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

As many of you know, this is the certennial of Einstein's so-calledmiracle
year, 1905 The U.N. designatedit the World Physics Year (WPY), a year
to promote scienceand sciencditeracy. Scadsof American Universitieshave
followed along. There are courtless symposia, magazinearticles, and even
seweral TV specialsincluding oneon NOVA. Many of you know of Einstein's



most famousformula, E = mc?, but probably are unsurewhat it means;even
more of you, | dare say all of you, recognizeEinstein's face on sight. He is
the prototype mathematician/sciertist{l would say in fact he hasbecomethe
caricature of one. On the other hand, I'd guesghat very fewin 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 those papers. My purposehereis 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 complete branches of physics, electro-
magnetism, medanics, optics, and thermodynamics were at odds with one
another and unableto dealwith a bevy of new experimertal results. Then a
young physicist working the lowly and undesenred 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 henceforth con-
sideredthe world's smartest personand responsible for just about anything

good in the modern world (refrigerators to microwaves). As proof of this

| point to a typical website produced by respectibly educated people, the
University of Colorado for example, which implicitly credits Einstein with

making possiblealmost everything®. 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=phygics=2000=einsteins legacy:html



Figure 2: Sciencemagazineusesthis baby Einstein to promote AAAS and
its merdhandise. Would any other scienist ewen be recognizedin sud a
cornext?

3 Einstein in fact

Einstein wasin 1905an unknown, evenwith a few publications a so-farunac-
complished,but self-absorked youngmanwho had nished a mediccre career
asastudert at a Swissinstitute of technologyin the nether-regionsof physics.
Being self-absorted should have aided his career,of course,and it evertually
did, but being a mediocre studert in a mediccre institute holds the most
self-inerestedpersonbad for a time. He alsohad ethical lapsesand dilem-
masto cortend with. He had already abandonedhis illegitimate daugtter,
manipulated a vulnerable woman four yearshis senior,who he would marry
and then ewentually divorce and go on to marry his cousin, but only after
being rejected by his cousin'sdaugher rst, and carry on other a airs as
well. He was a political naif, with the world-wide scierti ¢ stature to leave
a troubled Germary in 1933, without providing aid for trapped colleagues
and kin. He miscreditedthe work of his adversaries{gerhapsunintentionally
in the caseof Heaviside, for example. It is a commonirony that he would
ewertually becomea world-renowvned teader, ethicist, and spokespersonfor
human rights. But that is another story.

As you may see,| am not a fan of Albert Einstein asa person. Howeer,
in preparingfor this | readthe v e papersof 1905,and | cameaway with one
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rm conclusion. Einstein deseresewery bit of his reputation as a scieri c
genius. His written work is concise,insightful, and clear of purpose. | have
enormous,renewed respect for him. Yet, the 1905myth remains. What parts
it are not true?

First there is the ideathat he struggledasa mal-treated geniusforcedto
take a lowly job at the Patent O ce. 2 Is anything more deliciousthan this
sort of fantasy? People seemdeterminedto promote this idea as a certral
part of the 1905story. Consideringhis performanceto date it was a good
job. It gave him a comfortableincome,and provided sparetime for researab.
Einstein, himself, says he enjoyed it and that thosewere amonghis happiest
years? After taking an academicposition at Zurich, he complainsin a letter
to Michele Bessd that "...lectures keepme very busy sothat my actual free
time is lessthan in Bern. But onelearnsa great dealin the process."What
instructor cannot appreciatethis? The SwissPatent O ce job washardly a
punishmern.

Einstein's work did not revolutionize physicsimmediately. In fact, Ein-
steinwasat rst depressedabout the ladk of interestin his papers, and was
cheeredafter many months whenMax Planck nally wrote for a clari cation
about the relativity paper. Scott Walter ® preseits a graph that explainsre-
sponseto the paper on the specialtheory very clearly. It beginsrather slovly
at the rate of ten papers (physics and mathematics) per year in 1906 and
ewertually readhes120peryearby 1911. The revolution via special relativity
was a gertle one. The so-calledBrownian motion paper took half a decade
to have much e ect{a time period spert awaiting experimertal 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 beliewe the results of the paper
on Special Relativity{they treated the subject like someproblem with mea-
suremen that would go away with better technique. Rival theoriespersisted
into the 1920s. Doubters remain even today. Even yearslater in his corre-

2Stadhel refersto this a being rejected by the academiccommunity.

