
Figure 1: Einstein in Bern ca. 1905, from the Lotte Jacobi Archives, Uni-
versity of New Hampshire.
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1 In tro duction

As many of you know, this is the centennial of Einstein's so-calledmiracle
year, 1905. The U.N. designatedit the World PhysicsYear (WPY), a year
to promote scienceand scienceliteracy. Scadsof American Universitieshave
followed along. There are countless symposia, magazinearticles, and even
several TV specialsincluding oneon NOVA. Many of you know of Einstein's
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most famousformula, E = mc2, but probably areunsurewhat it means;even
more of you, I dare say all of you, recognizeEinstein's faceon sight. He is
the prototypemathematician/scientist{I would say in fact hehasbecomethe
caricatureof one. On the other hand, I'd guessthat very few in this audience
know what Einstein's miracle year is about, know what are the subjects of
his papers of 1905,what are the impacts on physics of the time, and what
are the legacyof thosepapers. My purposehere is to clarify this.

2 Einstein in myth

The typical story of the miracle year is that physics was a sciencein deep
trouble in 1905. Allegedly, the most completebranches of physics, electro-
magnetism,mechanics, optics, and thermodynamics were at odds with one
another and unable to deal with a bevy of new experimental results. Then a
young physicist working the lowly and undeserved job of clerk in the Swiss
Patent O�ce found a way forward{in fact he found two ways forward{one
for the large scaleuniverseand one for the small scale. Well, physics was
repaired and revolutionized at this point, and Einstein was henceforthcon-
sideredthe world's smartest personand responsible for just about anything
good in the modern world (refrigerators to microwaves). As proof of this
I point to a typical website produced by respectibly educatedpeople, the
University of Colorado for example, which implicitly credits Einstein with
making possiblealmost everything1. As another example,considerthe end-
lessusesof Einstein's imageto promote{selling Sciencemagazineand AAAS
memberships,for example.

1The URL for this site is www:colorado:edu=physics=2000=einsteins legacy:html
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Figure 2: Sciencemagazineusesthis baby Einstein to promote AAAS and
its merchandise. Would any other scientist even be recognizedin such a
context?

3 Einstein in fact

Einstein wasin 1905an unknown, even with a few publications a so-farunac-
complished,but self-absorbedyoungman who had �nished a mediocrecareer
asa student at a Swissinstitute of technologyin the nether-regionsof physics.
Being self-absorbed shouldhave aidedhis career,of course,and it eventually
did, but being a mediocre student in a mediocre institute holds the most
self-interestedpersonback for a time. He alsohad ethical lapsesand dilem-
mas to contend with. He had already abandonedhis illegitimate daughter,
manipulated a vulnerable woman four yearshis senior,who he would marry
and then eventually divorce and go on to marry his cousin, but only after
being rejected by his cousin's daughter �rst, and carry on other a�airs as
well. He was a political naif, with the world-wide scienti�c stature to leave
a troubled Germany in 1933, without providing aid for trapped colleagues
and kin. He miscreditedthe work of his adversaries{perhapsunintentionally
in the caseof Heaviside, for example. It is a common irony that he would
eventually becomea world-renowned teacher, ethicist, and spokespersonfor
human rights. But that is another story.

As you may see,I am not a fan of Albert Einstein asa person. However,
in preparing for this I read the �v e papersof 1905,and I cameaway with one
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�rm conclusion. Einstein deservesevery bit of his reputation as a scienti�c
genius. His written work is concise,insightful, and clear of purpose. I have
enormous,renewedrespect for him. Yet, the 1905myth remains. What parts
it are not true?

First there is the idea that he struggledasa mal-treated geniusforcedto
take a lowly job at the Patent O�ce. 2 Is anything more deliciousthan this
sort of fantasy? Peopleseemdetermined to promote this idea as a central
part of the 1905story. Consideringhis performanceto date it was a good
job. It gave him a comfortableincome,and provided sparetime for research.
Einstein, himself, says he enjoyed it and that thosewereamonghis happiest
years.3 After taking an academicposition at Zurich, he complainsin a letter
to MicheleBesso4 that "...lectures keepme very busy so that my actual free
time is lessthan in Bern. But one learnsa great deal in the process."What
instructor cannot appreciatethis? The SwissPatent O�ce job washardly a
punishment.

Einstein's work did not revolutionize physics immediately. In fact, Ein-
stein was at �rst depressedabout the lack of interest in his papers,and was
cheeredafter many months whenMax Planck �nally wrote for a clari�cation
about the relativit y paper. Scott Walter 5 presents a graph that explainsre-
sponseto the paper on the special theory very clearly. It beginsrather slowly
at the rate of ten papers (physics and mathematics) per year in 1906and
eventually reaches120per year by 1911. The revolution via special relativit y
was a gentle one. The so-calledBrownian motion paper took half a decade
to have much e�ect{a time period spent awaiting experimental results. Even
worse,Einstein garneredvery little credit for his work in statistical physics,
the topic of the Brownian motion paper, until well after the 1930s.My im-
pressionis that most physicists could not believe the results of the paper
on Special Relativit y{they treated the subject like someproblem with mea-
surement that would go away with better technique. Rival theoriespersisted
into the 1920s. Doubters remain even today. Even years later in his corre-

