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Theory and Experiment in the Quantum-Relativity Revolution
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(Abraham Pais History of Physics Prize for 2009)

by

Stephen G. Brush*

Abstract 

Does new scientific knowledge come from theory (whose predictions

are confirmed by experiment) or from experiment (whose results are

explained by theory)?   Either can happen, depending on whether theory is

ahead of experiment or experiment is ahead of theory at a particular time.  In

the first case, new theoretical hypotheses are made and their predictions are

tested by experiments.  But even when the predictions are successful, we

can’t be sure that some other hypothesis might not have produced the same

prediction.   In the second case, as in a detective story, there are already

enough facts, but several theories have failed to explain them.  When a new

hypothesis  plausibly explains all of the facts, it may be quickly accepted

before any further experiments are done.  In the quantum-relativity revolution

there are examples of both situations.  Because of the two-stage development

of both relativity (“special,” then “general”)  and quantum theory (“old,” then

“quantum mechanics”) in the period 1905-1930, we can make a double

comparison of acceptance by prediction and by explanation.  A curious anti-

symmetry is revealed and discussed.
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University of Maryland.  Home address: 108 Meadowlark Terrace, Glen

Mills, PA 19342.  Comments welcome.
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“Science walks forward on two feet, namely theory and experiment. ... Sometimes it is only one

foot which is put forward first, sometimes the other, but continuous progress is only made by the

use of both – by theorizing and then testing, or by finding new relations in the process of

experimenting and then bringing the theoretical foot up and pushing it on beyond, and so on in

unending alterations.”

Robert A. Millikan, Nobel Prize Lecture, 1924

(I thank Jack Gaffey for suggesting this quotation)
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1.  From Princip to Principe

On June 28, 1914, the Archduke Francis Ferdinand of Austria-Hungary

was assassinated in Sarajevo by a Serbian nationalist, Gavrilo Princip.  This event

was the immediate cause of World War I.  As we might say today, it was like the

flapping of a butterfly’s wings, which led to a 4-year hurricane that devastated

Europe.

 It also had one indirect (one might say beneficial) effect on the fate of

Albert Einstein’s General Theory of Relativity.  A German astronomical

expedition led by Erwin Findlay Freundlich went to the Crimea peninsula in

Russia, hoping to observe the solar eclipse scheduled for August 21, 1914.  They

wanted to test Einstein’s prediction that starlight will be deflected by an angle of

0.87 seconds near the edge of the sun.  But on August 1, 1914, Germany declared

war on Russia, and the Russians therefore arrested the German astronomers as

enemy aliens, preventing them from making observations.  Had the astronomers

done so with sufficient accuracy, they would have found that the deflection is

actually 1.74 seconds – twice as much as the prediction from Einstein’s theory.
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Einstein later revised his General Theory, and predicted on 

November 18, 1915 that the deflection should be 1.74 seconds. 

Another expedition led by the British astronomer Arthur S.

Eddington went to the island of Principe (in the Gulf of Guinea

off the west coast of central Africa) to observe a solar eclipse that

would occur on May 29, 1919.  Fortunately (for science) the war

had ended on November 11, 1918 so such observations could be

made without risk of military interference.

Eddington analyzed the observations and announced on 

November 6, 1919 that Einstein’s (new) prediction had been

confirmed.  The result was enormous publicity for Einstein and

his theory, starting the next day when the Times of London

proclaimed a “Revolution in Science” started by “one of the

greatest achievements in human thought.”  

The theory was incomprehensible to almost everyone, but

involved tantalizing ideas like “the 4  dimension” and “curvatureth

of space-time.”  Einstein himself proved to be a journalist’s

dream: handsome, gave quotable answers to questions, espoused

causes like Zionism and peace, answered letters from

schoolchildren, and seemed to have accompished the

extraordinary feat of bringing the Germans and the British

together, at least in science, after a bitterly-fought war

 confirmed his equation E = mc².)  According to his biographer
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Abraham Pais, “The New York Times Index contains no mention

of him until November 9, 1919.  From that day until his death,

not one single year passed without his name appearing in that

paper, often in relation to science, more often in relation to other

issues.”  Einstein acquired a more sinister side after the atomic

bomb confirmed his equation E = mc².

One factor that may have contributed to Einstein’s fame is

the large number of books and articles by scientists written to

explain relativity to the public.  According to historian Peter J.

