarf stars, such as Sirius B. Quantum theory had satisfactorily
explained the structure of white dwarf stars; in the language of modern
physics, matter under these extreme conditions is said to be ‘‘degener-
ate,”” and they are held up by the ‘‘degenerate pressure’’ of electrons in
their lowest quantum energy state—as a ‘‘degenerate electron gas.’’ Be-
fore the decade was out, however, a few astrophysicists began to realize
that when the effects of relativity are taken into account, as well as those
of quantum mechanics, even a degenerate electron gas cannot hold up all
dense stars against the inward pull of gravity. This is a consequence not
of the general theory of relativity but of Einstein’s older special theory.

THE WHITE-DWARF LIMIT

The set of rules physicists use to describe the properties of something like
a gas, or a plasma, is known as an equation of state. It enables you to
calculate the way the gas changes when the conditions it experiences
change—what happens to the volume, for example, if you double the
pressure. The density of the material at the heart of a star depends on how
much mass the star contains, because the more mass there is the harder is
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the gravitational squeeze; a good equation of state will tell you what
central density corresponds to a particular stellar mass, taking account of
all the physics going on inside the star. By 1929, Edmund Stoner, of
Leeds University, had shown that even allowing for quantum effects there
must be a maximum density for the material in a degenerate star, when all
the electrons are, in effect, wedged together as tightly as possible. The
density he came up with was about ten times greater than the density of
known white dwarfs, so at first sight this didn’t look too worrying. But
almost immediately Wilhelm Anderson, of Tartu University in Estonia,
pointed out that under the extreme conditions described by Stoner the
electrons inside such a star would have to bash against one another so
hard, in order to hold up the star against the inward tug of gravity, that
they would have to be moving at close to the speed of light, even though
they would each only move a short distance before colliding with a nu-
cleus, rebounding, and colliding again in a never-ending dance like the
ball in some frantic cosmic pinball machine. If such high speeds are
involved, the equation of state has to take account of the effects predicted
by the special theory of relativity, and in particular of the way the mass of
each electron will increase as it goes faster. This meant that the maximum
possible density for a white dwarf could not be very much greater than that
of Sirius B, after all. Taking up this point, Stoner came back into the fray,
developing what became known as the Stoner-Anderson equation of state,
and showing in 1930 that when a more accurate account was taken of
relativistic effects even quantum effects could not stabilize any degenerate
star with a mass of more than 1.7 times that of our Sun. But he commented
only that all known white dwarfs did indeed have masses below this limit,
and did not speculate on what might happen to stars with more mass, once
they had run out of nuclear fuel.

In fact, the limiting mass worked out by Stoner was only approximate.
He had not put all of the astrophysical details into his calculation; for
example, he had treated the ‘‘star’’ in his equations as if it had the same
density all the way through, instead of being more dense in its heart. The
person who put this kind of calculation on a more accurate basis, and who
correctly worked out that the actual limiting mass for a white dwarf star
made of helium is a little more than 1.4 solar masses, was a remarkable
Indian scientist. He made the calculation, completely unaware of the work
by Stoner and Anderson, to pass the time while traveling by boat from
India to England to carry out research as a student in Cambridge. And he
was only nineteen years old at the time.

Subrahmanyan Chandrasekhar was born in Lahore (then part of British
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India, now in Pakistan) on October 19, 1910 (the year Russell, Pickering,
and Mrs. Fleming accidentally became the first three people to learn of the
existence of white dwarf stars), and probably ranks with Eddington as one
of the two great astrophysicists of the twentieth century. He received the
Nobel Prize in physics in 1983, and the citation for that award refers,
among other things, to the calculations he had made during that boat trip
in July 1930, more than half a century before. Ironically, however, Chan-
drasekhar’s studies of the structure of white dwarf stars brought him into
conflict with Eddington, who never accepted the implications. Indeed, he
opposed the idea of a mass limit for stable stars so strongly that, through
his influence as an éminence grise of the astronomical community, he may
have held back the investigation of black holes for a decade or more. This
is all the more curious since, as an expert on both the general theory of
relativity and on stellar structure, Eddington might seem, with hindsight,
to have been the ideal person to pick up on the notion. But by the time
Chandrasekhar arrived in Cambridge, Eddington was only a few months
short of his forty-eighth birthday. His greatest scientific achievements
were behind him, and he was set in his scientific habits, reluctant to
accommodate dramatic new ideas.* ‘

Chandrasekhar, however, virtually cut his teeth on new ideas. He was
a student in Madras just at the time when the new quantum theory was
being developed in Europe, and as well as reading textbooks such as
Eddington’s own The Internal Constitution of the Stars and Armold Som-
merfeld’s Atomic Structure and Spectral Lines he read the scientific papers
of quantum pioneers such as Niels Bohr, Werner Heisenberg, and Erwin
Schrodinger in the research journals in the college library. We know a
great deal about this period in Chandrasekhar’s life thanks to an interview
he gave in 1977, which is preserved in the Niels Bohr Library of the
American Institute of Physics. ‘‘I wasn’t taught quantum mechanics,’’ he
said in that interview. ‘‘I learned it from Sommerfeld’s Atomic Structure
and Spectral Lines.”’ Indeed, all the evidence is that even before he
graduated in 1930, Chandrasekhar knew more about physics than the
teachers at his college did. He actually published two research papers
while still an undergraduate, and on the strength of this work won a
scholarship to study in England. So his calculations on the trip over hardly
came out of the blue.

In Cambridge, Chandrasekhar officially came under the wing of Ralph

* None of this seems to have caused any bitterness in Chandrasekhar, however, who as a teenager
virtually hero-worshipped Eddington and who much later wrote a sympathetic biographical
memoir of him.
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Fowler, who was the supervisor for his doctoral studies (in fact, he was
almost completely ignored by Fowler, whom he saw only once in six
months, and worked largely on his own, this is not untypical of the way
Cambridge treated research students). Proudly, Chandrasekhar showed
Fowler the calculation that said that white dwarfs had to have masses less
than 1.4 times that of the Sun—but Fowler, in spite of his own earlier
work on degenerate stars, didn’t seem to think it was important. “‘I didn’t
understand at the time what this limit meant,”” Chandrasekhar recalled in
1977, ‘‘and I didn’t know how it would end. But it is very curious that
Fowler did not think the result very important.”” What Fowler missed is
the rather obvious point: that since a degenerate star could only be stable
if it had a mass less than 1.4 solar masses, then any more massive object
of this kind must do something very bizarre—like form a black hole.
Nevertheless, Chandrasekhar’s calculations were published, in 1931, in
the Astrophysical Journal—a nice touch, since he became the editor of
that journal in 1953 and ran it until 1971. And throughout the early 1930s
he persevered, with little encouragement, in his efforts to find out what the
white dwarf limit really meant.

You can get an accurate impression of how scientists responded to the
suggestion that there must be an upper mass limit for white dwarfs from
a comment made by the Soviet physicist Lev Landau, in a paper published
in 1932. Landau did not know about Chandrasekhar’s work, and worked
out the same limiting mass quite independently. He made one howler in
his paper—not being an astronomer, he failed to take proper account of
the role of ordinary gas pressure in holding up stars against gravitational
collapse as long as they have nuclear fuel to burn in their centers. But he
did work out the correct mass limit for degenerate stars and said that for
any star with more mass than this ‘‘there exists in the whole quantum
theory no cause preventing the system from collapsing to a point.”’* The
quantum theory was still less than ten years old at that time, and Landau
felt no qualms about what would have to give when push came to shove.
If quantum theory said that stars with more than about one and a half times
the mass of the Sun could not be held up even by the pressure of a
degenerate electron gas, quantum theory must be wrong: ‘“We must con-
clude that all stars heavier than 1.5 solar masses certainly possess regions
in which the laws of quantum mechanics . . . are violated.”

But Chandrasekhar was busily closing down loopholes in the calcula-

* Quoted by Wermner Isracl in 300 Years of Gravitation, edited by Stephen Hawking and Israel
(Cambridge, England: Cambridge University Press, 1987), p. 225,
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tion. He completed his Ph.D. studies in 1933, at the ripe old age of
twenty-two, and was elected as a Fellow of Trinity College. With the
confidence of his new status, Chandrasekhar worked during 1934 on a
presentation of his complete theory for white dwarf stars, which he gave
as a talk to the Royal Astronomical Society in London in January 1935.
Immediately after his talk, Eddington got up and said that Chandrasekhar’s
theory was complete rubbish. But his opposition to the idea of a limiting
mass was no more based on physics than Landau’s dismissal of his own
calculations. Like Landau, Eddington relied on common sense to tell him
where the laws of physics could or could not be applied. But in his own
presentation to that meeting of the Royal Astronomical Society, Edding-
ton came tantalizingly close to realizing that black holes with masses
comparable to that of the Sun must exist. He said:

Chandrasekhar, using the relativistic formula which has been ac-
cepted for the last five years, shows that a star of mass greater than
a certain limit M remains a perfect gas and can never cool down. The
star has to go on radiating and radiating, and contracting and con-
tracting, until, I suppose, it gets down to a few km radius, when
gravity becomes strong enough to hold in the radiation, and the star
can at last find peace.

Had he stopped there, Eddington would now be remembered as the father
of black-hole astrophysics. Alas, he had mentioned the possibility of
gravity distorting spacetime so much that it would trap light only to poke
fun at Chandrasekhar. Scarcely pausing for a breath, Eddington went on:

Dr. Chandrasekhar had got this result before, but he has rubbed it in
in his last paper; and, when discussing it with him, I felt driven to the
conclusion that this was almost a reductio ad absurdum of the rel-
ativistic degeneracy formula. Various accidents may intervene to
save the star, but I want more protection than that. I think there
should be a law of nature to prevent a star from behaving in this
absurd way!*

Eddington’s objections continued over the next few years, but he was
never able to find a law of nature that would save an overweight white
dwarf from collapse. Astrophysicists were left with only the possibility of

* QOriginally published in The Observatory, vol. 58, p. 37, 1935; quoted by Chandrasekhar in his
book Eddington (New York: Cambridge University Press, 1983), pp. 51-52.
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the ‘‘various accidents’’ Eddington referred to, which might make a mas-
sive star lose material as it aged, blowing it away into space so that
whatever mass it started out with it must end its life with less than what
became known as the Chandrasekhar limit. Even Chandrasekhar himself
speculated along these lines, and the option of such accidents conspiring
to get rid of the excess mass was still being taught as a viable possibility
in the early 1960s (indeed, it was an option presented in all seriousness by
my own lecturers when I was a student, as late as 1966). But this never
seemed a very plausible scenario—how, after all, could a star that started
out with, say, ten times as much mass as our Sun ‘‘know’’ just how much
gas it had to puff away into space during its lifetime in order to end its days
as a stable white dwarf? The only reason people ever took the idea even
half seriously was because they simply could not bring themselves to
accept the only alternative, that some stars really must end their days in an
ultimate gravitational collapse.

It took a long time for Chandrasekhar’s ideas about the structure of
white dwarf stars to be fully accepted, although his mass limit takes its
place in all the textbooks published after 1936. Looking back from 1977
to his dramatic run-in, as a young researcher in his twenties, with the
grand old man of astrophysics in the 1930s, Chandrasekhar said, “‘I am
astonished that I was never completely crushed.’”” But he was partly
crushed by the onslaught. He left Trinity College in 1936 to work at the
University of Chicago, and ‘‘finally, in 1938, I decided that there was no
good in my fighting all the time, claiming that I was right and that the
others were all wrong. I would write a book. I would state my views. And
then I would leave the subject.””

The book, An Introduction to the Study of Stellar Structure, was pub-
lished in 1939, and, like Eddington’s The Internal Constitution of the
Stars (published in 1926) it became a classic still used by students of
astrophysics today. True to his word, Chandrasekhar then turned his at-
tention to other problems, setting a pattern that persisted throughout his
working life. He would spend several years working in a particular area,
then write a comprehensive book on the subject before moving on to new
pastures. This career pattern led him, through the study of stellar dynam-
ics, stellar atmospheres, and other research topics, to major work on the
application of the general theory of relativity to astrophysics in the 1960s,
and to work on the mathematical theory of black holes in the 1970s and
1980s. The wheel had turned full circle, so that when Chandrasekhar
received the Nobel Prize for his work in relativity and black-hole inves-
tigations, it recognized both his latest work and the work with which he
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had made his name half a century before. After the mid-1930s, though,
the investigation of the physics of dense stars was left in other hands. It
turned out that the white dwarf limit was not, after all, quite the end of the
story of degenerate stars. There is one more stepping stone on which a
dead star can rest without suffering the fate, so scornfully dismissed by
Eddington, of ‘‘radiating and radiating, and contracting and contracting
until . . . gravity becomes strong enough to hold in the radiation.”’

THE ULTIMATE DENSITY OF MATTER

Although I have described the structure of an atom in terms of protons,
neutrons, and electrons, in 1930, when Chandrasekhar first worked out his
famous mass limit, nobody knew that neutrons existed. The only particles
known to physicists were the electrons, which each carry one unit of
negative electric charge, and the protons, which are much more massive
than electrons and each carry one unit of positive charge. Early descrip-
tions of the degenerate material of which white dwarfs are made referred
only to atomic nuclei and electrons, because it was not clear at that time
exactly what nuclei were made of. Things changed in February 1932,
when James Chadwick, working at the Cavendish Laboratory in Cam-
bridge, identified the neutron. This is a particle with almost the same mass
as the proton but with zero electric charge—the first electrically neutral
particle to be discovered. Once the neutron had been found, it was natural
that some physicists and astronomers should begin to speculate about the
possible existence of stars made entirely or partly of neutrons, and to
wonder whether, in the light of Chandrasekhar’s curious result, there was
any upper mass limit to the stability of such stars.

Probably the first physicist to make calculations along these lines was
Landau. In his original work on degenerate stars, he had talked of the
possibility that all stars might contain a core of degenerate nuclear mate-
rial, kept stable even for massive stars (in spite of what the rules of
quantum physics said) by some unknown means. Landau was nearing the
end of a visit to Bohr’s research institute in Copenhagen when news of
Chadwick’s discovery came through, and according to other researchers
who were present at the time he immediately began to talk about the
possibility of stellar cores made purely of neutrons. But he returned to the
Soviet Union later in 1932 and didn’t publish any of his ideas along these
lines until 1938. Meanwhile, though, news of Landau’s speculations had
been brought out of Russia and publicized by George Gamow, a Ukrainian
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astrophysicist who found Stalin’s regime uncongenial and fled to the West
in 1933.

The speculation that stellar cores might consist of dense masses of
neutrons was attractive to astrophysicists at the time, because even in the
mid-1930s they did not know how stars kept themselves hot inside. The
favored idea was that some form of nuclear-fusion reactions provided the
energy to keep stars like the Sun hot for billions of years; but since nobody
had worked out exactly which nuclear reactions might do the job under the
conditions of temperature and pressure at the heart of a star, the way was
still open for discussion of alternative ideas. The neutron-core idea sug-
gested that such a core at the heart of a star might grow very slowly as
successive layers of ordinary material around the core collapsed into the
ball of neutrons. This steady shrinking of the outer part of the star onto the
degenerate core would slowly release gravitational energy, which would
appear in the form of heat. In order to generate the amount of energy
radiated by the Sun in a billion years, Landau said, just 1 percent of the
material inside the Sun would have to collapse in this way.

There was even a suggestion as to how the collapse would occur. Soon
after the neutron was discovered, physicists found that a neutron left on its
own, not in an atomic nucleus, lasts, on average, only a few minutes. It
soon ‘‘decays,”’ spitting out an electron and turning into a proton. The
process is known as beta decay. The opposite process can also happen—a
fast-moving electron can penetrate a proton, combining with it to become
a neutron. This is known as inverse beta decay. What could be more
natural, thought Gamow, Landau, and a few others, than that, under the
conditions of high pressure and temperature in the core of a star, electrons
might be steadily forced to combine with protons to create neutrons,
adding to a growing ball of neutron stuff like a single huge atomic nucleus
at the star’s center?

The rug was pulled from under all such speculations, however, when
physicists identified, at the end of the 1930s, the set of nuclear reactions
that actually does convert hydrogen into helium inside a star like the Sun,
keeping it hot by nuclear fusion. The calculations fitted so beautifully with
observations of the properties of stars that no room was left for continued
speculation about growing neutron cores. And the last nail in the coffin of
Landau’s intriguing idea was hammered home by Gamow and one of his
colleagues, M. Schonberg, when they showed, in 1941, that ‘‘neutroni-
zation’’ of a stellar core, if it ever did begin to happen, would be an
all-or-nothing, runaway process in which the whole mass of the inner part
of the star would suddenly collapse inward into a ball of neutrons, releas-
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ing a vast amount of gravitational energy in one mighty explosion. That,
however, was good news for one other astronomer, who had suggested
seven years previously that neutron stars might be formed during the great
stellar explosions known as supernovas. In spite of the calculation by
Gamow and Schdnberg, though, it was to take more than thirty years for
the rest of the astronomical community to come round to his way of
thinking.

The man who was so far ahead of the pack was Fritz Zwicky, who was
born in Bulgaria (in 1898) but whose parents were Swiss, and who re-
mained a Swiss national throughout his life, even though he worked in
California from 1925 onward. Zwicky died in 1974, so he at least lived to
see his ideas about supernovas accepted, even if he did have to wait thirty
years for that satisfaction.

Supernova explosions are the biggest stellar explosions that occur in the
Universe today. Although they are rare, when they do occur a single star
releases so much energy that for a brief period it will shine as brightly as
a whole galaxy of stars like our Milky Way—even though a galaxy con-
tains typically a hundred billion ordinary stars. In 1934, in a paper that he
wrote with the German-born astronomer Walter Baade, who had immi-
grated to America in 1931, Zwicky pointed out that such an enormous
outburst of energy must involve the conversion of an appreciable fraction
of the dying star’s mass into pure energy, in line with the prediction of the
special theory of relativity that matter and energy are interconvertible. The
same year, Baade and Zwicky published another paper, mainly concerned
with the notion that particles known as cosmic rays, which arrive at Earth
from space, are produced in supernova explosions. At the end of that
paper, in a kind of afterthought that was chiefly Zwicky’s idea (and which
was really an afterthought related to their previous supernova paper), they
commented:

With all reserve we advance the view that a super-nova represents the
transition of an ordinary star into a neutron star, consisting mainly of
neutrons. Such a star may possess a very small radius and an ex-
tremely high density. . . . A neutron star would therefore represent
the most stable configuration of matter as such.*

This proposal, coming just two years after the discovery of the neutron,
was a much more daring leap of intuition than it may seem from the

* Quoted in Lang and Gingerich, Source Book, p. 469.
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perspective of the 1990s. After all, in 1934 astrophysicists had barely
come to terms with the idea of white dwarfs. But while a white dwarf is,
in terms of its radius, about one-hundredth the size of the Sun, a neutron
star is only one seven-hundredth of the size of a white dwarf! Such a star
would contain roughly as much matter as our Sun, but packed into a
sphere only about ten kilometers across. A white dwarf is about two
thousand times bigger than the Schwarzschild radius for the amount of
matter it contains—far enough removed from the prospect of becoming a
black hole to keep physicists reasonably happy about avoiding the pros-
pect of ultimate gravitational collapse. But if neutron stars exist, they are
only about three times bigger than their own Schwarzschild radii—far too
close for comfortable complacency (figure 16). A neutron star sits on the
very threshold of becoming a black hole. Indeed, if you really believed
that neutron stars existed, you might have to accept that black holes
existed, as well!

Small wonder that astrophysicists shied away from the prospect, pre-
ferring to believe, until well into the 1960s, that even an explosion as
violent as a supernova would leave behind nothing more compact than a
white dwarf. After all, white dwarfs were known to exist, but nobody had
even seen a neutron star. And wouldn’t a supernova explosion be just the
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Figure 16: Relative sizes of astronomical objects. In terms of its diameter, a red
giant is two hundred times bigger than the Sun. The Sun is one hundred times
bigger than a white dwarf; a white dwarf is seven hundred times bigger than a
neutron star; but a neutron star is only three times bigger than a black hole
(Earth is about the same size as a white dwarf). So when neutron stars were
discovered, many astronomers began to believe that black holes must also exist.
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thing for getting rid of excess mass and ensuring that the remnant left
behind weighed less than the Chandrasekhar limit? It was easy to think so
at the end of the 1930s. But before the study of such collapsed objects
went into hibernation for a quarter of a century, there was one last flurry
of theoretical activity. In the wake of Landau’s suggestion that all stars
might contain neutron cores, one team of American researchers looked
into the question of whether such cores, or even complete neutron stars,
could indeed be stable, and if there was a mass limit for them like the
Chandrasekhar limit for white dwarfs. The answer, to both, was yes.

INSIDE THE NEUTRON STAR

Robert Oppenheimer, who found those answers, is chiefly remembered
today for his work on the Manhattan Project, which led to the develop-
ment of the atom bomb during World War II—from 1943 to 1945 he was
the director of the Los Alamos Laboratories, in New Mexico, and headed
the atom-bomb team. But this formidable scientist had already made his
mark in science before any of this happened.

Born in New York in 1904, Oppenheimer was a sober, serious child,
always top of his class in school. He went to Harvard at the age of
eighteen, and graduated summa cum laude in 1925, having completed a
four-year course in just three years. He moved on to study in Europe with
the pioneers of the new theory of quantum physics, first in Cambridge and
then in Gottingen, where he obtained his Ph.D. in 1927. Back in the
United States, in 1929 Oppenheimer was appointed to a joint post as
assistant professor in both the California Institute of Technology and the
University of California at Berkeley. Commuting between the two cam-
puses, he satisfied the demands of this dual role so well that he was
promoted to associate professor in 1931, and full professor in 1936.

With his recent experience in Europe, Oppenheimer knew more about
quantum physics than just about anybody on the West Coast. But he was
a hopeless teacher, who raced through his lectures, mumbled, and smoked
almost nonstop—the story is that students, watching but not comprehend-
ing the display as Oppenheimer chalked equations on the board with one
hand and held a cigarette in the other, would place bets on whether he
would try to write with the cigarette, or smoke the chalk. Apparently he
never did, though; what he did do was to learn from the comments of the
students where he was letting them down. He slowed down his classroom
presentations, made them more clear, and spent a lot of time out of class
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with his graduate students, becoming one of the best teachers of physics
on either campus in the 1930s. His interests spread widely across the new
developments in physics, so it was natural that he should be intrigued by
the idea of neutron cores and should enlist some of those graduate students
to work with him on an investigation of their behavior.

Gamow had published some speculations based on Landau’s idea in
1937, and Landau’s own thoughts about neutron cores appeared in print in
1938. Landau’s hope that slow collapse of a star onto a neutron core might
release energy and let the star shine brightly for a long time would stand
up, of course, only if neutron cores themselves could stand up against the
inward tug of gravity. Landau estimated that such a neutron core could be
stable if it had a mass less than about 5 percent of the mass of the Sun, but
his calculation was very simplistic, and among other things, did not take
account of the effects of neutrons themselves reaching pressures where
they would behave as a degenerate relativistic gas. In 1938, Oppenheimer
and his student Robert Serber pointed out a flaw in Landau’s own calcu-
lation, which when carried through more accurately led to a mass estimate
as high as 30 percent of a solar mass; but that quick response to Landau’s
paper still did not take account of neutron degeneracy. When Oppenhei-
mer and another student, George Volkoff, tackled this aspect of the puz-
zle, and also included an allowance for the distortion of spacetime
produced by gravity at the enormous densities inside neutron stars, they
concluded (in a paper published early in 1939) that stable neutron stars (or
cores) could exist only if they had masses in the range from 10 to 70
percent of the mass of our Sun, corresponding to densities in the range
from one hundred thousand billion grams per cubic centimeter to ten
million billion grams per cubic centimeter. For masses greater than the
‘‘Oppenheimer-Volkoff limit,”’ there was no way to hold up a star even by
enlisting the aid of relativistically degenerate neutrons, and they wrote
that ‘‘the star will continue to contract indefinitely, never reaching
equilibrium.”’*

Like Eddington, Oppenheimer found such a prospect unpalatable. ‘‘One
would hope,”’ the paper with Volkoff continued, that there might be
solutions to the equations ‘‘for which the rate of contraction, and in
general time variation, become slower and slower, so that these solutions
might be regarded, not as equilibrium solutions, but as quasi-static.”’ That
is, Oppenheimer’s way out of the dilemma of ultimate gravitational col-
lapse was the prospect that the distortion of spacetime caused by the

* Physical Review, vol. 55, pp. 374-81.
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gravity of the collapsing star would make time run so slowly that for
someone in the Universe outside the collapse would seem to take forever.
If it takes an infinite time for a star to collapse to a point of infinite density,
we don’t have to worry about the possibility that such infinitely collapsed
objects might be discovered in the real Universe.

Since 1939, although the equation of state for degenerate neutron ma-
terial has been improved slightly, the basic conclusions reached by Op-
penheimer and Volkoff still hold. Today, the best estimate is that a stable
neutron star can exist only if it has a mass of more than 10 percent of the
mass of the Sun,* and certainly less than three times the mass of the Sun
(possibly only if the mass is less than twice that of the Sun). This corre-
sponds to stars with radii between about 9 and 160 kilometers (at the
outside—it is likely that no neutron star has a radius bigger than 100
kilometers). There is one last adjustment to the equation of state that has
not yet been fully worked out and is still a contentious issue. It is now
thought that neutrons themselves are composed of particles known as
quarks, and this raises the possibility that in the center of a neutron star
these quarks may roam freely in a (relativistically degenerate) fluid form
known as ‘‘quark soup.’’ But since quarks are, in everyday terms, already
‘“‘touching’’ each other inside a neutron, this possibility does not allow for
densities much greater than those of ‘‘ordinary’’ degenerate neutron ma-
terial. Even allowing for the presence of quarks, it is still a reliable rule of
thumb to say that no stable neutron star can exist with a mass greater than
three solar masses.

BEYOND THE NEUTRON STAR

Unlike Eddington contemplating the fate of massive white dwarfs, or
Landau thinking about neutron cores, Oppenheimer was not prepared to
leave it to unknown laws of nature and new forces to stabilize neutron
stars heavier than the Oppenheimer-Volkoff limit. And when he found
that the rigorous application of general relativity to the problem left no
loophole preventing the collapse, he accepted what the equations of the
general theory had to say. In July 1939, working now with yet another of

* Although a lighter ball of material might be squeezed into the neutron state in a stellar
explosion, it would be too light to maintain the pressure needed for neutron degeneracy by its own
gravity. Once the explosion had faded away, many of the neutrons would turn into protons by
beta decay, releasing electrons, and the ball of star stuff would simply become a small white
dwarf.
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his students, a mathematical whiz by the name of Hartland Snyder, Op-
penheimer completed a paper that went beyond the investigation of stable
neutron stars and looked at the way in which gravity would indeed distort
spacetime around a collapsing star, taking on board the Schwarzschild
solution to Einstein’s equations. This paper, published in the Physical
Review in September 1939,* is regarded as the first modern description of
the astrophysics of black holes. It was also to be the last such paper for
two decades, but as Werner Israel has commented in his contribution to
the book 300 Years of Gravitation, its scope was ‘‘breathtaking.”’ It used
in the discussion several concepts that will become familiar friends later in
the present book, using language which is exactly the same as the termi-
nology used by relativists today. There is still no more concise, clear way
of expressing our understanding of the ultimate fate of a massive star than
the outline provided by Oppenheimer and Snyder in the abstract of their

paper:

When all the thermonuclear sources of energy are exhausted, a suf-
ficiently heavy star will collapse. Unless fission due to rotation, the
radiation of mass, or the blowing off of mass by radiation, reduce the
star’s mass to the order of that of the sun, this contraction will
continue indefinitely . . . the radius of the star approaches asymp-
totically its gravitational radius; light from the star is progressively
reddened. . . . The total time of collapse for an observer co-moving
with the stellar matter is finite, and . . . of the order of a day; an
external observer sees the star asymptotically shrinking to its grav-
itational radius.

There are three key concepts contained in those few words. The first is
that, indeed, from the point of view of an observer outside the star, and
not involved in the collapse, it does take forever for the star to shrink
within its gravitational radius (this is another name for the Schwarzschild
radius). This is what the term asymptotically means in this context. The
second point is the reddening of light referred to by Hartland and Snyder.
This is an effect predicted by the general theory of relativity. Gravity, in
effect, stretches the wavelength of light that escapes from the vicinity of
any massive object. In the visible spectrum—the rainbow of colors—blue
and violet light has the shortest wavelength, and red light has the longest
wavelength. So if you start out with blue light, the gravitational stretching
will make the light more red. The process is known as the gravitational red-

* Vol. 56, pp. 455-59.
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shift, and it has a noticeable effect only on waves of light coming from an
object with a strong gravitational pull. Indeed, the effect can just be mea-
sured in the light from Sirius B and other white dwarfs, which was one of
the clinching pieces of evidence that they really are very dense stars.

This gravitational redshift is produced in quite a different way from the
redshift in the light from distant galaxies, which is caused by the expan-
sion of the Universe. In the time it takes this light to cross space to us,
space itself expands, so that the light gets stretched on its journey. This
cosmological redshift is one of the key pieces of evidence that the whole
Universe is expanding, and that therefore it was born in a big bang thou-
sands of millions of years ago. Because the size of the cosmological
redshift in the light from a distant galaxy is proportional to the distance to
that galaxy, it provides astronomers with a direct measure of the distances
to other galaxies. But it has nothing to do with the gravitational redshift.

Another way of thinking of the gravitational redshift is in terms of
energy. Blue light is more energetic than red light, and the redshift cor-
responds to the energy lost by the light in climbing away from the under-
lying star. Although light always travels at the same speed, it still uses up
energy in escaping from the gravitational pull, and this shows up as the
redshift. For very massive, compact stars, the redshift will be so great that
energy that starts out in the form of visible light will be weakened not just
into red light but beyond the visible spectrum into the form of infrared
radiation, or even longer wavelength radio waves. This is what Oppen-
heimer and Snyder meant by saying that it is ‘‘progressively reddened.”
For radiation escaping from a collapsing star, there will come a point, as
the star shrinks and the intensity of the gravitational grip at its surface
increases, when all of the energy of the original light is used up before it
can escape. The redshift has become infinite, so the light ‘‘wave’’ no
longer waves at all but has faded away to nothing. Light can no longer
escape from the star, which has become a black hole. This happens pre-
cisely at the time when the escape velocity from the collapsing star reaches
the speed of light, as the inward falling surface of the star crosses its
Schwarzschild radius—which is why the gravitational (or Schwarzschild)
radius of a black hole calculated in accordance with the rules of relativity
is exactly the same as the radius of a black hole calculated using the
Newtonian ideas about gravity and light. But in the picture we get from
general relativity, even the very last, highly redshifted photon struggling
out of the gravitational grip of the black hole still travels at the speed of
light, 300,000 kps.

It is the final point mentioned in the abstract of the paper, though, that
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contains the most significant new revelation. A ‘‘co-moving’’ observer is
one who falls into the black hole along with the collapsing star stuff—
someone sitting on the surface of the original star, if you like. And
Oppenheimer and Snyder showed that, even though the collapse of the star
takes forever to an observer in the outside Universe, for such a co-moving
observer it is all over in a few hours. From the point of view of the star
itself, the collapse into a black hole does not take forever. Although it was
not at all clear from the paper by Oppenheimer and Snyder how these
seemingly incompatible views of what was going on might be reconciled,
this, as we shall see, is the key to the possibility of using black holes as
shortcuts through space and time.

All that, though, was undreamed of in September 1939. Several months
earlier, the problem of how stars maintain their internal fires by nuclear
fusion had been solved, removing the basis for speculations about neutron
cores inside stars; in the same month the paper by Oppenheimer and
Snyder appeared, Britain and France declared war on Germany, and sci-
entific efforts, first in Europe and then also in the United States, were
diverted into other channels. In 1940, Volkoff left California to work at
Princeton, and Snyder took up a post at Northwestern University in Illi-
nois. In 1942, Oppenheimer himself was given the task of choosing a site
for and setting up a laboratory to carry out the research that was to lead to
the development of the atom bomb; work started at the Los Alamos
Laboratory the following year. None of the three pioneers (four including
Serber) ever returned to research into the nature of neutron stars and black
holes. Which is no real surprise, since by the time the war ended nobody
except Zwicky believed that neutron stars even existed, and nobody at all
believed that black holes existed. Although a few mathematicians took up
the puzzle of black holes once again in the late 1950s, it was a full twenty
years after the end of World War II that the astronomical world was
startled by the revelation that neutron stars really do exist, and by the
realization that if something only three times bigger than a black hole
could exist, then so might black holes themselves.

PUZZLING PULSARS

Although the revival of interest in collapsed stars began with a chance
discovery made in 1967, that discovery had its roots in a scientific devel-
opment carried out during World War II by scientists who had been
diverted from more abstract research. That development was radar. Before
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the war, astronomers only had observations of the Universe made at
visible wavelengths, using optical telescopes. Although the fact that radio
waves from space could be detected on Earth had been noticed in the
1930s (by Karl Jansky, working at the Bell Laboratories in New Jersey),
there was no time for radio astronomy to develop properly before the war
broke out. During the war, radar systems along the coast of the English
Channel suffered from interference that was identified as radio noise com-
ing from the Sun, and this fanned the interest of scientists involved in
radar work; after the war, in many cases initially using war-surplus radar
equipment, some scientists began to probe the Universe at wavelengths
longer than those of visible light, in the radio part of the electromagnetic
spectrum. This new window on the Universe transformed astronomy in
the 1950s, just as our view of the Universe was transformed repeatedly in
the following decades when instruments were lifted above the atmosphere
on rockets and satellites to probe the Universe at wavelengths shorter than
those of visible light.

Rockets and satellites utilizing short-wavelength radiation—ultraviolet
light, X rays, and gamma rays—are needed to probe the Universe because
these wavelengths cannot penetrate Earth’s atmosphere. But radio waves,
like light itself, can get through to the ground. And radio astronomy has
one great advantage over optical astronomy. The bright blue light of the
sky that makes the stars invisible by day is actually blue light from the Sun
that has been bounced around Earth’s atmosphere (‘‘scattered’’) by tiny
particles in the air, so that it comes at us from all directions. Red light,
with longer wavelengths, is not scattered anywhere near so much, which
is why sunsets are red. This kind of scattering does not happen at radio
wavelengths, so, provided they are not pointed directly at the Sun, radio
telescopes are not dazzled in the way that our eyes, or photographic
equipment attached to telescopes, are dazzled during the day (and, in any
case, the Sun is nowhere near as bright at radio wavelengths as it is at
visible wavelengths). So radio astronomers can observe interesting objects
in the heavens twenty-four hours a day and don’t have to shut down when
the Sun is above the horizon.

In fact, the Sun does influence radio waves coming to us from space.
But astronomers are cunning enough to make use of this ‘‘interference’’
with the signals they receive to find out more about the objects in space
that emit the radio waves. There is a constant stream of material escaping
from the surface of the Sun and blowing out into space and across the
Solar System. This is a very tenuous cloud of gas known as the solar wind.
The atoms in this wind are not electrically neutral because even at the
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surface of the Sun conditions are sufficiently energetic to remove electrons
from the outside of the atoms—the solar wind is, in fact, an electrically
charged plasma, although very much more tenuous than the hot plasma
that exists inside a star like the Sun. The density of this plasma varies, as
clouds of material move out from the Sun, and one effect of this is to make
radio waves passing through the plasma vary slightly in strength—they
“‘twinkle,’” or scintillate, in just the way that variations in the atmosphere
of Earth make starlight twinkle.

But stars are affected in this way only because their images are very
small-—just points of light. (Planets, which show up as tiny disks in the
sky, do not twinkle because the tiny fluctuations are averaged out over the
visible disk.) Of course, stars are really bigger than planets; they only look
like points of light, instead of disks, because they are so far away. The
same rule applies to radio sources affected by the solar wind—but the rule
provides extra information about radio sources because, unlike stars, some
of them are so large they do show up as extended features on the sky, not
just as points. Especially in the early days of radio astronomy (less so
today), it was difficult to get a precise ‘‘picture’’ of a radio source, a
detailed map equivalent to a photograph of a star, so it was not always
obvious whether the noise was coming from a point source or an extended
one. Ones that twinkle, however, are definitely point sources; ones that do
not twinkle are extended objects. And one inference is that twinkling radio
sources must be a very long way away.

The twinkling rule works both ways. The fact that distant radio sources
twinkle also reveals information about the nature of the solar wind, and it
was this line of attack that led a young radio astronomer named Anthony
Hewish to begin investigating such scintillating radio sources, as they are
known, at the new radio astronomy observatory in Cambridge in the
1950s. Hewish studied in Cambridge in the early 1940s and was one of a
handful of wartime physicists plucked from university life to work on
radar, at the Telecommunications Research Establishment in Malvern,
Worcestershire. From using scintillations as a probe of the solar wind in
the 1950s, he moved on to using scintillations as a probe of the nature of
radio sources, with a government grant of just £17,000 to build a new
radio telescope. The pioneering radio astronomer Sir Bernard Lovell has
described this award of funds as “‘one of the most cost-effective in sci-
entific history.”” It was with this new telescope that one of Hewish’s
research students, Jocelyn Bell, discovered the first pulsar in 1967.

Bell (now Jocelyn Burnell) graduated from the University of Glasgow
in 1965 and during the next two years she started her Ph.D. studies in
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Cambridge, working on the construction of Hewish’s new telescope
(which bore little resemblance to the kind of bowl-shaped antennas the
term radio telescope immediately conjures up in the minds of most peo-
ple). You need a special kind of telescope to observe scintillation of radio
sources because it has to be able to respond to very rapid fluctuations in
the strength of the radio noise coming from space. Your eyes, for exam-
ple, can see stars twinkling because they react very quickly to changes in
starlight, in ‘‘real time,”” to use the computer jargon; but a photographic
plate, exposed for several minutes (or several hours) will show an image
built up over all that time (‘‘integrated’’ for all that time). A photograph
will show fainter stars than you can ever see with your unaided eyes, but
it will never reveal twinkling. In the same way, a radio telescope that
integrates the signal from a distant object for a long time might be useful
in locating the object, but it will never reveal scintillation. The new
scintillation telescope designed by Hewish would operate in real time,
with a very rapid response to fluctuating signals.

It was more like an orchard than the everyday image of a telescope. A
field covering four and a half acres was filled with an array of 2,048
regularly spaced dipole antennas. Each dipole (a long rod aerial) was
mounted horizontally on an upright so that it was a couple of meters above
the ground, making a letter T with a wide crossbar. The length of the
crossbar was chosen to fit the wavelength of radio noise that Hewish was
interested in observing. (And, in fact, the crossbar was slightly below the
top of its supporting pole; mixing the analogy, each of the dipoles,
mounted across its support, looked like the crossed yard of a square-rigged
sailing ship, slung across its mast.) All of these antennas had to be wired
correctly so that any radio noise that they picked up would be combined
into one signal, which was fed into a receiver where the fluctnating signals
were recorded automatically in pen and ink as wiggly lines on a long strip
of paper continuously unrolling from a chart recorder. By varying the way
the inputs from each of the 2,048 antennas were added together, this
system made it possible to sweep a strip of the sky running north and
south, and directly overhead at Cambridge. But in order to do this, the
wiring had to be just right. This tedious wiring task was obviously just the
job for a research student.

The aim of the project was to identify very distant radio sources, known
as quasars, by their scintillation. By the summer of 1967 (almost exactly
the same time that I arrived in Cambridge to begin my own Ph.D. studies,
at the then-new Institute of Theoretical Astronomy), the new telescope
was up and running and revealing scintillating radio sources, as intended.
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You can’t “‘steer’’ a field full of antennas the way you can move a dish
antenna around to look at different parts of the sky, but with a system like
the one now being used by Bell for her real doctoral work you let the
rotation of Earth sweep everything around so that you cover the whole sky
once every twenty-four hours. Because the scintillation is caused by the
solar wind, it is strongest when the Sun is high in the sky. But the
Cambridge team left their system switched on permanently—having built
it, it cost very little to run, and you never know when you might find
something interesting and unexpected.

On August 6, 1967, that is exactly what happened. Each sweep around
the sky produced a strip of chart thirty meters long, adorned with three
wiggly lines from the pen recorders. As the telescope swept around the
sky, any particular source would be *‘visible”’ to it for just three or four
minutes, at a time when it was directly overhead. Bell’s job was to
examine kilometers of chart to find anything that looked interesting in the
wiggles. When she studied the chart for August 6, she found a tiny
fluctuation, about one centimeter long, corresponding to a faint source of
radio noise observed by the telescope in the middle of the night, when it
was pointing in the opposite direction from the Sun. It couldn’t be scin-
tillation; most likely, it was interference from some human activity. Bell
marked what she called the bit of ‘‘scruff’’ on the chart and ignored it.

But the scruff kept coming back—almost, but not quite, at the same
time every night. In September, Bell had enough information to show that
the scruff was coming from the same part of the sky, reappearing at
intervals not twenty-four hours apart, but twenty-three hours and fifty-six
minutes long. This was an important clue, since, because of the motion of
the Earth in its orbit around the Sun, the apparent passage of the stars
overhead does indeed repeat every twenty-three hours and fifty-six min-
utes, not every twenty-hour hours. (Any man-made, earthbound source of
interference might very well repeat every twenty-four hours, like clock-
work. But only a genuine astronomical source would be likely to fit into
the twenty-three hours and fifty-six minutes pattern.) Just when Bell and
Hewish had decided they had found something interesting, and set up a
high-speed recorder to monitor the fluctuations of the scruff, it faded from
view for a few weeks. But in November it was back-—and the new re-
corder showed that the scruff was actually a radio source fluctuating
regularly with a period of 1.3 seconds.

This was such a surprise that, in spite of the fact that the source stayed
in the same place among the fixed stars, Hewish dismissed it, once again,
as interference from a human source of radio noise. Nobody had ever seen
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an astronomical object vary that rapidly—the most rapidly varying stars
known in 1967 fluctuated with periods of about eight hours. But continu-
ing observations gradually ruled out any possibility of human interference
and showed that the pulses themselves were extraordinarily precise, re-
curring every 1.33730113 seconds exactly, and each lasting for just 0.016
seconds.

Together, these measurements showed that the source of the pulses
must be very small. Because light travels at a finite speed, and nothing can
travel faster, fluctuations in signals from any source can keep in step with
one another only if the source is small enough so that a light ray can travel
right across it during the interval between pulses. It works like this. If a
star like the Sun is so far away that we can only see it as a point of light,
the brightness of the star, as we see it, depends on the brightness of
different patches of the surface of the star added together. You can imag-
ine that the northern hemisphere of the star might get 10 percent brighter
while the southern hemisphere got 10 percent dimmer, and the result
would be that we saw no change in the total brightness of the star. We
would see the brightness fluctuate only if the whole star got dimmer and
brightened in step. And that can take place only if the variations happen
slowly enough that there is time for some sort of message to get from the
north pole to the south pole, saying, in effect, *‘I’'m about to start getting
brighter, so you’d better do so as well.”” The ‘‘message’’ might be a
regular variation in pressure, or a repeated change in the way convection
is carrying energy outward from inside the star; the point is that whatever
the physical cause of the variation, its influence can only spread at the
speed of light, or less, so the whole star can respond in step to a distur-
bance only if it is small enough for the appropriate message to reach every
part of it before the message changes. Otherwise, some parts will be
getting brighter and others dimmer, in a confused mess of variations. A
precise pulse 0.016 seconds long, repeating precisely every 1.33730113
seconds, could only come from something very small indeed—about the
size of a planet, or less.

Hewish and his team had to face the very real possibility, as of No-
vember 1967, that what they had detected was indeed a signal coming
from a planet—a beacon radiated by another intelligent civilization.
Tongues only slightly in their cheeks, they speculated among themselves
that they might have made contact with little green men, and dubbed the
source “LGM 1.”” And Hewish decided to keep the lid on news of the
discovery until they had carried out more observations. It was just as well
that he did.
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Working with another research group in Cambridge at that time, I
knew, as did all the astronomers, that the radio people at the Cavendish
were up to something. But just what it was, nobody could prize out of
them. Well, we thought, no doubt they would tell us in their own good
time. I wasn’t really very interested, anyway; I was too deeply embroiled
in the first real task that I had been set as a research student, developing
a computer program that would describe the way stars oscillate, or vibrate.
At the end of 1967, this seemed about as useful as spending your days
wiring a field full of antennas, and I still had no clear idea of how I might
turn this work into anything useful enough to earn my Ph.D. By the end
of February 1968, however, everything had changed.

Just before Christmas, Bell found another piece of scruff, coming from
another part of the sky. This one turned out to be a similar source, pulsing
with comparable precision to LGM 1, but with a period of 1.27379 sec-
onds; soon, there were two more to add to the list, with periods of 1.1880
seconds and 0.253071 seconds, respectively. The more sources were dis-
covered, the less likely the little-green-men explanation seemed. And, in
any case, careful observations of the first of these objects had shown, by
the beginning of 1968, no trace of the variations you would expect if
they were actually coming from a planet in orbit around a star. They
must, after all, be natural. The LGM tag was quietly dropped, and Hew-
ish decided it would be safe to go public—first with a seminar in Cam-
bridge, to let the rest of the astronomers there in on the act, and then,
almost immediately, with a paper in Nature* announcing the discovery
to the world.