2Stachel refers to this a being rejected by the academiccommunit y.
3Although, if you read Einstein correspondenceshe beganlooking for an academicjob

in 1907{two yearsbefore taking a position at the University of Zurich.
4November 17, 1909
5Mink owski, Mathematicians, and the Mathematical Theory of Relativit y, Scott Wal-

ter, Published in H. Goenner, J. Renn, J. Ritter, T. Sauer (eds.), The Expanding Worlds
of General Relativity (Einstein Studies, volume 7), pp. 4586. Boston/Basel: Birkhuser,
1999.
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spondencesthe letters that passbetweenhim and physicistsof renown were
largely requestsfor, and thank you notesfor, Einstein sendingreprints of his
papers. It is true that the University of Leiden hoped to snagEinstein as
a faculty member in 1912;yet, this only meanshe was well thought of as a
researcher and teacher, not that he had transformedphysics.6

Figure 3: Growth of interest in the special theory asgaugedby other papers
on the subject. The revolution here is actually a steady growth that starts
slowly. Figure after Walter, 1999.

Most physics students are told that the Nobel Committee awarding the
prize in 1921to Einstein for the so-calledphotoelectric e�ect paper wassome
sort of bad joke. Yet, over the time span1905-1919,this paper, andEinstein's
further work alongthe linesof quantum solid-statephysics,would have more
direct impact than any other amongall the 1905papers. In fact, as I read it
several times over the past month, I concludedthat amongthe 1905papers,
the oneabout the photoelectric e�ect wastoo good to have not garneredthe
prize. However, right up to the time he won the Nobel prize, Einstein still
struggledwith anonymity and receivingproper credit for his e�orts. In fact,
Einstein's reputation was made gigantic, not through his 1905papers, but
from veri�cation of predictions of his 1917Theory of General Relativity {the
epitomeof what Nazis would later label Jewishscience.

4 Einstein's world

To understandhow balled-upthe story of Einstein hasbecome,a personmust
reviewthe state of physicsin 1905. Physicsin 1905wasbuilt of four separate

6Letter from Lorentz 13 February 1912.
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branches{Mechanics, thermodynamics, optics, and electromagnetism.Each
of these was in pretty �nished form, with a massive theoretical underpin-
ning, and substantial experimental support. Yet, there were someproblems
in attempting to �t these piecesinto a single, comprehensive whole. Odd
observations such as Michelson-Morley'sinabilit y to detect the ether7, the
photoelectric e�ect, Blackbody radiation, and so forth are examplesof what
I meanby odd observations. I don't think of this time as a crisis. After all
it is not like everything in the world stopped working just becausephysi-
cist noticed their theories had a few problems. In fact, somethingEinstein
himself wrote in 1910sums up the situation with regard to the "crisis" of
electromagnetismand the ether in particular.

. . . At �rst the physicistsdid not doubt that the electromagnetic
phenomenamust be reduced to the modes of motion of this
[ether]. But as they gradually becameconvinced that none of
the mechanical theoriesof ether provided a particularly impres-
sive picture of electromagneticphenomena,they got accustomed
to consideringthe electric and magnetic �elds as entities whose
mechanical interpretation is super
uous.

If anyone is responsiblefor the idea of a "crisis" in physics it was a later
generationof barely involved persons. This idea of crisis then gets passed
from one generationof physicists to the next, with Einstein's role in crisis
resolution growing at the sametime. One professortold me that Einstein in
a singleyear invented the SpecialTheory of Relativit y, Quantum Mechanics,
and Statistical Mechanics. It is hardly so, but most of us persist in this
thinking becausevery few of us, like our professors,ever look at original
documents.

Physicists and historians of sciencealike want nice, neat packagesof ex-
planation, and so they focus on, and credit, single individuals with accom-
plishments that actually had many inputs8. Einstein's papersareat the same
time less,and I think much more, than we wereever told. Let mesummarize
their content.

7The ether was a mechanical medium that could support the propagation of electro-
magnetic waves,and would tie electromagnetismto mechanics.

8Thus, Thomas Kuhn's hypothesis that scienceis a cycle of consolidation, crisis, and
resolution has so much appeal for them.
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5 Quic k Einstein summaries

Einstein's1905papershavea commonform. Hebeginseach with a statement
of a puzzling issue in physics. Typically he identi�es a contradiction or
controversy related to the puzzle. He then setsabout methodically removing
the contradiction and resolvingthe puzzle. What results is a signi�cant step
toward unifying two of the disparatebranchesof physics.

5.1 Bro wnian motion

Einstein proposeshereto demonstratethe existenceof atomsand molecules,
and thereby reconcilethermodynamicswith mechanics. To this endheproves
that if moleculesdo exist, then particles largeenoughto beobserved through
a microscopeshouldperformrandommotion from thermal energy. In order to
demonstratethis he has to �rst repair opposing views of osmosisaccording
to classicalthermodynamics and a mechanical theory known today as the
kinetic theory of gases9 Through this reconciliationhe infers that microscopic
particles will di�use throughout a container in a mannermuch like heat. By
analogy, then, di�usion takesthesemicroscopicparticles on a journey away
from original position that grows,on average,proportional to the squareroot
of time (t). His formula for the root-mean-square(RMS) displacement (� ) is
. . .

� =
p

t

r
RT
N

1
3� kP

(1)

Where the constants R, T, k, and P, are respectively, the universal gas
constant, absolutetemperature, 
uid viscosity, and radius of the "Brownian"
particles. From this we concludethat an observation of particle displacement
that grows with the square root of time provides strong evidencefor the
existenceof molecules. Moreover, becauseevery quantit y in this formula
is known or could be measuredexcept for N , Avogadro'sNumber, Einstein
providesan independent meansof enumeratingmoleculesin a mole of matter.