Bowler, in early 20 -century Britain a scientist like Eddingtonth

could write for the public without compromising his reputation

among other scientists, as long as he continued to produce high-

quality research.  Many of those books were also published in the

United States.  The situation seems to have changed after World

War II, at least in America, judging by the criticism and

disrespect inflicted on scientists like George Gamow, Carl Sagan,

and James Watson.    

For whatever reasons, Einstein remained the most famous

scientist in the world long after his death and was named “person

of the century” by Time magazine in 1999. 
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Eddington’s “confirmation” of the light-bending prediction

was controversial among astronomers; he seemed to have cherry-

picked the data that supported the theory, of which he was known

to be an enthusiastic advocate.  Replication by more objective

observers, preferable ones who had no strong opinions about the

validity of the theory, was needed.  This was supplied by Robert

Trumpler of Lick Observatory in California, who traveled to

Australia to observe an eclipse in 1922.  The results, analyzed by

Trumpler and W. W. Campbell, announced on April 12, 1923,

again confirmed Einstein’s 1.74-second prediction.

Einstein had also predicted, in 1907, that the wave length

of light coming from atoms in a strong gravitational field (for

example, at the surface of the Sun) would be greater than light

from the same atoms in a terrestrial laboratory.  This is now

known as the “gravitational redshift.”   In 1907 Einstein thought

the solar redshift  would be too small to measure, but in a later

paper (1911) he was somewhat more optimistic.  

  Attempts to measure the solar redshift gave conflicting

results, but  C. E. St. John at the Mt. Wilson Observatory in

California concluded that Einstein’s prediction was correct.  Then

in 1925 W. S. Adams, also at Mt. Wilson, announced that he had
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observed the gravitational redshift of the star Sirius B, which

according to Eddington’s theory of stellar structure has a very

high density.  These results, along with the explanation of the

variation of Mercury’s perihelion (place where it is closest to the

sun) and the second confirmation of the light-bending prediction,

led most astronomers to accept the General Theory of Relativity

by 1930.  

As many of you know, the story does not end there; new

tests of general relativity, and criticisms of the old tests, continue

to be reported.  As a historian I have to limit myself to a finite

number of years, and as an audience you can listen for only a

finite number of minutes.

To summarize: 15 years after Einstein proposed his General

Theory of Relativity, the experts were satisfied that it had passed

3 empirical tests: light bending, advance of Mercury’s perihelion,

and gravitational redshift.  Two of these tests were predictions in

advance; the third, Mercury’s perihelion motion, was an

explanation of a previously-known but mysterious fact.  
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2.  What does “Prediction” mean?

While reading the relativity literature of the 1920s, 1930s

and 1940s, I suddenly realized something that I must have

already known subconsciously but never thought about:

physicists use the word “predict” in a special sense, different

from ordinary language.  They mean simply “require” or “imply”

or “entail.”  For example, I often encountered the phrase:

“The 3 predictions of General Relativity: light bending,

advance of the perihelion of Mercury, and gravitational

redshift”

But the second one had been well known to astronomers for

nearly a century, so how could it be called a “prediction”?

Well, that’s just the way physicists talk and write.  “Theory

T predicts fact X” simply means “X can be deduced from T”

(whether or not X is already known).  To communicate with non-

physicists one should probably use a word like “test.” 

But suppose you do want to make the distinction.  If X is

not yet known, then you would say “T predicts X in advance”; if

it is known, you might say “T retrodicts X.”
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3.  Can Explanation be better than Prediction?

Beware “The Fallacy of Affirming the Consequent”

The first confirmation of Einstein’s light-bending

prediction in 1919 caused a sensation.  Einstein quickly became

the most famous scientist in the world.    People who had no

knowledge of his theory and made no effort to understand it

proclaimed themselves supporters of “relativity.”  Other

physicists and astronomers who previously rejected or ignored

relativity were now forced to take it seriously.  But some of them

argued that light bending could be explained by other causes such

as refraction in a (hypothetical) extended atmosphere of the Sun,

without having to give up accepted theories of the nature of

space, gravity, and light.

1Logically the critics were right.  If “Theory T  entails

(predicts) fact X,” and X is observed to be true, one cannot

correctly conclude that T must be true.  Such a conclusion would

be an example of what philosophers call  “the fallacy of affirming

2 3the consequent.”  It is possible that some other theory T  or T

also entails X.  

