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Predicate of existence and predictability
for a theoretical object in physics

Michel PATY *

Summary

We considerthe questiorof the predicateof exisiencefor a physicalobjectfrom both

points of view of the evolution of theoriesand conceptsand of the theoretical
structure consideringhat they arenot mutually exclusivebut that, takentogether,
they canbring to light evidencesthat would remain otherwiseunnoticed.A first

aspecbf ourinquiryis relatedwith “novelty”, i.e., thatwhich was unthoughtbefore
springingup andbeing establishedThenwe dealwith the questionof the physical
meaningof an experimentakesult andits relation with the theoreticalsystem -

networkof conceptandprinciplesshapinga structure- that is proposedo provide
intelligibility, consideringthe variationsof meaningwhich it suffersthrough the
evolution of theoreticalexplanations.Mathematizationof physics is essentially
relatedto its characteristipredictability.We then analyzeof what predictabilityis :

of existence or property ? and take as a clarifying example that of

“indistinguishibility” of quantumparticles.Dealingwith mathematizationye hawe

to considerthe questionsof truth in mathematicandof “mathematicalreality” as
they standafterthe deontologizatiomf mathematicsandto investigatehow they are
reflectedin the problemsrisedby the use of mathematicalnotions in physical
theoreticatonstructionsWe arethenableto confrontourselvesith the questionof

the nature of predictability for physical objects, considering various forms of

predictions,and the difference betweenprediction and prevision. Finally, any
mathematizationis a formalization, and physics sets in its own genuine and
fundamentalmannerthe problem of the relationshipbetweenthe formal and the
content, whetherthis last one is consideredas pointing at the real or at the
empirical.
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apleasureo acknavledgeScott Walterfor linguistic consultationsn the courseof my translation
of thistext to english.
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In the invitation to participate the Colloquium on “The status of
existencefor hidden physical entities”, several aspectsof the problem were
mentionedo spurour reflexion.It wassuggestediirst, to considerthe questionof
experimentakvidencdor a particularphysicad entity (what | will call a “physical
object”,beit a quantumparticle,or a neutralcurrent,etc.) from eitherthe point of
view of historical studyor thatof logical reconstruction

This oppositionor duality seemsto me to correspondsomewhato a
dichotomybetweerphilosophyandhistoryof scienceghathasbeen- andstill often
Is - currentwith analytic philosophy as well as in a reduction-to-socialized-
paradigmsconceptionof history. If onebelievesin a more dynamicalideaof the
relationsbetweenphilosophyand history of sciencé, the duality as it has been
stateccanbeunderstoodn a lessconstrainingway, which could be formulatedas:
the existenceof a physicalobject can be consideredrom the viewpoint of the
evolution of theoriesand conceptsor from the structural one. Nothing a priori
makegwo suchpointsof view mutually exclusive,becausaothingindicatesthat,
consideringknowledgeits structuresareahistoricalanddo not evolve, when, on
the contrary,“logical reconstructions'deliberatelydeny any historical dimension.
Thenmutualignoranceor incompatibility would not be unavoidablea comparison
betweerbothstandpointsvould not be senselesanymore- andit will be, indeed,
mostinstructive.

1
EVOLUTION

Thepointof view of historicalstudy helpsitself, indeed,with thething
asit hasbeenudged(la chosgugég, theexistenceof which hasbeenadmitted;the
“object” standinghere,thequestions to know in whichway its comingto light has
happenedin thespaceof scientificideasandpracticesHistorical accuracy- in the
sensef ahistoryof concepts would induceto pick it - or to try to do so - in the
very momentof thepassagérom thestatewhenit did not yet existfor themind to
the statewhenthe possibility, andthenthe effectivenesof its existencejs stated
andeventuallyestablished.

1 paty(1990),chapte# and(1993),chaptetl.
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History would makeus grasp,so to speak,the statesof therespective
conditionswhich prevailedbefore,thenafter,thestandingup in its existenceof the
object:it shouldalsograsp betweerthetwo, its statewhenit risesandcomesinto
view, thatis, the novelty the physical object previously unthought. History -
conceptuahistory- would emphasizéhenatureof this unthoughtthatprepares or
opposesto - what will spring up and be established.The difficulty will be to
characterizehebreakingpoint, if any, that(conceptualnoveltyrepresentsvhenit
setsup, evenbeforeit hasbeenset(in thesenseof its evidencefor anybody),in the
very monentwhereit is beingset. A brief evocationof someexampleswill helpto
portraywhatl amtrying to define.

Take Newton’s Principia’s instantaneoustime, consideredin its
singularity,that allows the expressiornof the law of motion (theseproviding the
equationof thetrajectoryasafunctionof time): thislaw thatis commonlycalledthe
law of causalitybecausét connectsasa necessargonsequenceyhatexistsat a
giveninstantto whatis at the instantimmediatelynext to the first, thanksto the
concept®f differentialandintegral calculus.Perhapghe greatesinnovationof the
Principia is this thought of an instantaneoustime magnitude, singular and
neverthelesgelational, when everybodyby then - including Newton himself -
conceivedime asbeing,fundamentally durationin a continuouslow 2. Thetrace
of thecharactenf radicalnovelty of this foundingconceptof mechanicsandof its
analytictreatmentis to be found in the difficulties met by the Bernoulli brothers
(JacobandJohann) by Varignon,Euler, Clairaut,d’Alembert, to conceive from a
physicalpointof view, whatis aninstantin itselfandwhen comparedo the instant
thatcomesimmediatelyafter, andtheir difference,dt 3. As a matterof fact, such
difficulties wereto persistfor morethana half centuryafterwards,andwould not
vanishbeforeLagrange’sAnalyticalmechanics

Anotherexamplewould betheintroductionby Michael Faradayof the
field conceptwith contiguougpropagatiorwith afinite velocity, within a conceptual
universewvhereattractionatadistancewas considerednstantaneousOnemustsay
that this introduction had beenpreparedoy the use of the notion of propagation
functionof apotential(suchasthe continuouspressureof a fluid), whoseorigin is
directly linked to the views on partial differential equations developed by
d'Alembert,thenby Eulerandby Lagrange Partial differential equationshadbeen
introducedby d’Alembertpreciselywith this physicalproblemin mind*.

The transformationthat a physics which was traditionally thought
throughthe conceptsof mechanicsunderwentwith the introduction of an alien

2 paty(1994a).

3 Paty(in pressh).

4 Around 1746-1749(resolutionof the equationof vibrating strings, treatiseon the winds, first
dissertation in latin - on the regstanceof the fluids). Cf. d’Alembert (1746,1747,1749, 1752).
SeePaty [1994a],and[in press,b]. A first study of this aspectof d’Alembert achievementfias
beenperformedby Grinberg[in press].On Euler'sworkson the subject- more elegantlypreseited
thand'Alembert’s,but posterior-, seeEuler[1752], Truesdel[1954].
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entity such as the field concept- which it was by then, and it was, indeed, a
“physical entity” -, results from an evolution that goes through Maxwell's
electromagnetitheoryto Einstein’srelativity: specialrelativity, with regardto the
modification of the conceptsof spaceand time, generalrelativity for the bond
betweerthe latter andthat of matter.At which time canwe consder that sucha
physicalentity wasexistentand proven? Is it at Faraday’sime, whenthe concept
of electromagnetidield is still only phenomenologice? or at Maxwell’'s time, when
the conceptis crystallizing a whole theory and unifies itself ? or with Hertz’'s
experimentsdetectingthe propagatedvavesthat makeit manifestand verify the
theoreticapredictionderivedfrom it ? or with Lorentz’ stationaryether,conceived
as independentfrom movable bodies and as being the proper place of
electromagnetidield, by thendistinct from matter? or not beforeEinstein’stheory
which, by makinguselessthe mechanicalsupportof the field, providesto the
concepits foundationabasis?

By studyingthe historical evolution of the field conceptand of field
theory- aswell asmanyothersimilar cases we would undoubtedlybe taughtthat
anydecisions anapproximationwhich dependsn conditionsof intelligibility that
arelinkedto acontext: thestatusof the electromagnetidield is not the sameat the
timesand underthe respectiveconceptionsof Faraday,Maxwell, Hertz, Lorentz
andEinstein.Its correspondinghysicalcontentseingdifferentin eachcase,we
areled, by consideringhis lapseof time in the history of scientificideas,to state
thatthejustification for a predicateof existencecanonly be a relative one. At each
of thesemomentsijt waslegitimateto enunciatehe existenceof sucha thing asthe
field. But this existencehad not the samemeaningin thesedifferent situations: it
was,atthebeginning,thatof shakingsor vibrationsof a mechanicakther,and, at
theend, thatof a self-sufficientphysicalentity definedaspropagatinghroughspace
in thecourseof time.

The largestsensecontentgot in the end seemswell to ought to the
centralplacethattheconcept | meanthephysicalentity, or “object” - holdsin the
networkof theoreticalpropositions.From mechanicsto relativistic covariancethe
field conceptpassedrom amarginalsituationandanauxiliary roleto a foundational
function: from the first to the latter, the weight, so to speak,of the predicateof
existencehasincreasedlet us not forget, however, that thoughtaboutphysical
theoryitselfhasevolvedduringthis time, andthatits requirementsvith covariance
of field equationgliffer hencefortifrom thoseof theoreticalandanalytic physicsas
theywereconceivedaatthebeginningof the nineteenthcentury. The very natureof
conceptsand of “physical entities” underwent, meanwhile,modificationsin the
scientistsminds,togethemwith whatwasmeantby “predicateof existence”.

My intentionis not to go furtherin a detailedway throughthe analysis
of thisexamplehoweverrich andinstructive.lt hasgivenus, atleast,someideaof
the extentof the perspectiveghat history can openon the questionat stake: it
dissuadesis,in anycase from giving to it an overly simplistic answer.A question
relatedto it is embeddedn a seriesof otherones,or reflectedin othersasif in an
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infinite sucessionof mirrors.