The radio astronomers had indeed discovered a new kind of rapidly
varying radio source. The title of the discovery paper was ‘‘Observation
of a Rapidly Pulsating Radio Source,’’ and the term pulsating radio source
soon gave rise to the name pulsar, which stuck. But what were these
pulsars that Bell had discovered?

ZWICKY WAS RIGHT: NEUTRON STARS
REVEALED

With the announcement of the discovery of pulsars, all hell broke loose
among the theorists. A whole new kind of previously unsuspected astro-
nomical objects had been discovered, and somebody was going to make a
name by finding an explanation for the phenomenon. In the discovery

* The issue dated February 24, 1968,
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paper, Hewish, Bell, and their colleagues pointed toward what seemed the
obvious possibilities. If the radio pulses were being produced by a natural
process, not by an alien civilization, they had to be coming from a com-
pact star. Nothing else could supply the energy required to power the
pulses. A star the size of a planet like Earth had to be a white dwarf, of
course; anything smaller (also allowed by the rapid pulsations) would
have to be a neutron star. Many stars were known to oscillate, or vibrate,
breathing in and out as a result of regular variations in the processes
producing energy inside them, and varying in brightness as a result. Maybe
this could also happen in compact radio stars. ‘‘The extreme rapidity of
the pulses,’” said the Cambridge team, ‘‘suggests an origin in terms of the
pulsation of an entire star.”’* And they pointed out that the rapid speed of
the fluctuation meant that the star doing the pulsating had to be either a
white dwarf or a neutron star. There was one snag. Although calculations
of the pulsation periods of white dwarfs had been carried out by theorists
in 1966, the basic periods they came up with were no lower than eight
seconds, a little too big to explain the pulsars. On the other hand, even a
simple calculation showed that neutron stars would vibrate with periods
much shorter than those of the first pulsars discovered, around a few
thousandths of a second. White dwarfs looked the better bet, if some way
could be found to allow them to vibrate a little more rapidly than the
earlier calculations had suggested.

By February 1968, my computer model of stellar pulsations was work-
ing pretty well. It would be straightforward to modify it to describe vi-
brating white dwarfs. What’s more, the first calculations of white-dwarf
vibrations had used an equation of state that did not fully incorporate an
allowance for the effects of general relativity. My Ph.D. supervisor, John
Faulkner, pointed out that using a proper relativistic equation of state
ought to allow the stars to vibrate faster. But how much faster could only
be determined by carrying the calculations through in the computer. To-
gether, we adapted the computer program to the task (using, among other
things, a relativistic structure equation developed by Chandrasekhar in
1964), and found that, indeed, we could get our model white dwarf stars
vibrating with periods as short as 1.5 seconds.t Our results were pub-
lished in Nature in May 1968; when further calculations showed that by

* Nature (1968), vol. 217, p. 709.

T I was able to do this not so much because of any outstanding ability at astrophysics but because
the Institute of Astronomy had one of the best scientific computers then available, a brand new
IBM 360/44. But it is amusing to put the power of that machine in perspective. At that time, the
memory of this super computer was just 128K—less than one quarter of that of the Zenith
SuperSport I am using to write this book, which is itself rather elderly by the standards of the
carly 1990s.
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allowing for the effects of rotation, white dwarfs might vibrate as rapidly
as ten times a second, it seemed for a few heady weeks that I had been
involved in a major discovery. In fact, as more observations of more
pulsars were made by radio astronomers around the world (a couple of
dozen by the end of 1968; scores more by now), and as I pushed ‘‘my’’
rotating white-dwarf models to the limit, it became clear that what I had
actually done was to prove that pulsars could not possibly be white dwarfs,
after all.

The problem was that the fastest vibration period I could obtain, using
unrealistic amounts of rotation, was still greater than the periods of some
of the new pulsars being discovered. One discovery was particularly sig-
nificant. It was made by astronomers using the 300-foot dish antenna at
Green Bank, West Virginia—just about any kind of radio telescope can
observe pulsars, once you know what to look for. They found a pulsar
flicking on and off thirty times a second, near the center of a glowing
cloud of gas known as the Crab Nebula.

The high speed of the Crab pulsar, as it became known, was already
enough to put the white-dwarf model in trouble (and even faster pulsars
have been found since). Its location, however, was even more significant
than its speed.

The Crab Nebula is actually the debris from a supernova explosion—
one that was observed from Earth by Chinese astronomers in A.D. 1054.
Walter Baade, Zwicky’s old colleague, had pointed out, years before, that
if Zwicky was right and supernova explosions left neutron stars behind,
the best place to look for a neutron star would be in the middle of the Crab
Nebula. He had even identified a particular star in the Crab Nebula that he
said might be the neutron star left behind by the explosion. Until 1968,
almost everybody (except Zwicky) thought he was wrong—although, as
the fact that neutron stars were even mentioned by Hewish’s team in the
pulsar discovery paper shows, by the mid-1960s a few theorists were
dabbling with calculations of the structure and behavior of such objects.
But the radio observations showed that the Crab pulsar seemed to be in the
same place as the star Baade was so interested in. Further studies showed
that this star was actually flicking on and off, in visible light, thirty times
a second—something nobody could have conceived as being possible just
a few months before. A star that flickered so rapidly was beyond the
wildest imaginings of the most daring theorist. Yet it did. It was indeed
the pulsar, energetic enough to be detected as visible light, not just with
lower energy radio waves.

By the time those observations were made, at the Steward Observatory
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Figure 17: A pulsar is a fast-spinning neutron star with a strong magnetic field.
Radiation is squeezed out from the magnetic poles, and as the beam rotates it
flashes like the beam from a lighthouse.

on Kitt Peak, Arizona, in January 1969, everyone was convinced that
pulsars are indeed neutron stars. And it had also become clear that, in spite
of their name, they are not pulsating but rotating, beaming radio waves
(and in some cases light) out through space from active sites on their
surface at the magnetic poles of the neutron star. The pulses produced by
a pulsar are the equivalent of a celestial lighthouse (but natural, not the
product of an alien civilization), flicking its beam past Earth repeatedly as
the underlying star rotates (figure 17). There is now an overwhelming
weight of evidence that this is indeed the case, and that pulsars are neutron
stars spinning so fast that in many cases a spot on the equator of such a star
is being whirled around at a sizable fraction of the speed of light.

As I recall, the notion that rotating neutron stars might fit the pulsar bill
was very much in the air around Cambridge in the spring of 1968, and was
the subject (along with other more or less wild ideas to explain pulsars) of
considerable coffee-time debate. But the person who put the idea down on
paper, and published it in Nature in the early summer of that year,* was

* Vol. 218, p. 731.
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Tommy Gold, and he thereby gained fame as the man who worked out the
true nature of pulsars. In fact, not long before the announcement of the
discovery of pulsars (and after Bell had first noticed the bit of scruff on her
charts) Franco Pacini had published a paper in Nature, late in 1967,* in
which he pointed out that if an ordinary star did collapse to form a neutron
star, the collapse would make it spin faster (like a spinning ice skater
drawing in her arms) and strengthen the star’s magnetic field, as it was
squeezed, along with the matter, into a smaller volume. Such a rotating
magnetic dipole, said Pacini, would pour out electromagnetic radiation,
and this could explain details of the way the central part of the Crab
Nebula still seems to be being pushed outward, nearly a thousand years
after those Chinese astronomers saw the supernova explode. It may seem
a little unfair that Gold to some extent stole Pacini’s thunder by linking the
rotating-neutron-star idea with pulsars; however, it’s worth mentioning
that similar ideas about the source of energy in the Crab Nebula had been
aired by Soviet researchers a couple of years previously, and that as far
back as 1951 Gold had speculated, at a conference held at University
College, London, that intense radio noise might be generated in the neigh-
borhood of collapsed, dense stars. Maybe justice was done in a round-
about way after all. One key feature of the application of these ideas to
pulsars, predicted by Gold in his 1968 paper, was that rotating neutron
stars ought to slow down slightly, spinning less fast as time passes;
when measurements carried out by a team using the thousand-foot dish
antenna built into a natural valley in Arecibo, Puerto Rico, found that
the pulse rate from the Crab pulsar was indeed slowing down, by about
a millionth of a second per month, ‘‘Gold’s model’’ could no longer be
doubted.

Jocelyn Bell got her Ph.D. (and Hewish later received a Nobel Prize)
chiefly for discovering pulsars; I got my Ph.D. partly for proving that
pulsars could not possibly be pulsating white dwarf stars.t At the time,
this seemed a distinctly unglamorous, negative thing to have done. But
with hindsight, it seems much more worthwhile than I appreciated at the
time. For if pulsars were nor white dwarfs that meant that they must be
neutron stars, whether vibrating or rotating. I lacked the knowledge, at the
time, to appreciate the significance of this and to realize that the existence
of neutron stars made acceptance of the reality of black holes almost
inevitable. But it is no coincidence that the term black hole itself was first

* Vol. 216, pp. 567-68.
t In case you are wondering, nor can white dwarfs rotate fast enough to explain pulsars. They
would be torn apart by centrifugal force long before reaching such speeds.
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applied in this astronomical context in the same year that pulsars were
discovered. Over the decades that followed, black holes were invoked to
explain a variety of astronomical phenomena—including one that had
been puzzling the theorists since 1963.



CHAPTER 4

BLACKh HOLES ABOUND

Watery black holes that power the most energetic objects in the Universe. An
X-ray star that rings like a bell. The first known black hole—and a hundred
million more.

When radio astronomy got going in the 1950s, astronomers already had a
fairly clear idea of the nature of the Universe at large—an understanding
that stemmed directly from Einstein’s general theory of relativity. By
describing the structure of spacetime as a coherent whole, the general
theory actually provides a description of the entire Universe in terms of
curved spacetime. Before the 1920s, astronomers thought the Universe
consisted of the stars we can see in the night sky and associated material,
such as clouds of gas and dust in space—together making up the Milky
Way system. Although individual stars might be born and die in the Milky
Way, the whole system was perceived as eternal and unchanging, rather
like a great forest that remains much the same for thousands of years even
though individual trees within the forest live out their separate life cycles.
So it came as a great surprise to Einstein, in 1917, when he applied the
equations of the general theory to provide a description of the behavior of
the whole of spacetime and found that a static, unchanging universe could
not exist.

REDSHIFTS AND RELATIVITY

Such a mathematical description of the Universe (a ‘‘universe’’ with a
small ‘‘u’’) is also known as a cosmological model; the equations do not
necessarily describe ‘‘the’” Universe, but the range of possible behavior

patterns the Universe must conform to if the general theory of relativity is
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a good description of reality. The equations allowed for the possibility of
model universes that are always expanding, and for model universes that
are always contracting, but they flatly ruled out the possibility of a static
universe, seemingly in contradiction to the observations. And yet, the
general theory proved triumphant in every other test applied to it.

The dilemma was resolved during the 1920s. Observers discovered that
some of the fuzzy clouds they could see and photograph through their
telescopes are not, in fact, clouds of gas within the Milky Way but sep-
arate star systems, comparable in size to the entire Milky Way, lying far
beyond the stars we can see with our unaided eyes. They established that
the Universe is much bigger than previously suspected and that galaxies,
as they are now called, many containing hundreds of billions of stars, are
scattered through the void like islands scattered across the Pacific Ocean.
And they also found that these galaxies are receding from one another—
that the space between the galaxies is expanding, so that the Universe as
a whole is expanding, exactly as required by Einstein’s equations.

To my mind, this is the single most dramatic and important confirma-
tion of the accuracy of the general theory of relativity as a description of
space and time. The equations told Einstein that the Universe could not be
static, and he refused (for several years) to believe the equations, sus-
pecting that something was wrong with the theory.* But about ten years
later, observations carried out quite independently, and with no expecta-
tion of testing this weird and little known *‘prediction’” of the general
theory, showed that the Universe is indeed expanding. The discovery
came as a surprise, except to a few theorists who were aware of the
implications of Einstein’s work; but the equations describing what the
observers had now discovered were already sitting on the pages of scien-
tific journals in the academic libraries. Ever since, relativistic cosmology,
based on Einstein’s equations, has been the basis for our understanding of
the Universe at large. And it is this expansion of the Universe that tells us
that long ago everything must have been packed tightly together into a hot,
dense fireball—the famous Big Bang in which the Universe was born. The
expansion of the Universe out of the Big Bang is, in fact, the mirror
image, as far as the equations of the general theory are concerned, of the
collapse of a dense star into a black hole.

The evidence of universal expansion comes from studies of the light of
distant galaxies. When the light from a star (or any other hot object) is

* Einstein actually introduced an extra term into the equations, called the cosmological constant,
solely to hold his model universes still; in later life he said that this was the ‘‘biggest blunder’’
of his career.
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spread out by a prism to form a spectrum of rainbow colors, the spectrum
usually turns out to be marked by sharp lines at very precise wavelengths.
These spectral lines come in groups, and each group is associated with the
radiation from the atoms of one particular element. For example, hot
sodium atoms (or ones that have been ‘‘excited’’ by an electric current)
emit a bright yellow light, familiar to us from street lighting. Studies of
the spectral lines in the light from distant stars and galaxies reveal to
astronomers what those stars and galaxies are made of. And they also
show that distant galaxies are receding from us because the lines in their
spectra are shifted toward the red end of the spectrum, compared with
lines produced by the atoms of the same elements here on Earth. Each set
of lines (those from hydrogen atoms, for example) form a pattern as
uniquely distinctive as a fingerprint; in the 1920s, astronomers found that
the whole pattern is shifted bodily to the red (by a tiny amount) in the light
from distant galaxies.

The interpretation of this redshift is that the light has been stretched on
its way to us from the distant galaxy. During the time it takes the light to
reach us (which may be many millions of years), the space between the
galaxies expands, in line with the predictions of the general theory of
relativity, and the light stretches with it. Because red light has a longer
wavelength than blue light, lines that start out with a certain wavelength
end up with a longer wavelength that puts them farther toward the red
end of the spectrum. This is the cosmological redshift, produced by a
quite different process from the gravitational redshift mentioned earlier
in chapter 3.

Two properties of this universal expansion are worth mentioning in
passing, even though they have no real bearing on the story of black holes.
The first is that the redshift is not caused by galaxies moving apart through
space; it is the space itself that expands, carrying galaxies along for the
ride, like separate raisins being moved farther apart from one another in
the rising dough that will make up a loaf of raisin bread. Secondly,
although from our point of view here on Earth we see galaxies receding
uniformly in all directions, this does nor mean that we live at the center of
the Universe. This kind of expansion, with space stretching uniformly
between the galaxies, will give exactly the same picture of symmetrical
expansion for any observer, anywhere in the Universe, and there is no
center to the expansion. But the key feature of this cosmological redshift
(apart from the fact that it occurs at all) is that it tells us how far away a
galaxy is—the bigger the redshift the more distant the galaxy. This was
the background knowledge of the Universe into which theorists tried to fit
the discovery of astronomical radio sources in the 1950s.
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RADIO GALAXIES

By 1950, the radio astronomers in Cambridge had identified fifty distinct
sources of radio noise coming from different parts of the sky. Unfortu-
nately, because radio waves are much longer than light waves, it is more
difficult to pin down the precise source of radio emission than it is to locate
a visible star or galaxy. In effect, the image of a radio source is more
blurred than the image of a star, unless you can construct a radio telescope
much larger than any optical telescope. So, especially in the early days of
radio astronomy, it was difficult to identify the visible counterparts to the
newly discovered radio sources. Although one source in particular was
identified with the Andromeda galaxy, which is another ‘‘island’’ in space
lying close by our Milky Way galaxy, this was one of the fainter radio
sources known, and most of the first fifty were much brighter at radio
wavelengths. The natural assumption made by the pioneers of radio as-
tronomy was that these brighter objects must be closer to us, ‘‘radio stars’’
located somewhere within the Milky Way.

This raised one puzzle, in particular, although few people seem to have
been bothered by it at the time. The stars of the Milky Way are concen-
trated in a disk, and the Solar System lies in the plane of that disk, so that
the Milky Way forms a thick band of light across the sky. The newly
discovered radio sources, however, seemed to be distributed at random
across the entire sky. In 1951, in the same paper in which he showed that
radio stars must be very compact, dense stars in order to generate so much
radio noise with the aid of intense magnetic fields, Tommy Gold also
pointed out that the very even distribution of these objects across the sky
might mean that they were not stars at all but ought to be identified with
other galaxies, far beyond the Milky Way. At the time, only Fred Hoyle
seems to have added his weight to this idea. Most astronomers rejected it,
mainly because the radio sources were so powerful—if the radio sources,
each thousands of times more powerful than the radio noise from the
Andromeda galaxy, were actually farther away than the Andromeda gal-
axy, then they must be generating many thousands of times more energy
in the radio part of the spectrum.

A turning point came in 1951, when Graham Smith, in Cambridge,
used a technique known as interferometry to pin down the position of a
very strong radio source known as Cygnus A.* With interferometry, ob-
servations made using two (or more) radio telescopes are combined to
mimic the effect of a much bigger telescope. This technique has now been

* The name simply means that it is the brightest radio source seen in the direction of (but actually
far beyond) the constellation Cygnus.
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extended so far that it is possible to use radio telescopes on opposite sides
of the world to make simultaneous observations of a source and map it as
precisely as if we had a single radio telescope as big as Earth itself.
Smith’s pioneering efforts were, in 1951, on a much more modest scale;
but good enough to enable Walter Baade and Rudolph Minkowski, using
the 200-inch telescope at the Palomar Observatory in California, to iden-
tify the source with a dumbbell-shaped object that definitely was not a star
in the Milky Way. At the time, Baade thought that Cygnus A might be a
pair of colliding galaxies; it is now generally accepted that it is an ex-
ploding galaxy. Either way, although it is one of the brightest radio
sources in the sky, it is so faint at visible wavelengths that even the largest
optical telescope on Earth only shows it as a faint blob on photographs.
When Baade and Minkowski measured its redshift, they found that lines
in the spectrum of this distant galaxy were shifted toward the red end of
the spectrum by 5.7 percent—a huge redshift for a galaxy, implying that
it is at a distance of hundreds of millions of light-years. The ‘‘recession
velocity”’* of Cygnus A is an impressive 17,000 kps, and it produces ten
million times more energy at radio wavelengths than our neighbor the
Andromeda galaxy does. Indeed, in absolute terms Cygnus A produces
more energy at radio wavelengths than a typical bright galaxy does in the
form of starlight.

Once one such radio galaxy had been identified, others soon followed.
Surveys of the sky carried out by the Cambridge astronomers pinpointed
many more radio sources, and these are still often referred to by their
catalog numbers in these surveys—for example, the source 3C 295 is the
295th radio object listed in the third Cambridge catalog. The 3C catalog
was completed in 1959, and contains a list of 471 radio sources; Cygnus
A is also known as 3C 405. Not all of these sources are identified with
galaxies. Some really are associated with objects inside our own Galaxy,
including the Crab Nebula (3C 144) which (we now know) contains a
pulsar. Some had still not been identified with optical objects by the early
1960s. But many of the radio sources were identified with distant galaxies,
some even more remote than Cygnus A, and therefore correspondingly
more energetic in order to be so radio bright to our telescopes. Where did
the energy to produce all the radio noise come from? Nobody knew for
sure, but in a paper published in 1961 the Soviet astrophysicist Vitalii
Ginzburg made the prescient suggestion that the enormous energy re-

* Astronomers use this term as a convenient shorthand, even though they know that the redshift
is actually caused by expanding space.
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quired to power a source like Cygnus A might be provided by the grav-
itational contraction of the central part of the galaxy concerned.

There is nothing particularly mysterious about this, except for the scale
of the effect Ginzburg described. If you drop a rock onto the ground, the
rock gains energy as it is accelerated by the force of gravity. When it hits
the ground, this energy of motion of the rock (kinetic energy) is converted
into a jostling of the atoms and molecules in the rock and the ground; such
a jostling produces a (tiny!) rise in temperature. Gravitational potential
energy possessed by the rock in your hand has been converted first into
kinetic energy and then into thermal energy (heat). When a large cloud of
gas in space collapses to form a new star, the same sort of thing happens
on a grander scale. The acceleration of the individual atoms and molecules
in the gas cloud as they fall inward under the tug of gravity is converted
into a jostling motion when the particles collide with one another, making
the center of the cloud hot. This, indeed, is how stars get hot enough
inside to initiate the nuclear-fusion reactions that then keep them hot for
as long as the supply of nuclear fuel lasts. If you have a large enough mass
collapsing in this way, then, as Ginzburg pointed out, you can generate
just about as much energy as you want. The stronger the gravitational pull
of the object onto which the gas is falling, the easier it is to release energy.
And within a couple of years of Ginzburg’s putting forward the proposal
that radio galaxies might be powered in this way, astronomers began to
realize that in some cases they might be dealing with very strong gravi-
tational fields indeed. It all began with the discovery of what seemed, at
first, to be genuine radio stars but turned out to be a previously unsus-
pected kind of astronomical phenomenon that includes the most distant
objects visible from Earth, some with recession velocities in excess of 90
percent of the speed of light, seen by light that left them more than ten
billion years ago, five billion years before the Sun and Earth had even
formed.

QUASARS

The first step toward the discovery of the objects now known as quasars
was made in 1960, with the identification of the optical counterpart to
another of the sources in the third Cambridge catalog, 3C 48. First,
astronomers using the world’s biggest steerable dish antenna, the famous
radio telescope at Jodrell Bank, linked into an interferometer system,
found that the radio noise from this source was coming from a tiny point
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on the sky, less than four seconds of arc across (this is about the angular
size of Mars when it is farthest from Earth). Armed with this information,
Thomas Matthews, of the California Institute of Technology, used an
interferometer telescope in Owens Valley to pin down the location of the
source as accurately as possible. His colleague Allan Sandage then used
the 200-inch telescope to take a long-exposure (actually ninety minutes)
photograph of that part of the sky. The photograph showed what seemed
to be a blue star, even smaller than the limit set by the Jodrell Bank
observations, precisely at the position of the radio source.

The first thing astronomers do when investigating a visible object is to
take its spectrum. This they duly did for 3C 48, and found that although
the spectrum was richly marked by lines, the patterns the lines made were
unlike those seen in any other star. In particular, the observers could find
no trace of lines corresponding to hydrogen, even though hydrogen is by
far the most common element in all stars.

Sandage announced the discovery in December 1960, at the annual
meeting of the American Astronomical Society. But he and his colleagues
were so puzzled by the spectrum of 3C 48 that they didn’t even publish
their findings in the proceedings of that meeting. Apart from a brief
mention in the report on the meeting carried by the magazine Sky and
Telescope a few weeks later, nothing about the discovery was published
until 1963—and even then, Matthews and Sandage didn’t know what it
was they had found. The Sky and Telescope report had commented that:

Since the distance of 3C 48 is unknown, there is a remote possibility
that it may be a very distant galaxy of stars; but there is general
agreement among the astronomers concerned that it is a relatively
nearby star with most peculiar properties.*

That was still the consensus at the beginning of 1963. Within a few
months, however, investigations of yet another of the 3C sources had
shown that the consensus was wrong.

These investigations stemmed from a new trick to determine the posi-
tions of radio sources, worked out by the British astronomer Cyril Hazard.
As the Moon moves across the sky, it passes in front of a few stars, and
any other objects, that happen to lie within the band on the sky traced out
by the Moon. Such an event—rather like an eclipse—is known as an
occultation. Hazard pointed out, in 1961, that if a radio source is occulted

* Vol. 21, p. 148.
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in this way, then by carefully timing the moment when the radio source
goes “‘off the air’’ and the moment when it reappears it would be possible
to locate the position of the source from the known position of the Moon
on the sky. All you have to do is draw two curves on your star map, one
marking the leading edge of the Moon at the time when the source dis-
appears, the other marking the trailing edge at the time the source reap-
pears. The two curves will cross each other twice, but at least this pins
down the location of the source to one of two points on the sky, and
usually the radio measurements are good enough to distinguish between
them.

In fact, you can do even better than that, if you are lucky. Hazard
realized that during 1962 there would actually be three lunar occultations
(in April, August, and October) of a radio source known as 3C 273, which
had not been identified with any visible object. With three occultations,
the technique should give an unambiguous, pinpoint position for the
source. Hazard and colleagues in Australia used a then-new radio tele-
scope at the Parkes Observatory to monitor these occultations, and once
again a photograph taken with the 200-inch telescope showed that there
was what seemed to be a blue star, this time with a jet of material appar-
ently being ejected from it, at the position of the radio source.

This ‘‘star’’ also had an unusual spectrum, crossed with an unfamiliar
pattern of lines. But Maarten Schmidt, a Dutch-born astronomer working
in California, who obtained the first spectrum of 3C 273, found an ex-
planation for the strangeness. He realized that one particular set of four
lines could be explained as a characteristic ‘‘fingerprint”’ of hydrogen—
but with a redshift of just under 16 percent. Accepting this value of the
redshift, other lines in the spectrum fell into place. Jesse Greenstein, who
had obtained the spectrum of 3C 48 in 1961 and worked alongside Schmidt
in California, immediately took another look at his old data and found that
the strange spectrum of that object could also be explained by a large
redshift—an even more staggering 37 percent, corresponding to a velocity
of recession of 110,000 kps and a distance of several billion light-years.

The *‘discovery’’ paper for 3C 273 from the Parkes team, a paper by
Schmidt announcing its redshift, and a paper by Greenstein and Matthews
announcing the redshift of 3C 48 all appeared in the same issue of Nature
in 1963.* Schmidt pointed out in his paper that there are only two ways
in which such a huge redshift could be produced, either by the gravita-
tional stretching of light or by the expansion of the Universe. But ‘it

* Vol. 197, pp. 1037, 1040, and 1041,
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would be extremely difficult, if not impossible,”” he said, to account for
the particular observed spectrum in the case of 3C 273 by the gravitational
redshift, and ‘‘at the present time . . . the explanation in terms of an
extragalactic origin seems most direct and less objectionable.”’ Thirty
years later, it still does. There is now an overwhelming weight of confir-
matory evidence that these objects, which look like stars but have huge
redshifts, hundreds of which have now been identified, really are at the
cosmological distances those redshifts imply.

COSMIC POWERHOUSES

Although they were termed quasistellar objects in the years immediately
following their discovery, this soon got shortened to quasar. We now
know, as well as we know anything in astronomy, that a quasar is the
bright core of a very distant galaxy, producing an enormous output of
energy, a hundred times brighter (or more) than ordinary galaxies like
Andromeda, to make it visible across billions of light-years of space. Yet
rapid variations in the output of quasars show, using the same reasoning
that limits the size of pulsars, that the energy is coming from a region only
about as big across as our Solar System. They are cosmic powerhouses
without equal. But how can such a small source generate so much energy?
Ginzburg had provided a clue, and on page 533 of the same volume of
Nature with the 3C 273 papers in 1963 there was a paper by Fred Hoyle
and Willy Fowler that suggested that the kind of energy required could be
provided only by the release of gravitational energy as an object with a
mass of a hundred million suns collapsed to ‘‘the relativity limit’’—in
other words, to its Schwarzschild radius. The Schwarzschild radius for an
object with this much mass would, indeed, be about the same as the radius
of the Solar System. But it took astronomers another ten years to accept
that the cosmic powerhouses in quasars really are supermassive black
holes.

This was partly because, in a sense, quasars were discovered too soon—
before even the identification of pulsars, which showed that neutron stars
must exist and that therefore black holes almost certainly exist as well.
During the 1960s, various bizarre theories to account for the way quasars
generate energy were discussed, and almost all were eliminated. But one
suggestion, which had been put forward in some detail as early as 1964
(by the Soviet researchers Yakov Zel’dovich and Igor Novikov, and by Ed
Salpeter in the United States), stood the test of time. Although this model
has been refined since, especially by Donald Lynden-Bell, Martin Rees,
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Radio jet

Figure 18: The accretion disk of inaterial swirling around a black hole leaves only
two narrow channels, at the ‘“‘poles’’ of the hole, through which matter and
energy can escape.

and their colleagues in Cambridge, the essence is the same. It gives us a
picture of a central black hole, as big across as the Solar System and with
a mass of a hundred million Suns, lying at the heart of a young galaxy*
surrounded by a swirling disk of material from which it gradually swal-
lows matter. Each mouthful of matter it swallows produces a release of
gravitational energy, heating the surrounding material. And because it is
surrounded by a disk of matter, energy from the region just outside the
black hole will be squirted out along its poles, often producing jets like the
one seen in 3C 273 (figure 18). This is, indeed, a lot like the way pulsars
radiate energy; but nobody knew that when quasars were discovered.

* The galaxy has to be young, because if we see a quasar by light that has taken several billion
years on its journey to us, it left not long after the Universe emerged from the Big Bang. Itis a
reasonable guess that when the Universe was young galaxies were full of gas that had not yet
formed into stars, and that this is what ‘‘fed’’ the black hole. That also explains why older
galaxies, which are closer to us, are not active in this way—even if they harbor a supermassive
black hole there is no spare gas around tfo feed the beast.
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There are two remarkable features of this kind of black hole, from the
point of view of the present book. The first is that in spite of its huge mass,
such an object has a density roughly that of our Sun—Iless than twice the
density of water. It is almost exactly the kind of ‘‘dark star’’ envisaged by
Michell in the eighteenth century! The second astonishing discovery is
that the conversion of gravitational energy into radiation as the black hole
swallows matter is so efficient that, even though a quasar may shine a
hundred times more brightly than an ordinary galaxy, it only needs to
consume an amount of matter equivalent to two or three times the mass of
our Sun each year in order to maintain that output. Since galaxies contain
hundreds of billions of stars, it is easy to see how a quasar can continue
to shine brightly for millions, or even hundreds of millions, of years.

What is even more important, though, is that there is absolutely no
alternative way to account for the energy output of quasars except with the
aid of these cosmic powerhouse gravity machines. Their existence is very
strong evidence indeed that black holes really do exist—so much so that
it is now widely accepted by astronomers that many galaxies, including
our own Milky Way, may have a black hole at the core. There is evidence
of all kinds of energetic activity in the hearts of galaxies, from quiet ones
like our own up to quasars, and all levels of activity in between. The
difference between our Galaxy and a quasar may simply be that the black
hole at the heart of the Milky Way has a mass of ‘‘only’’ a million suns,
and that it has gobbled up all the surrounding material, so that it has no
disk of gas left to feed on.

All of this, though, became established only in the late 1970s—some of

Figure 19: Jets of energy beamed out from supermassive black holes may explain
why many galaxies lie in the middle of two bright ‘‘blobs’’ of radio noise. The
radio noise may be coming from regions where the jets from a central black hole
interact with gas in space.
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it only in the 1980s. Why did it take so long, even after the discovery of
pulsars? Partly because there were new developments in the theoretical
understanding of black holes during the 1960s and 1970s (more of this in
chapter 5); but chiefly because it was only in the early 1970s that astron-
omers found unambiguous evidence for the existence of black holes with
masses only a few times that of our Sun, among the stars of our Milky
Way galaxy itself. It was the proof that such ‘‘stellar mass’” black holes
exist that persuaded the doubters that the supermassive black-hole theory
of quasars was on the right lines. But the foundations of thar discovery
were actually laid as far back as June 1962, when Hazard and his col-
leagues were still in the throes of trying to pin down the location of 3C 273
using the lunar-occultation technique.

X-RAY STARS

The electromagnetic spectrum doesn’t consist only of visible light and
radio waves. It includes infrared radiation, ultraviolet light, X rays, and
gamma rays—all waves that obey Maxwell’s equations and travel at the
speed of light, but none of which (unlike radio waves and visible light)
can penetrate the atmosphere of Earth. To see what the Universe looked
like at these wavelengths, astronomers had to hoist instruments above the
obscuring layers of the atmosphere, first with balloons and rockets, then
with orbiting satellites. As early as 1948, simple measuring devices flown
by American scientists on captured German V-2 rockets, left over from
World War II, had shown that the Sun is a weak source of X rays, as well
as radio waves and light. X rays are a more energetic form of radiation
than visible light, with shorter wavelengths, and would be produced in
profusion only by an object much hotter than our Sun. Astronomers were
not surprised that the Sun itself should produce some X rays, especially at
times when there are flaring bursts of activity on the solar surface. But if
other stars produced a similar amount of weak X-radiation, there would be
no hope of detecting stellar X rays even from the top of Earth’s atmo-
sphere. Although the solar X-ray activity was studied intermittently
throughout the 1950s, nobody suspected that it might be possible to detect
X rays from farther away in space than our Sun. Indeed, the step that
opened up the science of X-ray astronomy came when researchers actually
set out to look for X rays from the celestial object that is closer to us than
the Sun—the Moon.

Of course, the Moon is far too cold to produce its own X rays. But some
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scientists reasoned that energetic particles emitted by the Sun (the so-
called solar wind) must strike the surface of the Moon, and they specu-
lated that the impact of these particles might energize atoms in the lunar
material, making them emit X rays at characteristic wavelengths. If this
happened, it would provide a means of finding out what material the Moon
is made of, by a kind of X-ray spectroscopy. An experiment intended to
identify X rays from the Moon was launched from White Sands, in New
Mexico, on board an Aerobee rocket on Monday, June 18, 1962. It was
a failure, in the sense that it failed to detect any X rays from the Moon;*
but it was a spectacular and unexpected success in that it found a bright
source of X rays, seemingly coming from a point on the sky.

During the flight, in which the instrument package was above the at-
mosphere for less than six minutes, the spinning detectors also found a
faint background of X rays coming from all directions in the sky, and hints
of at least one other faint individual X-ray source. But it was the bright
source that was the sensation. It seemed to be an object far outside the
Solar System, and this was confirmed by later rocket flights, which showed
that it was always in the same part of the sky, in the direction of the
constellation Scorpius. It was soon dubbed Sco X-1 (meaning the first
X-ray source seen in the direction of Scorpius). Something out there was
so hot and energetic that it was producing X rays in profusion, easily
visible across interstellar space—a true X-ray star.

Other X-ray sources were soon discovered. But at first, nobody knew
what kind of star might be producing the X rays. X-ray astronomy suffered
from a similar problem, especially in the early days, to radio astronomy—
the detectors could not pin down precisely the locations of the objects they
were studying. In the case of radio waves, this is because they are dealing
with very long wavelengths. X rays have very short wavelengths, so in
principle accurate X-ray telescopes need not be as large as accurate radio
telescopes, or even optical telescopes like the 200-inch. But the instru-
ments carried on the first rocket flights were tiny and could hardly be
called telescopes at all—they had about as much directional sensitivity as
a wide-angle camera lens. What’s more, they were moving. On the flight
that discovered Sco X-1, in addition to soaring out of the atmosphere and
back down again in the span of a few minutes, the rocket was spinning
twice a second, ensuring that the detectors scanned right around the sky
but making it even harder to decide precisely where the X rays they

* Indeed, the predicted lunar X rays were at last discovered only toward the end of 1990, more
than twenty-eight years after that pioneering Aerobee flight, by instruments on board the orbiting
X-ray satellite ROSAT.
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detected were coming from. So X-ray astronomers borrowed one of the
tricks of radio astronomy to identify at least one of their sources. The first
one to be identified with a known visible object was in the Crab Nebula.

It was a rocket flight in April 1963 that pinned down the rough location
of Sco X-1, and the same flight also showed a much fainter source of X
rays coming from the general direction of the Crab Nebula. The obvious
guess was that the source lay precisely in the Crab Nebula, which was,
after all, the site of a supernova explosion. Herbert Friedman, of the U.S.
Naval Research Laboratory, suggested that the X rays might be coming
from a neutron star left behind by the supernova, and that Sco X-1 might
also be a supernova remnant. This marked the beginning of the revival of
the idea that neutron stars are made in supernova explosions, put forward
thirty years earlier by Zwicky and Baade and soon to receive a dramatic
boost with the discovery of pulsars.

Friedman was lucky. At the time his team discovered the X-ray source
they suspected might be linked with the Crab Nebula, Hazard’s lunar-
occultation technique had just had spectacular success in the identification
of 3C 273. What’s more, the Crab Nebula itself lies in the right part of the
sky to be occulted by the Moon. This happens only once every nine
years—but the next such occultation was due on July 7, 1964. There was
just a nice amount of time for Friedman’s group to plan an Aerobee flight
to monitor the X rays from the source during the occultation.

It wasn’t quite as easy as I make it sound. The launch had to be
perfectly timed so that the five minutes or so of viewing time coincided
with the occultation—a delay in the countdown would wreck the experi-
ment. And the Aerobee launcher itself was far from perfect—six launches
in a row, up to the critical date, had failed because of defects in the control
system. But the one that mattered worked perfectly, showing that the X
rays are indeed coming from a point at the center of the nebula, a point
Friedman confidently identified as a neutron star, though this conclusion
was not fully accepted until the discovery of pulsars. Even if pulsars had
never been discovered, however, continuing studies of X-ray stars would
soon have shown that they must be associated with very dense objects.

CELESTIAL POWERHOUSES
The reason for Friedman’s confidence that at least some X-ray sources

must be neutron stars concerns the amount of energy produced by these
stars. As I have mentioned, dropping matter into a strong gravitational
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field is an efficient way to release energy. The falling matter accelerates to
very high speeds, and when it hits the surface of the object it is falling
onto, this kinetic energy is converted into heat. Dropping matter onto the
surface of a neutron star would be a good way to make the surface of the
star hot—so hot that it would, indeed, radiate energetically at X-ray wave-
lengths. This was clear from general principles (as long as you believed in
the existence of neutron stars) even in 1964, But what evidence was there
to back up the idea?

The evidence came following the identification of Sco X-1 with a vis-
ible star. As X-ray detectors were improved, the location of the source
was pinned down more precisely, until in March 1966 it had been located
accurately enough for the optical astronomers to get in on the act. In June
that year (still a full year before the first hint of the existence of pulsars),
Japanese observers identified a peculiar star close to the suspected position
of Sco X-1. Studies with the 200-inch telescope soon showed that this star
flickered in an extraordinary manner, changing in brightness from one
minute to the next. Astronomers kept photographic records of the sky as
a matter of routine, and the star also showed up in these photographs,
dating back to the 1890s, which indicated that it also varies on longer time
scales. But the most dramatic feature of the identification of the star
associated with Sco X-1 was that it is about a thousand times brighter in
the X-ray part of the spectrum than it is in visible light—and radiates about
a hundred thousand times as much energy as the total output from the Sun.

The flickering, flaring, and overall energy output of Sco X-1 can all be
explained in one package. It requires that there be two stars associated
with the X-ray source—that it be a binary system, with two stars orbiting
each other, locked in a mutual gravitational embrace. In this situation, if
one of the stars is very dense and compact, while the other is larger, with
a more diffuse atmosphere, gas from the atmosphere of the large star will
be torn away from it by tidal effects and attracted to the small star. As the
gas spirals down onto the small star, it will form a swirling disk of
material, generating heat within the disk itself as gravitational energy is
converted into Kinetic energy—a quasar in miniature, in many ways,
although even in 1969 the equivalent quasar model had not yet become
fully established in the minds of all astronomers. The small, dense star is
surrounded by a very hot gas, or plasma, which radiates at X-ray wave-
lengths (as well as a relatively modest amount of visible light) and is
constantly being renewed by gas falling in from the larger star.

In 1969, 1 was able to explain the flickering in the light from Sco X-1
in terms of vibrations in the hot plasma surrounding the underlying star in
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just such a binary system. These flickers sometimes show short bursts of
regular, periodic fluctuations before becoming more messy; the bursts of
regular variation usually follow large flares, which can be interpreted as a
result of an extra large glob of material being dumped onto the X-ray star
by its companion, releasing an extra burst of energy and also setting the
plasma cloud vibrating, rather like a bell that has been struck by a giant
hammer.

The oscillation of such a hot plasma depends on its physical properties
(such as temperature and density) and on the strength of the gravitational
field in which it is held. Studies of the spectrum of Sco X-1 showed what
the plasma was like, so the oscillation period of the plasma showed the
strength of the gravitational field. The numbers I came up with in 1969
were no surprises—the flickering of Sco X-1 showed that the underlying
star might be a white dwarf, could not possibly be an ordinary star like our
Sun, and is most probably a neutron star. Nobody was particularly amazed
or impressed by my conclusions, because they came two years after the
discovery of pulsars, when astronomers no longer doubted the existence of
neutron stars. But it is interesting that such studies of X-ray sources
provide completely independent evidence that neutron stars exist, and that
neutron stars might therefore have been discovered in this way if Sco X-1
had been identified a little sooner, or if pulsars had been identified a little
later. And the binary model of X-ray sources turned out to be a key
ingredient in the next great step forward, which occurred in the 1970s and
provided the best ever proof that one specific source is indeed a black
hole.

THE PRIME CANDIDATE

X-ray astronomy stepped into space properly on December 12, 1970, with
the launch of a satellite dedicated to making X-ray observations of the sky.
The detectors on this satellite were in orbit around Earth, able to scan the
skies continuously for as long as they kept working, and as long as the
satellite stayed in orbit. And, after eight years of development, the de-
tectors were far more accurate and sensitive than anything flown on the
early Aerobee rocket launches.

The first X-ray astronomy satellite was launched from a platform in the
sea just off the coast of Kenya, in East Africa. The site was chosen
because it is just south of the equator, and by launching a rocket from the
equator into a west-to-east orbit it is possible to take advantage of the
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rotation of Earth to give it a boost into spage, through a kind of slingshot
effect giving a push start worth about a thousand miles an hour. That
mattered because the rocket, provided by NASA but launched by an
Italian team, was a relatively small one, called a Scout. The exact launch
date was chosen because it was the seventh anniversary of the indepen-
dence of Kenya from British colonial rule, and to mark the occasion the
satellite was named Uhuru, the Swahili word for freedom. The choice of
name was doubly appropriate since the launch freed astronomers, for the
first time, from the struggle of trying to observe the heavens through a
blanket of atmosphere.

The impact of Uhuru and the observations it made during its three-year
active life can only be compared with imagining the impact of science if
Earth had been eternally shrouded in cloud until December 12, 1970, and
then the clouds had suddenly rolled back to reveal the stars. Uhuru found
that the sky is, indeed, covered with X-ray sources, some identifiable with
visible stars, others not. Some of these sources, like Sco X-1 and the Crab
source, were clearly part of our Milky Way galaxy; others, equally clearly,
were associated with distant galaxies. The Universe was a far more violent
and energetic place than astronomers had imagined, even after the dis-
covery of Sco X-1, and continued monitoring of many of these sources, by
Uhuru and its successor satellites, showed them to be just as variable as
that archetypal X-ray source. The story of X-ray astronomy since 1970
would fill several books—and has. But I shall concentrate on just one of
the sources probed by Uhuru and its successors, the source that was
actually also seen, more faintly than Sco X-1, on the pioneering Aerobee
flight in 1962, and which, although very variable in strength, is sometimes
the second brightest object in the X-ray sky, after Sco X-1 itself. It lies in
the direction of the constellation Cygnus, and, as the first X-ray source
found in that part of the sky, it is known as Cygnus X-1.

Some of the X-ray stars monitored by Uhuru showed regular variations
just like X-ray versions of pulsars. They are explained in terms of the
rotation of a neutron star that is energized by infalling matter from a
companion star, just like the accepted model for Sco X-1. The reason we
do not see such regular pulsations from Sco X-1 is, presumably, because
the Solar System doesn’t happen to lie in the region swept out by the
“‘lighthouse beam’’ from that particular source (and by the same reason-
ing, for every radio pulsar we see there must be several, perhaps many,
that we cannot detect because their radio beams do not happen to pass
across the Solar System). But Cygnus X-1 was not one of these X-ray
pulsars. Nor did it look exactly like Sco X-1, although there were simi-
larities. Like Sco X-1, it showed rapid variations in X-ray brightness, with
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occasional large flare-ups, and with short intervals in which there would
be a more or less regular, rapid flickering with periods ranging from a few
tenths of a second to a few seconds. These short-lived periods of regular
flickering are much faster than those in Sco X-1, however, which means
that the plasma that is vibrating is in the grip of a stronger gravitational
field. Since Sco X-1 is almost certainly a neutron star, this immediately
begins to look interesting—and the rapidity of the flickering also tells us
directly, from the argument used earlier of light crossing from one end to
the other, that the source of the X rays must be less than 300 kilometers
across.