9Called molecular-kinetic theory of heat in 1905.
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Figure 4: The small spheresin this photomicrographare about onemillionth
of a meter in diameter and made of plastic. They display random Brown-
ian motion. The photo, and an accompanying video is available online at
www.microscopy-uk.org.uk/dww/home/hombrown.htm

5.2 Quan tum Mec hanics

Again, Einstein begins with a statement of a contradiction to resolve. In
this casehe observesthat physicists treat light, in fact any �eld quantit y, as
a continuum that can �ll an arbitrarily large region of spaceby becoming
arbitrarily more dilute. Material matter on the other hand, physicists treat
as composedof individual particles, and cannot possibly cover arbitrarily
large regionsof spacewithout becominggrainy.

According to Maxwell's theory, energyis consideredto be a con-
tinuous spatial function for all purely electromagneticphenom-
ena, hencealso for light, whereasaccordingto the present view
of physicists, the energyof a ponderablebody should be repre-
sented as a sum over the atoms and electrons. The energyof a
ponderablebody cannot be broken up into arbitrarily many, ar-
bitrarily small parts, but accordingto Maxwell's theory (or more
generallyaccordingto any wave theory) the energyof a light ray
emitted from a point sourcecontinuouslyspreadsout over an ever
increasingvolume.

Einstein �rst demonstratesthat the continuum view will lead to in�nite
amounts of energyin blackbody radiation within any small enclosure.Some-
thing is most sincerely wrong! From here Einstein proceedsto re-analyze
Planck's resolutionof this Blackbody radiation problemand shows that state
variablesfor radiation obeysrelationshipsidentical to that of an ideal gas.10

10Speci�c entropy in this case.
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Sincekinetic theory explains all relationships for ideal gasesin terms of in-
dividual molecules,Einstein suggeststhat individual light quanta ought to
explain the samefor radiation, andproceedsto show how light quanta explain
the following better than other contemporary ideas:

� Stoke's rule for photoluminescence

� The photoelectric e�ect

� The ionization of gasesby ultraviolet light.

The relationship he obtains for the photoelectric e�ect is extremely sim-
ple. In modern notation it is

h� = ' + K E (2)

whereh� is the energyof a light quantum basedon its frequency(� ) of vi-
bration, and which is split in quantit y then betweenthe work (' ) requiredto
remove an electronfrom a substance,and the kinetic energy(K E =energy of
motion) the electronhasonceit escapesthe substance.In the accompanying
�gure I show data collectedby undergraduatestudents which displays this
linear form. This Einstein paper was a signi�cant step in connectingoptics
to mechanics{speci�cally in understandinghow light interacts with material.
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Figure 5: Student data for the photelectric e�ect. Voltage on the vertical
axis is a proxy for kinetic energyin this instance.

5.3 Special Theory of Relativit y

Onceagain,Einstein beginswith a summaryof somecon
ict betweenpoints
of view. Here the issuewill seemquite obscureto most of you. Physicists
had usedthe principle of relativit y for 250years{but it wasa principle valid
in the Galilean/Newton conceptof mechanics. Electromagetismapparently
did not obey such a relativit y concept. Yet Einstein did not addressthis
issue,but instead a more esotericone. Michael Faraday had shown in the
1830sthat a moving magnet will induce an electric current in a wire. He
showed in particular that whether the magnet or the wire was the object
moved didn't matter{only relative motion between the two mattered. Yet,
in 1905 the explanation of how electromagnetisminteracts with material
requireda di�erent explanation if the magnetmoved than it did if the circuit
movedinstead. Two di�erent explanationsfor the sameoutcome! In addition
Einstein points out failure at all attempts to measuredi�erences in speedof
light with respect to motion of source.
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As Jackson11 points out, the fact that electromagnetismdid not adhere
to the Galilean/Newtonian concept of relativit y seemedto be a problem
in 1905. There were three possiblesolutions to this problem: 1)Maxwell's
theory was wrong. Yet, there was too much physical evidencein favor of it
for this to be possible.2) Assumea mechanical hypothesisthat would grant
a special frame of referencefor electromagnetismonly{the ether with Lorenz
contraction seemeda reasonablehypothesisto nearly all physicists in 1905.
3) Assumethe postulate of relativit y was in needof repair. This is the route
Einstein takesin his paper.

The Special Theory of Relativit y paper has two parts. The �rst involves
the kinematicsof material bodies; the secondinvolveselectrodynamics. The
paper on SpecialRelativit y beginswith an attack on a tacit assumptionabout
time. Einstein shows that there is no absolute
o w of time in the sensethat
Newton envisaged,by showing that simultaneous events in one coordinate
systemare not necessarilysimultaneousin another. He now postulatestwo
guiding principles. The �rst is the principle of relativit y, the other is that
all inertial systemsobserve the same,constant velocity of light. From here
he derives the coordinate transformation between a coordinate system at
rest and one moving with constant velocity that must hold true.12 This
transformation turns out to be noneother than the Lorentz transformation,
which to this point in physicshasappliedonly to electromagneticphenomena.
Einstein now derivesthe velocity addition formula andshowsthat the Lorentz
transformation is a symmetry operation. He endsthe kinematic part of the
paper by showing that the principle of relativit y and the constant speedof
light are mutually compatible.

