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1 Anunnatural philosophy?

QuantumMechanicscreateda major revolution in our understandingf the physicalworld. New-
tonianworld wasthe world of daily experience. Newtonian formulation madethis understanding
mathematical. This wastermedNatural Philosophy But QuantumMechanicswas at first a com-
pletely differentworld. Its ruleshadto be intuitedindirectly Mathematicaformulationwasevena
greaterexercise.

It is no surprisethenthateventhe stalvart pioneersof the subjectremainedsomevhatunsettled
aboutwhat exactly it all meant.Philosophergutit acrossby distinguishingbetweenOntologyand
Epistemology Ontologyrefersto the stuff thatis out there. Epistemologyis how our knowledge
is organised. In this sensethe Newtonian advancewas epistemicin nature. Ontology of what he
talked aboutwasself evident or easilyverifiable. QuantumMechanicshowever so puzzledits very
proponentghatthey remainedunsurewhatontologytherewas. Little intuition could be gainedover
andabove whatthe rulesof calculationallowed. Wasoneto identify ontologywith epistemywhen
onereachedhe microscopioworld?

2 Riding the waves of Uncertainty

The phenomengresentedy the Quantumworld wereso unfamiliar thatit took almosttwo genera-
tionsto digestthem. Finally whenit firstemeged,theunderstandingeemedo suggessomekind of
wave phenomenonElectrondiffraction could be understoodsarisingfrom free electronwavesand
spectrallines from standingwaves. The famousy wasinvented.But its interpretationwvasticklish.
It wasa probability amplitudewave. But we thoughtwe weredoing mechanicandnot tossingdice.
Unfortunatelythe wave picture persistedfor very long. And probabilitiescontinuedto botherthe
greatmasterf the subject.
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The real essencef the new sciencewasgraspedby Dirac right at the inception. In his classic
textbookwritten in 1929 Dirac emphasisethe abstracapproach He begins by observingthatthere
shouldbeno surprisethata new constanbf natureh presentstself; otherwisetherewouldbenoreal
distinction betweenthe micro andthe macroworlds. No fundamentakcaleswould distinguishthe
two, andin principle the samestorieswe know at large scaleshouldboringly repeathowever finely
we probed.

He thengoeson to emphasis¢he new principle QuantumMechanicgresentgo us. Thisis the
Principleof Superpositiorof States.Classicallywe cannotimaginesuperposingwo potentialstates
of a system. Either the ball is inside the boundaryor outside. It doesnot exist in a superposition
of thesestates. Statesin QM are, like in ClassicalMechanics,Jabelledby the possiblevaluesof
obserables. But with the differencethat someof the classicallyallowed statesmay not occurand
vice versa. We areto list all the possibleobserablesof a systemandtheir possiblevalues,these
arecalledeigenstatesAnd the generalstateof the systemwould be a superpositiorof the various
eigenstatesThe mathematicastructures thereforeof alinearvectorspace.

The persistenc®f the wave picture hadto do with this Principle. But this is the new principle
revealedby QM. Thereis nothinguncertainaboutit. Nor is thereany uncertaintyin how the states
evolve. Time evolution of the stateis completelydeterministicby afirst orderdifferentialequation.
Identically preparedsystemscould however resultin differentanswersn individual experimentse-
causethe systemwhen obsered canonly be found in oneits eigenstates.This is the resultof a
radically distinctway thatstatesarelistedin QM. An uneasyfeeling of uncertaintyresultsfrom this
very concreteandcrispprinciple. The problemclearlyliesin the eyesof the beholder

Thereis nosuchthingas“wave function“collapse’ By thelatteris usuallymeantow thesystem
is “forced” into oneof its eigenstatespon“obsenation”. By “obsenation” is meanta macroscopic
apparatushatinteractswith a particularobserableassociatedavith the quantalsystem.Actually we
may turn the definition around. Whatever interactionalways leaves behindthe systemin a specific
eigenstatas anactof obseration. But thereareotherinteractionsallowed which do not “collapse”
the “wave’function. They alterhow the stateis madeof its eigenstatesvithout reducingit to a pure
eigenstate.But you say anything macroscopialwaysleadsto collapseso how canwe think of it
in the sameclassasa quantalinteraction?Well, thereare macroscopientitiesthat do not collapse
the wavefunction. Oneof themis Gravity. Thisis a classicalfield for all practicalpurposeslit can
never be switchedoff, i.e., no systemcanbe isolatedfrom it. If Gravity wereanobserer it would
have reducedheentireUniverseto a singleeigenstatdy now. We canalsoeasilyconstructclassical,
macroscopi@rrangementsf electromagnetifieldswhichwill not collapsea wavefunction.



