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This paper has a somewhatunusual origin and, as a consequencean unusual structure. It is
built on the principle embraced by families who outgrow their dwellings and decideto add a few
roomsto their existing structures instead of starting from scratch. Theseadditions usually \show,"
but the whole can still be quite pleasingto the eye, combining the old and the new in a functional
way. What followsis such a\remodeling" of the paper | wrote a dozenyearsagofor Physics Today
(1991). The old text (with somemodi cations) is interwoven with the new text, but the additions
are set o in boxesthroughout this article and serve as a commenary on new developmerts as
they relate to the original. The referencesappear together at the end.

In 1991, the study of decoherencewas still a rather new subject, but already at that time, |
had deweloped a feelingthat mostimplications about the system's\immersion" in the environment
had beendiscoveredin the preceding 10 years, so a review was in order. While writing it, | had,
however, cometo suspect that the small gapsin the landscape of the border territory betweenthe
guantum and the classicalwere actually not that small after all and that they preseried excellert
opportunities for further advances.

Indeed, | am surprised and gratied by how much the eld hasewlved over the last decade.
The role of decoherencewas recognizedby a wide spectrum of practicing physicists as well as,
beyond physics proper, by material sciertists and philosophers. The study of the predictability
siewe, investigations of the interface betweenchaotic dynamics and decoherenceand most recertly,
the tantalizing glimpsesof the information-theoretic nature of the quantum have elucidated our
understanding of theubert Universe.

Not all of the new developmerns are reported in this review: Someof the most recent (and,
conceiwably, most far-reaching) are still too "fresh”, and, hence,too di cult to describe succinctly.
The role of redundancy of the imprint left by the preferred obsenablesof the systemon the statesof
the environment in the emergenceof the objective classicalproperties from the quantum substrate,
or the concept of the environment - assistedinvariance (or envariance) that allows oneto give a
fully quantum justi cation of Born's rule connectingamplitudes with probabilities are beyond the
scope of this minireview.

Finally, | have someadvice to the reader. | believe this paper should be read twice: rst, just
the old text alone;thenland only thenjon the secondreading, the whole thing. | would also
recommendto the curious readertwo other overviews:the draft of my Reviewsof Modern Physics
paper (Zurek 2001a)and Les Houches Lectures coauthored with Juan Pablo Paz (Paz and Zurek
2001).

Intro duction

Quantum medanics works exceedinglywell in all practical applications. No example of conict
betweenits predictions and experiment is known. Without quantum physics, we could not explain
the behavior of the solids, the structure and function of DNA, the color of the stars, the action of
lasers,or the properties of super uids. Yet nearly a certury after its inception, the debate about
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the relation of quantum physics to the familiar physical world corntinues. Why is a theory that
seemsto accourt with precision for everything we can measurestill deemedlacking?

The only \failure" of quantum theory is its inability to provide a natural framework for our
prejudices about the workings of the Universe.States of quantum systemsewolve accordingto the
deterministic, linear Schredinger equation

—ji=Hji: 1)

That is, just asin classicalmecanics, given the initial state of the systemand its Hamiltonian H,
onecan, at leastin principle, compute the state at an arbitrary time. This deterministic evolution
of j i hasbeenveried in carefully cortrolled experiments. Moreover, there is no indication of a
border betweenquantum and classicalat which Equation (1) would fail (seecartoon on the opener
to this article).

There is, however, a very poorly controlled experiment with results sotangible and immediate
that it has enormouspower to corvince: Our perceptions are often di cult to reconcilewith the
predictions of Equation (1). Why? Given almost any initial condition, the Universe described
by j i ewlvesinto a state containing many alternatives that are never seento coexist in our
world. Moreover, while the ultimate evidencefor the choice of one alternativ e residesin our elusive
\consciousness,"there is every indication that the choice occurs much before consciousnessver
getsinvolved and that, oncemade, it is irrevocable. Thus, at the root of our uneasewith quantum
theory is the clash betweenthe principle of superposition|the basic tenet of the theory re ected
in the linearity of Equation (1)j]and everyday classicalreality in which this principle appearsto
be violated.

The problem of measuremen has a long and fascinating history. The rst widely accepted
explanation of how a single outcome emergesfrom the multitude of potentialities wasthe Copen-
hagen Interpretation proposedby Niels Bohr (1928), who insisted that a classical apparatus is
necessaryto carry out measuremets. Thus, quantum theory was not to be universal. The key
feature of the Copenhageninterpretation is the dividing line betweenquantum and classical.Bohr
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emphasizedthat the border must be mobile so that even the \ultimate apparatus”|the human
nervous system|could in principle be measuredand analyzedas a quantum object, provided that
a suitable classicaldevice could be found to carry out the task.

In the absenceof a crisp criterion to distinguish betweenquantum and classical,an identi -
cation of the classicalwith the macroscopichas often beententativ ely accepted. The inadequacy
of this approach has becomeapparert as a result of relatively recert developmerts: A cryogenic
version of the Weber bar|]a gravity-wave detector] must be treated as a quantum harmonic os-
cillator even though it may weigh a ton (Braginsky et al. 1980, Caves et al. 1980). Nonclassical
squeezedstates can describe oscillations of suitably prepared electromagnetic elds with macro-
scopic numbers of photons (Teich and Saleh 1990). Finally, quantum states assaiated with the
currents of superconducting Josephsonjunctions involve macroscopicnumbers of electrons, but
still they can tunnel betweenthe minima of the e ectiv e potential corresponding to the opposite
senseof rotation (Leggett et al. 1987, Caldeira and Leggett 1983a, Teshe 1986).

If macroscopicsystemscannot be always safely placed on the classicalside of the boundary,
then might there be no boundary at all? The Many Worlds Interpretation (or more accurately, the
Many Universesinterpretation), developed by Hugh Everett Il with encouragemeh from John
Archibald Wheeler in the 1950s,claims to do away with the boundary (Everett 1957, Wheeler
1957). In this interpretation, the entire universeis described by quantum theory. Superpositions
ewolve forever according to the Schredinger equation. Each time a suitable interaction takesplace
betweenany two quantum systems,the wave function of the universesplits, developing ever more
\branc hes."

Initially , Everett's work went almost unnoticed. It wastaken out of mothballs over a decade
later by Bryce DeWitt (1970) and DeWitt and Neill Graham (1973), who managedto upgrade
its status from \virtually unknown" to \v ery controversial." The Many Worlds Interpretation is
a natural choice for quantum cosmology which describesthe whole Universeby meansof a state
vector. There is nothing more macroscopicthan the Universe. It can have no a priori classical
subsystems.There can be no obsener\on the outside." In this universal setting, classicality must
be an emergen property of the selectedobsenablesor systems.

At rst glance,the Many Worlds and Copenhageninterpretations have little in common. The
Copenhageninterpretation demandsan a priori \classical domain" with a border that enforcesa
classical\embargo” by letting through just onepotential outcome.The Many Worlds Interpretation
aims to abolish the needfor the border altogether. Every potential outcome is accommadated by
the ever-proliferating branches of the wave function of the Universe.The similarity between the
di culties facedby thesetwo viewpoints becomesapparert, nevertheless,whenwe ask the obvious
guestion,\Wh y do I, the obsener, perceive only one of the outcomes?"Quantum theory, with its
freedomto rotate basesin Hilb ert space,doesnot even clearly de ne which states of the Universe
correspond to the \branches." Yet, our perception of a reality with alternatives|not a coheren
superposition of alternatives|demands an explanation of when, where,and how it is decidedwhat
the obsener actually records. Consideredin this corntext, the Many Worlds Interpretation in its
original version does not really abolish the border but pushesit all the way to the boundary
between the physical Universe and consciousnessNeedlessto say, this is a very uncomfortable
placeto do physics.