The electrodynamic part of the paper begins with a demonstration of
how Maxwell's equationsin spacefree of charge transform accordingto the
Lorentz formula. This is not new, Lorentz and Poincare' had separately
alreadyshown this, but Einstein demonstratesin particular that the magnetic
�eld derivesfrom motion relative to an electric �eld, and that electromotive
forcearisesfrom motion relative a magnetic�eld. He goeson to demonstrate
three applications; aberration, doppler shift, and radiation pressure. Then
herepeatsall of this for Maxwell's equationin a spacecontaining freecharge.
His �nal application is to the equationsof motion of an electron.

Generally the paper presents an almost complete system. He does not

11D.D. Jackson, ClassicalElectrodynamics, Wiley
12There is an additional assumption that the relationship coordinates be linear.
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write directly about the dynamics of mass in the absenseof charge, but
suggeststhat it is derived from the dynamics of an electron in the limit of
no charge.

6 How did Einstein create?

There is a myth that Einstein was too brillian t to understand. However, if
you examinehis work he displays a �xed, and productive method of creating
his work. This is one that I can describe in four steps. 1)Find controversial
topics. 2) Attack the controversy with statistical or symmetry principles. 3)
Argue from speci�c to general results by analogy; and 4) identify data to
support the argument or ways to test it.

Let me speak about the Brownian motion and photoelectric e�ect pa-
pers �rst very brie
y with this creative model in mind. Keep in mind that
Einstein had worked and publishedalongtheselines already{his dissertation
for example. Numerousresearchershad attempted a physical explanation of
Brownian motion involving thermal equilibrium{most notably the cytologist
Karl von N•ageli in 1879applied equipartition of energy13 to the large parti-
clestreating them simply as massive molecules,and found that in collisions
with ordinary moleculesthey would attain negligibly small velocities. Guoy
and Ramsey in response tp such failures tried to substantiate the molec-
ular explanation by assumingthe more or less coordinated e�ort of large
assemblies of moleculeson the particles, but founderedby focussingagain
on velocity. All resultsseemedto point away from thermal motion being the
sourceof Brownian motion. Einstein on the other hand succeededfor two
reasons.First, while other attempts founderedon examination of velocity of
Brownian particles, Einstein focussed on displacement. He understood the
statistical physics well enough to recognizethis as the measureablee�ect.
Second,while other peoplemade attempts along the correct path through
collective action by large numbers of molecules,they had no theoretical or
comptutational meansto determinethe outcome. Einstein instead looked at
osmosis,and argued through analogy about what form the displacement of
particles would take as a function of time.

In regard to the photoelectric e�ect, onceagain Einstein's thinking was
along the lines of subjects he had contemplated for many years. Planck
had already introducedan empirical formula to explain blackbody radiation

13The sameapproach that got blackbody radiation into trouble.
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valid over the entire electromagneticspectrum, and proposedquantization of
oscillatorsin units of h� asa way to justify it. Einstein had this information,
and he had additional tools which he had developed through his work on
Brownian motion and other statistical physics at his disposal. He usedall
of this to calculate the speci�c entropy of a volume of radiation and showed
in the high frequency limit that it resembles the entropy of an ideal gas.
By analogy therefore he argues that such radiation can take the form of
discrete bundles of energy. This might have remained only a calculational
deviceif not for Einstein noticing additional looseendsto connectby way of
explaining Stoke's rules, the photoelectric e�ect, and ionization of gasesby
ultraviolet radiation.

Abraham Pais, Einstein's friend and biographer, said that Einstein was
remarkable in his useof invarianceprinciples and calculating statistical 
uc-
tuations. Invariance has nothing to do with either the photoelectric e�ect
or Brownian motion, but but both involve statistics. I would add that Ein-
stein wasvery good at tying looseendstogether, but even better at knowing
which looseends to tie together. Knowing the looseends indicates to me
that Einstein wasunusually well read{somethinghistorians apparently deny.
Finally, as the photoelectric e�ect paper shows, Einstein thought carefully
about how to test theories with observations. His title may use the word
hueristic perhaps,but he is thinking empiricism.

6.1 Special Theory of Relativit y

Oliver Heaviside observed that the foundation of a theory is like the foun-
dation for a grand building; a good building doesnot show its foundation.14

Einstein's Special Theory of Relativit y takes this idea to an extreme. We
have no direct knowledgeof the processthat produced this work. Einstein
left no notesor drafts, although in a letter to Conrad Habicht he talks about
it being in \draft" form. The paper on Special Theory of Relativit y appears
�rst in complete,and I meancompleteand polishedform, just as though it
sprangfrom his mind that way.

How Einstein cameto envisagethe Special Theory of Relativit y is just
pure speculation. I'll summarizethe leadingideasand add somespeculation.

14Heaviside, Electromagnetic Theory, Vol. I I, Chelsea.
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6.1.1 Conspiracy theory

Einstein stole the idea from his wife. The problem with this theory is that
we have no evidenceto suggestthis is true. The letters that passbetween
Einstein and his �rst wife are ambiguous.15 Shenever claimed any speci�c
credit. We have no notes of hers, none at least of which I am aware; and
so, this claim falls in with claims that Dr. Watson actually wrote Sherlock
Holmesand Sir Francis Bacon the works of Sheakespear.

