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Preface

I know not what I appear to the world, but to myself I seem to have been
only like a boy playing on the sea-shore, and diverting myself in now and
then finding a smoother pebble or a prettier shell, whilst the great ocean
of truth lay all undiscovered before me.

— Isaac Newton, Memoirs

The heavens are a wonder to us all. So it has been throughout the ages.
When we look at the night sky we see what seems a timeless panorama of
stars. The slow procession of the planets and an occasional shooting star
suggest a sedate motion in an otherwise eternal and unchanging universe.

It isn’t so. It has long been known that stars are constantly being born
in great gaseous clouds, that they develop in complexity over millions of
years and then eventually die. Indeed, in the early years of the last century,
the famed British astronomer Sir Arthur Eddington described the Sun as
a great furnace that had enough fuel to burn for 12 billion years before it
would fade away. His estimate is sound, according to all the developments
in the understanding of stellar processes since then. This much is commonly
known, if not the details.

What is less well known, which was only recently confirmed by the many
different ways in which the heavens can be viewed by modern instruments,
many of them based on satellites or carried aloft by balloons, is that from
the earliest moments the universe has been a cauldron of fiery activity.

At the beginning, the fire was so intense that nothing in the universe
now resembles what it was made of then. The entire part of the universe that
astronomers can possibly see — limited as it is, not by their instruments
alone, but by the distance that light can travel since the beginning —
was contained in a very small space. From such a beginning, how did the
universe evolve to make stars and the elements out of which planets could
be made and from which life could emerge? This is the story I wish to tell.
Still more, I include brief stories of some of the men and women who have
revealed the cosmos to us. As David Knight wrote in his preface to Rupert
Hall’s Isaac Newton, “Science is a fully human activity; the personalities of

xi



xii  Preface

those who practice it are important in its progress and often interesting to
us. Looking at the lives of scientists is a way of bringing science to life.”

I write especially with the layman in mind; for the more technically
inclined I have placed interesting derivations and calculations in boxes at
the end of chapters. In this way I think I have written a story of our
universe that will be satisfying to the lay reader as well as to the scientist
who would like to become more familiar with a subject — the cosmos —
that, beginning in childhood, fills us all with wonder.

The universe we live in is as beautiful as it is awesome — more so to me,
having with great pleasure learned enough to write these pages. I hope they
will give pleasure to the reader. These are wonderful times in the history
of science on this planet to be a cosmologist.

Norman K. Glendenning
Lawrence Berkeley National Laboratory
November 2001
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Island Universes

After dinner, the weather being warm we went into the garden and drank
tea, under the shade of some apple trees. Amongst other discourse, he
told me...the apple draws the earth, as well as the earth draws the
apple. . .there is a power, like that we call gravity, which extends its self
thro’ the universe.

— from a conversation of Isaac Newton with and reported by
W. Stukeley, in Memoirs (1936)

1.1 The First Move

When I was a child, I read that God created the heavens and the earth,
the dry land and the sea.... And on the first day, He separated day from
night. He commanded that the waters bring forth abundantly the moving
creatures. . .the cattle, and every creeping thing, each after its own kind... .
On the sixth day He made man, male and female, in His own image. And
God saw that it was good.

When I grew to be a boy I asked myself: “Who made God?” I could
find no answer. Some spoke of an everlasting God, but that was as hard to
imagine as a God who had a beginning. I turned to the philosophers and
discovered that the question has been pondered through the ages. From
what I have since gathered, every culture has puzzled over the beginning,
and many myths have been told.

Perhaps the beginning can never be fathomed. But what happened after
the beginning is the subject of this book. From the evidence that has been
gathered here on the Earth and in the heavens by giant telescopes and sen-
sitive apparatus carried aloft in balloons and satellites, cosmologists have
been able to piece together the story of the universe and how — in one
brilliant moment about 15 billion years ago — time was born in the instant
of creation of an immensely hot and dense universe. From such a fiery be-
ginning, the universe began its rapid expansion everywhere, creating space
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Fig. 1.1. And on the first day He separated the day from the night.... Credit:
A miniature belonging to the artistic period of Lombard in the 14th century, de-
picting the third day of creation. It was included in an exposition, ‘Figures du
Ciel”, at the site Francois Mitterrand, Grande Galerie, Paris (9 Octobre 1998—
10 Janvier 1999). Other parts of the exposition can be viewed on the WWW at
http://expositions.bnf.fr/ciel /mythes/index. htm

on its outward journey where there was no space, and time where there was
no time.

Through the known laws of nature, scientists are able to chart the course
of cosmic history in quite some verifiable detail. Now, we have a basic
understanding of how, in the course of these billions of years, the hot and
formless primordial clouds of matter and radiation slowly cooled and began
to collapse under the universal force of gravity to form galaxies of stars and
billions of planets. It was truly a miracle. And it is that miracle which I
wish to tell of.

But how that greater miracle — life itself — arose on the Earth, no
the one seems to know. Yet, if the miracle happened on this planet, then
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it surely also happened on others far away. For, in our galaxy alone, an
estimated hundred billion planets circle other suns.!

Even as children, we try to penetrate the mysteries. How, when, and
why? Was there a time before matter, or did time and matter come into
existence together? How did life arise from the inanimate world, eventually
to form the human minds that contemplate and seek the answers? These
are deep mysteries that perplex us.

A L1
s

Fig. 1.2. M17, also known as the Omega or Swan Nebula, is a star-forming
region located about 5500 light years away in the constellation Sagittarius. Credit:
NASA, ESA, and J. Hester (ASU).

Laplace (1749-1827) also pondered these mysteries and provided the
direction of an answer to one of the three questions. There was a beginning.
He understood that at one time, long ago, a great cloud of gas must have
contracted under the influence of its own gravity to form our Sun, our
Earth, and all the other planets and comets of the solar system. As these
clouds contract and fragment, their angular velocities must increase so as
to conserve their angular momentum, just as an ice-skater who goes into a
whirl with arms outstretched and then draws them in, whirls faster. The
whirling motion of the gravitating nebulous objects flattened them into
disks and at the same time prevented their total collapse.

We see this almost universal tendency of rotating bodies that are held
together by gravity. They eventually form disks with central bulges, such

L “Detection of extrasolar giant planets”, G.W. Marcy and R.P. Butler, Annual
Review of Astronomy & Astrophysics, Vol. 36 (1998), p. 56.
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Fig. 1.3. An edge-on view of a warped spiral galaxy (ESO 510-G13) that is
otherwise similar to our own. Credit: NASA and STScI/AURA; J.C. Howk (Johns
Hopkins University) and B.D. Savage (University of Wisconsin—Madison).

as the shape of the solar system and of the entire galaxy. Indeed, as the
astronomer peers deep into space — and therefore back in time — he sees
that all galaxies rotate and are disks (Figure 1.3). But clusters of galaxies,
though they too rotate, are very irregular in shape — not at all like disks.?
There has not been sufficient time for them to have flattened into disks.
Therefore, the universe has not lived forever, but had a beginning.

Cosmology is the subject of this book — the events that shaped the
universe from its early moments to the present time as well as its possible
futures. There are numerous diversions in the telling of this story, because
there are so many interesting men and women who have provided pieces of
the evidence, and they are interesting too.

1.2 Looking Back

And the same year I began to think of gravity extending to the orb of
the Moon. .. .

