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Preface

This book celebrates Albert Einstein’s 1905. In six months Ein-
stein wrote five papers that deeply influenced the course of twen-
tieth-century science. These papers from the hand of a then-
unknown physicist make 1905 one of the most memorable years
in the history of science and, without doubt, make the six
months from March 17 to September 27 the most productive six
months any scientist ever enjoyed. Einstein’s 1905 papers spoke
for themselves then and now, and they have influenced a vast
body of physical research during the intervening decades.

In any celebration the emphasis is on the positive. Einstein has
grown to almost mythic proportions, which challenges any au-
thor writing about him to avoid expanding the myth by making
more of him than is justified, but also to avoid contracting the
myth by yielding to the seductive temptation to bring greatness
down to size. Both giant makers and giant killers respond to their
respective tasks with enthusiasm.

As a celebration of Einstein’s 1905, this book is not about Ein-
stein the man or about his generous or petty deeds except as the
personal characteristics of the man are reflected in what he did in
1905 and how he did it. Einstein had a way of working and a
way of thinking that determined not only what he chose to think
about, but also how he thought about it. As a physicist there are
few who can compare.

Einstein’s physical intuition was both accurate and powerful.
As a result, he saw significance and meaning that others could

vii
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not see in common, everyday observations. From quaint im-
ages—an object falling freely toward Earth or a speedster run-
ning alongside a beam of light—came breathtaking new insights
into the reality behind Nature’s appearances. As new physical
concepts emerged from his work, Einstein exercised a prescience
that defies description. For example, Einstein recognized and, in
essence, predicted nuclear energy thirty-four years before the dis-
covery that made it possible. He predicted gravitational red shift
at least forty-four years before it was confirmed. Einstein envis-
aged stimulated emission thirty-seven years before light was
amplified by means of stimulated emission in the laser, and pre-
dicted a new state of matter, the Bose-Einstein condensate, sev-
enty years before it was discovered. Finally, Einstein described
entangled quantum states over thirty years before they became
an active subject of physical research. The sluggish pace with
which some of Einstein’s ideas were accepted and the years that
passed before his predictions were verified suggest that he was
often working decades ahead of the times.

There are a few who promote the thesis that Einstein’s papers
had an unnamed author; namely, Einstein’s wife, Mileva. The
views of such individuals range from Mileva as the principal in-
tellectual force to Mileva as an active intellectual co-contributor.
The evidence for either thesis is scant and inferential; it is based
primarily on love letters written by Einstein to Mileva during the
years immediately preceding their marriage in 1903. Across the
field of Einstein scholars, this thesis is almost universally rejected.
In what follows I assume Einstein to be the author of the 1905
papers that appear under the name A. Einstein. The stylistic simi-
larities between these papers and his later ones strongly suggest a
common author.

For advances in science, the twentieth century is peerless. Old
windows onto the natural world widened until they approached
natural limits. New windows were opened. How can we explain
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the sudden acceleration of discoveries in the twentieth century?
An unusually large number of first-rate minds numbered among
the vast population of scientists and drove the exponential
growth of science. Many of these scientists already occupy an
honored place in history. Yet no one has approached the quantity
and quality of work that Einstein produced in March, April,
May, June, and September of 1903.

In 1905, the outpouring of one man’s genius changed forever
our understanding of Nature, breaking with the past and estab-
lishing new territory for the science to follow. Einstein wrote
twenty-one reviews and five papers in that year, one of which
was his dissertation. Einstein had a long career, but he never had
another year the equal of 1905. Not many of his other scientific
papers compare to the high standard he established for himself in
that year. One exception is Einstein’s general theory of relativity
(1916), which in both content and style is considered a master-
piece. In the Epilogue, I discuss briefly five post-19035 papers, in-
cluding the general theory.
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Albert Einstein in the Bern patent office. This picture was taken at
the height of Einstein’s creative outburst when he wrote five time-
less papers in six months. These papers set the table for much of
twentieth-century physics.




Prologue

The Standard of Greatness:
Why Einstein?

Einstein had a rare ability to recognize the core principles that
account for the world we observe. His perceptions were never
diverted by the many fascinating distractions that enshroud Na-
ture’s underlying reality. Common sense, often a source of com-
fort, can distract. Experimental data, always the ultimate author-
ity, can distract. Einstein saw beyond common sense and, while
he respected experimental data, he was not its slave. He saw Na-
ture as it is.

Albert Einstein and Isaac Newton are routinely identified as
the two greatest physicists of all time. To be sure, this is a distinc-
tion of the highest order, but how can such an unquantifiable, ab-
stract distinction be justified? If “all time” were reduced to “our
time,” the abstractness might dissipate somewhat; therefore, let
us exit “all time” and enter the twentieth century. On December
31, 1999, Einstein was named “Person of the Century” by Time
magazine. We can scan the faces of the extraordinary people who
put their stamp on the century just ended: from the arts to the
sciences, from world leaders to great writers, we have lived
among many whose presence defined the century. It remains a
challenge, perhaps even a greater challenge because they are so
familiar, to appreciate the significance of Einstein being given
precedence.

We might smile at the folly of naming one physicist as best or
naming one man or one woman person of the century. We might
agree or disagree with the ranking accorded Einstein in “all

I
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time” or in “our time.” Nevertheless, in our era, Einstein is the
standard by which we popularly judge intellect.

It is often difficult to assess famous people fairly. However,
Einstein’s stature derives from his work, and his work is there for
all to see and judge. Were it not for the profundity of Einstein’s
many accomplishments, were it not for the fact that his work,
even after a hundred years, continues to be the prism with which
contemporary scientists seek to open our universe to complete
understanding, then Einstein would merely be another great sci-
entist. Einstein’s greatness rests upon the what and the how. The
consequence of the what cannot be exaggerated; the applause
given the how cannot be overdone. At the age of twenty-six, he
wrote five papers that changed science forever. According to Ein-
stein himself, “A storm broke loose in my mind.”

What Did Einstein Do?

Until his death, physics consumed Einstein’s waking hours. His
professional career began December 13, 1900, when he finished
his first scholarly paper. His career ended on the day he died,
Monday, April 18, 1955, at 1:15 in the morning. The day before
death stopped his work, he asked that his writing materials be
brought to his hospital room so he could continue his work.
Those writing materials were by his bedside awaiting his hand
Monday morning. Had he lived another day, his career would
have been one day longer.

Einstein’s career covered fifty-four years, but his scientific rep-
utation and scientific immortality rest almost entirely upon the
work he did during the first twenty-five. The development of
quantum mechanics, started in 1900 by Max Planck and com-
pleted in final form in 1927, has dominated physics ever since. In
1927, quantum mechanics came to rest on both physical and
philosophical principles about the nature of physical reality that
Einstein could not accept. For the last thirty years of his life, Ein-
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stein did little that actively contributed to the frontiers of phys-
ics. But by 1925, when he was moving out of the physics main-
stream and into what became his life-long obsession to unify
gravitation and electromagnetism, Einstein’s standing in the com-
munity of physicists was unchallenged. His advice, his thoughts,
and his judgments were sought avidly by all leading physicists
and by those mainstream physicists who were actively shaping
the discipline, physicists like Niels Bohr and Werner Heisenberg,
who were deeply troubled by the doubts Einstein brought to
their work. Because Einstein’s ideas always had to be taken seri-
ously, his influence on the discipline was powerful.

So what did Einstein do? In a letter to his friend, Conrad
Habicht, written in mid-May 19035, Einstein begins an answer to
the question:

I promise you four papers . . . the first of which I might send you
soon, since I will soon get the complimentary reprints. The paper
deals with radiation and the energetic properties of light and is
very revolutionary, as you will see . . . The second paper is a deter-
mination of the true sizes of atoms from the diffusion and the vis-
cosity of dilute solutions of neutral substances. The third proves
that, on the assumption of the molecular [kinetic] theory of heat,
bodies of the order of magnitude of 1/1,000 mm, suspended in
liquids, must already perform an observable random movement
that is produced by thermal motion; in fact, physiologists have
observed (unexplained) motions of suspended small, inanimate,
bodies, which motions they designate as “Brownian molecular
motion.” The fourth paper is only a rough draft at this point, and
is an [sic] electrodynamics of moving bodies which employs a
modification of the theory of space and time; the purely kinematic
part of this paper will surely interest you.!

Einstein did not tell Habicht about his fifth paper. These five
papers, completed between mid-March and the end of Septem-
ber, were all published in the leading German physics journal,
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Annalen der Physik. Three of the papers—the March paper on
the particle nature of light, the May paper on Brownian motion,
and the June paper on the special theory of relativity—are uni-
versally regarded as epoch-making papers. The April paper, Ein-
stein’s doctoral dissertation, receives little attention, although it
is one of Einstein’s most cited papers and set the stage for the
May paper. The September paper, in which the famous equation
E = mc* first appeared, followed as an unanticipated conse-
quence of the June paper. The five papers touch foundational is-
sues in separate areas of physics.

Although Einstein wrote these five papers over a six-month pe-
riod, it would be misleading to suggest that in the spring of 1903,
a flood of profound ideas suddenly popped into his mind. In-
deed, Einstein had been ruminating about these ideas for some
years, until the spring of 1905, when he began furiously writing
papers.

With some frequency, new scientific ideas are created, received
with interest, and remain until they are discarded when their va-
lidity is compromised or their usefulness wanes. By contrast,
what Einstein did in 1905 stands firm to the present day. After a
century of rapid advances in all areas of science, Einstein’s work
remains solid, and the little equation E = mc? has become an
icon of science.

What Einstein did in 1905 has impacted not only twentieth-
century physics but also science in general, actively shaping sub-
sequent scientific endeavors. Two revolutions occurred in physics
during the twentieth century. Both had broad and deep implica-
tions. The first was the result of Einstein’s June paper on special
relativity, which required the restructuring of our ideas about
space and time, the most basic concepts of physics. This revolu-
tion was completed in 1915, again by Einstein, with his general
theory of relativity. The second revolution was quantum mechan-
ics, which took form between 1925 and 1927. Einstein’s March
paper is a pillar supporting the edifice of quantum mechanics.
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Finally, the April and May papers brought statistical fluctuations
into statistical physics and influenced that field’s subsequent de-
velopment.

The general public is largely unaware of what Einstein did in
his March, April, and May papers, but the June paper that pre-
sented to the world the special theory of relativity touched the
general public in uncommon ways. People experience space and
time. People live in space and time. Yet, the ideas of space and
time are intangible and mysterious. In June 1905, Einstein essen-
tially restructured our ideas about space and time and the logical
consequences of his theory violated our common sense in the
harshest of ways. Nonetheless, these bizarre consequences have
been repeatedly verified by experiment and they are accepted as
true.

Einstein’s identity is strongly linked to his June and September
papers. It is probably fair to say that most members of the gen-
eral public do not understand how the concepts of space and
time were changed by these papers, but people do understand
that Einstein did something enormously profound.

Einstein’s most notable and his single most important scientific
contribution was the general theory of relativity, which he com-
pleted in 1915. In the years immediately following 1905, Ein-
stein thought about how Newton’s gravitational theory could be
brought under the umbrella of the special theory of relativity. In
1907, he had what he called “the happiest thought of my life.”

I was sitting in a chair in the patent office at Bern when all of a
sudden a thought occurred to me. “If a person falls freely he will
not feel his own weight.” T was startled. This simple thought
made a deep impression on me. It impelled me toward a theory of
gravitation.?

As the story goes, Newton saw an apple fall as he sat in his
Woolsthorpe orchard and his gravitational force law followed.
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Einstein thought of a person falling as he sat in his Bern patent
office and his general theory of relativity followed.

Einstein’s general theory of relativity is a theory of gravitation.
His insight that if a falling person “dropped” an apple, the fall-
ing person would see the apple not falling but remaining sta-
tionary at his or her side led eventually to the conclusion that
the gravitational force is a consequence of the curvature of
space. But this insight did not come easily; it was a long struggle
for Einstein. He described his effort to a colleague, Arnold
Sommerfeld, in Munich: “I am now working exclusively on the
gravitational problem . . . [O]ne thing is certain: never before in
my life have I troubled myself over anything so much, and I have
gained enormous respect for mathematics, whose more subtle
parts I considered until now, in my ignorance, as pure luxury!
Compared with this problem, the original theory of relativity
[the special theory] is child’s play.”? Einstein’s concentrated ef-
forts on the general theory ended in 1915 when he completed
what is regarded as his single greatest achievement.

On November 6, 1919, at the joint meeting of the Royal Soci-
ety and the Royal Astronomical Society held in London, the re-
sults were announced of a May 1919 expedition whose purpose
was to test a particular prediction of Einstein’s general theory.
Arthur Eddington had traveled to the island of Principé, an is-
land off the west coast of Africa, to observe a total eclipse of the
Sun. At the moment of totality, Eddington observed that the light
from a distant star deviated from its straight-line course of
motion as it passed by the darkened Sun. One prediction of gen-
eral relativity, that a massive object should influence the motion
of light, was verified. The next day, the London Times carried
the headline, “Revolution in Science. Newtonian Ideas Over-
thrown.” Almost immediately, Einstein was a world celebrity.

The confirmation of Einstein’s general theory came at the end
of the Great War. The public, tired of four brutal years of con-
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flict, embraced Einstein as the epitome of humanity’s noble side.
By the power of pure thought, Einstein had divined deep realities
of Nature and had enhanced our understanding of the universe
in which we live.

In the seventeenth century, Galileo and Newton built the foun-
dations of an intellectual revolution. After Galileo and Newton,
we saw our world in a new way and the methods of science were
changed forever. In the century just ended, the way scientists con-
ceptualize the world changed again; this time, with two revolu-
tions. Einstein, with his special and general theories of relativity,
was the sole architect of one revolution. Quantum mechanics,
the second revolution in scientific thought, had several architects,
Einstein among them. Through these theories, relativity and
quantum mechanics, Einstein will influence the pursuit of scien-
tific knowledge into the distant future.

Einstein accomplished much in the first twenty-five years of his
professional career, and the five seminal papers he wrote in six
short months in 1905 represent a major part of that. But Ein-
stein’s greatness is also a direct consequence of how he did what
he did. How he worked and how he approached his work en-
hance even more his singular accomplishments.

How Did Einstein Do It?

A careful examination of Einstein’s 1905 papers demonstrates
both his discrimination in selecting the specific problems he
would study as well as his unusual approaches to those prob-
lems. Einstein once said, “I want to know how God created this
world . . . I want to know His thoughts, the rest are details.”* His
comment reveals the kind of problems that attracted Einstein,
those great problems that were akin to God’s thoughts. He es-
chewed trivialities; rather, he sought to know what was in the
Maker’s mind when He put it all together. Einstein expressed the
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same general idea in another way: “What I’m really interested in
is whether God could have made the world in a different way;
that is, whether the necessity of logical simplicity leaves any free-
dom at all.”> And because Einstein had the ability to see the Na-
ture we experience through the unseen basic principles that gov-
ern our experiences, he was, as the great American physicist I. .
Rabi used to say, “walking the path of God.”

In his 1902 book La Science et ’Hypothese, the mathematical
physicist Henri Poincaré identified three fundamental yet un-
solved problems. One problem concerned the mysterious way ul-
traviolet light ejects electrons from the surface of a metal; the sec-
ond problem was the zig-zagging perpetual motion of pollen
particles suspended in a liquid; the third problem was the failure
of experiments to detect Earth’s motion through the ether. In
1904, Einstein read Poincaré’s book.¢ He had also been thinking
about these problems, independently of Poincaré. For Einstein,
they were clearly part of God’s thoughts. One year later, in 1905,
he solved all three.

Einstein’s approach to physics was both powerful and distinc-
tive. He was intrigued rather than dismayed by apparent con-
tradictions, whether they consisted of experimental results that
conflicted with theoretical predictions or theories with formal in-
consistencies. For example, discontinuity and continuity are con-
tradictory. The particle nature of matter is a prime example of
discontinuity; the wave nature of light is a prime example of con-
tinuity. That matter, by consisting of atoms, was discontinuous
was largely accepted in 1905; that light, by consisting of waves,
was continuous was a foregone conclusion long before 1903.
Particle versus wave; discontinuity versus continuity—the con-
tradiction captivated Einstein. He was driven to unify disparate
or contradictory physical ideas and, in the process, to simplify
the theories used to represent them.

Einstein was well aware of his ability to see beyond appear-
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ances and to visualize the core principles of Nature. In his auto-
biography, he compared his intuitive abilities in mathematics and
in physics. In mathematics he described himself as “Buridan’s ass
.. . unable to decide upon any specific bundle of hay . . . my intu-
ition was not strong enough in the field of mathematics . . . to
differentiate clearly the fundamentally important, that which is
really basic, from the rest of the more or less dispensable erudi-
tion.” In physics, however, “I soon learned to scent out that
which was able to lead to fundamentals and to turn aside from
everything else, from the multitude of things which clutter up the
mind and divert it from the essential.””

This self-knowledge gave him self-confidence; in fact, Einstein
was supremely confident about his physics. It did not matter that
his ideas were sometimes rejected definitively by his most distin-
guished colleagues. It did not matter that his line of thinking
sometimes ran counter to the lines of thinking that were fashion-
able among his influential contemporaries. It did not matter that
experiments specifically designed to test his theoretical predic-
tions produced data in conflict with his predictions. His response
was to wait quietly and patiently. He seemed to know that his
colleagues would soon come around or that something was amiss
with the design or execution of the experiment. Einstein knew his
theory was correct.

Einstein was confident in the correctness of his physics because
he developed it in a particular way. His physics was always com-
patible with certain general principles which, if false, would im-
pact physics in fundamental ways. If the general principles were
true, his physical theory had to be true as well. Einstein revealed
this brimming confidence when a prediction of his general theory
of relativity was tested. After a long wait for the experimental re-
sult, from May to November 1919, he finally heard that the ex-
perimental measurement had validated his theory, but the an-
nouncement elicted little interest from Einstein. When asked why
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he was not excited by the great news that confirmed his predic-
tion, he responded, “I knew the theory was correct.” But, he was
asked, suppose your prediction had been refuted? “In that case,”
answered Einstein, “I’d have to feel sorry for God, because the
theory is correct.”®

Einstein’s confidence was not arrogance. Einstein had carefully
examined the basic principles in all possible ways, and when the
various pieces meshed together flawlessly, he knew the theory
had to be correct. A reliance on core principles gave Einstein con-
fidence. Einstein’s confidence in his work was further strength-
ened because he mostly worked alone.

In 19035, Einstein was not at a major university among distin-
guished physicists. He was not even at a minor university among
undistinguished physicists. Einstein was neither at a university
nor was he among physicists. He was a junior clerk in the patent
office in Bern, Switzerland. In this environment, he was cut off
from the larger world of physics; he had no professional physi-
cists with whom he could share thoughts, collaborate, or argue.
No one in his office would alert him to an important new paper
in physics. Even his access to libraries was limited. In September
1907, two years after Einstein’s relativity paper, Johannes Stark
wrote to Einstein and asked him to write a paper reviewing the
history of relativity theory since 1905. Einstein responded, “I
must . . . note that [ am not in a position to acquaint myself with
everything published on this topic, because the library is closed
during my free time.”” Compared to other physicists, Einstein
was isolated.

That does not mean he was entirely out of touch. He had read
Poincaré’s book, and he did have libraries available to him. Yet in
his papers he does not cite the current literature as often as he
might have. There are no citations at all, for example, in his June
paper on the theory of relativity. What Einstein read and what
Einstein knew cannot be known definitively and, as a result,
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scholarly judgments differ on why so few references appear in his
papers.

The job at the patent office was good for Einstein. He enjoyed
examining applications for patents on technical devices. He was
good at working through the details of a patent application. He
was fast. He had time to think. On November 17, 1909, after he
had resigned from the patent office (in July) and became an asso-
ciate professor of physics in Zurich with courses to teach, he
wrote to his friend, Michele Besso, “I am very occupied with the
courses, so that my real free time is less than in Bern.”'® The
quiet of the patent office may have been essential to him in 1905.

Isolated from active working physicists as he certainly was,
Einstein became accustomed to working alone. For the most
part, he continued to do so throughout his professional career.
He was the sole author of the 1905 papers and most of his other
papers. Because the approach he took to physics was singular,
neither credit nor blame could be shared. With no co-author dab-
bling in his work and with confidence in his own insights, he had
no doubts about the correctness of his work.

Einstein’s confidence revealed itself in still another way. C. P.
Snow, in conversations with the great mathematician G. H.
Hardy, once discussed Einstein. What words could be used to ad-
equately describe this man? Quickly, the words “great,” “gen-
tle,” and “wise” were agreed upon. But that, at least for Snow,
was not enough. In the end, Snow proposed the descriptor
“unbudgeable.” “Unbudgeable” captures a quality of Einstein’s
that the words “great,” “gentle,” or “wise” do not touch upon.
Einstein was indeed unbudgeable. For thirty years, Einstein took
issue with the tenets of quantum mechanics as they were devel-
oped by Niels Bohr, Paul Dirac, Werner Heisenberg, Wolfgang
Pauli, Erwin Schrodinger, and others. The best of these attempted
to convince Einstein that the probabilistic interpretation of quan-
tum mechanics represented physical reality as it really was. For
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thirty years, Einstein watched as the successes of quantum me-
chanics mounted and multiplied. But Einstein was unbudgeable.
To the end, he believed that quantum mechanics represented a
holding pattern for physics and that some day it would be re-
placed by a theory that conformed to his causal views of Nature.
Confident in his beliefs, which were reflected in his physics, Ein-
stein held fast and waited.

Einstein’s stand in regard to quantum mechanics prompted
some physicists to conclude that physics had passed him by.
At the same time, however, many of Einstein’s contemporaries
shared an intellectual uneasiness about quantum mechanics.
Some important physicists today believe that, in the end, Ein-
stein’s views of quantum mechanics may be vindicated. Only
time will decide.

Einstein worked at the level of basic principles and he did it
alone. That’s how he did his work. As a result, he had unshake-
able confidence in his results. It is the “what” and the “how”
that answers the question “why” . . . why Einstein is the stan-
dard of greatness.

Beyond the What and the How

Einstein’s personal qualities only added to the mystique that
grew to surround him in the years following 19o5. There was an
other-worldliness about Einstein that made him appear to be
above and beyond the concerns of ordinary people. The most ob-
vious manifestation of Einstein’s detachment was the bohemian
lifestyle he eventually adopted. He walked around with no socks,
his trousers were too short, his clothes were rather dumpy, and
his long hair rarely saw a comb. His looks were consistent with
his home. The house at 122 Mercer Street in Princeton was a
simple, modest dwelling. He had little interest in material posses-
sions.
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Once Einstein became famous, his offbeat behaviors and his
simple lifestyle only enhanced his monumental reputation. Of
course, Einstein was well aware of this. He could have altered his
mode of dress, but he did not. That’s the way he was. Shining
through Einstein’s strange appearance, even overriding it, was an
uncommon intimacy, an attractive warmth that emanated from
him. His wispy hair, sticking out in all directions, framed a fasci-
nating face with large, gentle eyes, eyes that commanded atten-
tion. Even in his early years, Einstein’s large head, according to
the astronomer Charles Nordmann, “instantly attracts attention
. .. A little mustache, dark and very short, adorns a sensuous
mouth, very red, rather big, with its corners betraying a perma-
nent slight smile. But the strongest impression is that of stunning
youthfulness.”!" Einstein’s quaint appearance together with his
celebrity status endeared him to the public.

Einstein’s other-worldliness went beyond his physical appear-
ance. Finstein lived the life of a loner. Rudolf Ladenburg, who
worked with Einstein in Berlin (and later at Princeton) said,
“There were two kinds of physicists in Berlin: on the one hand
was Einstein, and on the other all the rest.”'? Partly, Ladenburg
was saying that Einstein stood head and shoulders above the
other physicists, but he was also referring to Einstein’s aloofness.
At the University of Berlin, Einstein was a member of the faculty,
but he spent little time participating in university life.

In 1930, Einstein described himself as follows:

My passionate interest in social justice and social responsibility
has always stood in curious contrast to a marked lack of desire
for direct association with men and women. I am a horse for sin-
gle harness, not cut out for tandem or teamwork. I have never be-
longed wholeheartedly to any country or state, to my circle of
friends, or even to my own family. These ties have always been ac-
companied by a vague aloofness, and the wish to withdraw into
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myself increases with the years. Such isolation is sometimes bitter,
but I do not regret being cut off from the understanding and sym-
pathy of other men. I lose something by it to be sure, but I am
compensated for it in being rendered independent of the customs,
opinions, and prejudices of others, and am not tempted to rest my
peace of mind upon such shifting foundations.'?

Independent of the emotional connections that often complicate
and even disrupt others’ lives, Einstein exuded a sense of content-
ment that complemented his unkempt appearance.

Einstein’s detachment was certainly liberating; he could pursue
any problem wholeheartedly for as long as he wished. His skill at
concentrating on a problem for years was demonstrated by his
work on the general theory of relativity. Einstein’s ability to focus
on his intellectual life further added to his mystique.

In contrast with this free-spirit detachment, however, was a
steadiness that only enhanced the general public’s admiration for
the man. Einstein was a man of principle and could act with
courage. During the Great War, Einstein was one of four scien-
tists who signed a “manifesto to Europeans” in which scientists
and artists were criticized for having “relinquished any further
desire for the continuance of international relations” and calling
“for all those who truly cherish the culture of Europe to join
forces.”'* As Abraham Pais, an Einstein biographer, notes, “The
period of 1914-1918 marks the public emergence of Einstein the
radical pacifist, the man of strong moral convictions who would
never shy away from expressing his opinions publicly, whether
they were popular or not.”"’ Einstein was a man of conviction
and, in memorable words, he conveyed his beliefs to the public.'¢

Jacob Bronowski captured both Einstein’s modesty and his
principled toughness when he wrote: “He was quite unconcerned
about worldly success, or respectability, or conformity; most of
the time he had no idea what was expected of a man of his emi-
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nence. He hated war, and cruelty, and hypocrisy, and above all he
hated dogma—except that hate is not the right word for the
sense of sad revulsion that he felt; he thought hate itself a kind of
dogma.”"”