The fallacy also applies to explanation, but is not so

seductive.
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In science, a critic who proposes an alternative theory must

defend it against objections.  Thus an extended solar atmosphere

dense enough to account for the bending of light would also

cause comets to slow down as they pass the Sun, but they don’t. 

It took a few years for supporters of relativity to shoot down the

proposed alternative explanations of light bending, but by 1930

the game was over.

As for the Mercury perihelion advance: astronomers had

already had several decades to explain it and failed.  For example,

changing the exponent in the law of gravity (e.g. from 2 to 2.01)

might account for Mercury’s motion, but only at the exorbitant

cost of sacrificing the excellent agreement of other planetary

motions with Newton’s theory.  So, once Einstein had published

his explanation, it was quickly accepted by most astronomers and

physicists.  (The Mercury effect was also considered by the

experts to be stronger evidence than light bending because it

involved a “deeper” part of the theory; light bending could easily

be explained, and had already been explained a century earlier,

by the Newtonian particle theory of light, except for a factor of

2).
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4.   Special Theory of Relativity: 

Explaining “Nothing”

I discussed General Relativity first because it illustrates the so-called

“Scientific Method”: make a hypothesis, then deduce predictions that can be

tested.  In fact it was the confirmation of Einstein’s prediction of light

bending by Eddington’s 1919 eclipse observation that inspired the

philosopher Karl Popper to propose “falsifiability” as a criterion for being

scientific.  Popper was impressed by the contrast between relativity and

theories like psychoanalysis,  Marxism, and Darwinism  – which could

explain any given facts but could never be disproved.  It was clear to him

that if the eclipse test had failed to confirm Einstein’s theory, the theory

would have been discarded by scientists.      

But now we must go back in time to 1905,  invoking the fantasy of

Flammarion’s Lumen (1873) who could observe past events by going faster

than light, or the limerick of Arthur Buller: 

“There was a young lady named Bright

Whose speed was far faster than light

She set out one day

In a relative way

And returned home the previous night.”

(Punch, 10 December 1923)
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What were the confirmed  predictions (in advance) that led

scientists to accept the Special Theory of relativity?   

According to Richard Staley , who has thoroughly studied

all the relevant historical evidence,

 

“Einstein’s special theory came to be widely accepted

by 1911 without any experiment being regarded as

offering uncontroversial and definitive proof of his

approach.”   (Einstein’s Generation)

The most persuasive experimental evidence for special

relativity before 1911 was the null result of the Michelson-

Morley experiment of 1887.  This and earlier experiments

showed that one cannot determine the absolute motion of the

Earth, i.e. one cannot measure its motion relative to a

hypothetical light-transmitting ether.  Einstein himself did not

cite any experimental evidence in his 1905 paper, and Gerald

Holton has shown that (contrary to what used to be said) he did

not develop his theory in order to explain Michelson-Morley.  

Einstein did, however, give this as the only empirical support for

his theory in a review article published in 1907.  

A theory that only explains why a certain experiment gives

the result zero is not much use in science. What else can it do?   
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The first experiment to provide positive support for special

relativity was done by  Alfred Heinrich Bucherer at Bonn

University in Germany.  His measurements of the mass of

electrons at high speeds were the first to provide definitive

support for Einstein’s formula, at a time when experiments by

Walter Kaufmann gave results closer to those derived from Max

Abraham’s rival theory.  Because of the disagreements between

these and other experiments, and the difficulty of doing the

measurements accurately to distinguish between the predictions

of the two theories, the issue was not settled until 1914 when

Kaufmann himself conceded that Einstein’s theory had been

confirmed.  

It may seem strange that a radical new theory like relativity

could have been accepted by physicists entirely on the basis of its

explanation of negative results.  The deciding factor was that

theoretical physicists were impressed by the generality,

universality, and mathematical elegance of the theory, especially

as formulated in terms of four-dimensional geometry by

Hermann Minkowski.  Here we have another factor influencing

the acceptance of a theory: it is so beautiful that it must be true!
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5.  The Old Quantum Theory:

Many things are predicted, but few are explained 

Eugene Wigner, in a famous paper published in 1960,

pointed out “The Unreasonable Effectiveness of Mathematics in

the Physical Sciences.”  One may formulate an equation to

describe a familiar situation, and suddenly find that an unfamiliar

(and perhaps undesirable) physical situation appears when one

solves the equation.

