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Maximilian Schlosshauer and Arthur Fine

7.1 Introduction

Over the past quarter-century, decoherence has become an omuipresent
term in the literature on quantum mechanics. Even named part of
the “new orthodoxy” [1] in understanding quantum mechanics, it has
attracted widespread attention among experimental and theoretical
physicists as well as philosophers of physics. The burgeoning field of
quantum computing [2] and research into the realization of mesoscopic
and macroscopic superposition states [3] has made decoherence a more
widely studied field than ever. Although decoherence per se does not
introduce anything particularly new into the formalism of standard
quantum mechanics, it is capable of yielding surprising results that,
when properly interpreted, can contribute crucially to a proper under-
standing of the connection between the quantum-mechanical formalism
and the world of our perception. Anyone working in the field of quan-
tum mechanics today needs to know the basics of decoherence and its
conceptual implications. This article is intended as a primer that re-
views those basics [4].

Decoherence studies the ubiquitious interactions between a system
and its surrounding environment. These interactions lead to a rapid
and strong entanglement between the two partners that has crucial
consequences for what we can observe at the level of the system. Stud-
ies have shown that even the microwave background radiation can have
a significant impact on systems of sizes as small as a dust particle [5].
The decoherence program describes such environmental interactions
and evaluates their formal, experimental, and conceptual consequences
for the quantum-mechanical description of physical systems. In the fol-
lowing, we will introduce the main concepts of decoherence and discuss
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some of their implications for foundational aspects and interpretations
of quantum mechanics.

7.2 Basics of Decoherence

The key idea promoted by decoherence is rather simple, although its
consequences are far-reaching and seem to have been overlooked for a
surprisingly long time: To give a correct quantum-mechanical account
of the behavior and properties of a physical system, we must include
the interactions of this system with its omnipresent environment, which
generally involves a large number of degrees of freedom.

Classical physics typically studies systems that are thought of as
being separated from their surroundings. The environment is generally
viewed as a “disturbance” or “noise.” In many cases, the influence of
the environment is neglected, usually in accordance with the relative
sizes of system and environment. For instance, the scattering of air
molecules on a bowling ball is ignored when the motion of the ball is
studied, while surrounding molecules have a crucial influence on the
path of a small particle in Brownian motion.

By contrast, in quantum mechanics, environmental interactions
amount to more than a simple delivery of “kicks” to the system. They
lead to the formation of a nonlocal entangled state for the system-—
environment combination. Consequently, no individual quantum state
can be attributed to the system anymore. Such entanglement cor-
responds to establishing correlations that imply properties for the
system—environment combination that are not derivable from features
of the individual parts themselves and that change the properties that
we can “assign” to the individual system. Thus interactions between a
given system and its large, ubiquitous environment, must not be ne-
glected if the system is to be described properly in quantum-mechanical
terms.

The theory of decoherence typically involves two distinct steps: a
dynamical step, namely, the interaction of the system with its envi-
ronment and the resulting entanglement, and a coarse-graining step
in form of a restriction to observations of the system only. The latter
step can be motivated by the (nontrivial) empirical insight that all ob-
servers, measuring devices, and interactions are intrinsically local [6].
In any realistic measurement performed on the system, it is practically
impossible to include all degrees of freedom of the system and those of
the environment that have interacted with the system at some point.
Tn nather wards. inclusion of the environment is needed to arrive at a
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complete description of the time evolution of the system, but we sub-
sequently “ignore” at least a part of the environment by not observing
it. For example, light that scatters off a particle will influence the be-
havior of the particle, but we will intercept (i.e., observe) only a tiny
part of the scattered photons with our visual apparatus; the rest will
escape our observation. The key question that decoherence investigates
can then be put as follows: What are the consequences of nonlocal en-
vironmental entanglement for local measurements?

To formalize matters, let us assume that the system S can be de-
scribed by state vectors |sg), and that the interaction with the environ-
ment & leads to a formation of product states of the form |sz) ® |ex(1)),
where the |e;(t)) are the corresponding “relative” states of £ (represent-
ing a typically very large number of environmental degrees of freedom).
If the initial state of the system at t = 0 is given by the pure-state su-
perposition |Ws) = >, Ag|sk), and that of the environment by |eg), the
}nitial state of the system—environment combination has the separable
orm

}LP) = I‘Pg) ® 16()> = (Z )\glsm) &® ieo). (7.1)
k

Here, the system has the well-defined individual quantum state |¥s).
However, the interaction between S and £ evolves |¥) into the nonsep-
arable entangled state

(1) =D MlB)]sw) ® lex(t)). (7.2)
k

In essence, the dynamical evolution |¥) — |¥(t)) corresponds to von
Neumann’s account of quantum measurement [7] that models the mea-
surement process within unitary (no-collapse) quantum mechanics as
the formation of appropriate quantum correlations between the system
and the measuring apparatus (where the latter is here represented by
the environment). Accordingly, decoherence was initially only referred
to as “continuous measurement by the environment.”