Onecould, however,think thatthe two examplesabovemight be too
exceptionaldependingn entitiesor magnitudesunusuallyfundamentalandargue
thatobjectanorecommonor familiar to our nowadaysphysics, more“concrete”to
us andapparentlymore‘intuitive” as,for exampleatomsor elementaryparticlesof
a given kind - other things being equal, despite their specific theoretical
characterization shouldalso be considered We should not forget, nevertheless,
thatmorepeculiarandspecific objectsimply at their basisotheronesthataremore
generalThosewhichl justevokedwould notfail to bedependenbn the conceptof
field - beit quantunfield - aswell asof thatof time, andrepliesto questionsabout
theformerwould notfail to dependn thenatureof questionsaboutthelatter.

Weshall, therefore now leavetheseperspectiveskeepingin mind the
characteof noveltyof a physicalobjectwhenit appearspredictedor ascertained,
aswell asthe variety of implications that this characterentailson our mannerto
conceivethe statusof propositionsat the respectivetimes before,during and after
thisspringingup.
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2
STRUCTURE

As for the structuralaspect | preferto call it so, insteadof “logical
reconstruction”we shallseewhy -, it is usuallyconsideredrom the recognitionof
theobject,onceits existencéhasbeenestablishedor at leastfirmly supposedThe
logical structurationwhich is thenlookedfor holds with the “objects” and their
relatedconceptsn the statethey areafforded,thesebeingorderedto eachotherin
sucha mannetthattheir meanings i.e. the descriptionof their physicalcontents
andthemeaningof them- appearstheresultof their structuralrelationshipslt is,
indeed, structurethat managesneaning- and perhaps,until a certain point, that
grantsit.

Lookinginto this structuralaspects often claimedto performa “logical
reconstruction”But thereis, indeed,nothingmoreherethana mereanalysisof a
stateof thingswhich is existingin itself. True, by doingit, the historical point of
view is setaside,no attentionbeinggivento the way in which thesesconceptsand
relations of conceptsthat constitute physical objects have been obtained. But
nothing is addedto the relations which have been afforded by the physical
procedures experimentaland theoretical. The theoreticalrepresentations in no
way modified,it is notreconstructedyutgivenasit stands,andwhatonethendoes
is only to try to undestandthelogical connexionsvhich makethemeaning.

Thereis a greatinconveniencdan speakingof “logical” or “rational’
“reconstruction”,in thatit tendsto give credit to the ideathat physicalthought-
which operatesthrough creative processes is not by itself logical or rational
enough- due probablyto its intuitive aspects, andthatonly throughan extra-
interpretationare we ableto find in it the logics and rationality it was lacking.
Beneatlthis question,actually,standsthe problemof what the statusof theoryis,
in relationto phenomenandexperimentsaswell aswith the use of mathematics.
Weshallmeet,in thefollowing, variousaspect®f this problem.For now, we shall
contentourselvesn keepinghe mostneutralformulationin this respectandreject
for thatreasorthe expressiorilogical reconstruction”whenfor example®“logical’
or “sructural” “analysis”is adequat¢o expresexactlywhatis intended.

In suchan analysis,oneis probablybetterawareof what makesthe
deepmeaningof the characterwhich we haverecognizedas a “novelty”, of the
objectunderdesignation to staywith our problem-, butits noveltyitself, assuch,
hasfor alongtime gotwind. Suchis eventuallythe limitation of the merestructural
viewpoint: whenwe adhereunilaterallyto it, we arenot ableto solvethe question
of the momentwhen any “existence” for a particular physical object has been
evidenced.
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Weshall,at most, be ableto uttermore statementsboutthis existence
andaboutthe admittedcharactersand propertieof this object,in sucha way that
the evidencejn connexionto experimentfor thesepropertiesandthis object gets
more weight andis endowedwith a particular meaning.Here we meet with an
aspectof the questionof the physical meaningof an experimentalresult : this
meaningis a direct function of the theoreticalsystem- network of conceptsand
principlesshapinga structure- thatis proposedto provide intelligibility. We are
awareof it from (historical) examinationof the variationsof meaningfor a given
experimentalresult, when we follow the evolution of its theoretical explanations
which go along with the elaboration of theories. See, for example, the
interpretationsof the negative result of Michelson and Morley’s experiment
showing the absenceof any displacementof interference fringes for the
interferometein motion, respectivelyat the threefollowing stagesf thetheoryof
light in relationwith the motion of bodies:Fresnel'sstationaryoptical etherversus
Stokes’movingone,Lorentz’ electrodynamig¢heorywith lengthcontraction-, and
Einstein’sspecialtheoryof relativity - for this lastone, it was nothing more than
anothempieceof evidencean favour of the statemenof therelativity principle®. The
weight affordedto the experimentalresultin statementsaboutthe validity of the
theoryunderconsiderations directly dependenbn the genuinecharacterof these
“structures”.

When speakingin that way of “structures”(what other call “logical
reconstructions”andof physicalcontentor meaningof propositions,we find, in
filigree, the questionof the evolution (of concepts,of theories), and of the
relationshipbetweerthesestructuresAs thesecanbe incommensurablegr at least
embeddedn a discontinuouseries,thatof the successiormf our representations,
the questionwe find is thatof the relationshipsbetweenvaried meaningsfor the
sameconceptor setof concepts,from a structureto a different one. Generally
speaking,a provenexperimentalfact persiststhrough such an evolution : what
variesis its meaning. Conceptsaregraduallyelaboratednit (or, moreexactly,on
suchresults, the plural beingrelevanthere): through this or theseresults, and
throughtheir permaencefrom a theoreticalstructureto anotherone, conceptsor
scientific statementsn successiorfeed from oneto another: contentstransform
themselvesyhile maintainingfrom onestateto anotheisometermsof comparison.

Let us only evoke someexampes: the principle of relativity, the
constancyf thespeedf light in vacuumindependentlyof its source’smotion, the
energydiscontinuityin radiation,wave- corpuscleduality, etc. We noticethat the
results which correspond to these statementsare not only empirical or
observationalasthey are designatedoy termswhich have somethingtheoretical,
althoughin a “minimal” way, thatis to say thatthey call only upon elementary
theoreticalnotions, thataresupposedo be definitively acquired,andwhosedirect
meaningranscendparticulartheories.

S Paty (1992b).
6 paty(1992a).
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To the structureis referredthe questionof consistencewhich is of a
rational nature, and that of the greatestconsistencewhich is provided by the
statemenbf existencefor a physicalentity of the type we considerhere: we shall
return further to this point. One must observethatthe “duality” of the possible
viewpointsof theevolutionof conceptsandtheories,on the onehand,andof their
logical structurationpn theotherhand,would notallow us, if we wereto consider
it asan exclusiveoneandasa dichotomy,to apprehendhe questionat stake: to
somedegreeijt is necessaryto hold togetherthesetwo pointsof view, or atleastto
takeinto accountindicationsfrom eachof themthatseen to beessential.

Thenatureof theargumentatiorthatleadsto the statemenbf existence,
the effectivenesf this statementthatis to say, what supplementit brings to
acquiredknowledge),are othersaspectof the "questionto the contests".They
concernpredictability, degreeof rational coherencencluding therise of coherence
justmentionnedcaboveand,indeed precisionson the functionof experiment(s)be
it in the singular or in the plural, that serveto control this coherenceand
predictability. Theseaspectave aregoingto considemow: will shall see,on our
way, thatthey are directely connectedwith the precedingones,which dealt with
evolutionandstructure.

Wewill examinefirst of all, whatthetheoreticalpredictionof an object
or a new physicalphenomenoris, in relation with the theoretical statementson
which this prediction is supported: of which nature are the mathematical
relationshipsat stake(simple deductionor creationof a formalism),is thereany
additionof physicalstatementg¢for example hypothese®r principles),whatis the
exactnatureof thedraggingnducedby thetheoreticaform which hasledto makea
prediction? Thesequestionscarry in filigree a conceptionof “truth” concerning
mathematicastatementaswell as physicalones- both beingdistinctin naturebut
non deprivedof a link -, and refer more generally to the problemof physical
interpretationof a theoreticalformalism.The natureof thefinal legitimization of a
predicate of existence depens on the solution of such problems: is the
legitimizationalreadyobtaina priori, and doesit merely ratify a featurethatwas
alreadycontainedmplicitly in thetheory,or is it acquiredonly a posteriori through
the experimentalresult, being effecive only then in the modification or the
constructiorof thetheory?
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3
THEORETICAL PREDICTIONS MATHEMATICAL RELATIONSHIPS
AND PHYSICAL STATEMENTS

We may proposefrom the start that predictability is the mark par
excellenceamongthecharactes of scientificknowledge,of mathematization.This
IS, asleast,whatis observedTheleastpredictiveknowledgesarethe farthestfrom
utilization of mathematics for example history, which belongsto humanities,is
notableto predictthe future. This judgementoegshoweverfor somenuanceand
we musttakeinto accountthe possibility of local predictions: with regardto the
past,in history, theestablishmendf connexiondbetweerfactsmayhelpto predicta
missinglink of eventsand causes.Corsider also paleontology,in which science
oneis able, by consideringa setof data,to infer from it the existenceof some
unknown element,that appearssome later time to be effective (consider, for
instance a morphologicalfeatureof a fossil specieghatcanbe predictedfrom the
form of atooth). Similar situationsoccur with naturalists’classificationsor with
geologists’ hypotheses(cf. the emergenceof plate tectonicsas a science or
volcanology),as well as in other scienceswhere mathematicsare not directly
concernedn theexpressiorf themainconcepts.