3Although, if you read Einstein correspondenceshe beganlooking for an academicjob
in 1907{two yearsbeforetaking a position at the University of Zurich.

“November 17, 1909

SMink owski, Mathematicians, and the Mathematical Theory of Relativity, Scott Wal-
ter, Published in H. Goenner, J. Renn, J. Ritter, T. Sauer(eds.), The Expanding Worlds
of Genemal Relativity (Einstein Studies, volume 7), pp. 4586. Boston/Basel: Birkhuser,
1999.



spondenceghe letters that passbetweenhim and physicists of renovn were
largely requestsfor, and thank you notesfor, Einstein sendingreprints of his
papers. It is true that the University of Leiden hoped to shag Einstein as
a faculty menber in 1912;yet, this only meanshe was well thought of asa
researber and teadher, not that he had transformed physics®

Figure 3. Growth of interestin the specialtheory asgaugedby other papers
on the subject. The revolution hereis actually a steady growth that starts
slowly. Figure after Walter, 1999.

Most physics studerts 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 span1905-1919this paper, and Einstein's
further work alongthe lines of quartum solid-state physics,would have more
direct impact than any other amongall the 1905papers. In fact, asl read it
se\eral times over the past month, | concludedthat amongthe 1905papers,
the oneabout the photoelectric e ect wastoo good to have not garneredthe
prize. Howewer, right up to the time he won the Nobel prize, Einstein still
struggledwith anorymity and receivingproper credit for his e orts. In fact,
Einstein's reputation was made gigartic, not through his 1905 papers, but
from veri cation of predictions of his 1917 Theory of Genemal Relativity {the
epitome of what Naziswould later label Jewishsciene.

4 Einstein's world

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

SLetter from Lorentz 13 February 1912.



branches{Medanics, thermodynamics, optics, and electromagnetism. Each
of thesewas in pretty nished form, with a massie theoretical underpin-
ning, and substartial experimertal support. Yet, there were someproblems
in attempting to t thesepiecesinto a single, comprehensie whole. Odd
obsenations sud as Michelson-Morley'sinability to detect the ether’, the
photoelectric e ect, Blackbody radiation, and soforth are examplesof what
| meanby odd obsenations. | 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, something Einstein
himself wrote in 1910sumsup the situation with regard to the "crisis" of
electromagnetismand the ether in particular.

...At rst the physicistsdid not doubt that the electromagnetic
phenomenamust be reducedto the modes of motion of this
[ether]. But as they gradually becamecorvinced that none of
the medanical theories of ether provided a particularly impres-
sive picture of electromagneticohenomenathey got accustomed
to consideringthe electric and magnetic elds as ertities whose
medanical interpretation is super uous.

If anyoneis responsiblefor the idea of a "crisis" in physicsit was a later
generation of barely involved persons. This idea of crisis then gets passed
from one generation of physicists to the next, with Einstein's role in crisis
resolution growing at the sametime. One professortold me that Einstein in
a singleyear inverted the Special Theory of Relativity, Quantum Medhanics,
and Statistical Medanics. It is hardly so, but most of us persist in this
thinking becausevery few of us, like our professors,ewer look at original
documerts.

Physicists and historians of sciencealike want nice, neat padkagesof ex-
planation, and so they focus on, and credit, single individuals with accom-
plishmerts that actually had many inputs®. Einstein's papersare at the same
time less,and | think much more,than we wereeer told. Let me summarize
their cortent.

’The ether was a medhanical medium that could support the propagation of electro-
magnetic waves, and would tie electromagnetismto medanics.

8Thus, Thomas Kuhn's hypothesisthat scienceis a cycle of consolidation, crisis, and
resolution has so much appeal for them.



5 Quick Einstein summaries

Einstein's 1905papershave acommonform. He beginsead with a statemen
of a puzzling issuein physics. Typically he iderties a cortradiction or
cortroversyrelated to the puzzle. He then setsabout methodically removing
the contradiction and resolvingthe puzzle. What resultsis a signi cant step
toward unifying two of the disparate branchesof physics.