In spite of the profound nature of the di culties, recert years have seena growing con-
sensusthat progressis being made in dealing with the measurememn problem, which is the usual
euphemismfor the collection of interpretational conundrums described above. The key (and uncon-
troversial) fact has beenknown almost sincethe inception of quantum theory, but its signi cance
for the transition from quantum to classicalis being recognizedonly now: Macroscopic systems
are never isolated from their ervironments. Thereforelas H. Dieter Zeh emphasized(1970)|they
should not be expectedto follow Scredinger's equation, which is applicable only to a closedsys-
tem. As a result, systemsusually regarded as classicalsu er (or benet) from the natural loss
of quantum coherence,which \leaks out" into the environment (Zurek 1981,1982). The resulting
decoherencecannot be ignored when one addresseghe problem of the reduction of the quantum
mechanical wavepadet: Decoherenceimposes,in e ect, the required \embargo" on the potential
outcomesby allowing the obsener to maintain only records of the alternativ es sanctionedby de-
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coherenceand to be aware of only one of the branches|one of the \decoherert histories" in the
nomenclature of Murray Gell-Mann and JamesHartle (1990) and Hartle (1991).

The aim of this paper is to explain the physics and thinking behind decoherenceand
environment-induced superselection. The reader should be warned that this writer is not a dis-
interested witness to this developmert (Wigner 1983, Joos and Zeh 1985, Haake and Walls 1986,
Milburn and Holmes 1986, Albrecht 1991, Hu et al. 1992), but rather, one of the proponents. |
shall, nevertheless,attempt to paint a fairly honestpicture and point out the di culties aswell as
the accomplishmerts.

Decoherencein Quantum Information Processing

Much of what was written in the introduction remains valid today. One important developmert
is the increasein experimental evidencefor the validity of the quantum principle of superposition
in various contexts including spectacular double-slit experiments that demonstrate interferenceof
fullerenes(Arndt et al. 1999),the study of superpositions in Josephsorjunctions (Mooij et al.1999,
Friedman et al. 2000), and the implementation of Schredinger \kittens" in atom interferometry
(Chapman et al. 1995, Pfau et al. 1994), ion traps (Monroe et al. 1996) and microwave cavities
(Brune et al. 1996). In addition to con rming the superposition principle and other exotic aspects
of quantum theory (such as entanglement) in novel settings, some of these experiments allow|as
we shall seelater|for a controlled investigation of decoherence.

The other important changethat in uenced the perception of the quantum-to-classical \b or-
der territory" is the explosion of interest in quantum information and computation. Although
guantum computers were already being discussedin the 1980s,the nature of the interest has
changedsincePeter Shorinvented his factoring algorithm. Impressive theoretical advances,includ-
ing the discovery of quantum error correction and resilient quantum computation, quickly followed,
accompaniedby increasingly bold experimental forays. The superposition principle, oncethe cause
of trouble for the interpretation of quantum theory, has becomethe certral article of faith in the
emergingscienceof quantum information processing.This last developmen is discussedelsewhere
in this volume, sol shall not dwell on it here.

The application of quantum physicsto information processinghasalsotransformed the nature
of interest in the processof decoherenceAt the time of my original review (1991), decoherence
was a solution to the interpretation problem|a mecanism to impose an e ectiv e classicality
on de facto quantum systems.In quantum information processing,decoherenceplays two roles.
Above all, it is a threat to the quantumness of quantum information. It invalidates the quantum
superposition principle and thus turns quantum computers into (at best) classical computers,
negating the potential power o ered by the quantumnessof the algorithms. But decoherences also
a necessary(although, until recertly, tacitly taken for granted) ingredient in quantum information
processing,which must, after all, end in a \measuremert."

The role of a measuremetn is to convert quantum statesand quantum correlations (with their
characteristic inde niteness and malleability) into classical,de nite outcomes.Decoherencdeads
to the environment-induced superselection(einselection)that justi es the existenceof the preferred
pointer states. It enablesoneto draw an e ectiv e border betweenthe quantum and the classicalin
straightforward terms, which do not appeal to the \collapse of the wavepadet" or any other such
deusex machina.

Correlations and Measuremeris

A conveniert starting point for the discussionof the measuremen problem and, more generally, of
the emergenceof classicalbehavior from quantum dynamics is the analysis of quantum measure-
ments due to John von Neumann (1932). In cortrast to Bohr, who assumedat the outset that the
apparatus must be classical(thereby forfeiting claim of quantum theory to universalvalidity), von
Neumann analyzedthe caseof a quantum apparatus. | shall reproduce his analysisfor the simplest
case:a measuremem on a two-state systemS (which can be thought of asan atom with spin 1/2)

in which a quantum two-state (one bit) detector recordsthe result.
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Figure 1: A Reversible Stern-Gerlach Apparatus. The \gedanken" reversible Stern-Gerlach appa-
ratus in (a) splits a beamof atomsinto two branchesthat are correlated with the componert of the
spin of the atoms (b) and then recombinesthe branchesbeforethe atoms leave the device. Eugene
Wigner (1963) usedthis gedanken experiment to show that a correlation betweenthe spin and the
location of an atom can be reversibly undone. The introduction of a one-bit (two-state) quantum
detector that changesits state when the atom passesnearby prevens the reversal: The detector
inherits the correlation betweenthe spin and the trajectory, sothe Stern-Gerlach apparatus can
no longer undo the correlation. (This illustration was adapted with permissionfrom Zurek 1981.)

The Hilbert spaceHs of the system is spanned by the orthonormal states "i and j #i,
while the statesjd-i and jdsi spanthe Hp of the detector. A two-dimensionalH is the absolute
minimum neededto record the possibleoutcomes.One can devisea quantum detector (seeFigure
1) that \clicks" only when the spin is in the state j "i , that is,

JUjdgt bojrij i )

and remains unperturb ed otherwise.
I shall assumethat, beforethe interaction, the systemwasin a pure state s given by

Jsi= Jui+ j# ®3)

with the complex coe cien ts satisfyingj j>+ j j°2 = 1. The composite system starts as

j = osiide “4)
Interaction results in the evolution of j 'i into a correlated state j Ci:
jli= (i j#))  jrjdei+ j#Hijdei =] Ci o (5)

This essetial and uncontroversial rst stage of the measurememh processcan be accomplishedby
meansof a Scredinger equation with an appropriate interaction. It might be tempting to halt the
discussionof measuremeis with Equation (5). After all, the correlated state vector j i implies
that, if the detector is seenin the state jd-i, the systemis guaranteedto be found in the state j "i .
Why ask for anything more?

The reasonfor dissatisfactionwith j °i asa description of a completed measuremet is simple
and fundamertal: In the real world, even when we do not know the outcome of a measuremen,
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we do know the possible alternativ es, and we can safely act as if only one of those alternativ es
has occurred. As we shall seein the next section, such an assumption is not only unsafebut also
simply wrong for a systemdescribed by j €i.

How then can an obsener (who has not yet consulted the detector) expresshis ignorance
about the outcomewithout giving up his certainty about the \menu" of the possibilities? Quantum
theory provides the right formal tool for the occasion: A density matrix can be usedto describe
the probability distribution over the alternativ e outcomes.