Notice however that, in such cases,it is the tightness- or high
focalization- of the network of reasoningsand of coherencebetweenfacts that
makegpredictionpossible- sometimeswith quasi-certaintySuchis alsothe caseof
serieof reasoning# day-to-daylife: thisis perhapsiueto thefactthatreasonis,
in thesequencef its statementsstructuredike mathematics.

No one, in any case,will denythatsciencesvhoseobjectis described
by quantitativemagnitudesandwhoseutilization of mathematicss, for this reason,
constitutive of themselvesare scienceswvhere predictability standsas a constant
property,resultingin its institutionasa criterionof methodandof judgementTheir
predictions are quantitative and precise, and the correspondencdetweenthis
precisionand that of observationsand measurement®n physical “objects” (a
generaltermthatdesignatephenomenaswell) allows endowmenof statements
on predctability with qualifications of accuracyand evenof truth (or, on the
contrary,inaccuracyandfalseness)We will havehoweverto specifythe natureof
thesequalifications(whethertheyareabsoluteor relative),andthe sourceto which
which we have to refer them (whether they deal with mathematicsor with
fundamentaphysicalstatements).

What is, therefore, the nature of this predictability ? The word
“prediction” itself, usedsincethe highestantiquity, is sufficentneitherto indicate
the bond of prediction to mathematization,nor to the procedureof scientific
knowledge.“If prevision and prediction equateto science”, Alexandre Koyré
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noticed, “nothing is more scientific than babylonian astronomy?.  But, he
observed,’it is Greeksthat, for the first time, have conceivedand shapedthe
intellectualexigencyof theoreticaknowledge:to savephenomenathatis to sayto

formulate an explanatorytheory of the given thatis observable; a thing that
Babylonianseverdid”. Accordingto Koyré, incidentally,“to savephenomena’s

notonly to connecthemby calculation,andto givethemeando anticipaté, but “to

revealthe underlyingreality”, thatis to say, to reveal“underthe apparentisorder
of theimmediatelygiven, arealunity, orderedand intelligible”.

In  mathematized physics, one can distinguish two kinds of
“predictions”: theonethatresultsfrom a “causallaw” (i. e. alaw expressedby a
differentialequationin functionof thetime thatrelatesto an eventproducedat the
giventimet, theeventproducedat any time, whosearchetypeis Newton’ s law of
gravitation) andwhichis puremathematicatieductionof theequation; andthe one
thatcorresponds$o a predicateof existencewhichis of a “qualitative” nature,of a
physicalobjectwhichis different from the startingdata(for example the existence
of anunknownperturbatingplanet,Neptune,inferredfrom a phenomenaproperty
relativeto alaw of motion- irregularitiesof thepathof a givenplanet,Uranus,that
differ from the calculatedlaw -, or againthe existenceof a new particle suchas
neutrino,or suchasquarksinsidethe proton, or the supposecdexistenceof a black
holein agivenregionof thesky).

It is obviously the secondtype of predictionthatis of concernto us
here.Onecan,however,wonderwhereis a differencebetweerthetwo situations.
In examplef thesecondtase thepathis givenby those“ingredients” which have
beenconsideredsourcesof thefield of gravitation,Lagrangiangtc.). For a truly
coveringanddeductivetheory,theséingredients’haveto be includedat leastin an
implicit way (thatis to saythroughindirect propertiesthat lead backto them), in
suchaway thatthe predicateof existenceaboutoneof themderivesfrom the very
statemenof thetheory. Thenwe arefacedwith the problemof knowing whether
this predicatecorrespondso a realterm: the predictionhasto be tested.Consider
suchexamplesasthe bendingof light raysin the vicinity of greatmassesor the
slowing down of clocksin a gravitationfield, implied by the generaltheory of
relativity. It is so unlessthis prediction does not correspondprecisely to a
previouslyknown propertyasin the caseof the secularadvanceof Mercury’s
perihelionwhichis adirectconsequencef the equationof generalrelativity. One
will wonderthenwhy it is howevernecessaryo test, when the admittedtheory
included already, implicitly or not, the consideredproperty, the predicate of
existencelf thetheoryis truly new,thetestis anelementhatguarantee#s validity
- or, rather,its non-falsehood in thisrespectlf it is alreadyadmitted,it is rathera
testof coherencen averifiable property. Its possibility,or its necessityhasto do

7 Koyré(1973),p. 89.

8 Accordingto the positivistacceptiorgiven by PierreDuhem,for instanceDuhem (1906, 1908).
Remind AugusteComte’s aphoism concerningscience:To know for prevision, to foreseefor
action“.
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with theinterpetationof thetheoryandthephysicalcharacteof its statements.

“Local time” in Lorentz’s electrodynamicstheory, consideredby
Lorentzas a mereauxiliary guantity andnot a physicalone, appearsn Einstein’s
specialtheory of relativity as beingas physicalas the time takenin a systemof
referenceatrest10. Theslowingdown of clocksin asystemin relative motion with
respecto asystenconsiderea@trestis apermanenpredictionof thetheory, thatis
not obtainedas a reinterpretationof Lorentz’ theoryt!, but by constructionin
Einstein’'s theory which is endowed with a different architecturé2. The
“qualitative” characterof this predictionis suchonly subjectively,for thosewho
standin front of the theory consideredas a new one, at the moment of its
presentatiorandwho had beenfamiliarized with a differentideaof physicaltime.
For thosewho haveadmittedthe theory, on the contrary, the prediction is not
anymorenow thanmereroutine: it doesnot addanythingto the statement®f the
theorysuchasit hasbeenconstituted.The interpretationof this physicalcharacter
of local time is, indeed,containedin the formulation of the theoryitself, asit is
shownin Einstein’sarticle of 1905, in its sectionswhich dealwith the “Deducion
of the formulae of transformation”,and with the “physical interpretation” of the
sameformulae which derives from the procedureof constructionof physical
quantitie(spaceandtime) which aretheobjectof thetransformatio®3.

The secondcaseto which we referred above corresponds,on the
contrary,to apredictionthatis notdirectly deducedandthatneedsa supplementary
statementWhatdoessuchan addition correspondo, in thetheoreticalprocedure?
Is it a mathematicaproposition,superimpsedto the existentformalisation,or a
physicalone,and, in this case,of what nature? Model ? Principl ? Mere demand
for coherencefor examplethepredictionof existenceof the neutrinoaccordingto
Pauliandto Fermiis implied by the energyand spin conservationsto the extent
thatis only necessaryo securghere,for anewphysicalphenomeno(g decay),the
validity of this principlel4.

4
EXISTENCE AND PROPERTY
Remarks on the “indistinguishibility” of quantum particles

9 Lorentz(1904);cf. Paty (1993a)chap.2 to 4.

10 Einstein(1905).

11 As opposedo whatHeisenberdhadtold (Heisenberd1955),p. 15).
12 paty(1993a).

13 Einstein(1905).Voir Paty (1993a)chapte#.

14 paty (1988),chapte®.
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“The word to exist”, wrote Henri Poincaréspeakingof existencein
mathematics, “can have only one meaning, that of beng exempt from
contradiction”.Somewould judge that such a positionis a formalistic one, with
Emile Borel, who considere@formalistto be onewho identifies a truth judgement
with a non contradictory one and speaks of existence without asking any
correspondenceith someconcretemeaning.To this Borel opposedhe empiricist
(in logicandin mathematics)who demand$a clarificationof the concretemeaning
of purely existential statementssuch as ‘it exist’ or ‘it does not exist”. The
empiricist,heestimatedwill eventuallygo, in thisdirectionto freehimselffrom the
formalrulesof logicl®>. Theoppositionof the formalist and the empiricistis not
conceived,evenin mathematicsjn the samemannerby everybody: indeed,
Poincarewas far from consideringhimself a formalist in mathematicsand as a
matterof facthe wasnot, beingby his intuitionism opposedto formalismin the
strict sensgonecanconsider furthermorethathewasanempiricistwith respecto
physics).

Thisvarietyof intergetations is strikingly evidencedoy the evenmore
complexinterplay of formalism and empiricism in physics. Considera caseof
“predictionof properties”(asit is, the existenceof a classof objectsendowedwith
agivenproperty)thatgivesriseto andherpointof view, beyondthemereformal or
theempiristin the senseof logic as evokedby Borel, aboutthe multiple meanings
thatcouldapriori bepossiblyattachedo a predicateof existenceThis case,a well
known one, is thatof indistiguibility of identicalparticles.

Oneknowsthatindistiguibility of identicalquantumparticlesstands,as
a matterof fact, atthe very basisof quantuntheorysinceits beginninggit is the
deepreasonfor Planck’s counting of a resonator’scells, at variance from
Boltzmann’sin gas physics),and afterwardswhen it transformedinto quantum
mechanicg(l refer hereto Bose-Einsteinstatistics,which appeardlinked to the
notionof matterwave), andalsoasthe theoreticalexplanationof Pauli’'s exclusion
principle (reducedo thepropertieof Fermi-Diracstatistics}®.

Indistiguishibility, revealedin thatway, is not a new particle concept,
but a conceptof “type” on particles,bearingon a propertyof a setof particles,
sufficiently generako coverall thequantumdomain. This conceptcharacterizeany
particle,known or unknown,consideredht the quantumlevel, and whose nature
(“genidentity”, after a denominationproposedby Reichenbach)s determinedby
physicalquantitiesof mass, spin, charge,etc. Thesequantities are sufficent to
characterizeparticles by their state,and it is not possibleto distinguish these
otherwise(as, for example,in allocatingtheman identification numberthat they
would keepin thecourseof theirevolution: severaklectronsor photonsin a given
state,eachhavinga self identity). It is the statethatdefinesidentity, whateverthe
numberof individuals,which canbethoughtof as existingindividually (andso we

15 Borel(1950).
16 paty (1988),chap6, (1993b)and(to be publ.); Darrigol (1990).
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countthem). The conceptof indistiguishibility makesall the difference between
guantumparticlesand particles that classical physics and mechanicssucceedn
describing.