Since the state |¥(t)) in general can not be expressed anymore in
a separable product form |[Ws(t)) ® [Pe(t)), no individual state vector
can be attributed to §. The phase relations Ay, describing the coherent
superposition of S-states |sg) in the initial state, have been “dislo-
calized” into the combined state |W(t)) through the interaction; i.e.,
coherence has been “distributed” over the many degrees of freedom of
the system—environment combination and has become unobservable at
the level of the system. To paraphrase Joos and Zeh [8], the superposi-
tion still exists (in fact, it now even pertains to the environment), but
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it is not there (at the individual system). In this sense, we can speak‘
of the decoherence process as describing a local suppression (or rather:
i ssibility) of interference. . o

mag(iicse the Qteraction is strictly unitary, decoherence can in pr}nClpl(;
always be reversed. However, due to the }arge number of degrees o.
freedom of the environment (that are typically not. controlled auad'/ox1
controllable), decoherence can be considered irreversible for all pfactlza
purposes. It also turns out that, for the same reason, 'the a.s’?a,teb‘ll.e;t( )
rapidly approach orthogonality (i.e., macroscopic distinguishability) as

t increases, .
ler(t)lew(t)) — O if k£ K. (7.3)

To see more directly the phenomenological consequences of the pro-

cesses described thus far in the context of actual measurements, let us
consider the density matrix pg, (t) corresponding to the state | (t)):

pe(®) = [ZEN @B = S MONp (0) s lex(®)sw (ew ()] (74)

kK

(We shall from here on omit the tensor—producf symbol “®”' to snn‘phfy
our notation.) The presence of terms k # k' represents mterfelilﬁe
(quantum coherence) between different product states ]skﬂek(i‘)) 0.th e
system-environment combination SE. By ftontrast,. if we dealt with a
classical ensemble of these states, our density matrix would read

pess(ty = ()P sk)lex () skl (er (D) (7.5)
k
Such an ensemble is interpreted as describing a state of affairs in which

SE is in one of the states [s)|ex(t)) with (ignorance-based) probability
(D)

Let us now include the coarse-graining component, 1.e., we assume

that we do not (cannot, do not need to) haV(? full obse.rvatione'd acc'es;sl
to all the many degrees of freedom of the environment interacting V‘f‘ltg
the system. The restriction to the system can be representeq b‘y fOrmlib
the so-called reduced density matrix, obtained by averaging over the
degrees of freedom of the environment via the trace operation:

ps(t) = Trp(pse (1)) (7.6)
= Z <ellpsg(t>1el>
i

=3 (DN () (e (B)lex(t)) sx) (v,

- Lt
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where the {|e;)} forms a basis of the Hilbert space of £. Density matrix
ps suffices to compute probabilities and expectation values for all local

observables 55 that take into account only the degrees of freedom
of 8. In this sense, it contains all the relevant information about the
“state” of S that can be found out by measuring S (while, of course,
no individual quantum state vector can be attributed to S).

Now, since the decoherence process makes the environmental states
lex(t)) approximately mutually orthogonal, as in (7.3), the reduced den-
sity matrix approaches the diagonal limit

ps(t) = D IN()Plsk) (s, (7.7)
k

Since this density matrix looks like that for a classical ensemble of
S-states [si) [cf. (7.5)], it is often referred to as describing an “ap-
parent ensemble.” As a consequence, the expectation value of observ-
ables Os = 374 1 Opprlsy) (sw| computed via the trace rule (Os) =
Tr, [ps (t)aé] approaches that of a classical average, i.e., the contribu-
tion from interference terms k # &’ becomes vanishingly small.

While the dislocalization of phases can be fully described in terms
of unitarily evolving, interacting wavefunctions [see (7.2)], the reduced
density matrix has been obtained by a nonunitary trace operation. The
formalism and interpretation of the trace presuppose the probabilistic
interpretation of the wave function and ultimately rely on the assump-
tion of the occurence of an (if only apparent) “collapse” of the wave
function at some stage. We must therefore be very careful in inter-
preting the precise meaning of the reduced density matrix, especially
if we would like to evaluate the implications of decoherence for the
Ineasurement problem and for no-collapse interpretations of quantum
mechanics. It is probably fair to say that early misconceptions in this
matter have contributed to the confusion and criticism that has sur-
rounded the decoherence program over the decades. So we will discuss
this point in some detail in the next section.

7.3 Decoherence and the Measurement Problem

The measurement problem relates to the difficulty of accounting for
our perception (if not the objective existence) of definite outcomes
at the conclusion of a measurement. It follows from the linearity of
the Schrédinger equation that when the (usually microscopic) system
S is described by a superposition of states |sk) which the (typically
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macroscopic) apparatus A (with corresponding states |ag)) is designed
to measure, the final composite state of the system-apparatus combi-
nation SA will be a superposition of product states |sx)|ax). This is
basically the state of affairs described by (7.1) and (7 .2) (representing
the von Neumann-type measurement scheme), with the environment £
now replaced by the measuring device A.

The usual rules of quantum mechanics then imply that no single,
definite state can be attributed to the apparatus, and that in general
we have (1) a multitude of possible outcomes (not just one), and (2) in-
terference between these multiple outcomes. That a superposition must
not be interpreted as an ensemble has also been widely confirmed in
numerous experiments, in which superpositions are observed as indi-
vidual physical states where all components of the superposition are
simultaneously present [9].