5.1 Brownian motion

Einstein proposeshereto demonstratethe existenceof atomsand molecules,
and thereby reconcilethermodynamicswith medanics. To this end he proves
that if moleculesdo exist, then particleslarge enoughto be obsened through
amicroscope shouldperformrandommotion from thermal energy In orderto
demonstratethis he hasto rst repair opposing views of osmosisaccording
to classicalthermodynamics and a medanical theory known today as the
kinetic theory of gase& Through this reconciliation he infersthat microscopic
particles will di use throughout a cortainer in a manner much 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-squargRMS) displacemen ( ) is

r
P- RT 1
" 'N3ke 1)
Where the constarts R, T, k, and P, are respectively, the universal gas
constart, absolutetemperature, uid viscosil, and radius of the "Brownian"
particles. From this we concludethat an obsenation of particle displacemen
that grows with the squareroot of time provides strong evidencefor the
existenceof molecules. Moreover, becauseewery quarnity in this formula
is known or could be measuredexceptfor N, Avogadro'sNumber, Einstein
providesanindependen meansof erumerating moleculesn a mole of matter.

9Called molecular-kinetic theory of heat in 1905.



Figure 4: The small spheredn this photomicrographare about onemillionth
of a meter in diameter and made of plastic. They display random Brown-
ian motion. The photo, and an accompalying video is available online at
www.microscop-uk.org.uk/dww/home/hom brown.htm

5.2 Quantum Mec hanics

Again, Einstein beginswith a statemert of a cortradiction to resohe. In

this casehe obsenesthat physiciststreat light, in fact any eld quartity, as
a continuum that can Il an arbitrarily large region of spaceby becoming
arbitrarily more dilute. Material matter on the other hand, physicists treat
as composed of 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 presen view
of physicists, the energy of a ponderablebody should be repre-
serted 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 sourcecortinuously spreadsout over an ever
increasingvolume.

Einstein rst demonstratesthat the cortinuum view will lead to in nite
amourts of energyin blackbody radiation within any small enclosure.Some-
thing is most sincerelywrong! From here Einstein proceedsto re-analyze
Planc's resolution of this Blackbody radiation problemand shovsthat state
variablesfor radiation obeysrelationshipsidertical to that of an ideal gas’®

10Speci ¢ erntropy in this case.



Sincekinetic theory explains all relationshipsfor ideal gasesin terms of in-
dividual molecules,Einstein suggeststhat individual light quarta ough to
explainthe samefor radiation, and proceedgo shav how light quarta explain
the following better than other cortemporary ideas:

Stoke's rule for photoluminescence
The photoelectric e ect

The ionization of gasesuy ultraviolet light.

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

h ="' +KE )

whereh is the energyof a light quartum basedon its frequency( ) of vi-
bration, and which is split in quartit y then betweenthe work (' ) requiredto
remove an electronfrom a substanceand the kinetic energy(K E =energy of
motion) the electronhasonceit escagsthe substance.In the accomparing
gure | show data collected by undergraduatestuderts which displays this
linear form. This Einstein paper was a signi cant step in connectingoptics
to medanics{speci cally in understandinghow light interacts with material.



Figure 5. Studert 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 summary of somecon ict betweenpoints
of view. Here the issuewill seemquite obscureto most of you. Physicists
had usedthe principle of relativity for 250years{but it was a principle valid
in the Galilean/Newton conceptof medanics. Electromagetismapparerily
did not obey sud a relativity concept. Yet Einstein did not addressthis
issue,but instead a more esotericone. Michael Faraday had shovn in the
1830sthat a moving magnet will induce an electric current in a wire. He
showved in particular that whether the magnet or the wire was the object
moved didn't matter{only relative motion betweenthe two mattered. Yet,
in 1905 the explanation of how electromagnetisminteracts with material
requiredadi erent explanationif the magnetmovedthan it did if the circuit
movedinstead. Two di erent explanationsfor the sameoutcome! In addition
Einstein points out failure at all attempts to measuredi erencesin speedof
light with respect to motion of source.

10



As Jadkson'! points out, the fact that electromagnetismdid not adhere
to the Galilean/Newtonian concept of relativity seemedto be a problem
in 1905. There were three possiblesolutions to this problem: 1)Maxwell's
theory waswrong. Yet, there was too much physical evidencein favor of it
for this to be possible.2) Assumea medanical hypothesisthat would grant
a special frame of referencefor electromagnetismonly{the etherwith Lorenz
cortraction seemeda reasonablehypothesisto nearly all physicistsin 1905.
3) Assumethe postulate of relativity wasin needof repair. This is the route
Einstein takesin his paper.