Einstein attracted attention long before he was famous. It is of-
ten pointed out that Einstein was slow in learning to talk and
that he was a poor student. Immediately, hope is born in the
heart of every fond parent and truant child; even the brightest
feel a sudden affinity for Einstein the student. But is it true? Ein-
stein himself acknowledged that his parents were concerned
about his long, slow start in talking. The charge of his being a
poor student is less certain. If “poor student” means “dumb stu-
dent,” the answer is decidedly no. If “poor student” means “un-
cooperative student,” the answer is probably yes. Einstein was
bored by much of the work teachers gave him. As teachers grew
impatient with young Einstein, Einstein grew impatient with
them. He was often unwilling to complete the dull tasks that his
teachers assigned. He was particularly offended by authoritative
teachers who required their students to learn through exercises
and drills.

Einstein was often rebellious in an authoritative environment.
And it cost him. He did not attend his classes, choosing instead
to study those things that interested him. When he applied to the
Federal Institute of Technology in Zurich, he failed the entrance
exams. A year later he applied again, and this time he passed the
exams. When he and three other classmates graduated in 1900,
they were qualified to teach. His classmates all got teaching posi-
tions; Einstein did not. Einstein took a series of temporary jobs
until June 16, 1901, when he was appointed technical expert
third class at the patent office in Bern, Switzerland.

The rebellious Einstein became a gentle, accommodating Ein-
stein as he matured. The number of people who wanted to see
him in his later years was enormous. His secretary and assistant,
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Helen Dukas, somehow reduced the number to a tolerable level.
Einstein nevertheless saw many of these people and did so grace-
fully. He received bags of letters and personally answered many
of them, especially the letters he received from children. Ein-
stein’s personal characteristics, taken altogether, magnified the
products of his mind and, in the process, enhanced his stature as
a man.

Although Einstein died in 1955, he remains the standard of
greatness. Smart kids are often nicknamed “Einstein.” “Hey Ein-
stein,” we ask the class genius, “what did you get on the test?”
When television commentators want to refer to real intelligence,
they mention Einstein. Why Einstein? He was certainly smart,
but many people are smart. Einstein, however, is more than sim-
ply a symbol of intelligence. When Einstein recognized truths
about the natural world by pure acts of mind, he exemplified
what is best about being human. And when, through it all, he ex-
uded a noble modesty, he entered the consciousness of all people.



On a Heuristic Point of View
about the Creation and
Conversion of Light

A. Einstein

The paper was received by the editor of the German journal
Annalen der Physik on March 18, 1905, and was published
shortly thereafter in volume 17, pages 132-148.
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Albert Einstein and Robert Millikan on February 26, 1931, while
Einstein was a visitor at the California Institute of Technology. It
was Millikan who beautifully confirmed a consequence of Ein-
stein’s March paper yet adamantly rejected Einstein’s basic March
thesis that produced the consequence he confirmed. The March
paper is the only one of his 1905 papers that Einstein himself
called “revolutionary.”




March

The Revolutionary Quantum Paper

In the March paper of 1905, Einstein directly challenged the or-
thodoxy of physics: orthodoxy that had grown and strengthened
for over a century; orthodoxy that rested on bedrock experiment
and far-ranging theory.

All physicists in 1905 knew what light was. Whether from the
Sun or an incandescent light bulb, light was known to be a wave;
that is, a succession of equally spaced crests separated by equally
spaced troughs where the distance between the crests (or the
troughs) determined the light’s color. All scientists knew, without
doubt, that light originated at a source, spread out evenly and
continuously through all the space accessible to it, and propa-
gated from place to place as electromagnetic crests and troughs.
Light was called an electromagnetic wave or, more generally,
electromagnetic radiation. In 1905, the wave nature of light was
an established, incontrovertible fact.

In the face of this universally held knowledge, Einstein pro-
posed that light was not a continuous wave but consisted of lo-
calized particles. As Einstein wrote in the introduction to his
March paper,

According to the assumption to be contemplated here, when a light
ray is spreading from a point, the energy is not distributed contin-
uously over ever-increasing spaces, but consists of a finite number
of energy quanta that are localized in points in space, move with-
out dividing, and can be absorbed or generated only as a whole.!

19
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This sentence has been called “the most ‘revolutionary’ sentence
written by a physicist of the twentieth century.”?

Einstein anticipated the impact of his paper. In May 1903, be-
fore the paper appeared in print, he informed his friend Conrad
Habicht that a forthcoming paper on the properties of light was
“very revolutionary.”? From a modern perspective, at least three
of Einstein’s 1905 papers were similarly innovative, but for Ein-
stein in 1903, it was only the “assumption considered here [the
March paper]|” that represented a sharp break with established
tradition. It was revolutionary at the time and it remained revo-
lutionary. In June 1906, the future Nobel Prize—winning physicist
Max Laue wrote to Einstein unequivocally denying Einstein’s as-
sumption:

When, at the beginning of your last paper, you formulate your
heuristic standpoint to the effect that radiant energy can be ab-
sorbed and emitted only in specific finite quanta, I have no ob-
jections to make; all of your applications also agree with this
formulation. Now, this is not a characteristic of electromag-
netic processes in vacuum but rather of the emitting or absorbing
matter, and hence radiation does not consist of light quanta as
it says in §6 of your first paper; rather, it is only when it is ex-
changing energy with matter that it behaves as if it consisted of
them.*

Laue was apparently willing to concede that in the emission and
absorption process light quanta were involved, but beyond that,
he was adamant: light traveled through the vacuum of space as a
wave, not as quanta. Laue was not alone in his belief. In 1905,
the magnitude of Einstein’s departure from the sanctioned belief
about light was so unsettling that his particle theory of light was
not accepted for two decades.
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The Setting

Bertrand Russell is supposed to have asked this question: Is the
world a bucket of molasses or a pail of sand? In less picturesque
terms, the question becomes: Is the underlying reality of the
world a seamless continuum or is it inherently grainy? Is it con-
tinuous or discontinuous? In mathematical terms the question is
this: Is the world to be described geometrically as endless unbro-
ken lines or is it to be counted with the algebra of discrete num-
bers? Which best describes Nature—geometry or algebra? This
question has been described as “that same dilemma between at-
oms and the continuum which has given structure to the history
of science since its opening in Greece.”’

The contradictory ideas of continuity and discontinuity came
together in Newton’s physics. On the one hand, gravity fills all of
space while, on the other hand, the sources of gravity are local-
ized masses. Does continuous gravity spring from discontinuous
masses? The same tension is found in James Clerk Maxwell’s
electromagnetism: “The energy in electromagnetic phenomena is
[the same as] mechanical energy. The only question is, Where
does it reside? On the old theories, it resides in the electrified
bodies . . . On our theory it resides in the electromagnetic field, in
the space surrounding the electrified and magnetic bodies.”¢ Is
electromagnetic energy continuous or discontinuous?

Discontinuity is frequently masked by apparent continuity.
Dive from a pier into Lake Erie or from a diving board into a
community pool and the water completely surrounds you; step
out of the water and your skin is evenly covered by a layer of wa-
ter. Plunge your hand into a pail of water and it is everywhere the
same. Water appears to be continuous (as does Russell’s bucket
of molasses). We know, however, that water is not continuous.
Start with a glass of water. Divide it in half. Divide it in half
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again. Keep dividing, again and again and again. As the water
sample gets smaller, it becomes difficult to make a clean division,
but there are precision instruments that allow the division pro-
cess to continue until the basic entity of water is reached—one
single molecule H,O—and that ends it. No further division is
possible. Even before we arrive at the last single molecule of wa-
ter, however, the graininess of water becomes apparent. A few
steps before the last division, a hundred or so individual water
molecules are present, slightly separated from one another, mov-
ing relative to each other, striking and bouncing off neighbors. In
between and surrounding the water molecules, there is nothing,
just empty space. Water consists of particles.

Water and matter are discontinuous. Space, on the other hand,
is continuous. All available evidence suggests that space ex-
tends unbroken in all directions from Earth and continues for
distances that cannot be imagined. The space probe Pioneer ro
was launched on March 2, 1972. It provided gorgeous pictures
of Earth’s planetary neighbors; however, after thirty years, it was
no longer able to emit signals strong enough to be used here on
Earth. Its last feeble signal was received on January 23, 2003.
After that final signal, earthly contact with Pioneer 1o was bro-
ken. Now this productive space probe moves in the dark of deep
space like a lonely meteor. Moving inexorably along a straight
line, it plays out, moment by moment, the concept of inertia as it
heads toward the red star Aldebaran, the eye of Taurus, some
sixty-eight light years away. Through the vastness of continuous
space Pioneer 10, in essence a particle, moves toward its rendez-
vous with Aldebaran some 2 million years hence.

Is light continuous or discontinuous? Sunlight spreads over the
front lawn uniformly illuminating every exposed blade of grass,
dandelion, and grain of dirt. Light appears to be continuous. Not
so, thought Isaac Newton in the seventeenth century. He re-
garded light as particulate. Newton, who thought in mechanical
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terms, noted that the behavior of light seemed best understood
as streaming particles. Optical studies in the early nineteenth
century, however, contradicted Newton’s view. Thomas Young
showed that two beams of light can join together to produce ei-
ther a doubly bright beam or no beam at all. This evidence fit the
interpretation of light as waves: when the two beams join crest
on crest and trough on trough, constructive interference occurs
and the resulting beam is doubly bright, but when two beams
join crest on trough and trough on crest, destructive interference
occurs and the two beams cancel each other out. (The type of in-
terference just described is seen when two stones are thrown into
a pond. As the ripples, originating from the impact sites of the
two stones, cross each other, the crests and troughs are seen con-
structively and destructively interfering.) Interference is wave be-
havior; so is diffraction. Light, incident upon an opaque barrier,
casts a shadow. A close examination, however, reveals that the
light appears where it should not be: in the shadow zone. Just as
sound waves can bend around corners, so do light waves. Dif-
fraction, bending around edges, is wave behavior. Because of in-
terference and diffraction, light was regarded as continuous.

In addition to optics, electricity and magnetism were also dom-
inant fields of physical research in the nineteenth century. A great
experimental physicist in England, Michael Faraday, originated
the idea of continuous fields originating from electrical charges
and magnets. Then in the 1860s, James Clerk Maxwell for-
malized the field concept in a synthesis that provided the basis
for understanding all electromagnetic phenomena (known as
Maxwell’s equations). In addition, Maxwell’s synthesis unexpect-
edly predicted the existence of a new kind of wave that was elec-
tromagnetic in nature. When the characteristics of these un-
known electromagnetic waves were examined, it was discovered
that they traveled at only one speed: 186,000 miles per second.
Since that was precisely the speed of light, it was tempting to
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conclude that light waves were, in fact, electromagnetic. Finally,
Heinrich Hertz experimentally confirmed the existence of elec-
tromagnetic waves and the conclusion was impossible to deny:
light is an electromagnetic wave.

Once light was confirmed as an electromagnetic wave, a fur-
ther problem had to be resolved; namely, what was the “stuff”
or, as it was called, the medium, through which light moved as it
propagated from star to star, from Sun to Earth, from streetlight
to sidewalk? A wave, everyone presumed, had to have a medium
to enable it to propagate. In a real sense, it is the medium that
propagates a wave. The medium of choice for light was the theo-
retical ether: it had to fill all of space, exert no resistance to plan-
ets moving through it, and have very unusual properties that en-
abled it to propagate light at the tremendous speed of 186,000
miles per second. Everyone knew what light was, but without an
experimentally validated medium, the picture was incomplete.

Determining the properties of the ether was an important issue
in 1905. In spite of the uncertainties about its nature, however,
the evidence and the considered judgments of physicists were
overwhelming: light was a continuous wave. Against this evi-
dence and judgment, Einstein proposed that light was discontin-
uous, that light consisted of particles. No other physicist, not one
of his illustrious contemporaries, was thinking about light in this
way. Einstein was alone. Although Einstein does not mention the
ether in his March paper, he must have recognized that his parti-
cle theory of light negated the ether issue. Particles do not require
a medium. Light, when considered as a stream of particles, does
not require the ether. Only three months later, in his June paper,
Einstein does away with the concept of ether. Did Einstein see his
March paper as effectively preparing the way for the ether’s de-
mise?

Conlflicting ideas are provocative. They stimulate thought and,
as is the case with Newton’s gravity, they are often linked.
The space probe Pioneer 10, a discrete “particle,” for example,
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moves through continuous space. In the process, continuity and
discontinuity exist side by side. Sometimes conflicting ideas work
in tandem. Sometimes they do not.

Consider, for example, a hunk of metal with a spherical cavity
inside it. Drill a small hole from the external surface of the
sphere to the cavity inside. Heat the metal until it is glowing. In
the cavity, enclosed by the glowing metal, light bounces around
and eventually comes streaming out through the hole. Examine
the light. (This light is called blackbody radiation because the ob-
ject, specifically, the hole leading to the cavity, behaves like a per-
fect absorber and a perfect radiator, which is called a blackbody.)
When physicists examined the energy carried by this light, they
could not explain it. Here we have light in direct contact with the
atoms in the walls of the cavity. Here we have a vivid example of
continuity (light) and discontinuity (atoms) side by side, and
something is amiss. It took the revolutionary idea of the quan-
tum, proposed by Max Planck in 1900, to begin the process of
resolving the difficulty.

Planck introduced the quantum to explain the energy proper-
ties of light emitted by a blackbody. However, Planck’s quantum
idea did not apply to the light itself, but rather to the “resona-
tors,” as Planck called them, inside the cavity. It was the elec-
trons in the walls of the cavity, oscillating at various frequencies,
that emitted the light that eventually emerged from the hole.
What Planck assumed was that the energies of the “resonators”
were not continuous, but were broken into discrete units of en-
ergy, &, proportional to the oscillator’s frequency, v, where ¢ =
bv. This was the birth of Planck’s constant, /4. Since the constant
b is so small,

h =0.000000000000000000000000006626 erg-sec =
6.626 X 10?7 erg-sec,

the discrete bundles of energy are infinitesimal. Physicists “knew”
that energy was continuous and when Planck broke energy up
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into discrete quanta, even though they were small, it was a major
revolution. Einstein said later, “It was as if the ground had been
pulled out from under one, with no firm foundation to be seen
anywhere, upon which one could have built.””

Planck’s seminal idea fell short. Planck’s quantum was tethered
to the “resonators” in the cavity; Einstein saw that the quantum
had to be cut loose from its tethers. In his March paper, Einstein
liberated the quantum.

The March 1905 Paper

The March paper exposes the way Einstein’s mind worked. He
begins his March paper in typical Einstein fashion. Here is the
first sentence:

There exists a profound formal difference between the theoretical
conceptions physicists have formed about gases and other ponder-
able bodies, and Maxwell’s theory of electromagnetic processes in
so-called empty space.®

The issue appears here in stark contrast: the discontinuity of
gases consisting of localized atoms and the continuity of light
(electromagnetic processes) propagating in empty space.” Ein-
stein immediately directs our attention to the fundamental nature
of the issue. He often worked from generalizations or principles
that were seen as contradictory—they fueled his imagination.
Once he identified a contradiction, Einstein would generalize it
and then be guided by its implications until a resolution was
found, frequently in the form of profound new insights. In addi-
tion, he often showed how long-held preconceived notions were
invalid. This same approach appears again in his May and June
papers.

Is Einstein’s “profound formal difference” merely an abstract,
academic issue? Not at all. Many phenomena of Nature are a di-
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rect consequence of mutual interactions between unlocalized
(continuous) radiation and localized (discontinuous) matter and
it is when radiation and particles must be treated together, as in
the case of blackbody radiation, that problems emerge. Forty
years later, in his “Autobiographical Notes,” Einstein referred to
the 1905 period and wrote that “one is struck by the dualism
which lies in the fact that the material point in Newton’s sense
and the field as continuum are used as elementary concepts side
by side.”!® Einstein recognized this in 1905. He was convinced
that there were problems with the juxtaposition of particles and
waves. His March paper was a direct outcome of that knowl-
edge.

Almost immediately in the March paper, Einstein acknowl-
edged that the “wave theory of light” has been “excellently justi-
fied” for a range of optical phenomena. Specifically, Einstein
meant phenomena like interference and diffraction (which beau-
tifully supported the wave picture of light). However, these opti-
cal phenomena, for which the continuity of waves had proved
so successful, were not concerned with either the emission (“cre-
ation” in his title) of light or the absorption (conversion) of light.
Or, to express the problem as Einstein did in the opening of
his paper, optical observations such as reflection and diffrac-
tion represent the behavior of light over an extended period of
time whereas the emission or absorption of light by atomic mat-
ter occurs almost instantaneously. In this gentle fashion, Einstein
prepares to show that when continuous light and grainy atoms
are brought together, his “heuristic point of view” will prove
worthy.

Indeed, it was only a heuristic view that Einstein presented.
The March paper did not offer proof that light consisted of parti-
cles or quanta; rather, Einstein presented his particle idea as a
provisional way of thinking about light, a way whose merit
would be determined by its explanatory usefulness. Einstein’s
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route to his objective is an odd one. At no point along the way
can a reader anticipate how Einstein is going to bring off the
claims with which he begins the paper. More than odd, however,
the March paper is beautiful. It is a testimony to the power of
Einstein’s intuition.

To get at the problem, Einstein imagined a container with an
inner cavity surrounded by reflecting walls. In the cavity are par-
ticles: gas molecules and electrons. In addition, there are elec-
trons that are bound to the walls of the cavity in such a way that
they can oscillate with a range of frequencies, like Planck’s reso-
nators, and, in so doing, the oscillators can absorb and emit elec-
tromagnetic radiation (light). Within the cavity we can imagine
gaseous molecules and electrons flitting about, colliding with
each other, colliding with the walls of the cavity, and with the os-
cillating electrons. At the same time, light is being emitted and
absorbed by the oscillating electrons and is bouncing around in
the cavity. The cavity and everything in it are at the tempera-
ture T.

Now, says Einstein, suppose the gas and the oscillating elec-
trons, on the one hand, and the radiation and the oscillating elec-
trons, on the other hand, are all in dynamic equilibrium so that
each component—the gaseous atoms, the radiation, and the os-
cillating electrons—has the same average energy. In other words,
no component loses or gains energy at the expense of another
component. This seems all perfectly reasonable, but it does not
work. Einstein shows that when radiation and the oscillating
electrons are considered, a catastrophe is waiting to happen. If
the oscillation frequency of the electrons is allowed to increase,
the radiation energy increases without limit. The energy of the
radiation becomes infinite. As infinite energy makes no physical
sense, something was wrong.

In this imagined situation, Einstein brought light and particles
together in a physically reasonable way and was led to a physi-
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cally unreasonable result. For Einstein, the continuity of light
and the discreteness of electrons and atoms were in conflict.

From an absurdity—light with infinite energy—Einstein
moved quickly. Einstein’s approach throughout this March paper
was to swing between descriptions of atoms and radiation. The
heart of this approach was based on the entropies of a sample of
gas and a sample of light; specifically, how the entropy of sam-
ples of gas and light depends on their volumes. Entropy is the
most fascinating and perhaps the most important concept of
thermodynamics. The second law of thermodynamics is built
around entropy. There are many ways to think about this con-
cept (part of its mystique); one way is in terms of the order or
disorder of a physical system. For a highly ordered state (a place
for everything and everything in its place), the entropy is low; for
a disordered state (everything thrown about in topsy-turvy fash-
ion), the entropy is high. The second law of thermodynamics es-
sentially says that all of Nature’s processes that occur naturally,
that is, occur without external intervention, are accompanied by
an increase in entropy. Nature’s way is to proceed from order to
disorder or from low to high entropy.

The way the entropy of a sample of gas changes as its volume
changes was well known. So with radiation Einstein began with
the objective of discovering how the entropy of a sample of radi-
ation depends on its volume; specifically, he set out to determine
how its entropy changed when a sample of light was taken from
a larger volume V; to a smaller volume V. To Einstein, the result
was suggestive. Einstein found that for both a sample of continu-
ous radiation and a sample of discrete gas the entropy’s volume
dependence was formally #he same. Identical. Both for a gas and
for radiation, when the volume is changed from V, to V, the en-
tropy change is determined by the ratio V/V,. Why should they
be the same? Why should the entropy changes of a volume of
gas, consisting of discrete atoms, and a volume of radiation, con-
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sisting of continuous waves, depend upon their volumes in ex-
actly the same ways? However, with Einstein’s goal in mind, we
could ask why it should matter. A ratio of volumes does nothing,
in and of itself, to adjudicate between continuity and discontinu-
ity. This came next.

Having determined the entropies of a gas and light by the stan-
dard method, familiar to all physicists, Einstein next determined
the entropies by a much newer method. As Einstein wrote, “The
equation just found shall be interpreted in the following on the
basis of the principle introduced into physics by Mr. Boltzmann,
according to which the entropy of a system is a function of the
probability of its state.”'' Thus, Einstein’s route to his revolu-
tionary result was to express the entropies of samples of a gas and
radiation by means of the relatively new probabilistic ideas that
came from the work of the Austrian physicist Ludwig Boltzmann.

The order-disorder idea associated with entropy can also be
expressed in terms of probabilities. Order is associated with low
probability; disorder with high probability. There are many,
many different ways that items can be randomly thrown about a
room to produce a disordered room or a sloppy room. With
many ways to make a room sloppy, the most likely state of a
room is sloppiness. Sloppiness is a high-probability state. By con-
trast, if there is a proper place for every item in a room, then out
of all the many ways the items can be arranged, there is just one
arrangement whereby each item is in its proper place. When each
item is in its proper place, it is an ordered room; an ordered
room is a low-probability state.

Boltzmann, who believed in atoms long before many of his
contemporaries, explicitly expressed entropy in terms of order-
disorder, that is, in terms of probabilities. Einstein asked exactly
the same question: What is the change in entropy when a sample
of gas, made up of randomly and independently moving atoms,
is taken from a volume V, to a smaller volume V? To answer
in Boltzmann’s terms, Einstein had to ask: What is the probabil-
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ity of all the atoms of a gas, contained in the large volume Vj,
suddenly finding themselves in a smaller portion of V, with the
volume V? The answer is (V/Vo)N, where the exponent N is the
number of discrete, individual atoms in the sample. By means
of the Boltzmann Principle, Einstein’s result went from V/V, to
(VIVo)N. When this latter result is brought into the expression for
the change in entropy of a sample of gas as its volume changes
from V; to V, it brings with it the exponent N, an inherent ele-
ment of discreteness.

Up to this point, Einstein used information about the entropy
of gases and radiation that was commonly known among scien-
tists. Boltzmann’s Principle was new, but it was known and avail-
able for Einstein’s use. From this point on, however, Einstein was
guided by his own intuition. With uncommon daring, he forged
ahead.

First, Einstein tacitly assumed he could apply the same proba-
bilistic approach to a sample of radiation as he had to a gas. Sec-
ond, since the entropies of a sample of gas and a sample of radia-
tion, determined by the older standard method, depended on
their volumes in exactly the same ways, he assumed the entro-
pies, determined by Boltzmann’s newer probabilistic approach,
would also depend on volumes in exactly the same way. So, with
(VIVo)N in his mind, he asked for radiation the same question he
had asked for gases: If radiation, with a total energy E, is con-
tained in a volume V,, what is the probability that all the radia-
tion energy will suddenly find itself contained in one small part
of the volume of Vy, that is, in a smaller volume V? By analogy
with his result for gases, Einstein intuits that the probability is
(VIV,)" where a new exponent n replaces the earlier exponent N.
N is the number of discrete atoms; 7, said Einstein, is the number
of discrete light quanta. Each light quantum, continues Einstein,
has an energy equal to hv. (Einstein did not use the symbol 5,
rather he used a collection of constants that equal 5. I have used
b here both for simplicity and because it is more familiar.) In
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terms of light quanta, the total energy of the sample of radiation
is the energy of each quantum, hv, multiplied by the total number
of quanta present, n, or E = nhv where b is Planck’s constant and
v is the frequency of the light.'? Einstein then writes:

From this we further conclude: . . . radiation . . . behaves thermo-
dynamically as if it consisted of mutually independent energy
quanta of magnitude RBv/N. [RBv/N is equivalent to hv.]'3

Could Einstein conclude his March paper with this startling re-
sult? Einstein did not prove his hypothesis that light was particu-
late. And he knew this: the “as if” tacitly acknowledges the ab-
sence of proof. Certainly Einstein could not end the paper with
this unfounded conclusion because he had not fulfilled the prom-
ise of his title: “a heuristic point of view.” In fact, Einstein goes
on to demonstrate that there are good reasons to accept his con-
clusion. He goes on to show that a particle view of light could re-
solve outstanding puzzles: Stokes’s Rule, the photoelectric effect,
and gaseous ionization.

Of the three applications that Einstein makes to demonstrate
the “heuristic” value of his particle theory of light, it is the pho-
toelectric effect that is most closely identified with the March
paper. When light shines on a metal, electrons, called photo-
electrons, can be ejected from its surface. Sometimes electrons
are ejected; sometimes they are not. Experiments on the photo-
electric effect produced some specific results, which were pub-
lished in 1902. For example, bright light shining on a metal ejects
a greater number of electrons than dim light, but surprisingly, the
kinetic energy of the ejected electrons does not change as the
light’s brightness changes. Finally, for any particular metal, illu-
minated by a particular light source, the kinetic energies of the
ejected electrons never exceed a particular maximum. These ob-
servations could not be explained by physicists adhering to the
wave model for light.
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Einstein’s particle theory of light applied to the photoelectric
effect was beautifully successful and stunningly simple. Of the
three applications Einstein made, the photoelectric effect pro-
vided the most persuasive evidence for Einstein’s particle view of
light.

The photoelectric effect was discovered in 1887 by Heinrich
Hertz, who was the same gentleman who proved that light was
electromagnetic waves, ironically. But for the photoelectric ef-
fect, continuous waves cannot do the job. As Einstein wrote,

The usual conception, that the energy of light is continuously dis-
tributed over the space through which it travels, meets with espe-
cially great difficulties when one attempts to explain photo-elec-
tric phenomena. . . . According to the view that the incident light
consists of energy quanta, . . . the production of cathode rays
[photoelectrons] by light can be conceived in the following way.
The body’s surface layer is penetrated by energy quanta whose en-
ergy is converted at least partially into kinetic energy of the elec-
trons. The simplest conception is that a light quantum transfers
its entire energy to a single electron; we will assume that this can
occur.'