Von Neumann was well aware of these di culties. Indeed, he postulated (1932) that, in
addition to the unitary ewolution given by Equation (1), there should be an ad hoc \pro cessl"|a
nonunitary reduction of the state vector|that would take the pure, correlated state j i into an
appropriate mixture: This processmakesthe outcomesindependert of one another by taking the
pure-state density matrix:

€= j Cih Sj=j j%"ih" jjdihd-j + j "ih# jjd- ihdg]
+  j#h" jjdgihdej+ | j?j #ib#jjdgindy) ; (6)

and cancelingthe o -diagonal terms that expresspurely quantum correlations (entanglemert) so
that the reduceddensity matrix with only classicalcorrelations emerges:

f = j%ih jjdeind-j+ | j?] #ih#jjdgindg) @)

Why is the reduced ' easierto interpret as a description of a completed measuremen than °?
After all, both " and ¢ contain identical diagonal elemeris. Therefore, both outcomesare still
potentially presen. So what|if anything|w as gained at the substartial price of introducing a
nonunitary processl?

The Question of Preferred Basis: What Was Measured?

The key advantage of " over €isthat its coe cien ts may be interpreted as classicalprobabilities.
The density matrix " can be usedto describe the alternativ e states of a composite spin-detector
systemthat has classicalcorrelations. Von Neumann's processl servesa similar purposeto Bohr's
\b order" even though processl leavesall the alternativesin place. When the o -diagonal terms
are absen, one can neverthelesssafely maintain that the apparatus, aswell asthe system, is eath
separately in a de nite but unknown state, and that the correlation between them still exists
in the preferred basis de ned by the states appearing on the diagonal. By the sametoken, the
identities of two halves of a split coin placed in two sealedenvelopes may be unknown but are
classically correlated. Holding one unopened ernvelope, we can be sure that the half it cortains is
either \heads" or \tails" (and not some superposition of the two) and that the secondernvelope
contains the matching alternativ e.

By contrast, it is impossibleto interpret € as represening sucd \classical ignorance." In
particular, eventhe setof the alternativ e outcomesis not degidedby ¢! This circumstancecan be
illustrated in a dramatic fashion by choosing = = 1= 2 sothat the density matrix ¢ is a
projection operator constructed from the correlated state

j ¢i=q"jd j#ijd#i)pé : (8)

This state is invariant under the rotations of the basis. For instance, instead of the eigenstatesof
j"i andj#i of ~, onecanrewrite j ©i in terms of the eigenstatesof ":

=G 2 (93)

. N =

jio =" jH#) 2 (9b)
This represenation immediately yields

=i di i d =3 (10
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where p— p_
jd i=jdsi di= 2 and jd i=jdi+dsi 2 ; (11)

are, as a consequenceof the superposition principle, perfectly \legal" statesin the Hilbert space
of the quantum detector. Therefore, the density matrix

could have many (in fact, in nitely many) di erent states of the subsystemson the diagonal.

This freedomto choosea basis should not come as a surprise. Except for the notation, the
state vectorj C©i is the sameasthe wave function of a pair of maximally correlated (or entangled)
spin-1/2 systemsin David Bohm's version (1951) of the Einstein-Podolsky-Rosen(EPR) paradox
(Einstein et al. 1935).And the experimernts that show that such nonseparablequantum correlations
violate Bell's inequalities (Bell 1964) are demonstrating the following key point: The states of the
two spinsin a systemdescribed by j i are not just unknown, but rather they cannot exist before
the \real" measuremem (Aspect et al. 1981,1982). We concludethat when a detector is quantum,
a superposition of recordsexists and is a record of a superposition of outcomes|a very nonclassical
state of a airs.

Missing Information and Decoherence

Unitary ewolution condemnsevery closedquantum systemto \purit y." Yet, if the outcomesof a
measuremenh areto becomeindependert everts, with consequencethat canbe explored separately
a way must be found to dispose of the excessinformation. In the previous sections, quantum
correlation was analyzed from the point of view of its role in acquiring information. Here, | shall
discussthe ip side of the story: Quantum correlations can also disperseinformation throughout
the degreesof freedomthat are, in e ect, inaccessibleto the obsener. Interaction with the degrees
of freedom external to the system|whic h we shall summarily refer to asthe environment|o ers
such a possibility.

Reduction of the state vector, ¢) ", decreaseshe information available to the obsener
about the composite system SD. The information lossis neededif the outcomesare to become
classicaland thereby available asinitial conditions to predict the future. The e ect of this lossis
to increasethe entropy H = Tr In by an amount

H=H(") H(9=(@ ?Inj j?+ji?nj j?) : (12)

Entropy must increasebecausethe initial state described by ¢ waspure, H( ©) = 0, and the
reducedstate is mixed. Information gain|the objective of the measuremeijis accomplishedonly
when the obsener interacts and becomescorrelated with the detector in the already precollapsed
state .

To illustrate the processof the environment-induced decoherenceconsider a system S, a
detector D, and an environment E. The environment is alsoa quantum system. Following the rst
step of the measuremen process|establishment of a correlation as showvn in Equation (5)|the
ernvironment similarly interacts and becomescorrelated with the apparatus:

i OGHET = (jUijdei+ [ #ijdei)Eoi ) i GiEei + [ HijOuiELi =] 0 (13)

The nal state of the combined SD E \v on Neumann chain" of correlated systemsextendsthe
correlation beyond the SD pair. When the statesof the ervironment E;i corresponding to the states
jd-i and jdg4i of the detector are orthogonal, hEjEj«i = jio, the density matrix for the detector-
systemcombination is obtained by ignoring (tracing over) the information in the uncortrolled (and
unknown) degreesof freedom

ps = Trej ih j= hEj ih jEoi =j j?"ih" jid-ind-j+ | j?j #ih#jideindsj = " (14)

The resulting ' is preciselythe reduceddensity matrix that von Neumann called for. Now,
in contrast to the situation described by Equations (9){(11), a superposition of the records of the
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detector statesis no longer a record of a superposition of the state of the system. A preferred basis
of the detector, sometimescalled the \p ointer basis" for obvious reasons,has emerged.Moreover,
we have obtained itjor soit appears|without having to appeal to von Neumann's nonunitary
processl or anything elsebeyond the ordinary, unitary Sdredinger evolution. The preferred basis
of the detector|or for that matter, of any open quantum system|is selectedby the dynamics.
Not all aspects of this processare completely clear. It is, however, certain that the detector-
environment interaction Hamiltonian plays a decisiverole. In particular, whenthe interaction with
the environment dominates, eigenspace®f any obsenable that commutes with the interaction
Hamiltonian,
[ i Hin]=0: (15)

invariably end up on the diagonal of the reduceddensity matrix (Zurek 1981,1982). This commu-
tation relation has a simple physical implication: It guaranteesthat the pointer obsenable  will
be a constart of motion, a consened quantity under the ewlution generatedby the interaction
Hamiltonian. Thus, when a systemis in an eigenstateof , interaction with the environment will
leave it unperturb ed.

In the real world, the spreadingof quantum correlations is practically inevitable. For example,
whenin the courseof measuringthe state of a spin-1/2 atom (seeFigure 1b), a photon had scattered
from the atom while it wastraveling along one of its two alternativ e routes, this interaction would
have resulted in a correlation with the environment and would have necessarilyled to a loss of
guantum coherence.The density matrix of the SD pair would have lost its o -diagonal terms.
Moreover, given that it is impossibleto catch up with the photon, sud loss of coherencewould
have beenirreversible. As we shall seelater, irreversibility could also arise from more familiar,
statistical causes:Environments are notorious for having large numbers of interacting degreesof
freedom,making extraction of lost information asdi cult asreversingtra jectoriesin the Boltzmann
gas.