The Special Theory of Relativity paper hastwo parts. The rst involves
the kinematics of material bodies;the secondinvolveselectrodynamics. The
paper on SpecialRelativity beginswith an attack onatacit assumptionabout
time. Einstein shows that there is no absolute ow of time in the sensethat
Newton envisaged, by shaving that simultaneous ewerts in one coordinate
systemare not necessarilysimultaneousin another. He now postulatestwo
guiding principles. The rst is the principle of relativity, the other is that
all inertial systemsobsene the same,constart velocity of light. From here
he derives the coordinate transformation between a coordinate system at
rest and one moving with constart velocity that must hold true.'? This
transformation turns out to be noneother than the Lorentz transformation,
which to this point in physicshasappliedonly to electromagnetiqgpghenomena.
Einstein now derivesthe velocity addition formula and shonsthat the Lorentz
transformation is a symmetry operation. He endsthe kinematic part of the
paper by shawving that the principle of relativity and the constant speed of
light are mutually compatible.

The electradynamic part of the paper beginswith 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 demonstratesn particular that the magnetic
eld derivesfrom motion relative to an electric eld, and that electromotive
forcearisesfrom motion relative a magnetic eld. He goesonto demonstrate
three applications; aberration, doppler shift, and radiation pressure. Then
herepeatsall of this for Maxwell's equationin a spacecortaining freecharge.
His nal application is to the equationsof motion of an electron.

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

11p.D. Jackson, Classical Electrodynamics, Wiley
2There is an additional assumptionthat the relationship coordinates be linear.
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write directly about the dynamics of massin the absenseof charge, but
suggeststhat it is derived from the dynamics of an electronin the limit of
no charge.

6 How did Einstein create?

There is a myth that Einstein wastoo brilliant to understand. Howeer, if
you examinehis work he displays a xed, and productive method of creating
his work. This is onethat | can descrike in four steps. 1)Find cortroversial
topics. 2) Attack the cortroversy with statistical or symmetry principles. 3)
Argue from speci ¢ to generalresults by analogy; and 4) idertify data to
support the argumen or ways to test it.

Let me speak about the Brownian motion and photoelectric e ect pa-
pers rst very briey with this creative model in mind. Keepin mind that
Einstein had worked and publishedalong theselines already{his dissertation
for example. Numerousresearbtiers had attempted a physical explanation of
Brownian motion involving thermal equilibrium{most notably the cytologist
Karl von Nageliin 1879applied equipartition of energy” to the large parti-
clestreating them simply as massie molecules,and found that in collisions
with ordinary moleculesthey would attain negligibly small velocities. Guoy
and Ramseyin respnsetp sud failures tried to substartiate the molec-
ular explanation by assumingthe more or lesscoordinated e ort of large
assemlies of moleculeson the particles, but founderedby focussingagain
on velocity. All results seemedo point away from thermal motion being the
sourceof Brownian motion. Einstein on the other hand succeededor two
reasons.First, while other attempts founderedon examination of velocity of
Brownian particles, Einstein focusse on displa@ment He understood the
statistical physics well enoughto recognizethis asthe measureablee ect.
Second,while other people made 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 arguedthrough analogy about what form the displacemen of
particles would take as a function of time.

In regardto 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 bladkbody radiation

13The sameapproad that got blackbody radiation into trouble.
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valid over the ertire electromagneticspectrum, and proposedquartization of
oscillatorsin units of h asaway to justify it. Einstein had this information,
and he had additional tools which he had dewloped through his work on
Brownian motion and other statistical physics at his disposal. He usedall
of this to calculatethe speci c ertropy of a volume of radiation and shoved
in the high frequencylimit that it resenbles the entropy of an ideal gas.
By analogy therefore he arguesthat sud 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 invariance principles and calculating statistical uc-
tuations. Invariance has nothing to do with either the photoelectric e ect
or Brownian motion, but but both involve statistics. | would add that Ein-
stein wasvery good at tying looseendstogether, but even better at knowing
which looseendsto tie together. Knowing the loose endsindicates to me
that Einstein was unusually well read{somethinghistorians apparerily dery.
Finally, asthe photoelectric e ect paper shows, Einstein thought carefully
about how to test theories with obsenations. His title may usethe word
hueristic perhaps,but he is thinking empiricism.