The wave theory of light fails the instant light strikes the sur-
face of a metal. At its core, the problem is again one of continuity
versus discontinuity. Experimentation later showed that, in the
photoelectric effect, electrons are ejected from a metal’s surface
immediately. A light wave cannot do this. Simply put, a light
wave, with its energy continuously distributed all along the
wave, does not carry enough energy in that tiny portion of the
wave that actually comes into contact with a particular electron
on the metal’s surface to kick it out of the metal instantly. Con-
tinuous energy incident on discontinuous electrons fails in the
photoelectric effect. However, when the light energy is concen-
trated in a single particle—a single light quantum—that light
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quantum can collide directly with an electron, impart all or part
of its energy directly to the electron, and immediately send it fly-
ing out of the metal. Discontinuous energy incident on discontin-
uous electrons succeeds.

Einstein’s treatment of the photoelectric effect not only ac-
counted for all the facts known about it, his treatment also pre-
dicted new facts. When light is considered as particles, each par-
ticle carrying an energy, ¢ = hv, then the kinetic energy of the
ejected electrons should increase directly as the frequency of the
incident light increases; there should exist a cutoff frequency,
that is, a minimum frequency below which the light is unable to
eject electrons.

When Einstein completed the formal part of his paper and
concluded that light behaves “as if” it consisted of quanta, he
had not achieved his objective; however, with the application of
his particle view of light to the photoelectric effect, Einstein’s
light particles acquired a heuristic advantage.

The Response

Einstein’s application of the photoelectric effect was more than
successful. He anticipated qualitative and quantitative features of
the photoelectric effect whose details became known only later.
For example, the energy of Einstein’s light particles increase with
the frequency of the light: high-frequency violet light particles
(large v) carry more energy than low-frequency red light particles
(small v). This means that as the color changes from ultraviolet
to violet to green to red to infrared (decreasing frequency), at
some point there is a cutoff when the energy of the light particle
becomes too small to eject an electron. The “cutoff frequency”
was eventually verified by experiment. The speed with which the
electron leaves the metal should increase in direct proportion to
the light particle’s energy, that is, to its frequency. It had been
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qualitatively demonstrated that electron speeds varied with dif-
ferent light sources, but eventually Einstein’s precise predictions
were quantitatively verified. In fact, nothing in Einstein’s March
paper had to be altered.

The application of a particle model of light to the photoelectric
effect was indeed, as stated, both successful and simple. Today,
the photoelectric effect compellingly makes the case for a particle
view of light. But not in 1905. Physicists then, and for years to
come, refused to budge from their commitment to a wave theory
of light.

On July 6, 1907, Max Planck wrote a letter to Einstein:

I look for the meaning of the elementary quanta of action [light
quanta] not in a vacuum [the domain of continuous light waves],
but at points of absorption and emission, and I believe that
the processes in the vacuum are accurately described by the
Maxwellian equations. At least, I don’t as yet see any compelling
reason for departing from this assumption which, for the mo-
ment, seems to me the simplest one, and one which characteristi-
cally expresses the contrast between ether and matter.'

Or listen to Planck six years later in 1913, during the speech in
which he nominated Einstein for membership into the Prussian
Academy of Sciences in Berlin: “That sometimes, as for instance
in his hypothesis on light quanta, he may have gone overboard in
his speculations should not be held against him too much, for
without occasional venture or risk no genuine innovation can be
accomplished even in the exact sciences.”'® Eight years after the
publication of Einstein’s “heuristic viewpoint,” Planck was still
rejecting it.

An even more dramatic rejection came in 1916. In a series of
experiments, Robert A. Millikan confirmed in definitive fashion
all the predicted properties of the photoelectric effect that came
out of Einstein’s March paper. There was a cutoff frequency; the
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The straight line (with a slope of b) is predicted by Einstein’s theory. The
encircled points are data points as measured by Robert Millikan. The exper-
imental data points fall directly along the line, consistent with Einstein’s
theory.

kinetic energy of the ejected electrons did increase directly as the
frequency of the incident light increased. Was Millikan pleased?
No, he was chagrined. Eleven years after Einstein’s 1905 March
paper, Millikan published his experimental results confirming
Einstein’s predictions. He wrote: “We are confronted, however,
by the astonishing situation that these facts were correctly and
exactly predicted nine years ago by a form of quantum theory
which has now been pretty much abandoned.”'” In this same
paper, Millikan also characterized Einstein’s paper as a “bold,
not to say reckless, hypothesis of an electro-magnetic light cor-
puscle of energy hv, which . . . flies in the face of thoroughly
established facts of interference.”'® A year later, after again
acknowledging that “the equation of Einstein seems to us to
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predict accurately all the facts which have been observed,”"
Millikan goes on to write:

Despite then the apparently complete success of the Einstein equa-
tion [for the photoelectric effect], the physical theory on which it
was designed to be the symbolic expression is found so untenable
that Einstein himself, I believe, no longer holds to it, and we are in
a position of having built a very perfect structure and then
knocked out entirely the underpinning without causing the build-
ing to fall. It stands complete and apparently well tested, but
without any visible means of support. These supports must obvi-
ously exist, and the most fascinating problem of modern physics
is to find them. Experiment has outrun theory, or, better, guided
by erroneous theory, it has discovered relationships which seem to
be of the greatest interest and importance, but the reasons for
them are as yet not at all understood.?

Millikan was wrong in rejecting Einstein’s corpuscular theory of
light, and he was also wrong about Einstein. One year before
Millikan’s claim that Einstein had abandoned the quantum the-
ory of light, Einstein wrote a letter to Michele Besso in which
he said that the existence of “the light quanta is practically
certain.”?!

Einstein’s confidence was not bolstered by the support of other
physicists. Even Niels Bohr, one of the strong advocates of the
quantum, spoke out against light quanta in his 1922 Nobel Prize
address: “The hypothesis of light-quanta . . . is not able to throw
light on the nature of radiation.”?* Compare Bohr’s statement to
Einstein’s early anticipation of wave-particle duality in 1909:

I have already attempted earlier to show that our current founda-
tions of the radiation theory have to be abandoned . . . It is my
opinion that the next phase in the development of theoretical
physics will bring us a theory of light that can be interpreted as a
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kind of fusion of the wave and the [particle] theory . . . [The]
wave structure and [the] quantum structure . . . are not to be con-
sidered incompatible.??

It was not until 1923, through the work of Arthur Compton at
Washington University in St. Louis, that Einstein’s light-particle
idea was made undeniably plain to physicists. In his telling ex-
periments, Compton set out to study how X-rays and gamma
rays are scattered by matter.”* Gamma rays and X-rays are very
high frequency light and, if Einstein is to be believed, very high
energy X-ray particles. Compton discovered that when X-rays
“hit” an electron, a collision occurs that is exactly like the colli-
sion between two billiard balls. Compton’s experiment provided
compelling evidence for physicists and, after seventeen years,
Einstein’s basic light-quantum idea became respectable.

Contemporary physicists regard the photoelectric effect as
such a vivid testimony to the particle nature of light that they
typically refer to Einstein’s March paper as “the photoelectric ef-
fect paper.” They could refer to it just as accurately as “the
Stokes’s Rule” paper. As is frequently the case, however, the his-
tory invoked by physicists is sometimes misleading, and this is an
example. The March paper was the “particle theory of light” pa-
per. The significance of the particle theory of light goes far, far
beyond the photoelectric effect—the photoelectric effect merely
provided evidence in favor of it.

In 1926, one year before the theory of quantum mechanics
was completed, Gilbert N. Lewis introduced the term “photon,”
which subsequently became the name for Einstein’s light particle.
With the completion of quantum mechanics, the photon soon be-
came indispensable. In the quantum theory of fields and in quan-
tum electrodynamics (QED), the photon is the means by which
electric charges interact with each other; in short, the photon is
the mediator of electromagnetic forces. One century after Ein-
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stein made the audacious suggestion that light is a particle, the
photon plays many roles in physics. Today, Einstein’s light parti-
cle is indispensable.

Einstein submitted his March paper to the editors of Annalen
der Physik on the seventeenth of that month. Near the end of his
life, he was still thinking about light quanta. In a letter to Besso,
Einstein acknowledged that after fifty long years of “conscious
brooding” over the question “What are light quanta?” he was no
closer to the answer.?






A New Determination

of Molecular Dimensions
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Einstein’s doctoral dissertation was completed on April 30, 1903,
but not published until 1906. It was published in Annalen der
Physik, volume 19, pages 289-305.
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Albert Einstein in 1929, the year he received the Planck Medal.




April

Molecular Dimensions

To appreciate Einstein’s doctoral dissertation, it must be exam-
ined in the context of its era and in the context of Einstein’s May
paper. The famous May paper is always included in the lineup of
great papers that seemed to pour out of Einstein during his in-
credible year. Einstein’s April paper, however, is largely ignored.
This is an unfortunate oversight for several reasons. First, Ein-
stein’s April paper fed directly into his May paper. Second, his
dissertation reveals an aspect of Einstein’s mind not apparent in
his other papers; it shows a different side of Einstein. Finally,
there is a human-interest angle to Einstein’s dissertation: Ein-
stein’s road to a dissertation acceptable to the authorities almost
ended in failure.

Einstein completed his dissertation on April 30, but he did not
submit it to the University of Zurich for almost three months.
There is a possible explanation for this three-month delay. It may
well be that in April and May, Einstein had abandoned his hope
of getting a doctorate and considered his April paper to be just
another paper. In fact, two years earlier, Einstein had essentially
given up his quest for an advanced degree. On January 22, 1903,
he wrote to his friend Michele Besso, “I will not go for a doctor-
ate, because it would be of little help to me, and the whole com-
edy has become boring.”!

Was Einstein’s pursuit of a doctorate really a comedy? Only if
comedy becomes the means of coping with sustained travail and
disappointment. In October 1900, Einstein began a dissertation
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in Professor Heinrich Weber’s laboratory at the Zurich Polytech-
nic on the thermoelectric Thompson effect. For reasons un-
known, this research effort did not work out, and his first disser-
tation attempt was a failure. After this, and with no apparent
supervision, he began work on a second dissertation, this time on
attractive forces between molecules in liquids, and in November
1901, he submitted it to Professor Alfred Kleiner at the Univer-
sity of Zurich. He wrote to his future wife Mileva Mari¢ on No-
vember 28 “that he won’t dare reject my dissertation.”? His dis-
sertation was rejected nevertheless and three months later the
fees associated with the dissertation procedure were returned.

Einstein’s 1903 boredom was not permanent; however, there
were two more acts in Einstein’s dissertation comedy. In the sum-
mer of 1905, Einstein once again set the doctoral wheels in mo-
tion by submitting a dissertation. According to his sister, Maja
Einstein, he first submitted his recently completed paper on the
theory of relativity (the June paper). It was rejected. Maja sug-
gested that her brother’s third failure was because the content
of the relativity paper “seemed a little uncanny to the decision-
making professors.”® With this third rejection the comedy nears
an end.

In the summer of 19035, Einstein had an abundance of poten-
tial dissertation candidates: the March, April, May, and June pa-
pers. With the June paper rejected, Einstein picked his earlier
April paper, which, he thought, was void of any novel or startling
ideas that could offend his professors. In addition to the strange
content of the June relativity paper, it was entirely theoretical. In
1903, theoretical physics was still something of a novelty. Many
physicists still thought that all physics should be experimental.
So Einstein made a strategic choice: the April paper was not spec-
ulative, and it was directly connected to experiment. He again
submitted a dissertation to Alfred Kleiner of the Zurich fac-
ulty on July 20, 1905. Kleiner circulated Einstein’s dissertation
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among the members of the physics faculty along with his com-
ments: “The arguments and calculations are among the most dif-
ficult in hydrodynamics and could be approached only by some-
one who possesses understanding and talent for the treatment of
mathematical and physical problems, and it seems to me that
Herr Einstein has provided evidence that he is capable of occupy-
ing himself successfully with scientific problems.”* At this point
in Einstein’s dissertation saga, the last act of the comedy occurs.
Either before or after Kleiner circulated Einstein’s dissertation, he
returned it to Einstein because it was deemed too short. Accord-
ing to Einstein, he added one sentence, after which it was imme-
diately accepted. (There is some uncertainty about this last step
in the Einstein dissertation story: Einstein apparently told this
story to his biographer Carl Seelig.) Einstein’s laughter must have
rung out when the curtain fell on the five-year comedy.

In the overall context of Einstein’s work, his dissertation
stands apart. Einstein’s professional papers are characterized by
his penetrating insights into foundational issues, his arrival at
those insights by a clever route, and his expression of those in-
sights in formal ways that were often simple. Einstein’s papers
were often based on idealized physical systems and did not lead
quickly to practical applications. With a few exceptions, Ein-
stein’s papers were not highly mathematical. By contrast, in his
dissertation he focused on a liquid solution that required consid-
erable mathematics and, as Kleiner implied, involved “difficult”
calculations. Whereas the April paper did demonstrate Einstein’s
keen insight and while there were certainly clever aspects to it,
his approach was vigorous, at times even forceful. Finally, his
dissertation stands apart because it stimulated numerous practi-
cal applications, which explains why it is one of Einstein’s most
cited papers.

His dissertation also prepared the way for his May paper. The
basic concepts Einstein employed in April were utilized again in
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May. Just ten days after he finished his April paper, he submitted
his May paper on Brownian motion for publication.

The Setting

The idea that all material is made up of atoms seems incontro-
vertibly ancient. It is true that atomism, the idea that matter con-
sists of irreducible entities called atoms, goes back to the ancient
Greeks. Indeed, ever since Leucippus and his student Democri-
tus proposed the idea of atoms in the fifth century B.C., atoms
have hovered in the minds of scientists—sometimes center stage,
sometimes in the wings. However, the idea of atoms is one thing;
an empirical, scientifically compelling case for atoms is quite an-
other. In the early nineteenth century, chemists were successful in
establishing laws by which the chemical elements combined to
form molecules. The work of John Dalton, for example, strongly
implied the existence of atoms. However, such inferential evi-
dence was not sufficient cause for some scientists—chemists and
physicists—to adopt an atomic view of matter. It was not until
the early years of the twentieth century that an atomic theory
was realized based on experimental evidence tied together by co-
herent theoretical constructs. In 1905, in spite of the discoveries
of radioactivity and the electron, there remained a few reputable
scientists who still regarded the evidence for atoms as insufficient
to justify their belief.

We might suppose that the anti-atomists were second-rate sci-
entists. Not so. In fact, those who did not accept the concept of
atoms formed a small but impressive group that included, among
others, the chemists Marcellin Berthelot (1827-1907), Wilhelm
Ostwald (1853-1932, Nobel Prize 1909), Jocobus Hendricus
Van’t Hoff (1852~19171, Nobel Prize 1901), the physicist Ernst
Mach (1838-1916), and the mathematician and physicist Henri
Poincaré (1854-1912). Some were strongly opposed, others less
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so. The issue for them was twofold. First, there was a paucity
of evidence that the skeptics regarded as an acceptable substi-
tute for the direct observation of atoms. Second, there were
strongly held philosophical views as to what constituted proper
science. The anti-atomists’ position was that science should be
based exclusively on concrete empirical facts; conceptual ideas
and hypotheses, they thought, corrupted science and therefore
should be eliminated from the scientific canon. In principle, they
thought, atoms could never be seen and therefore would always
remain a hypothetical construct. Therefore, atoms were unac-
ceptable.

Einstein could not see atoms, but he believed in them. In this
belief, Einstein implicitly took issue with the philosophical posi-
tion of those like Ernst Mach who rejected the atomic theory of
matter. Later, in his “Autobiographical Notes,” Einstein de-
scribed the influence of philosophical attitudes on science:

The antipathy of those scientists toward the atomic theory can in-
dubitably be traced back to their positivistic philosophical atti-
tude. This is an interesting example of the fact that even scholars
of audacious spirit and fine instinct can be obstructed in the inter-
pretation of facts by philosophical prejudices. The prejudice—
which has by no means died out in the meantime—consists in the
faith that facts by themselves can and should vyield scientific
knowledge without free conceptual construction.’

Einstein rejected this exclusively fact-based philosophy. Such a
philosophy constrained the creative mind which, he believed,
was capable of developing general laws that went beyond the de-
scription of known facts and, in the process, led to new knowl-
edge.

For some time Einstein had been thinking about atoms, think-
ing about how to demonstrate their existence in a convincing
fashion. In a March 17, 1903, letter to Michele Besso, Einstein
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asked this question: “Have you already calculated the absolute
size of the ions under the assumption that they are spheres and
that they are large enough to permit the application of the equa-
tions of the hydrodynamics of viscous liquids?”¢ In this letter,
Einstein described exactly what he would do two years later in
his dissertation.

The subject of Einstein’s doctoral dissertation confirmed his
belief in the atomic theory. Even more, his dissertation demon-
strated his desire to provide new evidence that would further
strengthen the atomic view. When Einstein proposed a particle
nature of light in his March paper, he put himself in opposition
to virtually the entire scientific community. There was solid una-
nimity about the nature of light and Einstein’s quantum view of
light was almost unanimously rejected. Einstein’s support of the
atomic hypothesis, however, did not put him in a stand-alone po-
sition. Most scientists by 1905 had accepted atoms as the basis of
the material world. Only a few skeptics remained. It was Ein-
stein’s dissertation and its sequel, the May paper, that stilled the
voices of the atomic skeptics.

The April 1905 Paper

By comparison with Einstein’s other 1905 papers, the April pa-
per has its feet solidly on the ground. There are no allusions to
grand themes such as continuity versus discontinuity. There is no
contradiction identified that challenged existing physical theory.
There are no allusions to fundamental misconceptions.

The first sentence of the April paper read as follows:

The earliest determinations of the real sizes of molecules were
made possible by the kinetic theory of gases, whereas the physical
phenomena observed in liquids have thus far not served for the
determination of molecular sizes.”
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Using gaseous samples, atomic diameters had been determined
to be in the range of 1 to 4 Angstroms (1 Angstrom = 1 X 1078
centimeter [cm]). Since several atoms come together to form mol-
ecules, their dimensions would be somewhat larger. Einstein
sought to determine molecular size in liquids.

In the first paragraph of his paper, Einstein describes his
strategy:

It will be shown in this paper that the size of molecules of sub-
stances dissolved in an undissociated dilute solution can be ob-
tained from the internal friction [viscosity] of the solution and the
pure solvent and from the diffusion [rate] of the dissolved sub-
stance within the solvent.®

The key words are viscosity and diffusion. All liquids (and gases)
possess a property called viscosity that is expressed in terms of a
coefficient of viscosity. A liquid’s viscosity is the measure of the
resistance an object confronts when moving through it. Molasses
is more viscous than water. Diffusion occurs when there is an un-
even concentration of a dissolved substance in a liquid (or gas).
The dissolved substance diffuses from a region of high concentra-
tion to a region with lower concentration.

Liquids are inherently messy; they are complicated and, with-
out simplifying assumptions, they defy quantitative analysis. But
it was to a liquid that Einstein directed his attention for his dis-
sertation topic. More specifically, Einstein considered a solution
in which a material was dissolved in a pure liquid. Because of
data available to him, Einstein applied the results of his analysis
to a solution of sugar dissolved in water. The question he wanted
to answer was, “What is the dimension of the sugar molecule?”

Einstein first considered viscosity. He pictures the sugar mole-
cules as little round balls. Each sugar ball is surrounded by water
and these imaginary balls travel through the water. But the sugar
molecules do not glide through the water freely. Just as friction
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impedes the motion of a book sliding across the floor, the viscos-
ity of water impedes the motion of a sugar molecule.

Einstein broke his problem into two parts. First, in his imagi-
nation, he considered the flow of molecules in a pure liquid. If
the static pressure of the liquid increases, say, from right to left,
the liquid will move toward the low-pressure region, from left to
right. This left-to-right motion of the liquid molecules will be op-
posed by the viscosity of the liquid. A liquid’s viscosity can be
measured and the result of the measurement is called the liquid’s
coefficient of viscosity.

Next, Einstein imagined the addition of sugar to the water. Of
course, the sugar would dissolve in the water and its addition
would change the viscosity from that of pure water. Einstein
made a number of assumptions to simplify the analysis. For ex-
ample, he assumed that relatively few sugar molecules were dis-
solved in the water; in other words, it was a dilute solution. He
assumed that the sugar molecules could be treated like spheres
that were larger than the surrounding molecules of the liquid.
There is a bit of irony here: his objective was to determine the
size of the discrete sugar molecules, but in treating the water
molecules as small in comparison to the sugar molecules, he ef-
fectively treated the surrounding water as a continuous me-
dium—discontinuity in continuity.

With these simplifying assumptions guiding his thoughts, Ein-
stein considered the flow of the sugar molecules, assumed to
be spherical, through the surrounding liquid. Once again, the
spheres will move through the liquid in response to a pressure
variation and that motion will be opposed by the viscosity. How-
ever, as stated, the viscosity with the spheres dissolved in the lig-
uid is different from that of the pure liquid. Einstein was able to
derive a relationship between the two viscosities in terms of the
total volume occupied by the dissolved molecules.

The relationship Einstein derived between the two viscosities
contained two unknowns. The two viscosities themselves could
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be measured. The unknowns in Einstein’s relationship were Avo-
gadro’s number, which was not known very accurately in 1905,
and the radius of the dissolved spheres (the sugar molecules),
which was what Einstein wanted to know.

At this point, Einstein had one relationship with two measur-
able viscosities and two unknowns. As students of algebra know,
one equation with two unknowns cannot make known the un-
knowns. A second equation, with the same two unknowns, was
needed.

After viscosity, Einstein considered diffusion. First, I'll provide
an example of diffusion. If a bottle of strongly aromatic perfume
is opened in a small room, the smell of the perfume is soon no-
ticeable throughout the room. This is because of diffusion. The
perfume molecules are most concentrated above the bottle and
the perfume molecules diffuse from the bottle (high concentra-
tion) to other parts of the room (lower concentration). The diffu-
sion process continues until the concentration of perfume mole-
cules is uniform throughout the room.

Now back to the April paper. Once again consider a dilute so-
lution of sugar dissolved in water. The sugar molecules are large
in comparison to the water molecules. Einstein imagined a force
acting on the sugar molecules, a force acting toward the left. As a
result of the leftward acting force, the sugar molecules will move
toward the left and, as they do so, the concentration of sugar
molecules will increase on the left relative to the right. With the
sugar concentration increasing from right to left, the diffusion of
sugar molecules will take place left to right, that is, from high to
low concentrations. One can imagine an equilibrium situation in
which the number of sugar molecules moving to the left (because
of the applied force) equals the number of sugar molecules mov-
ing to the right (because of diffusion). From this equilibrium con-
dition, Einstein was able to determine the diffusion coefficient for
sugar molecules in water.

The diffusion coefficient for a sugar solution can be measured.
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Einstein’s expression for the diffusion coefficient again contained
two unknowns: Avogadro’s number and the radius of the dis-
solved sugar molecules. Since both the coefficient of viscosity and
the diffusion coefficient could be determined experimentally,
Einstein had two equations and two unknowns that he easily
solved. He determined that N = Avogadro’s number = 2.1 X
10* and that the radius of the dissolved sugar molecule was 9.9
X 1078 cm.

Avogadro’s number was not known with any great accuracy in
1905, but all methods for determining this important number
hovered around 10, so Einstein’s theoretical value was very rea-
sonable. Also, his result for the size of sugar molecules was in
agreement with other estimates of molecular size. On April 30,
19035, Einstein had every reason to be confident in his results.

The Response

Einstein’s dissertation was accepted in the summer of 1905 and
with that, Mr. Einstein became Dr. Einstein. The story of Ein-
stein’s dissertation, however, was not over. When his dissertation
was accepted by the professors at the University of Zurich, Ein-
stein sent it to the editor of Annalen der Physik for publication.
However, it was not published until 1906. The editor, Paul
Drude, knew of some viscosity and diffusion data that were more
accurate than the data Einstein had used in his dissertation.
Using his editorial prerogative, Drude asked Einstein to make use
of the improved data. Einstein did this in an addendum to his
original manuscript and with that, his paper was published.

In 1909, a French physicist, Jean Perrin, was working on the
implications of Einstein’s May paper on Brownian motion and
wrote to Einstein with a question. Einstein referred him to his
dissertation, the April paper, which was available in the journal
Annalen der Physik. Perrin put a student, Jacques Bancelin, to
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work on an experiment that was based on Einstein’s dissertation.
Instead of using sugar, however, Bancelin suspended precisely
prepared microscopic mastic globules with known radii in the
water. When Bancelin compared his results with Einstein’s the-
ory, there was a discrepancy. In response, Einstein repeated his
calculations, could find no error, and was unable to resolve the
discrepancy. He asked a Zurich physicist, Ludwig Hopf, to look
at his calculations to see if there were any errors. Hopf found a
mistake, which Einstein corrected and sent to the editor of
Annalen der Physik with the experimental results obtained by
Bancelin. In the end, the theory presented in Einstein’s disserta-
tion and the best experimental data available were in beautiful
agreement. And with that, his dissertation finally was behind
him.

Einstein’s dissertation provided a way to determine molecular
dimensions in a liquid. This did not, in and of itself, enable the
atomic skeptics to see or to touch an atom or a molecule. How-
ever, it did provide additional evidence, this time evidence from
liquids, for the atomic theory. More significant, Einstein’s May
paper on Brownian motion is a direct descendent of his disserta-
tion and, as we shall see, when the April and May papers are
considered together, the case for atoms becomes convincing.

As stated earlier, Einstein’s April paper had a more applied
character than did his other 1905 papers. Because of this, the
theory laid out in his dissertation has been applied in many prac-
tical ways ranging from analysis of the motion of sand particles
in cement mixes to the motion of casein micelles in cow’s milk
and the motion of aerosol particles in clouds.” These many appli-
cations mean that Einstein’s April paper is cited often. One indi-
cator of the influence of a scientific paper is how frequently other
scientists refer to it in their own papers. Which papers written
before 1911 from all the sciences are most frequently cited fifty
years later? For the fourteen-year period from 1961 to 1975, the
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eleven most frequently cited papers written before 1911 include
four papers written by Einstein. His April paper was third on the
list. No other scientist had two papers on the list. The fourth pa-
per on the list is Einstein’s May paper on Brownian motion. The
other two Einstein papers on the list are a 1911 paper (number
five) and a 1910 paper (number eleven).!?