Among the solutionsto which one can a priori think of to give an
accountf sucha property,we shallconsidernwo of them,oneof a purelylogical
and formal nature,the other of a conceptualnature.Considerthe first. One can
contemplateviewing the question of indistiguishibility as a purely logico-
mathematicabne, anddetermineconsequentlythe frameworkof formal reasoning
in which physicsundertakegs conceptuabndtheoreticaldesignationsOnewould
claim the suppressionof the (logical) relationshipthat meansidentity between
thoughtobjects by proposing,for instanceanextensiorof settheorysuchthatthe
elementf asetwould be, henceforthno longersubmittedto the usualdefinition
of identityl”. Onewould thenbeled, however to thefollowing alternative:eitherto
makeuse of a particular mathematicalogic for this casewhile keepingclassical
logicfor therest- thiswould needustificationandrefer,in the end, to the physical
natureof the problem;eitherto reconstructhe whole of logic andmathematicson
thisnewbasis,whichis obviouslynotavery economicsolution.

Thesecondlirectionof thoughtis thatwhich takesthe point of view of
the conceptof physics. One can questionthe notion of individual identity that
usuallycharacterizephysicalsystemsand states,and of which one could think,
until 192418, thatit wasuniversabndcharacterizeélementanguantumparticlesas
well asclassicalones With thefinal elucidationby Dirac of the generalcharacterof
indistiguishibility for identicalquanturnrstatesthis propertyappeareds a featureof
the laws of natureand thereforeto be phenomenalpropery describedby the
theory, quantummechanics.The absenceof self identity for indistiguishible
particles could from thenon be statedas a propertyof existencethe natureof
whichis bothformalandempirical.lt is in this sensethatPaul Langevincaled to a
reconsideratiomf our commonmannerat conceivingthe notion of a particlel®, by
suppressinghe notion of individual identity at the quantumlevel. From his side,
Hans Reichenbaclspoke,as we havequoted,of “genidentity” to designatethis
restriction of quantumparticlesidentity to their generic charactersalone, when
describedn thetemporalorder;he conceivedhowever,this “genidentity” as being
functionalandnot material,andthe propertyof existencethatit expressesvould
havethento be consideredsbeingof aformalnaturéo.

In front of that state of things relative to the indistiguishibility of
identical particles,commonsense,that is to say the adoptionof a minimalist
position from the theoretical and metatheoreticalviewpoint would make us
observe, before any other considerationor attempt of interpretation, that the

17 Krause French(1993).
18 The yearwhen BoseandEinstein’s works werepublished,and also Schrodinger'sfirst paper
that preparechis wavemechanicsCf. Paty (1993b).

19 Langevin(1933).Cf. Paty(1988),chaptes.
20 Reichenbaclf1956).
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conceptualelementswhich are at our disposal theoretically to describe such
“objects” arereducedto the only quantitiesthat point at them effectively (mass,
spin, charge ptherquanturmumbersetc.).Considereawithin a given system(for

instancelocalizedin an atom), objectsthatwould be describedy identicalvalues
of thesequantities (for instance,two electrons)would be strictly equivalent -

nothingwould distinguishthemfrom oneanother, andthereforepermutable(This

Is why thepropertyof antisymmetryof their statefunctionentailstheimpossibility
that two fermions- for example,two electrons,or two nucleons, protons or

neutrons befoundin thesamequantunstate within a samesystem:otherwisethe
statefunctionwould be null. Suchis the explanationof exclusionprinciple). This

kind of objectsarethereforeequivalentaccordingto the quantumdescription,even
if onecancountthem(for exampleso manyphotonsn adefinite state):suchis the
exactl meaningof indistiguishibility, revealedby phenomenaand whose theory
(quantum mechanics) furthermore gives account perfectly, providing the
explanationsof the propertiesof black body radiationand of monoatomicgases
throughBose-Einstein’statisticandof Pauli’s exclusionprinciple throughFermi-
Dirac’s statistic.

We caninterpretthis mappingof the property(equivalenceof particles
with similar characteristicsyeingholdin the samestatewithin a system,andwhich
canbe countedbut that nothing distinguishes)y the theoreticaldescriptionas a
kind of narrowencompassingf the concept(of quantumparticle) by the theory.
Insteaddf consideringt as a shortfall, aswe arenaturally inclined by the common
intuition that we have of the notion of “particle”, taken from the immediate
experienceof bodiesin our surroundingsas well as from our habits of classic
physics,would not havewe to considerthatnothingauthorizesus to think, about
suchobjects,of propertiegshatarenotreferedo by theory?

In thedescriptionof particlesby classicalmechanicsandphysicg?, on
thecontrary,onementallyaddsto thecharactershatpointouta particle,an identity
- asonenumbes marbles thatdistinguishest amongits likes. But it is because
classicabhysics(andmechanicsyealswith suchobjectsby takingthemasgiven.
It provides,for example the equationof motion of a particleendowedwith mass
andcharged;andonesupposeslways- explicitly or not - thatin addition to its
characteristichamely representedy physicalquantities(of a theoreticalnature),
this objectpossessean aseity,thatis not designatedy a theoreticalquantity, but
thatis self-evident(identifiable projectile, stonethat one has held in handbefore
launchingit, or particularcelestialbody thathasgot a name,as the Moon, or the
cometof Halley). Indeed, classical physicaltheory does not presentitself as a
theoryof this particle,but as a theory of what happendo it and of someof its
properties:thevery notionof particle asanidentifiable individual is externalto the
classicaltheory. This theorytakesit as given, and is conceivedto describethe
behaviourof objectsthat possessthis characteristic.On the whole, this notion,

21 Mechanicss not enoughby itself to characterize particle: electromagnetisnfor exemple,is
impliedin the définition of electriccharge.
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beingendowedvith anonexplicit andnottheorizedcontents, in relationto classic
physics, a kind of substanceMoreover quantum physics was born from the
explorationof the“intimate nature”of matrial bodies;*substance’hasbeenlost on
the way, namely the identification of indistiguishibles.The deprivation of this
substantialpropertyremindsof the elimination of etherin electromagnetidield
theorywhenmodified by relativistickinematicg2.

If, moreover,we restrict ourselvesto considerwhat quantumtheory
doespointout, theobjectthatit describess not exactly a particle:it hasgot only a
partof thepropertieshatareattributedto particlesandit hasgotaswell only a part
of those attributedto a wave, exhibiting themonly undersomeconditions.It is
therefore properlyspeaking,neithera particle nor a wave: it hasbecomeusualto
namethis objectendowedwith so unprecedentedroperties “quanton23. Thereis
no needto invoke a made-to-measureghilosophy(asBohr’'s complementarity)o
considerthat gquantummechanics(and quantumfield theory) describesphysical
objectsthat are quantons,which canbe, undersome approximationscompared
with particles and waves properties in the classicalsenseor in the common
intuition. (Especially whenonewantsto catchthemwith the help of a corpuscle
detectingdevice,or of a wave detectingdevice,they let themselvede takenas
such,while losing a partof their genuinecharacteistics: andis it notin this sense
thatonewould haveto understandheexpressiorireduction” ?).

The theoreticalentity that describesthe quanton (or, generally, the
guantumsystemunderconsideration)s the functionof quantummechanicqor
thequantunfield in field quantuntheory).If it definesno otheridentification of the
systemthanthosequantitiesthatit implies (and, consequentlydoesnot authorize
usto conceivethatthis systembedistinguishabldrom othersthatarein all respects
identical),it defineshowever,in the limits of this very identity, an individuality,
sinceit is conceivedas a description of individual systemsand not only of
ensemblesf systems.lt is importantto distinguish,as quantumphysicsobliges
us, two nations that are mergedby currentlife and classical physics, that of
individuality and distinguishibility for identical systems (particles, quantons).
Quantumsystemsare individuated (thereforeenumerable)ut not distinguishable
(or numberable).

Letus concludeby takingagaintheparallelwhichwe consideredbove.
In thesameway astheconcepibf field (in theclassicakensehasprovento be self-
sufficient,withouta mediumof thetypeof amechanicakther,similarly the quanton
(or the quantumsystem, or the quantumfield) is also self-sufficient, without
underlying distinguishable, ondulatory or corpuscular, substance, without
projectionor reductionon conceptshatwould remainexternalto thetheoryandthat
nothingjustifies physically,andthatare,therefore useless.

Undistinguishibility of identical individual systemsis a predicateof a

22 Einstein(1905).Cf. Paty (1993a).
23 Bunge(1973).
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generapropertythatconditionsthespecific predicatef existenceOnecould ask,
concerninghis predicateof property, questionsanalogougo thos askedaboveon
the predicate of existence the possible questionsor answerswould not be
fundamentallydifferentin nature.

5
TRUTH IN MATHEMATICS
AND PHYSICS

In his book Mathematicsin westernculture, Morris Kline considers
that, mathematicsbeing today freed from any ontological reach (for instance,
relativelyto physicalworld), andno geometryneitheralgebrabeingableto pretend
to betrue(in this sense)mathematicss transformednto a pure creationofthought,
andfreed“from thebondaeof producingtruths”y4.

This expressiorappear$o medisputablebecausein its properdomain,
mathematicproduce,indeed,truths: but theseare simply “mathematicaltruths”.
Theyarerelativeto axiomsandto definitions chosenas startingpoint : thesehave
beenaresimplyposited,andhavenot in themselvesny truth valueotherthattheir
coherencebetweenthem. Theseaxioms constitute the referenceof the truth of
propositions. propositionshaveto be consistentvith axioms,theywill betruein
consideratiorof axioms(truthmodulotheaxioms).