Quantum Discord|A Measure of Quantumness

The contrast between the density matrices in Equations (6) and (7) is stark and obvious. In
particular, the entanglemert betweenthe system and the detector in € is obviously quantum|
classicalsystemscannot be entangled. The argumert against the \ignorance" interpretation of ¢
still stands. Yet we would like to have a quantitativ e measureof how much is classical (or how
much is quantum) about the correlations of a state represeried by a generaldensity matrix. Suc
a measureof the quantumnessof correlation was devisedrecertly (Zurek 2000, Ollivier and Zurek
2002).1t is known asquantum discord. Of the seweral closelyrelated de nitions of discord, we shall
selectone that is easiestto explain. It is basedon mutual informationjan information-theoretic
measureof how much easierit is to describe the state of a pair of objects (S;D) jointly rather
than separately One formula for mutual information | (S : D) is simply

1(S:D)=H(S)+ H(D) H(SD) ;

whereH (S) and H(D) are the entropies of S and D, respectively, and H(S;D) is the joint entropy
of the two. When S and D are not correlated (statistically independen),

H(S;D) = H(S)+ H(D) ;

and | (S: D) = 0. By cortrast, when there is a perfect classical correlation between them (for
example, two copies of the same book), H(S;D) = H(S) = H(D) = 1 (S: D). Perfect classical
correlation implies that, whenwe nd out all about one of them, we also know everything about
the other, and the conditional entropy H(SjD) (a measureof the uncertainty about S after the
state of D is found out) disappears. Indeed, classically the joint entropy H(S;D) can always be
decomposedinto, say, H (D), which measureghe information missingabout D, and the conditional
entropy H(SjD). Information is still missingabout S even after the state of D hasbeendetermined:
H(S;D) = H(D) + H(SjD). This expressionfor the joint entropy suggestsan obvious rewrite of
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the precedingde nition of mutual information into a classicallyidentical form, namely,
J(S:D)=H(S)+ H(D) (H(D)+ H(SjD)) :

Here, we have abstained from the obvious (and perfectly justied from the classical viewpoint)
cancellation in order to emphasizethe certral feature of quantumness: In quantum physics, the
state collapsesinto one of the eigenstatesof the measuredobsenable. Hence,a state of the object
is rede ned by a measuremeh Thus, the joint entropy can be de ned in terms of the conditional
entropy only after the measuremen usedto accesssay, D, hasbeenspeci ed. In that case,

Hjg.i = (H(D) + H(S|D));q,;

This type of joint entropy expresseghe ignoranceabout the pair (S;D) after the obsenable with
the eigenstatesfj d¢ig hasbeenmeasuredon D. Of course,Hjq, ; (S; D) is not the only way to de ne
the entropy of the pair. One can also compute a basis-indeendert joint entropy H(S;D), the von
Neumann entropy of the pair. Sincethesetwo de nitions of joint entropy do not coincide in the
guantum case,we can de ne a basis-deendert quantum discord

jai(SiP) =1 J = (H(D) + H(S|D))q,; + H(S:D)

jdii
as the measureof the extent by which the underlying density matrix describingS and D is per-
turb ed by a measuremen of the obsenable with the eigenstatesfj dkig. Statesof classicalobjects|
or classicalcorrelations|are \ob jective": They exist independen of measuremets. Hence,when
there is a basisfj dcig sudc that the minimum discord evaluated for this basis disappears,

(SiD) = minjg,ifH (SID)  (H(D) + H(SD))jq 0= 0

the correlation can be regardedas e ectiv ely classical(or more precisely as\classically accessible
through D"). One canthen show that there is a set of probabilities assa@iated with the basisfj dig
that can be treated asclassical.lt is straightforward to seethat, when S and D are entangled (for
example, ¢=j ¢ih ¢j), then "> 0in all bases.By cortrast, if we consider ", discord disappears
in the basisfj d-i;jds)ig sothat the underlying correlation is e ectiv ely classical.

It is important to emphasizethat quantum discord is not just another measureof entangle-
ment but a geruine measureof the quantumness of correlations. In situations involving measure-
ments and decoherencequantumnessdisappearsfor the preferred set of statesthat are e ectiv ely
classicaland thus servesas an indicator of the pointer basis, which as we shall see,emergesas a
result of decoherenceand einselection.

Decoherence:How Long Doeslt Take?

Figure 2: A \Schredinger Cat" State or a Coherernt Superposition. This cat state' (x), the coheren
superposition of two Gaussianwavepadets of Equation (18), could describe a particle in a super-
position of locations inside a Stern-Gerlach apparatus (seeFigure 1) or the state that developsin
the courseof a double-slit experiment. The phasebetweenthe two componerts has beenchosento
be zero.

A tractable model of the environment is a orded by a collection of harmonic oscillators
(Feynman and Vernon 1963, Dekker 1981, Caldeira and Leggett 1983a,1983b,1985,Joosand Zeh
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1985,Hu et al. 1992) or, equivalertly, by a quantum eld (Unruh and Zurek 1989). If a particle is
preser, excitations of the eld will scatter o the particle. The resulting \ripples" will constitute a
record of its position, shape, orientation, and soon, and most important, its instantaneouslocation
and henceits trajectory.

A boat traveling on a quiet lake or a stone that fell into water will leave such an imprint on
the water surface. Our eyesigh relies on the perturbation left by the objects on the preexisting
state of the electromagnetic eld. Hence,it is hardly surprising that an imprint is left whenewer
two quantum systemsinteract, even when \nob ody is looking," and even when the lake is stormy
and full of preexisting waves, and the eld is full of excitations|that is, when the environment
starts in equilibrium at some nite temperature. \Messy" initial states of the ervironment make
it dicult to decipherthe record, but do not precludeits existence.

A speci c example of decoherencela particle at position x interacting with a scalar eld
(which can be regardedas a collection of harmonic oscillators) through the Hamiltonian

Hinw = xd =dt (16)

where is the strength of the coupling, has been extensively studied by many, including the
investigatorsjust referenced.The conclusionis easilyformulated in the so-called\high-temp erature
limit,” in which only thermal-excitation e ects ofthe eld aretakeninto accourt and the e ect of
zero-point vacuum uctuations is neglected.In this case,the density matrix (x; x% of the particle
in the position represenation ewlvesaccordingto the master equation

Von Neurrllaﬂn Equa{tion 5 Relaﬁtio@n = { 72 I|3(ec_c|)—?fr ence {
i m Kg
_= ~[H; ] x X = = ——x x9 ;@
1Dy | S T S
= FORCE= V = Classical Phase Space