This list is surprising but also misleading. It is surprising be-
cause Einstein’s April and May papers are certainly not as well
known as his June paper on the theory of relativity. And the
March paper was certainly more revolutionary than either his
April or May paper. Why aren’t the March and June papers on
the list? Einstein’s quantum paper and his relativity paper under-
gird much of modern physics. As such, they are so important that
they are taken for granted. When a paper is so important that it
could be cited in almost every paper, it is cited in almost no pa-
per. That explains why Einstein’s March and June papers do not
appear on the citation list.

Einstein’s April paper, which by default became his disserta-
tion, does not rank with either the March or the June paper. But
as the basis for the May paper on Brownian motion, Einstein’s
April paper stands comfortably in the company of the other

190§ papers.



On the Movement of Small Particles
Suspended in Stationary Liquids
Required by the Molecular=Kinetic
Theory of Heat

A. Einstein

The paper was received by the editor of Annalen der Physik on
May 11, 1905, and published that same year in Annalen der
Physik, volume 17, pages 549—560.
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Albert Einstein in 1932, the year he was appointed a professor at
the Institute for Advanced Study in Princeton, N.]. His original
plan was to divide his time between Princeton and Berlin. How-
ever, one year later, he left Germany for the United States, arriving
in Princeton on October 17, 1933. Einstein lived in the United
States for almost twenty-two years, but in many ways he remained
a European.




May

“Seeing” Atoms

Einstein begins his May paper with this sentence:

It will be shown in this paper that, according to the molecular-
kinetic theory of heat, bodies of microscopically visible size sus-
pended in liquids must, as a result of thermal molecular motions,
perform motions of such magnitude that these motions can easily
be detected by a microscope.’

When words are composed for publication in a scientific journal,
they are typically written in a formal, bland, and often boring
style. Einstein’s papers were formal, perhaps bland, but they
were certainly not boring. Behind Einstein’s formal language in
the first sentence of his May paper was a ferocious mental image
based on a supposition he took for granted, but, in the strictest
sense, remained a supposition. The supposition was that all mat-
ter consisted of individual atoms or molecules. Einstein believed
this. The mental image was of a serene liquid filling a container;
however, Einstein’s attention was not on its external serenity, but
on its internal chaos. He saw a churning cauldron of molecules
moving rapidly in all directions, banging into each other and
crashing into the container’s walls. Most important, pollen parti-
cles, visible through a microscope, were suspended in the liquid,
and the unseen liquid molecules mercilessly bombarded the in-
truding pollen particles and set them in motion along random
zig-zagging paths called Brownian motion. It was a compelling
image.

57
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In the second paragraph of this paper, Einstein lays bare the
issues:

If it is really possible to observe the motion to be discussed here,
along with the laws it is expected to obey, then classical thermo-
dynamics can no longer be viewed as strictly valid even for micro-
scopically distinguishable spaces, and an exact determination of
the real sizes of atoms becomes possible. Conversely, if the predic-
tion of this motion were to be proved wrong, this fact would pro-

vide a weighty argument against the molecular-kinetic conception
of heat.?

Once again, the issues were profound. In the March paper Ein-
stein tackled continuity versus discontinuity. In the May paper it
is atoms versus thermodynamics. On the one hand, if Brownian
motion is observed, as Einstein, by means of this May paper, tac-
itly assumes it will be, then the validity of thermodynamics is
limited. Thermodynamics, the physical theory that is generally
concerned with all thermal phenomena, is one of the great theo-
ries of physics. The three laws of thermodynamics were solidly
supported by experiment. To limit the absolute validity of the es-
tablished theory of thermodynamics has major implications. On
the other hand, if Brownian motion is #ot observed, then the ex-
istence of atoms is in grave doubt. Did matter consist of atoms
and molecules, or did it not? Whatever the outcome, the conse-
quences of Einstein’s May paper carried enormous significance
for physics. Einstein had a nose for the big issues, and the stakes
were high.

The Setting

Einstein’s professional career advanced in stages. He was about
halfway through the first stage of his career in 1905, still outside
the community of physics working at the patent office in Bern,
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Switzerland. In short, the patent office was not an environment
conducive to scientific debate. Also, Einstein was only twenty-six
years old in 1905 and largely unknown, so he did not receive
letters from other well-established physicists who might have
alerted him to important new developments. Finally, add to this
mix Einstein’s penchant for working alone and it becomes clear
why his publications typically contained so few references to the
scientific literature. These facts also explain why Einstein seemed
unaware of things he might have been expected to know.

Einstein’s May paper demonstrates his detachment from the
active science community. In this paper Einstein cites just one ref-
erence. Although he explicitly acknowledged that he was aware
of the existence of Brownian motion, he also confessed he had
little information about it. For Einstein, the May paper was
about “the movement of small particles suspended in stationary
liquids,” which, he stated, might be Brownian motion. It was
only later that Einstein’s May paper came to be called the
“Brownian motion” paper.

Brownian motion is named for the English botanist Robert
Brown. This phenomenon, which was observed by others be-
fore Brown, is the zig-zagging random motion of tiny particles,
such as pollen particles, that is observed when the particles are
suspended in a liquid. The zig-zag motion typically is not seen
with the unaided eye; a microscope is required. In 1828 Brown
showed that these zig-zagging particles were not living organ-
isms. Prior to Brown’s experiments, these moving particles were
thought to be some kind of life form, “animalcules,” propelling
themselves through the liquid.> Brown sprinkled finely ground
inorganic matter like finely ground glass, metals, and rocks into a
liquid and the same herky-jerky motions of the inorganic parti-
cles were observed. If Brownian motion was not biological in ori-
gin, then the causes were clearly physical and a physical explana-
tion was called for.
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Why did Einstein choose to analyze the motion of small parti-
cles suspended in a liquid? To begin, Einstein believed in atoms
and he saw in this peculiar motion of tiny particles a way to con-
vince those scientists who still rejected the idea of atoms. But also
his approach to this phenomenon was a logical extension of both
his April paper and his earlier work on statistical fluctuations, as
well as his earlier work that implicitly raised fundamental ques-
tions about the nature of physical reality.

According to the atomic theory, the atoms in a gas or liquid
are in random, ceaseless motion. (In solids, atoms are located at
particular sites and their motions are constrained to the immedi-
ate region around their particular sites.) The observed properties
of a gas or liquid are a product of the unseen randomness in the
behavior of its constituent atoms. More accurately, the observed
properties of a gas are determined by the average behavior of its
constituent atoms. However, in any random system, fluctuations
can occur during which the random elements making up the
larger system depart from their average behavior. Earth’s atmo-
sphere is a system whose behavior is driven by a number of influ-
ences that are inherently random in nature—including the ran-
dom motion of the molecules making up the atmosphere. For
example, an unusual number of molecules in the atmosphere
can move into a localized region, which results in a high-pressure
region. Of course, the opposite can occur and low-pressure re-
gions result. High-pressure and low-pressure regions come and
go. When the atmosphere behaves in an average way, average
weather patterns are observed. When an extended period of un-
usual weather occurs, a series of days with temperatures well
above or below average, a fluctuation is responsible.

Einstein recognized that since randomness was an inherent
consequence of the atomic theory of matter, fluctuations had to
be an inherent part of atomism. The basic macroscopic proper-
ties of a gas that we measure, properties like the temperature of
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the gas, the pressure of the gas, and the volume of the gas, are the
properties that essentially define the sample of gas. For example,
a defining property of a gas is its temperature, which is deter-
mined by the average speed of the unseen molecules making up
the gas. Another defining property of a gas is its pressure, which
is determined by molecules colliding with the walls of the con-
tainer: the more often and the harder they bang into the wall, the
higher the pressure. As long as the atoms behave in their average
way, then the temperature and pressure remain reliable, stable
properties of the gas. However, if there are fluctuations during
which atoms deviate from their normal behavior and if the fluc-
tuations are large, then it raises questions about the stability of
measured properties and, in the process, raises basic questions
about classical thermodynamics.

Consider Newtonian gravitation. Newton’s gravitational force
law describes the attractive force that holds Earth to the Sun.
This force depends on three fixed parameters: the mass of the
Sun, the mass of Earth, and the distance separating them. This
force is independent of what the molecules making up Earth or
the Sun are doing. No fluctuations compromise this law. New-
ton’s gravitational force law is stable. By contrast, the laws of
thermodynamics apply to material systems with their underlying
atomic randomness. According to the second law of thermo-
dynamics, for example, the entropy of a material system will
always increase. But fluctuations can occur within localized
regions of a system and, in that region, the entropy could tempo-
rarily decrease. This raises a question: Are the laws of thermody-
namics generally true or, as Ludwig Boltzmann argued, are they
true only in a statistical sense? This was the issue Einstein re-
ferred to at the beginning of the paper.

As in all statistics, the larger the number being averaged, the
more stable is the average. In any sample of a gas or liquid, the
number of molecules is so enormous that departures from aver-
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age behavior are not to be expected. In fact, the leading authori-
ties in statistical physics, Ludwig Boltzmann and ]. Willard
Gibbs, maintained that departures from average behavior would
never be observed. This is essentially equivalent to saying that
statistical fluctuations cannot be observed. Einstein did not ac-
cept this conclusion and sought the physical means to demon-
strate and to observe statistical fluctuations.

Einstein believed the zig-zagging motion of tiny particles sus-
pended in a liquid was the result of statistical fluctuations in the
motions of the liquid’s molecules. So “Brownian motion” was
the physical means Einstein sought; even more, it was a means to
answer not one, but three basic questions of physics. Atoms, yes
or no? Statistical fluctuations, yes or no? The laws of thermody-
namics: are they absolute or statistical? The answers to these
three questions were conditioned on four “ifs:” If Einstein could
successfully develop a theory to describe the motion of particles
suspended in a liquid, if that theory was based on the statistical
fluctuations in the random motions of liquid molecules, if the
theory was experimentally testable, and finally, if experimental
results were in accord with Einstein’s theory, then the three an-
swers would be: Atoms? Yes. Statistical fluctuations? Yes. And
the laws of thermodynamics? Statistical.

One of the most provocative elements in the setting for Ein-
stein’s May paper was the kinetic theory of heat. The image of a
gas provided by the kinetic theory made gases an attractive target
for analysis. The image of a liquid provided by the kinetic theory
is very much the same as for gases, that is, molecules of the liquid
moving about randomly, colliding into each other and with any-
thing else that gets in their way. However, the molecules of a lig-
uid are, on average, much closer to each other. Because of their
closeness, they interact with other nearby liquid molecules. This
interaction makes liquids a more challenging system to analyze
and understand. The image of a liquid with its random molecular
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motion invited speculation about Brownian motion. Some scien-
tists envisioned water molecules banging into a suspended pollen
particle and moving it; other scientists regarded the suspended
particle as too massive to be influenced by a molecular collision.

The setting for Einstein’s May paper was profoundly substan-
tial: atoms, statistical fluctuations, and classical thermodynamics
hung in the balance. The setting was timely: his dissertation pre-
pared the way. With Einstein able to draw material from the
April paper for the May paper, a mere ten days elapsed between
the time he finished the former and the time he submitted the lat-
ter for publication. The setting was challenging: establishing the
reality of atoms and getting them accepted into the canon of sci-
ence as the building blocks of matter. And the setting was invit-
ing: the image of a liquid seething with molecular motion called
out to be examined as the possible cause of Brownian motion.

The May 1905 Paper

The mental image of fast-moving molecules bombarding a large
suspended particle is intriguing. But there are problems. Einstein
assumed that suspended particles, such as grains of pollen, had a
diameter of 1/1,000 millimeter (mm), that is, 0.0oo1 centimeters
(cm). In a molecular environment, Einstein’s particles are gigan-
tic. If we assume that a water molecule is a sphere (actually, a
rather bad assumption), its approximate diameter would be
about 1 X 107% cm, which is much, much smaller than a sus-
pended particle such as Einstein considered. In fact, a water mol-
ecule striking a suspended pollen particle is like a baseball with a
radius of 2.94 inches (7.47 cm) hitting a sphere with a diameter
of almost half a mile (2,450 feet). So each gigantic particle, sus-
pended in water, experiences a continuous barrage of irritating
pricks at virtually every point over its surface as tiny water mole-
cules hit and rebound from it.
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Each time a water molecule strikes the suspended particle, the
particle is given a push. To be sure, it is a tiny push because the
particle is so massive compared to the water molecule. On aver-
age, these tiny pushes are incident at all points over the particle’s
huge surface with the result that the total push in any one direc-
tion is balanced by the total push in the opposite direction. With
no net push, the particle sits still. But here is where fluctuations
make a difference. With regularity, thought Einstein, fluctuations
occur and the liquid molecules near the surface of the pollen par-
ticle move in an atypical fashion; that is, a group of molecules get
bunched together in a tight little package and, like a convoy of
trucks, they all move together in the same direction directly to-
ward a small region on the surface of the suspended particle.
When the packet of molecules collides with one small area on the
particle’s surface, the particle experiences an atypical push—both
larger and more unbalanced in one particular direction. As a re-
sult, the particle moves in that direction.

A departure from the normal way water molecules move, a
fluctuation in their motion, could move the suspended particle.
That is what Einstein believed. Fluctuations themselves are ran-
dom, so that the net pushes from the impacts of bunched liquid
molecules are random—first in one direction, then in another,
next in still another direction. The resulting motion of the sus-
pended particle is a random, zig-zagging motion through the
liquid.

It is not known exactly what mental images guided Einstein’s
thinking as he began his May paper on Brownian motion, of
course, but this general picture is plausible. What is known is
that Einstein wanted to develop a theory of Brownian motion
that would expose the atomic nature of the liquid and that could
be tested experimentally—quantitatively tested. If you imagine
peering through a microscope to watch the zig-zagging motion of
a suspended particle, what would you measure? Here again, Ein-
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stein’s genius displays itself. And the process “was like a conjur-
ing trick.”* A few scientific papers, not many, seem like magic.
Einstein’s May paper is magic.

Looking ahead, Einstein must have thought carefully about
how a theory that describes the motion of a particle suspended in
a liquid could be confirmed. He did not design a theory that
would have required the length of each little zig and each little
zag to be measured. He may have recognized that such a mea-
surement would have been exceedingly difficult. He did not de-
sign a theory that would have required the velocity of the pollen
particles to be measured as they move in their sequential zigs and
zags. Again, he may have recognized that that would be impossi-
ble. (Whether he knew it or not, attempts had been made to mea-
sure the velocity of Brownian particles. The attempts failed.) Ein-
stein focused on something different.

Einstein begins by showing that size makes no difference. A
liquid with suspended particles (like “large” particles of pollen)
could, for his purposes, be treated just as a liquid with dissolved
particles (like “small” sugar molecules). He did this by show-
ing that the osmotic pressure was the same for molecules dis-
solved in a liquid (as in his dissertation) or particles suspended in
a liquid (like pollen particles). “This consideration demonstrates
that . . . according to this theory [the molecular-kinetic theory of
heat], at great dilutions numerically equal quantities of dissolved
molecules and suspended particles behave completely identi-
cally.”’ By showing that dissolved sugar molecules and sus-
pended pollen particles could be treated similarly, he was able to
import work he had undertaken for his dissertation, completed
ten days earlier.

Next, Einstein considers the diffusion of the pollen-like parti-
cles suspended in the liquid in two ways. First, he employs an ap-
proach similar to the one he had used in his dissertation, that is,
he considers diffusion as the movement of particles from a high
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concentration region to a lower concentration region. When the
concentration of the suspended particles is uniform throughout
the liquid, the diffusion ceases. (This is equivalent to going from
a low-entropy condition to one of high entropy.) Opposing the
diffusive motion of the pollen-like particles is the viscosity of the
liquid. By taking these two opposing influences into account,
Einstein determines the amount of pollen-like particles trans-
ported through the liquid. Specifically, he ends up with a diffu-
sion coefficient identical to the one he had obtained in his disser-
tation.

Einstein’s second approach is to consider diffusion as the con-
sequence of the random motion of the suspended particles. How-
ever, as Einstein implies, the random motion of the pollen-like
particles is due to the random motions of the surrounding liquid
molecules. In any small increment of time, a pollen particle is
pushed a tiny distance by a gang of water molecules. Of course,
during the same time period, another pollen particle, located
elsewhere in the liquid, is also pushed some tiny distance. In a
random fashion, particles throughout the liquid are pushed this
way and that. In the same random fashion, however, any one
particle gets pushed again and again, which forces it along a zig-
zagging path. Einstein develops a way to calculate the average
distance moved by the pollen particles in an increment of time.

Einstein’s final result was an expression for the average direct
distance, from start to finish, that a particle would meander as it
zig-zagged along over a particular period of time. Actually, Ein-
stein simplified his final result, making it easier to test experimen-
tally. He reduced his final result to one dimension, which meant
that he expressed it in terms of the average distance a particle
would travel horizontally in a particular time. Instead of a result
that required the length of one zig or one zag to be measured,
Einstein produced a result that required only the horizontal dis-
tance of many zigs and zags to be measured. The simplicity of
this result endows it with the aura of magic.
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That result was expressed in terms of the temperature of the
liquid, T, the radii of the suspended particles, r, Avogadro’s num-
ber, N, and a constant, k, now known as Boltzmann’s constant,
but recognized in 1905 as very significant. The last two con-
stants, N and k, were particularly provocative because they had
direct links to atoms.

At the end of his paper, Einstein used his result to show that in
water (at 17° Celsius [C]) particles with a diameter of 0.0o1 mm
would move a mean horizontal distance equal to 0.006 mm
in one minute. That was what Einstein’s theory of Brownian
motion predicted—a very specific prediction. And that posed a
challenge to physicists. Since Einstein knew and believed that
theoretical predictions meant little if they were not tested experi-
mentally, he closed his May paper with the exhortation, “Let
us hope that a researcher will soon succeed in solving the prob-
lem posed here, which is of such importance in the theory
of heat.”®

Magic? With just an eye to a microscope, we could, in 1903,
have observed the jigging and jogging of a suspended particle,
which was direct evidence of molecular bombardment playing it-
self out in the surrounding liquid. With a stopwatch, we would
have then been equipped to measure the horizontal distance trav-
eled by the particle in a certain time period. By doing so, we
would not only have tested Einstein’s theoretical prediction but
also have been able to announce with unprecedented confidence
the verdict on atoms, the verdict on statistical fluctuations, and,
depending on the last answer, the validity of classical thermody-
namics.

The Response

One response to Einstein’s May paper came in a conversation
with Richard Lorenz. During this conversation, Einstein re-
counts, Lorenz made the suggestion that “many chemists would
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welcome an elementary theory of Brownian motion.” “Re-
sponding to his request,” Einstein tells us, “I present in the fol-
lowing a simple theory of this phenomenon.”” Einstein finished
his “simple theory” on April 1, 1908. In this 1908 paper, “Ele-
mentary Theory of Brownian Motion,” Einstein describes his
thinking in much more picturesque detail than he did three years
earlier in his famous May 1905 paper. With phrases like “ran-
dom motions of dissolved particles,” “haphazard meandering of
the molecules,” and “this displacement [of the suspended parti-
cles] is determined only by the surrounding solvent,” Einstein
employs images much like those described earlier.

A more significant response, however, came from an experi-
mentalist. Einstein’s directive to experimentalists was this: take
particles with a diameter of 0.0o1 mm, put them in water at 17°
C, and observe, with a microscope, one of the particles for one
minute. Record the horizontal distance it moved. Repeat the
same procedure for several particles and average the recorded
horizontal distance moved. The average horizontal distance, pre-
dicted Einstein, should be 0.006 mm. If the prediction was veri-
fied, it would provide compelling, almost incontrovertible evi-
dence for atoms. The person who provided the confirmation
most successfully was the French physicist Jean Baptiste Perrin.

Perrin was an atomist even before 1905, but more than that,
by the time he became aware of Einstein’s May paper, he was
thoroughly familiar with Brownian motion. In 1908, Perrin
carried out a series of experiments on Brownian motion whose
purpose was to check the validity of Einstein’s prediction. The
outcome was immediately clear: “Right from the first measure-
ments,” wrote Perrin, “it became manifest, contrary to what
might have been expected, that the displacements verified at least
approximate the equation of Einstein.”$

Perrin completed two series of experiments. The first, carried
out with his doctoral student, Chaudesaigues, was conducted
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with particles of gamboge, a yellow vegetable latex. Perrin had
learned how to prepare particles of gamboge with “exactly
known diameter.”® Working first with “relatively large gran-
ules of gamboge, of radius about o0.45 u [0.00045 mm]” and
later with “granules of radius equal 0.212 u [0.0002T2 mm],”1°
Chaudesaigues recorded the position of the granule every thirty
seconds for two minutes. Liquid solutions of both water and
sugar water were used.

In a second series of experiments, this one in collaboration
with Dabrowski, particles of mastic were substituted for gam-
boge. Taking turns at the microscope, Perrin and Dabrowski
watched the mastic particles with radii of 0.0052 mm and, with
the focus on one particular particle, its position was recorded ev-
ery thirty seconds. The figure shows the paths of three different
particles of mastic made by drawing a straight line between their
thirty-second-interval positions."! When the experiments were
complete and Perrin’s data were analyzed, the results, wrote
Perrin, “cannot leave any doubt of the rigorous exactitude of the
formula proposed by Einstein.”!?

Einstein was delighted. He wrote to Perrin on November 171,
1909: “I wouldn’t have thought it possible for the Brownian
movement to be investigated with such precision; it is a piece of
good luck for this subject that you undertook to study it.”"3
Perrin was also delighted, then and later. In 1926, eighteen years
after he finished his study of Brownian motion, he received the
Nobel Prize.

Once Einstein’s prediction was verified by Perrin, the atomic
skeptics one by one capitulated. For example, around 1908,
Henri Poincaré wrote that “the atomic hypothesis has recently
acquired enough credence to cease being a mere hypothesis.
Atoms are no longer just a useful fiction; we can rightfully claim
to see them, since we can actually count them.”'* Perhaps the
captain of all the skeptics was Wilhelm Ostwald, but his battle
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Brownian motion. The positions of three granules of mastic were recorded
every thirty seconds by Jean Perrin. Each thirty-second position was con-
nected by a straight line, which reveals the zig-zagging path of the granule.
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against atoms was lost. In 1909, Ostwald wrote, “I have con-
vinced myself that we have recently come into possession of ex-
perimental proof of the discrete or grainy nature of matter, for
which the atomic hypothesis had vainly sought for centuries,
even millennia.” "

How about classical thermodynamics? In the beginning sen-
tences of the May paper, we are presented with two alternatives:
if Brownian motion is observed, as predicted, then “classical
thermodynamics can no longer be viewed as strictly valid.” A
positive way of saying the same thing would be: if Brownian mo-
tion is observed, Boltzmann’s probabilistic interpretation of en-
tropy must be valid. In 1911, at the First Solvay Conference in
Brussels, Einstein mentioned Boltzmann’s Principle, which is a
statistical interpretation of entropy, and said, “We should admit
its validity without any reservations.”'¢ Six years later, in 1917,
Einstein again made his position clear: “Because of the under-
standing of the essence of Brownian motion, all doubts vanished
about the correctness of Boltzmann’s interpretation of the ther-
modynamic laws.”'” Boltzmann interpreted the thermodynamic
laws to be true only in the statistical sense.

Max Born put it all together in 1949: Einstein’s theory of
Brownian motion did “more than any other work to convince
physicists of the reality of atoms and molecules, of the kinetic
theory of heat, and of the fundamental part of probability in the
natural laws.”!'® Most were persuaded, but not all. In 1909, Ernst
Mach, whose work had been an early influence on Einstein,
wrote an essay in which he once again separated his views from
those who believed in atoms. Mach sent his essay to Einstein.
Einstein responded on August 9, 1909, apparently in a way he
thought would influence Mach. In his letter, Einstein wrote:
“Since I cannot think of any other way in which to show you my
gratitude, I am sending you some of my papers. I would espe-
cially like to ask you to take a cursory look at the one on
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Brownian motion, because here is a motion that we believe must
be interpreted as ‘thermal motion.”” "

It is noteworthy that Einstein singled out his paper on
Brownian motion in the hope that it might be the basis for
Mach’s acceptance of the atomic theory. The likelihood is that
in this, Einstein failed. Mach died in 1916, eleven years after the
May paper. Mach may have been the last scientist to deny the
existence of atoms. Whether he ever really came to believe in
their reality is uncertain, but Einstein’s May paper did not do
for Mach what Einstein had hoped; namely, it did not immedi-
ately convert Mach into an atomist. For the rest, however, Ein-
stein’s Brownian motion provided all the necessary evidence.
Soon after May 19035, questions about the reality of atoms were
no longer heard.



On the Electrodynamics
of Moving Bodies
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Physik, volume 17, pages 891-921.




[To view this image, refer to
the print version of this title.]

Albert Einstein in 1921 or 1922 at the height of his world fame.
When a prediction of Einstein’s general theory of relativity was
confirmed in 1919, Einstein became a celebrity.




June

The Merger of Space and Time

In his “Autobiographical Notes,” Einstein identified two criteria
that a physical theory must meet. The first is obvious: “the the-
ory must not contradict empirical facts.”! The second criterion is
less obvious: it concerns “the ‘naturalness’ or ‘logical simplicity’
of the premises” of the theory. The first criterion, continues Ein-
stein, “refers to the ‘external confirmation’” of the theory and
the second is concerned “with the ‘inner perfection’ of the the-
ory.”?

Agreement between theory and experimental facts is regarded
as absolutely essential to all science. Sometimes the facts precede
theoretical explanation. This was the case, for example, with
Brownian motion. Particles, suspended in a liquid, had been ob-
served zig-zagging through the liquid in a vigorous fashion for
decades before Einstein’s May paper provided what came to be a
quantitative explanation. At other times, the theory precedes the
facts, which was the case with Einstein’s March paper, in which
his theory identified some physical properties of the photoelectric
effect before experimentalists had established them as facts. In
this latter example, as is frequently the case, theory identified
what facts can be observed; sometimes theory actually defines the
facts that can be observed. Werner Heisenberg, who approached
his creation of quantum mechanics in terms of what could ac-
tually be observed, was surprised when Einstein asserted, “It is
always the theory which decides what can be observed.”? What-
ever the sequence, there must be harmony between theory and
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experiment. If there is disagreement and if that disagreement per-
sists, experiment becomes, as always, the final arbiter and the
theory must be brought into agreement with experiment.