6.1 Special Theory of Relativit y

Oliver Heaviside obsened that the foundation of a theory is like the foun-
dation for a grand building; a good building doesnot shaw its foundation.'
Einstein's Special Theory of Relativity takes this idea to an extreme. We
have no direct knowledge of the processthat producedthis work. Einstein
left no notesor drafts, althoughin a letter to Conrad Habicht he talks about
it beingin \draft" form. The paper on Special Theory of Relativity appears
rst in complete,and | meancompleteand polishedform, just asthough it
sprangfrom his mind that way.

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

M Heaviside, Electromagnetic Theory, Vol. Il, 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!® Shenewer claimed any specic
credit. We have no notes of hers, none at least of which | am aware; and
S0, this claim falls in with claimsthat Dr. Watson actually wrote Sherlack
Holmesand Sir Francis Baconthe works of Shealespear.

6.1.2 Standard model

Einstein sdolar, John Stadel, hasre 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 enmbarked in
a new direction. 2) He abandonsthe Lorentz theory becauseit seemstoo
dependert on the ether. 3) He explorespossibletheoriesin which light emis-
sion, per se explains constancyof 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 obseners. 5) He dewlopsa new theory of kinematics. Part
of the evidencefor Stadel's view comesfrom Einstein himself, but only by
way of discussionsand subsequen remniscencesof his work on the topic.
With a personas self-absorted as Einstein | would never considerany of his
memoriesgood sourcesof information. To do sowould be like letting Edison
write the de nitiv e biography of Edison®

6.1.3 Vestigial earlier manuscript

In the 1982 Proceedingsof the Philosoply of ScienceAssaiation Earman,
Glymour, and Rynasiewic2’ proposedthat historians needto look more

15Einstein refersto '...our work on relative motion' in one letter for example.

18Thus, Edison could concact a story about having conceived of the carbon lament
electric light while on a shing trip to Battle Lake, Wyoming in August 1878{a story that
is demonstrably false.

7] aplogizefor having lost this referenceat presen { | found it through a Google seardh
however.
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closelyat the nal paper itself, which had garneredsurprisingly little atten-
tion to this time. They noteits "odd" structure and professto seeingwithin
it, a\proto-manuscript" composedof the introduction, section6, and section
10. They hypothesizefrom this to suggestthat Einstein solved puzzlesof
relativity here and there over se\eral years, and piecedtogether the theory
out of order with its nished form using \earlier argumerns and building
blocks," as Einstein oncesaid.

6.1.4 Technological inspiration

Peter L. Galison, author of a new book on Einstein and Poincare’, recalls
seeinga seriesof syndironized clocks on a train station platform in northern
Europe. This vision prompted him to ponder the history of the problem
of syndronizing clocks for things like train sdedulesand commnunication, 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 syndironization. Well, it is an intriguing
suggestion,but can he point to any speci c patent or other medanical in-
spiration that Einstein mertions? How does simply being immersedin a
technology permit a personto invert new sciences?

6.1.5 Another speculation

It seemgo me that a personcan conmbine 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
| solve problems. The structure of whatever paper results from researt is
completelyarti cial and hasnothing to do with the order of creation. In the
caseof the Special Theory of Relativity paper the order is a pedagogicabne
that a personcan recognizein practically any physics textbook{ rst kine-
matics then dynamics; rst elds without sources,then elds with sources,
and soon. Instead of being preoccupiedwith structure, a reasonabletheory
of creation ought to explain seeral 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 Section6 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 done as early as 1902,in line with what Stachel suggestsabout
Einstein's abandonmen of the ether. Sections7 and 8 on electradynamics
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 Section10follows straight forwardly. It
seemdgo me that the velocity transformation is what rst brings kinematics
into the scheme, but then Einstein seesa way to reconcile medanics with
electrodynamics.

In 1902 Poincare' wrote a book ertitled Scien@® and Hypothesis John
Stadel statesthat Einstein was well aware of Poincare'sargumerts in this
book againstthe ether. Certainly it is the sort of book that would catch the
attention of a young man with ambitions of becominga great sciertist. |
read the book perhaps20 yearsago,and | have not found a copy recerly to
refreshmy memory, but seeingPoincare' mertioned twice in the sourceof a
week of reading got me to thinking about the following.

