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Semiclassicatheoriessimilar to stochasticelectrodynamicsre widely usedin optics. The distinguishing
featureof suchtheorieds thatrandomstatisticalfluctuationsareusedto modelthe quantumuncertainty These
randomstatisticalfluctuationsactlik e hiddenvariables.They cansuccessfullypredictsomequantummechan-
ical phenomendor example,the squeezingf the quantumnoisein the parametricoscillator However, such
theoriesarenot equivalentto quantummechanics Complex numberrepresentationsanbe usedto to exactly
modelthe quantumuncertaintybut carehasto be taken thatapproximationglo not reducethe descriptionto a
hiddenvariableone. The quantumandhiddenvariabletheoriesmalke very differentpredictionsfor higherorder

correlationdgn nonlinearsystems.

Third order correlationscan provide a test that shows
a cleardistinction betweenquantumand hiddenvariable
theoriesn away analogoudo thatprovidedby the’all or
nothing’ GHZ testof local hiddenvariabletheories.

[*] 1 worked at this institution when presentinghis work
atNQEC in Southamptony.K., in 1995;but the contentwas
largely derived from my PhD thesisdoneat the University of
Queenslanéh Australiawith Prof. PeterDrummond.
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I. A ONE PAGE SUMMARY

Third ordercorrelationsanprovideatestthatshavsaclear
distinction betweenquantumand hiddenvariabletheoriesin
away analogougo thatprovidedby the’all or nothing’ GHZ

testof local hiddenvariabletheories.In Bells tests,the EPR
argumenipivesalowerboundfor ahiddenvariabletheorythat
is largerthanthe lower boundgivenby quantummechanics.

The systeminvestigatechereis the degeneratgparametric
oscillator andthefocusis onhigh ordermomentsof thefields.

Thestochastielectrodynamic$éSED)theoryis constructed
by taking classicakequationdor thefieldsandaddinga noise
termto each. This noiseplaysthe samerole asthe quantum
uncertaintydoesin guantummechanicsbut is equivalentto a
hiddenvariabletheory The predictedbehaiour of the third
ordermomentgivenby the SEDtheoryis alinearincreasdor
shorttimes.

A quantumcalculationfor the third ordermomentpredicts
noincreaseor shorttimes,clearlyshaving thedifferencebe-
tweenthe two theories. The differencebetweenthe hidden
variable (SED) and quantumresultis evident for all initial
photonnumbers.

Theseresultssuggeshew testsmeasuringhird ordercor-
relationsthat could distinguishbetweenguantumandhidden
variabletheoriesn adramaticway.

1. INTRODUCTION

Local hidden variable _theor_i?]s
give predictionsincompatiblewit

guantum mechanicsin Bells ex-
ample, the EinsteinPodolskRosen
[EinsteinPR1935Argumentgivesa
lower bound larger than the lower
boundgivenby qguantunmechanics
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[Mermin1981].

Stochasticelectrodynamic§SED) theoryis equivalentto
the phenomenologicahpproachof taking a classicalmodel
and adding some noise intendedto representthe quantum
mechanicallacuumfluctuationgMarshall1963Boyer1980].
This "stochastielectrodynamicsls a hiddenvariabletheory,
becauset representshe quantumuncertaintyas a classical
probability distribution over electricfield amplitudes.

Recently new testsof local hiddenvariablethe-
ories have been proposed[GreenbegerHzZ1989].
The GHZ proposals of anew type,andhasan"all
or nothing"outcome.

Thepredictionfor thedifferencebetweeriocal hiddenvari-
abletheoriesand quantummechanicss no longerstatistical.
In principleit canbe testedin a single attemptby usingdif-
ferenceshetweenthree particle correlationfunctionsfor lo-
cal hiddenvariableand quantumtheories. Thesenew tests
suggesthatanalogousigherordertestson quadraturanea-
surementgould producesimilar testsof quantummechanics.
Theoriginal EPRparadoxhasbeendemonstratedxperimen-
tally usingquadraturesorrelationsn the parametrioscillator
[OuPK1992].

Here| presentcalculations[Kinsler1994,1995]
shaving distinct differencesbetweena particular
third ordermomentfor the SED andquantuntheo-
ries.

Complex number distributions can be usedto represent
guantummechanicakystems. Different representationge-
scribe the samequantumuncertaintyin different ways the
positiveP representatiomisesa basisof quantummechanical
coherentstates andso the quantumuncertaintyis implicit in
the description. In contrast,the morewidely known Wigner
representatiors adistribution over classicafield amplitudes.
This meanghequantunmuncertaintyis representedly thedis-
tribution itself and so approximationcanreduceit to a hid-
denvariabletheoryequivalentto SED. It is a hiddenvariable
becausédt involvesa probability distribution over field ampli-
tudes. This type of theoryis unableto producearything like
thecorrectmomentsn the systemconsideredhere.

Thethird ordercorrelation(or mo-
ment) resultsin this postersuggest
that it should be possibleto test
guantummechanicsusing quadra-

ture measurementsn the macro-
scopicphotonstateproducedising

nonlinearopticalmaterials.