— Isaac Newton, Waste Book (1666)

Until recently, most scientists regarded cosmology as having little founda-
tion in fact, a somewhat disreputable subject that serious people might

2J. Huchra and M. Geller, 1998.
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Fig. 1.4. The evolution of the universe has fascinated us from time immemorial.
Virtually every society has its creation myth. Shown here is the first of the modern
cosmologists — the young P.J.E. Peebles, from the plains of Manitoba to the halls
of Princeton, there to work with Robert Dicke. With kind permission of P.J.E.P.

well ignore. Nevertheless, some very serious people did pursue what ev-
idence there was about the world’s beginning and were finally rewarded
(Figure 1.4). The last several decades have been unparalleled in the growth
of our knowledge of the physical and biological worlds and in the creation
of new and unforeseen technologies. No one could have dreamed that in
less than the span of a single lifetime we would learn that from a primeval
fireball the universe would enter an era of accelerating expansion. Let us
glance in passing at the very early cosmologists and naturalists who led the
way.

An advanced Babylonian culture emerged in the fertile lands called
Mesopotamia, between the Tigris and Euphrates rivers in southwest Asia.?
By 3000 B.C. these people had developed a system of writing, which fa-
cilitated their explorations in science and mathematics. They had begun
to delve into the oldest of sciences — astronomy — as early as 4000 B.C.
These early scholars — who, as in other ancient cultures, were priests —
recorded their findings on thousands of clay tablets. The tablets bore ob-
servations and calculations of the motions of the planets with which they

3Presently known as Iraq.
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could predict eclipses and lunar periods. Their best work was done in the
period following the destruction of the Assyrian capital city of Nineveh in
the seventh century B.C., and it continued until about the birth of Christ.
However, because they lacked knowledge of geometry and trigonometry,
they did not advance as far as the Greeks in their astronomical studies.

The early Greek philosopher Pythagoras (569-475 B.C.), born on the
island of Samos, is believed to be the first pure mathematician. He was
interested in the principles of mathematics, the concept of numbers, and,
very importantly, the abstract idea of a proof. Later philosophers, Plato
(428-347 B.C.), and his student in the Athenian academy, Aristotle (384-
322 B.C.), tried to understand the world they saw in terms of natural causes,
a concept that was novel at the time and later lost until Galileo and Newton
reintroduced it 2000 years later. Aristotle realized that the motions of the
Sun, Moon, and planets across the sky and the shadow of the Earth on the
Moon were evidence that the world is round but mistakenly believed that
the heavenly bodies circle the Earth.

Claudius Ptolemy (85-165 A.D.) of Alexandria, renowned astronomer,
mathematician, and geographer, proposed that the Sun and other planets
were fixed on giant celestial spheres that rotated about the Earth in the
order shown in Figure 1.5. This system became known as the Ptolemaic
system. It was so successful at predicting the motion of the planets that it
became somewhat of an obstacle to further progress, for it seemed to many
to provide a satisfactory account of the heavens.

Over the course of the 20 centuries following Pythagoras, the only per-
son known to have questioned these Earth-centered cosmologies was an
early Greek philosopher named Aristarchus (310-230 B.C.). Born on the
island of Samos, Aristarchus taught that the Sun was the center of the uni-
verse and that the planets, including the Earth, revolved about the Sun.
However, other philosophers, steeped in the writings of Pythagoras, Plato,
and Aristotle, persisted in the tradition of placing the Earth at the center.

But all this was swept away and lost for generations when a power-
ful Macedonian dynasty wrested control of the Greek city states. To King
Philip and his wild pagan princess, Olympias of Epirus, Alexander (356—
323 B.C.) was born. The child’s education was strict and rigorous, first
under the tutorship of his cunning and ferocious mother and a loyal old
soldier kin of hers. When the lad entered his teens, Philip brought Aris-
totle from Athens to tutor his son and a lasting bond was forged. At the
age of 16, Philip put Alexander in command of the left wing of his forces,
where the Athenians had drawn up before them a great host to protect their
city. A strategic retreat by Philip on the right opened a weakness in the
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Fig. 1.5. The Earth-centered heavenly arrangement of the planets, Sun, and
Moon in Ptolemy’s astronomy. Credit: From Peter Apian, Cosmographia (1524).

Athenian center into which Alexander at the head of his cavalry plunged
with devastating effect. One by one the free Greek city states came under
the protectorship of Philip.

Following Philip’s assassination, Alexander, later known as “the Great”,
quickly reaffirmed the authority of the Macedonians. The great tide of
Alexander’s conquests that soon swept over Asia and India often obscures
what is important to our story of cosmology — an end to the independence
of the Greek cities and to the spirit of free inquiry of their citizens. That
freedom lost, the riches of the Babylonian and Greek heritage — in cos-
mology, government, philosophy, ethics, and literature — survived only in
manuscripts. But the flickering flame, rekindled for several centuries, was
lost again when the barbarians swept into Europe in the fourth century and
the Dark Ages fell over the land. Meanwhile, the Roman Church revived a
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strict interpretation of the scriptures, insisting that God made a flat Earth
with a heavenly canopy of fixed stars.

Greek learning began to seep into Europe in the 12th century through
contacts with Muslim Spain, where Arabs had built on the Greek legacy
and Indian mathematics. This trend accelerated in the 13th century with
the growth of wealth through banking and foreign trade in some Italian
city states, especially Florence, Venice, Milan, and Rome. Wealthy citizens
like the Medici sent emissaries abroad to collect early Greek manuscripts,
both in the original and in translations by Arabs, as well as later Roman
writings. Scholars, artists, engineers, and bankers throughout Europe were
amazed and inspired by the accomplishments in the arts, sciences, logic, and
government that had preceded them by 2000 years. In Florence alone, Fra
Angelico, Boticelli, Brunelleschi, Donatello, Leonardo, and Michelangelo
thrived. A new age was born — the Renaissance.

Meanwhile, in Poland, Copernicus (1473-1543) found a simpler, more
elegant account of the motion of the Sun and planets than was provided
by the cosmologies of the early Greeks and their successors. Copernicus
achieved his goal of simplification by allowing the Earth and other plan-
ets to move in their separate circular orbits around the Sun. Meanwhile
Tycho Brahe (1546-1601) in Denmark built and calibrated accurate in-
struments for his nightly observations. Tycho observed the new star in
Cassiopeia (the “queen”) — a supernova, and the most recent star to ex-
plode in our own galaxy. He recorded the discovery in a short paper. He
had his own printing press, which he used to record his observations of the
motions of planets and their moons. Tycho hired Johannes Kepler, born
in Wiirttemberg, a few kilometers to the north of Heidelberg, to be his
assistant.

When Tycho died, Johannes Kepler (1571-1630) inherited his post as
Imperial Mathematician in Prague. Using the data that Tycho had collected
through his observations at the telescope, Kepler discovered that the planets
move not on perfect circles but on elliptical orbits with the Sun at one
focus. He found that their speed increased as they approached the Sun,
and slowed as they receded, and he deduced that their motion swept out
equal areas in equal times. We know these achievements as Kepler’s laws of
planetary motion. Indeed, based on these laws and on Tycho’s observations
he calculated tables (the Rudolphine tables) of the orbital motion of the
planets that turned out to remain accurate over decades.

In 1609 Kepler published Astronomia Nova, announcing his discovery of
the first two laws of planetary motion. And what is just as important about
this work, “it is the first published account wherein a scientist documents
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Fig. 1.6. Left: Johannes Kepler (1571-1630), discoverer of the laws of planetary
motion, which Newton later used to confirm his theory of gravitation. Credit: Aus
dem Museum der Sternwarte Kremsmunster in Prague. Right: Portrait of Galileo
(1564-1642), thought to be by Tintoretto. Credit: London, National Maritime
Museum.

how he has coped with the multitude of imperfect data to forge a theory of
surpassing accuracy”.* Kepler was the first astronomer to think about the
physical interpretation of the celestial motions instead of merely observing
and recording what he saw.? His accomplishments were profoundly impor-
tant in establishing the Sun as the center of the planetary system, thus
helping to confirm the Copernican world view that Galileo (1564-1642)
later used to buttress his own discoveries.

