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There are no Quantum Jumps,
nor are there Particles!
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‘;‘Abstract Quantum theory does not require the exlstence of discontinuities: nelther in.
nmcﬂ(quantum jumps or collapse of the wave funcnon) nor in space (particles), nor in
‘spacetime (quan»tum‘evcnts). What is observed as apparent discontinuities is readily
dtscrtbad in‘an objeCti#e manner by the continuous process of decoherence occurring
ng to the Schridinger equation for interacting
ion”® is approp:iat"ely‘reprcsented by
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As far as is known, all properties of closed quantum systcms are perfectly descnbed by

means of wave functions in configurauon space (in general, wave functionals of certain
fields) dynamically evolving smoothly according to the ume-dependent Schrbdmger
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 particlé'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.
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Macroscopic systems are very effectively coupled to their environment in this way. They
cannot avoid being ‘continuously measured’ in the sense of losing interference.l This is
obvious without any calculation, since we could never see macroscopic objects if they did
not continuously scatter light which thereby has to carry away ‘information’ 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 - '
systein (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 ‘(just as the supplementary
‘ dynamlcs that von Neumann introduced as his ‘first intervention’ to augment the
Schridinger equation in the case of measurements proper3). -
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Precisely such empirically justiﬁed dynamical terms can however be derived from the |
- well established quantum mechanics of interacting systems provided the environment is
appropriately taken into account.4 (For a recent review of this approach see- Zurek 5) Joos
and ZehS have calculated that even sxmll dust particles or large molecules must ‘decohere”
(that is, lose certain interference termis) on a time scale of fractions of a second, while
Zurek? has estimated that for a normal macroscopic system the rate of decoherence is A
typxcally faster than thermal relaxation by a factor of the order of 10%. In contrast,

. microscopic systems tend to decohere into energy elgenstates, since they.dn
their environment mainly through their decay products. It is for this reason that the tlme-
independent Schrdinger equation is so useful for dcscnbmg atomic systems. Inquantum ,
measurements proper, microscopic properues will first become cmlated with
macroscoplcally dlfferent Jpointer posmons, the superposmons of which must then |
mnmdlately decohere in the described way. ~ :




For all practical purposes, this short time scale of decoherence can bie‘kinterpretvcd as the

~ occurrence of dynamical discontinuities. In laser physics, shielding from the environment
can be controlled by the experimenter to a great extent. Even single atorhs can be brought
into a posmon of being contmuously measured’, so that quantum jumps secm to be
dn'ectly visible,® while in the opposite situation of sufficiently closed systems (single
atoms in a cavity) the superposmon of different decay times may become important and

| lead to coherent xev1va1 of the initial decaying state.

It turns out,fmthermm that decoherence preferentially destroys interference between
those parts of the wave function which differ markedly in position.® This leads to density
matrices which are effectively equivalent to ensembles of narrow wave packets. Such
wave packets may be interpreted as ‘particles’ as originally envisioned by Schridinger.10
All particle aspects observed in measurements of quéntum fields (like spots on a plate,
tracks in a bubble chamber, or Klicks of a counter) can be understood by taking into
: account this decohercnce of the local (i.e., subsystem) density matrix. (The concept of
. ‘particle pumbers’ is of course explained by the oscillator quantum numbers of the
correspondmg field modes.) In fact, all classical aspects (or the apparent vahdlty of
fundamental superselecuon rules) seem to be derivable in this way from the assumption E
- of a global Schrodinger wave funcuon(al) Tt is the unavoidable environment- that
~ determines which properties decohere (that is, become classical). Charge elgcnstatcs, for
, example, decohere locaily by being ‘kinematically’ quantum—correlated with the
) surrounding clectromagnenc field as required by Gauss’ law in the form of the conserved |
constramt [leE 4np] ¥ = 0. When pairs of charges are created (and spatially -
scparatcd), decoherence of the individual charges by their fields becomes a dynamlcal‘
process again (equivalent to an mm;b_lg measurement-like process once photons
ymglstraung the nesultmg dlpolemnment mmtted or scattered).
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oftm nons1dered as msuffic1ent to explam the measnrement process 1tse1f4 11 The o
resermons do seem sound, since decoherence is described formally by means of zﬁe
density malnx of the consldered subsystem of the universe by tracing out the rest (that is, "
‘ %ihe envmnment) The concept of the density matrix (of subsystems in this case) is
b »iwwever justifieitself only as a means for calculating expectation values or probabilities
for ‘outcomes of further measurements, that is, for e secondary quantum Jumps which
~ would have to oecur, ,for example, when the pointer is read. This explanation of measure-
~#" ments therefore seems to be cn'cular from a fundamental point ¢ of v:ew 'In the global
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wave function (which is interpreted as representing ‘reality’ in this picture) all inter- _
ference terms remain present. The descrip‘iion of measurements by means of merely local - |
decoherence - so goes the usual argument - must be wrong, since one does observe, in 5
contrast to this global superposition of different outcomes derived from the Schrbdinger
equation, that only one of its components (a wave packet representm g a definite outcome) - A
exists after every measurement. , o

