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;~l!at.r~:Quantum theory does not require theexisten~e of discontinuities: neither in 

time'~(quantum jumps.or collapse of the wave function), nor in space (particles), nor in 

sp~time (quantum,events). What is observed as apparent discontinuities .is readily 

by the continuous process of ~coherence occulTing ! 

loeallyooa;veryshon time scale a~ ,to the SchrOdingei' equation for interacting 

:~,,,)n' is appropriateIY'rej>resented by 

the resulting:~ decoupling of thec~.".icomponents of the global wa~,:\'.· 
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'Which must then 

j !~ 

As far as is known; all properties of clo~ quantum systems are perfectly described by 

means of wave functions in configuration·space. (in general, wavefunctionaJ.s of certain 

fields) dynamically evolving ~mooth1y according, to the time-dependent SchrOdingei 

equation. However, the condition of being closed (or shielded against interactions with 

the environment) can easily be estimated to be quite exceptional. It characterizes very 

special (usually atomic) systems from which the laws·of quantum mechanics were 

derived. When the shielding ceases, most notably during measurements, discontinuous· 

events ('quantum jumps')'seem to occur, and particle aspects seem to be observed. Such .. 

events are also known to lead to a loss of interference between different values of the 

'measured' variables - regardless of whether any result is read by an observer. 

Macrosc~pic systems are very effectively coupled to their environment in this way. They 

cannot avoid being ~continuously measured' in the sense of losing interference.1 This is . 

obvious without any calculation, since we could never~macroscopic objects if they did 

not continuously' scatter light which thereby has to catTy away 'infQl1Dation' about their 

position and shape. The effect of such interactions is often taken into account dynamiCally 

by means of stochastic terms in the evolution of the wave function of the considered 

system (sometimes. called 'chopping' or 'kicking') - equivalent to a nonunitary evolution 

of the density matrix.2 However, these terms (intrOduced ad hoc) are usually interpreted 

as,.representing fundamental aspects of quantum mechanics Gust as the supplementary 

dynamics that von Neumann introduced as his 'first intervention' to augment the ' 

Schr6dinger equation in the case of measurements proper3). 

Precisely such empirically justified dynamical terms can however be derived &om the 

well established quantum mechanics of interacting systems providedthcenvirooment is 

appropriately taken into account.4 (F<J~,~t review of this approaCb '.-2:_.5) Joos 

and Zeh6 have calculated that even SIbaJldust particles or large mol~must'decohere" . 

(that is, lose certain interference tern1s) on a time scale of fractions of a second, while 

Zurek' has estimated that for a normal macroscopic system the rate of decoherence j~:i::<: 

typically faster than -thermal relaxation by a factor of the order of 104°. In contra 

p.croscopic systems ,tend to decohere .into energy eigenstates, since;~, 

their environment mainly through their decay products. It is for this reason that the time­

independent Schr6dinger equation is so useful for describing atomic systems. ~:ptum 
measurements proper, microscopicpropertiFswUlfust: become ~lited with 

macroscopically different.,pointerpositions, thesdPerPositions of­

immediatelydecohere in the described way. 

2. 



For all practical purposes, this short time scale of decoherence can be 'interpreted as the 

occurrence of dynamical discontinuities. In laser physics, shielding from the environment 

can be controlled by the experimenter tQ a 'greatexten~ Even single atoms, can be brought 

into a position of being 'continuously measured' ,so that quantum jumps ,seem to. be 
directly visible,8 while in the oPPosite situation of sufficiently closed systems (Single 

,atoms in a cavity) the superposition of different decay times may become important and 

'lead to coherent revival of the initial decaying state.9 

It turns out. furthermore that decoherence preferentially destroys interference between 

those parts of the wave function which differ markedly in position.6 This leads to density 

matri~es which are effectively equivalent to ensembles of narrow wave packets. Such 

wave packets may be interpreted as 'particles' as originally envisioned by SchrOdinger.l0 

All particle aspects observed in measurements of quantum fields (like spots on a plate, 

tracks in a bubble chamber, or klicks of a counter) can be understood by taking into 