A Dutch spectacle maker applied in 1608 for a patent on a revolutionary
tool — the telescope. But within several weeks, two others also made claims,
and the patent officials concluded that the device was useful but too easily
copied to warrant a patent. The news of the telescope spread quickly over
Europe through diplomatic pouches. Rumors soon reached Venice, where

40. Gingerich in the foreword to Johannes Kepler New Astronomy, translated
by W. Donahue (Cambridge University Press, 1992); O Gingerich, The Eye of
Heaven: Ptolemy, Copernicus, Kepler (1993).

5A. Rupert Hall, Isaac Newton: Adventurer in Thought (Cambridge University
Press, 1992).
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a priest sought confirmation by a letter written to a former student of
Galileo Galilei® then residing in Paris. The student confirmed the availabil-
ity of spyglasses there. The priest showed the reply to his friend Galileo. In
his marvelous book called Siderius Nuncius,” relating many astronomical
observations, Galileo reported that on the very night following his return
to Padua from Venice, he had constructed his own instrument.

The first telescopes made in Holland and Paris used lenses made by
opticians for eyeglasses; they had a magnification of only three. Galileo set
about constructing more powerful instruments. After some experimenta-
tion, he determined that he needed a weaker convex lens in combination
with a stronger concave lens, neither of which was available in optical shops.
He therefore set about teaching himself the fine art of grinding lenses. Soon
he had a telescope in hand that could magnify nine times. Only a year fol-
lowing the patent application in Holland, Galileo turned his own, more pow-
erful telescopes toward the heavens. He realized that the telescope would
revolutionize astronomy and cosmology, and he set about this task with
gusto.

After perfecting an instrument that would magnify 20 times, he began
numerous systematic observations which he recorded in drawings, notes,
and published books.® One of them, Discourses on Two New Sciences, was
written in 1638 after his trial before the Inquisition. The manuscript was
smuggled out of Italy to Leiden for publication.

Galileo perceived through his telescope that the Moon was not the per-
fectly smooth “celestial sphere” as all heavenly bodies were thought to be,
but rather it was rough: its surface was broken by mountains and valleys, as
revealed by the shadows that the Sun cast (Figure 1.2). Important among
other discoveries that contradicted Aristotelian and Church belief in the
central role of the Earth were the phases of Venus. Galileo realized that
the phases resulted from Venus’ orbit about the Sun, which illuminated

8Galileo was born in Pisa in February 1564, died in his home at Arcetri in the
hills above Florence in January 1642, and is buried in Santa Croce. He is the last
scientist to be known to the world by his first name.

" Siderius Nuncius means “Starry Messenger”; its actual cover of 1610 is shown
in Figure 1.7.

8Galileo Galilei (1564-1642), Siderius Nuncius, published in Venice, May 1610;
translated by Albert Van Helden (University of Chicago Press, 1989). Dialogue
Concerning the Two Chief World Systems, published in Florence, February 1632,
translated by S. Drake, 2nd edition (University of California Press, 1967). Dis-
courses on Two New Sciences, published in Leiden, 1638; translated by S. Drake
(University of Wisconsin Press, 1974).
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Fig. 1.7. Cover of Galileo’s Siderius Nuncius (“Starry Message or Messenger”),
in which he published many of his astronomical discoveries made with telescopes
of his own construction. Prominently announced on the cover is his position as
philosopher and mathematician, his station in society as a Florentine patrician,
and importantly, his discovery of four of the moons of Jupiter, which he names
the Medician stars, in honor of his hoped-for (and soon-to-be) patron. Note the
place and date on the bottom line (Venice, 1610). The book’s appearance in print
followed his first acquaintance with telescopes by less than two years. With kind
permission of Instituto e Museo di Storia della Scienza, Firenze.

first one face, and then the other. He observed the four Medicean moons
of Jupiter and their individual orbits around that planet, which provided
further evidence that planets and moons circled other bodies in the heavens,
while only one moon circled ours.
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Fig. 1.8. Reproductions of some of Galileo’s drawings of the Moon showing
that its surface is not the ideal smooth celestial sphere of all heavenly bodies as
held by Church doctrine, passed down from Aristotle, but had mountains and
valleys whose shadows were easily identified. Galileo perceived that the lighting
on opposite faces at different phases proved that the Moon orbits the Earth. From
Sidereus Nuncius, or the Sidereal Messenger, Galileo Galilei; translated by Albert
Van Helden (University of Chicago Press, 1989). Reproduced with permission from
Wellesley College Library, Special Collections.

According to Aristotelian and Church teaching, the stars lay fixed on an
enclosing membrane around the Earth not so far beyond the Sun. However,
Galileo could perceive no diameter to a star and concluded instead that the
stars are very distant as compared to the Sun and planets, for they remained
but points of light in his telescope. All of these and his numerous other
discoveries convinced him that moons orbited planets and planets orbited
the Sun; he became a champion of Copernicus’ Sun-centered cosmology.

What it was that actually guided the motions of the heavenly bodies
had no scientific foundation until the time of Isaac Newton (1643-1726).
He hypothesized that “...all matter attracts all other matter with a force
proportional to the product of their masses and inversely proportional to the
square of the distance between them”. The falling apple and the Moon are
both impelled in their motion by the force of the Earth’s gravity. The apple
falls down because it hangs motionless above the Earth as together they
rotate. The Moon also falls toward the Earth, but because of its tangential
velocity it does not fall down but falls around (see Box 1). Newton’s theory
was the first to account for the motion of bodies by forces that could be
measured or predicted, given the appropriate data. It marked the birth of
modern scientific cosmology.
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Fig. 1.9. A mask of Sir Isaac Newton taken after his death. “Plato is my friend,
Aristotle is my friend, but my best friend is truth.” (From his notebook in Latin
which he titled “Certain Philosophical Questions”.) By kind permission of the
Provost and Scholars of King’s College, Cambridge.

Sir Isaac Newton, together with Albert Einstein (1879-1955), was an
intellectual giant. Newton was born a year after Galileo died, in Lincolnshire
into a family of fair means, though his father died before he was born. His
mother remarried, and young Isaac was raised by his grandmother. None
of his father’s estate passed to him until his mother’s death. Meanwhile he
was admitted to Trinity College, Cambridge when he was 18. The journey
from his home down the Great North Road in 1661 took three days. From
her considerable wealth, his mother, an undemonstrative woman, provided
a meager allowance to the young student. Renowned as Cambridge is in our
day, in Newton’s it was a place either of idleness or of intellectual liberty. For
Newton, it was clearly the latter. From his allowance he bought many books
and borrowed others from his professor, Isaac Barrow, making extensive
memoranda, including original ideas and calculations, in his voluminous
notebooks. He read, in Latin or Greek, works by Descartes, Huygens, and
many other scholars, Henry Moore, Galileo, and the long didactic poem On
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the Nature of Things, by the Greek atomist Lucretius (about 96-55 BC).?
It is to Lucretius that we owe the word “atom”. Newton, ever brimming
with ideas, sometimes extended his notes from what he had read, to record
original research, both experimental and mathematical.

Although appointed at the age of 27 to the Lucasian professorship at
Cambridge,!° his first scientific publication was severely (and inappropri-
ately) criticized by a prominent member of the Royal Society, for whom
he nourished thereafter a lifelong animosity.'’ Perhaps as a result of that
episode, he appears to have experienced a deep anguish throughout his life:
this desire for fame and recognition could come only with the publication
of his work, but his desire conflicted with a fear of criticism and plagiarism
if his work became known. In any case, his productive life as a scientist and
mathematician ended when he left Cambridge at the age of 53 to take up
a civil service position in London. The post was an important and pow-
erful one. Newton was elected president of the Royal Society in 1703, and
retained this honor until his death at the age of 84. He was knighted by
Queen Anne in 1705.