The notion of mathematicatruth appearslear, thus conceived,if one
considersthe propositionsof mathematicsas relative to “objects” - mathematical
objects, thatareof aformalnature theseobjectsbeingrepresentetdy the symbols
themselvesThis considerationdoesnot oblige us, for all that, to restrainto the
formalist idea (Hilbert) that, as we know it since Godel, does not exhaustthe
guestion of the nature of these “formal contents25. Mahematical truth is
maintained again if the notion of mathematicalobject is dissolved in pure
operationality,with a conceptionof an intuitionist, operativetype, accordingto
which there would be no mathematical object, but only operationsof the
mathematical reasoning (see, with differences, Brouwer, Poincare, Hermann
Weyl), whatdoesnot prevento conceiveakind of “mathematicateality” asa basis
for theconsistencyf mathematicpropositions.

Wewill try to justify it - summarily- in both caes. As for thelogicist
conceptionthatbasesmathematicson pure logic, it makesin fact mathematicsa

24 Kline (1964),1964ed.,p. 466.
25 Theexpressioriformal contents'is dueto G. Granger(1982).
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pureform, without content.But we shallnot retainit here, its interestbeing (with
Russell’'s and Whitehead’s Principia mathematica to have allowed important
developmentsf themathematicalogic, butnot of mathematicshemselves.

The denial of the notion of “mathematicalobject”, motivated by the
refusal of a platonician position, leadsto see in mathematicsa “science of
relationshipsand structues” by oppositionto a “scienceof ideal entities26. This
ideawould invalidate henceforth- sinceseventeenttentury- an ideal reality of
mathematicabbjects.

Onewill notice neverthelesshat, from a historical point of view, the
conceptiorof anideal reality is still presenin Newton,with a meaningthatis not
veryfar from thetraditionalone (which is not surprising,if oneconsidershis neo-
platonism,sharedwith Henry Moore and IsaacBarrow) : seehis conceptionof
“true,absoluteandmathemécal magnitudes’by oppositionto “apparent,relative,
sensiblé oneg’. Thisconceptiorgoesalongwith his mathematizinghe scienceof
motion and his constructionof the theoryof gravitation,togetherwith the specific
form of geometryhe used(andedfied) to this endin the Principia, a geometryof
ratiosandlimits of ratios,impregnatedvith theideasof his calculusof fluxions?8.
It is true that the genetic conceptionof the origin of knowledge (opposedto
Cartesianinnatenesss well as to the Platonicianidealism)issuedby Locke has
contributedto transformthe way in which the natureof the relationshipbetween
mathematicandphysicsis considered.

But someondike d’Alembert, for example who locatedhimselfin this
lineage (his philosophy of knowledgeis tributary of Locke’s and Condillac’s
ideas),conceivedthatmathematicajuantitieshave,at leastsomeof them, despite
theiridea-like (idéelle (andideal) charactersomedegreeof “reality”. Thetype of
reality atstakeis a reality conceivedfor a mathematicabeing,i.e. endowedwith a
particular meaningindeed, but that holds to this author’s proper exigency for
intelligibility. Thenotionof limit is, for d’Alembert, a mathematicakeality to the
extentthatonecanmakeadirectad clearideaof it : it is operative(by the procedure
of passagéao thelimit in geometry)andobjectal(in the sensethatit canbe put in
correspondencwith a definite quantity?9. Such“real” notionsarethoseto which
we refer other mathematicalnotions that are only operative (and in fact, for
d’Alembert, non objectal),such as differential magnitudesconsideredas a mere
convenientsymbolism: thesedo hold their meaning,accordingto him, from the
limit thatis theratioof two of them.

This meaing of “mathematicaleality” is morelimited thanwhat to-day
mathematiciansindertandby this, admitting that mathematicsare free to create
notionsandrulesthatnotionshaveto follow, andthatunderlyingthe gamethereis
as well, in their eyes, somekind of “reality”. (One admits, for example,that

26 Funkensteir(1986),p. 297; Tuchansk&1993).

27 Newton(1687).

28 paty(1994a).

29 For definitions of “operational”’and‘objectal”, seeGrange(1992).
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differential magnitudesare not, so to speak,only operativebut objectal,and the
notion of infinity itself hasfor this reasonits citizenshipin mathematics)But the
basicidearemainghe same: it is thatof referenceMathematicalpropositionsare
referredto this particular “reality” that underliesthem and that is only of a
mathematicahature:atvariancewith d’Alembert,would we say,andfor this nearer
to a kind of ontology, theyhold to mathenaticsthemselvesto what determinesn

aninternalway mathematicatonceptsand propositionsratherthanto theideathat
we makefor ourselve®f whatis moreor lessreal(which someondike d’Alembert

identified to the characterof beingconcrete: for example,numbers,conceivedas
solutionsof the equationsof curvesintersectionswhich remainsa geometrical
conception).

The existenceof a “mathematicalreality”3? is conceivedas well by
formalistmathematicianasby intuitionist ones(as Poincarél), thatarenotin any
way Platonist Whatthesemathematiciansneanwhen they speakof “mathematical
reality”, is thatmathematicapropositionghatresultfrom a demonstrationasare
theoremsarenot evidentfrom the start, but discoveredhrough sonme processof
reasoninghatis truly a research confrontedwith statement®n “beings”initially
positedby itself, thoughtexperiencesomethinghardthatresists,andthusin fact
escapes, independenor exteriorto its processandendowedwith a kind of inner
consistency.Demonstration,in mathematics,is not simply deduction of the
syllogistic type, and theoremsare not sequence®f tautologies.The situation
presentsan analogywith the confrontationwith a material reality, which explains
thatthe sameword is usedin the two cases.“Externality” that “resists” - it is
besidesmadeof a tight network or stuff of propertiesthat are enunciatedas
propositions corresponds$o what mathematiciangall “mathematicalreality”. It is
not thought,of course,on the samemodeas “physical reality”, as the world of
phenomenaf thephysicalworld thatis revealedo us throughexperiencethrough
sensibility. It is an otherkind of reality thatit at stake,an idea-like reality (une
réalité ideelle).

To admit the existence of mathematical objects belonging to a
mathematical reality understoodin this sense opposes the dissolution of
mathematicsin pure relationships: becauseat least, theserelationships,what
mathematicapropositionsare,weavea network thatis sotight andopaqueto direct
evidenceandeventuallyrebellingagainstationalresolution thatit doesnot differ,
by this feature,from what one generallymeansby “object” as being hold by the
understanding.

We know that this object is not confusedwith material or physical
object- and one canspeak,in this senseof a deontologizationof mathematics,
albeit what is meantby “ontology” is far from being clear, even speakingof
materialobjectsthemselvegone admitsan ontologyof therealworld, evenif one
hasdroppedhenotionof substance)lf, by ontologyonemeanssomethingrelative

30 see for ex.,Lautmann(1977).
31 See for. inst., Poincar§1902).
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to the reality of the material world, one will claim, indeed, the absenceof an
ontologyfor mathematicsandonewill reservethe correspondingphilosophicalor
metaphysicalquestionfor the underlying basis of the sciencesof nature. The
“content” of mathematicapropositionss emptywith respectto possiblephysical
contents?2

It isin this sensethatthe deontologizatiorof mathematicshasreached
in thenineteenttcentury,geometryitselfthat, sinceDescarteand Newton at least,
was directly linked to spatial representation®f the physicalworld. Scienceof
figuresin spacethenscienceof spacegeometrycouldbeonly conceivedas unique
until thediscovery,in the nineteenthcentury,of non EuclideangeometriesFrom
thenon, spacewas endowedwith severalpossiblegeometriesand geometry,as
the scienceof space,was henceforththe scienceof thesevarious theoriesthat
would be in princide (eminently with Riemann and Clifford) decidable by
experienceasin physics3.

Axiomatisation of geometry had neverthelessto free it from this
“ontology” that madeits difference with the other branchesof mathematics.
“Geometrization”of physicssud as the one proposedby the generaltheory of
relativity is not connectedto an ontologicalideaof geometry.This last entersin
theoreticalconstructionf physicsin a mannerthatis not intrinsically different
from the utilization of mathematicaimagnitudesin general.“Geometrization”here
meansonly that the conceptual substratumof physical phenomenais a four
dimensionabkpace-timeontinuum It hasmoreoveto do, sinceMinkowski’s four-
dimensionalspace,with an extension,of a formal nature,of a geometrization
conceivedin the usualmeaningthatwould dealwith ordinary space,to a fourth
imaginarycoordinaterepresentingime (theimaginarycharacteremindsusthattime
IS not space,the space-timemetric being no longer definite positive as that of
Euclideangeometry).On the other hand, the geometryof interesthereis not the
mathematicalscienceknown underthis name,thatis to say pure and axiomatic
geometry. it is, actually,a“physicalgeometry” anelementaryphysicsof spacean
interpretedtranscriptionof magnitudesand of relationshipsof geometryin the
propersense(expressedn the languageof differential magnitudes}o be usedfor
thespatialandtemporalpropertieof bodies4.

Anyhow, “deontologization”(understoodwith the abovemeaning)of
mathematichasmadepossiblea new conceptionof therelationsof the former to
nature.Mathematicsfor examplegeometry,doesnot correspondany moreto an
iIdealandglobalrepresentatiorut is usedin (or appliedto) establishingaws and
physicaltheories: such was, already, the geometrizationof motion by Galileo
through the expressionof proportions between spacescovered, speedsand
durations.The overall conceptionof mathematicsas a form of intelligibility and
constructiveutilization hadto go for sometime together But one seesclearly with

32 gee for. inst., Einstein(1921).
33 For adiscussiongf. Paty (1992c)and(1993a) chapter$ and7.
34 Seef. inst. Einstein(1921).For adiscussiongf. Paty (1993a) chapter?.
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differentialandintegralcalculus- or, atleast,afterdecantatiorduringthetime of its
assimilationandof theexplorationof its possibilitiesof application- thatthe nature
of mathematicalmagnitudesis not to be confused, due to the construction’s
conditions with thatof physicalmagnitudesgvenidealizedones.