With the improved estimate of the position of Cygnus X-1 provided by
Uhuru, astronomers began to look for an optical counterpart to the source.
Unfortunately, there were many stars in that part of the sky, and no
obvious way to pick out the one they were interested in. Maybe, though,
the radio astronomers could help. At that stage in the development of
X-ray astronomy, the detectors being used on the satellite were less ac-
curate, as far as pinning down the positions of the sources were con-
cerned, than radio telescopes on the ground, which could make use of the
ever improving technique of interferometry. In June 1970 and again in
March 1971 radio astronomers at the Green Bank Observatory, in West
Virginia, pointed their instruments in the general direction of Cygnus X-1,
as part of a general survey of the sources studied by Uhuru. They found
nothing; but on May 13, 1971, they did detect radio noise coming from
that part of the sky. Meanwhile, radio astronomers at the Westerbork
Observatory, in the Netherlands, had also discovered that a radio source
had suddenly ‘‘turned on’’ in the right part of the sky, sometime between
February 28, 1971 (when they looked and found nothing), and April 28,
1971 (when they looked again and found the source). Together, the two
sets of observations showed that the radio source had turned on some time
between March 22 and April 28. The Uhuru data showed that just about
at the time the radio source appeared, the X ray output from Cygnus X-1
dropped to a quarter of its previous value. Nobody knew why this had
happened (and nobody has yet come up with an entirely satisfactory
explanation), but all that mattered was the coincidence in timing. Clearly,
the ‘‘new’’ radio source had to be associated with Cygnus X-1, where
energy had somehow been diverted from X-radiation into radio noise. And
the radio astronomers provided two estimates of the position of the source,
both of which coincided almost exactly with the location of an ordinary-
looking star that had been cataloged many years before at Harvard College
Observatory, a star known simply as HDE 226868.

HDE 226868 is an ordinary B-type star, larger and brighter than the
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Sun—a blue supergiant. It looks so faint to us, however, that it must be
thousands of light-years away. Optical astronomers immediately turned
their telescopes on this star. Louise Webster and Paul Murdin, working at
the Royal Greenwich Observatory in England, and Tom Bolton, of the
David Dunlap Observatory in Canada, soon found, independently of each
other, that HDE 226868 is, in fact, a member of a binary system. The blue
supergiant star is orbiting, once every 5.6 days, around an invisible com-
panion. Now, a blue supergiant cannot possibly have a mass much less
than twelve times the mass of the Sun, and most stars like this have masses
twenty or thirty times that of the Sun. Using Newton’s and Kepler’s laws,
it is simple to calculate the mass of the companion object if HDE 226868
has a mass of twelve solar masses and an orbital period of 5.6 days—the
companion must then have a mass of three times that of the Sun. If HDE
226868 is any more massive, then its companion must be correspondingly
more massive, in order to hold it in such a tight orbit (the distance between
HDE 226868 and Cygnus X-1 is only one-fifth the distance between Earth
and the Sun). In other words, the companion object, the source of the X
rays, must be at least three times as massive as the Sun—probably more.
It cannot be another bright star, or we would see it—and, remember, the
flickering shows that all that mass is packed into a sphere no more than
300 kilometers across! Its mass exceeds the Oppenheimer-Volkoff limit,
and as both teams of observers had realized by 1972, that makes it a black
hole.

Since then, the evidence that Cygnus X-1 is a black hole has become
stronger. The details of the improved understanding involve spectroscopic
studies of the system and analysis of the orbital motion. The bottom line,
as of 1987, was drawn by black-hole theorist Roger Blandford, in his
contribution to the volume 300 Years of Gravitation. Summing up the
evidence, he concluded that the minimum possible mass of the blue su-
pergiant is sixteen solar masses, which would indicate that the X-ray
source is a black hole with a mass seven times that of the Sun, while the
most probable mass of HDE 226868 is thirty-three solar masses, thus
implying a mass for Cygnus X-1 of twenty solar masses. ‘‘The case that
Cyg X-1 has a mass in excess of the Oppenheimer-Volkoff limit is,”” says
Blandford, ‘‘pretty strong, and, importantly, has strengthened signifi-
cantly since 1972.”” It is very hard to prove anything about an object
thousands of light-years away from us, but he concludes that rather than
quibble about the very faint possibility that there is something fundamen-
tally wrong with the interpretation of the observations (if so, it means we
understand so little about how stars work that we might as well give up



BLACK HOLES ABOUND * 111

Biack hole

e

\\\\\\\\\\‘Hlu,,,,
K ‘.
A

(
R =
et

Figure 20: On a much smaller scale than figure 19, the first black hole to be
definitely identified explains the origin of X rays from close to the star known as
HDE 226868. Matter torn off from the star by the black hole forms a swirling disk
in which gravitational energy is turned into heat and produces X rays. The X-ray
source is known as Cygnus X-1.

astronomy altogether) ‘“it is surely more productive at this stage to accept
the evidence and proceed.’”’” Accept the evidence, that is, that black holes
really do exist. And although Cygnus X-1 remains the prime candidate,
the inference is that there are hundreds of millions of these objects in our
Galaxy alone—even though very few of them have actually been detected.

A PROFUSION OF POSSIBILITIES

As of 1991, there is literally a handful of X-ray sources—ijust five—for
which there is good evidence that the gravitational pull of a black hole
provides the energy that makes the plasma we see hot enough to produce
X rays.* In at least two of these cases, the evidence is nearly as good as
in the case of Cygnus X-1 itself. Twenty years after the launch of Uhuru,
it is a little disappointing that there are no more firm candidates than this.
After all, since the discovery of the first pulsar in 1967 astronomers have

* In 1992, astronomers came up with a similar candidate, regarded as the best yet, and known
as V404 Cygni.
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identified roughly five hundred neutron stars. But that comparison is mis-
leading. Of those five hundred pulsars, only a handful are known to be in
binary systems. An isolated pulsar, spinning on its own in space, can still
be detected by the radiation beamed outward by the strong magnetic fields
at the surface of the neutron star. But an isolated black hole, with no
infalling matter to feed off, lives up to its name. It is black, and unde-
tectable. Indeed, the fact that we see roughly the same number of good
black-hole candidates as we do binary pulsars suggests that there may be
as many isolated black holes around in our Galaxy as there are isolated
neutron stars.

How many is that? The five-hundred-odd known pulsars represent just
the tip of the iceberg, according to current astronomical thinking. A pul-
sar, after all, does not live forever. The ones we see are relatively young
and active neutron stars, and as they age they slow down and radiate less
energy, eventually fading away into invisibility. Astronomers have a good
idea of the way stars evolve, and how many of them turn into supernovas
and explode every thousand years or so in a galaxy like our own. The
Galaxy contains a hundred billion stars, and it has been around for thou-
sands of millions of years. Even though only a few of those stars explode
as supernovas every millennium, that still means there may be as many as
four hundred million ‘‘dead’’ pulsars around in the Galaxy, and a fairly
cautious estimate made by Blandford suggests that there may be a third as
many—about a hundred million—isolated black holes scattered across the
Milky Way. If so, the chances are that the nearest one is about fifteen
light-years away—almost next door, by astronomical standards, but tan-
talizingly out of reach, and undetectable.

Since there is nothing unusual about our own Galaxy, this calculation
also suggests that every galaxy in the Universe must contain stellar mass
black holes in comparable profusion. And this is in addition to the evi-
dence that all large galaxies like the Milky Way probably harbor a much
more massive black hole at their heart. The most cautious astronomers
would argue that the evidence that all large galaxies contain supermassive
black holes is still circumstantial. But the launch of ROSAT in 1990
provided astronomers, for the first time, with pictures of the sky at X-ray
frequencies as detailed as photographs in visible light taken through op-
tical telescopes.* Within a few months of its launch, the satellite had

* Among other things, these precision observations confirm (not that confirmation was really
needed) the identification of Cygnus X-1 with HDE 226868. The name ROSAT, incidentally, is
derived from that of Wilhelm Rontgen, who discovered X rays in 1895. It has taken less than a
hundred years to move from that discovery to a satellite capable of taking X-ray photographs of
the heavens.
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found twenty-four X-ray quasars (that is, quasars visible in ordinary light
that also produce X rays) in a patch of sky covering just one third of a
square degree, corresponding to seventy-two such sources in each full
square degree. It is impossible to explain the production of X rays by
quasars in quantities prodigious enough to be detected at the distances
implied by quasar redshifts without invoking the black-hole energy-
generation mechanism. On the other hand, it is easy to produce that much
energy with the aid of a black hole with a mass a few hundred million
times that of our Sun. Even allowing for the likelihood that the particular
patch of the sky studied in this early survey by ROSAT contains an
unusually large number of such objects (the region was, indeed, chosen
for investigation because studies by earlier X-ray satellites had suggested
something interesting might lie in that part of the sky), the inference is that
there are many thousand giant black holes around in the Universe, poten-
tially visible to us (when ROSAT gets around to photographing them all)
as X-ray quasars. Almost all quasars are, on this evidence, active in the
X-ray part of the spectrum.

Even the black holes involved in these energetic processes may not,
though, be the last word as far as mass is concerned. During the 1980s,
astronomers were intrigued by the discovery of several pairs of identical
quasars; each pair actually seems to be a double image of a single object.
The explanation for this imaging is that light from a very remote, single
quasar is being bent by gravity around some intervening massive object so
that it arrives at Earth from two slightly different directions, producing
two images. This is known as the gravitational-lens effect; it is the same
process, on the grand scale, as the light bending that provided the first test
of the general theory of relativity, in the eclipse of 1919, and it was
predicted by Einstein himself (figure 21, see page 114). In some cases, the
gravitational lensing may be due to the presence of a large galaxy lying
along the line of sight between us and the distant quasar. But in at least
three cases there is no sign of a bright galaxy in the right place for its
distortion of space to produce the lens effect. It is possible, though by no
means yet proven, that in these cases the lensing is being caused by the
presence of individual super-supermassive black holes, each weighing in
at around a thousand billion solar masses.

All in all, most—virtually all—astrophysicists now regard black holes
as a natural feature of our Universe. They seem to be a product of the
evolution of massive stars, as well as playing a key role in the behavior
and evolution of quasars and galaxies. And although we tend to think that
our knowledge of such odd phenomena comes from a single grand dis-
covery, in the case of black holes it has been more an accumulation of
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Figure 21: A black hole can act as a gravitational lens, producing multiple images
of a background star or galaxy by the light-bending effect.

unavoidable evidence. As Blandford puts it, ‘‘Astronomers and physicists
have got used to the idea.”” They have gotten used to it because of an
overwhelming weight of observational evidence coming from studies of
pulsars, binary X-ray sources, quasars, and galaxies with energetically
active centers. Thirty years ago, before anything was known about any of
these phenomena, no astrophysicist took the notion of black holes seri-
ously. Going hand in hand with the observational progress made since the
early 1960s, the mathematicians have more than kept pace with develop-
ments, refining and improving their theories of black holes to explain each
new phenomenon, and to suggest, as we shall see, possibilities far more
exotic than anything the observers have yet discovered.

Everything I have described so far is now conventional wisdom—the
image of black holes that astrophysicists have ‘‘got used to.”” What the
relativists still have up their sleeve, however, is as scary and unwelcome
to many astrophysicists today as the notion of black holes itself was thirty
years ago. As the observers would be the first to acknowledge, even in the
dark days before the identification of the first known quasar, just a few
relativists were at work, taking the occult art of the theory of black holes
beyond the Oppenheimer-Volkoff limit. Soon, those investigations were
to take them, in theory at least, to the edge of time itself.



CHAPTER 5

DARRNESS AT THE EDGE OF TIME

Dark-age theorists. How a mathematical hobbyist provided a new perspective
on black holes and the existence of the Universe. The year that black holes got
their name, and the inevitability of the singularity. Why black holes have no
hair, but turn astronauts into spaghetti. How Hawking (with a little help) put
the heat into black holes. The edge of time unveiled.

During the dark ages of black-hole research, between 1939 and 1963, only
a few theorists kept the flag flying. After the work by Oppenheimer and
Snyder was published, just at the outbreak of World War II, no further
progress was made in understanding the equation of state of dense matter
until 1957. By then, however, not only had physicists developed a better
understanding of the forces at work inside the nucleus, they also had
available an unprecedented new tool, in the form of electronic computers.
The improved physics and the new computer technology were combined
by researchers at Princeton University in 1957 to calculate the behavior of
very dense stars in more detail than ever before. The leader of the Prince-
ton team that carried out the work was John Wheeler, a forty-six-year-old
physicist with an impressive track record. Among other things, he had
worked with Niels Bohr, the quantum pioneer, in Copenhagen in the
1930s, and in the 1940s he was the research supervisor and collaborator of
Richard Feynman, now widely regarded as the greatest theoretical phys-
icist of the past fifty years.

In his early black-hole investigations, Wheeler’s assistants at Princeton
were Kent Harrison (who helped out with the physics) and Masami Wa-
kano (who handled the computing side). Together, they brought the work
of Chandrasekhar on white dwarfs and the work by Oppenheimer and
Volkoff on neutron stars into one unified framework, and confirmed that
there was no way to stabilize a cold star with more than a certain mass.*

* This was the beginning of the work that revised the mass limit found by Oppenheimer and
Volkoff and that led to the modern estimate for the limit of about three solar masses.
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At the time, however, Wheeler’s interpretation of this result was much
the same as Eddington’s response to Chandrasekhar, a quarter of a century
earlier. He assumed that stars must somehow lose mass, in order to avoid
being left with more than the critical amount at the end of their lives. In
June 1958, when he reported this work in Brussels to a major scientific
meeting, the regular Solvay conference, Wheeler said that:

No escape is apparent except to assume that the nucleons at the
centre of a highly compressed mass must necessarily dissolve away
into radiation—electromagnetic, gravitational, or neutrinos, or some
combination of the three—at such a rate or in such numbers as to
keep the total number of nucleons from exceeding a certain critical
number.

Nucleon is simply the generic term that describes both protons and neu-
trons, so the comment, as phrased, would apply equally to white dwarfs
and to neutron stars. Oppenheimer, who was present in the audience,
disagreed with Wheeler’s conclusion and pointed out:

Would not the simplest assumption about the fate of a star more than
the critical mass be this, that it undergoes continued gravitational
contraction and cuts itself off from the rest of the universe?*

But Wheeler was not convinced, and continued to believe for some time
that the extreme physical conditions in objects as dense as neutron stars
would allow some loophole that prevented continued gravitational col-
lapse. After 1958, the notion of neutron stars slowly began to gain respect-
ability; but in the Western world, at least, black holes were taken seriously
by physicists only after the discovery of quasars, when astrophysicists
began to appreciate that a supermassive black hole would form not at
superdensities but out of matter with only about the same density as water,
where no exotic processes might be imagined acting to evaporate the
excess mass before the black hole could form.

Interestingly, though, even in the early 1950s collapsed objects were ac-
cepted as a standard, textbook phenomenon in the Soviet Union. The work
by Oppenheimer and Snyder was taken at face value from the outset, and
a whole generation of students had been brought up on the idea by the
1960s. This is one reason why, once quasars and then pulsars were dis-

* Both quotes from the Brussels meeting are taken from Werner Israel’s contribution to 300 Years
of Graviration, pps. 229-30.
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covered, so much of the physical insight that led to an explanation of the
new phenomena came initially from Soviet researchers, such as Zel’dovich.
Before quasars were discovered, however, there was one last development
on the mathematical front that was to have repercussions in black-hole re-
search that echo down to the present day.

NEW MAPS OF SPACE AND TIME

This new development resolved a puzzle that had confused physicists ever
since Schwarzschild came up with his solution to Einstein’s equations in
1916. What is the physical significance of the Schwarzschild horizon
around a black hole? At first sight, it seemed to many researchers that this
must be a real, physical barrier—an edge to space. After all, if an object
fell toward the Schwarzschild surface, time would run slower and slower
for the falling object as it got closer and closer to the horizon, until time
itself stood still at the horizon. It would take forever for a falling object to
reach the horizon, so, obviously, nothing could cross the horizon.

Or look at it another way. The escape velocity from the horizon surface
is the speed of light. This means, turning the equations around, that any
object falling onto the horizon from a great distance will be traveling at the
speed of light when it gets there, and gravity will still be pulling it inward,
trying to accelerate it further. Since nothing can travel faster than light, it
seems that falling objects must, somehow, just pile up at the horizon and
never penetrate it. Just as there is a singularity at the center of the black
hole—a point of infinite density—so it seemed that there must be a real,
physical singularity at the Schwarzschild horizon, as well.

But all of these arguments are based on the point of view of an observer
who sits outside the hole, watching objects fall onto its surface. From the
point of view of an observer who is falling into the hole, nothing unusual
at all happens at the horizon! The equations tell us that according to falling
clocks, it takes only a short time to fall right through the horizon and
penetrate the interior of the black hole. It would only be when the falling
astronauts tried to get back out into the Universe that they would discover
they had been trapped by the black hole’s gravity and were destined to
plunge into the singularity at its center. By the 1930s, relativists had
realized that the Schwarzschild surface does not represent a physical sin-
gularity after all, but looks like a singularity in his solution to Einstein’s
equations because of the way he chose his metric. The singularity is an
artifact of the coordinate system used to measure spacetime around the
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black hole, in much the same way that the way we measure latitude on
Earth seems to produce singularities at the north pole and the south pole,
even though there are no physical singularities there.

If you set out on a journey traveling north, for example, you will
eventually come to the north pole itself. There, it is impossible to travel
any farther north. Because of the way we define our coordinate system, all
directions from the north pole are south. But this does not mean that there
is an edge to the planet at the north pole, nor does it mean that polar
expeditions must pile up at the pole with nowhere left to go. You can even
continue your journey in the same direction you have been going—you
pass right across the north pole and find that you are now heading south,
even though you have not turned around.

Something very similar happens at the Schwarzschild horizon around a
black hole. You can pass right through the horizon and keep going in the
same direction. But something strange does happen at the horizon, even
though this will not be immediately apparent to you. Although it looks as
if you are simply traveling on in the same direction, toward the central
singularity, the roles of space and time have been interchanged. Outside
the hole, we have freedom (within certain limits) to move about as we
wish to in space, but we are inexorably carried through time from the past
to the future at a rate of sixty seconds every minute. Within the hole, a
traveler would have freedom, within certain limits, to move about in time,
but would move inexorably through space to hit the central singularity.
More of this later; for now, I want to bring the understanding of black-hole
geometry up to date.

It is the mathematics that breaks down at the Schwarzschild surface, not
the physics, so all that the relativists needed was a better mathematical
description of what is going on. But that was easier said than done—
especially since, on closer inspection, it turned out that what Schwarz-
schild had found was not one solution to Einstein’s equations but a pair of
solutions, rather like the positive and negative ‘‘roots’’ of a simple qua-
dratic equation. The equations that describe the ultimate collapse of an
object into a black hole can be reversed, and then describe the expansion
of an object out of a singularity (sometimes referred to as a ‘‘white
hole’’). These solutions are equivalent to the cosmological solutions Ein-
stein found, which describe the Universe at large—the discovery that the
Universe must either be expanding or contracting, but cannot stay still.
Indeed, the expansion of the Universe out of the Big Bang is exactly the
process described by the “‘other’’ set of black-hole equations.

A way to understand all this in physical terms, together with a coordi-



DARKNESS AT THE EDGE OF TIME * 119

nate system that made it easier to see what was going on, was developed
initially in the 1950s and in its final form in the 1960s. The first steps were
taken by Martin Kruskal, one of Wheeler’s colleagues at Princeton, in the
mid-1950s. Kruskal was a specialist in plasma physics, but along with
some of his colleagues he formed a group that taught themselves general
relativity, more or less as a hobby. Kruskal found a coordinate system in
which the structure of a black hole could be described in one smooth set
of equations, joining the flat spacetime far outside the hole onto the highly
curved spacetime inside without even a mathematical hint of a singularity
at the Schwarzschild horizon (in essence, this coordinate system describes
things from the perspective of a light ray plunging into the black hole).
But when he showed his calculations to Wheeler, a couple of years before
Wheeler carried out his study of dense stars with Harrison and Wakano,
Wheeler expressed no interest in it, and Kruskal never bothered to publish
it. By 1958, Wheeler had realized the importance of Kruskal’s mathemat-
ical discovery, and he began to spread the news of it at scientific meetings.
But Kruskal, engrossed in his own research, had lost interest and still
didn’t formally publish the result. In the end, Wheeler himself wrote up
the work, put Kruskal’s name on the paper, and sent it off to the Physical
Review, where it was published in 1960. Later still, Roger Penrose, of
Oxford University, improved on Kruskal’s representation of the structure
of space and time associated with a black hole. For mathematicians, it is
the Kruskal metric that is the key to understanding black holes; for phys-
icists, the key insight comes from a pictorial representation, known as the
Penrose diagram.

This diagrammatic representation began from Minkowski’s insight that
led to the description of flat spacetime in terms of four-dimensional ge-
ometry. Because we can’t draw in four dimensions, and because all three
dimensions of space behave in the same way, while time is the odd
dimension out, relativists often represent events occurring in spacetime in
terms of lines drawn on a two-dimensional diagram, like a graph, in which
time is measured up the page and one dimension representing space is
measured across the page. Such a simple spacetime (or Minkowski) dia-
gram is shown in figure 22 (see page 120). This is a slightly more so-
phisticated version of the kind of diagram represented by figure 7; by
choosing each unit of time up the page as one year, and each unit of length
across the page as one light-year, we can make sure that the path of a light
ray through spacetime is represented on such a diagram by a line of 45
degrees to the vertical.

The key feature of such a diagram is that it provides a pictorial image



120 * UNVEILING THE EDGE OF TIME

Motion in time

Motion at Motion at
speed of light speed of light

Future

.
o Here dnd, now 2 Motion in space

Past

Figure 22: A more sophisticated version of the spacetime diagram (figure 7, page
40) relates the location of events in spacetime to the speed of light. From ‘‘here
and now,’’ you can travel to anywhere in the future, and you can get information
from anywhere in the past. But you can never know anything about, or visit, the
regions marked ‘‘elsewhere.”’

of how an observer interacts with the Universe at large. Each point on the
diagram represents a moment in time, and a position in space. If an
observer sits still at any point in space, he will always be the same distance
from the time axis, and as time passes all he does is age. A line repre-
senting the (rather boring) history of such an observer (the observer’s
“world line’’) just goes vertically up the page. If the observer moves
about, though, the world line will be wiggly. If you move from A to B in
figure 23 and take a year to make the journey, your world line will be tilted
at an appropriate angle to the vertical. The faster anything travels, the
bigger the angle with the vertical. But nothing can travel faster than light.
So if you start out at point A you can travel only to points within the world
lines corresponding to light rays traveling out from point A. The two
world lines corresponding to light rays going in opposite directions form
two sides of a triangle; if you imagine spinning the whole diagram around
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Figure 23: In fact, it is better to think of the regions of space and time accessible
from ‘‘here and now’’ in terms of the future- and past-light cones. From the point
A, an observer can know nothing at all about events at point B. But as time
passes, there comes a moment when information about B enters the future light
cone of the observer at a point on the world line ‘‘above’’ A. At that moment, the
observer can receive a signal from B.
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the time axis, they will sweep out the surface of a cone, known as the
“‘future-light cone.”” The observer at A can only influence things that go
on in parts of the Universe within the future-light cone of A.

Similarly, there is a cone extending back into the past from the observer
at A. Only things that happen inside that past-light cone can have any
influence on what happens at point A—which, remember, represents a
moment in time as well as a point in space. Although there are regions
outside the two light cones, there is no way anything that happens out
there can ever influence, or be influenced by, events at point A. Wherever
you may be, spacetime is divided into the ‘‘past,”” ‘‘future,”’ and
‘‘elsewhere.’’

In a Penrose diagram, distant regions of space and time (all the way out
to infinity) are all mapped into a single diamond shape on a Minkowski-
type diagram, so that they can all be fitted onto the page. This is a fairly
straightforward mathematical ploy, no more difficult than using Merca-
tor’s projection to map the spherical surface of Earth onto a rectangular
piece of flat paper. Although it does (like Mercator’s projection) distort
the picture somewhat (so that, for example, the region of spacetime inside
the black hole gets half as much space on the diagram as the entire
Universe outside), what matters is that it shows how different regions of
spacetime are connected to one another, and which regions can or cannot
be visited from a chosen point without violating the speed of light limit.

The first stage in representing spacetime in the presence of a black hole
in this way looks like figure 24. The entire Universe outside the hole is
represented by the diamond. The inside of the black hole is represented by
the triangular shape at the top right, while the singularity itself is repre-
sented by a jagged line that covers all of space within the hole at a certain
time—it marks the edge of time itself. Within the hole, all roads lead to
the singularity. The boundary of the hole, the event horizon, is marked by
an arrowhead, showing that it can be crossed in only one direction. And
it is easy to see that in order to get out of the hole, you would have to
follow a world line tilted at more than 45 degrees to the vertical, traveling
faster than light, which is impossible.

But this is only half the story. Where is the white-hole solution to the
equations? It comes, complete with an entire extra universe, in the full
version of the Penrose diagram for a Schwarzschild black hole, shown in
figure 25 (see page 124). Now, there is a white hole in the past, from
which things can emerge into either universe but into which nothing from
either universe can ever fall. And both universes share the black-hole
singularity in the future. There is no way for travelers to pass from one
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Schwarzchild horizon

Figure 24: A spacetime map of the entire Universe can be represented by a
diamond shape, rather like the way a representation of the surface of Earth can
be mapped onto a square sheet of paper. As usual, the future is ‘‘up the page”’
and the past is ‘‘down the page,”’ and motion at the speed of light would be at an
angle of 45 degrees. In this representation, a black hole is denoted by the trian-
gular region of spacetime ‘‘alongside’’ the Universe. The point singularity is
denoted as a horizontal line, showing that anything which falls into the hole
across the Schwarzschild horizon must hit the singularity as it travels inexorably
into the future. The arrowhead on the line representing the Schwarzschild hori-
zon indicates that it can be crossed in only one direction—going into the black
hole.

universe to the other, although suicidal astronauts diving into the black
hole from each universe could meet, and briefly compare notes, before
they were annihilated in the singularity. If the Universe, born in the Big
Bang, is destined one day to collapse into a black-hole singularity (and
there are compelling reasons to think this is the case*), then this Penrose
diagram is the best pictorial representation of the entire life cycle of our
Universe. Which means, among other things, that the existence of a
second universe must be taken seriously. This might not be much of a
worry if there were no way to communicate with it, even in principle, as
the simple Penrose diagram suggests. But this diagram represents the
structure of spacetime for a simple, nonrotating black hole—the kind
described by Schwarzschild’s solution to Einstein’s equations, and there-
fore known as a Schwarzschild black hole. Since real black holes are

*These reasons are discussed in my book In Search of the Big Bang (New York: Bantam, 1986).
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Figure 25: In fact, the full representation of the way a black hole is connected to
the rest of spacetime requires an extra universe on the ‘‘other side’’ of the hole,
and a singularity in the past, known as a white hole. But there is no way to get
from our Universe to the extra universe without traveling faster than light or
backward in time.

likely to be rotating (and stellar mass black holes might very well rotate
faster than pulsars), maybe this version of the Penrose diagram is just a
little oo simple. In chapter 6, we’ll look at what happens inside the event
horizon when we add in the effects of rotation; but for now let’s concen-
trate on the way realistic black holes, both rotating and nonrotating, are
likely to interact with the Universe at large.

BLACK HOLES IN A SPIN

The explosion of interest in black holes after 1963 (including Penrose’s
development of the diagram that now bears his name) stemmed from two
things: the discovery of quasars and the discovery of a solution to Ein-
stein’s equations that describes the nature of a rotating black hole. Before
looking at the Penrose diagram for such an object, and the way it connects
different regions of spacetime, it’s worth examining the physical nature of
these beasts—each of which harbors not one event horizon but two, and
in which the singularity is not a point but a ring.

Although Schwarzschild found his solution to Einstein’s equations,
describing a static black hole, just about as soon as Einstein found the
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equations, in 1916, it took another forty-seven years before anyone found
a solution to Einstein’s equations that described a rotating black hole. This
is a measure of just how much complexity is contained within the equa-
tions of the general theory of relativity, and just how difficult they are to
solve; mathematicians do not imagine that they have yet plumbed all the
depths of the equations, by any means, and more solutions (contributing
more surprises) may yet emerge from them. The particular difficulty with
the puzzle about rotating black holes, which was eventually solved by a
New Zealander, Roy Kerr, working at the University of Texas, is that a
rotating mass drags spacetime around with it as it rotates. The effect had
been known about, as a theoretical prediction of Einstein’s equations, for
a long time; but until Kerr’s work in 1963 nobody knew what the conse-
quence of this dragging of spacetime in the vicinity of a black hole would
be. It took another twelve years, incidentally, to prove that the Kerr
solution to Einstein’s equations is the only one that describes rotating (and
electrically neutral) black holes, just as it has been proved (by Wemer
Israel, in 1967) that the Schwarzschild solution is the only one that de-
scribes nonrotating, uncharged black holes. The Schwarzschild solution
is, in fact, a special case of the Kerr solution, with the rotation set at zero.

If you fell into a spinning black hole at one of its poles, you wouldn’t
notice the way the hole drags spacetime around with it. You would only
reach the Schwarzschild horizon at the usual distance from the singularity
(a distance depending only on the mass of the hole) and pass through it on
a one-way journey to extinction. Round by the equator, though, the drag-
ging effect would be very apparent. As well as the inward tug of gravity
pulling you toward the hole, there would be a sideways drag, carrying you
around with the rotation of the hole. Within a certain distance from the
horizon, it is impossible to stand stifl, no matter how powerful the motors
on your spaceship may be. Although you can still use your rockets to stop
you from falling into the hole itself, and can even escape back into the
Universe outside, you will be dragged sideways, no matter how hard the
rockets blast. The limiting distance within which this inevitable dragging
takes place is known as the static limit, and it is farther out from the event
horizon the closer you get to the equator, as you move round from the
pole. The static limit marks a boundary known as the static surface,
surrounding the rotating black hole like a fat doughnut, and the region
between the static surface and the event horizon is known as the ergo-
sphere (from a Greek word meaning ‘‘work’’), because of a curious
property of black holes discovered by Penrose.

Since the early 1960s, Penrose has been one of the key players in the
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Figure 26: Spacetime near a rotating black hole is dragged around by the rota-
tion. The region that is affected is called the ergosphere, because Roger Penrose
showed how energy could be extracted from it. The outer boundary of the ergo-
sphere is called the static limit; the inner boundary is at the event horizon (or
Schwarzschild surface) of the black hole.

black-hole game (and we shall come across his work again). He was born
in 1931, obtained his Ph.D. from Cambridge University in 1957, and
spent the next nine years researching and teaching in London, Cambridge,
Princeton, Syracuse, and Texas before settling down at Birkbeck College
in London in 1966. He moved to Oxford in 1973, where he is still Rouse
Ball Professor of Mathematics, with interests (some of them related in his
best-selling book The Emperor’s New Mind) that extend far beyond the
black-hole investigations for which he is best known. His special insight
into the nature of rotating black holes came in 1969, when he showed how
such an object could be used as a source of energy.

By that time, incidentally, researchers such as Penrose were actually
using the term black hole. The name was first applied to collapsed stars by
John Wheeler in 1967, when he tried it out on his colleagues in an
informal way before giving it its first full public airing at the New York
meeting of the American Association for the Advancement of Science on
December 29. This astrophysical use of the expression black hole first
appeared in print in the January 1968 issue of American Scientist and
immediately caught on, replacing earlier terms such as frozen star and
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collapsar. The timing, in the wake of the discoveries of quasars, pulsars,
and X-ray stars, was perfect. As Wheeler says in his book A Journey into
Gravity and Spacetime, ‘‘the advent of the term black hole in 1967 was
terminologically trivial but psychologically powerful. After the name was
introduced, more and more astronomers and astrophysicists came to ap-
preciate that black holes might not be a figment of the imagination but
astronomical objects worth spending time and money to seek.”’

Penrose, though, was one of the few researchers already fascinated by
black holes and in need of no further encouragement to maintain his
interest. He says that the idea of a way to extract energy from a rotating
black hole came to him on the train, on his way to meet his students in
London, while trying to think of something new to tell them about these
objects. In the Penrose process, as it has become known, an object falls
into the ergosphere, where it breaks into two separate pieces. One piece
heads across the event horizon but travels in the opposite direction to the
rotation of the hole (it is possible to travel against the spin only provided
the chunk of matter is heading into the hole). The other piece heads out of
the ergosphere, traveling in the direction of the rotation—but it travels out
much faster than the whole of the original object came in, having received
a boost in energy from the dragging of spacetime around the hole (having
been ‘‘worked on’’ by the ergosphere). It is as if the outgoing chunk of the
original object has received a ‘‘kick’’ from the chunk that falls into the
hole, reminiscent of the way a rifle kicks against the shoulder of a marks-
man when it is fired. But the kick is more powerful than the recoil of any
rifle in the outside Universe. If the trajectory of the infalling object is
chosen carefully, and the timing of the split is just right, the piece that
emerges from the ergosphere will actually carry more energy out than the
whole object took in across the static surface. The energy has come from
the rotation of the black hole, which has actually slowed a tiny amount as
it has been forced to swallow an object traveling counter to its spin.
Indeed, the mass of the black hole decreases a tiny amount as some of its
mass energy is converted into energy of motion, giving the outward-
moving chunk of the object a boost through the rotating region of space-
time that is the ergosphere.

This can be explained in terms of the energy of motion possessed by a
particle in the ergosphere. For a particle at some distance above Earth, or
above the Sun, the energy of motion is zero when the particle is stationary,
hovering in one place (perhaps with the aid of a rocket blasting to oppose
the force of gravity). This is simple common sense. But be wary of
applying common sense where black holes are concerned. In the ergo-
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sphere, because of the dragging of spacetime, a particle has to orbit slowly
around the black hole in the opposite direction to the way the hole is
rotating in order to have zero energy of motion. And if it moves against
the spin of the hole faster than this critical velocity, it doesn’t gain energy
but loses it—it actually has negative energy of motion. It is the addition
of this negative energy (equivalent to the subtraction of positive energy)
to the hole that makes it lose mass; since the total mass energy of the
system must stay the same, the lost energy is matched by the increase in
energy of motion of the outgoing chunk of the original object.

But however much mass is added to the black hole, it turns out that a
particular combination of the total mass of the hole and its angular mo-
mentum (a measure of its spin) always stays the same or increases—it can
never decrease. This property was the most important discovery made by
a research student at Princeton, Demetrios Christodoulou, who followed
up Penrose’s discovery of the black-hole energy process in 1970. The
irreducible quantity is known as the “‘irreducible mass’’ of the black hole,
and the square of the irreducible mass is proportional to the surface area
of the event horizon. In other words, the area of the event horizon can only
stay the same or get bigger. This turned out to be a key insight, developed
in the 1970s, as we shall see, by Stephen Hawking and his colleagues.

The Penrose process is not really a very practical way for people to obtain
energy, even if we did know where to find a rotating black hole (aithough
it only takes a little imagination to see how this kind of process, operating
naturally, might help to account for the enormous outbursts of energy from
quasars). YetI cannot resist mentioning another bizarre, if impractical, pre-
diction of the equations: that it would be possible to use a rotating black hole
to amplify light, turning it into a kind of black-hole bomb. In the early
1970s, several physicists pointed out that an effect similar to the Penrose
process would increase the energy of a beam of light passing through the
ergosphere, in a process known as superradiant scattering. If you imagine
surrounding a rotating black hole with a spherical mirror that has a tiny hole
in it, then shining a weak beam of light in through the hole, the light could
pass through the ergosphere, getting amplified as it did so, bounce off the
mirror, and pass through the ergosphere again and again, becoming more
powerful all the time. If you left the hole in the mirror open, radiant energy
would build up inside (at the expense of the rotation of the black hole) until
it came streaming out of the hole in the mirror in an intense beam. But if
you sealed up the hole in the mirror, radiant energy would carry on building
up until the mirror itself exploded outward—the black-hole bomb.

As interesting as these speculations are, however, what goes on inside



DARKNESS AT THE EDGE OF TIME * 129

the event horizon of a black hole is even more intriguing. In particular,
what is the meaning of the singularity at the heart of a black hole? Does
such a singularity inevitably form, even if it is hidden inside an event
horizon and cannot be seen? And is there any way a singularity might exist
without hiding behind the cloak of an event horizon, so that it could
interact with the Universe at large? Even before he turned his attention to
ways of extracting energy from the ergosphere of a rotating black hole,
Penrose had been probing these mysteries, starting with the question of
whether singularities are an inevitable requirement of the general theory of
relativity.

SINGULARITIES RULE

If you think of black holes forming from collapsed stars at the end of their
lives, with a density of matter greater than the density of matter in the
nucleus of an atom, the idea of a singularity forming at the heart of the
black hole may not seem too great a leap for the imagination, even if
Eddington always found the idea abhorrent, and Wheeler took several
years to accept it. If we are already dealing, in theory, with conditions
more extreme than anything ever encountered on Earth, it is no real
surprise to find that the equations predict strange and extreme phenomena.
But when we are dealing with a black hole as big as the Solar System,
containing the mass of a hundred million Suns, but with a density scarcely
greater than that of water, the idea of a singularity at the heart of the hole
becomes more questionable.* Can a large sphere made out of water—no
matter how much water—really imply the existence of a singularity some-
where in its heart? If you had a great glob of water floating around in
space, not quite massive enough to make a black hole, and then added the
extra pint or two to take it over the limit, would a singularity inevitably
form inside the hole just because of the extra couple of pints you had
added?

It sounds ridiculous—but remember that although the average density

* A black hole consists of an event horizon and a singularity. The singularity is a point of infinite
density, but it is only visible if you are within the event horizon. If you are within the event
horizon, you will be crushed into the singularity, so you cannot ‘‘see’’ it anyway. If you are
outside the event horizon, you can measure the mass of the black hole from its gravitational pull,
and you know its size, the volume surrounded by the event horizon. Dividing this mass by this
volume gives you a density for the black hole. In a sense, this is meaningless, because you could
not scoop out a handful of stuff with this density from the hole. But for what it is worth, dividing
mass by volume in this way will indeed give you, in some cases, the density of water, or even
less.
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of a black hole might be the same as that of water, that doesn’t mean it
really is a sphere made of water. A mass of a hundred million Suns in a
volume no bigger across than our Solar System would quickly collapse
under its own weight, no matter what it is made of.* What the equations
tell us is that a black hole consists of an event horizon, a singularity, and
nothing at all in between the two. From the outside, you can measure the
mass of the hole from its gravitational attraction and the speed with which
it rotates. If it has an electric charge, you could measure that as well. But
those three properties are all you can ever measure. There is no way to tell
what the matter that went into the hole was before it was swallowed up
behind the horizon—whether it was a star, a great glob of water, or a pile
of frozen TV dinners. There is no way to distinguish a black hole made of
stellar material from one made of anything else, a property summed up by
relativists in the expression ‘‘black holes have no hair,”” coined by
Wheeler and his colleague Kip Thorne in the early 1970s.

But that still allows for a lot of difference between compact, superdense
black holes and supermassive, low-density black holes—at least as far as
any outside observer is concerned. The most obvious example of this con-
cerns the fate of the intrepid astronaut who ventures near, or even across,
the event horizon. So far, I've talked glibly of somebody making such a
journey, and what he might see, without mentioning the inconvenient fact
that he is likely to be torn to bits by the gravitational and tidal forces en-
countered. An observer who is falling freely, feet first toward a black hole,
does not feel any weight, of course; but because the observer’s feet are
closer to the hole than his head, the feet feel a stronger tug of gravity and
accelerate faster. As a result, the observer’s body is stretched. At the same
time, because everything attracted by the hole is being squeezed toward a
point at the center, the observer’s body is squashed sideways. This simul-
taneous stretching and squeezing is exactly the same as the tidal forces that
move water about on the surface of Earth as the Moon and Sun exert their
gravitational influences—but in the case of a black hole with a mass a few
times greater than that of our Sun, the tidal forces are very extreme. For a
black hole with ten solar masses (and therefore with a Schwarzschild radius
of just under 30 kilometers), the tidal forces acting on the unfortunate as-
tronaut would be ten times larger than the force of gravity at the surface of

* Of course, such a sphere made of water would collapse and fragment into individual stars that
would get hot inside from the release of gravitational energy and burn for as long as their nuclear
fuel (the hydrogen from the water) lasted. The ultimate collapse would be postponed and would
take place only after nuclear burning was finished; but this is a detail that can be ignored in order
to keep the story simple.
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Earth when the astronaut was still 3,000 kilometers away from the hole, and
probably still unable to see it against the background of stars. Even at that
distance, it would feel like hanging from a trapeze with ten other people
hanging from your ankles—and being squeezed sideways at the same time.
Long before the doomed falling observer even reached the event horizon,
he or she would be ‘‘spaghettified’” and no longer in a fit state to notice what
was going on.

But supermassive black holes are different. Choose one with a big
enough mass, and correspondingly large radius, and the tidal forces you
would experience as you fell in through the event horizon would be no
worse than the forces your body experiences when taking off in an aero-
plane. The intrepid astronaut really could, in these circumstances, survive
to study the interior of the black hole. It would be largely a waste of time,
though, since in a matter of minutes the astronaut would plunge onto the
central singularity, and the same spaghettification process would take
place, but inside the event horizon instead of outside. At least, the same
spaghettification will take place if there really is a singularity inside the
hole. Can we be sure that there is?

In fact, we can be sure. Penrose proved this, and published the proof as
long ago as 1965, by calculating the way gravity inside a black hole must
distort the light cones for any points of spacetime in the hole. For a
supermassive black hole made out of a uniform lump of matter, the same
in all directions (spherically symmetric) and collapsing under its own
weight, it is obvious that the situation is just like that of a collapsing star,
only more extreme, and that a singularity must form. The fact that the
event horizon forms at larger radius, where the tidal forces are less ex-
treme, is really only a minor detail. But Penrose wanted to check whether
a singularity must form if the cloud of material that made up the super-
massive black hole was not spherically symmetric. Suppose the hole were
made of, literally, a hundred million stars like the Sun, falling together in
some messy and complicated way. Might it be possible for the particles of
which the stars were made to somehow dive into the center of the cloud
and pass by each other without colliding, then move outward again from
the center of attraction, like a comet swinging in past the Sun and back out
into space? Then, the density inside the hole might become very large
without ever actually becoming infinite.

It seemed a plausible idea, but a mathematical investigation of the
behavior of light cones inside the hole ruled it out. The kind of light cone
I have described so far, with straight sides, corresponds to flat space. But,
as we know from Einstein’s work, gravity bends space so that light rays
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follow curved geodesics. Light rays that start out from any point inside the
black hole will begin to diverge, but the light-bending effect of gravity
will act like a lens, bending the rays back toward each other. If the light
rays are in a strong enough gravitational field, they will be bent so much
that they converge back upon themselves, meeting up at a point. This will
happen for light rays emitted from any point inside the horizon of a black
hole—it has to, or some of the light could escape from the hole. And
Penrose showed that if this is the case then it is an absolute requirement
of general relativity that there must be a singularity somewhere inside the
event horizon. The singularity does not necessarily have to be exactly the
same kind of singularity you would get from the smooth, symmetrical
collapse of a spherical star, but as Penrose said in a radio broadcast in
1973, “‘tidal effects which approach infinity will occur, producing a re-
gion of spacetime where infinitely strong gravitational forces literally
squeeze matter and photons out of existence.”’*

The idea was taken up, in 1965, by a research student in Cambridge,
Stephen Hawking. Penrose had proved that any object undergoing grav-
itational collapse must form a singularity. Hawking realized that by turn-
ing the equations around it might be possible to prove that the expanding
Universe must have been born out of a singularity. He spent several years
refining the mathematics, in collaboration with Penrose, and in 1970 they
published a joint paper that proved that the Universe we observe must
indeed have been born in a Big Bang singularity if general relativity is
correct. With this important discovery behind him, in the early 1970s it
was Hawking, more than anyone else, who was associated with dramatic
new developments in the theoretical understanding of black holes that
went hand in hand with the new observations of objects such as Cygnus
X-1. His most famous discovery is that black holes explode—a discovery
that calls into question a hypothesis most physicists would dearly like to
be true, but for which there is no evidence at all.

DEFEATING THE COSMIC CENSOR

The fact that Penrose had proved that behind every event horizon there lies
a singularity was not too disturbing, even if a singularity is, by definition,
a place where the laws of physics break down and anything can happen.
If we can never see the singularity, it doesn’t really matter. But what

* Published in Cosmology Now, edited by Laurie John (London: BBC Publications, 1973).
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would matter would be if we found a singularity that was not cloaked by
the respectable screen of an event horizon. Such a naked singularity would
not be just an extreme gravitational influence, sucking objects into its grip.
It is a feature of the way the laws of physics break down at a singularity
that it could defy gravity itself, spewing energy and matter out into the
Universe. It would, in fact, be more like a white hole than a black hole.
What’s worse, this outpouring could take any form, as Hawking and
others established in the 1970s. Just as there is no way to tell if a black
hole is made out of star stuff or frozen TV dinners, so a naked singularity
doesn’t care if the matter it spews out is in the form of star stuff or frozen
TV dinners. It is much more likely that it would be star stuff—fundamen-
ta] particles like protons and neutrons.* But what comes out of a naked
singularity is produced entirely at random, so there is a small, but real,
probability that such an object might suddenly eject a replica of the Taj
Mahal, all those TV dinners I have already mentioned, or several copies
of the book you are now holding, printed in green ink on red paper.