As Warden and later Master of the Mint, the integrity of the nation’s
coinage, and with it that of the banks on which all foreign trade relied, was
in Newton’s hands. The nation’s trading status was weakened to the extent
that counterfeiters produced coins with a deficit of gold content. At New-
ton’s instigation, parliament had elevated counterfeiting to an act of trea-
son. Thereupon, Newton turned his magnificent intellect and unrelenting
determination to ending the practice. He sought and received compensation
from his superiors for disguises in which he frequented the low-life taverns
of London, making notes as he eavesdropped on careless and boastful rev-
elers. Eventually he had accumulated sufficient hearsay evidence against a
few unfortunates, who, when confronted with so much information about
themselves, became pliant witnesses against the kingpins.

During Newton’s years at Cambridge, the quality of University appoint-
ments was severely threatened by King James II, who had earlier converted
to Roman Catholicism. James became fearful of his Protestant subjects
and began to appoint only Roman Catholics as officers in his army, as
judges, and as professors at Oxford and Cambridge, without regard to their
qualifications. Newton strongly opposed what he saw as an attack on the

9Lucretius’ ancient and prescient work had been rediscovered in Newton’s time.
9The chair is now held by Stephen Hawking.

1 Biographical notes are excerpted from A. Rupert Hall, Isaac Newton: Adven-
turer in Thought (Cambridge University Press, 1992).
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freedom of the University and urged the Vice-Chancellor to “Be coura-
geous and steady to the Laws and you cannot fail”. The King dismissed the
Vice-Chancellor, but Newton continued to argue vigorously for the defense
of the University against the King. In the meantime, leaders of the political
opposition invited William of Orange to bring an army from Holland to
defeat James. James fled to France, and Cambridge elected Newton to the
Parliament in 1689. Parliament offered the crown to William and Mary.

Newton’s discoveries and accomplishments included gravity, the laws of
mechanical motion and celestial mechanics, differential and integral calcu-
lus, and optics. From the time of Aristotle, white light was believed to be
a single entity — a color like the others. Newton showed that white light
was composed of all the colors of the spectrum by passing a ray of sunlight
through a glass prism. He argued that light was corpuscular in nature, con-
trary to the prevalent view that it was wavelike, although he also employed
properties of rays to understand some of his experiments. We now know
that light has properties that are characteristic of both particles and waves.
He found that refracting telescopes of his day were limited in their res-
olution because different colors were refracted by slightly different angles
(chromatic aberration) and so could not make a precisely sharp image. In
response to this limitation Newton perfected the reflecting mirror telescope,
which is now universally employed by astronomers when observing objects
in the universe with an optical telescope.

Eleven years after Newton’s death, the man who was to become the
most renowned astronomer of his time, William Herschel (1738-1822), was
born into a family of modest means in Hanover. He immigrated to England
in 1759 when he was only 21, to escape the seven years’ war between Prussia
and Hanover with France after experiencing the battle at Hastenbeck, where
commanders on each side thought that they had lost the battle.

Herschel took up a successful career in music, eventually becoming a
teacher and organist at the Octagon Chapel in Bath. Inspired by the atmo-
sphere of inquiry that was fostered by his father in his early family life, he
became interested in astronomy, at first renting telescopes and then build-
ing his own. With a grant from King George III, he built the best and most
powerful instrument the world had seen, a 48-inch reflecting telescope based
on Newton’s design. Herschel became a full-time astronomer when George
ITT knighted him and appointed him Astronomer Royal with a pension.

How thrilling it must have been for Herschel and his sister to discover
other worlds far beyond our own Milky Way galaxy! While perched on
a ladder near the end of his powerful but unwieldy instrument, Herschel
would call out a description of the objects that interested him to his sister,
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Caroline, on the ground below. As the night progressed and the Earth
turned, a thin slice of sky from east to west came into the view of the fixed
position of his telescope. Each day he changed the angle of the telescope
slightly, and in this way brother and sister recorded the description and
positions in the sky of nearly 5000 objects. With further additions of faint
patches of light called nebulae, many of which were galaxies, the revised cat-
alogue of stars and nebulae became known as the General Catalogue (1864).
It was later extended and is now known as the New General Catalogue or
simply as NGC. Galaxies and other nebulous objects that were discovered
then and later are still known by their number in the catalogue, such as
NGC 3132, the exploding star shown in Figure 1.2, the center of which is
becoming a white dwarf.'? Such will be the fate of our Sun together with
the conflagration of the entire solar system in about seven billion years.

Caroline Herschel (b. Hanover, 1750-1848) had joined her brother,
William, in England while he was still a musical conductor. Their father, a
musician, though with no formal education, was himself interested also in
philosophy and astronomy and encouraged his children to explore nature.
Caroline records that her father took her “...on a clear frosty night into the
street, to make me acquainted with several of the beautiful constellations,
after we had been gazing at a comet which was then visible”. In Eng-
land, she trained as a singer but slowly returned to her early acquaintance
with comets. She studied mathematics under William, especially spherical
trigonometry; she employed this to reduce the data that she and her brother
gathered during their nights at the telescope.

Caroline Herschel discovered her first comet shortly after William gave
her a telescope of her own. There followed quickly a number of other dis-
coveries, including M110, one of the satellite galaxies of the Andromeda
(Figure 1.12), as well as NGC253, a galaxy in the direction of the con-
stellation Sculptor. It was not until later that these nebulous objects were
actually perceived as galaxies containing individual stars.

In the meantime Caroline and Sir William continued their compilation
of nebulae for the New General Catalogue. With the award by George 111
in 1787 of an annual salary to continue as William’s assistant, Caroline be-
came the first woman officially recognized with a scientific position. After
her brother’s death, she continued her research for many years, becom-
ing a renowned scientist in her own right. Caroline Herschel was awarded

12 A French astronomer, Messier, interested primarily in comets, had earlier found
a number of nebulae which he recorded in his catalogue. Objects in that catalogue
are known by the letter M followed by a sequence number, such as M31 shown in
Figure 1.12.
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Fig. 1.10. The Southern Ring (NGC3132), a planetary nebula, is the remains
of a star of about our Sun’s mass, which, near the end of its life, expands into a
very much larger and bloated red giant. A similar fate awaits our Sun in about
seven billion years. The red giant expels hot gasses from its surface at velocities
of tens of kilometers a second, and these hot ionized gasses are what is seen as
the planetary nebula. It will dissipate and disappear into interstellar space after
some 10000 years. The ember of the dying star in the center will cool for billions
of years as a white dwarf star with a radius of about 1000 km. After that the
nebula will simply fade from view, and much later, on the order of the present age
of the universe, the ember may crystallize into a diamond with some impurities
such as magnesium and an atmosphere of hydrogen, helium, and oxygen. Image
credit: NASA and The Hubble Heritage Team (STScI/AURA). Acknowledgment:
R. Sahai (Jet Propulsion Lab).

numerous honors, including the Gold Medal of the Royal Astronomical So-
ciety and the Gold Medal for Science by the King of Prussia. On her 97th
birthday she was an honored guest of the crown prince and princess of
Prussia.'® She lived an active life to the end.