Amongthe conceptuabifficulties in the beginningsof mathematization
of mechanicsby differential calculus,one was related,it seems,to the apparent
oppositionbetween,on the one side, the continuouscharacterof mathematical
spaceaswell asof time understoodas durationand, on the other side, physical
magnitudesexpressingpropertiesof the motion of bodiesthat were, as these,
discontinuousandsingular- evenwhenbodieswerereducedo the abstractionof
materialpoints. Thevariationsof thesemagnitudessupposethe conceptof time.
Now, precisely,the notion of instantaneousime and the precisemeaningof its
differential,thediscontinuityof theinstantin the causakequatiod® of the pathof a
materialpointsubmittecto aforce- from its inventionby Newton- cameup against
thedefinition of physicatime asa continuoudlow, and madeitself manifest in the
geometrical transcription of these magnitudesthat made their comprehension
intuitive36. Difficulties of application and ambiguitiesof interpretation, notably
concerningthe calculationof accelerationg@ndof correspondindorces,would go
alongthedevelopmenof themechanic®f solid bodyduringsomefifty years.

Mathematicss introducedin a physicalrepresentationgonceivedas a
constructionasatool thatfirst transcribeshe admittednotionsin a moreor less
intuitive mannerandit progressivelypecomeshevery conditionfor the thoughtof
magnitudeof physics. The mentioneddifficulties aboutthe differential notionsin
mechanicsvereabsorbedvhenthis lastbecameotally analytic,with Lagrange.

Geometricalnotionsadmittedin physicson an intuitive basis, suchas
infinitesimalsegmentsf curveandstraightinesrelative to trajectories represented
by differentials, yielded their place to these same differentials conceived as
mathematicaimagnitudesn themselvesimplemerted in physical theory without
referringany moreto geometricalrepresentatioras intuitive translation.Analysis,
algebraically conceived,becamethe very symbolic languagein which physical
conceptareconstitutedand put in relationshipsA new form of physicalintuition
developedhus,in correlationwith anotheintelligibility. Fromthenon, we think of
physicalspaceandtime accordingto the intelligibility thattheir definition allows,
throughmathematicsasmagnitude®n a continuumandaccorahg to the meaning
thatwe attachfor suchmagnitudesto operation®f differentiationandintegration.

Time andspacehavethen beenreconstructedn referenceto physical
phenomenaas in thetheoryof specialrelativity, wherethey aresubmittedto the
conditionof obeyingtheprinciple of relativity andthatof constancyof the speedof
light independentlyof the motion of the source:this condition madetheir physical
character, being henceforth no more “absolute and mathematical’. This
reconstructiorof spaceandtime, moreadequateo their realphysicalcharacterhas

35 | amusing herethe presenterminologyandnot that of thetime.
36 paty(1994a).



PREDICAT E OF EXISTENCE AND PREDICTIVITY FOR A THEORETICALOBJECTIN PHYSICS 21

beernundertakerirom their mathematicaform, andthis lasthasbeenconsequently
appreciablymodified underthe speciesf transformationformulae for referentials
in relative moton. It is againas physical conceptsthought according to their

mathematicalform that they have suffered again anothermodification with the

generaktheoryof relativity, beingby theirnewdefinition submittedto an evenmore

generalpropertyof physicd phenomenggeneralkovariance).

This takingplace- a movementalreadysketchedn Galileo and rather
well visible in HuygensandNewton -, the relationshipbetweenmathematicsand
physicswasno longeronly conceivedon themodeof idealintelligibili ty (thatof the
analogy with pure forms), but on a mode so to speak “practical” of the
intelligible3?, that constitutesmathematicallythe instrumentof thought. Newton
buildd up instantaneoudime by the “first and ultimate ratios of vanishing
magnitudes”thatis to saydifferential quantitiesconceivedaccordingto their ratios
and to the limits of theseratio$8, and establishedthe propertiesof physical
quantitiesandof laws or of the principlesthat governthemon this basis. Since
then,physicshasbeencontinuouslyconstitutingitself mathematically.

The narrow and constitutingrelationship that physics maintains with
mathematicdeadsone inevitably to think of the eventuality of a possiblebond
betweerthe questionof “mathematicaltruth” (“do mahematicaltruthsexist?) and
thatof the natureof the“certainty” , the“evidence”andalsoof the “truth” of the
conclusiondrawn from a theoreticalreasoningn physics. It might appeatrthat,
from the mathematicalviewpoint, only consistencys requred, for, in any case,
“ontology” therewould beno longerthatof mathematicshutthatof physics.

Neverthelesghephysicalcontentof the propositionsof a theoryis not
empty from the properly mathematicalpoint of view if, precisely, mathematical
notionsare taking part in the very thoughtof physicalconstruction,as we have
meantwith the examplesof differential notionsfor spaceand time, and as one
would seealsowith absolutelifferential calculusin thecaseof thegenerakheoryof
relativity, or againwith vectorsin Hilbertspacdor quantunmechanics.

This questionrequires neverthelessan examinationof the various
aspectsof “interpretation”. The “mathematicalcontent” in its wholenessis not
perhapstrictly needed and“consistency’would be eventuallyenough- whenthe
coveringof a physicalmagnitudeby the mathematicaimagnitudeis only partial:
suchis perhapghe caseof the propertiesof Hilbert spacen quantummechanics.
We mustalsotakeinto accountheapproximatiorcharaterof aphysicalquantity as
comparedto the ideal (or rather only “idea-like”) situation of mathematical
magnitudesthe continuumof spaceand the material point can be instrumentsof
physicaltheory, but they might well be unsatisfactorywith respectto someof its
demands(Theyare,for examplethecauseof thepresencef infinite quantities,jn
calculationsof quantumfield theory, that are eliminated only by complex and

37 But thatis not, asit were,merelypragmaticalfor the constructiorof an explanatorysystemis
at stake.
38 Newton (1687),Book|, scholieof lemmaXI.
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somewhaartificial procedures).

It seemsneverthelesghat what mathematicsconfersin certainty to
theoretical calculations of physics dependsdirectly on their truth value. This
certaintyis dependentindeed,on the referenceto axiomsand to the magnitudes
thathavebeenchoserasfundamental althoughmathematizedhe latter arechosen
for physicalreasonswhich makes,in any event,the truth of the corresponding
physicaltheorya truth relative to a given stateof conditions,andthatis subjectto
revision.

Thenotionof mathematicatruthappearssfoundingthe choice of ideal
conceptswithoutsubstitutingtselfin anyway to thedemandor thelatter to be, in
their very approximate character,in conformity to phenomena(or, better,
appropriatdo theirdescription).

“Physicaltruth” doesnot coverover “mathematcal truth”, but implies
it. Towhatshouldwe attributeotherwisethe succesof differential conceptionsn
mechanicspr that of Riemaniangeometryin GeneralRelativity ? This success
holds to the draggingeffect, on physical conceptualisationpf the mathematical
form, or formalism, that constitutesin itself a thought without equivalent (for
exampletensors,necessaryo expressgeneralcovarianceaccordingto Einstein
himself?). Theoremsof tensor analysis, expressinga mathematical truth,
constitutethe way of specifyingthe physicaldemandsthat characterizeGeneral
Relativity, andtheequation®f thelatterareadirectconsequencef them.

6
ON THE NATURE OF PREDICTABILITY
FOR PHYSICAL OBJECTS

With modernsciencethatmadéts entryin the seventeentltentury,the
conceptionof therelationshipbetweermathematicsand physics(at leastin those
geometrized parts of physics that were then mechanics,astronomy, optics)
underwent mutation. An imposition of mathematicsonto physicswas no longer
at stake,beingeitheranalogicalor essentialnor even“technical” (when geometry
steppedn from material constructionof objectssuch as parabolic or spherical
mirrorsin opticg0, or again,accordingto Newton himself, arisingfrom problems
andconstruction®f mechanicét).

Then appearedfirst of all, a new conceptionof “mathesis”, that of

39 paty1993a,chapteb.
40 cf, Rashedto be published).
41 Newton(1687),Prefaceto thefirst editionof the Principia .
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mathematicsas the languagein which the book of the Universe was written
accordingto Galileo, or, more fundamentally,as a (or eventhe only) model of
intelligibility in Descartesaconceptioradoptedy Newton.

But it is also, taking a more precisequalification, the embeddingof
mathematicsn physicsby the constitutionof the latter, that relatesto the idea of
theoreticalconstruction,as well as to that of quantified knowledgelinked to the
ideasof certainty,accuracyand precision. Take, therefore,the two aspectsof
mathematizationion the one hand, evidenceand certainty (d’Alembert saw, as for
him, thislastas a delayedseriesof evidencs linked in a chain),and, on the other
hand, quantity (through deontologizationhere heardas suppressionof qualities
andessences}hatgivesaccesso measuremengndto the numericaldefinition of
precision.

Mathematizeknowledgewvasgoingto equateabsoluteknowledgewith
adivineorigin : in thefactsfor Galileo (who assertedhe equallegitimacy of the
two Books, that of Revelationand that of Nature),as a matter of principle for
Descartesaccordingto a new conceptionof the function and the foundation of
reason. It wasenoughfor thelatterto be foundedin God; this beingadmitted,its
aspirationandits operationshenhadno otherreferencdahanitself, reason,unique
sourceof anevidencethatis a markof higherintelligibility. Reasonthe mediator
betweerabsolute divine- knowledgeandtheworld.