Physicists are unhappy at this prospect. Having proved that there is no
such thing as an empty event horizon, in the sense that each one contains
a singularity, Penrose speculated that there may be no such thing as a
naked singularity, in the sense that each one is concealed by an event
horizon. It seemed neat and logical, and has become known as the cosmic
censorship hypothesis—the idea that nature abhors a naked singularity.
Unfortunately, nobody has ever been able to prove that the infallible
cosmic censor is actually at work in the Universe. Clifford Will summed
the situation up in his contribution to The New Physics (edited by Paul
Davies): ‘“There is no convincing proof of the Cosmic Censorship Hy-
pothesis. There is not even general agreement on how to formulate the
vague notion of censorship into terms that can be translated into mathe-
matics.”’T Indeed, since we know that the Universe itself emerged out of
a singularity in the Big Bang, such evidence as there is suggests that the
cosmic censorship hypothesis is wrong. In the 1990s, more evidence to
this effect came from computer simulations of the way nonspherical ob-
jects actually collapse.

A singularity, in this context, is best understood as a place where
density and gravity become infinite. It doesn’t have to be a mathematical

* And, in case you are wondering, there have been suggestions that this could explain the
outpouring of matter and energy we see in quasars, although this hypothesis is not very fash-
ionable among the theorists at present.

T Quote by Clifford Will in The New Physics, edited by Paul Davies (Cambridge, England:
Cambridge University Press, 1989), p. 29.
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point but could be a line, or even a sheet, of infinite density. If any kind
of singularity were able to interact with the outside world, physics as we
know it would break down. In 1972 Kip Thome, of CalTech, suggested
that, in general, black holes with horizons could form only if an arbitrary
mass became sufficiently compacted in all directions at once. Thorne is
one of the handful of black-hole specialists around. Arriving on the scene
in the mid-1960s, just at the time of the revival of interest in collapsed
objects, he has been a professor at CalTech since 1970 and has worked
closely with Wheeler. The proposal he made shortly after he took up that
post was equivalent to saying that whatever its actual shape, a collapsed
object would form a black hole only if it could pass through a hoop with
the appropriate critical radius, whatever the orientation of the object; this
is known as the ‘‘hoop conjecture.”’ In 1990, Stuart Shapiro and Saul
Teukolsky, of Cornell University in Ithaca, New York, carried out nu-
merical simulations of gravitational collapse using the Cornell supercom-
puter. Their calculations suggest that Thorne was right and that cosmic
censorship can be violated.

Shapiro and Teukolsky calculated the effects of the collapse of slightly
nonspherical objects, or spheroids, some of which start out slightly prolate
(cigar shaped), others slightly oblate (flattened spheres, like Earth). Com-
pact spheroids do indeed collapse to form black holes, becoming small
enough in all directions to pass through a hoop with the appropriate
Schwarzschild radius. But this is not the case when the spheroids are
initially large.

Large prolate objects collapse to a spindle, with a linear singularity
extending like a spike out through the poles of the collapsed object. Oblate
spheroids collapse initially to a pancake but pass right through this state,
first becoming prolate and then collapsing to a spindle. In both cases, the
linear singularity extends far beyond the boundaries of the appropriate
hoop—so there is no concealing event horizon shutting it off from the rest
of the Universe.

The calculations take full account of general relativity and suggest that
spindle singularities without event horizons can form in the Universe.
Although gravitational radiation carries away some of the mass during the
collapse, the total mass energy lost is much less than 1 percent, so this
cannot save a massive object from disappearing into a singularity. Ac-
cording to the Cornell team, the gravitational potential, gravitational force,
tidal force, and kinetic and potential energies all blow up in the hearts of
these objects, even though they remain open to view. It seems that you can
have a singularity without an event horizon, even though you cannot have
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an event horizon without a singularity. Small wonder that Will says that
“‘one of the most important unsolved issues in classical general relativity
is the validity (and even the meaning) of the Cosmic Censorship Hypoth-
esis.”’

Of course, the study by Shapiro and Teukolsky is ‘‘only’’ a computer
simulation, and it may be that the researchers have missed something in
their calculations. Perhaps all collapsing objects do conceal the nakedness
of their singularities behind the cloak of an event horizon. But even if they
do, according to the work for which Hawking is most famous that cloak
may not last forever, and one day the nakedness of the singularity could
be exposed to the Universe at large, with all that that implies.

BLACK HOLES ARE COOL

Christodoulou’s investigation of the Penrose process and rotating black
holes, discussed earlier in this chapter, focused not on the energy gained
by the particle that escapes from the ergosphere but on the energy lost by
the hole itself. When the hole loses energy to the escaping particle, it also
spins more slowly because it loses angular momentum. You can imagine,
and Christodoulou calculated, how another particle might be thrown into
the black hole from outside in such a way that it would make the spin of
the hole speed up again, giving back the lost angular momentum and
adding to the mass energy of the hole. But Christodoulou found that if you
do this in the right way to give the hole back exactly the amount of angular
momentum it has lost, the extra energy added from outside is always more
than the energy that was lost when the angular momentum was lost (the
outside universe loses energy, the black hole gains energy, so energy is
conserved overall). The change in energy cannot be exactly reversed,
provided we want to reverse, exactly, the change in momentum. This led
to the concept of the irreducible mass of a rotating black hole, which
Hawking related to the area of the Schwarzschild surface around the hole.

Physicists were intrigued by this discovery because irreversible pro-
cesses have a special place in nature. They are related to a very important
law of physics, known as the second law of thermodynamics; this, put at
its simplest, tells us that things wear out. You can see the second law at
work if you drop an ice cube into a cup of hot coffee and watch the ice
melt while the coffee cools. Heat flows from the hotter object (coffee) to
the colder object (ice cube) until everything is smoothed out into a uni-
form liquid at the same temperature, in which nothing interesting is going
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on. The law is related to the perceived flow of time—film the melting ice
cube, and if you project the film backward any audience will know at once
that something is wrong. Another way of expressing this law is that the
amount of information in the Universe (or in any ‘‘closed system’’—like
an ice cube in a cup of coffee contained in a perfectly insulated box)
always decreases. There is more information in the system when it con-
sists of coffee and ice because it is more complex than a system that
consists only of lukewarm coffee. Physicists actually measure information
backward—they measure disorder, not order, and call a loss of informa-
tion a gain in a property called entropy (equivalent to a gain in disorder).
What happens to the average teenager’s room if his mother is not allowed
in to tidy it is a good example of increasing entropy. The law that entropy
can only increase (or at best stay the same) is a key feature in our under-
standing of the behavior of the Universe. So when physicists realized that
black holes also possessed a property that could only increase (or at best
stay the same) they were intrigued.

In 1971, Hawking showed that a black hole does not have to be rotat-
ing for this irreversibility to show up in its behavior. Even a nonrotating
(stationary) black hole has a surface area that can only stay the same (if
the black hole does not absorb energy or mass) or increase (if it does
swallow up matter or energy). And he showed that if two black holes
collide and merge, the area of the event horizon around the new, larger
black hole will always be larger than the areas of the two original black
holes added together. All this was established by about the time Uhuru
was launched. The analogy between the ever increasing surface area of a
black hole and the ever increasing entropy of the Universe led Hawking
and his colleagues James Bardeen (then at Yale University) and Brandon
Carter (who was working alongside Hawking in Cambridge) to develop
other analogies between the laws of thermodynamics and the properties of
black holes. At first, these were regarded as nothing more than mathe-
matical tricks, with no real physical significance. There seemed to be an
insurmountable problem with saying that the surface area of a black hole
is a measure of its entropy, because the entropy of a system also provides
a measure of its temperature. If black holes had temperatures, they would
have to radiate energy appropriate to their temperatures. And in 1973
*‘everybody knew’’ that a black hole couldn’t radiate anything at all.

Well, almost everybody. As Hawking has acknowledged (for example,
in his book A Brief History of Time), the work on ‘‘black-hole thermo-
dynamics’’ that he carried out with Bardeen and Carter was largely stim-
ulated by a desire to prove that one person, who had been claiming black
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holes could have a real temperature, was wrong. In their paper*, the three
researchers stressed that the analogy between the area of the event horizon
and entropy was, in their view, nothing more than an analogy. Although
they pointed out that a certain property derived from the area ‘‘is analo-
gous to temperature in the same way that [the area] is analogous to en-
tropy,”’ they emphasized that this property and the area itself ‘‘are distinct
from the temperature and entropy of the black hole.’” Dogmatically, they
went on: ‘‘In fact the effective temperature of a black hole is absolute
zero.”” But they were wrong.

The person who had challenged, and continued to challenge, what
‘‘everybody knew’’ was Jacob Bekenstein. At the time he first made the
challenge, he was a graduate student at Princeton, working under the
supervision of John Wheeler. In his book A Journey into Gravity and
Spacetime, Wheeler recounts how he inadvertently set Bekenstein on the
path that was to lead to one of the most surprising discoveries about the
nature of black holes. Wheeler says that one afternoon in 1970 he and
Bekenstein were discussing black-hole physics in Wheeler’s office at
Princeton. Wheeler mentioned, tongue in cheek, the guilt he always felt if
he allowed a hot cup of tea to exchange energy with a cold cup of tea, to
produce two lukewarm cups of tea. Without changing the total energy of
the Universe, such an action increases the amount of disorder, or entropy.
Information has been lost forever, a crime that echoes ‘‘down to the end
of time,”” as Wheeler put it. But, he went on, ‘‘if a black hole swims by,
and I drop the teacups into it, I conceal from all the world the evidence of
my crime.’’ The point he was making relates to the idea that black holes
have no ‘‘hair.”” The only properties a black hole has are mass, charge,
and spin; there is no information about whether it is made of cups of tea
or star stuff, or whether the cups of tea dropped into it were hot, cold, or
lukewarm. The entropy in the tea has gone into the hole, along with the
tea itself.

Bekenstein went away and thought carefully about this half-facetious
remark. A couple of days later, he came back to Wheeler with a response.
““You don’t destroy entropy when you drop those teacups into the black
hole. The black hole already has entropy, and you only increase it!”’

With a confidence perhaps related to his inexperience in research, Bek-
enstein went on to suggest that the area of the event horizon around a black
hole really does provide a direct measure of both its entropy and its
temperature, and he calculated that a black hole with a mass three times

* Communications in Mathematical Physics (1973), vol. 31, pp. 161-70.
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that of our Sun (the smallest black hole that would form from a collapsed
star) should have a temperature of rather less than one millionth of a
degree above the absolute zero of temperature, —273°C, the temperature
at which all thermal motion of atoms and molecules stops. Now, this is a
very modest temperature, and the calculations require that more massive
black holes would have even lower temperatures. But it definitely is not
zero, and it implies that somehow energy can leak out of a black hole. All
of this appeared in Bekenstein’s Ph.D. thesis in 1972, although of course
it had been aired earlier in incomplete form.

Hawking, by now something of a black-hole expert, was infuriated by
Bekenstein’s suggestion, which he regarded as complete nonsense. The
work with Bardeen and Carter was a direct response to Bekenstein’s
thesis. Bekenstein was discomfited by the opposition to his arguments (not
just from Hawking but from other researchers, including Werner Israel),
and although he persisted in promoting the idea that the area of a black
hole was a measure of its entropy, in a paper published in 1973* he echoed
the comments of Hawking and his colleagues, saying that the property he
had discovered should not be regarded ‘‘as the temperature of the black
hole: such an identification can easily lead to all sorts of paradoxes, and
is thus not useful.”” Yet, even as Bekenstein’s faith in his own judgment
seemed to be wavering, his theory was soon to gain support from an
unexpected source.

Also in 1973 Hawking learned, on a visit to Moscow, that two Soviet
researchers, Yakov Zel’dovich and Alex Starobinsky, had discovered that
rotating black holes could create particles out of energy and eject them
into space. This was an interesting and acceptable idea, since the energy
to make the particles could come from the ergosphere in a kind of Penrose
process. But when Hawking tried to develop a proper mathematical treat-
ment of the Zel’dovich-Starobinsky effect, using quantum mechanics, he
found to his surprise and initial annoyance that the equations said that even
nonrotating black holes would emit particles. He had arrived, by a dif-
ferent route and against his own inclinations, at the same conclusion as
Bekenstein. Because the emitted particles carry energy and this corre-
sponds to temperature, black holes do have a temperature, Hawking ac-
knowledged in 1974. The particle emission is a phenomenon now known
as the Hawking process (which seems a little unfair to Bekenstein,T

* Physical Review, vol. D7, pp. 2333-46.

+ Adding insult to injury, in both the 1973 paper arguing that Bekenstein was wrong and the 1974
paper acknowledging that he was right (Nature, vol. 248, pp. 30-31), the name of Hawking’s
protagonist was misspelled as ‘‘Beckenstein.”’
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Figure 27: What we think of as ‘‘empty’’ spacetime is actually full of a seething
ferment of ‘‘virtual’’ particles, which are created in pairs out of nothing at all, by
quantum uncertainty, but promptly annihilate one another, forming closed
world-line loops.

Zel’dovich, and Starobinsky). But the temperature of the hole is not an
independent property to add to mass, spin, and charge—the temperature
depends on the area of the event horizon, which is itself already deter-
mined from the three basic properties. Even a hot black hole still has no
hair.

The simplest way to understand the Hawking process is in terms of a
combination of quantum physics and relativity theory. Relativity tells us
that energy can be converted into matter. Quantum physics tells us that
there is always an intrinsic uncertainty in the amount of energy in a
system. Among other things, this means that no system can ever have
precisely zero energy—if it did, there would be no uncertainty. Even
‘‘empty space’’ contains energy, which cannot be measured directly but
which can create short-lived pairs of particles, which flicker in and out of
existence in an incredibly short time scale, less than 10~ ** of a second.
The particles have to come in pairs in order to ensure that there is always
a balance of quantum properties such as electric charge. So, for example,
every temporary electron that is formed this way (carrying negative
charge) is paired with a temporary positron (carrying positive charge).*
Such ‘‘particle-antiparticle pairs’’ almost immediately annihilate one an-
other, giving back to the vacuum the energy they have temporarily bor-
rowed. They are known as ‘‘virtual’’ pairs (figure 27). Although the
concept sounds bizarre, the presence of this sea of virtual particles has a
measurable effect on the behavior of real, charged particles, and no phys-
icist doubts their existence.

* For an explanation of all the quantum rules, see my book In Search of Schrédinger’s Cat.
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But what happens to virtual pairs produced right on the edge of the
horizon of a black hole? In a process reminiscent of the Penrose process,
one member of the pair can cross the horizon and be swallowed up by the
hole, leaving the other particle with no partner with which to annihilate.
The leftover particle gains energy from the gravitational field of the hole,
becoming a real particle that scoots away out into the Universe (figure
28). Just as in the case of the Penrose process, in the Hawking process the
black hole itself loses mass energy and its surface area shrinks. It is the
energy carried by particles evaporating in this way from all over the event
horizon (now known as Hawking radiation) that provides the temperature
Bekenstein had suggested a black hole must have. The temperature is
related to the area of the event horizon in such a way that the bigger a
black hole is, the lower its temperature is.

For stellar mass and larger black holes, it is a slight exaggeration to say
that ‘‘black holes are hot’’ (indeed, it is a slight exaggeration to say that
black holes are cool!), and if this were the end of the story of Hawking
radiation, the process would actually be a welcome addition to our un-
derstanding of black holes. The process does, after all, unite the three
great theories of physics—thermodynamics, relativity, and quantum me-
chanics—within one framework. But there is another, more disturbing,
aspect to Hawking’s discovery.

-«———— Black hole ——»

Antiparticte falling

Particle traveling
into a black hote

backward in time

Time ~

Particle escaping
to infinity Particle traveling

forward in time

Creation of a
Space particle —antiparticle pair

Figure 28: If a virtual pair of particles forms next to a black hole, one member
of the pair may fall into the hole, leaving the other one with nothing to annihilate
with. It is ‘‘promoted”’ into reality, gaining energy from the mass of the black
hole itself. The process is exactly the same, as far as the equations are concerned,
as if a particle tunneled out of the hole by traveling backward in time, and then
scooted off into the future once it was at a safe distance from the event horizon.
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EXPLODING HORIZONS

The disturbing thing about the Hawking process is that it tells us that small
black holes might evaporate away entirely, leaving a naked singularity
behind. Any large black hole will, of course, gain mass by swallowing
particles of dust, or even the energy of starlight and the background
radiation that fills space, faster than it loses mass through the Hawking
process. But imagine a black hole that starts out with a mass of about a
billion tons. This is about the mass of a relatively small asteroid, such as
Apollo, or a large mountain, such as Mount Everest (it would take six
thousand billion objects this size to add up to the mass of Earth). A black
hole with this astronomically modest amount of mass would have a
Schwarzschild radius of only about 10°'> centimeters, roughly the size of
the nucleus of an atom. It would be very hard for such a black hole to
swallow anything at all—even ‘‘eating’’ a proton or a neutron would be
quite a mouthful for it. And yet, according to Hawking’s calculations, it
would have a temperature of about 120 billion degrees, and be radiating
away energy furiously at a rate of 6,000 megawatts, equivalent to the
output of six large power stations. The flow of positive energy outward
into space would be balanced by a flow of negative energy into the hole,
which would shrink as a result. The more it shrank, the hotter it would get
and the faster it would shrink. In the end, such an object might disappear
completely, leaving nothing behind—not even a singularity—but the ra-
diation it has emitted. Alternatively, it may be that quantum effects will
stop the radiation when the hole gets down to a certain size. But there is
a third possibility—that the emission of radiation might shrink the event
horizon around the black hole until the horizon vanishes, leaving a naked
singularity behind. What’s worse, the calculations tell us that this singu-
larity would have negative mass, balancing all the positive energy that had
poured out of the hole and into the Universe at large.

This wouldn’t be so troubling if we only had to worry about black holes
that form in the Universe today. As things are now, you could only make
a black hole by starting out with several times more mass than there is in
our Sun and letting it collapse gravitationally. And any black hole formed
in this way will have only a tiny temperature, producing a feeble amount
of Hawking radiation. But three years before he discovered that mini black
holes should explode, Hawking had already suggested that mini black
holes might exist. In 1971, he had pointed out that under the extreme
conditions of very high pressure that existed in the Big Bang itself, even
black holes with masses as small as one hundred-thousandth of a gram
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might have been produced. After all, you can make a black hole out of
anything if you squeeze it hard enough—remember that Earth itself would
become a black hole if we had any means of squeezing it down into a
sphere with a radius of just under a centimeter. Unless the Big Bang itself
was perfectly smooth, there must have been irregularities, with some
regions slightly more dense than average and some slightly less dense than
average, and it would have been inevitable that some of the ‘‘overdense’’
regions would come out of the Big Bang as black holes.

So, in two quite separate pieces of work, Hawking had established that
tiny ‘‘primordial’’ black holes might very well be at large in the Universe,
and he had shown that such objects must evaporate away, very probably
leaving negative mass naked singularities behind. I chose the particular
example of a mini black hole that starts out with a mass of a billion tons
because the calculations show that the time that has elapsed since the Big
Bang is just long enough for holes with this much mass (and, of course,
any with less mass than this) to have evaporated away by now.

All of these conjectures were anything but welcome news to most
physicists. Remember how Eddington had ridiculed Chandrasekhar’s dis-
covery of ultimate gravitational collapse?

The star has to go on radiating and radiating, and contracting and
contracting, until, I suppose, it gets down to a few km radius, when
gravity becomes strong enough to hold in the radiation, and the star
can at last find peace.

Hawking had turned that on its head. Paraphrasing Eddington, you might
say that what Hawking had shown was that:

The black hole has to go on radiating and radiating, and contracting
and contracting, until, I suppose, the event horizon disappears, and
the singularity inside is exposed to the Universe.

And not just any old singularity, but a negative mass singularity, at that!
The edge of spacetime itself, unveiled for all to see. (Remember: Singu-
larity is a point at which the laws of physics break down and spacetime
itself comes to an end.) Even in the 1990s, many physicists find the notion
as ridiculous as Eddington found the notion of black holes in the 1930s.
But some are made of sterner stuff. In the BBC radio broadcast I have
already mentioned, after pointing out that ‘‘there is no very convincing
theoretical argument in favor of Cosmic Censorship,”” Penrose said:
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It has often been argued that if naked singularities arise then this
situation would be disastrous for physics. I do not share such feel-
ings. True we have, as yet, no theory which can cope with space-
time singularities. But I am an optimist. I believe that eventually
such a theory will be found.

In the spirit of Penrose, it is almost time to find out how the existence of
such edges to the Universe allow for the possibility of travel through both
space and time. But first, I want to step back a little from the singularity
and take a brief look at some of the strange things that go on in the region
of spacetime just outside the event horizon of a black hole. For, although
the strangest and most extreme distortions of spacetime are associated
with the singularity itself, even going close by a black hole, and not
venturing across the horizon at all, can leave you in something of a
whirl—both mentally and physically.

CENTRIFUGAL CONFUSION

The first strange thing that happens if you travel near a black hole involves
the sensation called centrifugal force, familiar to anyone who has ridden
in a car speeding round a curve. It is the force that pushes you outward as
you go round the bend. Of course, what really happens is that your body
tries to carry on in a straight line and is pushed sideways by the car seat,
the side of the vehicle, or your safety belt. You might recall your high-
school physics teacher explaining that centrifugal force is a ‘“fictitious’’
force that is simply a result of rotation. But that doesn’t mean the force is
not real enough for anyone in a rotating frame of reference. If you place
a tennis ball on the dashboard of the car, when the car turns to the right
the ball rolls to the left, outward from the curve. In the frame of reference
tied to the car, there is a force pushing the ball outward. Apart from the
little quibble about whether this should be called a fictitious force or not,
we all know what is going on and which way the ball will roll. You would
be amazed if the car turned sharply to the right, and the ball, in response,
rolled smartly to the right across the dashboard. But according to Marek
Abramowicz, working in 1990 at NORDITA (the Scandinavian theoret-
ical physics institute in Copenhagen) that is exactly what would happen if
your car were a spaceship and the sharp right turn you were making was
taking you skimming above the event horizon of a black hole.
Abramowicz has been puzzling since the early 1970s over some curious
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predictions concerning centrifugal force that emerge from the equations of
general relativity. In 1990, he and his colleagues established that centrif-
ugal force actually works the other way, squeezing you against the inner
side of a vehicle following a circular path, if that path is an orbit skimming
the surface of a black hole. This happens only for orbits that pass within
a certain distance from the event horizon, and that distance is related to
another feature of black holes that often causes confusion.

Recall that the surface of the event horizon lies at the distance from the
central singularity where the escape velocity is equal to the speed of light.
If you had a rocket with an infinitely powerful motor and an infinite supply
of fuel, then by pointing the rocket exhaust toward the singularity and
blasting the motor at full power you could just hover, motionless, on the
event horizon. But the event horizon is nor at the distance from the
singularity where light rays are bent into a circle around the singularity.
That actually happens a little farther out, at a distance from the singularity
one and a half times the Schwarzschild radius. Between the Schwarzschild
radius and this distance, which defines the ‘‘speed of light circle,’” a light
ray cannot stay in orbit around the black hole. Any light ray that comes
within the speed of light circle must either plunge into the black hole itself
or be bent around the hole and emerge from its vicinity, following an open
curve out into space again. Between the event horizon and the speed of
light circle, your infinitely powerful rocket ship could balance the force of
gravity at any distance from the hole by judicious use of its rocket motors.
Then, with the aid of a sideways-pointing rocket, it could travel in a
circular orbit around the hole. This is where the fun begins.

In fact, the fun begins at the speed of light circle. For the circular
photon orbits themselves, centrifugal force is zero—and it reverses direc-
tion as you cross those orbits. Abramowicz explains this in physical terms
(the mathematical treatment takes rather longer) by pointing out that the
path of a light ray defines a geodesic, the relativistic equivalent of a
straight line. Since centrifugal force acts only when we move along a
curved path, anything that moves along a light path—a relativistic straight
line—cannot feel centrifugal acceleration. And this applies for any space-
ship orbiting the black hole at any speed, as long as it follows the circular
path of a trapped photon. Provided the rocket motor balances the pull of
gravity to keep the spaceship at exactly the distance of the speed-of-light
circle from the black hole, the sideways rocket can push the spaceship
around that circle at any speed at all, and the occupants of the spaceship
will be weightless, in free fall, and will feel no centrifugal force at all.

This is quite different from the weightlessness experienced by astro-
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nauts failing freely in orbit around Earth. There, the astronauts and their
spacecraft are simply falling in a natural orbit under the influence of
gravity. But our hypothetical black-hole explorers are forcing their space-
craft into an unnatural orbit by firing its motors continuously. And yet,
they are still weightless.

For other circular orbits, there will be just one speed at which centrif-
ugal force balances gravity and at which the spaceship will stay in orbit
without firing its motors, just like a spaceship orbiting Earth. In such an
orbit, the occupants of the spacecraft will be weightless. For all other
orbital speeds, in order to maintain the same distance from the central
mass the rocket motors must be used continuously to push the spaceship
in or out with the appropriate force. In those circumstances, the occupants
will feel a centrifugal force pushing them against one of the walls of the
spacecraft. But in these special photon orbits, the motors only have to be
used to balance the gravitational pull of the central mass. Once that is
done, the spacecraft can glide around the circular orbit at any speed at all,
in free fall.

Within these circular photon orbits, though, centrifugal force adds to
the inward pull of gravity. So the outward force needed to keep the
spaceship in a circular orbit increases as the speed of the spaceship around
that orbit increases. Since the spacecraft is between the photon orbit and
the black hole, instead of being flung outward by centrifugal force, the
occupants of the fast-moving spacecraft are sucked inward. In other words,
centrifugal force always acts in such a way as to repel orbiting particles
from the circular photon orbits—inside the photon orbit the pull is inward,
outside the orbit, it pushes outward.

All this is of more than merely esoteric interest to relativists. The only
black holes that have yet been identified in the Universe are those like
Cygnus X-1 where matter is being swallowed by the hole as it is torn from
a companion star by tidal forces. This infalling matter forms a swirling
accretion disk, in which very high temperatures are reached and
X-radiation is produced. It is the X rays that reveal the presence of the
black hole to observers on Earth.

But how does the accretion disk feed matter into the hole? According to
the new insight provided by Abramowicz and his colleagues, once the
material crosses the region of circular photon orbits, rotation will force it
right into the hole, no matter how fast it orbits. It is as if you swirled the
tea in your cup, and instead of piling up at the outside to form a concave
surface the swirling tea piled up in the middle, to make a hump. Processes
like this at work in the accretion disk around a black hole will affect the
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production of X rays by the source, and so future observations could
reveal the effects of the reversal of centrifugal force, even without intrepid
astronauts flinging themselves into close orbit around a black hole to carry
out the appropriate measurements.

But centrifugal reversal isn’t the only strange thing such spacefarers
would be able to measure. Pick a big enough black hole, where tidal
forces near the event horizon are not too extreme, and, still without ever
crossing the event horizon, they would be able to use the region of dis-
torted spacetime around the hole for repeated journeys through time—but
only in one direction, into the future.

A ONE-WAY TIME MACHINE

The role of gravity in slowing the flow of time near a black hole is not in
doubt. This is simply a more extreme version of distortions in spacetime
that have already been measured, particularly in terms of the gravitational
redshift of light from white dwarf stars.

Previously, I described the gravitational redshift in terms of the energy
lost by light struggling out of the gravitational well of a very dense object.
But the gravitational time dilation effect gives us another perspective on
what is going on. From this point of view, light itself can be used as a
clock. Because light travels at a steady speed, 300,000 kps, light with a
particular wavelength can be used to measure the passage of time. The
electromagnetic waves that make up light are, as Maxwell pointed out,
oscillating electric and magnetic fields. If we choose one of the two
components, for simplicity, such a wave can be represented, moving
through space, as a wiggly line like the one shown in figure 29. The
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Figure 29: A wave.
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amplitude of the wave measures the size of the oscillation, and the wave-
length is the distance from one peak of the oscillation to the next. If you
now imagine watching the wave go by, and count the successive peaks as
they pass, you will see that the time between each peak is simply the
wavelength divided by the speed of light. Each wave peak can be thought
of as a little flicker of energy, and for light with a particular wavelength
(which corresponds to a particular color) the flickers follow each other at
regularly spaced time intervals, like the ticking of a perfect clock. In fact,
this is how the length of time we call the second is defined. Originally, the
second was defined in terms of the rotation of Earth, which is the basic
astronomical ‘‘clock.”” Since there are sixty seconds in a minute, sixty
minutes in an hour, and twenty-four hours in a day, the length of the
second was defined as 1/86,400 times the length of the day. But the length
of the day changes slightly during the course of the year, as Earth moves
around the Sun. On longer time scales, the spin of Earth is gradually
slowing down; and there are also more erratic changes, for example, when
our planet is shaken by large earthquakes. All in all, the spinning Earth is
a far from perfect timekeeper. So the second is now defined in terms of the
frequency of a particular pure wavelength of radiation emitted by atoms of
caesium—one second is the time it takes for this specific electromagnetic
wave to flicker 9,192,631,770 times. This definition of time is what gives
us the expression ‘‘atomic clocks’’; in fact, though, atomic clocks are
really light clocks. All our time signals come ultimately from such clocks
today, and when you set your clock by the radio time signal you are
matching it to the *‘ticking’’ of light from caesium atoms. But Earth itself
continues to be an erratic timekeeper, and we want our everyday clocks
and watches to continue to show noon when the Sun is at its highest in the
sky. So as Earth slips slightly out of step from atomic time, occasionally
the official radio time signals include allowance for an extra ‘‘leap sec-
ond”’ to bring things back in line, ensuring that noon on your watch is
never more than one second away from the time when the Sun is highest
in the sky (assuming you have set your watch correctly, and that it keeps
perfect time). What matters for the purpose of discussing redshift, how-
ever, is that each second is precisely the same length as any other second
and is defined in terms of the frequency of vibration of electromagnetic
waves—light.

Now apply this to measurements made near a black hole. Astronauts
traveling close to a black hole could carry a caesium clock with them.
They would measure the wavelength of the all-important electromagnetic
radiation from the atoms and find that it was exactly the same as back
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home on Earth. They would happily set their clocks by the vibrations of
this wavelength of light and go about their business. But if the radiation
from the caesium atoms were beamed out from the vicinity of the black
hole and picked up by observers out in the region of flat spacetime, they
would find that it had a longer wavelength, because of the gravitational
redshift, than equivalent radiation from identical atoms on Earth or from
caesium atomic clocks in the observers’ spacecraft. In other words, the
time between successive flickers of energy would have increased in the
redshifted light. In the time it would take for 9,192,631,770 flickers from
the atomic clock down near the black hole to pass by the observers out in
flat spacetime, much more time than one second would have passed ac-
cording to the clocks out in the region of flat spacetime. Compared with
events in flat spacetime, the astronauts in the region of strong gravitational
field near the black hole would be living more slowly.

But to them, of course, everything on board their spacecraft would
seem to be normal. Indeed, they would argue that the observers out in flat
spacetime were living speeded-up lives! After all, if light from the cae-
sium atoms of those observers’ clocks were beamed down into the region
just above the black hole, it would gain energy from the gravitational field
and be blueshifted to higher energy and therefore shorter wavelengths,
corresponding to higher frequency. Comparing this incoming light with
the radiation from their own clocks, the astronauts would conclude that
time was running fast in the outside Universe.

Either perspective would be correct. If the astronauts now fired their
rockets to come out of the region of highly distorted spacetime to compare
clocks with the observers, the clocks that had traveled down near the black
hole with the astronauts would show that less time had elapsed, while the
clocks that had stayed out in flat spacetime with the observers would show
that more time had elapsed. What’s more, the astronauts would have aged
less than the observers. This whole time dilation business is notr some
illusion caused by the way we choose to measure time. Choosing to
measure time from the spin of Earth has no significance for the Universe
at large; but choosing to measure time in terms of the oscillations of
electromagnetic waves is indeed truly fundamental. It is the way the
Universe itself measures time. Light, as Einstein realized, provides the
only, and essential, infallible, fundamental measure of both length and
time in the Universe. If you find it hard to accept that the astronauts who
visit the region just above the event horizon will have aged less than the
observers who stayed in flat spacetime, remember that those astronauts
and observers are themselves made of atoms. If gravity affects the way
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caesium atoms produce light, it should be no surprise to find that gravity
affects the way atoms in living bodies behave. Time really does run slow
in the region of spacetime near a black hole.

And this is what makes it possible to use a comfortably large black
hole as a one-way time machine. The longer the astronauts spend near
the event horizon, and the closer they get to it, the stronger the effect
will be. You don’t even need enormously powerful rockets to take ad-
vantage of the effect, because the astronauts could use a judicious,
short-lived blast on their rockets to set their spacecraft falling on an
open orbit down into the region of highly distorted spacetime, leaving
the observers behind in a space station orbiting in a circular orbit far
from the black hole. The falling spacecraft would coast in, in free fall
all the way, being accelerated by the gravity of the black hole up to the
point of closest approach. Then, it would whip around the hole very
sharply (still in free fall but perhaps producing some vertiginous tidal
effects) and climb out again, now being slowed all the time by gravity.
At the farthest distance from the hole, the astronauts could fire their
rockets briefly again, to put the spacecraft back alongside the space sta-
tion of the observers who had stayed out in a high orbit, ready to com-
pare clocks. By choosing the right path around the black hole, such a
journey, which might take a few hours according to the clocks on the
falling spacecraft, could be made to take as long as you like according
to the outside Universe. A hundred years, a thousand years, or longer.
What’s more, the astronauts could repeat the process as often as they
wanted to, hopping down the centuries and millennia into the future. On
such a scenario, the observers they met on each visit into the region of
flat spacetime would not be the original observers who watched them set
off. Those observers would have long since died of old age and been
replaced by successive generations of new observers.

It sounds like science fiction, and the basic idea has indeed been used
in more than one science-fiction story. But it is all sober scientific fact.
The one snag in the scenario (which is what makes those stories science
fiction) is that in order to take advantage of the one-way time machine
process you would first have to find, and then travel to, a very massive
black hole, in order to avoid tidal problems. The nearest black hole
likely to be large enough to fit the bill is the one at the center of the
Milky Way, more than thirty thousand light-years away. Even light
takes more than thirty thousand years to reach us from the vicinity of
the nearest usable one-way time machine. Since nothing can get there
faster than light, in order to take advantage of the possibilities it offers



150 * UNVEILING THE EDGE OF TIME

we would have to find a shortcut through space so that we could get to
it in a reasonable time. That, of course, is another familiar science-
fiction device as well—the concept of tunnels through ‘‘hyperspace.”’
Only, would you believe, that idea, too, turns out to be based on re-
spectable scientific fact.



CHAPTER 6

HYPERSPACE CONNECTIONS

When science fiction becomes fact. White holes, wormholes, and spacetime
tunnels. Journeys into other universes and our own past. The blue-sheet
block—and a way around it. Opening the throat of hyperspace with the aid of
antigravitational string.

When astronomer Carl Sagan decided to write a science-fiction novel, he
needed a fictional device that would allow his characters to travel great
distances across the Universe. He knew, of course, that it is impossible to
travel faster than light; and he also knew that there was a common con-
vention in science fiction that allowed writers to use the gimmick of a
shortcut through hyperspace as a means around this problem. But, being
a scientist, Sagan wanted something that would seem to be more sub-
stantial than a conventional gimmick for his story. Was there any way to
dress up the mumbo-jumbo of science-fiction hyperspace in a cloak of
respectable-sounding science? Sagan didn’t know. He isn’t an expert on
black holes and general relativity—his specialty is planetary studies. But
he knew whom to turn to for advice on how to make the impossible idea
of hyperspace connections through spacetime sound a bit more scientifi-
cally plausible in his book Contact.

The man Sagan turned to for advice, in the summer of 1985, was Kip
Thorne, at CalTech. Thorne was sufficiently intrigued to set two of his
Ph.D. students, Michael Morris and Ulvi Yurtsever, the task of working
out some details of the physical behavior of what the relativists know as
‘‘wormholes.”” At that time, in the mid-1980s, relativists had long been
aware that the equations of the general theory provided for the possibility
of such hyperspace connections. Indeed, they are an integral part of the
Schwarzschild solution to Einstein’s equations, and Einstein himself,
working at Princeton with Nathan Rosen in the 1930s, had discovered that
Schwarzschild’s solution actually represents a black hole as a bridge be-
tween two regions of flat spacetime—an Einstein-Rosen bridge. This is
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related to the fact that there are two sets of solutions to the equations,
mentioned in chapter 5. But before Sagan set the ball rolling again, it had
seemed that such hyperspace connections had no physical significance and
could never, even in principle, be used as shortcuts to travel from one part
of the Universe to another.

Morris and Yurtsever found that this widely held belief was wrong. By
starting out from the mathematical end of the problem, they constructed a
spacetime geometry that matched Sagan’s requirement of a wormhole that
could be physically traversed by human beings. Then they investigated the
physics to see if there were any way the known laws could conspire to
produce the required geometry. To their surprise, and the delight of Sa-
gan, they found that there is. (Almost certainly, Thorne was not surprised
by the discovery; Morris recalls that when Thorne set his students the
problem, he had a distinct impression that Thorne himself had already
figured out the answer, although it took Morris a few weeks to follow
through the hints he gave them.) To be sure, the physical requirements
appear contrived and implausible. But that isn’t the point. What matters is
that there seems to be nothing in the laws of physics that forbids travel
through wormholes. The science-fiction writers were right—hyperspace
connections do, at least in theory, provide a means to travel to distant
regions of the Universe without spending thousands of years pottering
along through ordinary flat space at less than the speed of light.

The conclusions reached by the CalTech team duly appeared as the
scientifically accurate window dressing in Sagan’s novel when it was
published in 1986, although few readers can have appreciated that most of
the mumbo-jumbo was soundly based on the latest discoveries made by
mathematical relativists. Since then, the discovery of equations that de-
scribe physically permissible, traversable wormholes has led to a booming
cottage industry of mathematicians investigating these strange phenom-
ena. It all starts with the Einstein-Rosen bridge; and before we can see just
how startling the discoveries made by Thorne and his students were, we
need to take stock of the conventional wisdom that said, when Sagan
posed his question in 1985, that wormholes were figments of mathematics
that had no physical significance at all.

THE EINSTEIN CONNECTION

It’s one of the intriguing curiosities of the history of science—and a good
example of how it is virtually impossible to tell the story of black holes
without jumping about in the historical narrative—that spacetime worm-
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holes were actually investigated by mathematical relativists in great detail
long before anybody took the notion of black holes seriously. As early as
1916, less than a year after Einstein had formulated his equations of the
general theory, the Austrian Ludwig Flamm had realized that Schwarz-
schild’s solution to Einstein’s equations actually describes a connection
between two regions of flat spacetime—two universes. Speculation about
the nature of wormholes continued intermittently for decades—the most
notable contributors to the discussion were Hermann Weyl in the 1920s
(Weyl was a German mathematician who studied at Gottingen, Riemann’s
old home, and specialized in investigating Riemannian geometry), Ein-
stein and Rosen in the mid-1930s, and John Wheeler in the 1950s. But
their interest was not in the kind of large, traversable wormholes that
became the stuff of science fiction (known commonly as ‘‘macroscopic’’
wormbholes).

Physicists first became interested in wormholes through thinking about
the nature of fundamental particles, like electrons. If an electron existed as
a point of matter, then the correct way to describe spacetime around that
point would be using the Schwarzschild metric, complete with a tiny
wormhole (known, for obvious reasons, as a ‘‘microscopic’’ wormhole)
providing a connection to another universe. The theorists I have men-
tioned, and others, wondered whether all fundamental particles might

Future singularity (Black hole)

our “Other”

Universe Universe

Past singularity (White hole)

Figure 30: In order to travel from one universe to the other, you would have to
travel “‘across the page.” This involves motion at an angle shallower than 45
degrees, which means faster than light. At first sight, it seems impossible.
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actually be microscopic wormholes and whether such properties as electric
charge might arise because fields of force (in this case, the electric field)
were threaded through the wormholes from the other universe. Such ideas
had obvious appeal for Einstein and other relativists, since they raised the
possibility of explaining the structure of matter in terms of particles that
are ultimately the products of warped spacetime—in other words, explain-
ing everything in terms of general relativity. Their hopes were not ful-
filled, although (as we shall see in chapter 8) an intriguing variation on
this theme is once again causing a flurry of interest among the relativists
in the 1990s. What the pioneering relativists did establish, very early on,
was that Schwarzschild wormholes provide no means of communications
from one universe to the other.

The problem is easily understood, in its modern form, in terms of a
Penrose diagram, like figure 30 (see page 153). A Schwarzschild worm-
hole, or Einstein-Rosen bridge, joining the two universes can be repre-
sented by a line drawn across the page, linking the two sides of the
diagram. But remember that the diagonal lines on such a diagram corre-
spond to motion at the speed of light, and that lines making shallower
angles correspond to motion faster than the speed of light. In order to
traverse an Einstein-Rosen bridge from one universe to the other, a trav-
eler would have to move faster than light at some stage of the journey,
whatever kind of wiggly line you might draw linking the two universes.
And there is another problem with this kind of wormhole—it is unstable.
If you imagine the ‘‘dent’’ in spacetime made by a large mass such as the
Sun, squeezed into a volume only slightly bigger than its corresponding
Schwarzschild sphere, you would get an ‘‘embedding diagram,”’ like
figure 31. The surprise about the Schwarzschild geometry is that when you
shrink the mass down to within its Schwarzschild radius, you don’t just
get a bottomless pit, as in figure 32; instead, the bottom of the embedding
diagram opens out to make the connection with another region of flat
spacetime (figure 33, see page 156). But this beautiful, open throat,
offering the tantalizing prospect of travel between universes, exists for
only a tiny fraction of a second. If we look again at a Penrose-type
diagram, we can take slices through the diagram corresponding to differ-
ent times (‘‘past’’ is at the bottom of the diagram, while ‘‘future’’ lies at
the top), and draw an embedding diagram corresponding to each slice of
space (figure 34, see page 157). This shows that the Schwarzschild throat
forms from two distortions in the opposite regions of flat space that grow
toward each other, connect, and open out to full size, then shrink away
again, disconnect, and separate. For a black hole with the same mass as
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Figure 31: A reminder of the ‘‘embedding diagram’’ that represents the way an
object like the Sun distorts spacetime.

Figure 32: We usually think of a black hole as an extreme version of an embed-
ding diagram, with a hole in the structure of spacetime.

our Sun, the entire evolution of the wormhole, from the disconnected state
associated with the singularity in the past through the Schwarzschild throat
state and on to the disconnected state corresponding to the singularity in
the future, takes less than one ten-thousandth of a second, as measured by
clocks inside the black hole. The wormhole itself does not exist long
enough for light to cross from one universe to the other. In effect, gravity
slams shut the door between universes.
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Figure 33: But remember that there is an extra version of spacetime built into the
equations. A black hole is really a throat—or ‘“wormhole”’—connecting two
universes. :

This is especially disappointing, because if you ignore the rapid evo-
lution of the wormhole and look only at the geometry corresponding to the
instant when the throat is wide open, it seems as if such wormholes might
even connect not separate universes but separate regions of our own Uni-
verse. Space may be flat near each mouth of the wormhole, but bent
around in a gentle curve, far away from the wormhole, so that the con-
nection really is a shortcut from one part of the Universe to another (figure
35). If you imagine unfolding this geometry to make the entire Universe
flat except in the vicinity of the wormhole mouths, you get something like
figure 36 (see page 158), in which a curved wormhole connects two
separate regions of a completely flat Universe—and don’t be fooled by the
fact that in this drawing the distance from one mouth to the other through
the wormhole itself seems to be longer than the distance from one mouth
to the other through ordinary space; in the proper four-dimensional treat-
ment, even such a curved wormhole can provide a shortcut from A to B.
Or, at least, it could if the wormhole stayed open long enough and if
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Black hole

White hole

Figure 34: The snag is that the situation shown in figure 33 is really only a
momentary snapshot of the wormhole. In fact, as time passes the wormhole opens
up and then snaps shut again. It does so too quickly for anything—even light—to
pass through.

Figure 35: If a way could be found to hold a wormhole open, it might even
provide a shortcut from one region of our Universe to another.

passage through the wormhole didn’t involve traveling at speeds faster
than that of light.

The second problem is a direct result of the fact that the future singu-
larity in the Penrose diagram of a Schwarzschild black hole lies horizon-
tally across the page, so that anything (or anybody) that crosses the event
horizon has no option but to crash into the singularity. But this is not the
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Figure 36: The wormbhole is still a shortcut in four dimensions even when the way
we draw it on paper makes it look as if it is the long way around.

end of the story of hyperspace connections. A simple Schwarzschild black
hole has no overall electric charge and it does not rotate. Intriguingly,
adding either electric charge or rotation to a black hole transforms the
nature of the singularity, thereby opening the gateway to other universes.
Most important for us, it makes the journey possible while traveling at
speeds less than that of light.