However, this latter claim i is wrong, and so is the argument. For after an observanon one
need not necessanly conclude that only one component now gm:s but only that only one
component js observed. But this fact is readlly described by the Schrédinger equation
without any modification. Whenever an observer interacts with the measurement device
in a way that corresponds to an observation of the result, his own state must be quantum-
correlated with the macroscopic pointer position (and potentially also with other ob-
servers), and hence be decohered from the beginning. Superposed world components
describing the registration of different macroscopic properties by the ‘sarhe’ observer are’
dynamically entirely independent of one another: they contain different observers. Be- -
cause of the fork-like structure of causality (the spreading in space of the retarded effects
of local causes)!2, there is no chance of their forming a superposition with respect to (or
in) a local observer any more (except, perhaps, in a recollaps_mg Friedmann universe).

This dxgmm_cﬂ consequence of decoherence explains everything that has to be explained
- dynamically in order to understand what can be observed by local observers He who'
considers this conclusion of an j '

derived from the Schrdinger equatlon in the form of dynarmcally decouphng (‘branch-

ing’) wave packets on a fundamental global oonfiguratlon space, as unacceptable or

~ ‘extravagant’13 may instead dynarmcally formalize the superfluous hypothesis of a dis-

- appearance of the ‘other’ components:b v whatever method he prefers, but he shouldbe
aware that he may thereby also create his own problems: Any deviation from the global-
Schrﬁdmger equation must in principle lead to observable effects, and it should be -
recalled that none have ever been d1scovered 14 The conclusion would of course have to
be nevrsed if such effects were some day to be found. But as of now, there i isno objecnve.""

ﬂxaeeson to expect them to exist; and even if they did, they need not take the form-of the
apparent discontinuities which are described by means of local decoherence aceordmg to
theumversalSchrbdmgerequatron : ot

This is not to deny the existence of several open problems In pamcular (1) the funda-
mental ‘arena’ of wave mechamcs, which may or may not correspoki """a classical con-
ﬁguratlon space, can only be known once we possess a fundamental "Theory of Every-
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v decohqmuce (which leads to increasing complexxty, symmetry-breaking, and f'uw s
- ing mto dynamically mdependent wave packets) This statement applies also to quasi-
S classical spacettme with its metric structure that is part of quaszclasswal history.20

"thmg Quantum gravity indicates that this arena-must have an mtenestmg metric structure
(¢ superspace ") wh1ch leads to a stationary Schrodinger equation of hyperbohc nature (the

Wheeler-DeWm equation).15 (2) The precise definition of the dynamically independent
components (‘branches’) remains elusive.16 However, this specification is ummportant
for. understandmg the objective part of measurements, just as a detailed theory of
conscious observers was not required for describing measurements in a classical world.

N Hence, in contrast to dynamical collapse models proposed in the literature,!” this branch-
ing does pot correspond to the apparently observed quantum jumps. It only juStiﬁes their

~ description by means of decoherence of the local density matrix, provided the usual local-
ity of all interactions remains valid. (In the orthodox interpretation, decoherernce would
. still occur as an objective process in the measurement dcvice even if the ‘Heisenberg.cut’.
. were shifted into the observer.) (3) In contrast to an assertion by Everett, the law of
' quantum probabllmcs cannot be derived without further (though weak) assumptions

about the selection of ‘our’ world component.18 (4) The most important underivable
assﬁinption in a kinematically nonlocal (i.e., nonseparable) quantum world seems to be
the locality of the ultimate (subjecuve) observer in spacenmc (required in some vague but
cssennal form). ‘

: Nope;pfithese open problems indicates an inconsistenoe or limitation of the description of |
 the whole world by means of the Schrédinger equation - only a lack of knowledge about
’ unportant detmls (mainly about the quantum physical descnpuon of an observer). Hence,

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

~ducing concepts like particles, quantum jumps, superselectlon rules, or classical

properties ori a fundamental level. It also appears unfortunate, therefore, that the now

" very popular technical concept of path integrals may suggest a fundamental role of paths
" or *histories’ of classical states, a}thaugh their required superposmon is nothing but

another representation of the Sehzﬁdmger waw function. (Feynman s method could
snmlarly be applied to thc computanon of classical’ waves as sumsover paths in three-~ o

- :damcnsmnal space, without thereby giving these paths any phys1cal meaning.) Qués1—

: h1stones emerge msﬁcadﬁ»19 as traveling and thexe‘by smnothly branchmg narrow
Mers (not as time sequences of ‘events’) only because of the continuous.action of

| It thus aqapears becommg evzdent that our classical concepts descnbe mere shadows on
_ the wall of Plato’ scaggmwmch we are living. : .
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