whereH is the particle's Hamiltonian (although with the potential V (x) adjusted becauseof Hy; ),
is the relaxation rate, kg is the Boltzmann constart, and T is the temperature of the eld. Equa-
tion (17) is obtained by rst solving exactly the Schroedinger equation for a particle plus the eld
and then tracing over the degreesof freedomof the eld. | will not analyze Equation (17) in detail
but just point out that it naturally separatesinto three distinct terms, eath of them responsible for
a dierent aspect of the e ectiv ely classicalbehavior. The rst term|the von Neumann equation
(which can be derived from the Sdcreodinger equation)|generates reversible classicalewvolution of
the expectation value of any obsenable that has a classicalcounterpart regardlessof the form of
(Ehrenfest's theorem). The secondterm causesdissipation. The relaxation rate = =2m is
proportional to the viscosity = 2=2dueto the interaction with the scalar eld. That interaction
causesa decreasein the averagemomertum and loss of energy The last term also has a classical
counterpart: It is responsiblefor uctuations or random \kic ks" that lead to Brownian motion. We
shall seethis in more detail in the next section. For our purposes,the e ect of the last term on
guantum superpositions is of greatestinterest. | shall show that it destroys quantum coherence,
eliminating o -diagonal terms responsible for quantum correlations between spatially separated
piecesof the wavepadet. It is therefore responsible for the classicalstructure of the phasespace,
asit cornverts superpositions into mixtures of localized wave padkets which, in the classicallimit,
turn into the familiar points in phasespace.This e ect is bestillustrated by an example.Consider
the \cat" state shown in Figure 2, where the wave function of a patrticle is given by a coherert
superposition of two Gaussians:' (x) = ( *(x) + (x)):Z% and the Gaussiansare
X =t ¥
()= Xji exp 4722 : (18)
For the caseof wide separation ( x >> ), the corresponding density matrix (x; x% =
" (x)' (x9 hasfour peaks: Two on the diagonal de ned by x = x% and two o the diagonal for
which x and x° are very dierent (seeFigure 3). Quantum coherenceis due to the o -diagonal
peaks.As those peaksdisappear, position emergesas an approximate preferred basis.
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Figure 3: Evolution of the Density Matrix for the Schredinger Cat State in Figure 2. (a)This plot
shows the density matrix for the cat state in Figure 2 in the position represenation (x; x% =
" (X)' (x). The peaksnear the diagonal (green) correspond to the two possiblelocations of the
particle. The peaksaway from the diagonal (red) are dueto quantum coherenceTheir existenceand
sizedemonstratethat the particle is not in either of the two approximate locations but in a coherert
superposition of them. (b) Environment-induced decoherenceausesdecay of the o -diagonal terms
of (x; x9. Here, the density matrix in (a) haspartially decoheredFurther decoherencavould result
in a density matrix with diagonal peaksonly. It can then be regarded as a classical probability
distribution with an equal probability of nding the particle in either of the locations corresponding
to the Gaussianwave padkets.

The last term of Equation (17), which is proportional to (x x9?, has little e ect on the
diagonal peaks.By cortrast, it has a large e ect on the o -diagonal peaksfor which (x x9?2 is
approximately the squareof the separation ( x)2. In particular, it causesthe o -diagonal peaks
to decay at the rate d%( ) 2 mkgT=h?( x)2 = Dl *. It follows that quantum coherence
will disappear on a decoherencdime scale(Zurek 1984);

2 2
1 dB _ h .
= — = R S : 19
b X R X 2mkg T (19)

where 4g = h=(2mkgT) Z is the thermal de Broglie wavelength. For macroscopicobjects, the
decoherenceime p is typically much lessthan the relaxation time g = . For a system at
temperature T = 300 kelvins with massm = 1 gram and separation x = 1 certimeter, the ratio
of the two time scalesis p=r 10 “°! Thus, evenif the relaxation rate were of the order of the
ageof the Universe, 10! secondsguantum coherencewould be destroyedin p 10 23 second.

For microscopic systemsand, occasionally even for very macroscopicones,the decoherence
times are relatively long. For an electron (me = 10 ?’grams), p can be much larger than the
other relevant time scaleson atomic and larger energy and distance scales.For a massive Weber
bar, tiny x( 10 7centimeter) and cryogenictemperatures suppressdecoherenceNevertheless,
the macroscopicnature of the object is certainly crucial in facilitating the transition from quantum
to classical.

Experiments on Decoherence

A great deal of work on master equations and their derivations in di erent situations has been
conducted since 1991, but in e ect, most of the results described above stand. A summary can be
found in Paz and Zurek (2001) and a discussionof the caveatsto the simple conclusionsregarding
decoherenceaates appearsin Anglin et al. (1997).

Perhapsthe most important developmert in the study of decoherencds on the experimental
front. In the past decade,seeral experiments probing decoherencen various systemshave been
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carried out. In particular, Michel Brune, SergeHaroche, Jean-Michel Raimond, and their colleagues
at Ecole Normale Superieurein Paris (Brune et al. 1996, Haroche 1998) have performed a seriesof
microwave cavity experiments in which they manipulate electromagnetic elds into a Schredinger-
cat-like superposition using rubidium atoms. They probe the ensuingloss of quantum coherence.
These experiments have con rmed the basic tenets of decoherenceheory. Sincethen, the French
sciertists have applied the sametechniquesto implement various quantum information-pro cessing
ventures. They are in the processof upgrading their equipmert in order to produce \bigger and
better" Sdredinger cats and to study their decoherence.

A little later, Wineland, Monroe, and coworkers (T urchette et al. 2000) usedion traps (set up
to implement a fragment of one of the quantum computer designs)to study the decoherencef ions
dueto radiation. Again, theory wascon rmed, further advancingthe status of decoherencasboth a
keyingredient of the explanation of the emergen classicality and a threat to quantum computation.
In addition to these dewelopmerts, which test various aspects of decoherenceénduced by a real or
simulated \large ervironment," Pritchard and his coworkers at the Massadwusetts Institute of
Tedhnology have carried out a beautiful sequenceof experiments by using atomic interferometry in
order to investigatethe role of information transfer betweenatoms and photons (seeKokorowski et
al. 2001 and other referencestherein). Finally, \analogue experiments" simulating the behavior of
the Schredinger equation in optics (Cheng and Raymer 1999) have explored someof the otherwise
di cult-to-access cornersof the parameter space.

In addition to theseessetially mesoscopicScrodinger cat decoherenceexperiments, designs
of much more substartial \cats" (for example, mirrors in superpositions of quantum states) are
being investigated in seweral laboratories.

ClassicalLimit of Quantum Dynamic

The Sdiredinger equation was deduced from classical medanics in the Hamilton-Jacobi form.
Thus, it is no surprise that it yields classical equations of motion when h can be regarded as
small. This fact, along with Ehrenfest's theorem, Bohr's correspondenceprinciple, and the kinship
of quantum commutators with the classical Poissonbrackets, is part of the standard lore found
in textb ooks. However, establishing the quantum-classical correspondenceinvolves the states as
well as the equations of motion. Quantum medanics is formulated in Hilbert space,which can
accommalate localized wavepadets with sensibleclassicallimits as well as the most bizarre and
guantum superpositions. By cortrast, classicaldynamics happensin phasespace.To facilitate the
study of the transition from quantum to classicalbehavior, it is corveniert to employ the Wigner
transform of a wave function  (x):

Z,

W(x; p) = 2—1h e x+

y
1 2

y :
X > dy ; (20)

which expressegjuantum states as functions of position and momertum.

The Wigner distribution W (x; p) is real, but it can be negative. Hence,it cannot be regarded
asa probability distribution. Nevertheless,when integrated over one of the two variables, it yields
the probability distribution for the other (for example, W(x; p)dp = j (x)j?). For a minimum
uncertainty wavepadket, (x) = ¥ %expf (X %0)?=2 2 + ipox=hg, the Wigner distribution
is a Gaussianin both x and p:

(x %0)® (p po)? 2

: e @y

1
W(x;p) = — exp

It describes a system that is localized in both x and p. Nothing elsethat Hilbert spacehas to
o er is closerto approximating a point in classicalphasespace.The Wigner distribution is easily
generalizedto the caseof a generaldensity matrix  (x; x9:
z 1
1 ioy = y
W(X;p) = — gy x Loxs
P =5+ ) >

dy ; (22)

NI
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where (x; x9) is, for example, the reduceddensity matrix of the particle discussedbefore.