It is less clear what Einstein’s second criterion, “inner perfec-

b

tion,” means. Clearly, a one-fact theory, specifically created to
explain one particular fact, is not a good theory. A theory whose
premises are arbitrary and convoluted lacks perfection. Einstein
acknowledged that a precise definition of “inner perfection”
might not be possible. Yet he absolutely and precisely knew what
he meant by “inner perfection.” To say that something has “in-
ner perfection” is expressing a judgment that is both objec-
tive and subjective. Yet such judgments can be and are made
routinely. Consider, for example, Paul Dirac’s description of Ein-
stein’s general theory of relativity which, he said, “has a charac-
ter of excellence of its own. Anyone who appreciates the funda-
mental harmony connecting the way Nature runs and general
mathematical principles must feel that a theory with the beauty
and elegance of Einstein’s theory has to be substantially cor
rect.” Dirac knew what “inner perfection” meant. In fact, a
great physical theory exudes a perfection for those prepared to
see it.

Einstein’s June paper on the special theory of relativity was at
the high end of perfection. It radiates perfection.

The Setting

In 1905, three great physical theories were used to account for
the variety of ways that Nature conducts itself. The first of these
great theories, called mechanics, deals with motion and energy.
The second, thermodynamics, also deals with energy, but more
specifically thermal energy and other thermal phenomena—heat
and temperature. During the second half of the nineteenth cen-
tury, however, thermodynamics had, in principle, been subsumed
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by Newtonian mechanics, as thermal phenomena could be ex-
plained in terms of the motions of unseen atoms. All things re-
lated to electricity and magnetism came into the domain of the
third great theory, electromagnetism. These three great theories
of physics had become highly refined and, in the waning years of
the nineteenth century, were thought to be in, or near, their final
forms. Nonetheless, as the twentieth century dawned, physicists
around the world were an anxious lot.

The decade immediately preceding 1905 was a lively time in
the physics profession. Recent, totally unexpected discoveries, in-
cluding X-rays (1895), radioactivity (1896), the electron (1897),
and the quantum (1900), had ripped the covers off the book of
physics and had given physicists notice that Newton’s mechanics
and Maxwell’s electromagnetism were not the final chapters. The
Epilogue of physics, already written by some physicists, was con-
signed to the dustbin of history.

The new discoveries were just a part of the turmoil; a failed ex-
periment added to the angst of physicists. In 1887, an experi-
ment conducted in Cleveland, Ohio, failed to detect “the ether,”
and that failure challenged, if not negated, a commonly held as-
sumption for which there were no alternatives. Desperate, even
frantic attempts were made to transform the decisive failure into
an acceptable success. In the context of 1905, Einstein’s June pa-
per had an element of timeliness. Some of the ideas that came out
of Einstein’s June paper were “in the air” in 1905 and had been
floating around for several years prior. Though his paper was
timely and used ideas in common currency, the form and out-
comes of Einstein’s June paper strained the credulity of physi-
cists.

Physicists thought they knew that light propagated from the
Sun to Earth as a wave. But for this to happen, there had to be a
medium that, effectively, propelled the light wave. Sound is a
wave and as a wave it requires a medium. Virtually all material
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objects can serve as a medium to transmit sound waves; however,
it is air that propagates sound waves from a mother’s mouth to a
child’s ear. Sound waves cannot propagate in a vacuum. Just as
with sound, and for all other wave phenomena, it was believed
with absolute confidence that light waves required a medium.
And not just any medium would do: light required a most un-
usual medium. That medium was the ether (sometimes spelled
aether).

What made the medium for light waves unusual? To begin,
light arrives at Earth from far-off stars and galaxies, which them-
selves are, to the best of our knowledge, distributed throughout
the entire universe; therefore, the medium that propelled light
had to fill the vastness of all space. Further, since light propagates
from place to place at the unearthly speed of 186,000 miles per
second (mi/s), the medium had to have the rarest of properties.
Finally, Earth and the other planets plow through this pervasive
medium as they orbit around the Sun and they do so without any
observable effects; for example, after millions of years pushing its
way through the medium, Earth’s surface has not been “sanded”
smooth nor has Earth’s orbital speed slowed because of any re-
tarding influences caused by the medium. Whatever its proper-
ties, the omnipresent medium, the ether, did not affect either the
planets or their motions. The ether was indeed unusual.

The ether, as the medium for light, gave meaning to the speed
of light. When the speed of an aircraft is given as 520 miles per
hour (mi/h), it goes without saying that the speed is given relative
to Earth, that is, relative to an Earth-based coordinate system.
Speed has meaning only when it is referred to a particular coordi-
nate system. The coordinate system with respect to which light
had its 186,000 mi/s speed was a coordinate system attached to
the ether.

A coordinate system, also called a reference frame, is also re-
quired to specify the locations of objects or events. If, for exam-
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A coordinate system centered on New York City. In this coordinate system,
Washington, D.C., is located 220 miles SSW. In this New York—centered co-
ordinate system, Boston is located about 220 miles NNE of New York.

ple, a New Yorker says that Washington, D.C., is 220 miles
south southwest, the coordinate system being used is attached to
Earth; it has its origin fixed in Manhattan, and has one axis
pointing north-south, another east-west, and the third axis up-
down. In terms of that coordinate system, New Yorkers can lo-
cate any city on Earth. A location has no meaning in the absolute
sense. A New Yorker may say that Washington, D.C., is 220
miles south southwest, and a New Orleanian may say that Wash-
ington, D.C., is 1,080 miles north northeast. Both statements are
true. Location is always relative to something else.

A special kind of coordinate system, called an inertial coordi-
nate system, played the lead role in Einstein’s June paper. An in-
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ertial coordinate system is defined by Newton’s First Law of
Motion, which equates rest and uniform motion (motion with
constant velocity, which is motion in a straight line at a constant
speed). How can rest be equated with uniform motion? Consider,
for example, a cup of coffee sitting at rest on the front porch of a
farmhouse in western Kansas. The front porch of the farmhouse
is an inertial coordinate system which is at rest with respect to
Earth. A second cup of coffee sits on a passenger’s serving tray in
a Boeing 767, flying due east in smooth air at a level altitude of
37,000 feet at a constant speed of 580 mi/h. The Boeing 767 is
an inertial coordinate system moving at a constant velocity with
respect to Earth. Newton’s First Law of Motion says that there is
no way to look at the two cups of coffee, each in their own re-
spective inertial coordinate system, and decide which is at rest or
which is moving. In fact, no experiment can identify which coffee
cup is moving. Rest and uniform motion are indistinguishable.
(Of course, if the 767’s uniform motion is interrupted by turbu-
lent air, the sloshing coffee makes it clear which cup is moving.)
Because there is no experimental way to distinguish between in-
ertial coordinate systems at rest and in uniform motion, a princi-
ple came out of Newtonian mechanics called the relativity princi-
ple, which simply expressed the fact that all inertial coordinate
systems are equivalent. Inertial coordinate systems, or inertial
reference frames, were important in Galilean and Newtonian
physics; however, as indicated, they occupy center stage in Ein-
stein’s special theory of relativity.

Since the ether filled the entire universe, it could not move
from one place to another. In other words, the ether was at abso-
lute rest. (Of course, absolute rest has no meaning except when it
relates to a particular coordinate system. In this example, the
ether was deemed to be at rest with respect to the universe as a
whole.) The ether was an inertial coordinate system at rest in the
universe and in that system, light traveled at 186,000 mi/s.
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The Kansas farmhouse has a coordinate system fixed to the Earth. In this co-
ordinate system, the plane is 37,000 feet above Earth and is moving east at
580 mph. The plane’s coordinate system is fixed to the plane. For passengers
looking out the plane’s windows, the surface of Earth appears to move 580
mph to the west. In the plane’s coordinate system, passengers and their cof-
fee cups are at rest.

Light travels at a fixed speed through the ether, the ether sur-
rounds Earth, and Earth moves in its orbital motion around the
Sun passing through the ether, which is at absolute rest. These
facts, believed by Einstein’s 1905 contemporaries, provided the
basis for an experiment physicists designed to compare the speed
of light as it moves through the ether in two opposing directions.
Here is such an experiment: First, we measure the speed of light
moving through the ether in the same direction as Earth’s orbital
motion and then we repeat the measurement as the light moves
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in the direction opposite to Earth’s orbital motion. In the first
measurement, Earth is moving alongside the light as it propa-
gates through the ether and in the second, it is moving into the
oncoming light. We would expect the second measured speed of
light to be greater than the first. By measuring the difference be-
tween the two speeds, Earth’s speed through the ether can be de-
termined.

This was the kind of experiment that Albert A. Michelson and
Edward W. Morley completed in 1887. When they compared the
speeds of two light beams sent through the ether in different di-
rections relative to the direction of Earth’s orbital motion, they
expected them to be different. They were not. There was no dif-
ference between the two speeds. Physicists who thought about it
were certainly surprised.

The experiment was deemed a failure—one of the most fa-
mous failed experiments in the history of physics. Even though
the experiment was repeated at different times, at different loca-
tions, and at different altitudes, the result was the same: no dif-
ference in speed.

Physicists, to their credit, accepted the result, albeit grudgingly.
The failed experiment, which negated the accepted dogma of a
static ether, implicitly raised questions about the ether concept it-
self. But the ether was needed to propagate light. The great phys-
icist Hendrik A. Lorentz wrote to Lord Rayleigh on August 18,
1892: “I am utterly at a loss to clear away this contradiction [be-
tween the ether theory and the result of the Michelson-Morley
experiment], and yet I believe if we were to abandon Fresnel the-
ory [the idea that the ether was at rest, but that some ether was
dragged within objects moving through it|, we should have no
adequate theory at all . . . Can there be some point in the theory
of Mr. Michelson’s experiment which has as yet been over-
looked?”’ Physicists, acting out of a sense of desperation, re-
sponded to the crisis.

In short, the experimental result had to be accepted, but the
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ether had to be retained. Therefore, a series of ad hoc remedies
were proposed to make the result of the Michelson-Morley ex-
periment compatible with a static ether. Perhaps the most bizarre
suggestion was made by Lorentz in 1892, and independently by
George F. FitzGerald in 1889. They proposed that one dimension
of a moving object, by virtue of its motion through the ether,
would contract; specifically, that the one dimension parallel to
the object’s line of motion through the ether would contract. Ac-
cording to this proposal, a steel bar aligned along the direction of
Earth’s motion, and moving with Earth through the ether, would
contract. In 1899 and 1904, Lorentz adopted some assumptions,
and on the basis of these assumptions, he developed a set of
equations (later called the Lorentz transformation equations)
that linked observations between stationary and moving inertial
coordinate systems. In the process, he showed that the Lorentz-
FitzGerald length contraction was consistent with these transfor-
mation equations.

These strange ideas were invented to patch over the prob-
lems engendered by the ether concept. The patches were offen-
sive, but physicists believed the ether was required in order for
light to travel from place to place. In addition to ad hoc reme-
dies, basic ideas were looked at afresh. In 1898, for example,
Henri Poincaré raised questions about time: “We have no direct
intuition about the equality of two time intervals. People who
believe they have this intuition are the dupes of an illusion.”®
And in 1904, at the St. Louis World’s Fair, Poincaré asked,
“What is the aether, how are its molecules arrayed, do they at-
tract or repel each other?”” During his remarks about time,
Poincaré talked about clock synchronization; Lorentz defined
“local time,” which Poincaré elaborated further; Poincaré
brought the Galilean-Newtonian relativity principle into the dis-
cussions.

Ironically, the weird idea of length contraction as well as new
insights into time and clock synchronization were pivotal parts
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of Einstein’s June paper, but with a profound difference. Instead
of coming out of the blue, length contraction and time consider-
ations emerged as logical consequences of the two principles that
were the basis of the special theory of relativity.

Provocative thoughts related to his June paper had been in
Einstein’s mind for several years. In August 1899, for exam-
ple, Einstein wrote a letter to his future wife Mileva in which
he expressed his doubts as to whether the ether had any physi-
cal meaning. At another moment he imagined himself running
alongside a light wave and, in this image, he identified several
problems. Over many months, these thoughts and others faded
in and out of Einstein’s conscious thoughts; they became clearer,
and, to some extent, they were arranged in his mind. These mus-
ings were pieces of what would eventually become a coherent
whole. All that was needed was one flash of insight. That insight
came in the spring of 1905 during a visit to his friend, Michele
Besso. Here is Einstein’s account, given in 1922, of that dramatic
moment:

Unexpectedly a friend of mine in Bern then helped me. That was a
very beautiful day when I visited him and began to talk as fol-
lows: “I have recently had a question which was difficult for me
to understand.” Trying a lot of discussions with him, I could sud-
denly comprehend the matter. Next day I visited him and said to
him without greeting: “Thank you. I’ve completely solved my
problem.” My solution was really for the very concept of time,
that is, that time is not absolutely defined but there is an insepara-
ble connection between time and the signal velocity. With this
conception, the foregoing extraordinary difficulty could be thor-
oughly solved. Five weeks after my recognition of this, the present
theory of special relativity was completed.?

Two years later, in 1924, Einstein described this same moment of
insight in more revealing words:
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After seven years of reflection in vain [1898-1905], the solution
came to me suddenly with the thought that our concepts and laws
of space and time can only claim validity insofar as they stand in a
clear relation to our experiences; and that experience could very
well lead to the alteration of these concepts and laws. By a revi-
sion of the concept of simultaneity into a more malleable form, I
thus arrived at the special theory of relativity.’

Einstein’s earlier description, “an inseparable connection be-
tween time and the signal velocity,” and his later words, “by a re-
vision of the concept of simultaneity,” make clear his insight. It
was that the commonly held understanding of simultaneity was
fundamentally flawed. Implicitly, it is assumed that if one person
observes two events to be simultaneous, all other observers will
agree that they are simultaneous. Einstein saw the fallacy in this
and once this insight came, all the pieces fell together into a logi-
cal whole. Five weeks later, Einstein completed his special theory
of relativity.

The June 1905 Paper

There is a disturbing fact about current science. If a contempo-
rary journal editor received a manuscript from an unknown clerk
working in a nondescript place, that editor would, in all likeli-
hood, reject it, possibly without even reading it. Yet Einstein, an
unknown clerk working in a nondescript place, produced one of
the most significant and beautiful manuscripts in the history of
physics. A prominent Einstein scholar, Arthur Miller, writes
about this paper:

Page for page, Einstein’s relativity paper is unparalleled in the his-
tory of science in its depth, breadth, and sheer intellectual virtuos-
ity. Einstein developed one of the most far-reaching theories in
physics in a literary and scientific style that was parsimonious yet
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not lacking in essentials; in a pace that, where necessary, pos-
sessed a properly slow cadence yet was presented in thirty pages
of print, is developed almost like an essay. Written in white heat in
about five weeks, it is pristine in form, and yet in its own way as
complete as Newton’s book-length Principia.'°

Einstein’s June paper begins with this sentence: “It is well
known that Maxwell’s electrodynamics—as usually understood
at present—when applied to moving bodies, leads to asymme-
tries that do not seem to be inherent in the phenomenon.”'! Once
again, as in the March paper, Einstein opens with an apparent
contradiction. There are different ways to illustrate the asymme-
tries that Einstein refers to in his opening sentence. All of the
ways, however, involve two inertial coordinate systems. In one
system there is some configuration of objects that can include a
charged object, a conductor, and a magnet, along with an attend-
ing observer. The second coordinate system with its observer is in
motion relative to the first system.

To illustrate the asymmetries, Einstein employed currents re-
sulting from the relative motion between electrical conductors
and magnets. There are other ways, and simpler ways, to demon-
strate Einstein’s basic concern. Consider, for example, an inertial
coordinate system at rest. In this rest coordinate system are an
observer, Observer A, and a charged object. With a sensitive
compass the observer examines the space around the charged ob-
ject and finds no evidence of a magnetic field. Next consider an
inertial coordinate system with another observer, Observer B,
moving with uniform motion to the east. Observer B sees the
charged object moving to the west and, with a sensitive compass,
detects a magnetic field in the space around the moving charged
object. From the perspective of one inertial coordinate system
there is no magnetic force acting on the compass pointer; from
the perspective of another inertial coordinate system there is a
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magnetic force that aligns the compass needle. If, as assumed, all
inertial coordinate systems are equivalent, there is an obvious
contradiction, or as Einstein stated, an asymmetry: one cannot
have forces producing physical changes in one inertial system
and no forces and no physical changes in another. In short, either
there is or there is not a magnetic field. These electromagnetic ex-
periments were at odds with the relativity principle.

After Einstein establishes an example of an asymmetry (the
first paragraph), he moves quickly. He asserts that, in terms of
physics, the idea of absolute rest has no meaning. By this asser-
tion he rids physics of the ether. Einstein renders the ether, at ab-
solute rest, “superfluous.” He next asserts that the laws of elec-
tromagnetism, optics, and mechanics are valid in all inertial
reference systems and he raises the principle of relativity to the
status of an axiom. He immediately introduces a second princi-
ple, only “seemingly incompatible,” that also carries the status of
an axiom, namely, that the speed of light is the same in all iner-
tial reference systems. In concise form, the two principles of
special relativity that appear in the second paragraph of his June
paper are:

The Principle of Relativity—The laws of physics are the same in
all inertial reference systems or, by means of physical experi-
ments, one inertial coordinate system cannot be distinguished
from another inertial coordinate system.

The Principle of the Constancy of the Speed of Light—The speed
of light is the same in all inertial reference systems, indepen-
dent of the speeds of either the source of the light or the detec-
tor of the light.

By the end of the second paragraph, Einstein has put all his cards
face up on the table. In the following twenty-eight pages he sys-
tematically develops the consequences of the two principles for
mechanics (Part I) and for electromagnetism (Part IT).



88 = June

Despite the two principles’ rather ho-hum appearance, in the
context of 1903, they were mutually inconsistent. It was only in
the coordinate system of the ether that light had a fixed speed; in
other inertial coordinate systems, the observed speed of light
would depend, for example, on whether the observer is moving
toward the oncoming light or away from the oncoming light.
Einstein warned the reader of his June paper that the two postu-
lates were only “seemingly incompatible.” The apparent inno-
cence of the two principles completely disappears when they are
brought together and the logical consequences begin to emerge.
With the consequences, the two principles become the basis for a
startling new world.

Einstein prepares the way by sharpening the concept of time.
The time ascribed to a particular event is determined by a read-
ing on a clock.

We have to bear in mind that all our propositions involving time
are always propositions about simultaneous events. If, for exam-
ple, I say that “the train arrives here at 7 o’clock,” that means,
more or less, “the pointing of the small hand of my clock to 7 and

the arrival of the train are simultaneous events.”!2

However, Einstein points out that in this case, the clock and the
arrival of the train are essentially at the same location. When
times have to be ascribed to events at locations that are separate
from one another, careful attention must be given to how that is
done. Imagine an inertial coordinate system at rest and further
imagine that one clock is used to record the time of both nearby
and far-off events. The immediate problem is that the times re-
corded by the one clock depend on where the observer and her
clock are located in the coordinate system. Einstein’s solution
was to imagine a clock at the location of each event, say loca-
tions A and B. The time of an event at A is determined by the
clock at A and the time of an event at B is determined by the
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clock at B. Then, by following a well-described procedure to syn-
chronize the clocks at A and B, the observer at location A can
know the time of an event at location B. After this brief discus-
sion, Einstein asserts,

The “time” of an event is the reading obtained simultaneously
with the event from a clock at rest that is located at the place of
the event and that for all time determinations is in synchrony with
a specified clock at rest.'?

By sharpening definitions, Einstein is laying the groundwork
piece by piece.

Next, based on the two principles of special relativity plus his
prescription for determining the time of an event, Einstein gives
what is essentially a qualitative discussion designed to show how
two different observers would measure the length of an object.
Again we are called upon to use our imaginations.

Imagine the first observer, Observer A, and a steel beam in an
inertial coordinate system that moves east uniformly with respect
to Earth. The beam is oriented due east and west, along the di-
rection of motion. Observer A, at rest with respect to the steel
beam, would measure the length of the beam by laying out a
ruler along the beam’s length. Call this measured length the rest
length, L., because it is measured by an observer at rest with re-
spect to the steel beam.

Now imagine a second observer, Observer B, in a second iner-
tial coordinate system that is at rest with respect to Earth. This
stationary observer sees the steel beam moving east. The station-
ary observer with stationary synchronized clocks measures the
length of the beam by determining the exact locations of the two
ends of the beam at the same instant of time. For example, if we
want to measure the length of a car as it moves down the road,
we would mark the location of the leading edge of the front
bumper at the same instant as we locate the trailing edge of the
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Observer B (lower left) sees the steel beam and Observer A (upper left) mov-
ing east. The beam is at rest relative to A and A measures the length of the
beam to be L,.q; the beam is moving relative to B and B measures the length
as Lioving: Limoving 1s less than Lyes. Observer A (upper right) sees Observer B
moving west.

back bumper and measure the distance between these two loca-
tions. Since for this observer the beam is moving, we call this
measured length the moving length, L,.oving.

Common sense says that the two lengths, L. and L, are
the same. We will find, wrote Einstein, that the two lengths are
not equal. This may sound contradictory; however, there is more
to the story. Time again enters. The Earth-based observer, Ob-
server B, believes that he located the two ends of the eastward-
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moving steel beam at the same instant, that is, simultaneously.
The observer moving with the beam, Observer A, might say, “Ex-
cuse me, you located the two ends of the beam at different times,
not simultaneously.” Einstein concludes,

Thus we see that we must not ascribe absolute meaning to the
concept of simultaneity; instead, two events that are simultaneous
when observed from some particular coordinate system can no
longer be considered simultaneous when observed from a system
that is moving relative to that system.'*

At this point, Einstein had taken steps to prepare the reader
to rethink comfortable, common-sense ideas; namely, that the
length of a rigid object is not the same for all observers and that
the simultaneity concept also depends on the observer. He could
have said more: he could have added that Newton’s concept of
absolute time was a mistaken idea.

From this largely qualitative discussion, Einstein brings in
some mathematics. Once again imagine two inertial coordinate
systems, each with an observer—one at rest with respect to
Earth, a second moving uniformly to the east. Assume an event: a
bolt of lightning strikes a fencepost. The observer in the rest sys-
tem records the specific location and the particular time of the
event. The observer in the moving system also records the exact
location and precise time of the event. Two sets of location and
time measurements exist: one relative to the rest system and the
other relative to the moving system. What mathematical equa-
tions connect these two sets of recorded data? Or, to ask the
question another way, how do you transform the measurement
data of one observer into the measurement data of the other ob-
server? Einstein used his two principles, the relativity principle
and the constancy of light principle, to develop equations that re-
sponded to these questions and ended with the same equations as
those that Lorentz derived in 1895 and 1899. These are the same
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equations, but with a difference: Lorentz’s equations resulted
from his ad hoc attempt to explain the “failed” Michelson-
Morley experiment; Einstein’s were a direct consequence of his
two principles and his conclusions about time.

Einstein uses these transformation equations to show that
whether or not an observer is stationary with respect to a beam
of light or moving alongside a beam of light, the speed of light is
the same for both. “This proves,” writes Einstein, “that our two
fundamental principles are compatible.” !’

With these transformation equations in hand (today called the
Lorentz transformation equations), Einstein returns to his analy-
sis of length and time. Length, he indicates, is relative. One di-
mension of an object, the one that is parallel to the direction of
motion, contracts. Other dimensions are unaffected. A steel
beam that is measured to be ten feet long by an observer standing
beside the beam (at rest with respect to the beam) is measured to
be less than ten feet by an observer who sees the beam moving by
him. For example, if a 120-inch (ten-foot) steel beam is moving
at a speed equal to 10 percent the speed of light, or 18,600 mi/s,
it contracts by 0.6 inches; if it is moving at a speed equal to 25
percent the speed of light, or 46,500 mi/s, it contracts by 3.8
inches. At half the speed of light, or 93,000 mi/s, it contracts by
16.1 inches, about 13 percent of its length. Clearly, the size of the
contraction becomes significant only at speeds approaching the
speed of light. At the speed of light, the contraction is 100 per-
cent. The length of the beam contracts to zero. At speeds greater
than the speed of light, the beam’s length would become nega-
tive. Since a negative length makes no sense at all, Einstein as-
serts that the speed of light is Nature’s speed limit. Nothing can
move faster than light.

Time is also relative. Imagine two inertial coordinate systems,
each with clocks. Both clocks keep perfect time and agree with
each other when both coordinate systems are at rest. If we put
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one inertial coordinate system, along with its clock, in motion,
when the moving clock is viewed from the rest system, it lags be-
hind the clock at rest. This is not some weird malfunction of a
clock. This has to do with time itself. Clocks measure time and
moving clocks lose time relative to clocks at rest. This property
of time means that if, in a rest system, there are two synchro-
nized clocks at locations A and B, and if the clock at B is trans-
ported, at a speed v, to the clock at A, the two clocks will no
longer be synchronized—clock B will be behind clock A. Or if
both synchronized clocks are located together at A and if one
clock is taken around the world, upon arrival back at A, the
traveling clock will have lost time relative to the stationary
clock. (This has been verified by flying an atomic clock around
the world and, upon return, comparing it to the stay-at-home
clock.)

Clocks come in many shapes and forms. A person is a clock.
An individual’s metabolic rate, just like a wrist watch, keeps time
and announces the approach of lunch time. Some kind of inter-
nal clock governs the aging process. All this to say that if a
mother were to leave home on a very long, unimaginably high-
speed trip, her internal clocks would slow relative to those left
behind and the mother could return home younger than her stay-
at-home son. Einstein’s relativity theory revealed strange things
about Nature.