In Scien@ and HypothesisPoincare' asksat onepoint, what is the mean-
ing of Newton's secondlaw, F = ma, or more to the point here,F = m‘c’fT;"?
His answer is that it signi es only that the equations of medanics are of
secondorder. This is a more profound revelation than it seemsat rst, and
certral 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 x°= x vt. In e ect being of second
order denoteswhat symmetry operations are compatible with medanics.

Supposethat Einstein read this, and, being predisposedto principles in-
volving symmetry, he beganto ponderwhat beinginvariant under a di er ent
symmetry operation, speci cally the Lorentz transformation*® would mean
for Newtonian medanics. There are se\eral 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

Bwhich | have removed to the appendix to save the non-technical reader from brain
melt-down.
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apparert velocity (U9 whenviewed from a secondcoordinate systemmoving
at velocity V with respect to the rest system accordingto U® = %t
This Lorentz transformation mapssublight-speedvelocities in one systemto
di erent apparert sublight speeds,and thus "form[s] a group{as indeedthey
must." The phrase has a uniquenesswithin the cortext of his paper that
suggestsspecial importance to Einstein. | would say that he seesit asthe
equivalent of F = ma.

To producePart A Einstein could have simply assumedhe Lorentz trans-
form and worked forward from half-way through Section3 through the end of
Section5. To produce Sectionsl through the rst half of Section3, however,
Einstein required a way to demonstratewhy the Lorentz transform should
apply to kinematicsin the rst place. The transform itself providesa hint in
that it explicitly shavsthat time incremerts in systemsin relative motion do
not appear the sameto any single obsener. Thus, simultaneity had to go.
Perhapshis work in the Patert O ce did provokethis nal insight asGalison
suggests;perhapsEinstein's wife provoked it, or maybe something Michele
Bessosaid provoked it; thus, explaining Einstein's statemeris to Bessothat
\Thanks to you | have solved the problem” and \Time hasto go."

7 What about E = mc??

What about the famousE = mc? formula? This formula rst appears ex-
plicitly in the fourth 1905paper. Einstein's languageimplies that E = mc?
was somethingnot cortained in Paper Three, but wasa newidea. | nd this
puzzling. It is cortained in Paper Three in Section 10 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.® Whatever
his purpose, Einstein returned to this theme many times over the next two
decadesbut never managedto provethat E = mc? with completegenerality.
We beliewe it is sonow becauseof volumesof obsenational data.

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

What | am askinghereis, \now important was Einstein?" | think the answer
dependson which of his works we consider.

8.1 Brownian motion

Robert Brown had studied this motion in 1828,but even by 1905n0 onehad
an acceptible explanation for it. | have explained how Einstein succeeded
where others had failed, but no one acceptedhis explanation immediately,
becausehere 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 corvincing even
then. Yet, Einstein's paper is not so much about Brownian motion, as it
is about advancing medanical explanationsof thermodynamics{a branch of
physics now called Statistical Medhanics. It was third in a seriesof papers
he published on the subject. Yet, despite his signi cant cortributions and
unique approad, he would not attain a fair recognition for his e orts until
40 yearslater. Luiz Navarro explainsthe story of why this happened®{for
reasonsthat needn't concernus here. Howeer, for a disturbingly parallel
tale of how geniusgoesunrecognize considerLouis Bachelier.

Bachelier, like Einstein, worked in obscurity from having beena mediccre
studert at a mediocre school. Even consideringthat his dissertation advisor
was Henri Poincare' Badhelier remainedobscure.Bachelier noted in his 1900
dissertation that the price history of securitieswas like the random walk of
Brownian motion?!, and behaved like di usion of heat. This explained, for
example,why a personcould either lose or gain the largest sumsof money
on an investmern the longer one held the investmen. At any rate it took
some56 yearsbeforeanyone noticed what Bachelier had done. So ewven after
Einstein provided an explanation, it might have beenanother half certury
before someoneelse constructed 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.
211 don't know if Bachelier even usedthe term Brownian motion. He may have only
referedto heat{l needto nd the original documert.
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8.2 Quantum Mec hanics

Here | can provide a pretty de nitiv e answer to the supposition "if not for
Einstein." | claim the mysteries of quartized 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 puzzling obsenations were numerousand growing more nu-
merouswith time. Plandk had already suggestedjuartizing radiation in his
treatment of bladkbody radiation in 1901. There wasthe exampleof discrete
UV and visible spectra. Bohr ewertually had to quartize energyin order
to explain discetespectra and stability of atoms. | am not suggestingthat
Einstein's e orts weren't signi cant, but that other peoplewould have lled

the void his absensewvould create.

