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Wave-functionapproachto dissipativeprocesses:
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In a recentLetterDalibardandcoworkershavepresentedanefficient methodof computingthedevelopmentof anopenquan-
tum systembasedon stochasticevolutionof thestatevector,in which quantumjumpsarerepresentedexplicitly. Independently
of thispragmaticapproach,physicistsinterestedin the“quantummeasurementproblem” havebeenled to considercontinuous
stochasticdiffusionequationsfor thestatevectorassociatedto any densityoperatorevolution. We underlinethe remarkable
convergenceof thesetwo trendsin physics,andarguethat theserecentdevelopmentsmayleadto new resultsandinsightsinto
quantumphenomena.

In Einstein’s paperon the A- andB-coefficients relatively elaboratemathematicaltools based on
[1], he assumedthatanindividual quantumsystem densityoperatorevolution. For exampleItano and
like anatomwas capableof atransitionor jumpfrom coworkersbasedtheir analysisof their “Zeno para-
onestateto anotherwith the absorptionor emission dox” experimenton quantumjumps [4], although
of radiantenergy.AlthoughEinstein’spaperstimu- the sameexperimentcanalsobeinterpretedwithout
latedthedevelopmentof modernquantummechan- jumps by shifting the quantum-classicalboundary
ics, suchjumpshaveno formalplacein that theory, [5].
for which the statevectorrepresentsthe properties Now Dalibard, Castinand Molmer [61, andalso
of an ensembleof systemsand not an individual Carmichael [71 and Teich and Mahler [81 have
system. comeup with anefficient methodof computingthe

Despitethe successof the moderntheory, many developmentof an opensystembasedon stochastic
physicists,particularly experimenters,haveinsisted evolution of the state vector, in which quantum
on treatingquantumjumpsof individual systemsas jumpsare representedexplicitly. In addition to the
if they were real, andthe statevectoras if it repre- advantageslisted in the above references,this
sentedthe behaviourof an individual system,as ex- method,contraryto someothers,asexplainedin ref.
emplifiedby a singlerun of a laboratoryexperiment [9], hasno problem with the uncertaintyrelations.
(quantumoptics providesmany examples,seefor Independentlyofthesedevelopments,Bohm,Bub,
instanceref. [2]). And the experimenters’picture Pearle[10], Gisin [11], Ghirardi,Rimini andWe-
hasgiventhemvaluablephysicalinsights [3], which ber, Diósi, andBell [121 haveproposedalternative
havesometimesescapedthetheoreticianswith their quantum theoriesin which the statevector repre-
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sentsan individual systemandfollows a stochastic Thetheory is given in ref. [11,15]. Equation(2) can

dynamics. be used,like thoseof Dalibardet al.. to providean
In particular DiOsi, Gisin and Pearle haveob- efficient Monte Carlo solution of problemsthat arc

tamedcontinuousstochasticdiffusion equationsfor normally formulatedin terms of the time evolution
thestatevectorfrom anydensityoperatorevolution of thedensityoperator,andapplicationsare already
equation.Percival [13] hasprovideda naturalsym- in progress.
metry conditionunderwhich this statevectorequa- Thismethodhasthefollowing advantagesoverthe
tion is unique,andhassuggestedthat the equations methodsof Dalibardand coworkers. Equation (2)
shouldbeusedasa practicaltool. Given Lindblad’s is derivedexplicitly and uniquely from any Mar-
[141 expressionfor the equationof motion for the kovian densityoperatorevolutionequationand its
densityoperator solutions are continuousin time. Since tt usesthe

well developedIto stochasticcalculus,all the exist-
j~=—i[H,p] + ~ (2L,pL~—{L~L,,p}), (I) ingtools [16] fornumericalintegrationsofsuchsto-

chasticequationscanbeused.The uniquenessof the
the differential form of the stochasticequationof diffusion equationprovidesa one-to-onerelationbe-
motion for thestatevector 1w> is tweena distribution of purestatesat an initial time,

and the distribution at later times.
dlw>=(_iHlw>_ ~ L~L~Iw>)dt Figure 1 illustratesan applicationof our method

to the non-linearabsorber:

+~ (d~+2<wIL~1w> dt)L~1w>. (2) ~ [(at_a).pl +2a2pat2_~at2a2,p~. (4)

where d~,,representsthe Ito form of the complex Thisexamplehasalso beentreatedwith thepositive
normalizedWienerprocessthat satisfies P-representation(an extensionof the Wigner func-

tion), but it suffers from runawayproblems [17].
Re(dc~~)Re(d~,~)=lm(di~,,)Im(d~,~)=5,,mdt , The full line in fig. 1 is the directsolutionof theden-

Re(d~~)Im(di~,,)=0. (3) sity operatorequation.The resultbasedon eq. (2).
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Fig. I. Densityoperator(full line) andstochasticdiffusion (dotted line) methodscomparedfor thenonlinearabsorber.eq. (4). The
usedtimeincrementisdt=0.02and 100 samplesareusedfor approximatingtheaverage.
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Fig. 2. A sampletrajectoryof the stochasticprocessassociatedto eq. (1) for a spin 3/2 (i.e. a four-level system)with a weak pump
(h= i (S.f.— S_)),aweakspontaneousdecay(L

1 = 0.2S_)anda measurementlike interaction (L., = 5S~).Notethatthesolutionsof eq.
(I) havemanyfine spikesthatarenot seenon thefigure becauseofthetimediscretization.
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