CHARGING THROUGH HYPERSPACE

While nobody thinks it likely that electrically charged black holes exist,*
nobody thinks it likely that real black holes do not have angular momen-
tum. They surely must rotate, and the more compact they are the faster
we would expect them to rotate. However, it is simplest to get an insight
into how black holes might provide gateways to other universes by look-
ing first at the idealized, if implausible, case of an electrically charged,
nonrotating black hole. This is indeed how relativists began their inves-
tigation of such phenomena. And, once again, the pioneers were at work
almost before the ink was dry on Einstein’s definitive statement of the
equations of the general theory, while World War I was raging across
Europe.

* If a black hole somehow built up a large positive charge, for example, it would soon neutralize
itself by swallowing negatively charged particles (such as electrons) from its surroundings, while
repelling any additional positively charged particles that came its way.
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The description of the spacetime structure near a charged (but nonro-
tating) black hole is known as the Reissner-Nordstrgm geometry. Heinrich
Reissner, in Germany, was first off the mark, publishing a paper on the
self-gravitation of electric fields in the context of Einstein’s theory in
1916; the Finn Gunnar Nordstrgm added his contribution in 1918. But
although they did not work together, their names are now permanently
linked in the pages of textbooks of relativity. Once again, it is easiest to
understand the importance of their discoveries by thinking in terms of the
relativists” standard visual aid, the Penrose diagram.

Adding electric charge to a black hole provides it with a second field of
force, in addition to gravity. But because charges with the same sign (all
positive or all negative) repel one another, this electric field acts in the
opposite sense to gravity, trying to blow the black hole apart, not gath-
ering it more tightly together. Of course, nothing can make the black hole
explode outward (unless, and until, Hawking radiation has shriveled the
event horizon itself to nothing at all). But this does mean that there is still
a force inside a charged black hole that, in a sense, opposes the inward tug
of gravity. The most important consequence of this is that there is a second
event horizon associated with a charged black hole and it will be inside the
event horizon associated with the hole’s gravitational field.

What this means in physical terms is that there are two spherical sur-
faces surrounding the central singularity, one inside the other, both mark-
ing locations where time, as measured by a distant observer, comes to a
standstill. The outer event horizon is a little closer to the singularity than
the event horizon for a black hole with the same mass but no electric
charge; the inner event horizon is close to the singularity if the hole has
only a small amount of electric charge, and farther away if the charge is
greater. In principle, if the black hole had enough electric charge the inner
horizon would move out past the outer event horizon; then, both horizons
would vanish and we would be left with a naked singularity. This would
require adding a vast electric charge to a black hole, and there is no
conceivable practical way this could be done. Nevertheless, the Reissner-
Nordstrgm equations seem to take no notice of the principle of cosmic
censorship. Even stranger, an astronaut who boldly took a flight close up
to such a singularity would not be attracted toward it and crushed by
gravity—the Reissner-Nordstrgm singularity actually repels objects that
approach it too closely, acting as a region of antigravity.

And this is only the beginning of the weirdness of charged black holes!
Remember that as you cross the event horizon of a Schwarzschild black
hole the roles of space and time are reversed. As a result, the world line
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of the singularity in a Penrose diagram is not that of a point in space, trav-
eling vertically ‘‘up the page’’ as time passes. Instead, once you cross the
horizon on the way into a black hole the singularity stretches in front of
you across all of space, and you must inevitably fall into it. If you were to
fall into a Reissner-Nordstrgm black hole, however, there would be a sec-
ond reversal of the roles of space and time as you crossed the second event
horizon. As a result, the representation of the singularity in the Penrose
diagram is not as a horizontal bar across the page but as a vertical line, up
the page (figure 37). By careful navigation of your spaceship, you could
avoid the singularity, even though always traveling at speeds less than
that of light, and cross the event horizons once again on your way out of
the black hole! Although gravity still tries to slam shut the door opening
to other universes, the electric field holds the door open for travelers to get
through. Yet there is still a sense in which this is a one-way door; you could
not get back to the universe you started from—the one-way nature of the
event horizons depicted in figure 37 means that you would inevitably
emerge into another region of spacetime, usually interpreted as another
universe. Turning around to go back the way you came would, as these
new maps of spacetime make clear, require traveling faster than light. But
look again at figure 37. The spacetime map is open-ended. Instead of just
two universes connected by the Schwarzschild geometry, the Reissner-
Nordstrgm geometry connects an infinite number of such pairs of universes
in a chain. This kind of spacetime map is sometimes referred to as the
“‘paper-doll’’ topology, because the repeating pattern resembles the chain
of linked paper dolls made by cutting a folded sheet of paper—here each
paper doll is an entire pair of universes (figure 38, see page 162).

This is all very well in principle, but since charged black holes almost
certainly do not exist in our Universe, it is of no more than esoteric
interest. Except for one thing. The effect of rotation on the spacetime
geometry of a black hole is similar, in some ways, to the effect of electric
charge. In particular, the angular momentum of a rotating black hole also
opposes the inward tug of gravity and pushes an inner event horizon out
from the singularity, opening the door to other universes. Unlike charged
black holes, rotating black holes are certain to exist. And a rotating black
hole has another peculiarity all its own—the singularity in the center is not
a single point but a ring, through which (if the hole is massive enough and
is rotating fast enough) a daring space traveler might even dive and live to
tell the tale. Until Sagan made his innocent inquiry about wormholes to
Thorne, this was the nearest the mathematicians had come to describing a
plausible traversable, macroscopic wormhole.
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Figure 37: The spacetime map of an electrically charged black hole shows how the
hole connects many universes (or many regions of one Universe) together. Be-
cause the singularity is now vertical, an expert navigator in a suitable spaceship
could steer a course through the black hole and into a different region of flat
spacetime, without ever having to exceed the speed of light.

BRIDGING THE UNIVERSES

Like the boundary of the ergosphere of a Kerr black hole, the inner event
horizon of a rotating black hole bulges out farthest from the center of the
hole around the equator and doesn’t bulge out at all at the poles. This
complicates the geometry of spacetime around a Kerr black hole and helps
explain why it took mathematicians so long to solve the relevant equations
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Figure 38: The spacetime map for a set of universes connected by a charged black
hole is like a never-ending chain of paper dolls.

(the Reissner-Nordstrgm example of a black hole is spherically symmet-
ric—the same in all directions—and that almost always makes the equa-
tions easier to solve). Once Kerr had found out (in 1963) how to allow for
the effects of rotation, it was relatively straightforward to add the effects
of electric charge as well. This was done by Ezra Newman and colleagues
at the University of Pittsburgh in 1965; their solution to Einstein’s equa-
tions, now known as the Kerr-Newman solution, describes spacetime
around a rotating, electrically charged black hole. If you take the Kerr-
Newman solution and set the charge equal to zero, you get Kerr’s math-
ematical description of a rotating black hole; if instead you set the rotation
equal to zero, you get the Reissner-Nordstrgm solution for a charged black
hole; and if you set both charge and rotation to zero, you get Schwarz-
schild’s solution for a nonrotating, uncharged black hole. The Kerr-
Newman solution of Einstein’s equations incorporates every property that
a black hole can have—mass, charge, and spin. In line with the no-hair
theorem, it is the ultimate solution to those equations, at least as far as
black holes are concerned. But since there is no reason to think that
rotating black holes will actually have charge, anymore than there is any
reason to think that nonrotating black holes can have charge in the real
Universe, I shall say no more about the Kerr-Newman solution and instead
concentrate on the intriguing possibilities opened up by the addition of
rotation alone to a massive black hole.

First, the ring singularity. Subject to the usual provisos about the mass
of the black hole itself and the size of the ring singularity (so that the
astronaut is not torn apart by tidal forces), it would be possible to dive into
a Kerr black hole at one of its poles and right through the hoop formed by
the singularity. As soon as you do so, the world is turned upside down.
The equations tell us that as you pass through the ring you enter a region
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of spacetime in which the product of your distance from the center of the
ring and the force of gravity is negative. This might mean that gravity is
behaving perfectly normally but you have entered a region of negative
space in which it is possible to be, for example, ‘‘minus ten kilometers’’
away from the center of the hole. Even relativists have trouble coming to
terms with that possibility, so they usually interpret this negativity as
meaning that gravity reverses as you pass through the ring, turning into a
repulsive force that pushes you, instead of pulling. In the region of space-
time beyond the ring, the gravity of the black hole repels both matter and
light away from itself, so that it acts like the white holes mentioned
earlier.

This concept is uncomfortable enough to try to comprehend; but there
is another, even more uncomfortable implication in the equations describ-
ing this antigravity universe. An astronaut who dived through the ring but
stayed close to it and circled around the center of the black hole in an
appropriate orbit would be traveling backward in time. The saving grace,
from the point of view of conventional physics, is that even if you did this,
then dived back through the ring and on out of the rotating black hole, you
still couldn’t go back to the same region of spacetime that you started
from. Like the event horizons of a Reissner-Nordstrgm black hole, those
of a Kerr black hole allow only one-way travel, taking you on into another
universe (figure 39, see page 164). You might arrive in that universe, in
some sense, ‘‘before’’ you left your original universe, but there would be
no practical way of communicating with your starting place in order to
pass a message to yourself before you left on the journey.

Nevertheless, just as you can imagine a charged black hole having so
powerful an electric charge that the inner event horizon pushes out past the
outer horizon and exposes the singularity inside, so a Kerr black hole that
rotates sufficiently rapidly will fling off its event horizons and leave a
naked singularity exposed to view. But this singularity, unlike that of a
Reissner-Nordstrgm black hole, will still be in the form of a ring. It would
be possible not only to travel through the ring but to look through it from
far away, using powerful telescopes. And if you did travel through the ring
and into the region of negative time, there would no longer be any one-way
horizons to prevent your going back again to your starting place. The Pen-
rose diagram of such a situation is very simple. It consists of a negative
universe and a positive universe, separated by a ring singularity through
which anything can travel from one universe to the other (figure 40, see
page 165). And, in principle, it would be possible to approach that singu-
larity from any point of space and time in either universe, orbit around the
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Figure 39: The spacetime map of a rotating black hole is very similar to the
one for a charged black hole, but includes an extra component—the antigravity
universes.

singularity in the appropriate way, and return to exactly the same place
you started from, but getting back there before you had left. If one such
naked Kerr singularity exists anywhere in the Universe, then in principle
it would be possible for you to travel from where you are sitting now to
any place in the Universe and any time—past, present, or future—that you
wish, if only you could find the right route to follow. And, once again,
none of this requires you to travel faster than the speed of light. Of course,
you might die of old age on the journey, but that is hardly the point. The
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Ring singularity

Our Universe Negative Universe

Figure 40: A black hole that rotates fast enough will fling away its event horizon
to expose a naked singularity connecting one ‘“negative’’ universe with one ‘“nor-
mal’’ universe.

equations of the general theory of relativity, the best description of space-
time we have, explicitly allow for the possibility of time travel. No won-
der most physicists desperately wish that there really were an inviolable
law of cosmic censorship—and that they are so concerned that there is no
evidence at all that nature actually operates in accordance with such a law.
Of course, they can take comfort from the fact that it would at the very
least be extremely difficult to make a black hole spin fast enough for
angular momentum to fling away its event horizons. Naked singularities of
this kind may be impractical solutions to Einstein’s equations, even if they
are not, strictly speaking, impossible. Let’s leave the bizarre properties of
the ring singularity to one side and look again at the overall spacetime map
for a Kerr black hole.

Apart from this softening of the singularity, allowing a traveler to dive
through the ring and back again, the spacetime map of the Kerr geometry is
just like the paper-doll topology of the Reissner-Nordstrgm geometry. Ig-
noring the region of negative time, we can represent this as in figure 39, with
the “‘softness’’ of the singularity indicated by smoothing out the jagged
‘‘shark’s teeth’’ usually used to denote the world line of a singularity.

The bottom line concerning all these calculations, even leaving aside
the puzzle of the antigravity, negative-time regions of the map, is that
objects physicists are sure must exist in our Universe (rotating massive
black holes like the ones thought to be the powerhouses of quasars)
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provide connections through hyperspace to other regions of spacetime—
other universes. How should we interpret these other universes? Is there
really some infinite region of spacetime, in layer upon layer, going on
“forever’’ (whatever that means!)? In fact, it is equally valid, within the
context of the equations of the general theory, to say that all of these
different regions of spacetime are actually part of our own Universe, with
the rotating black holes acting as hyperspace connections exactly like the
wormholes developed from the notion of Einstein-Rosen bridges I de-
scribed on page 154. A rotating black hole may connect our Universe to
itself, not just once but repeatedly, offering a gateway to different places
and different times. The ‘‘other universe’’ you enter after a trip like the
one shown in figure 39 could actually be our own Universe, but a million
years ago (or ten million years in the future). This is such a very alarming
prospect, as far as our grasp on commonsense reality is concerned, that
most physicists were relieved when, in the 1970s, new calculations sug-
gested that in the real Universe powerful gravitational effects associated
with singularities and event horizons would choke off even these hyper-
space connections before anything could pass through them. It seemed
that wormholes would be able to exist only in an empty universe (in which
case there would be nothing to pass through them, and no genuine pos-
sibility of using hyperspace connections for either space or time travel).

THE BLUESHIFT BLOCK

This problem with wormholes was first appreciated by mathematicians
investigating the nature of white holes. In the early 1970s one mathema-
tician in particular, Douglas Eardley of CalTech, seemed to have proved
conclusively that white holes cannot exist in the real Universe. This was
particularly disappointing for me, because it pulled the rug from under a
rather neat explanation of the way galaxies might have formed, a theory
(developed by Soviet researchers in the 1960s) I was particularly fond of,
and even wrote a book about. *

The main exponent of the revival of the idea of white holes in the 1960s
was Igor Novikov. He was intrigued by the evidence for explosive out-
bursts of activity in the Universe, such as the activity associated with
quasars. At that time, nobody had fully worked out the way matter falling
into a supermassive black hole could generate energy that would be chan-

* It was called, logically enough, White Holes (New York: Delacorte, 1977).
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neled back our from the polar regions of the object,* and it seemed natural
to some researchers to ask whether white holes might not be a better
explanation for such phenomena than black holes. Novikov proposed that
instead of the outburst from a singularity that created the Big Bang taking
place all at once, there may have been pieces of the primordial singularity
that somehow delayed their expansion and burst out into the Universe at
a later date. These ‘‘lagging cores’’ would then spew matter out into the
Universe in just the way we see quasars behaving. What’s more, the
gravity of a retarded core, even before it made its outburst, could have
held on to a surrounding cloud of material in the expanding Universe; if
stars formed in the cloud of gas around a lagging core, that could explain
the origin of galaxies. This, alas, was the whole package of ideas that
Eardley’s work shot down. We can begin to see why by looking at some
more Penrose-type diagrams.

In addition to black holes and white holes, relativists sometimes talk
about ‘‘gray’’ holes. A black hole is an object into which matter and
radiation fall but from which nothing escapes. A white hole is an object
from which matter and radiation escape but into which nothing falls. A
gray hole is an object from which matter and radiation escape, rise to a
certain distance above the event horizon, and then fall back in.T In each
case, remember that the black/white/gray hole is described by mwo singu-
larities, one in the past and one in the future. The fact that this is really an
idealized, mathematical way of looking at things is highlighted in figure
41 (see page 168), which shows the relevant spacetime diagram repre-
senting the collapse of a real massive star to form a black hole. Spacetime
is described accurately only by the Schwarzschild solution to Einstein’s
equations in the region above (or outside) the surface of the star. The star
itself cuts off a large part of the spacetime diagram, to the right in figure
41, from having any real significance. It is only when the star collapses
that the Schwarzschild metric comes into its own, and the future singu-
larity alone has the possibility of real existence. For a realistic collapsing
star, there is no past singularity and no past even horizon from which
anything can emerge. Of the three permissible mathematical variations on
the theme, only the black hole is a realistic physical prospect.

Of course, if the collapsing star is rotating fast enough, we still have the
option of creating a Kerr black hole providing a gateway to some other

* This is explained in Cosmic Coincidences (New York: Bantam, 1989), which I cowrote with
Martin Rees, the cosmologist who developed this model of quasar activity.

T This is rather like the description of the Universe as emerging from a Big Bang, expanding for
a while, and then contracting back into a big crunch. We may live in a gray hole!
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Our Universe

Surface of a star

Figure 41: The fly in the ointment. A black hole that forms in our Universe today
does not have a past singularity, since the future singularity forms from the
collapse of a star. This rules out all the interesting space-travel as well as time-
travel possibilities, unless there are artificial means of opening the throat of the
wormhole.

universe in which the matter that collapses into the black hole in our
Universe could reemerge from a past event horizon in that universe as a
white hole; but there are problems with this scenario as well. One con-
cerns Hawking radiation. Singularities that lie horizontally across a space-
time diagram in the future (such horizontal singularities are called
‘‘spacelike’’ because they exist across all of space but only at one moment
in time) do not suffer the consequences of Hawking evaporation. From the
perspective of such a singularity, all time lies in the past, and there is no
future into which Hawking evaporation can take place (always assuming
that the flow of time cannot be reversed, which is still the subject of some
speculation). A spacelike singularity in the past, on the other hand, can
produce a plethora of particles by the Hawking process, maybe even
evaporating itself away to nothing at all. The fate of these particles, of
course, is to fill up the inside of the black hole, and to fall inevitably
together to form a spacelike future singularity. This doesn’t really alter the
picture of a Schwarzschild black hole very much, aithough it does shed
some light on what may be going on inside the hole, where (it used to be
thought) nothing interesting happened at ail. The real snag comes when
we apply the same reasoning to the kind of ‘‘vertical’ (or ‘‘timelike’’)
singularity associated with rotating or charged black holes. After all, the
fact that the future singularity is turned on its side to become a timelike
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singularity makes it possible, in principle, to navigate a spacecraft into a
black hole and out again into another universe, without being crushed by
gravity. But if the timelike singularity itself evaporates by the Hawking
process, what happens to all the particles produced? Once again, accord-
ing to what some physicists argue is the simplest interpretation of the
equations, they must fill up the inside of the black hole and pile up at a
moment in the future, forming a spacelike future singularity and barring
the way to other universes. I must say I am not entirely convinced by these
arguments. It is a key feature of Hawking evaporation, in its original
form, that it involves processes going on at the event horizon, so that
when pairs of particles are produced one partner can escape while the
other drops inside the hole into a negative-energy state. It is not at all
obvious that the same sort of process will be at work beneath the event
horizon, next door to what amounts to a naked singularity, Still, more
eminent mathematicians than I am seem to take the notion seriously, and
if they are right to do so then it seems that quantum processes may close
the door to other worlds opened by general relativity. But since we do not
yet have a complete theory combining quantum physics and general rel-
ativity in one set of equations, this disappointing conclusion cannot yet be
regarded as the last word on the subject. We can see just how dramatically
conclusions about black holes can be turmed on their heads by looking at
what happened to Eardley’s work, which seemed, at the time he presented
it, to put the lid on the possibility of white holes even on the basis of
general relativity alone.

The important point highlighted by his more realistic look at the col-
lapse of a star to form a black hole is that we have to take account of the
real distribution of matter in the Universe outside, not just of the elegant
equations describing curved spacetime. Problems of this kind do not arise
when we are describing the Big Bang itself, because there was no outside,
and therefore no outside matter or energy, to worry about. But things are
different for a retarded core. I have already mentioned that one of the
attractive features of Novikov’s idea was that the gravity of the retarded
core would hold on to matter, perhaps explaining the presence of galaxies
in the expanding Universe. The snag is, such a core would hold on to
matter, and even light, too effectively. Light escaping from the surface of
a black hole, remember, is redshifted so much that it loses all its energy.
The redshift is infinite. But light falling onto a black hole gains energy,
and as it crosses the event horizon it is infinitely blueshifted. This is of no
concern to us as long as the buildup of energy is safely locked away inside
a black hole (although it does have intriguing cosmological implications,
which I shall discuss in chapter 8). But now think about what happens to
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a white hole, in a real universe already containing matter and energy, as
it tries to emerge from a singularity.

The expanding core of the white hole will possess a gravitational field
every bit as powerful as the equivalent black hole. So matter and energy
will come piling in on top of the object from the Universe outside, even
as the white hole inside tries to expand outward. The problem is partic-
ularly acute for any retarded cores left over from the Big Bang, since in
the fireball of creation they would have been surrounded by a seething
maelstrom of energy they could feed off; but Eardley showed that even in
the Universe today there is ample energy available, in the form of starlight
alone, to provide a pileup at the event horizon. After all, if the blueshift
is infinite, you need only a tiny amount of light falling into the white hole
for the blueshift to cause problems. Those problems take the form of what
is now known as a ‘‘blue sheet,”’ a wall of energy surrounding the white
hole so intense that the energy of the light itself warps spacetime enough
to create a black hole surrounding the incipient white hole. As Stanford
physicist Nick Herbert has graphically expressed it, ‘‘Universes like our
own contain lethal amounts of light and matter which will form fatal blue
sheets that smother infant white holes in their cradles.’” More prosaically,
the calculations suggest that the smothering process would take about one
thousandth of a second if any lagging core in the Universe today decided
to stop lagging and tried to become a white hole.

Worse, the smothering carries over from the Schwarzschild solution to
the Reissner-Nordstrgm and Kerr solutions. Such holes always, of course,
have past event horizons. The pileup of energy at the past event horizon
begins at the moment the Universe (and the horizon) is created, and forms
an impenetrable blue sheet. Nobody has yet completely solved the difficult
mathematical problem of describing accurately how this blue sheet inter-
acts with the wormhole, but at the end of the 1980s most physicists
regarded the existence of such a blue sheet as likely to cut the connection
between universes. Imagine their surprise, then, when calculations carried
out at the very end of that decade, and the beginning of the 1990s,
suggested that this might not, after all, be the case.

PARTING THE BLUE SHEET

Eardley showed that problems with blue sheets arise in the real Universe
because, as well as considering the curvature of spacetime around a sin-
gularity, we have to allow for the way curved spacetime interacts with
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matter and energy from the Universe outside. But how does it interact with
the spacetime outside? Those calculations assumed that the spacetime
outside the black/white hole is itself flat. This is so nearly the case, for
regions of space on the scale of our Solar System or the Milky Way
galaxy, it is almost taken for granted by the experts—it is certainly the
picture they use as a first approximation to reality. But it may nor be the
case on the scale of the Universe itself. Einstein’s cosmological equations,
which tells us the Universe must be either expanding or contracting, also
tell us that it is highly unlikely that the geometry of the Universe is flat.
It is much more likely to be non-Euclidean and curved—either open, like
the saddle surface discussed in chapter 2, or closed, like the surface of a
sphere. And researchers at the University of Newcastle upon Tyne have
shown that if indeed the Universe is closed (the option favored by most
cosmologists today, for reasons detailed in Cosmic Coincidences and
touched on in chapter 8), then there may, after all, be holes in the blue-
sheet story, if not in the blue sheets themselves.

JOURNEY INTO HYPERSPACE

Because the Reissner-Nordstrgm solution is easier to work with than the
Kerr solution, these investigations have concentrated, so far, on the be-
havior of charged black holes in a realistic mathematical model of the
Universe. It is expected that the important properties, associated with the
existence of two event horizons around each such black hole, will carry
over into the Kerr solution for rotating black holes, but these are still early
days in this work and there could conceivably be further surprises when
rotation is added into the calculations. The problems involving blue sheets
arise, in the old picture (where ‘‘old’’ now means pre-1988), at the inner
event horizon, which is also known as the Cauchy horizon. They can be
explained, in physical terms, as a result of an observer sitting at the
Cauchy horizon and seeing the entire infinite future of the outside universe
in a finite time on the observer’s clocks. But suppose the outside universe
does not have an infinite future! What if it is finite and unbounded, like the
closed surface of a sphere?

This possibility was initially investigated chiefly by Felicity Mellor, at
Newcastle, working with Ian Moss, a former protégé of Stephen Hawk-
ing, and Paul Davies (who was then professor of physics in Newcastle but
is now based in Adelaide, Australia). They looked at the mathematical
description of wormholes associated with charged black holes in the ge-
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ometry corresponding to a closed universe—one that has its own cosmo-
logical event horizon. In other words, they had to deal with three event
horizons, two associated with the black hole and one cosmological. The
particular cosmological models they studied also include another feature,
related to the constant that Einstein tried to use to fiddle his equations to
make the model universes of the general theory hold still. But this modern
version of the cosmological constant, far from holding the Universe still,
is invoked to explain how it expanded away from the intense gravity of the
initial singularity. It operates way back at the edge of universal time, close
to the singularity in which the Universe was born, and acts as a kind of
negative-pressure antigravity, whooshing the embryonic Universe up from
a volume far smaller than that of an atom to about the size of a grapefruit
in a tiny fraction of a second, before fading away as the Universe settles
down into the more steady expansion we see today. This phase of very
rapid expansion is known as inflation, and is a key ingredient of the
modern version of Big Bang theory. All the Newcastle team’s conclusions
about wormholes hold up, Moss showed, provided only that the Universe
is closed; but it would have been a deep embarrassment if they did not
work in the context of the inflationary scenario, which is the current *‘best
buy’’ in cosmology, so it would have been foolish not to check the
calculations with the presence of this kind of cosmological constant. In
such scenarios, space away from concentrations of matter is very nearly
flat, and is called de Sitter space; but spacetime itself can still be gently
curved to make a closed Universe—spacetime is like two black holes at
opposite ‘‘ends’’ of the Universe. Mellor and Moss found that in these
circumstances the Universe can contain many black holes separated by
regions that correspond almost exactly to de Sitter space, and that these
black holes can (if charged) be connected by wormholes that are stable. In
some cases, naked singularities can form, violating cosmic censorship;
and in the Newcastle team’s own words, ‘‘An observer could in principle
travel through the black hole to another universe.”

The main contribution Davies made to this work was to include an
allowance for quantum effects. As Hawking demonstrated so vividly in
the 1970s, quantum effects can have a dramatic impact on the behavior of
black holes, and it was natural to wonder whether they would prevent the
kind of wormholes described by Mellor and Moss from making an ap-
pearance in the real Universe. But no. In 1989, Davies and Moss reported
that ‘‘the conjecture that an object may pass through a black hole and enter
‘another universe’’” still holds for charged black holes in a closed Uni-
verse even when quantum effects are taken into consideration. As long as
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the Universe is closed, neither the presence of a cosmological constant nor
the quantum complications prevent traversable wormholes from existing,
and ‘‘the Mellor-Moss solutions might provide genuine ‘space bridges’ to
other universes.”’*

All of this work concerns natural features of the Universe—black holes
formed naturally, like those associated with quasars, or left over from the
superdense state of the Big Bang itself. If all of the math stands up when
somebody carries out the difficult task of adapting the calculations to cover
rotating black holes, it will mean that hyperspace connections can arise
naturally in a universe like ours. And this astonishing discovery provides
a dramatic backdrop to the speculations, encouraged by Sagan’s wishful
thinking and developed by the CalTech researchers and others, that it
might indeed be possible to construct traversable wormholes artificially,
just as science-fiction writers have been telling us for decades, given a
suitably advanced technological civilization.

WORMHOLE ENGINEERING

There is still one problem with wormholes for any hyperspace engineers
to take careful account of. The simplest calculations suggest that whatever
may be going on in the Universe outside, the actual passage of a spaceship
through the hole (or rather, the attempted passage of a spaceship through
the hole) ought to make the star gate slam shut. The problem is that, even
leaving aside the question of radio waves or light from the spaceship piling
down onto the singularity and creating an infinite blue sheet, an acceler-
ating object, according to the general theory of relativity, generates those
ripples in the fabric of spacetime itself known as gravitational waves. It is
the effect of this gravitational radiation, pouring out into space from the
binary pulsar, that is draining energy so that the orbit of the binary pulsar
changes measurably, providing the best confirmation yet of the accuracy
of Einstein’s theory. Gravitational radiation itself, traveling ahead of the
spaceship and into the black hole at the speed of light, could be amplified
to infinite energy as it approaches the singularity, warping spacetime
around itself and shutting the door on the advancing spaceship. In other
words, even if a natural traversable wormhole exists, it seems to be
unstable to the slightest perturbation, including the disturbance caused by
any attempt to pass through it.

* Classical and Quantum Gravity, vol. 6, pp. L173-77.
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But Thorne’s team found an answer to that for Sagan. After all, the
wormholes in Contact are definitely not natural; they are engineered. One
of his characters explains:

There is an interior tunnel in the exact Kerr solution of the Einstein
Field Equations, but it’s unstable. The slightest perturbation would
seal it off and convert the tunnel into a physical singularity through
which nothing can pass. I have tried to imagine a superior civiliza-
tion that would control the internal structure of a collapsing star to
keep the interior tunnel stable. This is very difficult. The civilization
would have to monitor and stabilize the tunnel forever.*

But the point is that the trick, although difficult, is not impossible. It
could operate by a process known as negative feedback, in which any
disturbance in the spacetime structure of the wormhole creates another
disturbance which cancels out the first disturbance. This is the opposite of
the familiar positive-feedback effect, which leads to a howl from loud-
speakers when a microphone plugged into those speakers is placed in front
of them. In that case, the noise from the speakers goes into the micro-
phone, gets amplified, comes out of the speakers louder than it was be-
fore, gets amplified . . . and so on. Imagine, instead, that the noise
coming out of the speakers and into the microphone is analyzed by a
computer that then produces a sound wave with exactly the opposite
characteristics from a second speaker. The two waves would cancel out,
producing total silence. For simple sound waves, pure notes that corre-
spond to waves like the sine curve in figure 29, this trick can actually be
carried out, here on Earth, in the 1990s. Canceling out more complex
noise, like the roar of a football crowd, is not yet possible, but might very
well be in a few years’ time. So it may not be completely farfetched to
imagine Sagan’s ‘‘superior civilization’’ building a gravitational wave
receiver/transmitter system that sits in the throat of a wormhole and can
record the disturbances caused by the passage of the spaceship through the
wormhole, ‘‘playing back’’ a set of gravitational waves that will exactly
cancel out the disturbance, before it can destroy the tunnel.

But where do the wormholes come from in the first place? The way
Morris, Yurtsever, and Thorne set about the problem posed by Sagan was
the opposite of the way everyone before them had thought about black
holes. Instead of considering some sort of known object in the Universe,

* Legend edition, p. 347.
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like a dead massive star or a quasar, and trying to work out what would
happen to it, they started out by constructing the mathematical description
of a geometry that described a traversable wormhole, and then used the
equations of the general theory to work out what kinds of matter and
energy would be associated with such a spacetime. What they found is
almost (with hindsight) common sense. Gravity, an attractive force pull-
ing matter together, tends to create singularities and pinch off the throat of
a wormhole. The equations said that in order for an artificial wormhole to
be held open, its throat must be threaded by some form of matter, or some
form of field, that exerts negative pressure and has antigravity associated
with it. This already has echoes of the kind of field, associated with the
modern version of a cosmological constant, thought to have driven the
expansion of the very early Universe; I shall return to this intriguing
connection shortly. The critical factor for keeping a wormhole open is that
the negative pressure (or tension) exerted must be greater than the mass-
energy density of the original matter that makes up the black hole. In other
words, the antigravity associated with the negative pressure more than
cancels out the effects of gravity inside the wormhole itself. For a hole a
few kilometers across (roughly the size of a neutron star), the negative
pressure must be stronger than the normal pressure at the heart of a
neutron star. Hardly surprisingly, hypothetical matter that possesses this
curious property is known as ‘‘exotic’’ matter. The CalTech team showed
that any traversable wormhole must contain some form of exotic stuff. The
work by Mellor, Moss, and Davies may weaken this restriction, since their
investigations suggest that natural wormholes can exist even without the
aid of exotic matter. But since we are interested in artificial wormholes (a
supercivilization could not rely on finding natural hyperspace connections
in just the places it needed them, and in any case there are other obvious
difficulties about approaching the centers of quasars) there really seems no
escape from the need for exotic matter.

Now, you might think, remembering your high school physics, that this
completely rules out the possibility of constructing traversable worm-
holes. Negative pressure is not something we encounter in everyday life
(imagine blowing negative-pressure stuff info a balloon and seeing the
balloon deflate as a result). Surely exotic matter cannot exist in the real
Universe? But you may be wrong. The evaporation of black holes in the
Hawking process actually involves negative-energy states, remember, and
this is equivalent to a kind of negative pressure operating at the horizon of
a black hole. In fact, negative pressure not only can be produced in theory
but has been produced, and measured, in the laboratory.
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MAKING ANTIGRAVITY

The key to negative pressure, or antigravity, was found by a Dutch phys-
icist, Hendrik Casimir, as long ago as 1948. Casimir is best known for
his work on superconductivity, a strange phenomenon in which some
materials, when cooled to very low temperatures, lose all their electrical
resistance. (Physicists and engineers have recently been excited by the
discovery that some superconductors do not have to be supercold but can
operate at relatively high temperatures, although not quite yet at room
temperature). From 1942 onward, Casimir worked in the research labo-
ratories of the electrical giant Philips, and it was while there that he
suggested an even stranger possibility than superconductivity, implicit in
the rules of quantum physics, which became known as the Casimir effect.

The simplest way to understand the Casimir effect is in terms of two
parallel metal plates, placed very close together with nothing in between
them (figure 42). As we have already seen, a quantum vacuum is not like
the kind of ‘‘nothing”’ physicists imagined the vacuum to be before the
quantum era. It seethes with activity, with particle-antiparticle pairs con-
stantly being produced and annihilating one another. Among the particles
popping in and out of existence in the quantum vacuum there will be many
photons—the particles that carry the electromagnetic force, some of which
are particles of light. Another way to think of this electromagnetic aspect
of the quantum vacuum is that empty space is filled with an ephemeral sea
of electromagnetic waves, with all wavelengths represented.

This irreducible vacuum activity gives the vacuum an energy, but since
this energy is the same everywhere, it cannot be detected or used. Energy
can only be used to do work, and thereby make its presence known, if
there is a difference in energy from one place to another. A good example
is the way electricity is used to light your home. In the lighting circuit, one
wire is Kept at a modestly high electrical potential energy (corresponding
to 110 volts) while another (the ‘‘earth’”) is at the zero of electric energy.
The energy inherent in the higher-voltage wire does nothing at all until a
connection is made to the low-voltage wire—this is why it is known as
‘‘potential’” energy. When a connection is made, electricity flows across
the connection, releasing potential energy as actual energy in the form of
heat and light. The potential difference is crucially important, and if both
wires are at the same voltage, whether it is zero or 110 volts, or even
larger, no current will flow. Indeed, if the whole world were charged up
to a couple of hundred volts we wouldn’t all glow with electrical energy
because there would be no lower energy place for the electricity to drain
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Figure 42: The physics that may make it possible to hold wormholes open can be
seen at work when two simple metal plates are placed close to each other in a
vacuum.

into. Such an electrically charged planet would resemble, in a crude sense,
the way the vacuum is uniformly packed with energy. That is called,
logically enough, the vacuum energy; and Casimir showed how to make
it visible.

Between two electrically conducting plates, Casimir pointed out, elec-
tromagnetic waves would only be able to form certain stable patterns.
Waves bouncing around between the two plates would behave like the
waves on a plucked guitar string. Such a string can vibrate only in cer-
tain ways, to make certain notes—ones for which the vibrations of the
string fit the length of the string in such a way that there are no vibrations
at the fixed ends of the string. The allowed vibrations are the fundamental
note for a particular length of string, and its harmonics, or overtones. In
the same way, only certain wavelengths of radiation can fit into the gap
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between the two plates of a Casimir experiment (figure 43). In particular,
no photon corresponding to a wavelength greater than the separation be-
tween the plates can fit into the gap. This means that some of the activity
of the vacuum is suppressed in the gap between the plates, while the usual
activity goes on outside. The result is that in each cubic centimeter of
space there are fewer virtual photons bouncing around between the plates
than there are outside, and so the plates feel a force pushing them together.
Unfortunately, because the excluded photons are the ones with longer
wavelengths, and therefore lower energy, the effect is very small. But the
force does exist, and shows itself as a force of attraction between the two
plates, sucking them together—negative pressure.

It may sound bizarre, but it is real. Several experiments have been
carried out to measure the strength of the Casimir force between two
plates, using both flat and curved plates made of various kinds of material.
The force has been measured for a range of plate gaps from 1.4 nano-
meters to 15 nanometers (one nanometer is one billionth of a meter) and
exactly matches Casimir’s prediction.

Another scientist who, like Sagan, writes science fiction is Robert For-
ward, of the Hughes Research Laboratories in Malibu, California. He has

\/

Figure 43: Only certain lengths of wave can fit into the gap between the metal
plates represented in figure 42.
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suggested that the Casimir effect might even be put to practical use,
extracting energy from the vacuum. Unlike Sagan, Forward is possibly
even better known as a science-fiction writer than as a scientist. A larger-
than-life character, he is the kind of scientist who speculates about ways
to use antimatter in the propulsion systems of spacecraft, and the kind of
science-fiction writer who describes life forms that have evolved on the
surface of a neutron star. To him, extracting energy from the vacuum—
out of what we used to think of as nothing at all—is easy.

Forward’s design for a *‘vacuum-fluctuation battery’” consists of a helix
of ultrathin aluminum foil charged with electricity—it would look rather
like the toy known as a slinky. The positive electric charge holds the
leaves of foil apart, while the Casimir force tries to pull them together. In
this state, if the whole thing is allowed to collapse slowly like an accor-
dion being squeezed, energy from the Casimir force will be released as
usable electricity. Once the ‘‘accordion’” has collapsed, the ‘‘battery’’ can
be recharged using electricity from an outside source, just like an ordinary
rechargeable battery.

Of course, Forward’s vacuum-fluctuation battery (described in the so-
ber pages of the journal Physical Review B in August 1984%*) is totally
impractical; but, once again, that is not the point. It is allowed by the laws
of physics, and it depends entirely on the proven reality, albeit on a very
small scale, of the phenomenon of negative pressure. In a paper they
published in 1987, Morris and Thorne drew attention to such possibilities
and also pointed out that even a straightforward electric or magnetic field
threading the wormhole ‘‘is right on the borderline of being exotic; if its
tension were infinitesimally larger . . . it would satisfy our wormhole-
building needs.”’T In the same paper, they concluded that ‘‘one should not
blithely assume the impossible of the exotic material that is required for
the throat of a traversable wormable.’’ The two CalTech researchers make
the important point that most physicists suffer a failure of imagination
when it comes to considering the equations that describe matter and en-
ergy under conditions far more extreme than those we encounter here on
Earth. They highlight this by the example of a course for beginners in
general relativity, taught at CalTech in the autumn of 1985, after the first
phase of work stimulated by Sagan’s inquiry but before any of this was
common knowledge, even among relativists. The students involved were
not taught anything specific about wormholes, but they were encouraged
to explore the physical meaning of spacetime metrics. In their exam, they

* Vol. 30, pp. 1700-2.
t American Journal of Physics, vol. 56, pp. 395-412.
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were set a question which led them, step by step, through the mathemat-
ical description of the metric corresponding to a wormhole. ‘‘It was star-
tling,”’ said Morris and Thorne, *‘to see how hidebound were the students’
imaginations. Most could decipher detailed properties of the metric, but
very few actually recognized that it represents a traversable wormhole
connecting two different universes.’’

For those with less hidebound imaginations, there are two remaining
problems: to find a way to make a wormhole large enough for people (and
spaceships) to travel through, and to keep the exotic matter out of contact
with any such spacefarers. The best suggestion along these lines, raising
the real possibility that superior civilizations might indeed be able to
manufacture their own hyperspace connections, has come from Matt
Visser, of Washington University in St. Louis, Missouri. The key ingre-
dient is string.

THE STRING-DRIVEN SPACESHIP: A
PRACTICABLE PROPOSITION?

If current ideas about the birth of the cosmos are correct, the expanding
Universe as we see it is a more leisurely product of the phase of wild
expansion, driven by negative-pressure antigravity in the form of a cos-
mological constant, which occurred during the first split second after the
moment of creation. The expansion slowed to its more sedate rate, as we
see it today, when the fields associated with that cosmological constant
decayed into other forms and disappeared, taking the constant with them.
But there is no reason to think that this transition from the inflationary
epoch to the present state of expansion would have occurred perfectly
uniformly and smoothly, at the same instant, everywhere across the em-
bryonic universe. Quite the reverse. Cosmologists calculate that the
changes in the fields associated with this transition are more likely to have
occurred independently in many different, distinct regions of the young
Universe, known as domains. Within each domain, the changeover would
have been quite smooth. But at the boundaries between domains, the
leftover fields from the decay of the negative-gravity fields would not have
fitted together smoothly, causing distortions in the structure of spacetime.

These distortions are rather like the features known as dislocations that
often occur in crystals. The distinctive thing about a perfect crystal is that
the atoms it is made of are lined up in orderly rows. When a crystalline
solid forms from a cooling liquid, however, the liquid does not all solidify
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into one perfect crystal. Instead, different regions crystallize in slightly
different ways, just like the cosmologists’ domains, so that the atoms of
the solid are arranged in slightly different orientations in different places.
The orderly rows in one domain do not match up with those in the domain
next door, and there is a kind of fault line where the two rows of atoms
meet. The boundaries between different regions can appear as flat planes,
along which it is easy to cleave the crystal in two, or as hairlike lines.

According to calculations of the physics of the very early Universe, the
same sort of thing would have happened at the cosmological transition,
which is sometimes described as the equivalent of the freezing of a liquid
into a solid—the difference being that the ‘‘liquid’’ and ‘‘solid”’ involved
in the cosmological transition correspond to different states of the vacuum
itself. As different domains ‘‘froze out’’ slightly differently, spacetime
defects in the form of walls across the Universe, thin tubes, and even
mathematical points should have formed. We don’t see any walls of this
kind in our part of the Universe, the story runs, because the Universe has
expanded so much since that time that they are out of sight. And we don’t
see the point defects because they are hard to find (although some versions
of the theory suggest that they could show up as isolated magnetic
poles—a north without a south, or vice versa). But the tubes left over from
this epoch may very well still exist in our part of the Universe, and may
even play an important role in determining the distribution of matter in the
Universe as we see it.

Such tubes are known as cosmic strings. They cannot have ends, but
must always either form closed loops or stretch right across the observable
Universe. Such strings, if they exist, are very thin indeed—one thousand-
billion-billion-billionth of a centimeter across. And yet, a piece of cosmic
string just a kilometer long would weigh as much as Earth. A string that
stretched right across the Universe and was ten billion light-years long
could be scrunched into a ball smaller than a single atom, but it would
weigh as much as a supercluster of galaxies. Some astronomers suggest
that the presence of loops of string, early in the life of the Universe, could
have provided the gravitational ‘‘seeds’’ in which galaxies and clusters of
galaxies grew. Because of their strong gravitational pulls, the string loops
would hold back material from the cosmic expansion, allowing it to form
stars and galaxies. But this strong gravitational pull is only an outward
feature of the string, and in the context of building a traversable wormhole
its least interesting property. What is far more interesting is what lies
inside the tube.

The simplest way to think of the inside of a cosmic string is that it is a
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thin tube containing material left over from the earliest phase of universal
expansion, before the transition into the present state. Cosmic strings are
full, not of matter, but of the original energy fields themselves, like fossils
from the first split second. And those fields still carry the stamp of the
cosmological constant, the enormous negative pressure that extended ev-
erywhere when the Universe was born. In a stretched piece of elastic, the
tension in the material tries to pull the ends together. In a stretched cosmic
string, the negative tension associated with the negative pressure tries to
stretch the string even more. The inside of a cosmic string is exotic stuff
with all the power of anything you could possibly need to stabilize a
wormhole.

Visser’s leap of imagination was to dispense with the assumption of
spherical symmetry, which the relativists commonly use to make their cal-
culations easier. In an essay for the Gravity Research Foundation Compe-
tition in 1989 (Visser’s essay didn’t win, but received an Honorable
Mention), he took a leaf from the book of Thorne’s team and designed a
spacetime structure that would allow for easy passage through the worm-
hole, then worked out how to place the exotic stuff to produce such a struc-
ture. Because we are dealing with two three-dimensional spaces (two
universes or two parts of the same universe) connected by the star gate, the
surfaces that form the entrances and exits to the wormholes have to be three
dimensional. Previously, I have described these in terms of spherical black
holes, perhaps with the addition of rotation, forcing the spherical surfaces
to bulge a bit at the equator. But Visser, an expert theoretical hyperspace
engineer, decided he would like a flat surface for his travelers to pass
through, with no strong gravitational fields to disturb them, and with the
exotic stuff kept well out of their way. The structure he came up with is the
six-sided surface of a cube, with all the exotic stuff confined to struts along
the edges of the cube. A traveler who approaches and crosses one face of
such a cube will feel no tidal forces and will encounter no matter, exotic or
otherwise. ‘“Such a traveler,’’ says Visser, ‘‘will simply be shunted across
the universe’’ and will emerge from an equivalent cube in another region
of flat space—perhaps even in another universe. Cosmic strings are not spe-
cifically mentioned in that essay, nor in the more formal mathematical ver-
sion of these ideas that Visser published in the Physical Review D.* But in
that formal paper he does point out that ‘‘the stress-energy present at the
edges of the cube is identical to the stress-energy . . . of a negative tension
classical string’’ (his italics). ‘‘No natural mechanism for generating neg-
ative string tension [today] is currently known,’’ says Visser; but there is,

* Vol. 39, pp. 3182-84 (1989).
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of course, a known mechanism that may have generated negative string
tension long ago in the birth of the Universe. Where better to get the exotic
stuff to lay out along the struts of his cubical entrances to traversable worm-
holes?