That’s what happened to Max Planck in 1900: he derived

an equation for the “black body radiation” and found that the

equation, when mated with Ludwig Boltzmann’s formula for

entropy, implied that radiation is composed of particles.  Planck,

as a staunch supporter of the wave theory of electromagnetic

radiation, could not believe what the mathematics was trying to

tell him.  As historian Thomas Kuhn pointed out in 1978, Planck

did not propose a physical quantum theory, he used quantization

only as a convenient method of approximation.  

As Planck clearly stated in his Nobel Lecture, it was Albert

Einstein in 1905 who first took seriously the quantum as a

physical hypothesis.  But he did this in the spirit of Hans

Vaihinger’s “philosophy of as if”: light sometimes behaves as if

it is a stream of particles; in other situations as if it is composed

of waves.   
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In his 1905 paper on light, which I consider the beginning

of quantum theory, Einstein discussed many phenomena.  But the

paper is most famous for the quantum theory of the photoelectric

effect.  The equation derived from this theory was experimentally

confirmed by Robert A. Millikan at the University of Chicago. 

But, like Planck, Millikan refused to accept the idea that light or

electromagnetic radiation in general can have a particle

(atomistic) nature, in addition to its well-established wave nature.

At least Millikan and Planck avoided the “fallacy of

affirming the consequent” by leaving open the possibility that

some other theory might also lead to the same successful

prediction.

For some physicists, the definitive proof of the quantum

nature of radiation was the Compton effect.  This effect was

predicted theoretically and confirmed experimentally by Arthur

Holly Compton at Washington University (St. Louis, Missouri). 

Compton assumed that X-rays act like particles when they collide

with electrons.  The result of the collision can then be described

simply by using the laws of conservation of momentum and

energy.  At the same time the X-rays can be treated as waves, and

the change in their wavelength is a simple function of the angle

between incident and scattered rays. 

Compton’s own experiment confirmed this hypothesis in
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1923.  Moreover, his theory led to the prediction that a recoil

electron should also emerge with appropriate momentum and

energy.  This was observed two months later by C. T. R. Wilson

at Cambridge University.

Compton is one of the few physicists who has explicitly

stated in public that one shoud get more credit for a confirmed

prediction in advance than for a retrodiction or explanation of a

known fact.  In particular he argued that he himself should get

more credit for his discovery of the Compton effect, including the

recoil electron, than Einstein deserved for his confirmed theory

of the photoelectric effect.  He wrote:

“Since the idea of light quanta was invented primarily to

explain the photoelectric effect, the fact that it does so very

well is no great evidence in its favor ...”

The quantum theory (and of course Compton himself) should get

more credence for predicting a phenomenon “for which it had not

been especially designed.”  

Compton’s claim for extra credit has not been endorsed by

either physicists or historians, perhaps because Einstein did not

“invent the quantum to explain the photoelectric effect” and did

predict an equation for that effect that was not previously known.
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I will briefly mention three other predictions of the old

quantum theory just to illustrate that Theory was indeed ahead of

Experiment in the 1910s:

(A) Einstein’s prediction (1907) that specific heats of

solids go to zero as T goes to zero. (Confirmed by Walther

Nernst in 1911)  

(B) Niels Bohr predicted from his atomic model (1913) that

electrons with energy E passing through a gas at low

pressure produce no radiation until E is greater than a

critical value (derived from his theory).  Then, radiation is

produced corresponding to the energy difference between

the ground state and an excited state.  (Confirmed by James

Franck and Gustav Hertz, 1914)

(C) Arnold Sommerfeld (1915-1916) generalized the Bohr

model to include elliptical orbits, and predicted a

relativistic correction because electrons in those orbits

would sometimes have higher speeds than those in circular

orbits.  The corresponding change in the spectrum was

confirmed by Friedrich Paschen (1916) 

Sommerfeld’s prediction turned out to be an excellent

example of the fallacy of affirming the consequent.  From 1916
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to 1925 it was considered important evidence for both special

relativity and the Bohr model.  But when quantum mechanics was

introduced by Heisenberg and Schrödinger, along with the

electron spin hypothesis of Uhlenbeck and Goudsmit, it was

found that Sommerfeld’s formula could be derived from the new

theory without using relativity (at least not directly).  Since the

Bohr model was now known to be wrong (though very fruitful),

the confirmation of the original Sommerfeld prediction was no

longer considered evidence for relativity.