Just how distant and numerous the stars are, was not imagined until
William Herschel speculated in the late 1700s that some of the hazy patches
of light that could be seen among the stars through his telescope were
actually distant “island universes”. He proposed that the Milky Way was
also such an island of stars in a vast empty space. It wasn’t until the early

13A M. Clerke, “Caroline Lucretia Herschel”, Dictionary of National Biography
XXVI (London, 1891), pp. 260-3.
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Fig. 1.11. Caroline Herschel (1750-1848), singer and amateur astronomer, the
first woman to be salaried as an astronomer (by George III of England), winner
of the Gold Medal of the Royal Astronomical Society, and of the Gold Medal
for Science by the King of Prussia, discoverer of many galaxies and nebulae.
Engraving by Joseph Brown, 1847. Credit: National Portrait Gallery, London.

1900s that astronomers were actually able to observe the individual stars
in nearby spiral galaxies using larger telescopes.

With the discovery that our Sun is but a minor star among many billions
in the Milky Way, and that our galaxy is but one among many, now known
to number also in the billions, our perspective on our place in the universe
has changed forever. We can no longer entertain the notion that we are
the center of it all. We can be humbled by this fact and at the same time
marvel that the forces of nature, acting over billions of years, have made
such a beautiful and perhaps boundless universe, and that our kind is here
to live in it and to try to comprehend it for, perhaps, a few more thousand
years. . . .

1.3 Age and Size of the Visible Universe

If T have been able to see further, it was only because I stood on the
shoulders of giants.

— Isaac Newton, from a letter to Robert Hooke
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Fig. 1.12. The Andromeda galaxy (M31) was first recorded by the Persian as-
tronomer Al-Sufi (903-986 A.D.), who lived in the court of Emire Adud ad-Daula.
He described and depicted it in his Book of Fixed Stars (964 A.D.) and called
it the “little cloud”. The galaxy is composed of about 400 billion stars. It lies
relatively close to our own galaxy, the Milky Way, and is rather similar, having
a central bulge and flat disk in the form of spiral arms. “Relatively close” in this
context means 2900000 light years (or, equivalently, a thousand billion kilome-
ters). Two smaller elliptical galaxies, M32 and M110 (the two bright spots outside
the main galaxy), are in orbit about Andromeda. The myriad foreground stars
are in our own galaxy. Credit: George Greaney obtained this color image of spiral
galazy M31, the Great Galaxy in Andromeda, together with its smaller elliptical
satellite galazxies.

It is marvelous how much astronomers have learned about our universe. So
many have contributed. Much of what has been discovered seems puzzling
at first or is not understood at all. But, like a jigsaw puzzle, the separate
pieces, often meaningless in themselves, begin to make a design. And when
many of the pieces fit, one draws confidence from the perception of a larger
design and it becomes easier to fit the other pieces into place. So it is
with our understanding of the universe. It is not complete. But a grand
picture is emerging, if not all the details. Let us look at some of the pieces
first.

Light does not move instantaneously from one place to another. It trav-
els at the constant speed of 300000 kilometers per second. That is fast, but
not instantaneous. Because the speed of light is finite, when the astronomer
peers at galaxies spread out in space, he does not see them now in the very
instant of his gaze, but rather, he sees them as they were at some earlier
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Fig. 1.13. The Orion Nebula (M42) was first seen as a cluster of stars by John
Herschel, son of Sir William Herschel. John used a telescope built by father and
son, during his exploration of the southern sky from Cape Town. Orion is quite
close to our Milky Way galaxy — about 17 Milky Way diameters in distance
— and can be seen with the naked eye. The inner regions glow in the red light
of excited hydrogen, which, with some green emission from oxygen, produces a
yellowish color in the center of the nebula. The energy for this spectacular display
comes from the small cluster of stars in the brightest part of the nebula. Copyright
of Anglo-Australian Observatory and photograph by David Malin.

time, each according to its distance. The deeper he looks, the further back
in time he sees.

How can we know the age of the universe? Perhaps the first clue is the
age of the oldest rocks on the Earth. Using the technique of radioactive
dating,'* and employing the very long-lived isotope of uranium, the oldest-
known rocks are found to be about four billion years old. The Earth must be
older, because these solid rocks were once molten, as was the whole Earth.

Yet, the universe must be much older than the Earth for stars to have
formed that create within their long lifetimes the elements from which rocks
are made and the planets formed. How much older? To this question many
avenues of inquiry lead to similar answers. Applying the radioactive dating

In the molten fluid of the Earth, all sorts of elements were mixed together.
When the Earth cooled and rocks solidified, they sealed for ages within them the
radioactive elements and their decay products. It is just a matter of knowing their
half-lives and some algebra to find how their proportions reveal the elapsed time
between then and now.
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technique to uranium itself is not as direct as the dating of rocks. But, by
employing what has been learned about how stars forge the elements, an
estimate can be made — somewhere between 10 and 20 billion years ago.

Other discoveries help pin down the age even more accurately. It is com-
mon knowledge nowadays that the universe is presently expanding, though
this fact was not known at the time of Einstein’s discovery and application
of general relativity to the universe. The universe was thought to be static
at the time (1919), just as Newton had believed.

The Nobel Prize was never awarded for this grandest of theories —
general relativity. The term is familiar to everyone; it was not chosen by
Einstein, and it does not provide any hint as to what the theory is about.
General relativity is the theory of universal gravity. It is also more. Before
Einstein, space and time were regarded as the stage, so to speak, on which
things happened. Einstein made spacetime a part of physics in the deep
sense that spacetime affects and is affected by what happens in the mate-
rial world. This was a radically different concept from any theory that pre-
ceded Einstein’s. It is remarkable that the theory was a purely intellectual
achievement; it had no observational antecedent to suggest its need. The
theory is regarded as the greatest accomplishment in theoretical physics,
and it is due to one man — Einstein. He regarded the theory as being so
beautiful and complete that he paid little attention when its first prediction
was confirmed — the bending of light from distant stars by the Sun.

FEinstein, himself, calculated the deflection, which is twice the Newtonian
value. It was measured by Sir Arthur Eddington to be so. Eddington was
among the very few who immediately understood Einstein’s theory and
grasped its scope. He organized and led an expedition to the island of
Principe, off the western coast of Africa, at a longitude where an eclipse
could best be observed and measurements made on the bending of light. He
sent another expedition of British scientists to a location of similar longitude
in Brazil. The results were reported to an excited gathering of the Royal
Society in London shortly later. The news aroused great popular interest,
being reported on the front pages of the major newspapers in Europe and
America.

The universal expansion, which Einstein could have predicted but failed
to, was actually discovered by Edwin Hubble at the Hale observatory in
southern California. He was unaware of the theoretical work of the Bel-
gian priest and cosmologist Georges Lemaitre several years earlier in 1929.
Lemaitre envisioned and calculated models of an expanding universe, even
an accelerated expansion, such as has now been observed.
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Using the 100-inch telescope on Mount Wilson in southern California,
Edwin Hubble (1889-1953) measured what is called the redshift, of light
coming from distant galaxies. The redshift, also called the Doppler shift,
is well known to anyone who has heard the high pitch of the whistle of an
approaching train sink to a lower pitch as it passes. All wavelike motion
will experience this sort of shift if it originates from a moving source. The
pitch of a whistle, whether high or low, is determined by a wave property,
namely the wavelength — the distance between adjacent crests of the wave.
The wavelength of sound from the approaching train is shortened — its
frequency increased — so that we hear a high pitch on approach.

Likewise, light has wavelike properties. Light from a star that is receding
will appear redder: it is said to be redshifted. This is the Doppler shift of
light.'® The cosmological redshift, denoted by z, is the relative change in
wavelength of light caused by the recession of the source, usually a galaxy.
For small z, the redshift is related to the recession velocity by v = cz, where
¢ is the speed of light (see Box 2).