6.1.2 Standard model

Einstein scholar, John Stachel, has re�ned this model for decades.It takes
the following sequenceof steps. 1) For somereasonaround 1902 or 1903
Einstein cameto reject the standard model of the ether, and embarked in
a new direction. 2) He abandonsthe Lorentz theory becauseit seemstoo
dependent on the ether. 3) He explorespossibletheoriesin which light emis-
sion, per se, explainsconstancyof light relative to its source.4) He returns
to fret further about the Lorentz theory, and realizesthat he can reconcile
his ideaswith Lorentz's by abandoningkinematical assumptionslike simul-
taneity for all observers. 5) He developsa new theory of kinematics. Part
of the evidencefor Stachel's view comesfrom Einstein himself, but only by
way of discussionsand subsequent remniscencesof his work on the topic.
With a personasself-absorbed asEinstein I would never considerany of his
memoriesgood sourcesof information. To do sowould be like letting Edison
write the de�nitiv e biography of Edison.16

6.1.3 Vestigial earlier manuscript

In the 1982Proceedingsof the Philosophy of ScienceAssociation Earman,
Glymour, and Rynasiewicz17 proposed that historians need to look more

15Einstein refers to '...our work on relative motion' in one letter for example.
16Thus, Edison could concoct a story about having conceived of the carbon �lamen t

electric light while on a �shing trip to Battle Lake, Wyoming in August 1878{a story that
is demonstrably false.

17I aplogizefor having lost this referenceat present { I found it through a Googlesearch
however.
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closelyat the �nal paper itself, which had garneredsurprisingly little atten-
tion to this time. They note its "odd" structure and professto seeingwithin
it, a \proto-manuscript" composedof the introduction, section6, and section
10. They hypothesizefrom this to suggestthat Einstein solved puzzlesof
relativit y here and there over several years,and piecedtogether the theory
out of order with its �nished form using \earlier arguments and building
blocks," asEinstein oncesaid.

6.1.4 Technological inspiration

Peter L. Galison, author of a new book on Einstein and Poincare', recalls
seeinga seriesof synchronizedclocks on a train station platform in northern
Europe. This vision prompted him to ponder the history of the problem
of synchronizing clocks for things like train schedulesand communication, a
topical issuein 1900-1905Switzerland, and to considerthat Einstein being,
immersedin the descriptionsof all this technology, at the patent o�ce did
little but think about clocks and synchronization. Well, it is an intriguing
suggestion,but can he point to any speci�c patent or other mechanical in-
spiration that Einstein mentions? How does simply being immersed in a
technology permit a personto invent new sciences?

6.1.5 Another speculation

It seemsto me that a personcan combine theseideas. Earman, et al's, sug-
gestionabout haphazardcreation of the Special Theory seemsvery closeto
the truth to me. It suggestshow a physicist solvesproblems{or at least how
I solve problems. The structure of whatever paper results from research is
completelyarti�cial and hasnothing to do with the order of creation. In the
caseof the Special Theory of Relativit y paper the order is a pedagogicalone
that a personcan recognizein practically any physics textbook{�rst kine-
matics then dynamics; �rst �elds without sources,then �elds with sources,
and so on. Instead of being preoccupiedwith structure, a reasonabletheory
of creation ought to explain several puzzles: 1) Why did Einstein abandon
the ether concept?2) What inspired the space/time analysis?3) Why does
he mix kinematics with electrodynamics?4)Where did he begin?

Suppose,as Earman et al do, that Einstein beganwith the Introduction
and Section 6. Most of Section 6 is not new, being known to Lorentz and
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Poincare', at least, a year earlier. But Einstein has a further insight. The
results of Section6 imply that the magneticand electromotive �elds do not
have a separateexistenceof their own, but depend only on relative motion.
Certainly Einstein realizedthe ether could go at this point, and perhapsthis
sectionwas doneas early as 1902,in line with what Stachel suggestsabout
Einstein's abandonment of the ether. Sections7 and 8 on electrodynamics
cometogether quickly at this point. They are straight-forward applications
of Section6. Section9 requiredthat Einstein derive the velocity transform of
Section4, but with Section9 �nished Section10followsstraight forwardly. It
seemsto me that the velocity transformation is what �rst brings kinematics
into the scheme, but then Einstein seesa way to reconcilemechanics with
electrodynamics.

In 1902 Poincare' wrote a book entitled Science and Hypothesis. John
Stachel states that Einstein was well aware of Poincare'sarguments in this
book against the ether. Certainly it is the sort of book that would catch the
attention of a young man with ambitions of becominga great scientist. I
read the book perhaps20 yearsago,and I have not found a copy recently to
refreshmy memory, but seeingPoincare' mentioned twice in the sourceof a
weekof reading got me to thinking about the following.

In Science and HypothesisPoincare' asksat onepoint, what is the mean-
ing of Newton's secondlaw, F = ma, or more to the point here,F = m d2x

dt2 ?
His answer is that it signi�es only that the equationsof mechanics are of
secondorder. This is a more profound revelation than it seemsat �rst, and
central to my speculation. What Poincare' meansis that we may changeori-
gin and initial time without a�ecting the physicsof a problem, solong asthe
transformation is Galilean of the form x0 = x � vt. In e�ect being of second
order denoteswhat symmetry operations are compatible with mechanics.