1. THE MODEL

The systeminvesticated here is

the degenerateparametricoscilla-
tor, andthe focusis on high order
momentf thefields.

Cantrell, Lax and Smith [1973] have calculatedthe third
and higher order intensity correlationsof laser light near
threshold.Theseweremeasuredxperimentallyby Corti and
DeGiomio [CortiD1974,1976].

Herel considerthird ordermomentsof thefield ratherthan
intensitymomentswhich canbe donewith the useof alocal
oscillator Third ordermomentsare correlationswith a zero
time difference.

The systemconsidereds a degenerateparametricoscilla-
tor [Bloembegen1965,DrummondMW1981],describedas
an idealisedinterferometerthat is resonantat two frequen-
cies,wl andwp. The electromagnetidield mode contain-
ing the higherfrequeny photonsis usually calledthe pump
mode (ap), and the lower frequeny modethe signal mode
(a1). Down corversionof the pump photonsto the sub har
monic modeoccursdueto a x? nonlinearity preseninside
the cavity.

Theinitial conditionsl choosédor thismodelareacoherent
statein the pumpmodewith amplitudeg, anda vacuumstate
in the signalmode. The quantumHamiltonianin theinterac-
tion pictureis

H = ik [aZapT — a1 t?ay)] (3.1)

The stochasticelectrodynamicdield variablesthat corre-
spondto the operatorsa, ap will bedenotedoy, bp.

IV. THE UNCERTAINTY

The stochastic electrodynamics
(SED)theoryis constructedy tak-
ing classicalequationsand adding

randomfluctuations.Thesefluctua-
tionsplaythesamerole asthequan-

tum uncertalntydoesm quantum

mechanicsbut make it the sameas
a hiddenvariabletheory

In this approachSED is presentedisa phenomenological
extensionto classicaloptics. The stateof the systemis rep-
resentedy anensemblef equivalentsubsystemsvherethe
uncertaintyis built into theinitial conditionsof theensemble.

We cancomparea FokkerPlanckequationfor the SEDthe-
ory to theonefor thequantumwignerfunction[Wigner1932].
The Wigner function representshe quantumstatesasa qua-
sidistritution, and quantumeffects can be describedby this



REFORMAITED POSTER

Testingguantummechanics...

Dr.Paul.Kinsler@physics.aor
http://www.kinslerorg/physics/

sinceit cantake on negative values.

Theonly differencebetweerthe Wignerandthe stochastic
electrodynamicg-okkerPlanckequationsis that the Wigner
equationhasextra third order derivative terms. The form of
thesetermssuggestshat comparingthe third order moment
for the quantumsystem

M = (a1— < a1 >)? (apt— < apt >), (4.1)
to thatfor the correspondingsED system
Ms = (bi— < by >)?(bp* — < bpx >), (4.2)

would most clearly highlight the differencesbetweenthe
two theories.

V. HIDDEN VARIABLES

Whatis thepredictedoehaiour of
thethird ordermomentgivenby the
hiddenvariable, stochasticelectro-
dynamicstheory?

| startwith the classicalequationsof motion for the field
amplitudesThetimeis scaledoy thecouplingconstant = kt.
The equationsof motion for the stochasticelectrodynamics
(SED) descriptionof the systemare just the classicalequa-
tions,andare

dbl/dt = bl*bp,
dbp/dt = —b3/2.

(5.1)
(5.2)

The differencein theseSED equationds thatthey needto
be averagedover an ensembleof initial conditions. These
are distributed in a gaussianway around the average. |
leave the details of the momentcalculationto the preprint
[Kinsler1995].

For the choseninitial conditions,the first orderincrement
in themomentMs is

d < MS>=dt/4+ O(dt2). (5.3)

This hiddenvariable,SED theory predictsaninitial linear
increasan thevalueof themoment.Now | will comparethis
resultto the quantummechanicapredictions.

VI. QUANTUM MECHANICS

A quantum calculation is done
in order to comparethe quantum
momentwith the hidden variable,
stochastielectrodynamicsesult.

Herel presenthe resultsof quantummechanicakalcula-
tions for the time evolution of the third ordermoment. The
time is scaledby the couplingconstant = kt. | proceedby
substitutinghetime evolvedstateinto theoperatoexpression
for the third ordermoment,and henceobtainan equationof
motionfor the expectatiorvalue. Thisis thenevaluatedn the
shorttime limit.

Leaving the details to the preprint [Kinsler1995], the
changen themomentM to first orderis

dM = O(dt?) (6.1)

Anotherway of doing a quantumcalculationof the evolu-
tion of thethird ordermomentM is usingthe positvePrepre-
sentatiorfDrummondG1980]This describegachfield mode
amplitudeby two complex numbers.Thetwo complex num-
bersresultfrom the way the representatiomexpandsthe den-
sity matrix for thefields usingan off diagonalbasisof coher

entstateslt is alwayspossibleto find a positive Pfunctionfor
the quantumstatethatis alsoa probability distribution.