8.3 Special Theory of Relativit y

Herel speculatewe may have hadto wait alongtime for explanationwithout

Einstein. Considerthis evidence.Maxwell's Equations had beenin nished

form for 40 years already, the Michelson-Morley experimernt was 28 years
past, and Fitzgerald and Lorentz's explanationsof this experimenr, unsatis-
factory asthey were,werenearly 12 yearsold. Poincare'himselfwasthinking

along thesesamelines, but had not connectedall the pieces. Although the

problem that Special Theory of Relativity answered was ripe for solution

at the time, peopleacceptedEinstein's explanation slowly, even reluctantly.

There are peopleto the presen day who sincerelydoubt the correctnessof
his explanation becausat is too foreignfor them to accept. It took Einstein,

or an Einstein, to examinethe issuesof invariance,symmetry, and measure-
mert, that ewveryone thought they understood, but no one did in fact. In

regard to Einstein's Special Theory of Realtivity, then, | found a pertinent

guote that Judge Townsend, in a patent dispute over the poly-phase AC

system, said about Nikoli Tesla??

\the apparert simplicity of a [theory] often leadsan inexperienced
personto think that it would have occuredto anyone familiar
with the subject, but the decisive answer is that with dozensand
perhapshundredsof otherslaboring in the same eld, it had newer
occuredto anyone before."

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

Einstein had worked on 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 asit was, is partially an extension
of molecular-kinetic theory. Planck had, v e years earlier, suggestedthe
guartization of harmonic oscillatorsin regardto blackbody radiation. Soto
call this work a miracle ignoreslong, hard work in preparation on the part
of seweral people.

The Special Theory of Relativity, on the other hand, doesseemmiracu-
lous. Einstein had poked at the problem of electromagneticinteraction with
matter for many years?, but not along the lines of inquiry that resultedin
the Special Theory. It simply occuredasa problemto him, and he nished
it, in polishedform, possiblyin a mere5 or 6 weeks?* In fact, though, Ein-
stein may have had piecesof this paper in progressfor many yearsas well.
| supposea fair assessmenis 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 ead 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. Regarding Brownian motion and the larger cortext 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 was meansto determineN, but better methods
establishedthat value precisely In regardto statistical physics peoplecon-
fusedEinstein's work with that of Boltzmann{a confusionaided by the very
in uential 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 overwhelminglegacy The same

23John Stachel refersto the story of Einstein pondering in 1895how an electromagetic
wave would appear to someoneco-travelling with it at the speed of 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 erthusiasm,
Einstein doesn't even comecloseto \in verting” quartum medanicsin this

paper. It is true that physicists becomemore interestedin this and subse-
guert Einstein work after Nernst's experimertal data on the heat capacity

of solids shaws Einstein's correctness. Howewer, Einstein's work belongsin

with what we now refer to asthe "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 medanics, 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 Relativity. While
later workers have elaborated upon Special Theory, and have thought of new
ways to explain it, Einstein's rst shot at the subject doesa decen job. If
a beginning studert of physicsreally wanted to learn the kinematic aspects
of the theory, that studert could turn to sectionsl through 5 of the original
paper and learnit aswell asany other way. Einstein's pedagogice orts have
newer beendiluted in any way exceptfor 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 quartum medanicsPaul Dirac modi ed the Sdrodinger equation for
Lorentz invariance and discovered amongits consequencethe correct elec-
tron spin® In nuclear physicsit has provided a meansof explaining the
enormousenergiesprovided from Beta decg and nuclear reactions. In en-
gineeringit has provided a theoretical foundation for how to construct high
energy madines like particle accelerators. In metrology it has provided us
with proper correctionsfor placing ourselesaccurately using GPS, and cor-
rectionsfor transporting accurateclocks. Finally, and most signi cantly, as-
trophysicshas many explanationsthat rest upon Special Relativity in some
way.