The white light coming from a star is actually composed of all the
colors of the spectrum, as Newton discovered when he passed light through
a glass prism. The prism spreads the colors apart because each wavelength
is refracted by a different amount, as in Figure 1.14. By measuring the shift
of known spectral lines from a star with the same lines from a source in
the laboratory, the astronomer can tell whether the star is moving away
from or toward the Earth and at what speed. If the lines are shifted toward
the red, he knows that the star is moving away. He can also identify the
elements that are present in the distant source.

Fig. 1.14. White light from a star when passed through a glass prism is spread
into a spectrum of colors. Dark lines correspond to the absorption of light of
precise color by atoms in the star’s atmosphere. By comparing them with the
lines of known atoms in the laboratory, the type of atoms present in the star’s
atmosphere can be identified. If the lines in the star’s spectrum are Doppler-
shifted by the star’s motion, a measurement of the shift reveals the speed at
which the star is approaching or receding from the Earth.

15Sound and light each have their propagation speed. This does not change. But
an approaching train compresses the distance between successive peaks of the
sound wave, thereby increasing the frequency at which the waves arrive. Wave-
length and frequency are seen to be inverse to each other.
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Light seems to us in our everyday experience to be a continuous beam.
And particles seem to be particles — quite discrete and distinct objects.
However, light has some particlelike properties and particles have some
wavelike properties. One way in which the particulate nature of light shows
up is by the fact that its energy is carried in small bundles, the so-called
quantum of energy. The energy carried by the quanta of light of one par-
ticular color is different from that carried by the quanta of another color.
There is a continuous range of energy that light quanta can carry, but each
corresponds to a different hue. That is why white light is spread into a
continuous spectrum of hues when it is passed through a prism.

Similarly, the energy of motion of an electron in an atom is also quan-
tized. Such an electron can absorb a light quantum, but only of just the
precise energy that is needed to lift it from one quantized energy state of
the atom to a higher one. Each type of atom — say, hydrogen, carbon, or
oxygen — has a distinct pattern of energy states; the pattern is shown in
Figure 1.15 for the simplest atom — hydrogen — which has one proton as
its nucleus and one electron in orbit. Hence the energies of the light quanta
that each type of atom can absorb are unique to that type of atom. Ac-
cording to the atoms that are present in the atmosphere of a distant star,
the spectrum of light that arrives on the Earth has narrow bands of color
missing, as in Figure 1.14. Such spectra are called absorption line spectra.
By comparing the absorption lines in the spectrum coming from the distant
star with lines produced by known atoms in the laboratory, the elements in
the star’s atmosphere can be identified. More than this, if the star is moving
away from or toward us, each line in the pattern of absorption lines will be
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Fig. 1.15. Quantum states (levels) of the single-electron hydrogen atom are
represented by horizontal lines. Distances between levels represent the energy
differences. Energies, as measured in a unit called the electron volt, are listed at
the side.
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shifted by a precise amount according to the speed of the star relative to
the Earth. The Doppler shift is a tool of great value in astronomy.

1.4 Expanding Universe

We find them [the galaxies] smaller and fainter, in constantly increas-
ing numbers, and we know that we are reaching into space, farther and
farther, until, with the faintest nebulae that can be detected with the
greatest telescopes, we arrive at the frontier of the known universe.

— Edwin Hubble

Edwin Hubble discovered in 1929 that other galaxies are moving away from
us, as if the universe were expanding. He found that the light from distant
galaxies was redshifted. This discovery profoundly changed our view of
the universe. It was a great surprise to Einstein and most everyone, who
thought that the universe was static. Moreover, Hubble discovered that
galaxies at great distance are moving away more rapidly than nearby ones;
quantitatively he discovered that the speed v of recession is proportional to
the distance d of the galaxy, v = Hyd, where Hj is called Hubble’s constant.
This relationship is known as Hubble’s law.

Hubble made these discoveries in the course of his attempt to determine
the distances of celestial objects. First he measured the redshift of galaxies
whose distances he already knew by other means.'® They were found to
obey the above relationship. This being so, the law could be applied to
discover the distance to even more distant galaxies. Thus, by measuring
the speed at which a galaxy is receding from us by means of the Doppler
shift of light, the distance of the galaxy is given by Hubble’s law. Many
crosschecks verify these findings.

The value of Hubble’s parameter that is measured at this particular
epoch — that is to say, in our time — may be different than its value at
other epochs because the pull of gravity of the universe may be causing the
cosmic expansion to decelerate, or despite the pull of gravity, the expansion
may be accelerating, pushed by a form of dark energy about which we will
say much more later. The present value of the constant is known by the
symbol Hy. The value of H at other times in the history of the universe is
governed by Einstein’s theory of gravity, as we will shortly see.

16Qych as parallax, which we ourselves use in judging distance based on the two
slightly different views that our two eyes provide.
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Fig. 1.16. Edwin Hubble discovered that the universe is expanding. The law
that is named after him states that distant galaxies recede from us at a speed
that is in direct proportion to their distance. This and Hubble’s other discovery
— that the universe is uniform and similar in every direction we look — are
key observations that underpin Big Bang cosmology. Credit: Observatories of the
Carnegie Institution of Washington.

By measuring the Doppler shift, astronomers have learned that the most
distant visible galaxies are moving away from us at speeds exceeding 1/2
the speed of light, and that their distances are about 13-14 billion light
years.!” Light that arrives on the Earth now, left the most distant stars
that many billions of years ago. We see now how the distant stars appeared
then. Meanwhile, by the time we have seen them, they have been continuing
their journey. As to the age of the universe, it must be older than the time
that light took to arrive at us from those early stars because the universe
must have been older still for those stars to have formed out of tenuous gas
clouds.

The Hubble constant, not the original value derived by Hubble, but the
consensus value obtained by many types of observation in the intervening

"The most distant galaxies yet seen are at 13.4 billion light years. (See caption
to Figure 6.4.)
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years, provides the approximate age of the universe. The length of time that
any pair of distant galaxies has been moving apart is given approximately
by their separation divided by the speed at which they are moving apart.
By definition this is the inverse of Hubble’s constant (¢t = d/v = 1/Hp).'®
The age determined in this way is about 15 billion years, and as a round
number this is what we quote as the age of the universe (see Box 4).'° That
is the time in the past when the material that constitutes the stars today
began its outward journey into the future.

As to the size of the universe that is visible to us, it is at least 13.4
billion light years, or, equivalently, 9.5 thousand billion kilometers.?? It is
not impossible to see to greater distance. Rather, up to that time there were
few or no galaxies to shine. The universe at that time was filled only with
enormous clouds of hydrogen gas and 25% helium. These gas clouds, a pale
uniform light, and ghostly neutrinos that would travel almost unfelt and
unfeeling in the cosmos for eternity, were all that existed then. However,
their light was too dim to see.

But, is the distance that astronomers measure from their location here
on the Earth really measuring the size of the universe? Might not some
astronomer on the periphery of the universe as we see it, also see beyond
us to such a distance? And so on. What then is the size of the universe? Is
it even bounded?

1.5 Cosmological Principle

Over the ages, philosopher—scientists have been led inexorably to the real-
ization that the Earth is not the center of the universe, or the Sun, or our
own galaxy. The accumulating evidence has forced us to look ever outward.
Peering deep into space, the view is similar no matter which direction we
look. Galaxies, which are collections of billions of stars, are moving away
from us; the greater their distance, the greater their speed. Presumably, our
position in the universe is not special; an observer on the planet of a distant
star will see a similar universe to the one we see. This assumption is known
as the cosmological principle — we do not occupy a special place in the

8Here t is the recession time, d the separation, v the speed of recession, and Ho
the present value of Hubble’s parameter. It has units of inverse time.