Einstein ends Part I of the June paper with a discussion of ve-
locities. Always working from the two principles, Einstein shows
that no two velocities can combine so as to exceed the speed of
light. Once again we must use our imagination. Imagine an ob-
server standing by a long, straight railroad track built on a vast
level plain. Next imagine a train, with one very long flatcar, mov-
ing at a speed of 111,600 mi/s (60 percent the speed of light) due
east. Next, imagine a car driving east along the top of the flatcar
at a speed, relative to the flatcar, of 111,600 mi/s (again, 6o per-
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cent the speed of light). Common sense says that the observer,
standing on the ground and watching the train and car pass,
would see the car moving east at the sum of these two speeds,
that is, 111,600 mi/s + 111,600 Mi/s or 223,200 mi/s, which is
120 percent the speed of light. Not so if the logic of the two prin-
ciples is accepted. Working from the two principles, Einstein
showed that the observer along the tracks would see the car mov-
ing at a speed of 163,680 mi/s or 88 percent the speed of light.
To repeat, the special theory of relativity sets a limit on how fast
an object can go. The speed limit is 186,000 mils.

The results of Part I are intellectually and emotionally stun-
ning. Absolute space and absolute time, the foundations of New-
tonian physics, are seen to be a figment of our imagination. Ab-
solute simultaneity is also a myth. Events seen as simultaneous
by one observer are seen as events with a time interval between
them by another observer. The time interval between two events
occurring at different spatial locations is not an absolute: one ob-
server might witness two events as simultaneous, another ob-
server may say one event came five seconds before the other, a
third observer may say that one event came ten seconds before
the other. The time interval between two events depends on the
inertial coordinate system of the observer. These results violate
common sense and trouble emotions. Although the time interval
between two events depends on the coordinate system, the rela-
tionship between cause and effect does not. Within the special
theory of relativity causality is preserved, that is, cause always
precedes effect. The time interval between cause and effect can
vary with the inertial coordinate system, but the order cannot be
reversed.

In Einstein’s May 19035 letter to Conrad Habicht, the same let-
ter in which he called his March paper “very revolutionary,” Ein-
stein refers to his imminent June paper by saying that it concerns
the electrodynamics of moving bodies and is based on “a modi-
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fication of the theory of space and time; the purely kinematic
part of this paper will surely interest you.”'¢ Indeed, after June
1905, our understanding of our common-sense three-dimen-
sional world was transformed to include Nature’s strange four-
dimensional universe in which the dimension of time is somehow
merged with the three dimensions of space.

“|[T]he purely kinematic part of this paper” is what Einstein
presents in Part I of the June paper, the part that jars human sen-
sibilities. The second part of the June paper applies the two prin-
ciples to electromagnetism. Remember, the title of the paper is
“On the Electrodynamics of Moving Bodies.” It was the “asym-
metries” in the domain of electromagnetism that existed between
different inertial reference systems that, according to Einstein,
“compelled” him to develop the special theory of relativity. In
the second part, Einstein showed that his transformation equa-
tions (the Lorentz transformation equations) could be applied to
the equations of electromagnetism and that they retained their
validity in all inertial coordinate systems. He also showed that
“the asymmetry mentioned in the Introduction when considering
the currents produced by the relative motion of a magnet and a
conductor, disappears.”'” Einstein’s two principles, working in
tandem, resolved the “asymmetries.”

In this famous June paper, Einstein included no citations.
Much of his source material was “in the air” among scientists in
1905, and some of these ideas had been published. Einstein could
have cited the work of Lorentz and Poincaré; however, to do so
would have been a bit artificial and perhaps even disingenuous.
In the development of his special theory of relativity, Einstein did
not draw from or build upon the work of others. He adopted
two principles as axiomatic, and by means of his intellectual
prowess, he brought the unseen consequences of the two princi-
ples into full view. At the end of the paper, he thanked his friend,
Michele Besso.
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The Response

Einstein, according to his sister Maja, expected quick reactions
to his June paper:

“The young scholar,” wrote Maja, “imagined that his publication
in the renowned and much-read journal [Annalen der Physik]
would draw immediate attention. He expected sharp opposition
and the severest criticism. But he was very disappointed. His pub-
lication was followed by icy silence. The next few issues of the
journal did not mention his paper at all. The professional circles
took an attitude of wait and see.”!$

The silence was brief, and when it was broken, Einstein might
well have wished it to continue. There appeared to be problems.
Walter Kaufmann, a very prominent experimental physicist, was
the author of the first paper in Annalen der Physik, in 1906, that
specifically mentions Einstein’s June paper.

Just before Einstein expresses his thanks to Besso in his June
paper, he concludes, “These three relations are a complete ex-
pression of the laws by which the electron must move according
to the theory presented here.”"” Concerning the motion of elec-
trons, these words left Einstein no wiggle room. Whether Ein-
stein knew it or not, Kaufmann had been conducting experi-
ments on the motion of fast electrons in electromagnetic fields
since 1887 and he had experimental data. How did Kaufmann’s
data square with Einstein’s theory? Kaufmann begins his 1906
paper with these words: “I anticipate right here the general result
of the measurements to be described in the following: the mea-
surement results are not compatible with the Lorentz-Einsteinian
fundamental assumptions.”?* Kaufmann’s stature was such that
his experimental data attracted the attention of other physicists;
in fact, two physicists had developed a physical theory to explain
Kaufmann’s experimental results, the first in 1902 and the sec-
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ond in 1904. In 1906, Einstein faced conflicting data and two
competing theories.

Did Einstein rise to his own defense? He said little publicly un-
til one year later. Ever confident in his own physics, Einstein,
in 1907, responded by calling upon time and “a more diverse
body of observations” before overruling his theory in favor of
Kaufmann’s data.?' Einstein did, however, comment specifically
on the two theories created to explain Kaufmann’s data. His re-
marks reveal what, for Einstein, constitutes “inner perfection” of
a physical theory: “In my opinion both [their] theories have a
rather small probability, because their fundamental assumptions
concerning the mass of moving electrons are not explainable
in terms of theoretical systems which embrace a greater complex
of phenomena.”?? It took until 1916 to identify the flaws in
Kaufmann’s experimental procedures; when corrected, the dis-
parity between Kaufmann’s data and Einstein’s theory disap-
peared. Long before 1916, however, Einstein received a reas-
suring letter from Alfred Bucherer, who, like Kaufmann, was
also conducting experiments on fast-moving electrons. In 1908
Bucherer wrote: “First of all, I would like to take the liberty of
informing you that I have proved the validity of the relativity
principle beyond any doubts by means of careful experiments.”??

By 1906, in addition to Kaufmann’s disturbing paper, Einstein
was receiving a number of letters about his relativity theory, and
physicists were coming to the Bern patent office to speak with
him. By 1911, manuscripts on relativity submitted to Annalen
der Physik had become so numerous that Max Planck, the advi-
sor on theoretical physics to the journal’s editor, suggested they
be diverted to another journal.?*

The response to Einstein’s theory of relativity was intense. It
was also messy. The particle theory of light, which Einstein pro-
posed in his revolutionary March paper, was rejected outright by
physicists, but they did so quietly. Little was said about Einstein’s
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light quanta. They were more vociferous, however, in regard to
the June 1905 paper because it disrupted the established order.
Of all Einstein’s 1905 papers, it is the June paper that stands
apart in terms of the controversy it generated. Further, the re-
sponses occupy extremes. On the one hand, there were those
who accepted the tight logic of the theory and regarded Einstein
with high esteem. On the other hand, there were people who vig-
orously rejected the theory and regarded its creator with con-
tempt, especially after 1919.

The reactions to Einstein’s 1905 special theory of relativity
were enhanced by his 1915 general theory of relativity which, af-
ter lying dormant during the Great War, regained prominence in
1919 when Arthur Eddington verified that a star’s light was
deflected when it grazed the Sun on its way to Earth—a key pre-
diction of the general theory. Eddington’s affirmation of the gen-
eral theory launched Einstein into the public arena and, soon af-
ter, Einstein became the target of personal attacks.

From the outset, Einstein’s special theory of relativity has stim-
ulated the thoughts and fired the emotions of both supporters
and opponents inside and outside the physics profession. As the
editor of the American Journal of Physics from 1978 to 1988, 1
received scores of manuscripts from authors who attacked rela-
tivity theory and purported to reveal various errors that Einstein
had made. Many of these manuscripts were driven as much by
emotion as by intellectual considerations. Many find the conse-
quences of the special theory too abstract and too contrary to
common sense. Others accepted the theory but rejected its impli-
cations. Still others could not accept a theory that was, in es-
sence, the product of pure thought rather than of hard experi-
mental facts. Some simply could not give up the ether. Reactions
varied from one national setting and intellectual climate to an-
other.?

In 1911, in an official address, the president of the American
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Physical Society expressed his discomfort with the consequences
of the theory: “[B]y no stretch of my imagination can I make my-
self believe in the reality of the fourth dimension.” He continued,
“Can we venture to believe that the new space and time intro-
duced by the principle of relativity are either thus intelligible now
or will become so hereafter?”2¢ In August 1920, a meeting was
held in the largest concert hall in Berlin for the express purpose
of attacking the theory of relativity and its author.’’” And in a
New York Times editorial published on January 28, 1928, we
read: “Tennyson claimed for faith the function of believing what
we cannot prove. The new physics comes perilously close to pro-
viding what most of us cannot believe; at least until we have
rid ourselves completely of established notions and forms of
thought. Relativity translates time in terms of space and space in
terms of time.”?3

Among most physicists, particularly among the leading physi-
cists, the theory of relativity was largely accepted by 1911, al-
though not by all. Some opposed it well into the 1920s and
1930s. The Nobel Prize—~winning physicists Philip Lenard and
Johannes Stark, for example, were not only hostile to theoretical
physics in general, but they were also anti-Semites and, later,
committed Nazis. Neither Lenard nor Stark, to put it mildly, had
any regard for Einstein. In 1911, Max Laue, Max Planck’s favor-
ite student, published the first and a very good book on relativity,
Das Relativititsprinzip.?® In that same year, Arnold Sommerfeld,
a prominent physicist from Munich, described Einstein’s theory
of relativity “as one of the secure possessions of physics.”?° In
19710, the faculty of Prague University recommended that Ein-
stein be offered a faculty position for his “epoch-making” work
on his theory of relativity. Einstein accepted the position in
1911.3!

In 1917, Einstein began receiving nominations for the Nobel
Prize in physics. However, the road from the nominations to the
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prize itself was tortured. Einstein’s name dominated the list of
nominees in 1920, one year after the prediction of the general
theory was confirmed by Eddington, but the Nobel Committee
for Physics rejected him. No member of the committee approved
of the theory of relativity and they further doubted the validity of
Eddington’s experiment. “Einstein must never receive a Nobel
Prize even if the whole world demands it,” said a leading mem-
ber of the physics committee.’? In the face of many nominations
for Einstein, the physics committee, determined as they were to
avoid honoring Einstein, decided to award no physics prize in
192T.

As nominees were being considered for the 1922 prize, Ein-
stein had a champion on the Nobel Committee for Physics in the
person of Carl Wilhelm Oseen. Oseen knew that committee
members were emotionally opposed to relativity, so he developed
a strategy. Einstein’s particle theory of light, proposed in the
March paper, was widely rejected by physicists and could not be
the basis of the prize. Oseen argued that Einstein’s theory of the
photoelectric effect, however, which appeared in the March pa-
per and which had been verified precisely by Robert Millikan,
was worthy of the prize. Oseen’s strategy included promoting
Niels Bohr for the prize at the same time. When the committee
voted on September 6, 1922, they agreed to give the 1921 phys-
ics prize to Einstein for the photoelectric effect and the 1922
prize to Bohr.

The physics committee made its recommendation to the full
Swedish Academy, which had the final say. Some academy mem-
bers were worried about what the reaction would be for not
awarding Einstein the prize for the theory of relativity, but the
opposition against relativity was strong. In the end, the academy
accepted the physics committee’s recommendation and awarded
the 1921 Nobel Prize to Einstein “for his services to Theoretical
Physics, and especially for his discovery of the law of the photo-
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electric effect.” But there was a stipulation: Einstein was given
the prize on the condition that he make no mention of relativity.
He was told that his Nobel lecture had to be on the photoelectric
effect.

Einstein was unable to attend the formal Nobel Prize cere-
mony in December 1922. Later, he arranged to give his lecture
in the summer of 1923, not in Stockholm, but in Gothenburg.
Sitting in the front row of the auditorium in Gothenburg’s
Lisenberg amusement park was Gustav V, the King of Sweden,
who wanted to learn about relativity. For his Nobel lecture, Ein-
stein talked about the theory of relativity after all.

Since 1905, the special theory of relativity has been experimen-
tally tested from right to left, from back to front, and from top to
bottom. The theory has met every challenge. Moving clocks do
run slow, the speed of light is the speed limit recognized by Na-
ture, the momentum of an object does depend on the inertial ref-
erence system it is in, the relativistic Doppler effect has been
verified, and the list goes on. The tenets of special relativity are
tested daily in laboratories where particles are accelerated to
speeds approaching that of light. Always, the theory stands firm.

Today the special theory of relativity has taken its place as a
super theory. Any physical theory must incorporate Einstein’s rel-
ativity theory. Quantum mechanics, per se, took its final form in
1927. But it was not really final because it was not compatible
with Einstein’s theory of relativity. The final step was taken in
1928 when Paul Dirac merged quantum mechanics and relativity.
Out of that merger came properties of the electron and aspects of
nature, like antimatter, that did not come out of quantum me-
chanics itself. The power and range of quantum mechanics were
enhanced by its compatibility with relativity. In this sense, rela-
tivity completed quantum mechanics.

Relativity is a super theory in another sense: its influence be-
yond physics is substantial. Relativity stimulates and influences



102 * June

philosophical discourse. Epistemology—how we know—is af-
fected by Einstein’s relativity. Similarly, idealism, realism, and
materialism are discussed differently now than they were before
19035. Artists, writers, and poets have been inspired by the theory
of relativity and by its creator. Science routinely affects the larger
culture through technology, but physics, which seeks to under-
stand the structural footings of Nature, often influences culture
through the novelty of its concepts. The theory of relativity—
both special and general—is replete with profound and fascinat-
ing ideas and, as a result, has become a part of our culture.

Electrodynamics motivated Einstein’s June paper, but it was
the kinematic part that has, over the decades, attracted attention.
This is partly because electric and magnetic fields are rather ab-
stract ideas and are not a common part of everyday experience.
By contrast, the length of objects, clocks, time, simultaneity, time
intervals, and speed are routine parts of our lives. We bring a
well-established understanding to our notions of length and time.
We believe we know what simultaneity means. And that is why
the public response to the special theory of relativity and its con-
sequences was, and is, one of incredulity among both amateurs
and professionals. Even Hendrik Lorentz, one of the greatest
physicists of the late nineteenth and early twentieth centuries,
certainly understood Einstein’s relativity, but he could not quite
bring himself to accept the conclusions that resulted from Ein-
stein’s June paper. In lectures he gave at the Teyler Foundation in
Haarlem in 1913, Lorentz said,

According to Einstein, it has no meaning to speak of motion rela-
tive to the aether. He likewise denies the existence of absolute
simultaneity . . . It is certainly remarkable that these relativity
concepts, also those concerning time, have found such a rapid ac-
ceptance . . . As far as this lecturer is concerned, he finds a certain
satisfaction in the older interpretations, according to which the
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aether possesses at least some substantiality, space and time can
be sharply separated, and simultaneity without further specifica-
tion can be spoken of . . . Finally, it should be noted that the dar-
ing assertion that one can never observe velocities larger than the
velocity of light contains a hypothetical restriction of what is ac-
cessible to us, [a restriction] which cannot be accepted without
some reservation.>?

All of us, physicists and nonphysicists alike, get comfortable with
our common-sense ideas and hate to give them up.

The twentieth century began with three great theories of phys-
ics. Today there are five. Two revolutions occurred in physics
during the century that fundamentally altered the way physicists
view the world. Quantum mechanics changed the way physicists
describe the world of atoms and molecules. Einstein’s theory of
relativity changed the space-time stage on which the drama of
Nature unfolds. Looking back to 1905, there is one mistake that
Einstein made in May of that year. In his letter to Besso, his close
friend, he identified one paper, his March paper, as his revolu-
tionary paper. He was wrong. There were fwo revolutionary pa-
pers: March, on the particle nature of light and June, on the the-
ory of relativity.






Does the Inertia of a Body
Depend on Its Energy Content?

A. Einstein

The paper was received by the editor of the German journal
Annalen der Physik on September 27, 1905, and published that
same year in volume 18, pages 639—-641.
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Albert Einstein on January 2, 1931, during his third stay in the
United States. When Einstein demonstrated in his September paper
that energy and mass were equivalent, he may have felt somewhat
like he looks in this picture . . . a little impish?
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The Most Famous Equation

Galileo, one of the founders of modern science, said that the lan-
guage of Nature is mathematics. What Galileo said many centu-
ries ago still holds true today. Physics strives to identify the invis-
ible laws that determine the patterns of the visible world. The
whole subject is built upon a few surprisingly simple basic laws
of Nature. Because they are simple, they can be rendered mathe-
matically. Mathematics requires simplicity of expression; there-
fore, the basic laws are expressed in terms of mathematics. Even
a rudimentary understanding of the invisible laws of physics can
inspire wonder: their simplicity masks their range, belies their
power, and gives no inkling of the exquisite details they divulge
about the diverse actions of Nature.

That Nature’s physical laws are simple does not mean that Na-
ture itself is simple. Typically the simplicity of a physical law
hinges on the fact that it represents an idealization or an approxi-
mation. For example, Galileo asserted that two objects, a light
one and a heavy one, when released together from some height,
strike the ground at the same time. Well, not exactly, Galileo ad-
mitted. Nevertheless, he continued, if the air were removed and
the heavy and light objects fell through a vacuum, they would in-
deed strike the ground together. Air is part of Nature and at
some level it must be taken into account, of course, yet idealizing
the fall of an object by removing the complication of air is the
way Galileo caught a glimpse of a simple law in operation.

The power to apply the basic laws of physics is derived from
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their mathematical expressions. Bring the dozen or so basic laws
together with their manifold applications and the mathematical
equations multiply. Physics is replete with equations, simple and
complicated. However, some equations enjoy a prominence be-
cause their reach is longer and their embrace of Nature is more
intimate. And there are a few equations that have acquired sym-
bolic significance.

Each of the five grand theories of physics can boast many won-
derful mathematical equations. However, suppose we were asked
to select just one equation, one simple equation, to symbolize
each great physical theory. Which five equations would appear?
Opinions may differ, but here are five equations that would be
present on many if not most lists:

1. Newtonian Mechanics F=ma
This is Newton’s second law, the most basic law of motion. This
equation states that when a force F acts on a mass m1 it accelerates
with an acceleration a in the same direction as the applied force.

2. Thermodynamics S=kinQ
This is what Einstein referred to as Boltzmann’s Principle. It
relates the entropy S of a state to the logarithm of the proba-
bility of the state Q. Boltzmann’s constant is k. A high proba-
bility state is a high entropy state.

3. Electromagnetism ¢ = 1(eoto)”
Coming out of Maxwell’s basic equations of electromagnetism
is the speed of light ¢ in terms of an electric constant gy and a
magnetic constant u°.

4. Relativity E =mc
Einstein’s famous equation relates energy E and mass m
through the square of the speed of light c.

5. Quantum Mechanics E=hy
This is sometimes called the Planck equation. It gives the en-
ergy E of a particle of light with frequency v. The letter b rep-
resents Planck’s constant.
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Each of these equations represents a major physical theory.
Each of these simple equations has many conceptual layers that,
when unpacked, tell a long story. Only one of these equations,
however, is known to people across all professions, in all occupa-
tions, and in all walks of life throughout the world. That one
equation is Einstein’s simple equation E = mc2. Not all may un-
derstand the particulars of his theory, but they do know that Ein-
stein’s equation stands for something very important. Whatever
the level of understanding people bring to it, Einstein’s equation,
presented for the first time in his September 1905 paper, has be-
come a part of world culture.

The Setting

What motivated Einstein to write his September 1905 paper? Or,
more generally, what motivated him to write any of his 1905 pa-
pers? Certainly, Einstein was troubled by the contradictory ideas
of light as continuous and matter as discontinuous, yet existing
side by side. Although this contradiction did not attract the at-
tention of other physicists in 1903, it did motivate the thinking
of Einstein and prompted him to write the revolutionary March
paper. Certainly, the formal asymmetries that emerged from
moving charges and magnets were unacceptable to Einstein and,
to some extent, provoked his thoughts. The special theory of rel-
ativity resolved these asymmetries. For Einstein, contradictions
and asymmetries were a signal that something was deeply wrong.

Contradictions and asymmetries, as Einstein saw them, were
issues of form. What about unresolved experimental puzzles?
Did they bother Einstein? When Einstein wrote his March paper,
the photoelectric effect was unexplained; when he wrote his May
paper, Brownian motion was unexplained; and when he wrote
his June paper, the ether had failed to reveal itself even to the
most exacting experiments. Certainly the lack of evidence for the
ubiquitous ether was tormenting the minds of Einstein’s contem-
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porary physicists. Did these physical phenomena, awaiting expla-
nations, motivate Einstein? Einstein had read Poincaré’s 1902
book, so he knew about the photoelectric effect and Brownian
motion. He actually applied his particle theory of light to the
photoelectric effect and resolved all the puzzles associated with
that phenomenon that were vexing his contemporaries. But did
the photoelectric effect really motivate Einstein or was it just an
obvious way to marshal support for his revolutionary particle-of-
light theory which, for him, resolved the continuity-discontinuity
conundrum?

It is impossible to give a definitive answer to these questions. It
is best to take Einstein at his word and understand his motiva-
tions in terms of what he gave us—contradictory points of view,
asymmetries, logical difficulties, and so forth.

The motivation behind the September paper appears to be
more obvious, but do appearances tell the whole story? In a letter
to Conrad Habicht, written during the summer of 1905, Einstein
writes:

A consequence of the study on electrodynamics [the June paper]
did cross my mind. Namely, the relativity principle, in association
with Maxwell’s fundamental equations, requires that the mass be
a direct measure of the energy contained in a body; light carries
mass with it. A noticeable reduction of mass would have to take
place in the case of radium. The consideration is amusing and se-
ductive; but for all I know, God Almighty might be laughing at
the whole matter and might have been leading me around by the
nose.!

This letter was most likely the sole portent of Einstein’s Sep-
tember paper, which soon followed it. Einstein’s words to
Habicht suggest two routes by which Einstein might have been
brought to the September paper. First, and perhaps the most
likely, he came to recognize that the mass-energy relationship
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was an inevitable consequence of his theory of relativity. After
all, that is what he says to Habicht. But with extraordinary pre-
science Einstein says something more: he mentions radium . . .
radioactive radium.

Radioactivity was discovered by Henri Becquerel in 1896 and
in the summer of 1905, the underlying physics of radioactivity
remained a mystery. The atomic nucleus, the source of radioac-
tivity, was not discovered until t911. What was known in 1905
were some experimental facts about the phenomenon of radioac-
tivity. Specifically, it was known that radioactive atoms suddenly
emit highly energetic particles: in some cases rather massive a-
particles, in other cases less massive -particles, and in still other
cases, radiation in the form of y-rays. In all these cases, however,
these radioactive ejections possessed energy. Where did the en-
ergy come from? Did Einstein reflect on radioactivity and did he
wonder how an atom could suddenly erupt and eject an ener-
getic a-particle? Was it the phenomenon of radioactivity that
prompted Einstein to examine once again his relativity theory
to see if still another unexpected consequence might be forth-
coming?

Although no definitive answer is available, Einstein certainly
knew about radioactive radium. It could have stimulated a line
of thought that resulted in his September paper. Or perhaps he
simply enjoyed further pondering his wonderful theory of relativ-
ity to see if still more bounty could be buried in it. One way or
another, the September paper was the result.

Einstein’s September paper is qualitatively different than his
other 1905 papers. On the one hand, the equation E = mc?
seemed to come out of the blue. No one anticipated it. There was
no recognized need for it. On the other hand, the equation could
be derived directly from Einstein’s June paper.

Einstein submitted his paper on the special theory of relativity
in the last few days of June. Then, at the end of September, he
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submitted his paper that linked mass and energy. The September
paper does not break new ground in the way his June paper did.
Quite the contrary. The September paper built upon the June
foundations. In the June paper Einstein developed a set of novel
ideas, the truth of which was further explored in the September
paper. According to the premises of his June paper, E had to
equal mc*. Had Einstein not derived E = mc? in September, an-
other physicist would likely have done so sometime later. The
equation is just a logical consequence. That does not diminish its
revolutionary character. Like the contraction of length or the
slowing of clocks, the idea that two physical concepts, mass and
energy, are the same, that mass is “a direct measure of the energy
contained in a body,” is one more consequence of the special the-
ory of relativity that challenges our common sense.

The September 1905 Paper

“The results of an electrodynamic investigation published by me
recently in this journal,” Einstein begins, referring to his June pa-
per, “lead to a very interesting conclusion, which shall be derived
here.” Einstein then provides a succinct summary of the June pa-
per: “The laws governing the changes of state of physical systems
do not depend on which one of the two coordinate systems in
uniform parallel translation relative to each other these changes
of state are referred to (principle of relativity).”?

The September paper is the shortest of Einstein’s 1905 pa-
pers—only three pages. It could have been the final section of the
June paper—it would have made a spectacular conclusion. In
both the June and September papers, the reader is called upon to
imagine events as seen by observers in two inertial coordinate
systems—one at rest and the other in uniform motion. When the
results of measurements in the two coordinate systems are com-
pared, bizarre results emerge.
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From start to finish, Einstein takes us through three steps.
First, he asks, imagine light waves.? Light waves (or light parti-
cles) carry energy, as was demonstrated in Einstein’s analysis of
the photoelectric effect. It is the light’s energy, transferred to the
electrons in the metal’s surface, that ejects electrons from the
metal’s surface. The energies of Einstein’s imagined light waves
are measured relative to two inertial coordinate systems. First,
the energy is measured in coordinate system 1 and next in coor-
dinate system 2, which is moving with a constant velocity v rela-
tive to system 1. Using the theory of relativity developed in the
June paper, Einstein records the energy of light waves from the
perspective of both inertial coordinate systems.

In the second step Einstein considers an object that is at rest
with respect to one inertial coordinate system, but is moving
with a constant velocity v with respect to a second inertial coor-
dinate system. As always, observers can be identified with each
coordinate system.