Any prospect of building such a device is far beyond our present ca-
pabilities. But, as Morris and Thorne stress, it is not impossible and ‘‘we
correspondingly cannot now rule out traversable wormholes.”’ It seems to
me that there’s an analogy here that sets the work of such dreamers as
Thorne and Visser in a context that is both helpful and intriguing. About
five hundred years ago, Leonardo da Vinci speculated about the possibility
of flying machines. He designed both helicopters and aircraft with wings,
and modern aeronautical engineers say that aircraft built to his designs
probably could have flown if Leonardo had had modern engines with
which to power them—even though there was no way any engineer of his
time could have constructed a powered flying machine capable of carrying
a human into the air. Leonardo could not even dream about the possibil-
ities of jet engines and routine passenger flights at supersonic speeds. Yet
Concorde and the jumbo jets operate on the same basic physical principles
as the flying machines he designed. In just half a millennium, all his
wildest dreams have not only come true but been surpassed. It might take
even more than half a millennium for Visser’s design for a traversable
wormhole to leave the drawing board; but the laws of physics say that it
is possible—and, as Sagan speculates, something like it may already have
been done by a civilization more advanced than our own.

There are still, of course, practical difficulties involved. Even if Sagan’s
superior civilization had the capabilities required to manipulate cosmic
string, and knew where to find it, there would still be the little problem of
traveling across space to wherever the string was located in order to get the
stuff to build the star gate. If you can travel far across space in any case,
perhaps the star gate would be unnecessary; if you can’t travel far across
space by other means, perhaps you could never get hold of the raw
materials to build your star gate. But even if you already have some other
efficient means of space travel, there may be another powerful incentive
to try to build a traversable wormhole. In a ‘‘note added in proof’’ near the
end of their American Journal of Physics paper about using wormholes for
interstellar travel, Morris and Thorne commented that *‘since writing this,
we have discovered that from a single wormhole an arbitrarily advanced
civilization can construct a machine for backward time travel.”’* In other
words, every star gate is also a potential time machine. Incredibly, though,

* Ibid.
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this is only half the story of time travel. For there is another, quite separate
way in which the laws of physics allow for the possibility of travel back-
ward in time, an idea developed in detail in a paper published in the
Physical Review D* fully fifteen years before Morris and Thorne added
that note in proof to their first epic wormhole paper. The general theory of
relativity tells us, in fact, that there are two ways to build a time ma-
chine—so let’s look at them both in detail.

* Vol. 9, p. 2203.



CHAPTER 7

TWO WAYS T0 BUILD A TIME MACHINE

How common sense doesn’t make sense. The granny paradox—and how to
doctor it. Schradinger’s cats and the many-worlds theory. Tangling time. Is
time an illusion? Time-traveling tachyons. A universal time machine, Tipler's
time machine, and time tunnels, Soviet-American style. Spacetime billiards
and cosmic histories—adding two plus two (plus many more) Richard
Feynman’s way.

Common sense tells us that time travel is impossible. Common sense also
tells us that it is nonsense to suggest that moving objects shrink and get
heavier, and that an astronaut who travels to a distant star and returns to
earth will be younger than her twin brother who stayed at home. Common
sense is not always a good guide to the laws on which the Universe
operates, and when it comes to time travel, as with anything else, it is
important to find out what those laws really tell us, not what we would like
them to say. But that doesn’t mean that we can completely dismiss the
doubts about time travel expressed by philosophers and implicit in our
commonsense view of the notion. If time travel is possible, it will cer-
tainly mean abandoning some cherished beliefs about the nature of real-
ity—but it won’t be the first time physicists have had to do that in the past
hundred years.

By ““time travel,”” of course, I mean two-way travel in time, some
process that will enable you to go on a journey and return to the same
place you started from at the moment you left (or before). Such a time
journey is said to form a closed timelike loop, or CTL. In ‘‘common-
sense’’ terms, the problem with this kind of time travel is graphically
illustrated by imagining what would happen to a time traveler if he trav-
eled back in time and somehow contrived (or inadvertently caused) the
death of his own maternal grandmother before the time traveler’s mother
had been born. In that case, the time traveler could never have been born.
So the journey could never have been made, and granny has not died after
all. In which case, the time traveler has been born . . . and so on.

185



186 * UNVEILING THE EDGE OF TIME

PARADOXES AND POSSIBILITIES

In more scientific terminology, the problem of closed timelike loops is that
they may violate causality. Causality is a hypothetical law that says that
causes always precede their effects. If I flip the switch on the wall by the
door to my room, the light comes on after I flip the switch, not before.
Even within the conventional framework of relativity theory, which al-
lows observers moving at different speeds to see the same events (in some
cases) occurring in different sequences or at different times, no observer,
however they are moving, will ever see the light in my room come on just
before I flip the switch. Imagine a moving railway carriage with a light
source in the middle. Different observers may disagree about whether the
two pulses of light from the source reach the two ends of the carriage at
the same time, or which pulse gets to its appropriate end first; but all
observers agree that the pulses leave the light source before they arrive at
the end walls.

Most physicists believe that causality is an inviolable law of nature; but,
in fact, they have no proof that this is the case. Nobody has ever seen
causality being violated, but like the cosmic censorship ‘‘rule’’ there is
actually nothing in the laws of physics that requires causality to be true.
In effect, the causality law is no more than our commonsense view of time
expressed in scientific jargon.

So how might we resolve the ‘‘granny paradox’’? There are two well-
established possibilities that have been widely discussed by scientists,
philosophers, and (most accessibly) by science-fiction writers. The first is
that the past may be inviolable, already set in a rigid pattern. Everything
that has happened, including your voyage back in time to visit granny,
has, on this view, already happened and cannot be altered. So, whatever
your intentions when you set off on your journey, nothing you do will
change the past. Should you set out with murderous intent, it may be that
your gun will misfire when you take aim at granny; or perhaps, through a
series of seemingly chance events, you will never actually get to meet her
at all.

A slight variation on this idea is that it may be possible to go back in
time and change the past, but not in any significant sense. For example,
if you were to go back and chop down a tree, another would grow in its
place; if you murder granny as a young girl, your grandfather might marry
her sister instead, so that there is only a minor change in the genetic
material you inherit; and so on. Fritz Leiber, in his Change War series of
stories, has two opposing groups of time travelers struggling to defeat
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each other by changing the past, each to its own advantage. Try as they
may, though, the changes they make seem to have little influence, and
‘‘damp out’’ before they spread very far through the spacetime contin-
uum—in obedience to what one of Leiber’s characters refers to as ‘“the
Law of Conservation of Reality.’’* The most worrying aspect of this
resolution of the granny paradox is the extent to which it seems to remove
our capacity for free will and truly independent action. If the past is so
rigidly fixed in place, along with all CTL trips, maybe the future is fixed
as well, and our perception of time flowing, with decisions we make
affecting the outcome of events, is no more real than the appearance of
lifelike motion and a flow of time generated when the still pictures that
make up a film are projected onto a screen in rapid sequence.

This idea of time as in some sense a fixed and unalterable dimension
seems to have been first propounded by H. G. Wells in his famous story
The Time Machine, which first appeared in book form in 1895. Exactly ten
years before Einstein published his special theory of relativity, and even
longer before Minkowski described the special theory in terms of four-
dimensional spacetime geometry, Wells wrote that ‘there is no difference
between Time and any of the three dimensions of Space, except that our
consciousness moves along it.”” The fictional time traveler of the story
describes what we perceive as a three-dimensional cube as in fact being a
fixed and unalterable four-dimensional entity, extending through time and
therefore having as its dimensions length, breadth, thickness, and dura-
tion. But the problem with all this is that, if everything is fixed in four
dimensions, how can the traveler have any influence on the events he
becomes involved with later in the story? According to Wells’s own
justification for the adventures, everything, including the traveler’s inter-
vention in the future, is already fixed and predetermined. Which seems to
take most of the fun out of life.

The second possibility for resolving the granny paradox is more in-
triguing. It is now well established that at the subatomic level the Universe
is governed by quantum rules that operate in accordance with the laws of
chance and probability. Again, there is a hackneyed (but powerful) way
to understand what this means. The decay of the nucleus of a radioactive
atom, with the nucleus spitting out a particle and becoming the nucleus of
an atom of a different element, is governed entirely by chance. For each
particular type of radioactive element, there is a specific length of time
during which there is'a precise fifty-fifty chance that the atom will decay.

* ““Try and Change the Past,’” in Trips in Time, edited by Robert Silverberg (New York: Nelson,
1977); see also The Big Time, Fritz Leiber (New York: Ace Books, 1961).
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This time interval is known as the half-life of the element. The slavish
obedience of such quantum process to the laws of probability deeply
affronted Einstein, and led to his famous comment: ‘‘I cannot believe that
God plays dice with the Universe’’; but all the evidence (and there is a
great deal of it) is that probability does indeed rule at the quantum level.
The classic thought experiment that brings home the bizarre implications
of this was dreamed up by Nobel prize—winning quantum physicist Erwin
Schrédinger, and involves a hypothetical cat shut in a box with a bottle of
poison, some radioactive material, and a geiger counter. The apparatus is
wired so that if the radioactive material decays the geiger counter will be
triggered and set off a device to smash the bottle of poison and thereby kill
the cat. If we set up this experiment, shut the lid of the box, and wait until
there is a precise fifty-fifty chance that the radioactive decay has occurred,
what, asked Schrodinger, is the state of the cat in the box before we open
the lid to look?

Common sense tells us that the cat is either alive or dead. But quantum
physics tells us that events such as the radioactive decay of an atom
become real only when they are observed. That is, quantum physics says
that in this case the decay, or absence of decay, in the radioactive material
is not decided until someone opens the box to take a look. Before we look
in the box, the radioactive stuff exists in what is known as a superposition
of states, a mixture of the decayed and not decayed possibilities. Once we
look, one of the options becomes real and the other disappears. But before
we look, everything in the box, including the cat, exists in a superposition
of states. So the cat is described by quantum mechanics—a theory that has
passed every test it has been subjected to for more than a half a cen-
tury—as being both dead and alive at the same time.*

How can this be? One possible resolution of this puzzle goes by the
name of the ‘‘many-worlds hypothesis.’” It holds that whenever the Uni-
verse (‘‘world,’’ in this use of the term) is confronted by a choice of paths
at the quantum level, it actually follows both possibilities, splitting into
two universes (these are often described as ‘‘parallel worlds,’” although,
mathematically speaking, they are actually at right angles to each other).
In this picture, when the radioactive material in the box is faced with the
choice of decaying or not decaying, it doesn’t just dissolve into a ghostly
dither of superposed states. Instead, the entire Universe splits into two. In
one world, the material decays and you open the box to find a dead cat.
In the other world, the material does not decay, and you open the box to

* The detailed basis of this bizarre idea is explained in my book In Search of Schrédinger’s Cat.
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find a live cat. Both cats, and both ‘‘yous,’’ are equally real, and neither
has any knowledge of its counterpart in the other world.

The many-worlds interpretation of quantum mechanics is by no means
taken seriously by all physicists. Intriguingly, though, among the minority
that does take it seriously are some of the very best physicists of recent
times, including John Wheeler (at one time, although he has since ex-
pressed doubts), Kip Thome, and Stephen Hawking (who thinks he can
explain the origin of the Universe in a variation on the many-worlds
theme). Such a possibility certainly resolves the granny paradox neatly—
what happens is that the time traveler may go back in time and cause the
death of poor old granny (or rather, poor young granny), but this action
then leads to the creation of a new branch to the world tree, a universe in
which the time traveler does not exist and never has existed. When the
time traveler moves forward in time again from the moment of granny’s
death, he or she will be moving up this new branch to the tree of time,
arriving in a world different from the one they started from.

Science fiction has often explored this possibility. One of the most
famous examples is in the novel Bring the Jubilee, by Ward Moore. In
that story, the main character initially lives in a world very much like our
own, except that the South won the Civil War. He travels back in time to
study a crucial battle in the war, and inadvertently sets off a train of events
that alters the course of that battle and ultimately leads to the victory of the
United States over the Confederacy. When he travels forward in time
again, he arrives in “‘our’” world. But his original world may still exist,
on its own time track. The theme was also explored in the Back to the
Future movies, most notably (if confusingly) in the second part of the
trilogy.

So there are at least two ways time travel can occur without violating
causality—if the causality is inviolably built into the past, and if new
universes can be created to accommodate any tinkering with past events.
There is also another bizarre possibility—a time loop in which events are
their own cause (or, if you prefer, something happens without a cause).
Once again, science fiction provides a classic example.

TIME LOOPS AND OTHER TWISTS
In his story ‘“All You Zombies,”” Robert Heinlein describes how a young

orphan girl is seduced by (it turns out) a time traveler and has a baby
daughter who is left for adoption. As a result of complications uncovered
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by the birth, ‘‘she’” has a sex change operation and becomes a man. The
seducer of the woman (who is now a man) recruits ‘‘her’’ (really a ‘‘he’’)
into the time service, explaining that ‘‘she’’ is, in fact, his younger self—
and that the baby (which he has actually taken back in time to the or-
phanage where she grew up) is also their younger self.* The closed loop
is delightful and also violates no known laws of physics (although the
biology involved is decidedly improbable). But what if we ignore such
“‘special effects,”” and also assume that nobody is daft enough to do
anything that might create a paradox, like killing his or her own granny?
How can we describe a simple piece of time travel in the language of
modern physics?

The best way is to use a spacetime diagram. Imagine an inventor who
works away in his laboratory, building a time machine. Once it is com-
plete, he jumps in, flips a switch, and travels backward in time and
slightly sideways in space until he is sitting alongside his younger self.
Then, he switches off the machine, the two versions of the inventor
exchange a few words, and eventually he proceeds on his way into the
world outside the lab. The appropriate spacetime diagram of this pattern
of events looks like figure 44. In a slight variation on the standard space-
time diagram used by Minkowski, Richard Feynman developed the idea of
using this to represent the flow of time. If you cut a narrow slit in a piece
of paper or card and place it over the diagram so that only the bottom axis
is visible through the slit, you get a view of the location of the inventor in
the laboratory at the moment he begins his work. Move the slit up the page
(or just cover the diagram with your hand and move it up the page) and
you see the world line of the inventor lengthening as time passes, but he
stays in the same place. Suddenly, out of nowhere, an older version of the
inventor appears, sitting in the time machine. From then on, for a time, we
see three inventors. One, the youngest version, is building his time ma-
chine, having exchanged a few words with his older self. Another, the
oldest, is going off into the world outside, having exchanged a few words
with his younger self. And the third, sitting in the time machine, is of
intermediate age. Not only that, but as time passes (moving up the page),
he gets younger. We could tell this if, for example, he was smoking a
cigar. From our God-like perspective outside of space and time, we would
see the cigar start out as a stub between his lips, but growing longer as we
move our focus of attention up the page, until it burns out into a complete

* The story has been reprinted many times; see, for example, The Best of Robert Heinlein
1947-59 (London: Sphere, 1973); my favorite full-length variation on this theme is in The Man
Who Folded Himself, by David Gerrold (London; Faber, 1973).
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Time

Space

Figure 44: Richard Feynman developed a variation on the spacetime diagram. In
this example, the map shows how a time traveler completes building his time
machine at time #, and travels back in time to talk things over with his earlier self
at time ¢, before going back to the future.

cigar which the traveler carefully wraps up and tucks away in his pocket.
What the time machine has done is to reverse the flow of time in its
interior—an effect indicated by the fact. that the world line for this third
version of the inventor folds back on the inventor’s initial world line.
Feynman’s diagram was actually developed to describe the behavior of
particles in the subatomic world. A diagram like figure 44 might be used
to describe the appearance of a particle-antiparticle pair (perhaps an elec-
tron and a positron) at the V. Although I have previously referred to such
virtual pairs as annihilating with each other, and this is certainly by far
their most common fate, in fact the equations can be balanced satisfac-
torily if one of them annihilates with a partner from the real world,
repaying the energy debt to the vacuum so that the original virtual partner
gets promoted into reality in its place. In that case, the positron from the
virtual pair created at the V in figure 45 might soon meet up with an
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Figure 45: When an electron/positron pair is made out of gamma radiation, the
positron may annihilate with a different electron, leaving its original partner free.
Feynman pointed out that this is exactly equivalent to a single electron bouncing
off a gamma ray and traveling backward in time before (?) bouncing off a second
gamma ray and continuing its path into the future. Just as in figure 28 (page 140),
the laws of physics are entirely happy with particles traveling backward in time.
A positron, said Feynman, is an electron traveling backward in time.

electron (the vertical line on the left) leaving its counterpart electron to
scoot off into the world at large. Feynman caused consternation in the
1940s when he pointed out that this whole pattern could be regarded as the
world line of a single electron that moves first forward in time, then
backward in time, then forward in time again. A positron, in other words,
is exactly the same as an electron traveling backward in time.

You don’t even need to invoke virtual particles to accomplish this trick.
Real particle-antiparticle pairs can also be made out of pure energy, pro-
vided there is enough of it. When an electron and a positron annihilate,
they release energy in the form of gamma rays; sufficiently energetic
gamma radiation can also create a particle-antiparticle pair. So another
version of a simple Feynman diagram might look like figure 45. The
implication is that in some sense all particle tracks and interactions may be
fixed in the geometry of spacetime, with all movement and change being
an illusion resulting from our changing psychological perception of the
moment ‘‘now’’ (figure 46). Physicists have become used to the idea, at
least to the extent that Feynman diagrams are a valuable tool of the particle
physics trade.* But nobody ‘‘really believes’’ that positrons are electrons
traveling backward in time-—this is regarded as a metaphor rather than an
expression of reality. Nevertheless, the laws of physics say that a positron
is indistinguishable from an electron traveling backward in time. And the

* [ describe their use more fully in In Search of Schrodinger’s Cat.
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Figure 46: Is time an illusion? If all particle world lines were somehow fixed in
spacetime, and all that ‘“moved’’ was our perception, shifting ‘‘up the page’’ as
time ‘‘passes,”” we would still see a complex dance of interacting particles, even
though nothing was moving!

fact that the world line on the same diagram can describe the adventures
of a time-traveling inventor means that the laws of physics permit such
jaunts (and, if you like, that an inventor traveling backward in time is
equivalent to an ‘‘anti-inventor’’).

I have glossed over one point, which may be of practical importance
when and if real attempts to build time machines are made. In the particle
world, a particle-antiparticle pair may be manufactured out of gamma-ray
energy. But where has the mass energy for the duplicate inventor come
from? In order for an extra copy of the inventor to exist at the same time
as the original, it seems reasonable to guess that the time machine will
need an input of energy at least equivalent to the mass of the inventor.
That would be a great deal of energy indeed; you won’t get it by plugging
your time machine into an outlet in your home (or even by making use of
a convenient lightning strike), and this might restrict initial time-travel
experiments to simple tests involving small amounts of matter, rather than
whole human beings. But it is only a technological problem, and one
rather less difficult than handling cosmic string. I never said that time
travel would be easy—only that it is allowed by the laws of physics!

So let’s stand back, for a moment, from the dramatic implications of
people traveling in time. Concentrate, instead, on the notion of particles
that travel backward in time. This raises its own version of the basic time
paradox, since if we had a means of sending particles back into the past
then surely we could use them to send messages. Suppose that you and I
have a time radio and an agreement along the following lines. I promise
to telephone you a message at six in the afternoon, using the ordinary
phone lines, provided that I have not received a time-radio message sent
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backward in time by you to reach me at five o’clock. But you promise to
send the message backward in time provided that I do telephone at six.
You send your message to me only if I phone; but I phone you only if you
have not sent a message to me. Assuming we both keep our word,* how
do we resolve the dilemma? Now this, unlike the granny-murder scenario
or the time-traveling inventor, could become a real problem in the not too
distant future. For, according to good old-fashioned relativity theory it-
self, and leaving aside Feynman’s more recent conjuring tricks with space-
time diagrams, there is nothing wrong with the idea of particles that travel
backward in time. The only requirement is that they must always travel
backward in time—and, incidentally, that they travel faster than light.
They even have a name—tachyons—although, perhaps fortunately, no-
body has yet unequivocally found one.

TACHYONIC TIME TRAVELERS

At first sight, the special theory of relativity seems to forbid faster than light
(FTL) travel. If you start out moving slower than the speed of light and
go faster and faster, time runs more and more slowly until, at the speed of
light itself, it comes to a stop. You can’t go any faster because the speed
of light itself is an impenetrable barrier—if you try to increase your speed,
there is no time left in which to make the increase. But just on the other side
of that barrier, according to the equations, lies a bizarre counterclock world.
There, if you are moving at just over the speed of light, time runs very
slowly backward. It would seem that it is indeed a barrier: particles can
speed up to the speed of light and tachyons can ‘‘slow down’” to it but
neither can jump the barrier into the other’s world. There is a certain logic
to this—after all, if time runs slower as you approach the speed of light, and
stands still at the speed of light, then it must run backward (‘‘slower than
standing still’’) above the speed of light. The faster you go in the tachyonic
world, the more rapidly time runs backward—and the more energy of mo-
tion such a particle has, the slower it goes (that is, adding energy always
pushes a particle closer to the speed-of-light barrier, from either side of the
barrier). So as a tachyon loses energy it goes faster and faster, rushing back-
ward in time as it does so. Amazingly, this bizarre possibility was first put
forward just before Einstein published his special theory of relativity. At the

* And it would be easy to get around that problem by setting up an automatic system that makes
the phone call only if it receives the radio message, but sends the radio message only if it has not
received the phone call.
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beginning of the twentieth century, Arnold Sommerfeld (who had been a
privatdozent at Gottingen University but was then a professor at the Tech-
nical Institute in Aachen and went on to gain fame in Munich as a pioneer
of quantum theory) realized that Maxwell’s theory of electromagnetism
required FTL particles to speed up as they lost energy. He published his
conclusion in 1904; since the special theory, published in 1905, is also
largely based on Maxwell’s theory, it is no surprise that it contains the same
kind of description of FTL particles. But nobody paid much attention to the
idea until the 1960s, and even then it was regarded more as a game you
could play with the equations than as a serious practical possibility. The
hypothetical existence of such tachyons is another manifestation of the posi-
tive/negative symmetry inherent in many of the equations of physics, rather
like the symmetry that allows for the existence of antiparticles. Nobody
took the idea of antiparticles seriously either, when it was first propounded,
dismissing this symmetry as a mathematical quirk of the equations. Now,
antimatter is a routine part of physics and is routinely manufactured in par-
ticle accelerators like those at CERN (the European center for particle phys-
ics). But tachyons are not the antiparticle counterparts of known particles;
they are (if they exist) a whole new possibility in their own right.

How could you ever spot a tachyon? The obvious place to look is in the
showers of cosmic rays—particles from space that frequently smash into
the top of the Earth’s atmosphere. When an energetic cosmic-ray particle
collides with an ordinary atomic particle at the top of the atmosphere, it
produces a shower of lesser particles that can be detected on the ground
(indeed, this was the way positrons were discovered). If some of the
particles created in this way are tachyons, they will travel backward in
time and arrive in the detectors on the ground not only before most of the
particles in the shower but even before the original cosmic ray (the *‘pri-
mary’’) hits the top of the atmosphere. Cosmic-ray investigators have
scanned their records for traces of such precursor blips showing up in their
instruments shortly before the arrival of conventional cosmic-ray showers.
They have found several blips that might fit the bill, but none of them offer
unequivocal proof of the existence of tachyons, in spite of a flurry of
excitement in the early 1970s. It was in 1973 that two researchers based
in Australia, Roger Clay and Philip Crouch, found what seemed to be
strong evidence of FTL precursor blips showing up in their cosmic-ray
detectors. Their results were sent to the journal Nature, where I was
working at the time, and were published in 1974* to, as I well recall, the

* Vol. 248, p. 28.
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consternation of many physicists and the delight of many journalists.
Those results still stand but are no longer regarded seriously as evidence
of tachyons, because subsequent experiments have failed to find the pre-
cursors associated with other cosmic-ray showers. It is generally accepted
in the physics trade that something else must have set the Australian
detectors off in 1973 at just the right (or wrong, depending on your point
of view) time. But this wasn’t quite the end of the search for tachyons.

Another way tachyons might make their presence known is if they (or
at least some of them) are electrically charged. Einstein’s speed-of-light
limit refers, strictly speaking, to the speed of light in a vacuum. This is the
famous constant ¢, for which no particle that is ever moving slower than
¢ can be given enough energy to exceed the speed of light in a vacuum.
But light itself moves more slowly than ¢ when it passes through a trans-
parent material such as a sheet of glass or a tank of water. ‘‘Ordinary”’
particles can therefore travel faster than the speed of light in, say, water,
without exceeding the ultimate speed limit c. When a charged particle,
such as an electron, actually does this, it radiates light. Just as a fast-
moving object that breaks through the sound barrier creates a sonic boom,
so a fast-moving charged particle that breaks through the light barrier
produces a kind of ‘‘optic boom.’’ The effect was discovered by a Soviet
physicist, Pavel Cherenkov, in 1934, and is known as Cherenkov radia-
tion in his honor. A charged tachyon, moving faster than light even in a
vacuum, would also have to emit Cherenkov radiation, as long as it had
any energy available to radiate. Calculations suggest that any such particle
would lose all its energy literally in a flash, ending up with zero energy
and traveling at infinite speed, so that in some sense it would be every-
where along its world line at the same time. If that world line intersected
with another particle, however, the tachyon might thereby temporarily
gain energy from the collision and emit another flash of light. Alas, no
appropriate flashes of light occurring in tanks of water have been detected,
even though searches have been carried out at several laboratories.

The consensus is that real tachyons do not exist. They are, according to
conventional wisdom, an artifact of the equations that can safely be ig-
nored, regarded as having no real physical significance. Physicist Nick
Herbert, of Stanford, sums the situation up neatly in his book Faster than
Light: ‘“Most physicists place the probability of the existence of tachyons
only slightly higher than the existence of unicorns.”” And yet, they are
allowed by the laws of physics, and one physicist, Gregory Benford, has
used the idea to great effect in his novel Timescape, which also invokes
the existence of parallel worlds. Even in Benford’s fictional world(s),
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however, there is no physical transportation of ordinary objects (let alone
people) backward in time. If we want to achieve this trick, we are going
to have to come up with some way of altering the structure of spacetime
itself. Wormbholes have obvious possibilities; but there is another possi-
bility, which is, in some ways, simpler. It involves rotation, and it stems
from the realization that if the whole Universe is rotating, then it is itself
a time machine, in the sense that it contains closed timelike loops.

GODEL’S UNIVERSE

The man who came up with this idea had a habit of making disconcerting
theoretical discoveries. He was the mathematician Kurt Godel, who was
born in Brunn in 1906 (at that time, this was part of Austria; it is now in
Czechoslovakia). He studied mathematics at the University of Vienna and
obtained his Ph.D. in 1930. Immediately following that, he produced a
bombshell—a paper, published in 1931, that has sometimes been de-
scribed as the most significant event in the study of pure mathematics in
the twentieth century. Godel showed, in a nutshell, that arithmetic is
incomplete. If any system of rules is set up to describe simple arithmetic
(and I really do mean simple; we are talking about 2 and 2 making 4,
here), there are bound to be arithmetical propositions, Godel proved, that
can neither be proved nor disproved using the rules of the system itself.
This is now known as Godel’s incompleteness theorem. Now, it has to be
said at once that this doesn’t pose any problem in the everyday use of
arithmetic. The rules of addition, subtraction, and so on still work per-
fectly well, just as they did before 1931. But it is deeply worrying to
logicians and philosophers, and it does mean that in principle it is possible
that there might be something in mathematics that cannot be proved to be
either true or false.

You can get a feel for what this means by looking at an old logical
puzzle involving words, put forward in ancient times by the Greek phi-
losopher Epeminides. He drew attention to the inherent logical inconsis-
tency of self-referring statements such as the sentence:

This statement is false.

If the sentence is true, then it must be false; if it is false, then it must be
true. You can ask the question, ‘‘Is the sentence true or false?,”” but that
question has no answer. Such puzzles don’t stop us using language effec-
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tively in everyday communication, and many people would dismiss any
discussion of the meaning of such sentences as logical hair-splitting. But
the important point, both with Epeminides’s example and Godel’s incom-
pleteness theorem, is that self-referring loops can lead to logical contra-
dictions—or, if you like, nonlogical contradictions. This has been used as
the basis for arguing that, for example, human intelligence will never be
able to understand the human mind, because in studying ourselves we are
inevitably confronted with such logical loops. All of this forms a central
theme of Douglas Hofstadter’s excellent book Gédel, Escher, Bach; but it
would be straying too far from my own theme to go any further into the
fascinating implications here, except to point out that the existence of
statements or mathematical propositions that cannot be proved to be either
true or false does seem, in a sense, to echo the puzzles posed by time loops
in which, for example, granny is both murdered and not murdered, and the
quantum puzzle of the cat that is neither alive nor dead.

After the Nazis took over Austria at the end of the 1930s, Godel moved
to the United States, where he became a professor at Princeton, working
alongside his close friend Albert Einstein. For a man who was able to
prove logically that mathematics is incomplete, the equations of the gen-
eral theory of relativity must have seemed a piece of cake, and, inspired
by his friendship with Einstein, Godel made several important contribu-
tions to relativity theory, finding new solutions to the equations. The most
interesting of these variations on the relativistic theme emerged in 1949,
when he came up with the idea that the natural tendency for gravity to pull
the Universe together and make it collapse might be countered by cen-
trifugal force if the entire Universe were rotating. Such a rotating universe
would not have to have a unique center to rotate around, anymore than the
expanding Universe possesses a unique center from which it expands. In
the Universe we see around us, any observer, wherever located, will see
a uniform expansion apparently centered on the observer; in a similar
fashion, in Godel’s universe any observer, wherever located, will see the
universe apparently rotating about the observer. But that isn’t all this
observer would see.

When massive objects rotate, they drag spacetime around with them, in
a manner reminiscent of the way coffee will swirl around if you twiddle
your spoon in the cup. This happens very strongly in the ergosphere
around a rotating black hole, and is the reason why strange processes take
place there that allow us (in principle) to extract energy from the black
hole. Indeed, the effect operates for any rotating mass, no matter how
small—it’s just that the dragging of spacetime is too tiny an effect to be
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noticed unless the rotating object is reasonably massive. It is, though, just
possible that the effect may be big enough to be detected for Earth. If this
dragging of spacetime occurs as predicted by Einstein’s general theory of
relativity, it would show up as an influence on the way spinning gyro-
scopes behave in the vicinity of Earth. The direction of the spin of the
gyroscopes will change slightly, precessing because of Earth’s rotation.
The predicted effect is tiny; but for two decades researchers at Stanford
University have been working on a project to measure it. Their plan is to
manufacture perfectly balanced gyroscopes, in the form of uniform
spheres of metal, which will be flown into Earth orbit on board the space
shuttle sometime before the end of the 1990s and spun up under weightless
conditions. There, a battery of instruments will watch the weightless gyros
to see if they do indeed precess as a result of the dragging effect of the
rotation of the Earth on nearby spacetime.

It is very difficult indeed to measure such an effect for such a small
rotating mass as a planet. But if the whole Universe is rotating, similar
effects should show up in a very dramatic way. The best way to get a
picture of what is going on is in terms of the light cones that indicate the
relationship between points in spacetime on a standard Minkowski dia-
gram (not, this time, a Feynman diagram). Figure 47 shows the light

Figure 47: A set of three light cones ‘‘belonging’’ to spacetime events A, B, and
C. It is impossible to travel from any of these events to any of the others.
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cones associated with three points in spacetime: A, B, and C. These points
can know nothing about each other, and have no influence on each other,
because for a signal to get from any of these points to either of the others
it would have to pass outside the respective light cones, traveling faster
than light. But as time passes, observers that start out at each of these
points will follow their own more or less wiggly world lines into the future
and up the page. At some time in the future, the observer who started at
point A will receive light signals that come from point B, and this is the
first time such an observer can be influenced by events that occurred at
point B. But this observer can never have any influence on events at point
B, because to send a signal there it would have to go backward in time (in
this discussion, I am assuming that tachyons do not exist); any interaction
is strictly one-way. The same sort of pattern applies to the other observers
and, indeed, to all observers in flat spacetime.

But if the observers inhabit a universe that is rotating, they will find that
it drags spacetime around in such a way that the light cones (everywhere
in the universe) are tipped over. If it is rotating fast enough, the light
cones tip over so much that an observer who starts from point A can get
to point B without ever going outside the future light cone; that is, without
ever exceeding the speed of light. An observer who starts out at point B
can similarly visit point C, and we can imagine an overlapping set of light
cones joining to provide a circular route around the entire universe and
back to point A (figure 48). But this, remember, is a spacetime diagram.
Point A represents both a location in space and a moment in time. In
Godel’s universe, it is possible to set out from a point in spacetime and
travel around the universe in a closed path that brings you back to the same
place and the same time that you started from, even though the journey
may have taken thousands of years according to the clocks carried along
in your spaceship.

There, of course, lies the rub. In order to produce closed timelike loops
in this way, a universe like our own would have to be rotating once every
seventy billion years. This is a fairly leisurely rotation rate for a Universe
currently thought to be about fifteen billion years old, and difficult to
measure, although the available evidence is definitely against the Uni-
verse’s possessing this much rotation. Even if the Universe did rotate that
fast, however, the shortest closed timelike loop (CTL) would be about a
hundred billion light-years in circumference. That is, it would take a
hundred billion years for even a beam of light to circle the Universe and
get back to the point in spacetime it started from. Actually using such a
universal time machine is not a practical possibility. But Godel’s solution
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Rotation of
Universe

Figure 48: If the Universe is rotating, the light cones may be tipped so that you
can travel from A to B to C—and on around the Universe, back to event A. That
is, back to the same place and the same time that you started from—and all
without ever traveling faster than light.

to Einstein’s equations indicates, yet again, that time travel is not forbid-
den by the general theory. It shows that rotation, and the tipping of the
light cones it causes, can lead to the existence of closed timelike loops. In
1973, a researcher at the University of Maryland realized that you can do
the same trick with much less mass than the entire Universe, provided the
matter involved is sufficiently compressed and is rotating very fast indeed.

TIPLER’S TIME MACHINE

Frank Tipler, who came up with this dramatic idea, is now based at Tulane
University, in New Orleans. He is a highly unconventional mathematical
physicist who, as well as calculating how to build a time machine, has a
deep interest in the question of whether there is any other form of intel-
ligent life in the Universe, apart from ourselves (for the record, his con-
clusion is that it would be so easy for any civilization slightly more
advanced than ourselves to colonize the entire Universe that the fact that
we do not see any signs of such a civilization in our astronomical back-
yard, the Solar System, can be taken as strong evidence in favor of the
sobering conclusion that we represent the most advanced civilization there
is). I first made contact with Tipler in 1980, when I wrote up his ideas
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about time travel for the magazine The New Scientist, where 1 was work-
ing at the time. We have kept in touch since, and he assures me that his
calculations from the 1970s still stand up. His mathematical description of
a workable time machine actually appeared in print in 1974, in the pages
of the journal Physical Review D* under the title ‘‘Rotating Cylinders and
the Possibility of Global Causality Violation.”’t To you and me, ‘‘global
causality violation’ simply means ‘‘time travel.”” When I asked Tipler
whether he seriously thought that time travel is possible, he replied that
“‘there is indeed a real theoretical possibility for causality violation in the
context of classical general relativity.’” And the methodical, thorough way
he arrived at the conclusion provides a solid basis for any further specu-
lation about time-travel possibilities.

Tipler spelled out his route to the mathematical blueprint for a time
machine in three steps. First, he asked whether the equations allow in
theory for the existence of journeys through spacetime in which travelers
return to their starting point in both space and time, having traveled
backward in time for part of the journey. We aiready know that the answer
is yes—Godel proved that in 1949, and there are other examples of so-
lutions to Einstein’s equations that allow CTLs. (Indeed, Brandon Carter
showed in 1968 that Kerr’s solution to Einstein’s equations, describing
spacetime in the vicinity of a rotating black hole, also contains closed
timelike loops when the rotation is fast. Tipler also knew about the earlier
work, but, being cautious, he first established that CTLs are permitted by
the general theory to his own satisfaction.) Then, he asked whether it is
possible for conditions under which journeys around closed timelike
loops—time-travel journeys—are allowed to occur naturally in the Uni-
verse. The answer was, again, yes. Finally, he asked himself whether it is
possible, in principle at least, to create such conditions artificially—that
is, to build a working time machine. Once again, the answer was yes.

The key feature in Tipler’s calculations, presented in the 1974 paper
and in later work, is rotation. But he also found that a time machine of this
kind (natural or artificial) cannot be created from ordinary matter under
ordinary conditions; you have to have a rotating naked singularity in order
to have closed timelike loops. As far as nature is concerned, as we have
seen, this possibility is by no means ruled out, since naked singularities
may form when black holes explode, or when nonspherical aggregates of

* Vol. 9, pp. 2203-6.

t Science-fiction writer Larry Niven was sufficiently impressed to steal (with an acknowledg-
ment!) not just the idea but the title from Tipler’s paper for a short story, which can be found in
the collection Convergent Series (New York: Del Rey, 1979).
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matter collapse under the pull of gravity—and in either case it would be
astonishing if the end products were not rotating. But by far the most
interesting aspect of Tipler’s work is his description of the basics of an
artificial time machine.

The way light-cone tipping leads to time travel is shown in figure 49. In
this version of a Minkowski diagram, two space dimensions, X and Y, are
indicated, with the flow of time, as usual, going up the page. Only the future
half of the light cones are shown, to keep the picture simple. The time axis
also represents the world line of a massive, rapidly rotating naked singu-
larity, wrapped in a strong gravitational field; the interesting effects on light
cones are shown by looking at lines that trace circular paths around the
singularity at different distances. Far away from the singularity, where the
gravitational field is weak, the light cones open out into the future in
the usual way for flat spacetime. But the closer you get to the spinning
singularity, the more the cones tip over, in the direction that the central
object is rotating. For an observer in such a situation, everything would
appear normal, and, for example, the rules of special relativity restricting
travelers to velocities less than that of light still hold. But to an observer far
away in flat spacetime, watching events in the region of distorted space-
time, the roles of space and time in that strong field region can be seen to

C_r Direction of rotation
Light begins to tip over

Light cone includes circle

P =

-

Y Light cone tangential to circle

Figure 49: A massive, rotating cylinder will also drag spacetime around with it
and cause the light cones to tip over in the region of the strong gravitational field.
This is the basis of Frank Tipler’s design for a time machine. By traveling in a
tight orbit around the rotating cylinder, you would travel backward in time, as
represented by the central helix in this diagram.
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begin to interchange. Time itself begins to twist around the central object.

The critical stage for the light-cone tipping, as far as time travel is
concerned, is when the cone is tipped by more than 45 degrees. Since the
half angle of the cone is 45 degrees, this is the point where the future light
cone tips so far that one edge of it lies below the XY plane representing
all of space. Part of the future light cone in the region of strong field now
lies in the past, as viewed from the region of weak field. Remember that
a space traveler can, in principle, go anywhere within the future light
cone. In this extreme tipped-over light-cone situation, the traveler can
choose to move along a path that, to the outside observer, consists solely
of a circle around in space, without any motion through time (up the page)
at all! In some sense, the traveler would be everywhere around that orbit
at the same time. And if the traveler chose to steer a spaceship on a course
that dipped just below the XY plane, it could travel in a gentle spiral round
and round the time axis, gradually moving down the page and backward
in time, indicated by the spiraling ‘‘orbit’’ shown in the middle of figure
49. The spaceship would keep returning to the same place, but at earlier
and earlier times. Then, by a judicious adjustment of the orbit, the traveler
could follow a similar helical path forward in time and back to the future.
As Tipler puts it: ‘“‘A traveler could begin his journey in weak field
regions—perhaps near Earth—go to the tipped-over light-cone region and
there move in the direction of negative time, and then return to the weak
field region, without ever leaving the region defined by his future light
cone. If he travelled sufficiently far in the minus-¢ direction while in the
strong field, he could return to Earth before he left—he can go as far as he
wishes into the Earth’s past. This is a case of true time travel.”’*

In fact, it may not actually be possible, even if such a time machine
exists, to go back as far as you wish into Earth’s past. All of the effects
I have described, involving tipped-over light cones, apply only to the
region of spacetime in the future from the spacetime point at which the
time machine (whether natural or artificial) is created. Such a time ma-
chine opens up all of the future of spacetime to exploration; but it is
impossible, using such a machine, to go back further in time than the
moment the machine itself was created. This means that if we were to
build a time machine tomorrow, we could not use it to go back to study
the way the ancient Egyptians built the pyramids. That is possible only if
a time machine aiready existed then, and we are lucky enough to find it
and learn how to use it. Some time-travel enthusiasts seize on this as an

*Vol. 9, pp. 2203-6.
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explanation for why we have not yet been visited by time travelers. They
suggest that the reason is not that time travel is impossible, as other people
argue, but simply that no time machine has been invented yet! Even
enthusiasts are slightly disappointed, though, that there is no prospect of
building a time machine tomorrow and using it to hop back to interesting
events in Earth’s history. However, there is a compensating bonus in-
volved in the creation of a Tipler time machine. It only has to exist for an
instant in order to open up the entire future for exploration because the
closed timelike loops tied to the time machine extend into the entire future
from the moment the machine is created. But the key question remains:
How would you set about building such a device?

The best prospect, in principle, is to find a very compact rotating object
that has been produced naturally in the Universe, and to speed up its
rotation to the point where closed timelike loops form around it. What we
need is a massive, compact, fast-spinning cylinder. The best place to start
is with a neutron star. Neutron stars are the most compact, dense objects
known, and some of them also spin very fast. At least one pulsar is known
that spins on its axis once every 1.5 milliseconds (it is known, with only
slight exaggeration, as the ‘‘millisecond pulsar’’). This is surprisingly
close to the rotation speed at which a natural time machine might form,
according to Tipler’s calculations. He says that if a rotating massive
cylinder is spinning fast enough, then a naked singularity will form at its
center, with closed timelike loops tied to that singularity. Such a cylinder
would have to be at least a hundred kilometers long, and no more than ten
or twenty kilometers across, containing at least as much mass as our Sun
and with the density of a neutron star, with the whole thing rotating twice
every millisecond—only three times as fast as the millisecond pulsar.
Indeed, if you took ten neutron stars, joined them pole to pole, and gave
them enough spin you would have a Tipler time machine.

Of course, there are enormous problems involved in such an engineer-
ing feat, not least being where do you find ten neutron stars to start with?
The rim of the cylinder would be moving in a circle at half the speed of
light, and the energy associated with the strong angular momentum of this
rotation would be about the same as the rest-mass energy (the *‘mc*’’) of
the cylinder—‘‘Energy so great,”” says Tipler, ‘‘that the accompanying
centrifugal force may tear the rotating body apart.”” And while the cyl-
inder is trying to tear itself apart in one direction, it is trying to collapse
in the other, along its length. The gravitational pull of ten neutron stars
joined end to end would quickly make them collapse into a black hole,
unless some form of energy field stronger than anything we yet have any
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direct experience of could hold the cylinder rigid. It sounds just about
impossible—but remember that the singularity only has to form for the
most fleeting instant in order to provide the closed timelike loops that
would make time travel possible for ever afterward. Like so many rela-
tivists before him, Tipler seems to be telling us that time travel is indeed
possible in principle, but that the practical difficulties associated with
building a time machine are enormous and may be insurmountable. Nev-
ertheless, 1 find the existence of millisecond pulsars tantalizing and in-
triguing—a classic example of ‘so near, and yet so far.”’ Such objects are
so close to being natural time machines that it is hard to resist the spec-
ulation that nature may already have done the job human engineers would
find so difficult. It seems to me more likely that our descendants will
discover a preexisting time machine (with the bonus that they then really
could use it to go back into history) than that they will build one. But this
is not the end of the story of time-machine engineering. The collapse of
Tipler’s would-be time machine into a black hole and the hint that we may
need fields that can hold things rigid with a force greater than anything
known on Earth seem to be pointing us back toward wormholes and
cosmic string. If cosmic string exists, it would be the ideal stuff to thread
Tipler’s neutron stars on and stop them collapsing, just as it is the ideal
stuff to hold open a star gate manufactured out of a wormhole. And as
Thorne, Novikov, and their colleagues have shown, once you have a
wormbhole that operates as a star gate, providing a shortcut through hy-
perspace, it is a simple matter, in principle, to convert it into a time
machine.