19The most recent data, as of this writing, suggest that the universe is 13.7 billion
years old.

20A light year is the distance light travels in a year, about 10*® kilometers.
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universe, but rather a typical one. At any given time, the universe would
appear the same to any observer located anywhere in the universe. This is
referred to as the homogeneity and isotropy of the universe. So not only
are all distant galaxies rushing away from us, but they are all rushing away
from each other. Where then is the center of the universe? The universe
has no center.

1.6 Inflationary Epoch

The cosmological principle is logically compelling. We do not occupy a
special place in the universe, but rather a typical one. Observers located
in separate galaxies each see distant galaxies rushing away from their own
location. Projecting backward in time, light from one observer will not have
had enough time to reach the other. What made the universe so alike at
all places even though no mechanism could have acted to make them alike
at such an early time? An answer to this was proposed by Alan Guth.
He supposed that early in its evolution (less than 10733 s) the universe
went through a period of extraordinarily rapid expansion. Prior to this,
all parts of the visible universe could influence the other parts and they
were homogeneous. There have been refinements to the original hypothesis.
However, in this book we deal with the history of the universe beginning at a
somewhat later and cooler time when the laws of particle physics would have
gelled. The time at which the universe passed through that temperature was
many orders of magnitude later than the inflationary epoch.

1.7 Beyond the Visible Universe

Man is equally incapable of seeing the nothingness from which he emerges
and the infinity in which he is engulfed.

— Blaise Pascal, Pensées

Imagine two planets orbiting their suns, and these suns themselves lying in
opposite directions across the wide expanse of the universe that is visible
to us. As we found above, each is 13.4 billion light years away from us, and
therefore 26.8 billion light years from each other. But the universe is only
approximately 15 billion years old. Therefore light has not had sufficient
time to cross the intervening space. Observers on one planet would have no
possibility of seeing the other planet or star or the galaxy that they are in.
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There hasn’t been enough time since the beginning for light to travel that
far. More than 11 billion years in the future the first light from one planet
will be arriving at the other.?!:22

The same for us. There is a limit to the distance that we have any
possibility of seeing at this point in time and that distance is the age of
the universe times the velocity of light, namely 15 billion light years. In the
future we will be able to see further because the universe will have become
older, and light will have had that much more time to travel to us from
more distant reaches. The distance limit at any time is called the cosmic
horizon. Beyond that distant horizon there are myriad other galaxies, stars
and, no doubt, planets. And any observer who may be alive on one of those
planets sees a universe very much like the one we see.

Is the entire universe finite or infinite; does it have a boundary or is it
unbounded; will it last for a finite time or will it live forever? These are as-
yet-unsettled issues, but astronomers are poised to unravel these wondrous
mysteries.

1.8 Boxes 1-3

1 The Moon Falls Around

Make a sketch showing the Earth and the Moon’s orbit; place a
straight arrow originating at the Moon to indicate the momentary
direction of travel, which is perpendicular to the line joining the
Earth and the Moon. (For simplicity, use a circular orbit.) If the
Moon is not to fly off into space in the direction of the arrow, note
that it must be deflected from the direction indicated by the ar-
row’s point by falling toward the Earth. It is forever falling toward
the Earth but not reaching it because of its tangential motion. The
tangential motion must have originated in the distant past during
the formation of the solar system.

21Because of the universal expansion the two galaxies are moving away from each
other even as light from one to the other is in transit.

22This paragraph points out a paradox having to do with the fact that galaxies,
though too distant to have ever been in the same causally connected environment
in the past, are nevertheless similar. Why and how could conditions have been
similar instead of different? The paradox is among the motivations behind the
theory of cosmic inflation.
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2 Redshift

The redshift (also called the Doppler shift) of light emitted by a
receding source — say, a galaxy — is the fractional change in the
wavelength of light between that received by an observer A, and
that emitted by the source A:

2= (Ao — N)/A.
Because of the scaling of wavelength with expansion (A ~ R), it
follows that
z2=(R,— R)/R=AR/R = (AR/ATR)AT
= HAT.

Distance to source is R = ¢AT, while the Hubble law gives v = HR.
So z = (v/R)(R/¢) or z =v/c.

3 Units and Data

c~ 3 x 10° km/s

G ~6.7x 1078 cm?/gs?

Year &~ 3.2 x 107 s

Distance: ly (light year) = 9.5 x 102 km
Distance: pc (parsec) = 3.3 ly = 3.1 x 1013 km
Hubble constant: Hg ~ 200 km/s - 1/(107 ly)
1/Ho~ 15 x 10° y ~ 4.6 x 10'7 s

Parsec ~ 3.3 ly ~ 3.1 x 10'3 km

Universe’s age ~ 1/H

Earth’s age ~ 4.5 x 10° y

Earth’s mass ~ 6 x 1027 g

Sun’s age ~ 4.5 x 10? y

Sun’s mass M =~ 2.0 x 1033 g

Milky Way’s age ~ 1010 y

Milky Way’s mass < 10*2M,

Life of a 10Mg, star ~ 107 y

Time since dinosaurs ~ 7 x 107 y

“~” means accurate to two figures




The Very Large and the
Very Small

What is it that breathes fire into the equations and makes a universe for
them to describe?

— Stephen Hawking, A Brief History of Time

2.1 Face to Face

The very word “cosmos” inclines our minds and our imaginations toward
the infinite. The cosmos is indeed very large and is becoming ever larger.
At the same time the behavior of its constituents on the scale of atoms and
their nuclei can be understood only at the other extreme. Thus, relativity
and quantum mechanics come face to face.

2.2 Space, Time, and Relativity

There is no absolute relation in space, and no absolute relation in time
between two events, but there is an absolute relation in space and time.

— A. Einstein, The Meaning of Relativity

In our normal everyday experience, or even in the broader field of technol-
ogy, like rockets and spacecraft, speeds are small compared to the maximum
possible speed. And, according to our understanding of gravity, the gravi-
tational forces exerted on objects on the Earth are small compared to those
at the surfaces of neutron stars or at the horizons of black holes. There-
fore, it should come as no great surprise that beyond the realm of our own
experience there are processes both here on the Earth and in the universe
that defy our intuition.

Time seems to flow like a river at a constant rate past us. However
much we may wish to speed it up, or slow it down, it seems quite beyond
all power to do so. Space too, like time, seems absolute. Surely, we think,
two identical rulers that exhibit the same length when set side by side will

30
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always appear to be identical. These were Newton’s commonsense views of
time and space, and they seem to be in accord with our everyday experience.
Things happen within absolute space and absolute time but they do not
affect space and time. So it seems to us.

Einstein (1879-1955) had ideas about time and space that were very
different. He viewed time and space as part of physics, and thus as being
subject to physical laws. To compare times on clocks in two moving systems
he needed a messenger and he used light, which he postulated is constant
as viewed by all observers, even though they themselves may be moving
with respect to each other. Strange as this may seem, it was borne out
by experiment (Michelson-Morley).! Second, he postulated the principle of
relativity—that the laws of physics will be measured to be the same in
laboratories that are moving uniformly with respect to each other.

It is remarkable that such a beautiful theory as special relativity (1905),
with such far-reaching consequences, is founded on such seemingly unre-
markable postulates. However, for Albert Einstein they were pregnant with
a deep meaning — space and time do not have a separate and absolute
meaning, but spacetime does. Two consequences of his postulates that are
quite startling but well known and have been proven beyond doubt are the
contraction of space and the dilation of time as measured by observers in
uniform motion with respect to each other.