The phase-spacenature of the Wigner transform suggestsa strategy for exhibiting classical
behavior: Whenever W (x; p) represerts a mixture of localized wavepadets|as in Equation (21)|
it can be regarded as a classical probability distribution in the phase space.However, when the
underlying state is truly quantum, asis the superposition in Figure 2, the corresponding Wigner
distribution function will have alternating sign|see Figure 4(a). This property alone will make it
impossibleto regard the function asa probability distribution in phasespace.The Wigner function
in Figure 4(a) is
+ o4 2 2 2
w+ ihexp ph—2 X—2 cos Txp ; (23)

W(x; p)
wherethe GaussiansW* and W  are Wigner transforms of the Gaussianwavepadket * and
If the underlying state had beena mixture of * and rather than a superposition, the Wigner
function would have beendescribed by the sametwo GaussiansW* and W , but the oscillating
term would have beenabsen.
The equation of motion for W (x; p) of a particle coupledto an ervironment can be obtained
from Equation (17) for (x; x9:

av_ rO,, &9, ,, %y, p&Y

@ me ,e@, | @, [_@

Liouv illeE quation F riction D ecoher ence

(24)

whereV is the renormalized potential and D = 2m gT = kg T. The three terms of this equation
correspond to the three terms of Equation (17).

The rst term is easilyidentied asa classicalPoissonbracket fH; Wg. That is, whenw(X; p)
is a familiar classicalprobability density in phasespace,then it ewlvesaccordingto:

@_ oa ool
@ @@ @@

where L stands for the Liouville operator. Thus, classicaldynamics in its Liouville form follows
from quantum dynamics at least for the harmonic oscillator case,which is described rigorously by
Equations (17) and (24). (For more general V (x), the Poissonbracket would have to be supple-
mented by quantum corrections of order h.) The secondterm of Equation (24) represerts friction.
The last term results in the di usion of W (x; p) in momertum at the rate given by D.

Classical equations of motion are a necessarybut insu cien t ingredient of the classicallimit:
We must also obtain the correct structure of the classical phase spaceby barring all but the
probabilit y distributions of well-localizedwavepadets. The last term in Equation (24) hasprecisely
this e ect on nonclassical W (x; p). For example, the Wigner function for the superposition of
spatially localized wave packets|Figure 4(a)lhas a sinusoidal modulation in the momertum
coordinate producedby the oscillating term coq( x=h)p). This term, howewer, is an eigenfunction
of the di usion operator @=@? in the last term of Equation (24). As a result, the modulation is
washedout by di usion at a rate

= fH;wg= Lw (25)

oW D&YW om keT( %2

Y] W h? (26)

Negative valleysof W (x; p) Il in on atime scaleof order p, and the distribution retains just
two peaks,which now correspond to two classicalalternativ es-sed-igures 4(a) to 4(e). The Wigner
function for a superposition of momerta, shavn in Figure 4(a%, also decoheresas the dynamics
causeshe resulting di erence in velocities to damp out the oscillations in position and again yield
two classicalalternativ es|see Figures 4(b% to 4(9).

The ratio of the decoherenceand relaxation time scalesdepends on h’=m|see Equation
(19). Therefore, when m is large and h small, p can be nearly zero|decoherence can be nearly
instantaneous|while, at the sametime, the motion of small patches (which correspond to the
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Figure 4: Wigner Distributions and Their Decoherencdor Coherert Superpositions. (a) The Wigner
distribution W (x; p) is plotted as a function of x and p for the cat state of Figure 2. Note the
two separate positive peaks as well as the oscillating interference term in between them. This
distribution cannot be regardedasa classicalprobability distribution in phasespacebecauset has
negative cortributions. (b{e) Decoherenceproducesdi usion in the direction of the momertum.
As a result, the negative and positive ripples of the interferenceterm in (x;p) diuse into eath
other and cancelout. This processis almost instantaneousfor open macroscopicsystems.In the
appropriate limit, the Wigner function has a classical structure in phase spaceand ewlves in
accord with the equations of classicaldynamics. (a%e% The analogousinitial Wigner distribution
and its ewolution for a superposition of momenta are shown. The interference terms disappear
more slowly on a time scaledictated by the dynamics of the system: Decoherencds causedby the
ernvironment coupling to (that is, monitoring) the position of the system|see Equation(16). So,
for a superposition of momerta, it will start only after di erent velocities move the two peaksinto
di erent locations.

probability distribution in classicalphasespace)in the smooth potential becomesreversible. This
idealization is responsible for our con dence in classicalmedanics, and, more generally, for many
aspects of our belief in classicalreality.

The discussionabove demonstrates that decoherenceand the transition from quantum to
classical(usually regardedas esoteric)is an inevitable consequenc®f the immersion of a systemin
an ervironment. True, our considerationswerebasedon a fairly speci c modella particle in a heat
bath of harmonic oscillators. Howe\er, this is often a reasonableapproximate model for many more
complicated systems.Moreover, our key conclusions|suc h asthe relation betweenthe decoherence
and relaxation time scalesin Equation (19)|do not depend on any speci ¢ features of the model.
Thus, one can hope that the viscosity and the resulting relaxation always imply decoherenceand
that the transition from quantum to classicalcan be always expectedto take placeon a time scale
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of the order of the above estimates.

The Predictabilit y Sieve

Since 1991, the understanding of the emergenceof the preferred pointer states during the process
of decoherencehas advanced a great deal. Perhaps the most important advance to date is the
predictability siewve (Zurek 1993, Zurek et al. 1993), a more general de nition of pointer states
that can be used even when the interaction with the ervironment does not dominate over the
self-Hamiltonian of the system. The predictabilit y sieve sifts through the Hilb ert spaceof a system
interacting with its environment and selectsstates that are most predictable. Motiv ation for the
predictability sieve comesfrom the obsenation that classical states exist or ewlve predictably.
Therefore, selecting quantum states that retain predictability in spite of the coupling to the en-
vironment is the obvious strategy in seard of classicality. To implemernt the predictability siewe,
we imagine a (continuously in nite) list of all the pure statesfj ig in the Hilbert spaceof the
systemin question. Each of them would ewolve, after a time t, into a density matrix ; ;(t). If the
system were isolated, all the density matrices would have the form ; ;(t) = j (t)ih (t)j of pro-
jection operators, wherej (t)i is the appropriate solution of the Schredinger equation. But when

the systemis coupled to the ervironment (that is, the systemis \open"), ; i(t) is truly mixed
and has a nonzerovon Neumann ertropy. Thus, one can compute H( ; i(t)) = Tr j ;log j i,
thereby de ning a functional on the Hilbert spaceHs of the system,j i ! H(j i;t). An obvious
&
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Figure A: The Predictability Siewe for the Underdamped Harmonic Oscillator. One measure of
predictabilit y is the so-calledpurity (Tr ?2), which is plotted as a function of time for mixtures of
minimum uncertainty wavepadets in an underdamped harmonic oscillator with =! = 10 4. The
wavepadets start with di erent squeezeparameterss. (Tr 2) servesasa measureof the purity of
the reduceddensity matrix . The predictabilit y sieve favors coherert states (s = 1), which have
the shape of a ground state, that is, the samespreadin position and momertum when measured
in units natural for the harmonic oscillator. Becausethey are the most predictable (more than the
energy eigenstates),they are expectedto play the crucial role of the pointer basisin the transition

from quantum to classical.

way to look for predictable, e ectiv ely classicalstatesis to seeka subsetof all fj ig that minimize
H(j i;t) after a certain, su cien tly long time t. When suc preferred pointer states exist, are well
de ned (that is, the minimum of the entropy H(j i;t) diers signi cantly for pointer statesfrom
the averagevalue), and are reasonablystable (that is, after the initial decoherencdime, the set of
preferred states is reasonablyinsensitive to the precisevalue of t), one can considerthem as good
candidates for the classicaldomain. Figure A illustrates an implementation of the predictabilit y
siewe strategy using a di erent, simpler measureof predictabilit y|purit y (Tr 2)|rather than the
von Neumann entropy, which is much more di cult to compute.
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Quantum Chaosand PhaseSpaceAspects of Quantum - ClassicalCorrespondence

Classical medanics \happ ens" in phase space.lIt is therefore critically important to show that
guantum theory can|in the presenceof decoherence|repro duce the basic structure of classical
phasespaceand that it can emulate classicaldynamics. The argumert put forward in my original
paper (1991) has sincebeenamply supported by seweral related developmerts.