For example,Special Relativity providesexplanationsfor the currernt tem-

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

Becausdhe particlesthat make up the jet travel sofast, SpecialRelativity
applies. The visible jet is coming toward us, and is made more intense just
as section7 of Einstein's 1905paper shavs. 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
appearancemade asymmetric by demandsof Special Relativity.

11 Conclusion
Let me say in conclusionthat my recen study of Einstein and the papers

of 1905 have 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 conclusionthat pertains to amateur science,Einstein in 1905
was an amateur scientist He faced all of the issuesand problemswe face
in trying to do something signi cant{obscurity, lack of colleagues,ack of
time and resources.Even more pertinent is that Einstein, often considered
a theoretician, was actually very empirical in his outlook.

12
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13 appendix

The Lorentz transformations are:

o . X vt
= 3
X 1 v2=¢ ®)
y'=y (4)
2°=z (5)

t  vx=c
0= p—— 6
1 v2=¢ ©)

In thesethe primed coordinates are moving at velocity v in the positive
R direction of the unprimed system. The transformation allows a personto
determinethe apparert space-timecoordinatesof any evert in the unprimed
systemas obsened in the primed system.

13.1 Mink owski's space-time

It isonly abit of algebrato shaw that x?+ y?+z? (tc)? = x®+y%+2z2% (t%)2.
Becausex? + y? + z? = (tc)? is the equation of a spherethat is expanding
in radius proportional to time, t; it is apparernt that an expandingsurfaceof
a light ash, for example,appearsas an expanding spherefor obsenersin
both the primed and unprimed systems,and expandsat the samerate.

Minkowski wasthe rst personto recognizethat the di erential relation-
ship, dx? + dy? + dz> (c dt)? = (ds)? represets a displacemen elemen
in a four-dimensionalspace,analogousto the invariant displacemen elemen
in arotation of three-dimensionalspace. Einstein may have demolishedthe
notions of absolute spaceand absolutetime, but Minkowski replacedthese
with an absolute space-time.

13.2 Velocity addition

Now assumethat within a referencesystemmoving with velocity v relative
to one at rest, there is an object possessing velocity U. What will the
velocity of this object be with respect to the systemat rest. First locate two
successig locations of the object, x? and x9, and the correspnding times
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at which the object occupiesthese locations, t? and t. By de nition the
0 0

averagevelocity is 25—
2 1 Xg Xg

Thus, applying the Lorenz transformations, one obtains U° = o =
2 1

geu e o or U0= [Hvo. Note in particular that if U is lessthan c,
the speedof light; then , U%is alsolessthan c. Note further, that if U is an
electromagneticsignal (light or radio etc), sothat U = c; then U°= ¢ 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 ewens in the unprimed system occurring at a single point in space
at times t; and t,, accordingto an obsener at rest, will occur at di erent x
coordinatesin the primed space but moresigni cantly, they will be separated
by atime interval t3 t9 = pﬁ > t, t; Thus, moving clocks will appear

to run moreslowly than clocks at rest. This appearances symmetric between
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 x; and X,, hasa length equal
to X, Xy in the unprimed system. Measurethe locations of the two ends
sinwltaneously in the primed systemto obtain the length x3 x? = (x;
X3) 1 v2=¢& which, therefore appearsto be shorter. Like time dilation,
this appearanceis symmetric betweenthe two coordinate systems. In other
words, it is the other person'sdimensionsthat appear cortracted.

13.5 The end of simultaneit y

Supposein the unprimed systeman ewernt occurs at the sametime at two
locations x; and x,, wherex, Xx; 6 0. This is the railcar experimert and
the ewvert is the passagef the wavefront at the two separateobsenerson the
ground. What | meanby simultaneousis that t; = t,. Now what ist t9?
If this is zero, then simultaneous ewverts in one coordinate systemare also
simultaneousin the other.
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From the Lorentz transformation we can nd that t t9= C%%

Now apply spacecortraction to getrid of x; X, and replaceit with x x5.
Therefore

\'
8 = Y0 x) )

which is zeroonly if v = Oor c! 1. Simultaneousewerts in one
coordinate systemcannotbe simultaneousin anotherif the two arein relative
motion. Sorry, Mr. Newton!
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