WORMHOLES AND TIME TRAVEL

Carl Sagan’s simple request for a reasonably plausible piece of hokum
with which to entertain the readers of his novel has caused ripples that
have now spread far through the physics community, and right around the
world. Novikov had been interested in the implications of the possible
existence of CTLs for many years, and when the CalTech group began to
appreciate that the kind of star gate they had invented to fit Sagan’s
fictional needs could also be used as a time machine, it was natural for
Thorne to get in touch with Novikov, and for Novikov’s team, based in
Moscow, to become involved in trying to find out whether the laws of
physics can handle the existence of CTLs in what Thorne calls ‘‘a rea-
sonable way.”’” The group directly involved in this research consisted of
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seven researchers based on two continents. Thorne has taken to referring
to them as ‘‘the consortium’’; and there are others, including the New-
castle group, Ian Redmount (at Washington University, St. Louis), and
Matt Visser who are equally interested in the implications. Most of the rest
of the discussion in this chapter is based on the work of the Russian-
American consortium—starting with their technique for turning a star gate
into a time machine.

Once you have a working wormhole star gate, you don’t even need
general relativity to tell you how to turn it into a time machine. The special
theory is quite adequate for the task. Remember that if there are identical
twins, one of whom stays at home while the other goes away on a journey
at a sizable fraction of the speed of light and then returns home, the twin
who goes on the journey will age less than the twin who stays home
(moving clocks run slow). Given the engineering resources of a superior
civilization, we can imagine catching hold of one mouth of the wormhole
in some way and taking it off on just such a journey. Of course, it isn’t
easy to get hold of something as nebulous as the mouth of a wormhole, but
there are two obvious ways this might be done. First, one of the key
characteristics of such a wormhole mouth is that it has a large mass and a
correspondingly strong gravitational field—it must have in order to distort
spacetime sufficiently to make an opening into a wormbhole big enough for
people and spaceships to travel through. All you need to attract a gravi-
tating body is another gravitating body; it is possible to imagine a dangling
a large mass (perhaps a star) in front of the wormhole mouth and moving
the large mass away so that the wormhole mouth follows along behind,
like the proverbial donkey trotting along after a carrot on a stick that is
always just out of its reach. Alternatively, we can imagine adding a
judicious amount of electric charge to the wormhole mouth (not enough,
of course, to upset the geometry of the throat), and towing it with the aid
of an electric field. No doubt a superior civilization will have other tricks
up its sleeve, but these will do for now.

Once you have a means to tow one end of the wormhole around, you
can take it on a long journey at close to the speed of light, then bring it
back to rest alongside the other end of the wormhole. This could be a
journey out to another star and back, or it could simply involve whirling
the moving mouth around in a circle until you had built up a sufficiently
impressive time difference between clocks in the moving frame of refer-
ence and clocks attached to the mouth that stays at home. What matters is
that even when the moving mouth has been brought back to rest, that time
difference remains. It is a real, physical property of the region of space
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associated with the moving mouth; this has aged less than the mouth that
hasn’t moved and is therefore in the past of the mouth that stayed at home.

Because of the way spacetime is connected by the wormhole geometry,
the wormhole will act as a time machine. A traveler who jumps into the
mouth that has moved will emerge from the stationary mouth ar the time
corresponding to the time on the clocks of the moving mouth. Suppose that
the moving mouth has traveled far enough, and fast enough, to establish
a time difference of one hour between the two months. A traveler who
starts out from the stationary mouth when clocks there read twelve o’clock
and takes, say, ten minutes to cross over to the moving mouth* will arrive
there when the traveler’s watch and clocks at the stationary mouth both
read 12:10. But if the traveler now jumps into the moving mouth, when he
or she emerges from the stationary mouth (almost instantaneously, ac-
cording to the traveler’s own watch), the time there will be 11:10. The
traveler can now cross quickly over to the moving mouth, arriving there
at 11:20, and jump in again, emerging from the stationary mouth at 10:20.
And the whole sequence can be repeated, jumping back in time again and
again, back to the moment when the time difference between the two ends
of the wormhole was established. Like Tipler’s time machine, the worm-
hole variety allows travel into the past only as far back as the time when
the machine was created; but, also like Tipler’s time machine, it allows
indefinite travel into the future, in this case simply by entering the sta-
tionary mouth and emerging from the moving mouth a split second later
by your watch but an hour later as far as the outside Universe is con-
cerned.

The big practical difficulty is that you have to move the mouth far and
fast in order to build up a useful time difference. Even traveling at 99.9
percent of the speed of light for ten years before being brought to a halt
will only slow the aging of the moving mouth by nine years and ten
months, creating a time difference of nine years and ten months between
the two ends of the wormhole. But the practicalities are not the main
concern of physicists who study the theory of time travel today—Kip
Thorne has said (perhaps erring a little on the pessimistic side) that even
if the laws of physics do allow for the construction of time machines the
chance of building one within the next thousand years is ‘‘nil.”” What he
and the rest of the consortium (and others) are concerned about is how to
find a logical set of equations, within the framework of the laws of physics
that say time travel is possible, which remove the physical basis for the

* The mouth has now stopped moving, of course, but this is still a convenient name to apply to
it, and ‘‘mouth that was moving’’ is too much of a mouthful.
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famous paradoxes of time travel. If time travel is possible, how do you
avoid violating causality? Or, to put it another way, how can you doctor
the paradoxes?

PARADOCTORING THE PARADOXES

There are two key features of the consortium’s approach. First, they have
nothing to do with the problems involving human beings, who might
change their minds about what they are planning to do, or tell deliberate
lies about whether or not they intend to murder granny. This is fair
enough, since the problems they are interested in are those that concern
the basic physics of time travel, which is complicated enough without
introducing the further complication of human psychology. There will be
ample time to start worrying about the role of willful human observers if
and when we are happy that we understand the basic physics. So, in the
tradition of using the simplest possible physical systems to highlight the
underlying truths inherent in the equations, the consortium studies the way
billiard balls might become involved in interactions with themselves when
they travel through time tunnels.

The second basic feature of the consortium’s attack on the time para-
doxes is to assume that the Universe will allow only those solutions to the
equations that are self-consistent. Again, this is quite reasonable, on two
grounds. If inconsistent solutions are allowed, then all bets are off, and
there is no point in trying to understand the basic physics; furthermore, it
is quite common, even in simple, everyday physical systems, to find
solutions to the relevant equations which are allowed mathematically but
are physically impossible and can be ignored. This often happens in the
case of equations involving square roots. For example, Pythogoras’s fa-
mous theorem about triangles, expressed as an equation, actually tells us
that the lengths of the sides of a triangle could be negative; but we know
that this “‘solution’’ is physically impossible (there are no triangles in
which, say, two sides are respectively 3 meters and 4 meters long, while
the third side is — 5 metres long) and ignore it. Similarly, the consortium
assumes that only solutions to the equations of time travel that are ‘‘glo-
bally self-consistent’’ are acceptable.

We can see what all this means, and how it provides new insights into
the workings of the Universe, by looking at the billiard-ball equivalent of
the granny paradox. We do this by imagining a time tunnel set up with its
two mouths close together. If a billiard ball is fired into the appropriate
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mouth of the time tunnel in just the right way, it will emerge from the
other mouth in the past, and just have time to travel across the intervening
space to collide with itself before it enters the tunnel, knocking the earlier
version of itself out of the way. So it never travels through time, the
collision never takes place, and therefore the earlier version of the billiard
ball does enter the time tunnel . . . and so on. This is the self-inconsistent
solution to the problem, and the consortium says that it must be rejected—
that the Universe cannot possibly operate like that.

The reason they are confident that it is acceptable to dismiss the self-
inconsistent solution is that they have found there is always another so-
lution of the equations that gives a self-consistent picture starting from the
same initial circumstances. Extending the analogy with Pythagoras’s the-
orem, if there were only one solution to the equations, and it is said that
the length of one side of the triangle had to be negative, we would have
to accept this at face value, even if we did not understand what it meant;
but because there are two solutions, and because we understand all about
triangles that have sides that have lengths measured in positive dimen-
sions, we can accept the physically meaningful solution and ignore the
other one. In the same way, the consortium accepts only self-consistent
solutions to their time-travel problems and ignores the others.

An example of a self-consistent solution to this kind of billiard-ball
problem is when the ball approaches the time tunnel and is struck a
glancing blow by an identical billiard ball that has just emerged from
one mouth of the time tunnel, knocking the first ball into the other
mouth of the tunnel. As the first ball emerges from the other mouth of
the tunnel, it collides with the younger version of itself, knocking itself
into the tunnel (figure 50). Thorne, Novikov, and their colleagues have
found that not only are there no billiard-ball problems of this kind that
do not have at least one self-consistent solution but that every problem
of this kind they can think of has an infinite number of self-consistent
solutions. Figure 51 shows how this can arise. In this case, we have a
billiard ball that passes neatly in a straight line between the two mouths
of the time tunnel. Or does it? Suppose that when the ball is midway
between the two mouths it is struck a violent blow by a fast-moving ball
emerging from the stationary mouth. The ‘‘original’’ ball is knocked
sideways, travels through the tunnel, and becomes the ‘‘second’’ ball—
but in the collision it is deflected back onto exactly the same path, or
trajectory, it was following before the collision. As far as any distant
observer is concerned, it still looks as if the single ball has passed
smoothly in a straight line between the two mouths; and you can imag-
ine similar patterns involving two, three, or more circuits by the ball
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Figure 50: 1. The billiard ball version of the granny paradox. If a ball (A) goes
into one mouth of a wormhole time tunnel, emerges from the other mouth (B) in
the past and knocks its original self off course, how did it ever get into the
wormbhole in the first place? 2. But if the ‘“‘second” ball bounces off the ‘‘first”
ball and into the hole in its place, there is no problem. 3. Nor is there a problem
if it was the “‘original’’ collision that knocked the ball into the hole in the first
place!

around the time tunnel. There seems to be more than one acceptable
way to describe the ball’s behavior.

All of this is reminiscent of the way the Universe operates at the quan-
tum level. There is a choice of realities, just as there is in the famous
example of Schrodinger’s cat. The billiard ball seems to be perfectly
normal before it gets near the time tunnel, then interacts with the tunnel
system in many different ways, forming a superposition of states, before
it emerges on the other side behaving, once again, in a perfectly normal
fashion. What Thorne calls the ‘‘plethora’ of self-consistent solutions to
the same billiard-ball/wormhole problem would be deeply troubling if it
were not that quantum theorists have already worked out how to handle
such multiple realities.

The technique they use was first developed by Feynman in the 1940s,
and is known as the ‘‘sum over histories’’ approach. In classical physics—
the physics of Newton—a particle (or a billiard ball) is regarded as trav-

O O O

Figure 51: In fact, there is an infinite number of ‘‘self-consistent solutions’’ to the
‘‘paradox,’’ in which the ball can go around the loop many times in many
different ways. From a distance, it looks, in this particular example, as if the ball
has simply gone straight through the gap between the two mouths of the time
tunnel. By averaging out the many different time travel possibilities, the Universe
arrives at a seemingly simple version of reality.
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eling along a definite path, a unique world line, or ‘‘history.’’ In quantum
physics, because of quantum uncertainty, there is no such thing as a
definite trajectory. Quantum mechanics deals only in probabilities, and
tells us, with great precision, how likely it is that a particle will travel from
one place to another. How the particle gets from one place to another is a
different matter; the probability that tells us where the particle is likely to
turn up next can actually be calculated by adding up probability contri-
butions from all possible paths between the starting position and the end
position. It is as if the particle is aware of all the possible routes it might
take and decides where it is going on that basis. Since each trajectory is
known as a history, this technique of calculating how particles will behave
by adding up the contributions from each trajectory is known as the sum
over histories.

Of course, all of this applies at the quantum level, on the scale of atoms
and below. Quantum uncertainty is very small and has a negligible influ-
ence on our everyday world, so that real billiard balls, for example, behave
just as if they are following classical trajectories. But the presence of a
traversable time tunnel in effect creates a new kind of uncertainty, in the
region between the mouths of the tunnel, operating on a much larger scale.
The consortium has found that the sum over histories approach works per-
fectly in this new situation, describing solutions to problems involving bil-
liard balls that travel through the time tunnels. If you start out with an initial
state of the ball as it approaches the time tunnel from far away, then the sum
over histories approach gives you a unique set of probabilities that tell you
when and where the ball is likely to emerge on the other side, clear of the
region containing closed timelike loops. It doesn’t tell you how the billiard
ball gets from one place to another, any more than quantum mechanics tells
you how an electron moves within an atom. But it does tell you, precisely,
the probability of finding the billiard ball in a particular place, moving in
a particular direction, after its time-tunnel encounter. What’s more, the
probability that the ball starts out moving along one classical trajectory and
ends up moving along a different one turns out to be zero. As shown in
figure 51, from a distance an observer will not see the ball to have been
deflected at all by its encounters with itself, and unless you look closely
you will not notice anything peculiar going on. ‘‘In this sense,”’ says
Thorne, ‘‘the ball ‘chooses’ to follow, in each experiment, just one class-
ical solution; and the probability for following each of the
solutions is predicted uniquely.”’* And there is a bonus. In the sum

* CalTech preprint number GRP-251.
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over histories approach, strictly speaking, we are not ignoring the self-
inconsistent solutions after all. They are still there, in the addition of prob-
abilities, but they make such a tiny contribution to the overall sum that they
have no real influence over the outcome of the experiment.

There is one more very strange feature of all this. Because the billiard
ball is, in some way, ‘‘aware’’ of all the possible trajectories—all the
possible future histories—open to it, its behavior anywhere along its world
line depends to some extent on the paths open to it in the future. Because
there are many different paths such a ball can follow through a time
tunnel, but far fewer it can follow if there is no time tunnel to pass
through, this means it will behave differently, in principle, if it has a time
tunnel to go through than if it has not. Although it would be very difficult
indeed to measure such an influence, according to Thorne this means it
ought to be possible, in principle, to carry out a set of measurements on
the behavior of billiard balls before any attempt to construct such a time
machine has been made, and work out from the results whether or not a
successful attempt to construct a time tunnel involving CTLs will be made
in the future. This, he says, is ‘‘a quite general feature of quantum me-
chanics with time machines.”’

Summing up the work of the consortium to date, Thorne comments that
the behavior of the laws of physics in the presence of time machines seems
to be sensible enough ‘‘to permit physicists to continue their intellectual
enterprise without severe dislocation,”’ even though time machines seem
to endow the Universe with ‘‘features that most physicists will find dis-
tasteful.”” In other words, it is possible to construct time machines, ac-
cording to the laws of physics, and it is possible to have time travel
without violating causality.

Even this, though, is not quite the end of the story of black holes and
the Universe. Among the minority of physicists who do not find these
ideas distasteful there is a growing band of researchers investigating the
way wormholes much smaller than anything I have discussed so far may
exist as a spacetime ‘‘foam’’ at the quantum level. One reason such
““microscopic’’ wormholes are intriguing is that, if they exist, it might be
possible to make a time machine by capturing a microscopic wormhole
and somehow expanding it up to macroscopic size. But this trick pales into
insignificance alongside the possibility that microscopic wormholes may
actually explain the very existence of the Universe itself! Once again, the
explanation involves Feynman’s sum over histories technique.



CHAPTER 8

GOSMIC CONNEGTIONS

Baby universes and spacetime bubbles. Inflating the universal bubble. The big
Jfix—good-bye to Einstein’s embarrassing constant. Black holes and the ulti-
mate fate of the Universe—the end of time, or time without end?

Quantum uncertainty doesn’t just affect particles and energy in the Uni-
verse. It affects the structure of spacetime itself. The way to picture this
is to go back to the old image of the expanding Universe as the skin of an
expanding balloon, like the one shown in figure 52. This, of course, is the
view of the Universe from the perspective of some God-like observer
standing outside of space and time. It looks, on this scale, very smooth

Figure 52: Instead of being smooth like the skin of a balloon, the spacetime of the
expanding Universe is a froth of quantum activity.

214
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and uniform, with a clear-cut boundary. But now imagine a close-up view
of a tiny portion of the skin of the balloon. If this could be magnified to
show what is taking place on a scale far smaller than the size of an atomic
nucleus, down around 10 centimeters (the Planck scale) this hypothet-
ical observer would see that spacetime itself was a constant seethe of
activity, as turbulent as the surface of a storm-tossed ocean, wriggling
about in an unpredictable manner, bending first one way and then the
other. This is the effect of quantum uncertainty, exactly equivalent to the
way virtual particles seethe through the vacuum.

One possibility—quite a likely one, according to researchers such as
Stephen Hawking—is that during this seething activity a tiny wormhole
will form in the fabric of spacetime on this scale. This might be a worm-
hole with both mouths ‘‘in’” our Universe, like the wormholes discussed
by the Thorne-Novikov consortium but on a tiny scale. Scientists inter-
ested in time travel point out that in the far distant future a superior
civilization might be able to capture one of these tiny wormholes and
stretch it in some way, to create the kind of time tunnel I described in the
previous chapter. But there are other forms of quantum wormbhole allowed
by the equations of uncertainty—it might be a wormhole that pinches off
a tiny piece of spacetime from our Universe, in such a way that the
pinched-off portion of spacetime begins to expand and form another uni-
verse in its own right, connected to our Universe by the microscopic
wormbhole (figure 53, see page 216). It is as if a blister developed on the
surface of the balloon, pinched itself off from the main balloon, and
expanded independently.

Cosmologists refer to this possibility as a ‘‘baby universe.”’ The only
connection with the ‘‘mother’” Universe is through a wormhole whose
entrance is a black hole about 10> centimeters across, which we would
never notice. Yet the mere possibility of baby universes completely
changes our understanding of the nature of our own Universe.

BLOWING BUBBLES

The first important insight concerns the way the baby universe starts to
expand. This is directly related to the way our own Universe started to
expand away from the initial singularity. The process is known as infla-
tion, and our understanding of it is based on a theory developed by Alan
Guth, of MIT, in the 1980s. Inflation explains how a tiny seed of a
universe, perhaps no bigger than a quantum fluctuation of the vacuum, can
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Figure 53: Sometimes, a baby balloon may pinch off from the quantum ¢‘skin”’
of the parent Universe.

be blown up into the fireball of the Big Bang, literally in a split second of
time. Before the idea of inflation came along, cosmologists were happy
that they could explain (essentially using the general theory of relativity
alone) how the Universe got to be the way it is starting out from the Big
Bang fireball; but they had no idea how that fireball of energy came into
being in the first place. Inflation takes on board ideas from quantum theory
to provide a natural mechanism that whooshes a microscopic seed of a
universe, down on the Planck scale, up to the hot fireball stage, where
relativity theory takes over.

The idea was developed in an attempt to explain the existence and
nature of our own Universe. But, of course, if the trick works once then
it can work repeatedly. Any microscopic, quantum fluctuation of the
vacuum has the potential to be inflated into a new universe in its own
right—although it is not inevitable that all quantum fluctuations will be
inflated in this way (most of them probably just disappear, like virtual
particles), some will form baby universes, and many of those baby uni-
verses will grow up into full-fledged universes comparable to our own.
According to researchers such as Guth and Hawking, this may be going on
all the time throughout our own Universe.

This raises the second intriguing and important point about the notion of
baby universes. Where, exactly, is all this going on?

Remember that the surface of the balloon in figure 52 does not represent
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the ‘‘edge’’ of the Universe. The infinitesimally thin skin of the balloon
represents all of space. So the quantum fluctuations in the structure of
spacetime are actually going on everywhere throughout the three spatial
dimensions of our Universe. When spacetime wriggles about, pinches off
a blister, and forms a wormhole connection between the blister and the
mother Universe, that blister exists in its own set of dimensions, all of
which are at right angles to all of the dimensions of our Universe. Which
means that the entire baby universe has no physical influence on our
Universe except through the wormhole, and cannot be seen or felt. A baby
universe could be pinching itself off and inflating to become a real,
grown-up universe in the room you are sitting in, right now, and you
would never notice, because the only evidence that the new universe
existed would be the mouth of a quantum wormhole, a black hole far
smaller than a proton, making a tiny pucker in the fabric of spacetime
somewhere in your room.

What all this means, of course, is that our Universe may have been born
in the same way, as a blister in the spacetime of another universe. The
overall structure of spacetime may be a kind of froth of expanding and
collapsing bubbles, connected by wormholes, with no overall beginning
and no end, extending to infinity in all directions, but in which individual
bubbles (individual universes) may be born, expand for a time, and then
collapse back into the froth (figure 54, see page 218). But none of this
would be more than an exotic byway of speculative science, something to
titillate the science-fiction fans but hardly to be taken seriously, if it were
not for a dramatic discovery made at the end of the 1980s. According to
some versions of the baby universes idea, information may leak from one
universe into another through the microscopic wormholes that connect
them. If it does, this could resolve one of the longest-standing puzzles in
cosmology, the vanishing of the cosmological constant. And if that idea is
correct then, just maybe, the information leakage between universes might
also account for why other constants of nature, such as the one that
determines the strength of the gravitational force and the one that fixes the
amount of electric charge on an electron, have the values they do.

EINSTEIN’S VANISHING CONSTANT
It was in 1987 that Hawking proposed that the existence of microscopic

wormholes might alter the workings of quantum mechanics. At first, he
thought this would change the constants of nature in unpredictable ways,
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Figure 54: In fact, our Universe may be one of many spacetime bubbles connected
by wormholes.

making it impossible to get a proper understanding of how physics works
at this fundamental level. But just a year later, Sidney Coleman, of Har-
vard University, suggested that just the opposite might be the case. In two
key scientific papers, he argued that rather than making quantum mechan-
ics unpredictable at the most fundamental level, it might be the wormholes
themselves that actually fix the constants of nature.

The vanishing of the cosmological constant is the best example of this.
Einstein brought the constant into his equations in order to hold the Uni-
verse steady, preventing it from either expanding or contracting, even
though the raw version of those equations said it must be doing one or the
other. One way to think of the constant is as a kind of antigravity (Ein-
stein’s main concern was to stop the Universe collapsing under the influ-
ence of gravity, so he needed something to oppose the force of gravity),
or as an energy possessed by the vacuum itself. The discovery, at the end
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of the 1920s, that the Universe is expanding removed this motivation for
the constant because the observed expansion exactly matches the kind
predicted by the equations of the general theory without such a constant.
Indeed, if we had the effect of Einstein’s cosmological constant added in
as well, the Universe would expand much more rapidly than we actually
see (if the constant were negative, it would make the Universe expand less
rapidly than we actually see). But in the 1980s interest in the cosmological
constant was revived by the discovery that the nature of the expanding
Universe can best be explained if it actually did undergo a phase of much
more vigorous expansion, called inflation, during the first split second of
the outburst from a singularity. This rapid expansion, which created the
Big Bang fireball, is thought to have been driven by the negative pressure
of a strong vacuum energy that existed at that time—in effect, by a
positive cosmological constant. It is exactly this negative-pressure state of
the vacuum that might be frozen into pieces of cosmic string left over from
the inflationary phase, offering a chance for a superior civilization to
obtain the scaffolding required to hold open the mouth of a traversable
wormbhole, in accordance with Visser’s blueprint. Once Guth had come up
with the idea of inflation, physicists found that there was no difficulty in
providing the vacuum energy required from quantum processes. Indeed,
one of the attractions of the idea is that this energy appears naturally from
the quantum description of the early Universe. But the question they were
left with was: What had happened to the cosmological constant? How had
it managed to vanish so utterly at the end of the inflationary phase?

The size of this problem is best seen by thinking in terms of the Planck
scale. This is in effect the quantum of length, the shortest distance that has
any meaning at all. Quantum uncertainty fuzzes out the structure of space
on any shorter scale. This minimum length is about 4 X 1073 centimeters.
That is, in centimeters, a decimal point followed by thirty-two zeroes and
a 4. It happens that the size of the cosmological constant can also be
expressed in terms of length because (like gravity) it is a measure of how
the force between two objects varies as the distance between them varies.
The way the Universe is seen to be expanding today shows that the
cosmological constant must now be small even compared with the Planck
length itself. It is very hard to see how any force could be that small
without actually vanishing entirely. And wormholes explain how that
vanishing trick could have happened.

Like gravity, the cosmological constant is a creature of geometry. Re-
member: ‘‘Space tells matter how to move; matter tells space how to
bend.”” If you have an understanding of the overall geometry of the
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Universe, in terms of bent spacetime, then you have an understanding of
the expansion, including the effects both of gravity and of vacuum energy.
But according to the wormhole idea, the geometry you have to understand
is not just that of our expanding Universe but of all the universes con-
nected by wormholes—sometimes called the meta-universe. It is, of
course, impossible to work out just what the geometry of the meta-universe
is. But by applying the rules of quantum physics to the calculation of
spacetime geometry, researchers such as Hawking and Coleman believe
they can tell us what kind of geometries are permitted.

This is where the many-worlds idea and Feynman’s sum over histories
approach come in. When we are thinking about individual particles mov-
ing from one place to another, Feynman’s approach is to add up the
probabilities of all the different possible routes the particle might take, in
order to work out how likely it is that the particle really will go from one
place to the other. When we are dealing with gravity, however, the im-
portant quantity (which in a sense corresponds to the position of a particle
at any instant of time) is the entire geometry of three-dimensional space at
some instant of time. The history of the Universe can be described as the
evolution of geometry—the changing shape of the Universe—from one
instant to another, just as the trajectory of a particle can be described as its
motion from one point to another—its changing position in the Universe.
So the idea behind quantum gravity is that it ought to be possible to
describe the actual evolution of the Universe by adding up, in the correct
quantum mechanical sense, all of the possible ways space can evolve from
one three-dimensional geometry to another—including all of the possible
wormhole geometries linking the meta-universe.

Now, this is still very difficult. But by making some simplifying assump-
tions (one of which is to tackle the problem in terms of a four-dimensional
geometry of space, instead of three dimensions of space married with one
of time) the theorists believe they can pin down some of the general prop-
erties any expanding bubble within the meta-universe would have. In par-
ticular, information about the laws of nature leaks into each universe
(including our own) from its neighbors, through the wormholes. And if any
bubble starts out with a nonzero cosmological constant, it turns out that
interactions taking place through the wormholes produce an effect that is
equal and opposite to the original constant, canceling it out.

This is connected with a feature of the quantum world that shows up
particularly strongly in the sum over histories approach and is known as
the principle of least action. In everyday language, this says that a quan-
tum system will follow the line of least resistance from one state to



COSMIC CONNECTIONS * 221

another. A particle moving from one place to another, for example, will
find it much easier to move in a straight line (or rather, a geodesic) than
in some convoluted path. So straight-line (geodesic) paths have a much
higher probability in the sum over histories. The least-action principle also
means that many physical features of a quantum system will tend to seek
out their lowest possible level, or smallest possible value, just as water
flows downhill, not upward. In the case of the cosmological constant, it
could have any value at all, including zero. So, like water flowing down
a hill and following the path of least resistance, given a chance, the
cosmological constant will shrivel to the smallest value it is allowed to
have, which is nothing. But the important caveat is ‘‘given a chance’’; this
shriveling cannot happen if we live in an isolated Universe; it is possible
only because the Universe is connected to the meta-universe through
wormholes. Then, and only then, is the evolution of a Universe like our
own completely dominated by histories for which the cosmological con-
stant is zero. Without wormholes, it is a mystery why the cosmological
constant is zero today; with wormholes, it would be a mystery if the
constant had any other value.

What’s more, the same calculations tell us that the other constants of
nature, such as the gravitational constant itself, must have the smallest
value that is permitted because of similar feedback effects leaking in from
wormbholes connecting us to other universes and allowing the principle of
least action to have full rein. It is still a big step from this to being able to
calculate what the actual values of those constants ought to be, but for the
first time scientists have found a hint of a reason why the laws of nature
should be as they are. No wonder that Coleman refers to this as “‘the big
fix,”’* and that many theorists are now puzzling over the implications of
wormhole geometry. Most of that work lies far outside the scope of the
present book; but there is one implication that brings us back to the main
theme. If the structure of the meta-universe is like a froth of bubbles in-
terconnected by wormholes, then each of those bubbles—each individual
universe—must be closed in the same sense that a black hole is closed, with
its own spacetime bent completely around upon itself. So, on this picture,
our own Universe must be closed. That means it will one day recollapse
back into a singularity. And what happens to it then depends very much on
the nature of the black holes that now exist within the Universe.

* Coleman has a snappy way with words, and titled his 1988 paper explaining why the cosmo-
logical constant is zero ‘“Why There Is Nothing Rather Than Something’’ (Nuclear Physics, vol.
B310, pp. 643-68); his other classic 1988 paper is called ‘‘Black Holes As Red Herrings™
(Nuclear Physics, vol. B307, pp. 867-82).
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AN OSCILLATING UNIVERSE?

Of course, our Universe is almost certainly closed, in this sense, whether
or not it is connected by wormholes to other universes. Again, the details
can be found in In Search of the Big Bang, but the whole business of the
Universe appearing out of nothing at all, as a quantum fluctuation, de-
pends upon its being a closed, self-contained system. The notion that the
entire Universe is a black hole may seem bizarre at first sight, especially
if you are still thinking of black holes only as superdense, compact ob-
jects. But remember that the kind of supermassive black hole thought to
lurk at the heart of a quasar can be made out of material scarcely more
dense than ordinary water. The bigger the black hole, the lower the den-
sity you need to close off spacetime around a collection of matter. The
calculation is straightforward and shows that to make the entire Universe
closed in this way you need the equivalent of just three hydrogen atoms in
every cubic meter of space.

This, of course, is an average; it doesn’t matter if many billions of those
atoms are packed together inside a star, provided there are enough stars
dotted across the Universe to do the trick. In fact, all the bright stars in all
the bright galaxies add up to only about 1 percent of this critical density.
But there is rock-solid evidence for at least ten times as much matter,
probably in the form of faint stars (brown dwarfs), revealed by its grav-
itational influence on bright matter; and there is very persuasive evidence,
from analysis of the way galaxies are spread across the Universe in fila-
mentary chains and sheets, that there is indeed ten times more matter even
than that in the form of particles filling the void. This dark 90 percent of
the Universe is known as cold dark matter, and unlike stars and galaxies
it may be distributed more or less uniformly throughout space. In which
case, there are possibly dozens of cold dark matter particles passing
through the room in which you are sitting, helping to hold the Universe
together and make it a black hole. These would not be ordinary atoms but
a different kind of stuff altogether, left over from the Big Bang. Many
experiments designed to capture these particles are now under way, and it
seems likely that cold dark matter particles will be identified before the
twentieth century is out.*

In order to see what this means for the fate of the Universe, we can go

* There is also scope for more exotic contributions to the total mass density of the Universe,
including a possible minor influence from cosmic string left over from the Big Bang. But cold
dark matter is far and away the front runner for the job of closing the Universe. See, for example,
my book The Omega Point (New York: Bantam, 1988).



COSMIC CONNECTIONS * 223

back to the old idea of escape velocity—the very concept (although not by
that name) that set John Michell to thinking about black holes all those
centuries ago. Imagine one of Michell’s dark stars with such a strong
gravitational pull that nothing, not even light, can escape from its grip. If
we fire a rocket, or shoot a cannonball, upward from the surface of the
star, it may rise up for a time, but it is inevitable that eventually it will first
halt and then plummet back down onto the surface of the star. Now
imagine the whole star swelling up, perhaps as a result of a surge of
energetic activity in its heart. Each individual atom in the star will behave
like that rocket, or cannonball. It can move upward (or outward) from the
center of gravity of the star for a while, but it must eventually come to a
halt and then fall back. Now imagine that the dark star is the entire
Universe, and that the atoms are replaced by galaxies. As the Universe
expands, the galaxies move apart from one another. But eventually the
pull of gravity will bring them to a halt and then reverse their motion,
turning the expanding Universe into a collapsing Universe that shrinks
back into a singularity. The analogy is not exact, but the broad picture is
good enough. That, indeed, is the fate of our Universe. And the possibility
that the Universe might behave in this way was one of the options that was
clear from the early days of cosmology, when the solutions to Einstein’s
equations were being studied in the 1920s.

Ever since that time, some cosmologists have wondered if the contrac-
tion itself could be reversed as the Universe shrank back toward the
singularity. Could it be possible that at some very, very dense state, but
not quite at the point of infinite density, something might happen to make
the Universe ‘‘bounce’’ into another cycle of expansion so that it would
actually continue eternally from expansion to contraction, through bounce
to expansion, and on once again to contraction? The idea (figure 55, see
page 224) has obvious attractions. Not least, it resolves the perplexing
puzzle of what went on ‘‘before’’ the Universe began, and what will
happen ‘‘after’’ it has ended. But until very recently it seemed that the
oscillating-universe model simply could not be made to work. It conflicts
with the Penrose-Hawking singularity theorems, for a start. And there are
other difficulties.

What seemed for half a century to be the definitive problem with the
notion of an oscillating universe is the way entropy builds up from one
cycle to the next. Entropy is the thermodynamic property that measures
the amount of disorder in the Universe, and it is related to the overall
temperature of the Universe. Entropy always increases, and this is a
measure of the flow of time. If I were to show you a picture of a wineglass
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Figure 55: Three possible “histories’ of time. The Universe may expand forever;
it may swell up to a certain size and then shrink back into nothing; or it may
undergo repeated cycles of expansion and collapse.

standing near the edge of a table, and another picture of the same wine-
glass lying in pieces on the floor next to the table, you would know which
picture had been taken first—the disordered (broken) state of the wine-
glass must represent a later time than the ordered (unbroken) state.
Even if the Universe were to contract and start shrinking back into a
singularity, it is hard to see how this would affect the flow of time and the
steady increase in entropy. Although some physicists have speculated that
the contracting half of the Universe might be an exact temporal mirror
image of the expanding half, with time running backward and broken
wineglasses reassembling themselves, this speculation is not taken seri-
ously by many people. It seems much more likely that entropy continues
to increase in the contracting half of the cycle. Calculations along these
lines were carried out in the 1930s by the physicist R. C. Tolman, and in
more detail in the 1970s by David Park and P. T. Landsberg. The physical
consequence of the steady buildup of entropy is that the model universes
they have investigated always fall back toward the singularity harder than
they emerged from it. This increased rate of collapse makes the bounce
harder, so that in the next cycle the expansion starts out faster than in the
previous cycle. As a result, each successive cycle expands out farther
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from the singularity, and lasts longer, than the cycle before. Entropy rises
without limit, leading to successively hotter Big Bang fireballs and suc-
cessively longer ‘‘life cycles’’ for the Universe (figure 56).

The snag with all this is that it does not, after all, resolve the puzzle of
the beginning. If the Universe had already been through many such cy-
cles, it would be very hot—much hotter than the temperature of 3 K that
we measure in the background radiation we observe today, and probably
too hot for life forms like us to exist. Indeed, if the thermodynamic
calculations are correct, the cycle we live in can be, at most, no more than
a hundred cycles after the first oscillation of the Universe that was big
enough to produce stars. Of course, that might really be the case; but it
does put the question of how the first tiny, short-lived version of the
Universe came into being back on the agenda, and in that case most
cosmologists prefer to stick with the simpler scenario of a single cycle to
the Universe, starting with a unique Big Bang event and ending in a
unique big crunch, not a bounce.

Time

“Our®
Big Bang?

Short cycles collapse
before life can evolve

Size

Figure 56: The best buy? Our Universe may be one in a series of expansions, each
one bigger than the one before, starting out from a tiny cosmic seed in the form
of a quantum fiuctuation of nothing at all.
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This consensus was reinforced in the 1980s, when investigations carried
out by Penrose suggested that it might not be possible for the Universe to
be the result of a previous cycle that had bounced even once because of a
buildup of entropy far greater than anything envisaged by his predeces-
sors. Penrose realized that nobody had taken account of the contribution
to the total entropy of the Universe made by black holes in the final stages
of the collapse. Like the temperature of a black hole, its entropy depends
only on the surface area of the event horizon that surrounds it, and is easy
to calculate. The expansion out of the Big Bang singularity was, we know
from observations of the Universe today, very smooth and regular. It was
therefore low in entropy. But the collapse of a universe like ours into a big
crunch would be very different. It would involve many black holes, each
possessing a large amount of entropy, merging together in a structure that
is very disordered (it has been likened to squashing a piece of fruit cake
so that the raisins in it overlap) and therefore very high in entropy. If
“‘our”’ Big Bang were actually the result of a preceding big crunch, all of
that entropy would have to be lost, somehow, in the bounce. It looked like
the death knell for oscillating models. Then, in one of the most dramatic
developments in theoretical cosmology at the beginning of the 1990s,
Canadian-based researchers ascertained that when black holes merge in
the final stages of a collapsing universe the required dissipation of entropy
to produce a clean new singularity really can take place.

THE BLACK-HOLE BOUNCE

This startling discovery emerged from an investigation of the theory of
what goes on inside a realistic rotating black hole as it collapses. The
study was carried out by Werner Israel, at the University of Alberta, in
Edmonton, Canada, and his colleagues Eric Poisson and A. E. Sikkema.
Remember that the geometry of such a Kerr black hole includes two event
horizons—the outer horizon, which is the last place light can escape from
the black hole, and the inner (Cauchy) horizon, which is the last place
where an observer who has fallen into the hole can see light from the
outside Universe. It is at the Cauchy horizon that an observer would see
the entire future of the outside Universe pass instantaneously, and where
the notorious blue sheet builds up. But it isn’t just the blueshift of infalling
electromagnetic radiation that you have to worry about.

When a realistic rotating black hole forms, it doesn’t do so completely
smoothly. Instead, the outer horizon settles, as Sikkema and Israel have
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put it, ‘‘like a quivering soap bubble’’ toward the ultimate stable state
represented by Kerr’s solution to Einstein’s equations. This quivering of
the outer horizon produces ripples in spacetime—gravitational waves—
that spread both outward into the Universe and inward toward the Cauchy
horizon. The ones that flow outward from the hole fade away and are of
no concern. But the ones that fall inward are blueshifted, just like light or
any other radiation that falls into the hole. Now, remember that energy is
equivalent to mass. Thus, the inflow of blueshifted gravitational radiation
that carries energy will produce an extraordinary increase in the mass
inside the black hole, increasing the core mass of a black hole that starts
out with just five times as much mass as our Sun to 10°7 times the mass
of the entire visible Universe. This is a ludicrously large number. But
what is even more extraordinary is that no trace of this huge mass inflation
can ever show up to an observer outside the outer horizon of the black
hole. The news that the mass inside the horizon has blown up in this way
can only travel outward from the Cauchy horizon in the form of gravita-
tional radiation, at the speed of light; and therefore the information can
never pass through the outer horizon and get out of the hole. From outside,
an observer will still see the gravitational signature of the original five
solar masses of material that collapsed to make the hole.

Because no information can get out of the black hole to affect the rest
of the Universe, these calculations might seem a pointless piece of meta-
physical speculation—if it were not for the likelihood that the Universe
will one day recollapse into a big crunch. What will happen to these
enormous masses when merging black holes overlap, and the intense
gravitational fields locked away inside them can interact with one another?

To put this in perspective, in such a collapsing universe galaxies begin
to overlap about a year before the big crunch. At about this time, the
cosmic background radiation becomes hotter than the inside of a star, so
stars break up and dissolve into a hot soup of energy and particles. Just
about an hour away from the big crunch, the supermassive black holes in
the hearts of galaxies begin to merge. And this changes the picture of the
bounce completely from all previous models. As soon as the black holes
with their enormously mass-inflated interiors merge, say Israel and his
colleagues, because such intense gravitational fields are involved the
whole universe effectively collapses to the Planck scale. Instead of there
still being an hour to go before reaching the singularity, the entire rest of
the collapse takes only 10** seconds (the *‘Planck time’’). Under these
conditions, the Bekenstein-Hawking formula for the entropy of a black
hole becomes meaningless, and in effect the total entropy (or entropy
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density) of the Universe is drastically reduced. At the same time, because
there is no duration shorter than 10™** seconds (just as there is no distance
shorter than 10 centimeters), the collapsing universe 10** seconds
away from the singularity bounces to become an expanding universe, still
10? seconds away from the singularity but now bursting out from the
singularity, not crunching in toward it. Which rather neatly sidesteps the
singularity itself, making the bounce compatible with the Penrose-
Hawking singularity theorem after all.

This very nearly, but not quite, does away with the problem of the
buildup of entropy from one cycle of an oscillating universe to the next.
It certainly removes the problem of the huge buildup of entropy in a single
bounce that Penrose was worried about. But there is a small buildup of
entropy from one cycle to the next, even though in each cycle the Universe
would look as if it had emerged from a smooth singularity. Nevertheless,
it does seem possible, after all, that the origins of the Universe can be
traced back through successively shorter cycles to some initial tiny seed,
a baby universe produced by a quantum fluctuation out of nothing at all.

The Reverend John Michell would, perhaps, have been uncomfortable
with this notion, which seems to leave no room for God in the role of
creator of the Universe. But he might well have been intrigued by the idea
that the entire Universe is a black hole, which we inhabit; and that the
behavior of black holes within that Universe, merging and interacting in
the late phases of a preceding big crunch, could explain how the Universe
as we know it came into being. Black holes really do provide the key to
understanding both the ultimate fate of the Universe and the origins of
space and time.
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Accretion disk: Everything in the Universe rotates. When gas and dust in
space fall onto a compact object, which might be a black hole or a
neutron star, the rotation forces the infalling matter to become a swirl-
ing accretion disk of material around the central object. The accretion
disk is the source of energetic outbursts of radiation from such objects.

Astronomical unit: The average distance from Earth to the Sun, about
150 million kilometers (93 million miles), is defined by astronomers as
the astronomical unit (AU) of distance.

Asymptotically: When a curving line gets closer and closer to a straight
line without ever touching it, it is said to approach asymptotically. In
a similar way, if you try to accelerate a moving object indefinitely it
will get closer and closer to the speed of light without ever quite
reaching it.

Atom:; Basic component of everyday objects such as this book and your
body. An atom consists of a very dense nucleus surrounded by a ten-
uous cloud of electrons. The radius of an atom is about 10”7 millimeters;
this means that 10 million atoms lined up side by side would just stretch
across the width of a ‘‘tooth’” in the serrated edge of a postage stamp.

Big Bang: The outburst of matter and radiation in which the Universe was
born from a singularity (or possibly from a Planck scale entity) about
15 billion years ago. Dramatic confirmation of the Big Bang was pro-
vided by the Cosmic Background Explorer (COBE) satellite in 1992.
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Black hole: A region of space where gravity is so strong that nothing, not
even light, can escape. The gravitational field of a black hole is so
powerful that light moving outward from it is infinitely redshifted and
loses all its energy.

Blue sheet: Light falling into a black hole experiences an infinite blue-
shift. This means that energy piles up in a wall around the black hole,
known as a blue sheet. Any attempt to use black holes as cosmic
subways, star gates, or time machines will have to find a way to
penetrate the blue sheet.

Blueshift: If an object is moving toward you and emits light, the light
waves you see are squashed together by the motion of the object. This
means they have shorter wavelengths. Because blue light has a shorter
wavelength than red light, this is called a blueshift. If the Universe,
which is expanding at present, ever begins to contract, a similar effect
will shorten the wavelength of light from distant objects as space itself
shrinks while the light is en route to us. Light falling down in a grav-
itational field is also blueshifted.

Closed timelike loop (CTL): A journey through space and time that
returns to its starting point in both space and time and therefore must
involve traveling backward in time for part of the journey. CTLs are
not forbidden by the laws of physics.

Cold dark matter (CDM): The large-scale dynamics of the Universe (the
way galaxies move) reveals the gravitational influence of large amounts
of matter that does not shine by its own light. This is referred to
generically as cold dark matter, and there are different theories about
what the matter might be.

Cosmic censorship: The idea that there ought to be a law of nature such
that every singularity must be surrounded by an event horizon so that
it can never be seen from the outside Universe. Probably wrong.

Cosmic string: Thin loops of ultradense energy, far narrower than the
nucleus of an atom but stretching across vast distances, left over from
the Big Bang and possibly acting as the gravitational ‘‘seeds’’ on which
galaxies grew.

Cosmological constant: A number Einstein put into his equations of the
general theory of relativity to make them match his preconceived as-
sumption that the Universe does not expand. When observers found



GLOSSARY * 231

that the Universe does expand, the constant had no raison d’étre; but it
is still used by theorists to give more variety to their cosmological
models.

Cosmological model: A set of mathematical equations that describe the
evolution of the Universe. Different sets of equations (different mod-
els) are used to test theories about the origin and evolution of a universe
and make predictions (such as whether or not the model universe is
expanding) that are compared with observations of the real Universe.

Degenerate stars: White dwarfs and neutron stars.
Einstein-Rosen bridge: Wormhole.

Electron: Particle carrying one unit of negative electric charge, found in
the outer part of an atom. Each electron has a mass of 9 X 107! kilos
(a decimal point followed by thirty zeroes and a 9). Unlike nucleons,
electrons are fundamental particles (members of the lepton family) and
are not made up of anything else.

Entropy: A measure of information. As things wear out, entropy in-
creases and the amount of information decreases. A glass of water with
an ice cube in it has more information and less entropy than the same
glass of water after the ice cube has melted. The steady increase in
entropy in the Universe at large is a fundamental measure of the flow
of time.

Equation of state: Equation that describes how properties such as pres-
sure, density, and temperature are related. The equation of state of a
white dwarf star, for example, would allow you to calculate how the
size of the star will change if its mass is increased.