, acco~nt 'this decoh~nce of the local (i.e., subsystem) density matrix. (The concept of 

'p~le ,numb"s' is of course explained by the oscillator quantum numbers' of the 

corresponding field modes.) In fact, all·classical aspects (or the apparent validity of 

~fufidamental su~lection rules) seem to be deriyable in this way from the assumption . 

of'a . global' Schrodinger wave funClion(al) • .It' is the unavoitfableenvironment'that' 

determines which properties dccoherc (that is: become classical). Charge eigenstates, for 

example, decohere locally by being 'kinematically' quantum-correlated ,with the 

s1Jlt()UDding electromagnetic field as required by Gauss' law in the'form of the conserved 

constraint [divE - 41tp] 'P =0. Whe~ Rain of charges are created (and spatially . 

separat¢).decoherence of the individual charges by their fields becomes a dynamical' 

procesJapin(equivalent to an irreversible measurement-like process once photons 

registratin,the resulting dipole~atare::omitted or scattered) • 

.', ':,"?:'~;"";~"-" 

I do not know·of any apparent violation of the SchrSli.,J' equation or the superposition: 

prW.ciple that cannot at least. plausibly be' expecteti~;focbe derivable in terms;':of 
~'-, ,;"._~'~ ~!._, ,,' _ .~'.;:-:::_ :":'<'".:'~',':;'.., . . . 6:~'~~1;,,"'; 
~nce. Inspilcof this succdtt(.ch can hardly be an accl.dent)~Jb:is description is 


o~considered'~~!nsufficient toe.lain the _surement ProC~ss ,itself.4•11 The 


re~nsdo seem'SOllnd, since decohereace is described formally by means Of 

densitY tnatrix of the, coUidered subsystem of the universe by tracing out the rest '(that is, 


cy~,the envialnment). The concept of the density matrix (of subsysteDlS in this case) is 

t~~~~;:~ver j"'ftselfonly as a'~~~fyr calculating e~tation,values or probabilities 

fbt=~tcornesot'farther,measurements,that is. fot;" :econdary qu8JltUiS)jumps which 

would have to oceur.J,.. example, when the .pointer is rea~.i1bis explantttionof measure­
ments therefore .~ to be circular from a fundamenbll point ~f ·yieW;'1n· the gtdbaI 
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http:SchrOdinger.l0


1 

wave function (which is interpreted as representing 're8;lity' ,in this picture) al~ inter­

ference tenns remain present. Th~ description ofmeasurements by means of merely }Qgl 

decohe~c,e - so goes the usual argument ':'must be wrong, since one does observe, in 

contrast to this global superposition of different outcomes derived from the SchrMinger 

equation, that only ~ of its components (a wave packet representing a definite outcome) 

exists after every measurement. 

However, this latter claim is wrong, and so is the argument. For after an observation one 
\ 

need not necessarily conclude that only,one component now ~ but only that only 'one 

component is observed .. But this fact is readily described by the SchrMinger equation 

without any modification. Whenever an ~bserver interacts with ~e measurement device 

in a way ~at corresponds to an observation of the result, his own s~te must be quantum­

correlated with the macroscopic pointer position (and potentially, also with othetob­

servers), and hence bedecohered from the beginning. Superposed world components 
. . 

describing the registration of different macroscopic properties by the 'same' observer are' 

dynamically entirely independent of one another: they contain different obserVers. Be­

cause of the (ork-like strueture ofcausality (the spreading in space of the retarded effects 

of local causes)12, there is no chance of their forming a superposition with ~spect to (or 

in) a local observer any more (except, perhaps, in a recollapsing Friedmann universe). 