Indeed,with Newton, physics(the mathematizabletational part of it)
wasstill thoughton themodeof anabsolutanathematizatiorthatof geometry; but
the latter, thatcanexpressthe physicsof motion andof the systemof the world,
hasbeentransformedo thisvery end. The geometryof the Principia is a local and
temporalgeometrywherethepointandtheinstantcanbeseizedn their continuous
variation and describedby going to the limits of ratios of magnitudes:
“deontologization” of mathematicalor physical magnitudeswas achieved when
consideringonly theirinter-relationshipsn the expressiorof laws. For Newton,
mathematicamagnitudesvereideal, but by this, precsely, they could expresshe
realpropertieof therealworld, beyondappearance.

Gravitationalforce was a mathematicalentity, whose physical nature
wasunknown,maybeunknowable;but Newtongrantedt a physicalcontent,that
he expressedy the law of attraction (through its mathematicalform, that was
relational). The physicalcontentcorrespondetb phenomenaf falling bodies,of
theattractionof theSunor of theMoon. In a generalway, for this force asfor all
others, the mathematicalform realizesitself in the physicalcontentsthrough the
expressiorof thelaw of motion, transcribedn the equationthatconnectghe state
of the materialsystemat a giventime andin a given place of its trajectoryto the
immediatelyfollowing time and place(this has been, afterwards,beencommonly
calleddifferential causalitylaw).

Thusmathematizatiof physics(asit is, mechanics)ed, from its first
realizations,to the most elementaryand the most universalform of prediction.
Consideragainthe remark that we made previously, concerningthe distinction
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betweerpredictionand prevision(in thelatter nothingqualitatively new stepsin),
thatis perhapsbyzantine,for the establishmenof the law of motion, i. e. of
Newtoniancausality,in someproblem, makesuse of a numberof considerations
whosenaturds akinto thatof morequalitativepredictions.

At the momentwhen they were newly issued, resultsrelative to the
motionsof suchplanet,or ontides,or ontheform of theEarth,or, for exampe, on
the return of Halley’s comet (through Clairaut’s calculations),correspondedo
predictionsof Newtoniantheory. Theword predictionhereis to be takenwith its
mostundeniablaneaningcontraryto immediatepredictionsor previsions,suchas
thatof the stateof a systemat any instantt knowing the stateat anothergiven
instant:onedoesnotaddanything,from a qualitativepoint of view, to the acquired
knowledge atleastoncethetheoryhasbeenestablishe@ndgenerallyaccepted.

In the= relatively “simple” examples,the law of motion asks for
specificationsthat were not includedin the generalform of the equationof the
Newtonianlaw of gravitation:dataon the greataxesof orbits, hypothese®n the
constitutionof theEarthas a fluid mass,methodsof calculationfor thethree-body
problem, etc. Now thesepredictionsbecomeas elementaryas the equation of
motion, and reduce to simple previsions as soon as the corresponding
transformation®f thetheoryareuniversallyadopted.

There arefew caseof simple“prevision”, whereno specificationof the
particularproblemthatonewantsto calculateis to be addedto the admittedtheory.
In the strict meaning,a “prevision” would be expressedn the form a table as
resultingfrom standrd calculations(tablesof tides, of the Moon, etc.). Such
tablescall uponspecificationsof the indicatedtype, but thatoneadmitsasratified.
The difference betweenprediction and prevision would be therefore ultimately
subjective regardingnot the natureof thetheoryand of the calculationsbut their
degreeof acceptancetheir considerationas hypotheticalor not, their extrinsic
legitimation.

It remains true that some problems exist that, when “put into
equations”yesultin predictionsthatarenot simply numericalvaluesof the type of
tablesin which all theingredientsnecessaryor calculationwould be known, but
thatcorrespondo a statemenbn the existenceof new phenomenaClearly, these
“predictions”do notresultonly from the gameof mathematicatleduction,andit is
notmathematicalonethatproducesomephysicalreality (a new planetin the case
of Adam’sandLe Verrier’'s calculationspredictingthe existenceof Neptunefrom
theirregularitiesof Uranus’ motiorf2, a new particle in the caseof the neutrino,
from Paulito Reinesand Cowanandto the intensebeamproductionof neutral
leptons,“fundamentabricksof thematerialuniverse?3).

Thephysicalobjectpredictedby the theoryis actuallyhomogeneous
nature notto mathenaticalentitiesthatenterthe theory, but to physicalmagnitudes
thattheseentitiesexpressthatarethemselvegastenedo concept&ndto categories

42 Cf., f. inst.,Rosewear¢1982).
43 paty (1988),chapte®.
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that constitutethem as physicalentities and give them the vocation to represent
phenomena.

The new objectsthat might then eventually appear,the predicted
objects,canbetracedstepby stepthroughthe processof theoreticalreasoningand
mathematicatieduction. The origin of the predictionis actuallyto be foundin the
principles or physical conceptsfrom which one has started, that may include
supplementarfrypotheses butalwaysof a physicalnature- thateventuallymight
simplybereinterpretationsf theinitial physicalcontents.

An exampleof suchareinterpretations Dirac’s relativist equationof the
electron,whosenegativeenergysolutions(purely mathematicalones,apparently,
beingdevoidof anyphysicalcounterpart)whenreinterpreted|ed to the prediction
of antiparticlesThisreinterpretatiorof termsthatareissuedrom amerecalculation
callson physicalprinciples(exclusionprinciple, etc.) thatallow one to renderthe
mathematicalsolution compatible with the general physical constraintsthat are
homogeneout® otherphysicalsolutions(with positiveenergy)of theequation.

Afterwards, once quantum field theory had operatedthe “logical
reconstruction’df the electronrelativist equation the antiparticulewas found to be
containedmathematicallyand physically in the theory. But it was contained,
henceforthfor thesameeasorastheotheringredientof thetheory.

Prediction requiresone always to set or to make explicit physical
interpretation this being, moreover,most often containedin filigree insideinitial
statements.Mathematicsprovidetherelatiorships, unseenin general,that derive
from thesestatementsand that, when interpreted,entail prediction. Its role, as
Poincaré noticed, is to expressthe hidden unity that happensto stand in
phenomena.Througthne play of its relationships,statementsard reasonings,it
makes elementsof this unity explicit when, without it, they would remain
overshadowedPredictionholdsessentiallyto that. It beginsasanecessityfrom the
viewpointof therelationshipbetweerthe mathematicamagnitudeghatareusedto
represenphysicalquantitiesThis mathematicallynecessargonclusions thereafter
evaluatedrom theviewpointof thecorrespondinghysicalcontent.

If the physical meaningof quantitiesgoes directly along with their
mathematicalexpressionthen indeedmathematicakelationshipsgeneratedirectly
somethingthat is of the order of a physical property statement(such are the
equation®f transformationof spaceandtime coordinatesn Einstein’selaboration
of the specialtheoryof relativity). If formalization precedegphysicalthoughtand
guidesit (as it is the casewith the generaltheory of relativity, with quantum
mechanics,and with quantumfield theory), it is necessaryto interpret the
statementsobtainedin terms of their physical content accordingto criteria of
coherenceand likelihood thatwill be gaugedin relation with the possibilities of
gettingevidenceor phenomenaBut thenetmeaningis not fundamentallydifferent
in thetwo cases.

A characteristiexampleof predictionfor a physicaltheory,in quantum
field theory,is thatof theunifiedelectrowealgaugetheoryof Glashow,Salamand
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Weinberg Thistheorymakesuseof aspecificparamete(the Ow-s “mixing angle”,

connectedo the ratio of the massesof W* and Z0 intermediatebosons),that
stands, through the play of mathematical relationships betweenthe physical
quantitiesof thetheory,in the varioustermsof the Lagrangianandis henceforth
incorporatednto the predictions.The prediction of the existenceof weak neutral
currentis directly homogeneouwith theentitiesthatenterthe initial formulation of

thetheory,onthebasisof thepreviousknowledgeaboutweakchargecturrent: the
Lagrangianhasbeenreformulatedmerelyto satisfy a larger symmetrygroup that
includeselectromagnetignteractiontogetherwith the weak one. The intensity of

theseweakcurrentss givenby this parameteror ratherby the squareof its sine).

Thesameholdsfor thepredictionof intermediatebosonswith massesn theabove
indicatedratio - the two resultsproving furthermore consistent,by providing a
uniquevaluefor theparametet?.

Analogouslythepredictionby Einstein’sgeneratheoryof relativity of
the secularadvance of Mercury’s perihelion results not from a particular
hypothesis,but from the very form of the physicaltheory as it is constituted,
withoutin any way presupposinghis implication. More simply, andin an almost
similar way, theconstuctionof the conceptof time andthe resultingdeduction,in
the specialtheoryof relativity, of Lorentz’ transformationformulae for spaceand
time coordinatesgndsat the prediction- without reinterpretationput by simply
following thethreadof the consequenceas the mathematizedlefinition of physical
time - thatlocaltime in thesystemin motionis indeedthe physicaltime thatclocks
placedin this systemwould indicate.

In all thesecasespnespeak®f predictionto theextentthatthe physical
phenomenolfor effect) appeargualitatively new and that the verification of the
prediction still remainsto be ascertained. When the validity of the former is
acknowledged,its novelty melts into the theory, and the prediction, that is
hencefortmothingmorethanroutine,is transformednto prevision,andits interest
is only apracticalone.

7
PREDICTION AND FORMAL MEANING

44 gee for inst., Glashow(1980), Weinberg(1980), Salam (1980), and, for recentconsiderations,
TranThanhVan (1992).