Ergosphere: The region of space close to a rotating black hole from
which it is possible, in principle, to extract energy.

Escape velocity: The speed at which an object, such as a stone, has to be
thrown verticaily upward from the surface of another object, such as a
planet, in order to escape from its gravitational pull. The escape ve-
locity from a black hole is greater than the speed of light.

Euclidean geometry: The geometry we learned in school, where the
angles of a triangle add up to 180 degrees and parallel lines stay the
same distance apart all the way to infinity. The rules of Euclidean
geometry apply accurately only to flat surfaces.
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Event horizon: The surface around a black hole surrounding the region
from which nothing can escape; see Schwarzschild horizon.

Fifth force: There are four forces of nature known to science. These are
gravity, electromagnetism, and the strong and weak nuclear forces.
There was a flurry of excitement in the 1980s concerning claims of the
possible discovery of a ‘‘fifth force’’; careful tests now suggest, how-
ever, that those claims were mistaken.

Fission: The process by which a massive atomic nucleus fragments, re-
leasing energy. Used in all nuclear power stations to date.

Fusion: The process by which light atomic nuclei combine to make
heavier nuclei, releasing energy. The power source of all stars, includ-
ing our Sun.

Galaxy: A swarm of stars held together by gravity, like our own Milky
Way. A typical galaxy may contain 100 billion stars like our Sun.

Geodesic: The shortest distance between two points. On a flat surface,
geodesics are straight lines.

Gravitational constant (G): Any two objects with masses M and m
attract each other with a force (gravity) that is equal to the two masses
multiplied together, divided by the square of the distance between
them, all multiplied by G. Isaac Newton was the first person to realize
this.

Gravitational radius: The radius of the surface around a black hole (the
Schwarzschild horizon) from which nothing can escape.

Hawking evaporation: The way a black hole radiates energy as a result
of quantum effects.

Hawking process: Hawking evaporation.

Hawking radiation: The radiation emitted by a black hole evaporating by
the Hawking process.

Hot dark matter: A rival to the cold dark matter theory to explain the
nature of the dark stuff that holds the Universe together.

Inflation: A cosmological model describing the very rapid (exponential)
expansion of the Universe when it was much less than one second old.

Inverse beta decay: For historical reasons, electrons are also known as
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beta rays. When a neutron in the nucleus of an atom emits an electron
and itself turns into a proton, it is said to experience beta decay. A
neutron star forms when the pressure inside a star becomes so intense
that electrons are forced back into protons to make neutrons—inverse
beta decay.

Kerr black hole: A rotating black hole, which always has an ergosphere.
Named after New Zealander Roy Kerr.

Light cone: The region of spacetime embraced by lines representing light
rays in a Minkowski diagram. Events at a point in spacetime can be
influenced only by events that occur in that point’s own past-light cone,
and can have an influence only on events that lie in its own future-light
cone.

Meta-universe: The Universe is everything we can ever have any direct
knowledge of. The meta-universe is everything beyond the Universe.

Minkowski diagram: A representation of the three dimensions of space
and one of time as two-dimensional graphs, developed by the Lithua-
nian Hermann Minkowski.

Naked singularity: A point or line of infinite density and spacetime
curvature that is not concealed within a black hole.

Non-Euclidean geometry: The geometry of curved surfaces and curved
space, where, for example, the angles of a triangle do not add up to 180
degrees.

Nucleon: Collective term for protons and neutrons. Nucleons are made of
quarks.

Nucleus: Central part of an atom; a ball of neutrons and protons held
together by the strong nuclear force. A nucleus is about 10™!° millime-
ters across, 100,000 times smaller than an atom.

Neutrino: Electrically neutral particle either with no mass at all or a very
tiny mass (depending on which theory is correct), produced in some
nuclear reactions (including inverse beta decay). Neutrinos are ex-
tremely reluctant to interact with everyday forms of matter and pass
through Earth more easily than machine-gun bullets pass through a
bank of fog.

Neutron: Electrically neutral particle with roughly the same mass as a
proton, found in the nucleus of an atom.
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Neutron core: Inverse beta decay may cause the formation of a neutron
core in the center of a degenerate white dwarf star.

Neutron star: A very dense, old star composed entirely of neutrons. A
neutron star is in effect a single atomic nucleus containing about as
much mass as our Sun in a sphere with the volume of Mount Everest.

Occultation: When the Moon or a planet passes in front of a star, as seen
from Earth.

Oppenheimer-Volkoff limit: An estimate, based on the equation of state
of a degenerate star, of the maximum mass such a star can have before
collapsing to form a black hole. The limit is only a few times the mass
of the Sun and has been known for more than fifty years, but was not
taken seriously until the 1960s.

Parallax: The way foreground objects seem to move past background
objects when you move your head. Used by astronomers on the grand
scale, by making observations six months apart (when Earth is at
opposite ends of its orbit around the Sun), to measure the distances to
the nearer stars.

Photoelectric effect: The process whereby a “‘particle’ of light (a pho-
ton) can knock an electron out of a metal surface.

Planck scale: Space and time may not be continuous but rather ‘‘quan-
tized” so that there is a smallest length that can possibly exist and a
shortest time that has any meaning. The ‘‘Planck time’’ is about 10
of a second, the ‘‘Planck length’> about 2 X 107 of a centimeter (the
distance light can travel in the Planck time) and the ‘‘Planck mass,”’
which is the mass that would be contained within a black hole with
diameter equal to the Planck length, is 2 X 10 of a gram. That may
sound modest, but it means that the density of a Planck black hole is
about 6 X 10°% (a 6 followed by ninety-two zeroes) grams per cubic
centimeter. A proton is 10?° times bigger across than such a Planck
black hole.

Plasma: A kind of hot gas in which electrons are stripped from their atoms
leaving behind positively charged ions. Electrons and ions mingle in
the plasma. A star like our Sun is composed mainly of hot plasma.

Proton: Particle carrying one unit of positive charge, found in the nucleus
of an atom. Each proton has a mass about 2,000 times greater than the
mass of an electron.
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Pulsar: A rapidly spinning neutron star that emits pulses of radio noise
(and in some cases light and X rays) from the magnetic field embedded
in the star that spins around with it.

Quantum: The smallest bit of something that can possibly exist. For
example, light energy comes in quanta known as photons and can be
thought of as particles of light. You cannot have an amount of light
more than nothing but less than one photon.

Quantum mechanics: The set of mathematical equations that describe the
behavior of very small objects, on the scale of atoms and smaller, and
radiation.

Quark: A basic building block of matter, thought to be impossible to
break down into anything else. Quarks come in several varieties; pro-
tons and neutrons are each made up of three quarks in specific combi-
nations.

Quasar: The energetic core of an active galaxy, visible far across the
Universe because of its intense radiation of energy. Light from distant
quasars is highly redshifted compared with the light from relatively
nearby galaxies. The energy radiated by quasars probably comes from
an accretion disk around a supermassive black hole.

Recession velocity: The speed with which something is moving away
from something else. The term is sometimes applied to galaxies and
quasars, even though they are not moving away through space but are
getting farther apart because the space between them is expanding.

Redshift: Light waves from a distant object in the expanding Universe are
stretched on the way to us because empty space expands while they are
en route. Red light has a longer wavelength than blue light, so this is
called a redshift. A similar effect occurs for objects moving at high
speed through space, where the motion of the object away from us
stretches the light waves that we see as it is emitting them. Light
climbing out of a gravitational field is also redshifted.

Schwarzschild horizon: The ‘‘surface’’ of a black hole, named after the
mathematician Karl Schwarzschild.

Schwarzschild radius: Gravitational radius.

Singularity: A point of infinite density and curvature of spacetime where
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the laws of physics no longer apply. Every black hole contains a sin-
gularity; the Universe may have been born out of a singularity.

Solar wind: A stream of particles moving outward through the Solar
System from the Sun.

Spacelike interval: If it is possible to travel between two points in space-
time without moving faster than the speed of light, they are separated
by a spacelike interval.

Spacetime: Einstein’s special theory of relativity led to the realization that
space and time can be described geometrically as different facets of a
four-dimensional whole, spacetime. Einstein’s general theory of rela-
tivity explained gravity as an effect caused by the curvature of space-
time.

Spectral lines: Bright or dark stripes in the spectrum of colored light
produced by passing white light through a prism to make a ‘‘rainbow”’
pattern. Each line corresponds to an influence of one particular type of
atom. By measuring the positions of lines in the spectra of distant
galaxies and quasars, astronomers determine the redshift caused by the
expansion of the Universe.

Star gate: Term used in science fiction for the entrance to a wormhole.
Supergiant: A very large star.

Supernova: The ultimate explosion of a very massive star at the end of its
life. A supernova may briefly shine as brightly as a whole galaxy of 100
billion stars; it leaves behind a neutron star or a black hole.

Tachyon: Einstein’s theory of relativity tells us that no object that has a
velocity less than that of light can ever be accelerated to travel faster
than light. But the equations also say that in principle objects that
always travel faster than light, and can never be slowed down below the
speed of light, might exist. They would also travel backward in time.
Nobody has ever found unequivocal proof that such particles exist, but
they have been given the name tachyons ready for when (and if) they
turn up. Everyday slower-than-light particles are occasionally called
‘“‘tardons.”’

Timelike interval: If it is not possible to travel between two points in
spacetime without moving faster than the speed of light, they are sep-
arated by a timelike interval.
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White dwarf: An old star in which nuclear reactions no longer keep the
core hot and roughly as much matter as is contained in our Sun has
collapsed into a cooling ball about as big as Earth.

White hole: The hypothetical counterpart to a black hole. In a black hole,
matter collapses inward to a singularity; in a white hole, matter pours
out from a singularity. There are some similarities between the Big
Bang and a white hole.

World line: Line in a Minkowski diagram representing the life history of
a particle through spacetime.

Wormbhole: A tunnel through spacetime linking one black hole to another
one somewhere else and somewhen else.






BIBLIOGRAPHY

If you want to explore some of the ideas discussed in this book, the
Sfollowing list will give you a start. But avoid the books marked with an
asterisk if you are scared by equations.

Gregory Benford, Timescape (New York: Pocket Books, 1980).

Superb science fiction, from a renowned physicist, involving the many-
worlds interpretation of quantum physics and tachyons—particles that
travel backward in time.

Subrahmanyan Chandrasekhar, Eddington (New York: Cambridge Uni-

versity Press, 1983).

A brief but delightful memoir of the man described as ‘‘the most
distinguished astrophysicist of his time.”* Especially interesting, in the
context of black holes, for the insight into how Eddington opposed
Chandrasekhar’s suggestion, back in the 1930s, that nothing could
prevent massive stars from collapsing to a point.

Paul Davies (editor), The New Physics (New York: Cambridge University

Press, 1989).

Not technical enough to merit an asterisk but by no means a light read.
Plenty of meat to get your teeth into if you want to know what is going
on at the frontiers of physics today, with excellent chapters from Clif-
ford Will on general relativity and from Malcolm Longair on astro-
physics.

Arthur Eddington, The Internal Constitution of the Stars (Cambridge,

England: Cambridge University Press, 1926).

239



240 * BIBLIOGRAPHY

A classic book by the pioneer of astrophysics, written just before the
quantum revolution was completed; shows just how puzzled scientists
were by the mystery of dense stars in the mid-1920s. Strictly speaking,
this is a technical book, still used by students today—but Eddington,
who among other things was a great popularizer of science, expresses
himself so clearly that a warning asterisk is scarcely justified.

George Greenstein, Frozen Star (New York: Freundlich, 1984).
Black holes, pulsars, and neutron stars described by an astronomer who
has been involved in their investigation.

John Gribbin, In Search of Schrédinger’s Cat (New York: Bantam, and
London: Black Swan, 1984).
Details about how atoms work, the creation of virtual particles, and the
‘‘many-worlds’’ idea.

John Gribbin, In Search of the Big Bang (New York: Bantam, and Lon-
don: Black Swan, 1986).
My version of the story of the Universe. I’m told that there is too much
detail about new theories in the last section—but it is the middle section
that deals with the cosmological implications of general relativity, and
I’ve had no complaints about that.

John Gribbin, Blinded by the Light (New York: Harmony Books, and
London: Bantam, 1991).
Includes details of the structure of stars like the Sun, and how astro-
physicists work out what a star is like inside.

John Gribbin and Martin Rees, Cosmic Coincidences (New York: Ban-
tam, and London: Black Swan, 1990).
One of the books I most enjoyed writing—none of my own wild ideas,
but presenting a view of the Universe and humankind’s place in it from
one of the world’s leading cosmologists, Martin Rees, of the University
of Cambridge.

*Stephen Hawking and Werner Israel (editors), 300 Years of Gravitation
(Cambridge, England: Cambridge University Press, 1987).
The book of the symposium held in Cambridge to mark the three
hundredth anniversary of the publication of Newton’s Principia. Some
contributions are full of hairy equations, some are readable (John
Faulkner’s historical insight, mentioned in chapter 1, is not included,
but only because he came up with it too late for the book’s deadline, not
because the editors were trying to censor this demythologizing of New-
ton!). Worth dipping into in a library.

Nick Herbert, Faster Than Light (New York: Plume, 1988).
An amazing collection of wild ideas, all of them based on extrapolation



BIBLIOGRAPHY - 241

of sober scientific fact, on the theme of signals that travel faster than
light and backward in time—and all from a respectable physicist with
impeccable credentials. (I borrowed the neat idea of arrows on event
horizons to indicate their one-way nature from this book.)

Douglas Hofstadter, Gédel, Escher, Bach (New York: Basic Books,
1979).

The incompleteness theorem related to art, music, and the human mind.
Only tangenitally relevant to the present book, but well worth reading.

William J. Kaufmann, III, The Cosmic Frontiers of General Relativity

(Boston: Little, Brown & Co, 1977).
One of my most well-thumbed books, which explains Einstein’s theory
in clear language and provides an extensive overview of black holes,
including drawings showing what it would be like to travel through a
wormhole into another universe.

*Kenneth Lang and Owen Gingerich (editors), A Source Book in Astron-

omy and Astrophysics, 1900-1975 (Cambridge, Mass.: Harvard Uni-
versity Press, 1979).
An amazing collection that reprints the key parts of key scientific
papers in the development of our twentieth-century understanding of
the Universe. Includes Fritz Zwicky’s original suggestion that neutron
stars might exist, Karl Schwarzschild’s mathematical description of a
black hole, and much more besides, all with informative commentaries
setting them in context in clear language. Fascinating to dip into, even
for nonscientists, if you can find it in a library.

*Charles Misner, Kip Thorne, and John Wheeler, Gravitation (San Fran-
cisco: W. H. Freeman, 1973).

The standard handbook for students at graduate level. Not for the
scientifically nervous, although it does include some sections present-
ing the basic physics in relatively simple language.

Ward Moore, Bring the Jubilee (New York: Avon, 1976).

Science fiction in which the South won the Civil War—or did it?
Classic exposition of the parallel universes idea.

*Abraham Pais, Subtle Is the Lord (London: Oxford University Press,
1982).

A scientific biography that pulls no mathematical punches but has a
wealth of information about the life and times of Albert Einstein.

Barry Parker, Einstein’s Dream (New York: Plenum, 1986).

A highly readable account of Einstein’s work, including some discus-
sion of black holes, but focusing on the search for a “‘theory of every-
thing.”’



242 * BIBLIOGRAPHY

Julian Schwinger, Einstein’s Legacy (New York: W. H. Freeman/Scien-
tific American, 1986).
One of the best books in the Scientific American Library series, espe-
cially good on non-Euclidean geometry and curved spacetime. It does
contain some equations, but they are not the frightening kind and are
more than compensated for by the excellent illustrations.

Walter Sullivan, Black Holes (New York: Anchor Press/Doubleday,
1979).
An enjoyable, journalistic account, built around the discovery of X-ray
stars in the 1960s and 1970s, with nice illustrations.

H. G. Wells, The Time Machine (New York: Henry Holt, 1895).
The classic story, originally published in 1895 and using time as a
fourth dimension ten years before Einstein’s special theory.

John Archibald Wheeler, A Journey into Gravity and Spacetime (New
York: W. H. Freeman/Scientific American, 1990).
A slightly disappointing addition to the Scientific American Library
series, from one of the world’s leading authorities on general relativity.
Some nice analogies, and the usual clear illustrations that you expect
from the series, but not always easy to read. Worth the effort, but not
as accessible as Julian Schwinger’s book.

Clifford Will, Was Einstein Right? (New York: Basic Books, 1986).
Simply the best guide to general relativity for the lay person.



Abramowicz, Marek, 143-144, 145
accretion disks, 101, 145-146, 229
Adams, Walter, 62, 63
Aerobee flights, 104, 105, 107, 108
Anderson, Wilhelm, 66
Andromeda galaxy, 95, 96, 100
antigravity, 180-182, 218

making of, 175-180
antigravity universes, 163—-164, 165
antimatter, 179, 195
Atomic Structure and Spectral Lines (Sommerfeld),

67

Baade, Walter, 73, 88, 96, 105
Bardeen, James, 136-137, 138
Bekenstein, Jacob, 137-138, 140, 227
Bell (Burnell), Jocelyn, 82-83
pulsars and, 8485, 86, 90
Benford, Gregory, 196-197, 239
Bessel, Friedrich, 60, 63
Big Bang, 79, 93, 101x, 118, 123, 132, 133, 141-
142, 167, 170, 172, 173, 216, 219, 225-226,
229
Hawking and, 128, 132, 141
Novikov and, 167, 169
binary star systems, 19, 106-107, 110, 112, 173
black holes, vii, 67, 68, 69, 74, 90-114, 115-150,
205, 206, 221, 230
accretion disks and, 101, 145-146, 229
bounce of, 226228
centrifugal confusion and, 143-146
charged nonrotating, 159-161, 162, 163
charged rotating, 168-169, 171
cosmic censorship and, 132-135, 142-143, 159,
165, 172, 186
Einstein-Rosen bridges and, 151-152
entropy and, 136-138, 226, 227-228
ergosphere and, 125, 126, 127, 129, 135, 198
escape velocity and, 26-27, 79, 144, 223
formation of, 116, 129, 134, 141-142, 169,
170, 173, 234
gravitational forces and, 130, 159, 163, 166,
169

INDEX

gravitational redshift and, 78-79
Hawking process and, 138-141, 168, 169, 175
hyperspace and, 124-129, 135, 138, 158-165,
167-169, 171-173
mass of, 129-130, 135, 137-138, 139, 141-142,
162, 227
mathematical principles and, 27, 33, 36, 52, 70,
114
nonrotating (Schwarzschild), 123-125, 136,
138, 158-160, 162, 168
as one-way time machines, 146—-150
pioneering accounts of, 16-21
quantum mechanics and, 6465, 67, 138
quasars and, 83, 97-103, 116
radio galaxies and, 95-97
redshifts, relativity and, 78-79, 92-94, 148
Reissner-Nordstrgm solution and, 159-161, 162
ring singularities in, 160, 162-164, 165
rotating (Kerr), 124-129, 135, 138, 160, 162-
165, 167-169, 171-173, 198, 202, 226-228,
233
Schwarzschild horizon and, 117-118, 122, 123—
124, 125, 126, 235
Schwarzschild radius and, 54-59, 79, 100, 114,
130, 232, 235
Soviet researchers and, 116-117, 138
spacetime and, 27, 117-118, 119, 122-123,
125, 127-128, 130, 143, 148-149, 159, 161-
162, 198-199, 200, 202, 203
structure and dynamics of, 117-135
temperature of, 135-140, 141
travel and, 122-123, 130, 143, 144-146, 147-
150, 159-160, 161, 162-169
Blandford, Roger, 110, 112, 114
blue sheet, 170-171, 173, 226, 230
blueshift, 226-227, 230
hyperspace blocking by, 169-170
Bohr, Niels, 67, 71, 115
Bolyai, Jénos, 27, 32-33
Bradley, James, 16
Brahe, Tycho, 6, 15
Brief History of Time, A (Hawking), 136
Bring the Jubilee (Moore), 189, 241

243



244 * INDEX

brown dwarfs, 222
Burnell, Jocelyn, see Bell, Jocelyn

California Institute of Technology (CalTech), 130,
134

wormbhole team at, 151-152, 166, 173, 175,
179, 206-213
Cambridge University, 2-3, 5, 66-70, 75, 82-88,
89-90

Carter, Brandon, 136-137, 138, 202
Cartesian coordinates, 30-32
four dimensional spacetime and, 41-42
non-Euclidean geometry and, 34, 35, 39
Casimir, Hendrik, 176-178
Cassini, Giovanni, 14, 15
Cauchy horizon, 171, 226-227
Cavendish, Henry, 11, 18, 19
centrifugal force, 143-146
Chadwick, James, 71
Chandrasekhar, Subrahmanyan, 68-71, 87, 115,
239
Change War (Leiber), 186-187
Cherenkov, Pavel, 196
Christodoulou, Demetrios, 128, 135
Clark, Alvin, 61
Clifford, William, 37-38, 53
closed timelike loop (CTL), 185-186, 187, 200-
201, 202, 205-206, 212, 213, 230
cold dark matter, 222, 230
Coleman, Sidney, 218, 220, 221
Contact (Sagan), 151, 174
cosmic censorship, 159, 165, 172, 186, 230
naked singularities and, 132-135, 142~143
Cosmic Coincidences (Gribbin and Rees), 167n,
171, 240
cosmic connections, 215-228
baby universes and, 215-217
black-hole bounce and, 226-228
oscillating universe and, 222-226
quantum uncertainty and, 214-215
vanishing cosmological constant and, 217-
221

cosmic rays, 195-196
cosmic strings, 181-183, 206, 219, 230
cosmological constant, 217-222, 230-231
vanishing of, 217-221
wormbholes and, 219-222
cosmological redshift, 78-79, 94, 99-100
Crab Nebula, 88, 90, 105
CTL, see closed timelike loop
Cygnus A, 95, 96-97
Cygnus X-1, 108-112, 132, 145
HDE 226868 and, 109-110, 112n

dark stars, 1, 27
Laplanche on, 21, 24, 25, 36

Michell on, 13, 19-20, 21, 23, 24, 25, 36, 102,

223
see also black holes
Davies, Paul, 133, 171, 172, 175, 239
degenerate stars, see neutron stars; white dwarfs
dense stars, 58-91
companion stars and, 60-63
discovery of, 5963
equations of state and, 65-66, 77, 87, 117
neutron stars and, 71-77, 80
nuclear fusion and, 64, 72, 80
pulsars and, 80-91
Sirius and Sirus B and, 60-63, 65
temperature, color and, 59, 62-63, 6465
white dwarfs and, 60-71
Descartes, René, 2, 4, 29-32, 39
differential calculus, 3, 7

Eardley, Douglas, 166, 167, 169, 170
Eddington, Arthur, 25, 129, 142, 239
stellar structure and, 63-64, 65, 67, 69-70, 71,

7
edge of time, 115-150
black hole temperatures and, 135~140
centrifugal confusion and, 143-146
cosmic censor and, 132-135
exploding horizons and, 141-143
maps of spacetime and, 117-124
one-way time machines and, 146-150
rotating black holes and, 124-129
rule of singularities and, 129-132
Einstein, Albert, 188, 198
general theory of relativity and, 1, 24-25, 27,
6, 44-52, 57, 59, 92-93, 118, 124-125,
172, 199, 219
gravitational light bending and, 45-47, 49, 57
hyperspace connection of, 152158, 171
solutions to relativity equations of, see Kerr-
Newman solution; Reissner-Nordstrém solu-
tion; Schwarzschild solution
special theory of relativity and, 23-24, 38-47,
49, 65, 187, 194
Einstein-Rosen bridges, 151-152, 154, 166, 231
Elements (Euclid), 28-29
Emperor’'s New Mind, The (Penrose), 126
entropy, 223-224, 228, 231
black holes and, 136-138, 226, 227-228
Epimenides, 197-198
equation of state, 115, 231
dense stars and, 65-66, 77, 87, 117
ergosphere, 161, 198, 231
Penrose and, 125-129
escape velocity, 17-18, 20, 231
black holes and, 26—27, 79, 144, 223
Schwarzschild horizon and, 117
Euclid, 28-29
event horizons, 231
black holes and, 117-135, 136-137, 139, 140,
141, 142-146
Cauchy, 171, 226-227
charged black holes and, 159-166, 168, 169,
170, 171
see also Schwarzschild horizon
Exposition du Systéme du Monde (Laplace), 20, 21

Faster than Light (Herbert), 196, 240-241

Faulkner, John, 5, 87

Feynman, Richard, 115, 190-192, 194, 211-213,

220-221

fifth force, 12-13, 232

Flamm, Ludwig, 153

Forward, Robert, 178-179

Fowler, Ralph, 65, 6768

Fowler, Willy, 100

Fresnel, Augustin, 21-22

Friedman, Herbert, 105

FTL (faster than light) travel, 151, 154, 164, 200
special theory of relativity and, 194-195

Galilei, Galileo, 2, 4, 14
Gauss, Karl, 27, 32-33, 39, 48
Riemann and, 35-36
general theory of relativity, vii, 70, 77, 113, 139,
144, 169, 173, 179, 198, 216, 236
black holes and, 1, 24, 52, 93
Einstein and, 1, 24-25, 27, 36, 44-52, 57, 59,
92-93, 118, 124-125, 172, 199, 219
hyperspace and, 153-154
Ke{rz’s solution for, 125, 162, 171, 174, 202,
7
Riemannian geometry and, 45, 48, 49



Schwarzschild’s solution for, 52, 53-57, 78,
117-119, 123, 124, 151, 153
spacetime and, 24, 44, 50, 90
structure of Universe and, 79, 92-94
time travel and, 165, 186, 194, 198-199, 201
wormbioles and, 151-152
geometry, Euclidian, 28-32, 231
flat surfaces and, 33-34, 44
geometry, non-Euclidean, 28, 29, 233
Cartesian coordinates and, 34, 35, 39
curvature of space and, 36-37, 44
pioneers of, 27, 32-37, 48, 53
Ginzburg, Vitalii, 96-97
Giodel, Kurt, 197-199, 202
Gold, Tommy, 90, 95
Gottingen University, 32, 35-36, 39, 75
Gramov, George, 71-72, 73, 76
granny paradox, 185-189, 190, 198
billiard ball version of, 209-213
science fiction and, 186-188, 189
gravitational constant (G), 10-12, 58, 221, 232
gravitational radiation, 173, 227
gravitational (Schwarzschild) radius, 53-59, 79,
100, 114, 130, 144, 232, 235
gravitational theory, Newtonian, 4, 5-16, 20, 50,
53

four laws of, 7-8
inverse-square law of, 3, 7, 8-9, 10, 11-13, 20,
50, 56
speed of light and, 13-16
testing of laws of, 10-13
gravitational time dilation, 146-148
gravity:
acceleration and, 6-7, 45-47
effect of, on light, 1, 1314, 16, 45-47, 78, 99,
113, 131-132
effect of, on time flow, 146, 149
escape velocity and, 17-18
inverse-square law and, 3, 7, 8-9, 10, 11-13,
20, 28, 50, 56
see also gravitational theory, Newtonian
gray holes, 167
Green Bank Observatory, 109
Greenstein, Jesse, 99, 100
Grossman, Marcel, 38, 44, 48
Guth, Alan, 215, 219

Halley, Edmund, 5, 7, 16

Harrison, Kent, 115, 119

Harvard College Observatory, 62-63, 109

Hawking, Stephen, 3n, 128, 189, 216, 220, 240,
241

Big Bang and, 128, 132, 141
black holes and, 132, 133, 135, 136-137, 138-
141, 172
wormbholes and, 171, 215, 217
Hawking process, 138-141, 168, 169, 175
Hawking radiation, 140
Hazard, Cyril, 98-99, 103, 105
HDE 226868, 109-110, 112n
Heinlein, Robert, 189-190
Heisenberg, Werner, 67
Herbert, Nick, 170, 196, 240-241
Hewish, Anthony, 82-86, 88, 90
Hooke, Robert, 3-4, 5, 6-7
Hoyle, Fred, 95, 100
hyperspace, 150-184
blue sheets and, 170-171, 173, 226
blueshift block and, 169-170
charged black holes in, 158-161, 162, 163,
168-169, 171
Einstein-Rosen bridges and, 151-152, 154, 166
Einstein’s connection to, 152-158, 171

INDEX * 245

general theory of relativity and, 153-154

geometry of, 151-152, 153-166

making of antigravity and, 175-180

rotating black holes in, 124-129, 135, 138, 160,
162-165, 167-169, 171-173

science-fiction gimmicks and, 151-152, 173

string-driven spaceship and, 180-184

travels in, 153-169, 172, 173, 182

worénhole engineering and, 173-175, 179-180,
181

wormhole shortcuts in, 151-158, 160, 166

inflation process, 215-217, 219, 232

In Search of Schrédinger’s Cat (Gribbin), 139n,
188n, 192n, 240

In Search of the Big Bang (Gribbin), 222, 240

Institute of Theoretical Astronomy, 83, 87n

interferometry, 95-96, 97, 109

Internal Constitution of the Stars, The (Eddington),
65, 67, 70, 239-240

Introduction to the Study of Stellar Structure, An
(Chandrasekhar), 70

invisible stars, 18, 21

Israel, Werner, 78, 125, 138, 226, 240

Jodrell Bank radio telescope, 97-98

Journey into Gravity and Spacetime, A (Wheeler),
127, 137

Jupiter, moons of, 8, 14-15

Kepler, Johannes, 4, 5-6, 8, 14, 15, 20
Kerr, Roy, 125
black holes and, 161, 162, 163-165, 170, 233
Kerr—glzewman solution, 125, 162, 171, 174, 202,
7

Kruskal, Martin, 119

Landau, Lev, 68, 69, 71, 72, 75, 76, 77
Laplace, Pierre, 20-21, 22
least-action principle, 220-221
Leiber, Fritz, 186-187
light:
effects of gravity on, 1, 13-14, 16, 45-47, 78,
99, 113, 131-132, 169
Maxwell’s equations and, 22-23, 38, 103
in measuring time, 146-149
Newton’s model of, 18, 22, 23
waves and particles and, 19, 21-22, 23, 24, 47
light, speed of, 13, 51
calculation of, 14-16
Cassini and Rgmer and, 14-16
see also FTL travel
light cones, 121-122, 233
time travel and, 199-200, 203-204
Lobachevsky, Nikolai, 27, 32-33
Lodge, Oliver, 26-27
Lynden-Bell, Donald, 100

many-worlds hypothesis, 188-189, 220
Matthews, Thomas, 98, 99
Maxwell, James Clerk, 11, 44, 146, 195
Maxwell’s equations, 22-23, 38, 103
Mellor, Felicity, 171-173, 175
Method, The (Descartes), 29, 30
Michell, John, 11, 13, 18-19, 228
on dark stars, 19-20, 21, 23, 24, 25, 36, 102,
223

Milky Way, 92-93, 95, 102-103, 108, 112
Minkowski, Hermann, 38, 96
geometry of relativity and, 39, 41-42, 43, 44,
119, 187
Minkowski diagrams, 40, 119, 122, 190, 199, 233
Moore, Ward, 189, 241



246 * INDEX

Morris, Michael, 151-152, 174-175, 179-180,
183, 184
Moss, lan, 171-173, 175
motion, planetary:
gravitational force and, 9-11
Kepler’s laws of, 5-6, 8, 14, 15, 20
Newton’s laws of, 6-7; see also gravitational
theory, Newtonian

Nature, 86, 87, 89, 90, 99, 195
neutron stars, 71-77, 80 87— 90, 116, 175, 231, 234
dense stars and, 71—77 80
mass limit of, 75—77
Oppenheimer-Volkoff limit and, 76-77, 110,
114, 115, 234
pulsars as, 80, 87, 88-90, 100, 111-112, 235
supernovas and, 73, 74-75, 88, 105
Tipler's time machine and, 205-206
white dwarfs vs., 87, 90, 107
X-ray stars and, 105, 107, 108
Newcomb, Simon, 61-62
Newman, Ezra, 162
New Physics, The (Davies), 133, 239
Newton, Isaac, 2-5, 22, 44
color, light and, 1, 3-4, 5, 13, 18, 22, 23
differential calculus and, 3, 7
falling apple and, 1, 3, 9, 11, 12
Hooke and, 3-4, 5, 6-7
telescope and, 3-4
see also gravnanonal theory, Newtonian; Prin-

Nobel %nzes 23, 67, 70-71

Nordstrgm, Gunna.r, 159

Novikov, Igor, vii, 100, 166-167, 169, 206
nuclear fusion, 64, 72, 80, 97, 232

occultation, 98-99, 103, 105, 234
Oppenheimer, Robert, 75-80
black hole astrophysics and, 78-80
neutron star limit and, 76-77, 115, 116
Oppenheimer-Volkoff limit, 76-77, 110, 114, 115,
234

Opticks (Newton), 3, 5

parallax effect, 60, 63, 234
Penrose, Roger, 119, 125-126, 226
black hole singularities and, 131-132, 133, 142-
143

Penrose process and, 127-128, 129, 135, 138,
140

spacetime diagrams and, 119-124, 153, 154,
156-158, 159-160, 163-164, 167
photons, 23, 79, 176
Physical Review, 78, 119
Physical Review D, 182, 184, 202
Planck scale, 219, 227, 234
Planck time, 227-228, 234
plasma, 64-65, 82, 107, 111, 234
positrons, 191-193
Princeton University, 115, 119, 128, 137, 198
Principia (Newton), 1, 5-9, 11, 24
pulsars, 8086, 88, 100, 101, 103, 108, 173, 205
Bell and Hewish and, 82-83, 84, 85-86, 87, 90
Crab Nebula and, 88, 90, 96
dense stars and, 80-91
discovery of, 82-86, 100, 101, 103, 105, 107,
116-117, 127
nelit;gn stars and, 80, 87, 88-90, 100, 111-112,
radio astronomy and, 81-86, 88, 95
radio waves from, 81, 88-89
white dwarfs vs., 87, 88 90
Pythagoras’s theorem, 35 39 41, 42, 209, 210

quantum physics, 23, 27, 47, 68, 75, 139, 140,
169, 176, 195, 212, 213, 216, 220, 235

black holes and, 6465, 67, 138
probability and, 187-188
Schrodinger’s cat and, 188-189, 211
white dwarfs and, 6465, 66
wormholes and, 217-218

quarks, 77, 235

quasars, 100, 113, 128, 133n, 166, 167, 222, 235
black holes and, 83, 97-103, 116
as cosmic powerhouses, 100-103, 106, 165
discovery of, 97-100, 116--117, 124, 127
radio waves from, 83, 97-103

radar, 80-81, 82
radio astronomy, 81-86, 92
Bell and Hewish and, 82-86, 90
pulsars and, 81-86, 88, 95
radio galaxies and, 95-97
solar wind and, 81-82, 83-84
radio galaxies, 95-97
radio noise, 81, 82, 83, 84, 95, 96-97, 109
radio stars, 95-97
radio telescopes, 81, 82-84, 88, 99
interferometry and, 95-96, 97-98
radio waves, 22-23, 82, 95
pulsars and, 81, 88-89
quasars and, 83, 97-103
Redmount, Ian, 207
redshift, gravitational, 146, 148, 169, 235
black holes and, 78-79
cosmological redshift vs., 78-79, 94, 99-100
Rees, Martin, 100, 167n, 240
Reissner, Heinrich, 159
Reissner-Nordstrgm solution, 165, 170, 171
black holes and, 159-161, 162
Riemann, Bembhard, 27, 39, 42
spherical geometry and, 34-37, 42-43, 45, 153
Rgmer, Ole, 14-16
ROSAT, 1045, 112-113
Rosen, Nathan, 151, 153
Royal Society, 3-4, 18, 19
Russell, Henry Norris, 62, 63

Sagan, Carl, 151-152, 160, 173, 174, 178, 179,
183, 206
Salpeter, Ed, 100
Sandage, Allan, 98
Schmidt, Maarten, 99-100
Schonberg, M., 72-73
Schrodinger, Erwin, 67, 188-189, 211
Schwarzschild, Karl, 52-57
black hole geometry and, 54-57, 59, 118, 122,
154, 160, 167
black hole radius and, 53-59, 79, 100, 114,
130, 144, 232, 235
Schwarzschild horizon, 119, 123
black holes and, 117-118, 122, 123-124, 125,
126, 235
nonrotating black holes and, 122, 123-124, 125
Schwarzschild solution, 52, 53-57, 78, 117-119,
123, 124, 151, 153
science fiction, 149-150
granny paradox and, 186-188, 189
hyperspace wormholes and, 151-152, 173
Sco X-1, 104-105, 106-107
Cygnus X-1 vs., 108-109
Serber, Robert, 76, 80
Shapiro, Stuart, 134-135
singularities:
black holes and, 117-135, 142-143, 144, 154~
155, 157, 159-160, 166, 167, 168, 235-236
cosmic censorship and, 132-135



Penrose and, 131-132, 133, 142-143, 223,
228

ring form of, 160, 162164, 165
rule of, 129-132
Sirius B, 60-63, 65, 79
Smith, Graham, 95, 96
Snyder, Hartland, 78, 80
black-hole astrophysics and, 78-80
Oppenheimer and, 78-80, 115, 116
solar wind, 81-82, 104, 236
scintillation and, 82, 83-84
Sommerfeld, Amold, 67, 195
spaceship, string-driven, 180-184
space shuttles, 16, 18, 199
spacetime, 28, 48
black holes and, 27, 117-118, 119, 148-149
distortions of, 27, 117-118, 119, 148-149, 154,
155, 180181
dragging effect and, 125, 127-128, 198-199,
200, 203
four dimensions and, 37, 39, 41-43, 50, 119,
187, 236
general theory of relativity and, 24, 44, 50,
90

Minkowski diagrams and, 40, 119, 122, 126,
190, 199, 233

Penrose diagrams and, 119-124, 153, 154, 156—
158, 159-168

quantum uncertainty and, 214-215, 219

Schwarzchild’s geometry for, 52-57, 167; see
also Schwarzschild solution

special theory of relativity, 66, 73, 195, 203, 207,

236

Einstein and, 23-24, 38-47, 49, 65, 187,
194
Minkowski and, 39-43
spectral lines, 94, 96, 98, 236
speed-of-light circle, 144
speed-of-light 1imit, 196
star gates, 173, 182-183
Thorne-Novikov consortium and, 206-213,
215
Starobinsky, Alex, 138, 139
Stoner, Edmund, 66
sum over histories, 211-213, 220-221
superconductivity, 176
supergiant stars, 110, 236
supernovas, 112, 236
neutron stars and, 73, 74-75, 88, 105

tachyons, 194-197, 200, 236
Teukolsky, Saul, 134~135
Theory of Everything (TOE), 9
thermodynamics, second law of, 135-136
Thorne, Kip, 130, 134, 160, 189
wormholes and, 151-152, 174-175, 179-180,
183, 184, 206, 208-209, 212, 213
Thorne-Novikov consortium, 206-213, 215
3C 48, 97-98, 99
3C 273, 99, 100, 101, 103
300 Years of Gravitation (Hawking and Israel), 78,
110, 240
time loops, 189-194, 198
CTLs, 185~186, 187, 200-201, 202, 205-206,
212, 213, 230
time travel and, 189-193
Time Machine, The (Wells), 187, 242
time machines, vii, 183, 190-191, 213
Godel’s universe as, 197-201
one way, 146-150
Tipler and, 201-206, 208
wormhole star gates as, 206-209
Timescape (Benford), 196, 239

INDEX * 247

time travel, 164-165, 183~184, 185-213
billiard ball problem and, 209-213
causality violation and, 186189, 202, 209
CTLs and, 185-186, 187, 200-201, 202, 205—
206, 212, 213, 230
FTL and, 151, 154, 164, 194195, 200
general theory of relativity and, 165, 186, 194,
198-199, 201
granny paradox and, 185-189, 190, 198
laws of physics and, 185, 186, 187-188, 190,
193, 208--209, 213
light cones and, 199-200, 203-204
paradoctoring and, 209-213
spacetime diagrams of, 190-192
tachyons and, 194-197
Thorne-Novikov consortium and, 207-213
time loops and, 189-193
Tipler’s machine for, 201-206, 208
wormbholes and, 146-150, 166, 168, 183-184,
206-209, 213, 215
torsion-balance experiment, 11n, 13, 19
Trinity College, Cambridge, 2-3, 37, 69-70

Uhuru Satellite, 108-109, 111, 136
Universe, 218
baby universes and, 215-217
Big Bang and, 79, 93, 101, 118, 123, 132, 133,
167, 216, 225-226, 229
closed, 37, 171, 172-173, 221-222
collapsing, 223-226, 227, 228
curved spacetime and, 36-37, 92
entropy and, 223~-226, 227-228
expanding, 79, 93, 94, 118, 180, 181, 198,
214-217, 219-220, 223, 228
Godel and, 197-201
oscillating, 222-226
other universes and, 123-124, 153-156, 160,
163-164, 165, 166, 167-168, 169, 171, 215,

222
rotating, 198-201

Visser, Matt, 180, 182, 183, 207, 219
Volkoff, George, 76-77, 80

von Soldner, Johann, 21, 24, 47
Voyager, 17

Wakano, Masami, 115, 119
Wells, H. G., 187, 242
Weyl, Hermann, 153
Wheeler, John, 115-116, 119, 126127, 129, 130,
134, 137, 153, 189
white dwarfs, 60-71, 87, 231, 237
Chandrasekhar limit and, 70, 71, 115
dense stars and, 60-71
limiting mass of, 65-71, 75
neutron stars vs., 87, 90, 107
pulsars vs., 87, 88, 90
quantum theory and, 64-65, 66
Sirius B, Eridani B and, 60-63, 65, 66, 79
structure of, 64-65, 67, 70, 72, 74
white holes, 118, 122, 124, 133, 163, 166167,
168, 169, 170, 237
Will, Clifford, 133, 135, 242
world line, 39, 51, 120, 237
wormholes, vii, 151-158, 160, 166, 173, 197,
206, 237
baby universes and, 215-217
cosmological constant and, 219-222
Einstein-Rosen bridges and, 151-152, 154, 166,
231
engineering of, 173-175, 179-180, 181-182
general theory of relativity and, 151-152
geometry of, 152-158, 174, 221



248 * INDEX

wormbholes (continued) X-ray astronomy, 103, 104-105
Hawking and, 171, 215, 217 satellites for, 107-109, 112-113
hyperspace shortcuts and, 151-158, 160, 166 X-ray stars, 103-111, 113
instability of, 154, 173 binary model of, 106-107
Mellor and Moss and, 171-173, 175 black holes and, 103-110
Morris and, 151-152, 174-175, 179-180, 183, discovery of, 104-105, 127

184 neutron stars and, 105, 107, 108
science fiction and, 151-152, 153 see also Cygnus X-1; Sco X-1

as star gates, 173, 182-183, 206-209
Thomne and, 151152, 174-175, 179-180, 183, Young, Thomas, 21-22, 23

184, 206, 208-209, 212, 213 Yurtsever, Ulvi, 151-152, 174-175
Thorne-Novikov consortium and, 206-213, 215
time travel and, 146-150, 166, 168, 183-184, Zel’dovich, Yakov, 100, 117, 138-139
206-209, 213, 215 Zwicky, Fritz, 73, 80, 86, 88, 105

John Gribbin, Ph.D., holds a doctorate in astrophysics from the University of
Cambridge and is the author of numerous books of popular science, including
In Search of Schrddinger’s Cat, In Search of the Big Bang, and In the Beginning. When
he is not writing books that unveil the mysteries of the universe, Dr. Gribbin
writes for several major British newspapers, broadcasts frequently on BBC radio
on topics including time travel, the evolution of sex, and cosmology. In 1993,
he was appointed aVisiting Fellow in Astronomy at the University of Sussex.



,raﬂu

|
|

|
"

!
|

THE"E DGE
OF TIME

BLACK HOLES,
' WHITE HOLES,
WORMHOTES




PRAISE FOR UNVEILING THE EDGE OF TIME

“John Gribbin’s book is accessible, lucid and fun, while being no less brilliant
than Hawking’s book . . . reading Gribbin on the subject [of astrophysics]

makes this reviewer feel like a child allowed to stay up late.”

John Wilkes,
Los Angeles Times

“Something-else again . . . Gribbin 1s having fun. . . . A book that rejoices in
paradoxes and delights in reporting that nothing bizarre—baby universes,
bubble universes, universe-sized black holes, energy extraction and time
travel through wormholes—is demed by the laws of physics.”

Publishers Weekly

“Gribbin writes entertainingly and makes difficult ideas sound simple.”

Michael Rowan-Robinson,
Times Educaticnal Supplement

“Fascinating . . Gnbbin’s thought-provoking book is wrtten 1n the
smooth, easy style of professional science journalism. . . [It gives] the
reader the secure feeling of being in the hands of a competent guide
through perplexing territory.”

H.C. von Baeyer,
New York Times Book Review

Crown Trade Paperbacks
New York ISBN 0-517-84170-5

30000>
Copyright © 1994 by Crown Puvblishers, Inc
Printed in the U S.A.
81705

g7780517'8