19

6.  Quantum Mechanics: Many Things are Explained,

Predictions are Confirmed too Late

By 1925 the old quantum theory was a disgraceful mess: a

collection of ad hoc hypotheses, each one able to predict one kind

of phenomenon, but inconsistent with the others. 

Thus, having started with the simple postulate that energy

comes in integer multiples of a quantum [nh<], physicists were

forced to postulate half-quanta [(n + ½)(h<)] for the anomalous

Zeeman effect. 

Worse, the Bohr model, which seemed to work so well for

one-electron atoms, broke down completely as soon as one more

electron was added, so that one could not even calculate

accurately the ionization potential of helium.  

Experiment, stimulated by the quantum hypothesis, was

now ahead of theory.

In some alternative universe, Louis de Broglie’s (1923,

1925) hypothesis about the wave nature of electrons might have

provided a confirmed prediction inspiring the development of a

new wave mechanics for subatomic particles.  In our own

universe the experiments of C. J. Davisson and his colleagues

were both too early and too late.  His early experiments with C.

H. Kunsman (1921) antedated the publication of de Broglie’s



20

hypothesis and thus deprived de Broglie of the full glory of

making a prediction in advance.  E. G. Dymond did attempt to

test de Broglie’s hypothesis in 1926 but his experiment was

faulty and his “confirmation” was withdrawn.  By the time

Davisson had learned about wave mechanics and, with L. H.

Germer, redesigned his diffraction experiment to make a more

accurate test (1927), the game was over: quantum mechanics had

already been accepted by the experts in atomic physics.  The

Davisson-Germer experiment did, however, play an important

role in persuading other physicists to accept the new theory.  Yet,

as Schrödinger himself pointed out, the experiment was not a

confirmation of his own theory but of de Broglie’s.

How could a radical new theory, first published in Werner

Heisenberg in July 1925 and (in a different but essentially

equivalent form) by Erwin Schrödinger in 1926, be accepted by

1927?  

First, Niels Bohr gave it his public blessing in December

1925.  Max Born, Pascual Jordan, Paul Dirac, and Wolfgang

Pauli immediately started working on Heisenberg’s theory. 

Arnold Sommerfeld became a strong and influential advocate for

wave mechanics, using his seminar to educate several stars of the

next generation including Hans Bethe, Walter Heitler, Fritz

London, and Linus Pauling. 
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There was a veritable “gold rush” to extract as many results

as possible from this fertile theory.  The best indicator of the

immediate impact of quantum mechanics on research is given in

a paper by historians A. Kozhevnikov and C. Novick (1989). 

They cite 203 papers on quantum mechanics (mostly reporting

original research) submitted for publication from July 1925

through February 1927.  There were 80 authors from 14

countries.  The most popular topics were the interpretation of

molecular spectra, scattering problems, and dielectric constants

of polar gases.

Quantum mechanics quickly explained most of the puzzles

that could not be solved by the old quantum theory, such as the

mysterious half quantum numbers.   The helium atom, the crucial

gateway to more complicated atoms, was finally conquered by a

Norwegian physicist, Egil Hylleraas (in 1928-29). This success

was the most frequently mentioned reason for accepting quantum

mechanics in monographs and review articles published in the

period 1929-1932.  In 1927 Walter Heitler (German-Swiss) and

Fritz London (German) applied Quantum Mechanics to the

hydrogen molecule, showing how a bond could form between

two hydrogen atoms, with a minimum energy at a distance close

to the observed value   This would be a good start on

understanding molecular in general (“quantum chemistry”) 
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Two predictions-in-advance should be mentioned, even

though they did not influence the acceptance of the theory:

2Ortho and para hydrogen: diatomic molecules like H  can

have two forms because the spins of their two nuclei can be

aligned parallel or antiparallel.  This was one of the achievements

for which Heisenberg received the Nobel Prize (the other was

matrix mechanics) though his part in the discovery was indirect

and he did not even mention it in his Nobel Lecture.  

Stark effect intensities (effect of electric fields on spectral

lines).  Laura Chalk, a graduate student working with J. Stuart

Foster at McGill University, measured the intensities of the Stark

components in the spectrum of hydrogen, especially those for

which the values predicted by Schrödinger’s equation disagreed

with Stark’s experimental values.  Aside from a very brief

announcement in 1926, Foster and Chalk did not publish their

final results– confirming quantum mechanics -- until 1929.  