3 ldentity crisis: anew principle

Thereisindeedyetanotherprinciple,aboutthepeculiaristing of stateswhich occursfor anassembly
of quanta.This principlewasfirst proposedy S. N. Boseasthethefundamentaindistinguishability
of photons. The uncannines®f this principle is bestbroughtout by consideringa simple heads-
or-tails experimentwith two Quantumcoins. Classicalindistinguishabity will imply thatthe HH
andtheTT possibilitieshave weightagel/4 each,while the HT (indistinguishabldrom TH) hasthe
weightagel/2 becausé canbearrivedatin two differentways.But thisis wherequantadiffer. They
aresostrictly indistinguishablghatthereis no pointevenconceving of two differentconfigurations.
Thustwo bosoniccoinswill have thethreepossibilities gachwith weightageexactly 1/3. It getseven
moremysteriouswith fermions. Pauli exclusionprinciple will insistthatthereis only one possible
statefor thetwo coin systemyiz., HT, beingcompletelyequivalentto whatwe may have calledTH,
andit hasweightageaxactly 1. No otherstatesarepossible.

We seethatthis“identity crisis” —absencef ary “individual” identity of quanta- shouldactually
be understoodsa propertyof the spaceof eigenstateavailableto a setof quanta.We shouldavoid
firstintroducingdistinctparticlesandtheninsistingthey areindistinguishable Quantaaretherefore
not“particles”atall. “Numberof quanta’is howeveranapproximatebserableof mary systemsOr
morecorrectly put, only thosesystemshave a classicalanalogueof beinga collectionof “particles”
thatpermitanapproximatelyconserednumberoperator Indeedphotonsarethe mostfamiliarquanta
thathave no consered number Their statesare superposition®f stateswith differentvaluesof the
number Only underspecialconditionsdo we obsere stateswith a few or a definite numberof
photons.

Fermionsobey the ExclusionPrinciple. As a resultfar fewer numberof statesare available to
themthanto similar numberof classicalparticles. In mostpracticalapplicationsthis is expressed
asthe presencef “exchangecoupling” or “degenerag pressure”.But expertsknow thatthereis no
forceinvolved. Thisis simply the kinematicsof fermions,not their dynamics.

In summaryit is notUncertaintyor Wave-Particle Duality thataresoimportant.lt is the Superpo-
sition Principleandthedifferentlisting of states Furthermoreexactly identicalquantas afeatureof
themicroscopiavorld. QuantumMechanicss notseernin its full glory until it is statedfor assemblies
of identicalquanta.

4 Uncharted domains

Oneintriguingfeatureof Quantakystemdowever seemdo betheeasewith whichwe can“quantize”
them. After all the mystery we have a nice recipe- replacePoissorBrackets by commutatorsand
extendthe expressiondor classicalobserablesjudiciously to a quantumoperators. This really is
magic. But we soonrealisethatthe situationis quite the reverse. We have beenableto tackleonly
thosesystemghat admit a classicallimit that permitsa canonicalstructure. Therecould easily be
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guantalsystemsthat do not have sucha limit and may have hitherto beenunobsered. After all,
world wasQuantunfirst, it is our limitation thatonly classicalimits areobserable.

One examplein fact staresus in the face. Onelearnsin adwancedQuantumMechanicsthat
fermionshave to be“quantized”by anti-commutatorsi.e., with rulesinvolving AB+BA ratherthan
AB-BA. This hassimpleconnectiorto the ExclusionPrinciple. Furtherthefield operatorsoneintro-
ducego represenacollectionof fermionshave no classicalimit. Only quadraticexpressionsn these
operatordhave classicalimits, for exampleelectriccurrentfor electronss a quadraticexpressionin
the underlyingfield operatorsin dealingwith the mathematic®f suchoperatoronedoesintroduce
classicainumbershut thenthey are Grassmanmr anti-commuting'numbers”,not accessiblen the
numberline or the comple plane.

Thereare other bizarre situationsthrown up by QuantumMechanics. The quarksthat consti-
tute the neutronsand protonscannotin principle be obsered isolated. This is becauseheir self-
interactionis sostrongthatit modifiedthe groundstateof the system.Unlike a potentialwell which
particlesmight roll into, hereit is like a phasetransition. The phasewith a pair of free quarksis
infinitely higherin enegy thanthe onewherethe pairis boundupin aslew of gluonsandquarks.

Perhapsve areyetto uncover alarge numberof situationsin whichthenewly discoreredprinci-
ples,only acenturyold, canbe manifested.

5 Lifewithout fermions?

We have tried to bring out the fact that the odditiesof QuantumMechanicsemphasisedn M.Sc.
educationarereally misleading. The true odditiesareratherwell definedprinciples,no lessbizarre
in their own right. Further unlessthe principlesof mary-particleQM arebroughtout, the principles
areonly partially stated.Onemight think we areoverstatingthe obvious. A caveatwe male is, try
to imaginea “wave mechanical’'world but in which therewasno ExclusionPrinciple. Beforeyou
launchinto this recallthe valenceandthe bandstructure!And don't forgetferromagnetsBestluck!!