To appreciate Einstein’s third step, we need a definition. In the
second step Einstein introduced an object. Let us assume it has a
mass of m. The first observer stands next to the object and sees it
at rest (v = o). The second observer sees the object in motion
with a velocity v, which means that for this observer the object
has energy of motion, which is called kinetic energy. The second
observer sees a moving object with a kinetic energy of ¥4 muv?.
However, is the object moving with a velocity v to the east, or is
the second observer moving with a velocity v to the west? In ei-
ther case, the second observer sees the object moving with a ve-
locity v and possessing a kinetic energy equal to % mv? It is
better to simply say that there is relative motion between the sec-
ond observer and the object and that either the object is moving
relative to the observer or that the observer is moving relative to
the object.

Following these two steps, Einstein proceeded to put the two
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The lower left observer sees the upper left observer and the box moving with

a constant velocity v toward the right. The upper right observer sees the
lower right observer moving at the same constant velocity v toward the left.
Since the two inertial coordinate systems are equivalent, there is no physical
way to establish which inertial coordinate system, upper or lower, is actually
moving. All one can say is that the lower and upper coordinate systems are
moving relative to each other. The lower observer sees the box moving with
a velocity v and having a kinetic energy !4 mv? while the upper observer sees
the box as stationary.

steps together in step three. Assume that the object in the previ-
ous step emits two light waves in exactly opposite directions. If
each light wave has the energy E/2, then the total energy carried
away by the two light waves is E. Since the light waves originate
in the object and since they carry away a total energy of E, the
energy of the object must decrease by the amount E. Einstein ex-
amines this light-emission process from the perspective of two
observers: one at rest with respect to the object (the upper ob-
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server in the illustration) and a second for whom the object is in
motion (the lower observer in the illustration). According to the
principle of relativity, the laws of physics are the same in all iner-
tial coordinate systems, so the conservation of energy can be em-
ployed in both the coordinate system at rest and the system in
motion. Einstein then shows that for the second observer (lower
observer) watching the moving object, the energy loss E due to
the emission of light is seen as a decrease in the object’s kinetic
energy. How can the kinetic energy, % muv?, decrease? Either by a
decrease in the object’s velocity, v, or by a decrease in its mass, 7.
But since the velocity can be identified with either the object
or the observer (as the illustration shows), the decrease in the
object’s kinetic energy cannot be due to a decrease in velocity.
That means the object’s mass must decrease. In fact, Einstein
shows that the object’s kinetic energy decreases by the amount
Y (E/c?)v?, which means that the object’s mass decreased by the
amount E/c?. This result can be written in a more revealing form:

mass lost = m1;,, = (Energy lost/c?) = (Ejoq/c?)
or,

Ejosr = myosc?
or more simply,

E = mc?.
Einstein then continues:

From this equation it follows directly: If a body releases the en-
ergy E in the form of radiation, its mass decreases by E/c2. Since
obviously here it is inessential that the energy withdrawn from the
body happens to turn into energy of radiation rather than into
some other kind of energy, we are led to the more general conclu-
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sion: The mass of a body is a measure of its energy content; if the
energy changes by E, the mass changes in the same sense by E/c2.*

The standard form of Einstein’s famous equation, E = mc?,
puts the emphasis on energy. If his words above are read care-
fully, however, Einstein might well have thought of it differently.
He writes, “The mass of a body is a measure,” which suggests an
emphasis on mass; in fact, in terms of the words he used, Einstein
expressed his equation as

m = Elc?,

which puts mass, 7, in the prominent position of the equation.
Was this deliberate? Was this another example of Einstein’s
amazing prescience? More later.

Einstein begins the September paper by referring to the June
paper. The “results of an electrodynamics investigation,” writes
Einstein, “lead to a very interesting conclusion.” The conclusion
is the famous E = mc2. But is it true? Or, as Einstein wondered,
was “God Almighty leading [him] around by the nose”? In typi-
cal fashion, he connects his theoretical results with ways to test
them. Einstein concludes this paper by suggesting a possible test
to determine whether energy and mass were related as he pre-
dicted. The radioactive element radium had been discovered by
Marie Curie seven years earlier, in 1898. Since an atom of ra-
dium gives off energy in its radioactive-decay process and since
that energy might well come at the expense of mass, Einstein sug-
gested that it might be possible to test his result “using bodies
whose energy content is variable to a high degree (e.g., salts of
radium).”

Einstein’s final sentence in the September paper considers the
practical outcome of his theory: “If the theory agrees with the
facts, then radiation transmits inertia [mass| between emitting
and absorbing bodies.” Since radiation is nothing but energy
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and since inertia is mass, Einstein’s words could have been “en-
ergy transmits mass.” What does it mean? According to his equa-
tion, energy and mass are one. Because they appear to be so dif-
ferent, their oneness is stunning. How does the speed of light,
squared, figure in this equation?

Energy is a concept that is hard to define. It comes in many dif-
ferent forms. It comes as electromagnetic energy from the Sun, it
comes as electrical energy (or nuclear) from a power company, it
comes as chemical energy from gasoline, it comes as thermal en-
ergy from a hair dryer, it comes as potential energy from a
wound-up spring clock, it comes as kinetic energy from an ava-
lanche, it comes as acoustic energy from someone’s mouth, and it
comes as geothermal energy from Earth’s interior. Energy easily
slips from one form to another. Energy is everywhere and energy
makes things happen. Energy is the intangible part of Einstein’s
famous equation.

Mass is linked to materiality. Every material object has mass.
Like energy, mass is not easy to define. There are two kinds of
mass, each of which can be demonstrated. Kick a big rock and
the resulting pain is a demonstration of the rock’s inertial mass.
Objects with a large inertial mass strongly resist being moved.
Hold a bag of sugar at arm’s length and the sugar’s gravitational
mass demonstrates itself. The sugar’s mass is attracted by Earth’s
mass (gravity at work), and it requires an effort to keep the sugar
from responding to that attraction. Mass is the tangible part of
the September equation.

The equation E = mc? connects intangibility and tangibility
and, by making them equivalent, joins them as one. Energy and
mass are different and it is the speed of light that brings them to-
gether.

There are at least three ways to explain the presence of ¢? in
the equation that links E and . First, the ¢? is there because of
the June paper, that is, because of the two principles of the spe-
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cial theory of relativity. Start with those two principles, demand
that these two principles remain valid for observers in all inertial
coordinate systems, follow the logic wherever it leads, and accept
the consequences as they emerge. One consequence is length
contraction and another is E = mc?. Viewed this way, the equal-
ity E = mc? is the direct consequence of the larger theory. This is
not very satisfying, though true. The question still lingers: Why is
the speed of light in the equation?

The second way to explain the presence of ¢? is as a conversion
factor. A conversion factor converts one unit into another. For
example, miles and kilometers are different units of length or dis-
tance. If you want to convert a mile into a kilometer, you must
multiply the mile by the conversion factor 1.609. The ¢? is what
converts mass units into energy units. Just as a volume expressed
in quarts cannot be equated to a distance expressed in miles, so a
mass expressed in kilograms cannot be equated to an energy ex-
pressed in joules. Kilograms and joules are incompatible units. A
conversion factor is needed.® Here again, the explanation falls
short of satisfying.

A third way to explain the presence of the ¢? in Einstein’s equa-
tion is, I believe, more satisfying. Begin with the recognition that
for centuries men and women have sought to understand Nature.
Recognize further that everyday experiences, in their totality,
provide the prism through which people observe and interpret
Nature. These same common experiences have had decisive influ-
ences on the way people describe and understand Nature. Next,
acknowledge lessons repeatedly learned from past experiences;
namely, explanations based on common experiences cannot au-
tomatically be extended beyond those experiences. Finally, ac-
cept what Einstein taught us in the September paper (which has
since been amply verified); namely, at the basic level, Nature does
not distinguish between energy and mass. Humans distinguish
between energy and mass, but Nature does not. Even more, hu-
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mans have made mass into something very different than energy.
This difference is demonstrated by the observation that humans
have created a kilogram as the unit for mass and a joule as the
unit for energy—two distinctly incompatible units. If, however,
the objective is to describe Nature accurately, humans must ac-
cept Nature on its terms and find a way to rationalize the differ-
ence between our concept of mass and our concept of energy.
The factor ¢> does this. Multiply m by ¢?, and, de facto, energy
and mass become what Nature deems them to be: one and the
same.

Einstein himself described the mass energy equation a little dif-
ferently:

It follows from the theory of relativity that mass and energy are
both different manifestations of the same thing—a somewhat un-
familiar conception for the average man. Furthermore, E = mc?,
in which energy is put equal to mass multiplied with the square of
the velocity of light, showed that a very small amount of mass
may be converted into a very large amount of energy . . . the mass
and energy in fact were equivalent.”

Einstein’s June paper brought space and time together. His
September paper brought energy and mass together. Space and
time seem totally different, and yet Einstein showed that to de-
scribe Nature accurately, the two must be joined. Mass and en-
ergy also seem to be two completely unrelated things. They do
not look alike, they do act alike, but at their root, Nature tells us
that they are one. That is the conclusion of Einstein’s September

paper.
The Response

In 1907, Einstein was invited to write a review paper about rela-
tivity theory. In this paper he reaffirmed his argument for the
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equivalence of mass and energy when he stated: “[I|nertial mass
and the energy of a physical system appear . . . as things of the
same kind . . . It seems far more natural to consider any inertial
mass as a reserve of energy.”® In this same paper Einstein ac-
knowledges that the suggestion he made earlier in his September
1905 paper, the suggestion to test the mass-energy equivalence by
means of an experiment with radioactive radium, had been inves-
tigated by the physicist J. Precht. For some reason, Einstein does
not quote Precht but quotes Max Planck’s summary of Precht’s
experimental results. Specifically, if the energy coming from 226
grams of radioactive radium originates completely from mass,
the 226 grams of radium would decrease by 0.000012 gram per
year. Since this mass decrease is too small to detect, Einstein’s
equation cannot be tested by means of radium. But his original
intuition, that the place to look for evidence supporting mass-en-
ergy equivalence was some kind of transformation inside the
atom, was on target. It just took some time.

The mass-energy equivalence did not come into its own until
the 1930s when nuclear physics became an active area of physi-
cal research. When physicists established that the atomic nucleus
consisted of protons and neutrons, a new question had to be an-
swered: How can the protons, vigorously repelling each other be-
cause of their positive charges, be held together in the snug
confines of the nucleus? The answer is provided by Einstein’s
equation. When protons and neutrons come together to form a
nucleus, each gives up a trifling amount of its mass. In other
words, the mass of an assembled atomic nucleus is less than the
sum of the masses of its unassembled parts. Where does the mass
go? The missing mass becomes the energy that binds the nucleus
together. If Am represents the mass lost by particles when they
assemble together in a nucleus, then the energy holding the nu-
cleus together is Amc?, or the binding energy E equals Amic?.
Once the particles are assembled in a nucleus and bound together
by an energy E, the same energy is required to take the nucleus
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apart particle by particle. Every atom in the universe has a nu-
cleus which testifies to the equivalence of mass and energy.

In the same 1907 review paper, Einstein once again anticipates
things to come. After he acknowledges that the mass-energy
equivalence could not be tested with radium, he writes, “How-
ever, it is possible that radioactive processes will be detected in
which a significantly higher percentage of the mass of the origi-
nal atom will be converted into the energy of a variety of radia-
tions than in the case of radium.”’ Einstein was wrong; it was
not a radioactive process, but his instincts, focused on the atomic
interior, were eerily prescient.

At the end of 1938, nuclear fission was discovered. When a
uranium nucleus is struck by a neutron, it splits into two large
parts, a few neutrons, and a lot of energy. Upon examination, it
is found that the total mass of the pieces after fission is less than
the mass of the pieces before fission. The energy produced comes
from the loss of mass. The fission process is the basis of the
atomic bomb. It was the recognition that the fission process held
the potential for a devastating weapon that persuaded Einstein to
sign a letter in 1939 to President Roosevelt urging him to initiate
a program to determine the feasibility of a nuclear weapon.

Large atomic nuclei can break into two relatively large parts
and, in the process, release energy. Small atomic nuclei can join
together into larger nuclei and, in the process, release energy. The
September equation E = mc? explains both fission and fusion.

Einstein’s little equation also makes the Sun shine. At the core
of all stars, hydrogen fuses with hydrogen to form helium and, in
the process, mass becomes energy. In time, the energy generated
in a star’s core works its way to the surface and, for stars like the
Sun, maintains a surface temperature of about 5,800 degrees. For
many years physicists sought to explain how the Sun produced
its energy. It was from Einstein’s September equation that we
learned what fires the stars.

Einstein’s equation came before its time. It was not until the
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1930s that the atomic nucleus required the mass-energy equiva-
lence. Later, as twentieth-century physicists probed deeper and
deeper into the structure of matter, the September equation
served its purpose.

In accelerator laboratories around the world, Einstein’s equa-
tion is a staple. The equivalence of mass and energy must be
taken into account in the design of accelerators and it is essential
when particle collisions are analyzed. In the gigantic detectors
surrounding the location where the high-energy particle beams
collide, the oneness of mass-energy is witnessed over and over
again as masses vanish into energy and masses reappear from
energy.

With the discovery of antimatter, Einstein’s equation became
indispensable. The first antiparticle, the positron, was discovered
in 1932 and in later years, the discovery of other antiparticles
followed. When a particle meets its antiparticle, they annihilate
each other and the two masses become energy. Again, it works
both ways. The energy of a high-frequency photon can suddenly
become the source of a particle-antiparticle pair. Creation—en-
ergy to mass—and annihilation—mass to energy—go back and
forth indiscriminately. As creation and annihilation processes
dramatically demonstrate, Nature makes no distinction between
mass and energy.

One of the more incredible scientific advances of recent years
has resulted from the connection made between two worlds: the
world of the smallest and the world of the largest. Earthbound
physicists examine the details of the elementary particles in accel-
erator laboratories, while astronomers and cosmologists are in-
tellectually transported to the far reaches of the cosmos to exam-
ine how the universe came into existence. New data, pouring out
of the Hubble Space Telescope on almost a weekly basis, have
pushed back the thoughts of cosmologists closer and closer to the
origin of the universe itself: the big bang. As cosmologists have
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sought to understand the cosmic environment and events that oc-
curred in the earliest seconds following the big bang, they have
needed information gleaned from Earth-based accelerator labo-
ratories. As the worlds of the largest and smallest have come to-
gether, Einstein’s equation has been an indispensable tool. The
big bang could not be understood without E = mc?. During the
first few seconds following that singular event, mass and energy
danced a solo as annihilations and creations of particles set the
stage for the universe we now inhabit. At the end of those early
seconds, the universe had cooled to the point where the dance be-
tween mass and energy had become a pas de deux: energy and
mass could change partners because they were linked by Nature,
but the ease with which they switched identities back and forth
had lessened and they began to assume the appearances that
would prompt humans to make them separate entities: human
mass and human energy.

Ask any physicist to identify the most important concept of
physics and the answer is likely to be “energy.” And for good
reason. As physics has developed, no concept enjoys the range of
applicability that is enjoyed by the energy concept. Perhaps this
is why physicists choose to write Einstein’s September equation
as E = mc?, where the energy, E, is the subject of the equation.
Einstein did not write his equation this way; rather, he made
mass the subject of the equation: m = E/c?. Did Einstein’s acute
intuition prompt him to write it that way?

Now in the twenty-first century, physicists have at their dis-
posal a highly developed model, the standard model, that identi-
fies the basic building blocks of matter. The model is refined to
the point that questions once ignored now demand answers. One
such question is: where do the basic particles get their masses?
More specifically, why is the mass of the proton what it is rather
than something else? Advances in the further understanding
of matter may hinge on answering such a question. We might
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begin by writing Einstein’s September equation the way he did,
m = E/c?, and ask: Is the mass of the proton and other basic par-
ticles to be found in a particular form of energy? Does Nature
have pockets of energy that happily become the proton and other
basic building blocks of the material world?1

It is certainly a stretch to suggest that in 1905 Einstein antici-
pated the need to explain the mass of the basic particles. The ba-
sic particles were unknown in 1905. But the electron, discovered
in 1897, was known. The electron had an unknown mass, but it
was thought to be a small mass. Did Einstein wonder, as he fin-
ished his September paper, whether perhaps the electron’s small
mass might be understood in terms of energy, causing him to ex-
press his equation in terms of mass and not energy? It would be
risky to underestimate Einstein’s powerful intuition that enabled
him “to scent out that which was able to lead to fundamentals
and to turn aside from everything else.”

Einstein’s September equation, E = mc?, is unique. It plays a
starring role in those elegant abstractions that stimulate the
minds of those at the frontiers of science while remaining a famil-
iar part of modern culture.
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Albert Einstein in 1954. He appears fully at peace. He died on
April 18, 1955, approximately one year after this picture was
taken.




Epilogue

Beyond 1905

This book celebrates Einstein’s greatest year, 1905. Einstein’s ac-
complishments in that year were quickly recognized as unusual
as well as provocative and they established Einstein as a physicist
to be watched. Einstein’s 1905 publications, however, neither
brought him immediate fame nor showered him with job offers.
Despite the fact that he was publishing on a monthly basis in
Germany’s leading physics research journal, Annalen der Physik,
no universities competed for Einstein’s services in 1905. So he
continued as a civil servant at the Bern patent office until Octo-
ber 1909, four years after his last 1905 paper was published,
when he acquired a faculty position at the University of Zurich.
In the same month, Einstein attended his first physics conference
in Salzburg.

After his appointment at the University of Zurich, professional
opportunities came rapidly to Einstein. In 1911, Emperor Franz
Joseph appointed Einstein full professor at the Karl-Ferdinand
University in Prague. He accepted the appointment and on April
3, 1911, he and his family arrived in Prague. Less than one year
later, he was appointed professor of theoretical physics at the
Federal Institute of Technology (ETH) in Zurich and in July
1912, Einstein and family returned to Zurich. By this time, Ein-
stein was in demand. In July 1913, Max Planck and Walther
Nernst, two leading German scientists, traveled to Zurich to visit
with him. Their purpose was to discuss the possibility of his ac-
cepting a professorship at the University of Berlin. Following
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their visit to Zurich, Planck, Nernst, and others nominated Ein-
stein for membership in the Prussian Academy of Sciences, a high
honor. Later in 1913, Einstein accepted the Berlin offer, which in-
cluded a professorship with no teaching obligations and the di-
rectorship of the Kaiser Wilhelm Institute for Physics. In the
spring of 1914, Einstein arrived in Berlin.! In 1913, eight years
after one of the most incredible years in the history of science,
Einstein was received with full honors in the top echelons of Ger-
man physics.

By 1920, he was an international celebrity—a rare position for
a professor of physics. Einstein was fortunate. In 1905 he was a
young man of twenty-six, still an outsider to the organized phys-
ics profession. His thinking had not been influenced by consensus
views on the proper way to do physics, on what is possible or im-
possible in physics, or what is important or unimportant in phys-
ics. In 1905 he had not only a job that he enjoyed, but also one
that allowed his mind to range freely over ideas that interested
him. In 1905 he was in love, but he did not have family responsi-
bilities that would have competed for his attention.

Perhaps most significant, however, is that in 1905, the subject
of physics was brimming with potential. Discoveries had been
made during the final years of the nineteenth century that had
disrupted the serenity of many physicists and had jarred them
out of their relaxed notion that physics was approaching its final
form. These discoveries shook the underpinnings of physics in
virtually all areas of the subject. In 1895 an unknown form of
penetrating radiation was discovered, which were called X-rays.
In 1896, it was discovered that a chemical element was itself the
source of an unknown radiation stemming from a process that
came to be called radioactivity. In 1897, a negatively charged
particle was discovered whose properties hinted that the atom
may have smaller parts. This particle was the electron. Finally, in
late 1900, the quantum was born, which forced physicists to
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think in new ways. The events from 1895 to 1901 were total sur-
prises and, with the exception of X-rays, standard physical the-
ory provided no explanations. New ideas were needed. In the in-
tellectual environment of 1903, Einstein thrived.

As a young man, Einstein was indeed fortunate, but in the
longer term, he was unfortunate. When Einstein was in his mid-
forties, still relatively young, quantum mechanics was created in
response to an array of questions about matter at the level of at-
oms. Physicists used quantum mechanics to answer the old ques-
tions and identify new ones. With successes leading to more suc-
cesses, quantum mechanics demonstrated its amazing power.
With the formalism of quantum mechanics, physicists could cal-
culate atomic properties and put their calculations to the test
through experiments. The abstractness of quantum mechanics
and its decisive break with earlier physics challenged and excited
physicists.

Quantum mechanics quickly came to dominate the thoughts
and the work of front-line physicists in the mid to late 1920s.
The theory of quantum mechanics, however, as it was conceptu-
alized after 1927, approached Nature in terms of probabilities
that Einstein could not accept. Einstein was a realist. He believed
that Nature was real, that atoms were real, and that atomic
properties were real. “Proper” physics had the potential for
determining the exact physical properties of atoms. Quantum
mechanics was at odds with Einstein’s realist views; from the
perspective of quantum mechanics, his views were in contradic-
tion with Nature. Although Einstein’s colleagues did not hesitate
to use the tools provided by quantum mechanics, Einstein re-
sponded by pursuing his own dream theory, the unification of
gravitation and electromagnetism, and that pursuit effectively
took him out of the mainstream of physics for the remaining
years of his life. One can only wonder what additional contribu-
tions Einstein may have made to physics had he been able to ac-
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cept the physical and philosophical underpinnings of quantum
mechanics. For more than half of Einstein’s professional life, the
intellectual environment that dominated physics was hostile to
his basic beliefs. In the intellectual environment of physics after
1927, Einstein stood apart.

1905: Einstein’s Base

Einstein was prolific. His scientific papers first appeared in 1901
and continued until (and including) the year he died. Einstein
was consumed by physics. By no means, however, was he a one-
dimensional man. He wrote books for the general reader, he par-
ticipated a bit in world affairs, he was a musician of sorts and en-
joyed music, and he was a copious correspondent. Nonetheless,
physics is what he lived for and what dominated his waking
hours.

Although Einstein enjoyed a long career, he never had another
year that compared with 1905. His 1905 papers were not only
important in and of themselves, but they formed a base that in-
fluenced essentially all of Einstein’s subsequent work. The base
he built in 1905 gave Einstein both substantive and procedural
footings.

The 1905 papers were substantive in both their range and their
depth. The subjects that Einstein addressed in 1905 were not
confined to one narrow topic. On the contrary, four separate
conceptual domains provided the framework for the 1905 pa-
pers: What is light? What is the nature of matter? Is classical
thermodynamics valid? Are physical laws valid for all observers?
Collectively these four domains embraced a major part of phys-
ics, and hence his papers influenced the entire discipline. More-
over, in none of the papers did Einstein solve a problem that,
once solved, could be put on the shelf and forgotten. Rather, he
proposed and developed physical ideas whose range extended far
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beyond the pages of his particular papers. The intellectual rich-
ness of the ideas he presented in the 1905 papers was such that
Einstein and others came back to these same ideas singly and in
combination again and again. In fact, the implications of Ein-
stein’s 1905 papers are still with us and they continue to stimu-
late and perplex physicists.

The March paper on the quantum theory of light stands alone.
It broke more decisively with tradition than any of the other pa-
pers. Furthermore, Einstein’s theories concerning light abuse the
fundamental tenets of common sense every bit as much as rela-
tivity theory changes our understanding of space and time or of
mass and energy. In March, Einstein effectively made light both a
wave and a particle. In 1909 Einstein wrote a paper with the ti-
tle, “On the Development of Our Views Concerning the Nature
and Constitution of Radiation,” in which he states:

Once it was recognized that light exhibits the phenomena of inter-
ference and diffraction, it seemed hardly doubtful any longer that
light is to be conceived as a wave motion . . . However . . . it is un-
deniable that there is an extensive group of facts concerning radi-
ation that shows that light possesses certain fundamental proper-
ties that can be understood far more readily from the standpoint
of Newton’s emission theory of light [light as particles] than from
the standpoint of the wave theory. It is therefore my opinion that
the next stage in the development of theoretical physics will bring
us a theory of light that can be understood as a kind of fusion of
the wave and emission [particle] theories of light.?

The dual nature of light became a core consequence of quantum
mechanics and the paradox of duality remains with us.

In the same 1909 paper quoted above, Einstein brings into his
consideration of light his equation E = mc2. Once again, and a
little more clearly, Einstein shows that an object loses mass when
it loses energy through the emission of light. He writes:
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Thus the inertial mass of a body decreases upon emission of light.
The energy emitted must be reckoned as part of the body’s mass
... The theory of relativity has thus changed our views on the na-
ture of light insofar as it does not conceive of light as a sequence
of states of a hypothetical medium [the ether], but rather as some-
thing having an independent existence just like matter.’

Einstein never stopped thinking about the implications of his
March 1905 paper.

The April paper, Einstein’s dissertation on molecular dimen-
sions, was the precursor to the May paper on Brownian motion;
the latter is the more important. For Einstein, the May paper
may have been as much about statistical fluctuations as it was
about Brownian motion. Einstein’s explanation of the random
motion of particles suspended in a liquid was based on fluctua-
tions that occur in the motions of the liquid molecules. After
1903, fluctuation theory was a powerful weapon in Einstein’s ar-
senal.

The June paper, which presented the special theory of relativity
to the world, was especially important to Einstein. It is undoubt-
edly one of the greatest papers in the history of physics. The Sep-
tember paper, noteworthy as it was, must be considered as the
completion of Einstein’s June work. Throughout the years lead-
ing up to 1916, the special theory was rarely out of Einstein’s
conscious thoughts.

In addition to a substantive base, the papers of 1905 also pro-
vided Einstein with a procedural base. Einstein started his March
and June papers with contradictory images and new physics re-
sulted when Einstein resolved the contradictions. In the March
and June contradictions, there is irony. In March Einstein could
be seen as rejecting Maxwell’s electromagnetic wave theory of
light in favor of a particle theory; then in June, three months
later, Einstein could be seen as contradicting himself by rescuing
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Maxwell’s electromagnetism from internal contradictions. Ein-
stein used contradictions because they opened avenues of re-
flective thought that led him to issues deeper than the apparent
contradiction. Anyone can see contradictions, but Einstein saw
in the contradictions what others did not. All physicists saw light
as continuous waves and matter as discontinuous particles, but
no physicist other than Einstein saw in this a contradiction.