45 paty (1993a)chapte#.
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Mathematizationis a sine qua non condition for any theory in
contemporaryphysics, and in this physics no statemeh or predicate,be it a
predicate of existenceor of property, can be expressedn other terms than
mathematizedjuantitiesTheoreticalprinciplesthemselvesthatcarry with theman
essentiapartof the physicalcontent,sincethey inform and governconceptsand
their relationships are statedand eventhoughtin termsof mathematicaihotions
(from minimum principles in the classical period to nowadays symmetry
principles).

It is, furthermore this mathematicakxpressiorthat entails prediction,
atthe different levelsthat we haveconsideredPredictabilityin physicsrestson
propermathematicatleductibility, but it is effective only asmuchasit expresses
beyondthe consideratiorof mathematicsas purelanguage- the relationshipsof a
law or a physicaltheory. Thus physics does not reduceitself to mathematics,
althoughit could not stateits laws, propositionsand predicateswithout having
recourseo appropriatenathematicahotionsand symboils. It is thereforenecessary
to conceiveof physcs as a thoughtin itself, bearingon specific objects, while
makinga “constitutive” usageof mathematicathought. Physicalthoughtborrows,
in sum, from mathematicalthought its framework and many particular tools
(notions,theoriesyelationships).

Physicathought is beingbuilt, by meansof mathematicstowardsan
objectthatis regularly redefinedfrom perceptionand explorationof phenomena,
and gradually focalized and specifiedthrough the elaborationand refinementof
conceptsand procedures. at every step of this construction process that
encompassethe “physical object”, mathematicalnotions and reasoningsare
implementedThisis why this “scienceof nature”is alsoan “exact science”: even
if its statementsare in principle always opento rectification, the languagethat
expressethemis alwaysthatof mathematicahccuracy.

Any mathematizatioris a formalisation,and physics setsin its own
genuineandfundamentamannetheproblemof therelationshipbetweerthe formal
andthered, the formal and the empirical, the formal and the contenté (eachof
theseinstancies,the real, the empirical, the content, being situated at distinct
epistemologicalleveld?). Predicatesof existenceand of properties, predictive
statement@andtheir meaning, areeminentmanifestationf this relationship.One
must howevernotice, to conclude,thatall the mathematicaformalizations, with
respectto physics, arenot of a unique nature,and we can makea distinction
betweervariousdegreeamongthem.

Let us sketchthreeof them. To thefirst degree,mathematizatiorgoes
immediately along physical elaboration: statementson physical quantities and

46 \We meanhere, by “content”, the physical signification of what is containedin the formal
expressiorf a quantity.

47 See for inst., Paty (1992a).
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propertiesthought“intuitively” and so to speakqualitatively (distance,speeds8,
weight,force, etc.)aretranscribedlirectly in mathematicaterms,magnitudeseing
representecdy symbols, and their physically defined propertiesas relationships
betweerthesesymbols.Thecontrolof the physicalmeaningof the statementshus
obtainedgoesalongat everyste, so to speak,with the mathematicaprocessing.
Examplesare numerousand familiar: compositionof forcesor of impulsionsin
classicalmechanicgonefinds on this question,especially significant remarksin
Newton,d’Alembert, Lagrange) their representationin space‘in magnitudeand
direction” (i.e. vectors); vectorcalculationfor forces;elaborationof the conceptof
time in thetheoryof specialrelativity, etc.

A higher degreeof abstractionis reachedwhen one endeavoursto
translatea prevous mathematizationnto more formalized terms: for example,
Lagrange’snvention of variationalcalculus,stimulatedby the desireto formulate
mathematicallyMaupertuis’principle of leastaction.But applicationis not always
guaranteedhndformalismmay well escapghysicalthought,momentarilyor not :
this is what happenedwith Lagrange’svariational calculus and least action
principle in their applicationto problemsof mechanicsThereis no identification
betweerthe (mathematicalformal andthe physical,but only partial overlaps,that
aremostoften refinedthrough modificationsof the physicalapproach(Lagrange
withdrawedthe principle of leastactionin favour of the principle of virtual work,
andthefirst would find againfruitfulnessonly in thehandsof Hamiltorf*®).

Theuseof Hilbert spaceformalismin quantummechanicsnight be of
this nature justastheconstructiorof thequantummechanicstself, performedn a
relativelyempiricalway, by juxtaposinga formal apparatu®nto expermentaldata.
This state,or this phase,of therelationshipbetweerthe formal and the empirical
content, seemsto be characterizedby the importance of the “interpretation”
conceivedasconnectingwo instancestherwiseatherooselylinked.

In casesf this kind, the power of formal relationshipshas exceeded
the physicalinterpretationthat went along their elaboration: suchis the wave
function of Schoédinger'swave mechanics,initially conceived by its author
accordingto a direct physicalinterpetation,an ondulatoryone, that of a wave
amplitudepropagatingn coordinatespace.The relationshipsobtained,alwaysin
agreementwith phenomenagbliged Schrodingerand other physiciststo a quite
different reinterpretationof ). The one that was to overcome was Born’s
probabilistinterpretationjn termsof “probability amplitude” or “probability wave”
in the 3n dimensionedconfigurationspace,whose physicalcounterpartwas not
obvious(whatkind of a hybrid entity wasit, mathematicahndneverthelss carrier

48 |t was,then,ameanspeedas, for instance,in Galileo’s work. Instantaneouspeedconsidered
by Newton,required aswe haveseena mathematicatonceptuamediation,that of differential (or
fluxion) calculus.Similarly, the notion of force,that wascriticized in the eighteenthcentury(in
particularby d'Alembert)for having metaphysicatonnotationswould be fully "rehabilitated"by
Lagrangeconsideringhat Analysis providedhencefortran unambiguougxpressioror it.

49 Martin-Viot (1994).
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of physicalcontent?0).

Heisenbergfor his part, introducedthe statevectorof a Hilbert space
to representhephysicalstateof a system,andthis mathematicamagnitudewas as
much abstract to his eyes, but not more, fundamentally, than Lorentz’s
“mathematical” local time, with which he saw a parallePl. Thework of theoretical
physics, at this stage,was for him to physically interpret this formal (purely
mathematicaljnagnitudeandfrom thereissuedall the particularity and novelty of
the statusof quantummechanicawith respecto the formalism and interpretation.
This is a viewpointon the theory, at a certain stageof its formalization. It is
followedby effects. theinterpretedormalismentailstheprediction.

Finally, thethird stagewvould bethatwherephysicalthoughtandformal
(mathematicalthoughtoverlapeachother nearlyexactly - at leastmomentarily,
becausehe overlappingcannotbe completeandwill haveto be fitted again-, so
that formal thoughtis, at this stage,the only meansof expressionfor physical
thoughtand dragsthislastdown,allowingit to beestablishe@ndfirmly asserted.

OnecandistinguishthereseveratlegreesOneof themwould be in the
immediatecontinuationof the precedingstage:physicalthought, powerlessin its
presenformulation,statesa problemthatcanbe expressedn a generalandformal
mannerandthenhasat its disposala formalism,foreignto physicsuntil then, by
meanf whichit is possibleto translatehe statement®f the problem,which thus
can be solved. A exampleof it, an historical one, is provided by Einstein’s
elaboratiorof his generakheoryof relativity : thephysicisthasbeenableto statethe
(physical)conditionof generalcovariancewith respecto the theoryof gravitation,
but this conditioncanonly be expresseaxactly throughthe formalism of tensors
andof absolutedifferential calculus,thanksto which the physicalprobleminitially
setcansubsequentlipesolved?2.

Quantummechanicspertainsto this situationin many aspectsjf one
looksit asatheoreticalconstructiorratherthanasan interpretedformalism: specific
propertieof quantumphenomenauchaswavecorpuscleduality, indetermination
of conjugated quantities, indistinguishibility of identical particles, non-local
separabilityareall containedn its fundamentaformalismin termsof statevectors
obeyingtheprinciple of superpositio??.

Anotherdegreeof the coincidencebetweerthe formal andthe physical
is reachedwhen the prdiminary phaseof the elaborationis passed,and the
formalismholdssoto speaka functionof substitution(oneleavesphysicalthought
for aformalthoughtasoneadvances unknownlands). Onethensettleswith full
legitimacy insidethis thoughtthatis indissociablyphysicaland formal, reasoning
physically by the very meansof the formal, up to the point whereone says,with

50 paty (1993b).

51 Seeabove.

52 Paty(1993a)chaptes.
53 Paty(1986),1992a).
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Einstein that“it is in mathematic$hatthecreativeprincipleis to befound™4.

The object built up or still in constrution identifies then with the
instrumentby thevery conditionsof the conceptuakonstruction alwayssubmitted
to the verdict of verification. Oneof the earliestexamplesof this new physical
methodof thoughtisfound in Poincare’paper‘The dynamicsof the electron”,in
which he plansto formulate a relativistic theory (in the restrictedor “special”
meaning)of gravitationby constructinga Lagrangianfrom the conditionthatit be
Lorentz invarianP5. This procedureis hencefortha current one in theaetical
physics,whenit is wantedto constructthe form of interactionfields. Einstein’s
works on GeneralRelativity, then his and Weyl's and others’ researchesn the
unifiedfield, performedafterwarddargeadvance this wayeb.

What justifies from then on the overlappingof the formal and the
physical,of which presenphysicsgivesus manyexamplesn severahreas,is not
the adoption of a panmathematical,metaphysical and arbitrary view a la
MinkowskpP7; it is noteitherarenunciatiomattheconcernfor the physicalobject in
favourof purelyformal problemsasin “mathematicalphysics”;but it is indeedthe
encounterof “physical sense’with its privilegedway of expressionthatseemso
goincreasinglyin thedirectionof the mathematical-fomal, notwithstandinghatthe
two remainalwayssomewhatifferent, the formal andthe physicalneveridentify
exactly.
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