The crucial idealization that plays a key role in classical physicsis a point. Becauseof the
Heiserberg's indeterminacy principle x p h=2. Hence,quantum theory doesnot admit states
with simultaneously vanishing x and p. However, as the study of the predictability sieve has
demonstrated, in many situations relevant to the classical limit of quantum dynamics one can
expect decoherenceo selectpointer statesthat arelocalizedin both  x and p. That is, approx-
imate minimum uncertainty wavepadets are a quantum version of points. They appear naturally
in the underdamped harmonic oscillator coupled weakly to the ervironment (Zurek, 1993, Zurek
et al. 1993, Gallis 1996). Theseresults are alsorelevant to the transition from quantum to classical
in the context of eld theory with the added twist that the kinds of states selectedwill typically
di er for bosonicand fermionic elds (Anglin and Zurek 1996) becausebosonsand fermions tend
to coupledi erently to their environments. Finally, under suitable circumstances,einselectioncan
even single out energy eigenstatesof the self-Hamiltonian of the system,thus justifying in part the
perception of \quantum jumps" (Paz and Zurek 1999).

An intriguing arena for the discussionof quantum - classical correspondenceis quantum
chaos.To beginwith, classicaland quantum ewolutions from the sameinitial conditions of a system
lead to very di erent phasespace\p ortraits.” The quantum phasespaceportrait will depend on
the particular represenation used, but there are good reasonsto favor the Wigner distribution.
Studiesthat usethe Wigner distribution indicate that, at the moment whenany quantum - classical
correspondenceis lost in chaotic dynamics, even the averagescomputed using properties of the
classicaland quantum states begin to dier (Karkuszewskiet al. 2002).

Decoherenceappearsto be very e ectiv e in restoring correspondence.This point, originally
demonstrated almost a decadeago (Zurek and Paz 1994, 1995) has since been amply corrobo-
rated by numerical evidence(Habib et al. 1998). Basically, decoherenceeradicatesthe small-scale
interferenceaccomparying the rapid developmert of large-scalecoherencein quantum versionsof
classically chaotic systems(refer to Figure B). This outcome was expected. In order for the quan-
tum to classicalcorrespondenceto hold, the coherencdength "¢ of the quantum state must satisfy
the following inequality: "¢ = h=(2D )% << , where isthe Lyapunov exponert, D is the usual
coe cien t describing the rate of decoherenceand is the scaleon which the potential V(x) is

signi cantly nonlinear: r

VO
\/000

When a quantum state is localized on scalessmall comparedto  (which is the import of the
inequality above), its phasespaceevwolution is e ectiv ely classical,but becauseof chaosand deco-
herence,it becomesirreversible and unpredictable.

A surprising corollary of this line of argumert is the realization (Zurek and Paz 1994) that
the dynamical secondlaw|en tropy production at the scaleset by the dynamics of the systemand
more or lessindependert of the strength of the coupling to the environment|is a natural and,
indeed, an inevitable consequencef decoherenceThis point hasbeensincecon rmed in numerical
studies (Miller and Sarkar 1999, Pattanayak 1999, Monteoliva and Paz 2000).

Other surprising consequencesf the study of Wigner functions in the quantum-chaotic con-
text is the realization that they develop phase spacestructure on the scale assaiated with the
sub-Plandk action = h?=A << h, where A is the classicalaction of the system, and that this
sub-Plandk action is physically signi cant (Zurek 2001b). This can be seenin Figure B part (a),
wherea small black squarewith the areaof h is clearly larger than the smallest\ripples" in the im-
age.This point wasto someextent anticipated by the plots of the Wigner functions of Schredinger
cats (seeFigures 4aand 4(a% in this article) a versionof which appearedin the 1991Physics Today
version of this paper|the interferenceterm of the Wigner function has a sub-Plandk structure.

A lot hashappenedin establishing phasespaceaspectsof quantum - classicalcorrespondence,
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Figure B: Decoherencén a Chaotic Driven Double-Well System. This numerical study (Habib et al.
1998)of a chaotic driven double-well systemdescribed by the Hamiltonian H = p?=2m Ax* Bx*+

Fxcoq!t) with m = 1;A = 10;B = 0:5;F = 10,and ! = 6:07 illustrates the e ectiv enessof
decoherencein the transition from quantum to classical. These parameters result in a chaotic
classicalsystemwith a Lyapunov exponert = 0:5. The three snapshotstaken after 8 periods of

the driving forceillustrate phasespacedistributions in (a) the quantum case,(b) the classicalcase,
and (c) the quantum casebut with decoherencgD = 0.025). The initial condition was always the
sameGaussian,and in the quantum casesthe state waspure. Interferencefringesare clearly visible
in (a), which bearsonly a vague resenblance to the classicaldistribution in (b). By contrast, (c)
shows that even modest decoherencehelps restore the quantum-classical correspondence.In this
example the coherencelength "¢ is not much smaller than the typical nonlinearity scale, so the
systemis on the border betweenquantum and classical.Indeed, traces of quantum interferenceare
still visible in (c) asblue \troughs,” or regionswhere the Wigner function is still slightly negative.
The changein color from red to blue shown in the legendsfor (a) and (c) correspondsto a change
from positive peaksto negative troughs. In the ab initio classicalcase(b), there are no negative
troughs.

but a lot more remainsto be done. (A more thorough summary of the past accomplishmerts and
remaining goalscan be found in Zurek 2001b).

1 Quantum Theory of ClassicalReality

Classicalreality can be de ned purely in terms of classicalstates obeying classicallaws. In the past
few sections,we have seenhow this reality emergesfrom the substrate of quantum physics: Open
guantum systemsare forced into states described by localized wavepadets. They obey classical
equations of motion, although with damping terms and uctuations that have a quantum origin.
What elseis there to explain?

Controversiesregarding the interpretation of quantum physicsoriginate in the clash between
the predictions of the Schredinger equation and our perceptions. | will therefore conclude this
paper by revisiting the sourceof the problem|our awarenessof de nite outcomes.If these mental
processeswvere essetially unphysical, there would be no hope of formulating and addressingthe
ultimate question|wh y do we perceive just one of the quantum alternativ es?|within the context
of physics. Indeed, one might be tempted to follow EugeneWigner (1961) and give consciousness
the last word in collapsing the state vector. | shall assumethe opposite. That is, | shall examine
the idea that the higher mental processesall correspond to well-de ned, but, at presen, poorly
understood information-pro cessingfunctions that are being carried out by physical systems, our
brains.

Described in this manner, awarenessbecomessusceptibleto physical analysis. In particular,
the processof decoherenceve have described above is bound to a ect the states of the brain: Rele-
vant obsenablesof individual neurons,including chemical concerirations and electrical potentials,
are macroscopic.They obey classical, dissipative equations of motion. Thus, any quantum super-
position of the states of neurons will be destroyed far too quickly for us to becomeconsciousof
the quantum \goings on". Decoherencepr more to the point, environment-induced superselection,
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appliesto our own \state of mind".