Einstein was driven to simplify and unify. These two principles
dominated his approach to physics. In his March 1905 paper,
Einstein brought radiation and matter together by making radia-
tion, like matter, particle in nature. At the same time, Einstein
recognized that the facts, interference and diffraction, fit beauti-
fully with the wave theory of light. So, driven by his need to
bring disparate views together, Einstein called for “a kind of fu-
sion” of the wave and particle theories of light.

The June paper exudes simplicity. The entire special theory of
relativity is derived from two simple principles, the concepts of
space and time, which are unified and brought out of their New-
tonian isolation. A world with absolute space existing apart from
and independent of absolute time was turned into a world where
space and time are joined. Energy and mass, never before re-
garded by any physicist as having anything to do with each other,
were made one as a result of Einstein’s September paper.

Beyond 1905

How many great papers did Einstein produce? The answer de-
pends, of course, on how the count is made and who is doing the
counting. Most knowledgeable people would place at least three
of Einstein’s 1905 papers on the list: the March, May, and June
papers. After 1905, there is one paper that would be at the top of
every list; then there are another half-dozen other papers that
would be selected by most. Einstein set a high standard in 1905.
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Measured against that, Einstein’s great papers after 1905 were
few in number. For my list, I have selected one topic and four pa-
pers, all of which had a significant impact on physics.

The Equivalence Principle

There is no single paper in which Einstein presented what came
to be called the equivalence principle. Einstein referred to it ex-
plicitly and implicitly in several papers over the period from
1907 to 1911, and he used it in dramatic ways. The equivalence
principle unifies disparate concepts. As such, this principle is one
of those vintage Einsteinian insights that had a tremendous influ-
ence on his own thinking and on physics. It can be expressed in
two ways, both of which are true, but both provoke different
sorts of thought.

Statement 1: Uniform gravitation cannot be distinguished from
uniform acceleration.

Statement 2: Gravitational mass and inertial mass are one and
the same.

One image brings the essence of Statement 1 into focus. The il-
lustration shows Einstein’s ever-present observer in an enclosed
cabin. In one case the cabin is sitting on Earth and, if the cabin is
small, gravity is uniform throughout the cabin; in the other case
the cabin is located in gravity-free space, far from other masses,
and it is accelerating in the direction shown. The equivalence
principle states that the enclosed observer has no way to distin-
guish between these two cases. The observer, standing on a bath-
room scale, weighs 184 pounds in both cases. No difference. The
observer drops a ball, and the ball falls to the floor in exactly the
same way in both cases. The observer flips a coin and the coin
follows a parabolic path in both cases. Just as observers moving
uniformly relative to each other cannot perform an experiment



Beyond 1905 = 135

W

One observer (left) is in a cabin based on Earth. A second observer (right) is
in a space-based cabin accelerating as indicated by the arrow. Einstein’s
equivalence principle states that there is no way these two observers can de-
termine which of them is on Earth and which is in space.

to determine who is moving and who is at rest, so there is no ex-
periment that the observer can perform that will distinguish be-
tween the accelerated cabin and the cabin on Earth. Einstein says
that these two very different situations are equivalent.

Statement 1 can be illustrated by a different image. Imagine a
small cabin falling toward Earth. Next imagine a small cabin far
from Earth in a gravity-free space. These two situations, free-fall
and zero gravity, are equivalent. There is no way to distinguish
between free-fall and zero gravity. To experience zero gravity, we
would have to jump out of a tall building or ride in a freely fall-
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ing elevator. For the brief moments of free-fall (before smashing
into the ground) we would experience zero gravity.

The second statement derives from experience: we experience
mass in two distinctly different ways. An object’s inertial mass is
a measure of the resistance it gives to being moved, specifically,
being accelerated. A baseball is easier to throw than a bowling
ball because the inertial mass of the baseball is smaller than that
of the bowling ball. An object’s gravitational mass is a measure
of the attraction between it and another mass. Earth and a bowl-
ing ball mutually attract each other because of their gravitational
masses. In his equivalence principle, Einstein asserts that these
two masses, the inertial mass and the gravitational mass, are ex-
actly the same.

For decades the best physicists observed gravitation and ac-
celeration every day. For decades, many of the same physicists
absolutely recognized a similarity between gravitation and accel-
eration, but it was Einstein who saw in the connection an equiva-
lence that represented something profound: the equivalence of
gravitation and acceleration would, with Einstein’s guidance, be-
come warped spacetime.

Where did the equivalence principle come from? In 1907, Ein-
stein had what he called “the happiest thought of my life,” which
I quoted in a previous chapter:

I was sitting in a chair in the patent office at Bern when all of a
sudden a thought occurred to me. “If a person falls freely he will
not feel his own weight.” 1 was startled. This simple thought
made a deep impression on me. It impelled me toward a theory of
gravitation.*

Einstein expressed this idea, which formally became the equiva-
lence principle, in several different places at different times in-
cluding 1907 and 19711.
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The General Theory of Relativity—1916

The special theory of relativity was two years old when, in 1907,
Einstein was asked by Johannes Stark to review the scientific lit-
erature and to report to readers what had been written on the
subject of special relativity since June 1905. This paper, titled
“On the Relativity Principle and the Conclusions Drawn from
It,” was an important undertaking. It required Einstein to step
back and look at the theory afresh and to write about it in a
more pedagogical style. This review article brought Einstein face
to face with the limitations of the special theory and it represents
an early step, if not the first step, toward the general theory. The
last major section of this 1907 paper carries the title, “Principle
of Relativity and Gravitation.” Clearly, in this paper, Einstein
had advanced beyond his theory of June 1905.

Even though Einstein recognized the limitations of the special
theory, it took him several years of concentrated effort to think
through the implications of a simple but commanding idea—the
equivalence principle—that he believed would lead to a general-
ization of his June 1905 paper. In 1912, four years before he
reached his objective, Einstein told his fellow physicist in Mu-
nich, Arnold Sommerfeld, that compared to the general theory,
the special theory was “child’s play.”’ The creation of the general
theory was an intellectual tour de force and many regard the out-
come as the all-time greatest product of pure thought.

To appreciate Einstein’s challenge, let us think again about co-
ordinate systems. The “absolute space” of Newton came to be
filled with the ether that was the coordinate system of choice, a
preferential coordinate system, Nature’s coordinate system. But
Einstein, for one, thought that a coordinate system is simply a
matter of convenience, merely a means to describe Nature, and is
not a fundamental part of Nature itself. Inertial coordinate sys-
tems, systems that move uniformly (at a constant speed and in a
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straight line) relative to each other, had the place of honor in
both Newton’s physics and in the special theory of relativity. One
of the axioms of the special theory is that all inertial coordinate
systems are equivalent as far as the laws of physics are con-
cerned. If an observer in any one inertial coordinate system puts
herself in the shoes of an observer in another inertial coordinate
system, their descriptions of Nature would fit perfectly with the
same laws of physics. But why should inertial coordinate systems
be singled out as special? Singling out uniform-motion coordi-
nate systems from nonuniform-motion, that is, accelerated coor-
dinate systems represented an asymmetry that Einstein could not
accept. The validity of the laws of physics should not be limited
to a particular type of coordinate system. That was Einstein’s ob-
jective: to remove the special theory’s restriction to inertial coor-
dinate systems and to develop a theory that he believed (and he
believed it without qualification) to be true; namely, that all coor-
dinate systems are equivalent and the basic laws of physics for-
mulated in any one coordinate system apply without alteration in
all other coordinate systems. Bringing all coordinate systems to-
gether was a simplification and a unification that appealed to
Einstein.

Einstein’s starting point—his simple and commanding idea—
was the equivalence principle. As Einstein said in a 1921 talk in
London, “The general theory of relativity owes its existence . . .
to the empirical fact of the numerical equality of the inertial and
gravitational masses of bodies.”” All physicists recognized a con-
nection between inertial and gravitational masses, but Einstein
recognized much more: he recognized that to generalize the spe-
cial theory, the equivalence of inertial and gravitational masses
dictated that gravity would have to be a core part of the new
theory.

As I stated earlier, the equivalence principle equates uniform
gravity and a uniformly accelerated coordinate system. From this
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equivalence principle alone, consequences of general relativity
can be qualitatively anticipated. For example, the general theory
quantitatively predicts that a ray of light should be bent by the
gravitational influence of a massive object. If there is an equiva-
lence between gravity and acceleration, then light should bend in
the accelerated coordinate system of the cabin. This is shown in
the illustration on p. 140. In the same illustration, a light source
is present on the floor of the accelerating cabin, shining toward
the ceiling. During the same instant that the light travels from the
floor to the ceiling, the ceiling has moved away from the light
source with the result that the crests arriving at the ceiling are
farther apart than they were upon leaving the floor and the light
appears to shift toward the red end of the visible spectrum.? If
this is true in an accelerated coordinate system, it must also be
true in a gravitational environment. And it is. In 1960, Robert V.
Pound and Glen Rebka showed that light leaving Earth is red-
shifted. These strange effects and others became quantitative
with the completion of the general theory.

The concepts of space, time, and gravitation are dramatically
changed by the general theory. Gravity affects time: clocks run
slower in the strong gravity near the Sun than do identical clocks
in the weaker gravity far from the Sun. The sources of gravity,
masses, also affect space: space is warped by masses. (And since
mass and energy are equivalent [the September paper], energy
warps space.) A large mass warps space in such a way that an-
other mass is drawn into the space surrounding the large mass. In
this sense, the general theory of relativity has replaced the gravi-
tation force, as described by Newtonian physics, with warped
spacetime.

For many years after 1916, the general theory was recognized
for its pristine intellectual beauty, but it had few experimental
applications. This is no longer true. The study of astronomical
objects like black holes and neutron stars requires general relativ-
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The path of light passing a massive star (left) is diverted or bent. In an eleva-
tor accelerating upward (right), light leaves the left wall of the elevator. As it
travels across the elevator, the elevator itself moves upward with the result
that the light strikes the right wall at a lower point than it departed from. In
the accelerating elevator the light appears to bend just as it bends passing a
star. On the floor of the elevator is a light source directing light upward.
Since the ceiling is running away from the light, the light seen by the ceiling
is red-shifted.

ity. The general theory is also a necessary tool for understanding
the origin of the universe—the big bang. Gravitational waves,
predicted by the general theory, are believed to emanate from
various astronomical objects. A neutron star, for example, orbit-
ing another star, would be a source of gravitational waves. The
search is under way to detect these waves.
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The special theory of relativity quickly became a necessary tool
in experimental laboratories of physics. It took longer for the
more exotic general theory to enter the laboratory, but it has
done so and it has also become a necessary tool in many areas of
physical research.

The Quantum Theory of Radiation—r1917

Einstein wrote several papers on quantum issues. The first, of
course, was his March 1905 paper in which he resurrected New-
ton’s long-defunct particle model for light and presented it in
quantum terms. The light quantum was a constant challenge to
Einstein. In May 1911, Einstein wrote to his friend Michele
Besso, “I no longer ask whether these quanta really exist. Nor do
I try to construct them any longer, for I know that my brain can-
not get through in this way.”® The light quantum haunted Ein-
stein’s thoughts for most of his life. In 1916 and 1917, Einstein
continued his thinking on the quantum nature of radiation and
three papers resulted. These three papers were a continuation of
Einstein’s “heuristic point of view” presented in March 1905.
Einstein’s quantum theory of light, rejected by virtually all physi-
cists, was considerably strengthened by the 1916-1917 papers,
which testified to Einstein’s strong belief that light had a particle
nature. The last in this series of three, appearing in 1917, is one
of Einstein’s most famous papers.'°

In typical Einstein fashion, he begins the 1917 paper by point-
ing out a “formal similarity” that is “too striking.”!! In this pa-
per, Einstein considered atoms in a bath of radiation emitting
and absorbing particles of light. By this means he was able to
give a new derivation of Max Planck’s famous blackbody radia-
tion law (without the arbitrary assumptions that Planck had to
make) and, in the process, showed as a necessary condition that
when atoms go from one energy state to another, a light quantum
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is either emitted or absorbed. In this way, Einstein connected
Planck’s law with Bohr’s model of the hydrogen atom. Einstein
clearly recognized that he had strengthened his light-particle po-
sition:

This derivation [the Planck radiation law] deserves consideration
not only because of its simplicity, but especially because it appears
to clarify the processes of emission and absorption of radiation in
matter, which is still in darkness for us . . . [A]s a result of this our
simple hypothesis about the emission and absorption of radiation
acquire [sic] new supports.'?

In 1917, the origin of an atom’s spectrum was conceptualized
in terms of Bohr’s atomic model. An atom’s absorption spectrum,
represented by dark spectral lines, resulted when atoms absorbed
energy from radiation and moved from a lower to a higher en-
ergy state. An atom’s emission spectrum, represented by bright
spectral lines, occurred when atoms spontaneously emitted radia-
tion and moved from a higher to a lower energy state. Einstein
added to this picture by making a provocative supposition. He
assumed not only that atoms could spontaneously emit light, but
also that they could be induced or stimulated by light to emit
light; specifically, light of frequency v could stimulate an atom to
emit light of frequency v and, in the process, move from a high
energy state to a lower energy state.

For decades Einstein’s idea of stimulated emission sat dor-
mant. Then in 1954 came the MASER, the precursor to LASER
(the acronym for Light Amplification by the Stimulated Emission
of Radiation). The laser is based on Einstein’s assumption of
stimulated emission: one light particle enters a system of atoms,
stimulates emission, and two light particles emerge; hence, one
light particle is doubled to two light particles—the amplification.
Charles H. Townes, one of the inventors of the laser, wrote of
Einstein’s 1917 paper, “Albert Einstein was the first to recognize
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clearly, from basic thermodynamics, that if photons can be ab-
sorbed by atoms and lift them to higher energy states, then it is
necessary that light can also force an atom to give up its energy
and drop to a lower level. One photon hits the atom, and two
come out . . . The result is called stimulated emission and results
in coherent amplification.”!3

At the end of his 1917 paper, Einstein writes that his analysis
“makes the quantum theory of radiation almost unavoidable . . .
The weakness of the theory lies . . . in not bringing us closer to a
union with the wave theory.”'* Yet in spite of Einstein’s powerful
arguments, arguments that effectively strengthened Bohr’s atomic
model, Bohr and other physicists did not accept Einstein’s parti-
cle theory of light for another five years.

Bose-Einstein Statistics and Condensate—1924, 1925

On June 4, 1924, an unknown Indian physicist from the Univer-
sity of Dacca, Satyendranath Bose, sent Einstein a short manu-
script with the title, “Planck’s Law and the Light Quantum Hy-
pothesis.” Bose had sent this manuscript earlier to the prestigious
journal Philosophical Magazine and it was rejected. He asked
Einstein for help. Einstein was so favorably impressed with the
manuscript that he translated it into German and sent it to the
journal Zeitschrift fiir Physik with an appended note saying he
thought the paper by Bose represented an important advance.

In his manuscript, Bose had successfully derived Planck’s black-
body radiation law by a statistical approach based on the as-
sumption that light quanta were indistinguishable from each
other. Einstein recognized immediately that the same approach
could be applied to indistinguishable atoms. Bose’s paper and
two papers by Einstein were the origin of Bose-Einstein statistics.'

The elementary particles that form the building blocks of mat-
ter fall into one of two classes: bosons and fermions. The photon,
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gluon, and pion are examples of bosons; the electron, proton,
and quarks are examples of fermions. Bose-Einstein statistics ap-
plies to bosons, whereas Fermi-Dirac statistics, developed by
Enrico Fermi and Paul Dirac, applies to fermions. Bosons and
fermions are different in that an unlimited number of bosons can
come together and occupy the same quantum state. By contrast,
only one fermion can occupy a particular quantum state.

In his 1925 paper, Einstein made a prediction that bosons
could exhibit an unusual behavior. Because many bosons can
crowd together in the same quantum state, it is possible, under
the right conditions of temperature, density, and so on, for bos-
ons to coalesce and condense into a new state of matter. In de-
scribing a boson gas, Einstein used similar words: “I maintain
that . . . [a] separation is effected; one part condenses, and the
rest remains a ‘saturated gas.””'® This state of matter, called the
Bose-Einstein condensate, was observed for the first time on June
5, 1995, by Eric Cornell and Carl Weiman at the National Insti-
tute of Standards and Technology in Boulder, Colorado. The
study of BE condensates is now one of the more active areas of
physical research. Seventy years after Einstein predicted a new
form of matter, it was discovered.

The Einstein, Podolsky, and Rosen Paper—1935

The last of Einstein’s papers that I will discuss sets the stage for
an active and extremely provocative area of future research.!”
The purely imaginary experiment described by Einstein, Boris
Podolsky, and Nathan Rosen has been actualized and now real
experiments inspired by this paper are exposing fascinating and
unbelievable properties of the real world.

In 1933, Einstein attended a lecture in Brussels given by Léon
Rosenfeld. The lecture was on quantum mechanics and Einstein
paid close attention. Following the lecture, Einstein, in the audi-
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ence, directed the ensuing discussion to the meaning of quantum
mechanics. He asked Rosenfeld:

What would you say to the following situation? Suppose two par-
ticles are set in motion towards each other with the same, very
large, momentum, and that they interact with each other for a
very short time when they pass at known positions. Consider now
an observer who gets hold of one of the particles, far away from
the region of interaction, and measures its momentum; then, from
conditions of the experiment, he will obviously be able to deduce
the momentum of the other particle. If, however, he chooses to
measure the position of the first particle, he will be able to tell
where the other particle is. This is a perfectly correct and straight-
forward deduction from the principles of quantum mechanics; but
is it not paradoxical? How can the final state of the second parti-
cle be influenced by a measurement performed on the first, after
all physical interaction has ceased between them?!

Two vyears later, in 1935, the question Einstein posed to
Rosenfeld formed the basis of the Einstein-Podolsky-Rosen pa-
per, known throughout physics as the EPR paper.

The issue raised by Einstein’s question and the EPR paper can
be stated succinctly and dramatically. When an atom goes from a
higher to a lower energy state, it can emit two photons, which fly
away from the atom in opposite directions. If at some time in the
future a measurement is made on one photon, thereby changing
it, the second photon, halfway across the universe, will change
instantaneously. That something happening in one place can in-
stantly affect what happens in another place Einstein called
“spooky.” It violated his view of causality. It also raised basic is-
sues about the adequacy of the quantum mechanical description
of Nature.

The EPR paper hit the devoted quantum mechanicians “as a
bolt from the blue.”" Bohr, always responsive to any challenge
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by Einstein to quantum theory, spent six weeks developing a re-
sponse to the Einstein paper. In Bohr’s response, he concluded
that the EPR paper did not necessitate any changes to quantum
mechanics and, soon thereafter, physicists largely forgot the EPR
paper. For over three decades it resided in the dusty archives of
physics: a curious paper by a great physicist who, unlike all other
physicists, did not accept the tenets of quantum mechanics.

Then John S. Bell wrote a paper in 1966 that brought the EPR
paper out of the archives and into the mainstream. Just as Cor-
nell and Wieman’s discovery of the Bose-Einstein condensate
started a research industry, so John Bell’s paper stimulated re-
search activities by both theoretical and experimental physicists
throughout the world.

The two photons emitted by the atom just described are
said to be entangled. “Entanglement,” a term coined by Erwin
Schrodinger in 1935, is one of the more important discoveries of
the last century and it has its roots in the EPR paper. As the term
“entanglement” implies, two parts of a system separated by a
vast distance may appear to be independent, but they are not.
The two parts are entangled. In 1972, John Clauser and Stuart
Freedman showed that entanglement is an actual phenomenon.
Experiments by Alain Aspect in 1983 in France began the experi-
mental study of entangled states in earnest.

Einstein, Podolsky, and Rosen’s 1935 paper and John Bell’s
1966 paper have presented physicists with uncomfortable alter-
natives. Einstein was a realist and believed in what is now called
locality—what happens in a particular locality cannot immedi-
ately influence what happens in another locality. Einstein in fact
insisted on locality: “But on one supposition we should, in my
opinion, absolutely hold fast: the real factual situation of the sys-
tem S, is independent of what is done with the system S;, which
is spatially separated from the former.”?° What has emerged from
subsequent science, however, is that locality and quantum me-
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chanics cannot both be right. If we accept quantum mechanics,
we must give up locality, or vice versa. Had he lived another
twenty years, Einstein would have been deeply troubled by the
alternatives that physics laid before him.

Einstein’s Legacy

Would the world now be different if Albert Einstein had never
lived? Could we ask the same question with regard to Claude
Monet or Wolfgang Amadeus Mozart? What is the relative im-
pact of a legendary figure of science compared to a legendary fig-
ure of art or music?

Although both art and science are human activities, they are
thought about in different ways. Monet’s Palazzo da Mula and
Mozart’s Die Zauberflote are regarded as wondrous acts of cre-
ativity. Had Monet not lived, the world would be different be-
cause the Palazzo da Mula never would have been painted; had
Mozart not lived, the world would be different because the opera
Die Zauberflote never would have been composed. By contrast,
had Einstein not lived, the world would be no different. His spe-
cial theory of relativity, a response to the intellectual environ-
ment of 1905, inevitably would have been created by someone
else. Framed this way, art becomes a highly creative activity with
the fingerprints of an artist personalizing every painting and
composition, and science becomes an intellectual activity driven
by events—shared by the larger science community but external
to the scientist.

Framed this way, however, the natures of both art and science
are obscured. Art is also driven by events external to the artist.
Impressionist painters, who lived and worked during a culturally
revolutionary period, the late nineteenth and early twentieth cen-
turies, influenced each other. Although each brushstroke ex-
pressed the individuality of painters such as Monet, Auguste Re-
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noir, and Edgar Degas, collectively the brushstrokes left a canvas
that articulated a new theory of art. When Monet painted Pa-
lazzo da Mula, he was driven by external influences that had a
determining influence on the outcome, but in the end, it was a
painting like no other, a Monet masterpiece, a monument to hu-
man creativity. In 1883, Renoir said, “I had wrung Impression-
ism dry.”2! Soon thereafter the ideas that drove Impressionism
and that had inspired a great school of art were superseded.

Mozart lived and worked during the late eighteenth century.
His contemporaries included Franz Joseph Haydn and Ludwig
van Beethoven. Composers of this era were strongly influenced
by the acoustical nature of the concert halls available for per-
formances as well as the musical range and mechanical efficiency
of the musical instruments available to performers. Although
each individual note of Mozart’s Die Zauberflote was his and
his alone, the score of this famous opera bears the signature of
the classical period. Like Monet, Mozart was driven by exter-
nal events, but in the end, the final score of the opera Die
Zauberfléte was like no other, a product of high creativity. By the
early to mid-nineteenth century, musicians threw off the con-
straints imposed by the classical period and composed more per-
sonal and emotional music.

As in the visual arts and in music, science always has a context
and a community. Einstein was influenced by his contemporaries
as well as by the state of physics in 1905 and beyond. It is indeed
likely that if Einstein had not created the special theory of relativ-
ity, someone else would have created something equivalent to
Einstein’s theory. However, just as paintings by Claude Monet
and Edouard Manet belong to the same genre and yet are each
unique, we can imagine a theory by Einstein and a similar theory
by, say, Poincaré, motivated by the same concerns. The theories
would have similarities, but each would be unique. Einstein’s the-
ory would be distinguished from Poincaré’s theory by the starting
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point adopted, the conceptual path followed, the assumptions
made, and the form of its final outcome. Each theory would be a
unique product of human creativity.

A few artists have such a distinctive style that their art, be it
painting or music, stands apart. The same can be said for a few
scientists. Perhaps no scientist had a more distinctive style than
Albert Einstein. The general theory of relativity, as Einstein cre-
ated it, is such a masterpiece, physics of the rarest kind. In time,
another physicist would have been motivated, either for experi-
mental or theoretical reasons, to extend Einstein’s special theory
of relativity to noninertial coordinate systems and thereby gener-
alize it to all coordinate systems; in time, another physicist may
have recognized something deeper in the connection between in-
ertial and gravitational masses; in time, gravitational forces may
have been seen in terms of spatial properties. No one but Einstein
ever would have put all these elements together in the same sim-
ple, harmonious, and elegant way. Just as a composition from the
mind of Mozart reveals his artistic uniqueness, so the general
theory of relativity reveals Einstein’s scientific uniqueness. The
general theory, considered by many to be the greatest monument
to abstract thought, prompts the same kind of wonder and the
same kind of emotion as does an artistic masterpiece. “The equa-
tions of general relativity,” wrote Stephen Hawking, “are his best
epitaph and memorial. They should last as long as the unt
verse.”??

This book began by recognizing Isaac Newton and Albert Ein-
stein as the two greatest physicists of all time. These two men in-
vite attention. Jacob Bronowski, in his book Ascent of Man,
writes:

It is almost impertinent to talk of the ascent of man in the pres-
ence of two men, Newton and Einstein, who stride like gods. Of
the two, Newton is the Old Testament god; it is Einstein who is
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the New Testament figure. He was full of humanity, pity, a sense
of enormous sympathy. His vision of nature herself was that of a
human being in the presence of something god-like, and that is
what he always said about nature. He was fond of talking about
God: “God does not play dice,” “God is not malicious.” Finally
Niels Bohr one day said to him, “Stop telling God what to do.”
But that is not quite fair. Einstein was a man who could ask im-
mensely simple questions. And what his life showed, and his
works, is that when the answers are simple too, then you hear

God Thinking.?

In 1903, Einstein had a direct line to God’s thoughts.

Toward the end of his life, Einstein looked back to 1905 and
told a friend, Leo Szilard, “They were the happiest years of my
life. Nobody expected me to lay golden eggs.”?* The expectation
of “golden eggs” was a consequence of his wondrous year of
1905. The quality and the quantity of groundbreaking work pro-
duced by Einstein from March through September have no equal.
The year 1905 set a standard for Einstein himself. Only in 1916,
after years of intense effort, did he surpass the bar he established
for himself in 1905.

The year 1905 set another standard, a standard with wide-
ranging influence. Of all human activities, thinking is the single
activity that most clearly sets us apart from other life forms.
Thinking is what makes us human. Einstein’s 1905 is an illustra-
tion of the thinking species at its best, the thinking person’s stan-
dard of greatness.
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