Supposethat Einstein read this, and, being predisposedto principles in-
volving symmetry, hebeganto ponderwhat being invariant under a di�er ent
symmetry operation, speci�cally the Lorentz transformation18 would mean
for Newtonian mechanics. There are several piecesof evidencefor this spec-
ulation, and they come from the only contemporary sourcethat can shed
direct light on the matter{Einsteins 1905paper itself. In his paper Einstein
shows that the Lorentz transformation applied to any particle velocity (U)
in a systemat rest, Einstein's phrasefor a Newtonian system,producesan

18which I have removed to the appendix to save the non-technical reader from brain
melt-down.
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apparent velocity (U0) whenviewed from a secondcoordinate systemmoving
at velocity V with respect to the rest system according to U0 = U+ V

1+ UV=c2 .
This Lorentz transformation mapssublight-speedvelocities in onesystemto
di�erent apparent sublight speeds,and thus "form[s] a group{as indeedthey
must." The phrase has a uniquenesswithin the context of his paper that
suggestsspecial importance to Einstein. I would say that he seesit as the
equivalent of F = ma.

To producePart A Einstein couldhavesimply assumedthe Lorentz trans-
form and worked forward from half-way through Section3 through the endof
Section5. To produceSections1 through the �rst half of Section3, however,
Einstein required a way to demonstratewhy the Lorentz transform should
apply to kinematics in the �rst place. The transform itself providesa hint in
that it explicitly shows that time increments in systemsin relative motion do
not appear the sameto any single observer. Thus, simultaneity had to go.
Perhapshis work in the Patent O�ce did provoke this �nal insight asGalison
suggests;perhapsEinstein's wife provoked it, or maybe somethingMichele
Bessosaid provoked it; thus, explaining Einstein's statements to Bessothat
\Thanks to you I have solved the problem" and \Time has to go."

7 What about E = mc2?

What about the famousE = mc2 formula? This formula �rst appearsex-
plicitly in the fourth 1905paper. Einstein's languageimplies that E = mc2

wassomethingnot contained in Paper Three, but wasa new idea. I �nd this
puzzling. It is contained in Paper Three in Section10 under the derivation
of kinetic energyof an electron. Possibly Einstein viewed the derivation in
Paper Three as a highly special case,and tried to arguein Paper Four that
the sameresult will hold for a massthat is emitting radiation.19 Whatever
his purpose,Einstein returned to this theme many times over the next two
decades,but never managedto prove that E = mc2 with completegenerality.
We believe it is so now becauseof volumesof observational data.

19Specially to explain the energy sourcefor radium.
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8 If not for Einstein, would history change?

What I am askinghereis, \how important wasEinstein?" I think the answer
dependson which of his works we consider.

8.1 Bro wnian motion

Robert Brown had studied this motion in 1828,but even by 1905no onehad
an acceptible explanation for it. I have explained how Einstein succeeded
where others had failed, but no one acceptedhis explanation immediately,
becausethere was no data with which to test it. That data would not come
for another four or �v e years,and it wouldn't be especially convincing even
then. Yet, Einstein's paper is not so much about Brownian motion, as it
is about advancingmechanical explanationsof thermodynamics{a branch of
physics now called Statistical Mechanics. It was third in a seriesof papers
he published on the subject. Yet, despite his signi�cant contributions and
unique approach, he would not attain a fair recognition for his e�orts until
40 years later. Luiz Navarro explains the story of why this happened20{for
reasonsthat needn't concernus here. However, for a disturbingly parallel
tale of how geniusgoesunrecognize,considerLouis Bachelier.

Bachelier, like Einstein, worked in obscurity from having beena mediocre
student at a mediocre school. Even consideringthat his dissertation advisor
wasHenri Poincare' Bachelier remainedobscure.Bachelier noted in his 1900
dissertation that the price history of securitieswas like the random walk of
Brownian motion21, and behaved like di�usion of heat. This explained, for
example,why a personcould either loseor gain the largest sumsof money
on an investment the longer one held the investment. At any rate it took
some56 yearsbeforeanyonenoticed what Bachelier had done. Soeven after
Einstein provided an explanation, it might have beenanother half century
before someoneelseconstructed an explanation for Brownian motion that
peoplenoticed. Getting one'swork noticed takesluck and self-promotion!

20Archive for the History of Exact Science,53, 147-180,1998.
21I don't know if Bachelier even used the term Brownian motion. He may have only

refered to heat{I needto �nd the original document.
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8.2 Quan tum Mec hanics

Here I can provide a pretty de�nitiv e answer to the supposition "if not for
Einstein." I claim the mysteries of quantized radiation would not have re-
mained mysteries beyond 1912, the year Bohr published his theory of the
hydrogen atom. In the caseof atomic/optical phenomenathe problematic
explanationsand puzzlingobservations werenumerousand growing morenu-
merouswith time. Planck had already suggestedquantizing radiation in his
treatment of blackbody radiation in 1901. There wasthe exampleof discrete
UV and visible spectra. Bohr eventually had to quantize energy in order
to explain discetespectra and stabilit y of atoms. I am not suggestingthat
Einstein's e�orts weren't signi�cant, but that other peoplewould have �lled
the void his absensewould create.