Thevariablesa;, a; T describethe scaledfield amplitudeof
the signal mode; andap, apt describethe pumpmode. The
stochastidifferentialequationgor themare

da; = ajtapdt + apdW, (6.2)
dag = alap’rdt + apTd\Nz, (6.3)
dap = —ay/?/2dt, (6.4)

dapt = —alt?/2dt, (6.5)

where< dWdW, >= d;;dt. ThesedW aregaussiarwhite
noiseincrements.The initial stateis a vacuumin the signal
anda coherentstateof amplitudee in the pump. In the posi-
tivePrepresentatiortheinitial conditionsof both modescan
berepresentely deltafunctions.

The quantummomentwritten in the positve-Pnotationis

MP = (a1— < a1 >)%(apt— < apt >), (6.6)

| dothecalculationin a similarwayto the SEDcalculation,
but againleave the detailsto the preprint[Kinsler1995].

To first order the ensembleaverageof the changein the
momentis
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< dMp >= O(dt?) (6.7)

If weiteratethis positive-Pmomento higherorder, we find
thatit is zeroto thenext orderaswell. This predictednoment
agreeswith the operatorprediction, but not with that of the
SEDcalculation.

This is becausehe quantumuncertaintyis built into the
coherentstatebasisusedto generatehe positveP represen-
tation. This contrastswith the SED theory which treatsthe
uncertaintylike arandomhiddenvariable.

VIl. DISCUSSION

Theresultshave clearlyshavn the

difference betweenthe stochastic
electrodynamicgSED) theory and

the quantummechanicatheories.

SED predicts that the third order moment considered
changeswith time as dt, whereasfor the quantumcalcula-
tions the changeis zero. This might be regardedasa some-
whatsurprisingresult,giventhe"standardriew" thatquantum
andclassicalresultsshouldbe the samefor very shorttimes
[BermanYZ1991].However, examinationof the SED calcu-
lations revealsthat the initial increasein the momentis due
to the effect of the vacuumnoiseterm — in particular to the
fourth momentof the noise.

A noiselessclassicaltheory would give a result
the sameas the quantumfor short times, but of
coursethelongtime behaiour would now behope-
lesslywrong.

The evolution with time of the real part of the third order
momentsis shovn on figure 1. It showns the numericalre-
sultsfor a rangeof initial coherentstateamplitudes. From
thesegraphswhich comparethe positivePsimulationresults
< Mp > to the correspondingED results< Mg >, it would
seemthatit doesnot agreewith the quantumtheoryat all for
low photonnumbers but doesagreefor larger photonnum-
bers.Theinitial slopeof the< Ms > resultis 1/4, aspredicted
by thetheory

Highlighting the initial behaiour
(figure 2) shaws thatthe difference
betweerthe hiddenvariable(SED)
and quantumresultsis evident for
all initial photonnumbers.

Figures2(ad)usethe samedataasin figuresl(ad).

VIIl. CONCLUSION

Herel have clearly demonstrated

the limits of a hidden variable
stochastic electrodynamics ap-

roachto non linear quantumsys-
ems.

This wasachieved by obtainingexact quantumresultsand
comparingthem to the correspondingstochasticelectrody-
namicsSED calculations. The resultsshaved a clear differ-
encebetweenthe two theories,the hiddenvariableone dis-
agreeingmarkedly with the quantumevolution. This differ-
enceoccurredor all photonnumbers- evenin theusuallarge
photonnumber“semiclassical'limit SED did not make pre-
dictionscompatiblewith thoseof quantummechanics.

Thequantunvacuumis oftenreferredto asbeing
astateof zeroamplitude with somefluctuationsor
"noise"added. Theseresultsclearly shav thatthis
is nota’classical’'type of noise.

Of course suchconclusionganalsobedravn from studies
of Bellsinequalityviolations,where"local realism"is shavn
to beincompatiblewith quantummechanics.'Local realism"
givesriseto hiddenvariabletheorieswherethe quantumun-
certaintyis assumedo be dueto someunmeasurableart of
thesystemjustasin SED.

The difference in the moments
suggestshe possibility of new tests

that measurethird grder correla-
tions, Whlc% could distinguishbe-

tweer_lqt_Jantumandhlddenvarlable
theoriesn adramaticway.
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Figure 1(a}

Figure 1(b}
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FIG. 1: Figure 1. Graphsshaving the evolution of the third order
momentsMg, Mp asa function of time for a rangeof initial condi-
tions. The statisticalerrorsdueto the finite ensemblegreindicated
by the broken curvesabove andbelown the averagevalues.
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FIG. 2: Figure 2. Graphsshaving the evolution of the third order
momentdVs, Mp asafunctionof timefor the sameinitial conditions
asonthe previousfigure, but with the scaleschosenn orderto high-
light thedifferencesn theinitial evolution. Thestatisticalerrorsdue
to thefinite ensemblegreindicatedby the broken curvesabore and
belov theaveragevalues. 7