Let us elaborate two special effects of relativity spacetime. Imagine two
people carrying identical clocks which, standing side by side, they adjust to
have precisely the same time. And they also have sticks, which they carve to
have identical lengths. Each person takes off in a separate rocket ship. After
coming to speed, they turn about and zoom past each other while holding
their sticks in line with the direction of flight and the clocks in hand so
each can see the other’s. Both experimenters carefully measure the length
of the other’s stick, and note the time on the other’s clock. Each one finds
that his companion’s stick measures shorter than his own, and the time
between ticks of his companion’s clock is longer than that between ticks of
his own clock. They have discovered the dilation of time and contraction of
distance for observers in uniform motion at constant speed with respect to
each other.

Of course, when speeds are small compared to that of light, Einstein’s
special theory reduces to Newton’s in the limit. This is as it must be
because Newton’s theory describes mechanics very well under the usual

!Einstein appears not to have been moved by the experiments, if he knew about
them at the time. A. Pais, Subtle Is the Lord, Oxford University Press.
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circumstances of everyday life. Neither theory works for strong gravitational
fields, as Einstein understood, practically from the outset. This realization
drove him to years of hard work in searching for a theory of gravity, often
called general relativity.

The predictions of Einstein’s special theory of relativity are quantita-
tively employed as a matter of routine in every high energy particle labora-
tory around the world. For example, the dilation (or elongation) of time has
been used to discover very unusual particles whose lifetimes are so short
that they do not exist naturally in today’s universe. By supplying the en-
ergy equivalent of their mass and more in particle accelerators they can be
produced with velocities nearly equal to the velocity of light. Then they
live long enough — as observed from the laboratory — to be detected and
for their dilated lifetime to be measured. The particle’s own lifetime, ¢, is
related to the dilated time, T, observed in the laboratory relative to which
the particle is moving, by the relation

t
VI=(/e?

Why is it important to learn about unusual particles that no longer exist
naturally? Because the early universe whose high temperature afforded the

energy needed to create them must have been pervaded by a great multi-
tude of various particles and their antiparticles. The cosmologist needs this
kind of information — particle types, their lifetimes, their interrelations—
to trace how the universe evolved from near its beginning to the present
universe of galaxies, stars, planets, and atoms of many kinds.

2.3 Physics of the Very Small: Quantum Mechanics

If astrophysics does not already draw on all branches of physics, it surely
will. From the late 19th century to the 20th the foundations were laid
for understanding the two extremes at which classical Newtonian physics
failed—it failed for the the very fast and the very massive (Einstein’s special
and general relativity), and it failed for the very small (quantum mechan-
ics).

Though we think of astronomy as dealing with very large objects
like stars and galaxies, to really understand these objects and how they
came to be, we need first to understand atomic, nuclear, and elementary
particle physics. The laws of quantum mechanics govern such small objects,
not the laws of ordinary mechanics which work so well in the world on the
scale that we, as humans, experience it.
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That something was seriously amiss with classical ideas was becoming
ever more evident to a number of theoretical physicists in Europe around the
beginning of the 20th century — Lorentz in Holland, Planck and Hilbert in
Germany, Poincare in France, Fitzgerald in Ireland, and, of course, Einstein
in Switzerland and Germany. The invention of quantum theory to under-
stand microphysics was the work of many giants such as Planck, Einstein,
Bohr, Pauli, de Broglie, Schrodinger, Heisenberg, and Dirac. Relativistic
kinematics (special relativity, 1905) and the modern theory of gravity (gen-
eral relativity, 1915) was developed by one man—Einstein.

Knowing Einstein’s doubts about quantum theory, one may wonder that
he was one of its founders. Indeed he was. His insight into the photon nature
of light profoundly influenced the melding of particle-wave duality by de
Broglie and the wave theory of Schrédinger. Indeed, Einstein won his Nobel
Prize (1921) for this work. And his last judgment of quantum theory was
that it is a logically consistent theory of great value; only that it is not a
complete theory. Most theoretical physicists agree.

The laws of special relativity and quantum mechanics govern the very
fast and the very small, respectively. These theories do not lend themselves
to an easy understanding. Our intuition of nature is based upon our own
experience of the macroworld, not the microworld. And the part of nature
that we can experience with our senses and on which our intuition is based
is a very limited part of the whole. These theories — relativity and quantum
mechanics — do not disagree with the laws of physics that we experience
in our everyday life. Rather, they blend smoothly into them.

An important aspect of the small-scale physical world is expressed by
quantum mechanics in what is called particle-wave duality. Separately, par-
ticles and waves fall well within our everyday experience. At our experiential
level, particles, like billiard balls, are well-localized objects that carry mass,
energy, and momentum when they move. In contrast, waves, like ripples on
a lake, are delocalized — they are spread out in space and carry energy
but not mass. However, these distinctions are blurred at the small scale —
but not completely. Particles have some wavelike properties; and waves, like
light, have some particlelike properties; but neither has all the properties
of waves and particles. For example, particles have mass and can move at
any speed up to but not including that of light. Light has no mass and only
one speed — yet, like a particle, it has momentum.

Certainly, light has a wavelike character. We know this from the double-
split diffraction experiment (Figure 2.1). We also see wave interference on
the surface of a quiet pond when the outward-moving concentric rings of
waves from two different disturbances meet. The interference of wave with
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Fig. 2.1. Light from the bulb at the left reaches the parallel slits in the metal
sheet. On the other side it is as if we were looking down into a pool of water
when a circular wave emanating from the bulb at the left sets up two waves on
the other side of the sheet. These waves interfere with each other, reinforcing the
pattern at intersections of the tops of the waves and making deeper troughs at the
intersections of the troughs. When the light falls on a screen as at the right, the
pattern of reinforcement and cancellation shows up in what is called a diffraction
pattern. Credit: F.R. Spedalieri, NightLase Technologies.

wave is quite different from the interference of billiard ball with billiard
ball, as we witness on our scale of things. Nevertheless, very small particles
like electrons behave similarly to light in particular circumstances. This has
to do with the quantum nature of the microworld.

Einstein won his Nobel Prize in 1921 after having been nominated in
10 of the previous 12 years by the most eminent scientists of the day.? In
the year he was finally awarded the prize, one of those who had made a
nomination asked the Nobel committee to look 50 years into the future
and imagine what would be thought then if Einstein had not been awarded
the highest prize in intellectual achievement. He won it not for relativity
— which in the opinion of the Nobel committee was not firmly enough
established at that time — but “for his services to Theoretical Physics, and
especially for his discovery of the law of the photoelectric effect”. In fact,
the Nobel Prize was never awarded for the most singular of all intellectual

2A. Pais, Subtle Is the Lord (a biography of Albert Einstein’ scientific career).
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achievements — general relativity, the very theory which enables us to
formulate the theory of cosmic history.

In one of Einstein’s three famous papers of 1905 (the other two were
on the special theory of relativity and Brownian motion?), he made the
audacious assertion that light consists of quantized bundles which he called
photons.* With this theory, he was able to explain very puzzling experimen-
tal observations. It had been observed that when a ray of light of a fixed
color fell on a smooth metal surface, electrons were emitted, and that all
of them had the same energy. More puzzling, their energy did not increase
when the intensity of the beam was increased. Instead, a greater number
of electrons were dislodged. Only when the color was changed to one of a
higher frequency (greater energy) did the electron energy increase. Einstein
realized that all of this showed that the beam of light was behaving like a
beam of particles by knocking electrons from the metal surface and, more-
over, that a certain minimum energy was needed because each electron was
held to the metal by the attractive electric force exerted by the protons in
atoms of the metal. This phenomenon is called the photoelectric effect.

Prince Louis de Broglie took the next step in melding together the
wave- and particlelike behavior of small-scale phenomena. As a youth, he
entered the Sorbonne as a histor