The Foster-Chalk experiment was certainly one of the first

tests of a prediction of quantum mechanics (if not the first).  Has

anyone ever heard of it?  Chalk seems to be completely unknown

to most historians of physics and to physicists interested in

publicizing the achievements of women. 

The fact that quantum mechanics was accepted by experts
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in atomic physics before any of its predictions-in-advance had

been confirmed was noted by the American physicist  Karl K.

Darrow in October 1927.  It “has captivated the world of physics

in a few brief months,” not because of its successful predictions

or its superior agreement with experience but “because it seems

natural or sensible or reasonable or elegant or beautiful.”  Like

relativity, it was so beautiful it had to be true.  In the same year I.

I. Rabi, an Austrian-born American physicist received his Ph. D.

from Columbia University; decades later, looking back on those

days, he said in a lecture, 

“During the first period of its existence, quantum

mechanics didn’t predict anything that wasn’t already

predicted before ... The results that came out of

quantum mechanics had to a large degree been

previously anticipated.”

Based on this statement, in the June 2007 issue of Physics Today

I challenged readers to “find evidence that the confirmation of

any prediction in advance, other than electron diffraction, led any

physicist to accept quantum mechanics before 1928.”  So far no

one has done so.  
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The lack of any confirmed predictions-in-advance did not

prevent physicists from recognizing the tremendous value of

quantum mechanics – with one exception.  Have you ever

wondered why it took more than 5 years for Heisenberg and

Schrödinger to get the Nobel Prize?  C. W. Oseen, the chair of

the committee in the Swedish Academy that screened

nominations for the physics prize, was primarily responsible for

the delay.  Before 1932, despite nominations and private

communications from leading physicists, Oseen argued that

quantum mechanics did not deserve the prize since it had not

made any successful predictions-in-advance and therefore did not

represent new knowledge.  (Ironically, this was the same person

who was responsible for the award of the Nobel Prize to Einstein

for his equation of the photoelectric effect, since the rest of the

committee refused to honor relativity.)

Oseen finally changed his mind in 1932 because of Carl D. 

Anderson’s  discovery of the positron, predicted by Paul Dirac

from his relativistic version of quantum mechanics.  Heisenberg

received the Prize in 1932, while Dirac and Schrödinger shared

the 1933 Prize (Anderson had to wait until 1936).  
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7. Millikan’s Walk

We may consider the quantum-relativity revolution as a single historical

event composed of four parts, taking place during a limited time period (1905-

1930) and involving many of the same scientists.  Taking time as one variable and

the two-valued parameter (Q, R) as the other, we see a rough anti-symmetrical

structure: P, E for Q and E, P for R.  

__________________________________________________

Quantum     P   ÷ ÷ ÷ ÷ *  E ÷   *    

__________________________________________________

Relativity    E    ÷  ÷  *     P ÷ ÷ ÷ ÷ ÷   * 

__________________________________________________

1905 1910 1915 1920 1925      1930

Here “P” means a theory was proposed that made several  predictions-in-

advance but gave few or no explanations; “E” means a theory that offered

several explanations but few predictions-in-advance.  “*” indicates the

approximate date when the theory was accepted by experts.

Notice that E÷ * is generally faster than P ÷ *; this is because by the time

the new theory is introduced, alternative theories have already failed.  P is slower

because the opponents try to explain the predicted new facts by their own theories,

and the new theory is accepted only after the alternatives have been refuted.  
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The results of this study suggest four generalizations that may be applicable 

to other cases in the history of science:

(1) Within a single subfield there is an alternation between periods when

theory is ahead, with theories being evaluated mostly by the success of their

predictions, and periods when experiments are ahead, and theories are evaluated

mostly by their ability to explain (“retrodict”) previously-known facts.

(2) Evaluation by prediction-testing generally takes longer to produce a

consensus than evaluation by explanation.  

(3) In either case, a theory that is considered beautiful and gives a unified

account of several types of phenomena is more likely to be accepted.  

(4 ) Any statement that “scientists follow a single method based on 

based on proposing hypotheses and testing predictions-in-advance” is refuted by

the most important revolution of 20 -century physics.th
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