8.3 Special Theory of Relativit y

HereI speculatewemay havehad to wait a long time for explanationwithout
Einstein. Considerthis evidence.Maxwell's Equations had beenin �nished
form for 40 years already, the Michelson-Morley experiment was 28 years
past, and Fitzgerald and Lorentz's explanationsof this experiment, unsatis-
factory asthey were,werenearly 12yearsold. Poincare'himselfwasthinking
along thesesamelines, but had not connectedall the pieces. Although the
problem that Special Theory of Relativit y answered was ripe for solution
at the time, peopleacceptedEinstein's explanation slowly, even reluctantly.
There are peopleto the present day who sincerelydoubt the correctnessof
his explanation becauseit is too foreign for them to accept. It took Einstein,
or an Einstein, to examinethe issuesof invariance,symmetry, and measure-
ment, that everyone thought they understood, but no one did in fact. In
regard to Einstein's Special Theory of Realtivit y, then, I found a pertinent
quote that Judge Townsend, in a patent dispute over the poly-phaseAC
system,said about Nikoli Tesla.22

\the apparent simplicity of a [theory] often leadsan inexperienced
person to think that it would have occured to anyone familiar
with the subject, but the decisive answer is that with dozensand
perhapshundredsof otherslaboring in the same�eld, it hadnever
occuredto anyonebefore."

22quoted in Sunny A. Auyang's book in the list of references.
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9 Was this a miracle year?

Einstein had workedon molecular-kinetictheory for sevenyearsby 1905,and
was in the processof �nishing his dissertation. The Brownian-motion paper
is an extension of this work, so we can hardly call this part of a miracle.
The photelectric-e�ect paper, innovative as it was, is partially an extension
of molecular-kinetic theory. Planck had, �v e years earlier, suggestedthe
quantization of harmonic oscillators in regard to blackbody radiation. So to
call this work a miracle ignoreslong, hard work in preparation on the part
of several people.

The Special Theory of Relativit y, on the other hand, doesseemmiracu-
lous. Einstein had poked at the problem of electromagneticinteraction with
matter for many years23, but not along the lines of inquiry that resulted in
the Special Theory. It simply occuredas a problem to him, and he �nished
it, in polishedform, possibly in a mere5 or 6 weeks.24 In fact, though, Ein-
stein may have had piecesof this paper in progressfor many yearsas well.
I supposea fair assessment is that 1905might not be miraculous year, but
having so many separate,and signi�cant, ideascometo fruition in a single
year is miraculous.

10 Einstein's legacy

Where has each of these papers led over the past 100 years? Once again,
let me dispensewith the papers on Brownian motion and the photoelectric
e�ect together. RegardingBrownian motion and the larger context of sta-
tistical physics, Einstein's work had e�ect, but he obtained little credit for
it for perhaps40 years. In regard to Brownian motion directly, one of the
outcomesof Einstein's work wasmeansto determineN , but better methods
establishedthat value precisely. In regard to statistical physicspeoplecon-
fusedEinstein's work with that of Boltzmann{a confusionaided by the very
in
uen tial review of statistical physicsby the Ehrenfestsin 1912. Therefore
through lack of attention and the dilution of his e�orts with that of later
workers, Einstein left a signi�cant but not overwhelming legacy. The same

23John Stachel refers to the story of Einstein pondering in 1895how an electromagetic
wave would appear to someoneco-travelling with it at the speedof light.

24Einstein wrote to Conrad Habicht in May of 1905telling him about a paper that is in
draft form having to do with electrodynamics of moving bodies.
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is true of the photoelectric e�ect paper. Despite the Einstein enthusiasm,
Einstein doesn't even comecloseto \in venting" quantum mechanics in this
paper. It is true that physicists becomemore interested in this and subse-
quent Einstein work after Nernst's experimental data on the heat capacity
of solids shows Einstein's correctness.However, Einstein's work belongsin
with what we now refer to as the "old Quantum Theory." Quantum theory
is a huge,collective e�ort. The legacyof Einstein is diluted with the e�orts
of many other people. It is true that the modern world is full of wonders
that depend on quantum mechanics, light, radiation and so forth, but to
credit this to Einstein's legacy, or to that of physicsin general,only confuses
sciencewith technology.

10.1 Special Theory of Relativit y

Einstein left a true legacythrough his Special Theory of Relativit y. While
later workershave elaborated upon SpecialTheory, and have thought of new
ways to explain it, Einstein's �rst shot at the subject doesa decent job. If
a beginning student of physics really wanted to learn the kinematic aspects
of the theory, that student could turn to sections1 through 5 of the original
paper and learn it aswell asany other way. Einstein's pedagogice�orts have
never been diluted in any way except for the space-timegeometry which
Minkowski added. More signi�cantly, though, there is practially no branch
of physics that has not bene�tted from insights that the Special Theory
provides. Let me cite a few examples.

In quantum mechanicsPaul Dirac modi�ed the Schrodinger equation for
Lorentz invariance and discovered among its consequencesthe correct elec-
tron spin.25 In nuclear physics it has provided a meansof explaining the
enormousenergiesprovided from Beta decay and nuclear reactions. In en-
gineeringit has provided a theoretical foundation for how to construct high
energymachines like particle accelerators. In metrology it has provided us
with proper correctionsfor placing ourselvesaccuratelyusing GPS, and cor-
rections for transporting accurateclocks. Finally, and most signi�cantly, as-
trophysicshas many explanationsthat rest upon Special Relativit y in some
way.

For example,SpecialRelativit y providesexplanationsfor the current tem-

25The uncorrected Schrodinger equation led to results that were only half the correct
value.
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perature of the cosmicbackground radiation, and why the night sky is dark.
The accompanying illustration shows another more homely example. The
graphic shows large clouds of energy-emitting gaswhich are very apparent.
Midway betweenthe cloudsis a regionof spacefrom which there issuesa jet
in onedirection that terminates in oneof theseclouds. Physicists speculate
that a black hole resideswherethe jet originates,but if that is so, then why
is the jet visible in onedirection only?