One might still ask why the preferred basis of neurons becomescorrelated with the classical
obsenablesin the familiar universe.It would be, after all, so much easierto believe in quantum
physics if we could train our sensesto perceive nonclassical superpositions. One obvious reason
is that the selectionof the available interaction Hamiltonians is limited and constrains the choice
of detectable obsenables. There is, however, another reasonfor this focus on the classicalthat
must have played a decisiwve role: Our sensedid not ewolve for the purposeof verifying quantum
medhanics. Rather, they have deweloped in the processin which survival of the ttest played a
certral role. There is no ewolutionary reasonfor perception when nothing can be gained from
prediction. And, asthe predictabilit y siewe illustrates, only quantum statesthat are robust in spite
of decoherenceand hence, e ectiv ely classical, have predictable consequencesindeed, classical
reality can be regardedas nearly synonymous with predictabilit y.

There is little doubt that the processof decoherencesketched in this paper is an important
elemen of the big picture certral to understanding the transition from quantum to classical.
Decoherencedestroys superpositions. The ernvironment induces, in e ect, a superselection rule
that prevents certain superpositions from being obsened. Only statesthat survive this processcan
becomeclassical.

There is even lessdoubt that this rough outline will be further extended. Much work needs
to be done both on technical issues(such as studying more realistic models that could lead to
additional experiments) and on problemsthat require new conceptualinput (such asde ning what
constitutes a \system" or answering the question of how an obsener ts into the big picture).

Decoherencads of usewithin the framework of either of the two interpretations: It can supply
a de nition of the branchesin Everett's Many Worlds Interpretation, but it can alsodelineate the
border that is socertral to Bohr's point of view. And if there is onelessonto be learned from what
we already know about such matters, it is that information and its transfer play a key role in the
guantum universe.

The natural scienceswerebuilt on atacit assumption: Information about the universecan be
acquired without changing its state. The ideal of \hard science"wasto be objective and provide a
description of reality. Information was regarded as unphysical, ethereal, a mere record of the tan-
gible, material universe,an inconsequetial re ection, existing beyond and essetially decoupled
from the domain governed by the laws of physics. This view is no longer tenable (Wheeler 1991,
Landauer 1991). Quantum theory has put an end to this Laplacean dream about a mecanical
universe. Obseners of quantum phenomenacan no longer be just passive spectators. Quantum
laws make it impossibleto gain information without changing the state of the measuredobject.
The dividing line betweenwhat is and what is known to be has beenblurred forever. While abol-
ishing this boundary, quantum theory has simultaneously deprived the \conscious obsener" of a
monopoly on acquiring and storing information: Any correlation is a registration, any quantum
state is a record of someother quantum state. When correlations are robust enough, or the record
is su cien tly indelible, familiar classical\ob jective reality" emergesfrom the quantum substrate.
Moreover, even a minute interaction with the ervironment, practically inevitable for any macro-
scopicobject, will establish such a correlation: The ervironment will, in e ect, measurethe state
of the object, and this su ces to destroy quantum coherence.The resulting decoherenceplays,
therefore, a vital role in facilitating the transition from quantum to classical.

The Existential Interpretation

The quantum theory of classical reality has developed signi cantly since 1991. These advances
are now collectively known as the existertial interpretation (Zurek 2001a). The basic di erence
betweenquantum and classicalstatesis that the objective existenceof the latter can be taken for
granted. That is, a system's classical state can be simply \found out" by an obsener originally
ignorant of any of its characteristics. By cortrast, quantum statesare hopelessly\malleable"|it is
impossiblein principle for an obsenerto nd out an unknown quantum state without perturbing
it. The only exceptionto this rule occurs when an obsener knows beforehandthat the unknown
state is one of the eigenstatesof somede nite obsenable. Then and only then cana nondemolition
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measuremen (Caveset al. 1980) of that obsenable be devisedsothat another obsener who knew
the original state would not notice any perturbations when making a con rmatory measuremem

If the unknown state cannot be found outlas is indeed the case for isolated quantum
systems|then one can make a persuasive casethat sud states are subjective, and that quan-
tum state vectors are merely records of the obsener's knowledge about the state of a fragmert of
the Universe(Fuchs and Peres2000). However, einselectionis capableof converting such malleable
and \unreal" quantum statesinto solid elemers of reality. Seweral ways to argue this point have
been deweloped since the early discussions(Zurek 1993,1998,2001a). In e ect, all of them rely
on einselection,the emergenceof the preferred set of pointer states. Thus, obseners aware of the
structure of the Hamiltonians (which are \ob jective," can be found out without \collateral dam-
age", and in the real world, are known well enoughin advance)can alsodivine the setsof preferred
pointer states (if they exist) and thus discover the preexisting state of the system.

One way to understand this ervironment|induced objective existenceis to recognizethat
obseners|esp ecially human obseners|nev er measureanything directly. Instead, most of our data
about the Universeis acquired when information about the systemsof interest is intercepted and
spreadthroughout the ervironment. The environment preferertially recordsthe information about
the pointer states, and hence,only information about the pointer states is readily available. This
argumert can be made more rigorous in simple models, whoseredundancy can be more carefully
quanti ed (Zurek 2000,2001a).

This is an area of ongoing researt. Acquisition of information about the systemsfrom frag-
ments of the environment leadsto the so-calledconditional quantum dynamics, a subject related
to quantum tra jectories (Carmichael 1993).In particular onecanshow that the predictabilit y sieve
alsoworks in this setting (Dalvit et al. 2001).

The overarching open question of the interpretation of quantum physics|the \meaning of the
wave function"|app earsto be in part answered by theserecert developmerts. Two alternativ es
are usually listed as the only conceiable answers. The possibility that the state vector is purely
epistemological(that is, solely a record of the obsener's knowledge) is often assciated with the
Copenhagenlinterpretation (Bohr 1928). The trouble with this view is that there is no uni ed
description of the Universeas a whole: The classicaldomain of the Universeis a necessarypre-
requisite, so both classicaland quantum theory are necessaryand the border betweenthem is, at
best, ill-de ned. The alternativ e is to regard the state vector as an ontological entitylas a solid
description of the state of the Universeakin to the classicalstates. But in this case(favored by
the supporters of Everett's Many Worlds Interpretation), everything consistert with the universal
state vector needsto be regardedas equally \real."

The view that seemsto be emergingfrom the theory of decoherences in somesensesome-
where in between these two extremes. Quantum state vectors can be real, but only when the
superposition principlela cornerstoneof quantum behaviorlis \turned o " by einselection.Yet
einselectionis causedby the transfer of information about selectedobsenables. Hence, the on-
tological features of the state vectors|ob jective existenceof the einselectedstates|is acquired
through the epistemological\information transfer."

Obviously, moreremainsto be done.Equally obviously, however, decoherencend einselection
are here to stay. They constrain the possible solutions after the quantumiclassical transition in
a manner suggestiwe of a still more radical view of the ultimate interpretation of quantum theory
in which information seemsdestinedto play a certral role. Further speculative discussionof this
point is beyond the scope of the present paper, but it will be certainly brought to the fore by
(paradoxically) perhapsthe most promising applications of quantum physicsto information pro-
cessing.Indeed, quantum computing inevitably posesquestionsthat probe the very core of the
distinction betweenquantum and classical. This developmert is an example of the unpredictabilit y
and serendipity of the processof scierti ¢ discovery: Questions originally asked for the most im-
practical of reasons|questions about the EPR paradox, the quantum-to-classical transition, the
role of information, and the interpretation of the quantum state vectorlha ve becomerelevant to
practical applications such as quantum cryptography and quantum computation.
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