This dynamical consequence of decoherence explains everything that has to' be explained 

- dynamic:a1ly in order to understand what ,can be observed by local observers. He' who' 
considerS this conclusion of an inde • .,mnism or mUttin& of the observer's identity, 

derived from the Schrodinger equation in the form of dynamicalIydecoupling ('·branch­

ing') wave'packets on a fundamental global confiauratiOn'sp~,·as unacceptable or , 
'extravagant'13 may instead dynamicallyf~ilia1jze the su~uous hypothesis of adis­

appearance of the 'other' componen~_\whatever method he prefers, but he should be 
aVvBrethat he: may thereby also_~'hls own problems: Any deviation from the global· :.>',c{> 

Schrismnger equation must,.in principle lead to o1?serv~ble . effects, and it should·,be:·~':~: , 
recalled that none' have ever been discovered.14 The conclusion would of course have to 

be revised if such effects _~me day to be found. But as of now, there is no objective 
;');;;":;'~~~\(~~W'\' ~d~~n to expect them to exist; and even if they did, they need not take the fOrin,nj:fhe 

'-~':i--
~', ---:-..;-:j"J;.....~, 

apparent discontinuities which are described by means of local decoherence acCording to 

the universal Schrodinger equation. 

This is not to deny 'the' existenCe oi~Veral open problems. In partieul~\(l) the funda- . 

mentalcarena' of wave mechanics, which may or,'may not CoiTe~;tO·;.classical 'con­

figuration space, can only be known once we possess a'fund8menUil\~Theory of~Very-
- ',,1'
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thing'~ Quantum gravityitldicates that this an,na'~ust have an -interesting metric structure 

('superspace') which leads toa stationary Schr6dinger equation of hyperbolic nature -(the 

Wheeler-DeWitt equation). IS .(2) The precise defInition of the d),namicallyibdependent ' 

components ('branches') remains elusive.16 However, this specification is unitllporta:nt 

for. undet:StaDding the pbjectiye part of measurements, just as a detailed _t!teQrY'of . 
c~nscious observers· was not required for describing measurements in a classical world. 

H~nce, in ~trast to dynamical collapse models proposed in the literature,11 this branch­

ing doe.DQl~spond t~ ,the apparently obsel'Ved quantum j~ps. Il only justifies their 

,desaiption by means ofdecoherence of the local density matrix, provided the usual local­

ity o{alI' interactions remains valid. (In the orthodox intelpretation, decoherence would 

still occur as an objective process in the measurement device even if the 'Heisenberg. cut' , 

were, shifted into the observer.) (3)· In contrast to an assertion by Everett, the law of 

quantum probabilities cannot be derived without further (though weak) assumptions 

about,~ selection of 'our' world component.18 (4) The most important underivable 

assu.tnPtion in a kinematically nonlocal (i.e., nonseparable) quantum world seems to be 

the locality of the ultimate (subjective) observer in spacetime (required in some vague but 

essential form). 

None:oithese, ~n problems indicates an inconsistence or limitation ofthe description. of 


the whole world by means of the SchrMinger equation - only a lack of knowledge abOut 


important details (mainly about the quantUm physical description olan observer). Hence, 


theredoes not seem to be any reasonable motivation (other than traditionalism) for intro-


I' ducing concept~ like particles, quantum jumps, superselection rules, 'or classical 


properties, oli a fundamental level. It also appears unfortunate, therefOre" that the now 


. very popular technical concept,ofpath in~grals may suggest a fundamental role ofpaths

. '" ' ~., " . \ 

, or 'histories' of classical sta.tOs,a1thottgll<their required superposition is nothing but 

another representation' of tbo'Se~ng~ wa~function. '(FeyDqlan's method could 

similarly be applied to the computation of classicat,.res as sums'bVer patbsm three· ' 
dilllCnsional space, withouttb,ereby giving these paths mrJ?hysical meaning. ) Quasi­

':;~~al.histories e~ins~t19as traveling and therebi~"~thlybranching narrow 

'.;:packets (not as time sequences of 'events') only1)ecause of the continuOus,action of 
"'/' . - . ' ..' '?":' 

deco~(which leads to increasing complexity, symtnetty ..btealdng, and'flne-~~,«,,; 
ing into.ynamically independent wave packets). This statement applies also to quasi- «,'-2" 

,: ,.classicalspacetitnc with its metric structure that is part ()fquasiplassicalbistory.20 ­

:It:~~appears>becoming evident that out.classical-concepts deScD:be '~!'shadows on 

the wall ofPlato's.~,:in which we are living. 

http:fquasiplassicalbistory.20
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