Becausethe particlesthat makeup the jet travel sofast, SpecialRelativit y
applies. The visible jet is coming toward us, and is mademore intensejust
as section7 of Einstein's 1905paper shows. Meanwhile the other jet, being
directed away from us, is red shifted and attenuated to the point of being
invisible.

Figure 6: A radio object with jets of material moving at high speedand their
appearancemadeasymmetric by demandsof Special Relativit y.

11 Conclusion

Let me say in conclusionthat my recent study of Einstein and the papers
of 1905have given me a new perspective on the man, the state of physics
at the time, and even a new perspective on the legacy Einstein left. In
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regard to a conclusion that pertains to amateur science,Einstein in 1905
was an amateur scientist. He faced all of the issuesand problems we face
in trying to do something signi�cant{obscurit y, lack of colleagues,lack of
time and resources.Even more pertinent is that Einstein, often considered
a theoretician, was actually very empirical in his outlook.
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13 app endix

The Lorentz transformations are:

x0 =
x � vt

p
1 � v2=c2

(3)

y0 = y (4)

z0 = z (5)

t0 =
t � vx=c2

p
1 � v2=c2

(6)

In thesethe primed coordinates are moving at velocity v in the positive
x̂ direction of the unprimed system. The transformation allows a personto
determinethe apparent space-timecoordinatesof any event in the unprimed
systemas observed in the primed system.

13.1 Mink owski's space-time

It is only a bit of algebrato show that x2+ y2+ z2� (tc)2 = x02+ y02+ z02� (t0c)2.
Becausex2 + y2 + z2 = (tc)2 is the equation of a spherethat is expanding
in radius proportional to time, t; it is apparent that an expandingsurfaceof
a light 
ash, for example,appearsas an expanding spherefor observers in
both the primed and unprimed systems,and expandsat the samerate.

Minkowski wasthe �rst personto recognizethat the di�erential relation-
ship, dx2 + dy2 + dz2 � (c � dt)2 = (ds)2 represents a displacement element
in a four-dimensionalspace,analogousto the invariant displacement element
in a rotation of three-dimensionalspace.Einstein may have demolishedthe
notions of absolutespaceand absolute time, but Minkowski replacedthese
with an absolutespace-time.

13.2 Velocit y addition

Now assumethat within a referencesystemmoving with velocity v relative
to one at rest, there is an object possessinga velocity U. What will the
velocity of this object be with respect to the systemat rest. First locate two
successive locations of the object, x0

1 and x0
2, and the corresponding times
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at which the object occupiesthese locations, t0
1 and t0

2. By de�nition the
averagevelocity is x0

2 � x0
1

t0
2 � t0

1

Thus, applying the Lorenz transformations, one obtains U0 = x0
2 � x0

1
t0
2 � t0

1
=

x2 � x1 � v(t2 � t1 )
t2 � t1 � v(x2 � x1)=c2 or U0 = U+ v

1+ Uv=c2 . Note in particular that if U is lessthan c,
the speedof light; then , U0 is also lessthan c. Note further, that if U is an
electromagneticsignal (light or radio etc), so that U = c; then U0 = c also.
The speedof light is a limiting speed. The Lorentz transform and the set of
all possiblespeedslessthan or equalto that of light form a symmetry group.

13.3 Time dilation

Two events in the unprimed system occurring at a single point in space
at times t1 and t2, accordingto an observer at rest, will occur at di�erent x
coordinatesin the primed space,but moresigni�cantly, they will beseparated
by a time interval t0

2 � t0
1 = t2 � t1p

1� v2 =c2
> t2 � t1 Thus, moving clocks will appear

to run moreslowly than clocks at rest. This appearanceis symmetricbetween
the two coordinate systems. In other words, it is the other person'sclock
that appearsto be running slowly.

13.4 Space contraction

An object whoseendsoccur at the two points x1 and x2, hasa length equal
to x2 � x1 in the unprimed system. Measurethe locations of the two ends
simultaneously in the primed systemto obtain the length x0

2 � x0
1 = (x1 �

x2)
p

1 � v2=c2 which, therefore appears to be shorter. Like time dilation,
this appearanceis symmetric betweenthe two coordinate systems.In other
words, it is the other person'sdimensionsthat appear contracted.

13.5 The end of simultaneit y

Supposein the unprimed system an event occurs at the sametime at two
locations x1 and x2, wherex2 � x1 6= 0. This is the railcar experiment and
the event is the passageof the wavefront at the two separateobserverson the
ground. What I meanby simultaneousis that t1 = t2. Now what is t0

2 � t0
1?

If this is zero, then simultaneous events in one coordinate system are also
simultaneousin the other.
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From the Lorentz transformation we can �nd that t0
2 � t0

1 = v
c2

x1 � x2p
(1� (v=c)2 )

.

Now apply spacecontraction to get rid of x1 � x2 and replaceit with x0
1 � x0

2.
Therefore

t0
2 � t0

1 =
v
c2

(x0
1 � x0

2) (7)

which is zero only if v = 0 or c ! 1 . Simultaneous events in one
coordinate systemcannotbesimultaneousin another if the two arein relative
motion. Sorry, Mr. Newton!
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