So how is it, then, that at the conclusion of a measurement we always
observe the pointer of the apparatus to be in a single definite position,
but never in a superposition of positions? This “measurement problem”
actually contains of two separate questions: (A) Why is it that always
a particular quantity (usually position) is selected as the determinate
variable (the “preferred-basis problem”)? And (B), why do we perceive
a single “value” (outcome) for the determinate variable (the “problem
of outcomes”)? We shall discuss these questions and their connection
with decoherence in the following.

7.3.1 The Preferred-Basis Problem

As a simple example for the preferred-basis problem, consider a system
S consisting of a spin-1/2 particle, with spin states I12)s and [12)g
corresponding to the eigenstates of an observable ¢, that measures
whether the spin points up or down along the z axis. Now, let S be
measured by an apparatus A in the following way: If the system is in
state |7,)g, the apparatus ends up in the state |1) 4 at the conclusion
of the measurement, i.e., the final system-apparatus combination can
be described by the product state |1.)g|72) 4 (and similarly for [2)g)-
Since we may think of the |1.) 4 and [].) 4 as representing different
pointer positions on a dial (say “pointer up” and “pointer down”), the
IT:) 4 and |].) 4 are often referred to as the “pointer states” of the
apparatus.

Suppose now that the state of S before the measurement is given
by the superposition %(Hz) s = |lz)s) Then, at the conclusion of the

measurement, the combined (entangled) state of S and A is
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1

W)sa = "\/E(Hz}s”zh = [2)sllz) 4)- (7.8)
We note that this again represents the final state of a typical von Neu-
mann measurement [cf. (7.1) and (7.2)]. Looking at the state |¥)g 4,
the answer to the question “what observable has been measured by
A?” seems obvious: o, of course, i.e., the spin in z direction. But as
the reader may easily verify, |¥)s 4 can in fact be rewritten using any
other basis vectors {|Ta)g, |la)s} of S, where now 7 is a unit vector
that can point into any arbitrary direction in space, and still [¥) g 4 will
maintain its initial form. For example, if we choose 7 to point along
the z axis, (7.8) becomes

D) s s = %msmm sl o) (7.9)

What would we now deduce from this form of |¥)¢ 4 as the measured
observable? Apparently 0., i.e., a measurement of the spin in = direc-
tion. So it appears that once we have measured the spin in one direction
(again, interpreting the formation of correlations between & and A as
a measurement), we seem to also have measured the spin in all direc-
tions. But wait, the reader may now object, o, and o, do not commute,
so they can’t be measured simultaneously! ‘

The conclusion to be drawn is that quantum mechanics, in the
form of the von Neumann measurement scheme applied to the isolated
system-apparatus combination, does not automatically specify the ob-
servable that has been measured. This is certainly hard to reconcile
with our experience of the workings of measuring devices that seem
to be designed to measure highly specific physical quantities. We can
generalize this problem by asking why (especially macroscopic) objects
are usually found in a very small set of eigenstates, most prominently
in position eigenstates. In fact, the observation that “things around us”
always seem to be in definite spatial locations, whereas the linearity of
the Hilbert space of the quantum mechanical formalism would in p;in~
ciple allow for arbitrary superposition of positions, is maybe the most
intuitive and direct illustration of the preferred-basis problem.

The inclusion of interactions with an environment suggests a solu-
tion to this problem. The system & and the apparatus A will, in all
realistic sifuations, never be fully isolated from their surrounding envi-
ronment £. Thus, in addition to the desired measurement interaction
between S and A, there will also be an interaction between A (and
S) and &, leading to the formation of further correlations. Many such
A-€ interactions will, however, result in a disturbance of the initial
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correlations between S and A, thus altering, or even destroying, the
measurement record, which would render it impossible for an observer
to perceive the outcome of the measurement.

Zurek therefore proposed the definition of a “preferred pointer ba-
sis” of the apparatus as the basis that “contains a reliable record of
the state of the system S” [10], that is, the basis {|ax)} of A in which
the correlations |sx)|ax) are least affected by the interaction between
A and & (for simplicity, we shall assume here that S interacts directly
only with A but not with £). A sufficient (but not necessary) criterion
for such a pointer basis would then be given by requiring all the projec-
tors |ag)(ax| to commute with the apparatus-environment interaction
Hamiltonian H 4¢ (the so-called “commutativity criterion”), that is,

[lax){ar|, Hae] =0  forall k. (7.10)

In other words, the apparatus would be able to measure (ie., be de-
signed to measure) observables reliably that are linear combinations of
the lay) (ax|, but not necessarily certain other observables. Thus, the en-
vironment — or more precisely, the form of the apparatus—environment
interaction Hamiltonian — determines the preferred basis of the appa-
ratus, and in turn also the preferred basis of the system (“environment-
induced superselection” ).

Of course, we can generalize these findings from a setup explicitly
containing measuring devices to the more general situation of entan-
glement between arbitrary systems and their environment. The fact
that physical systems are usually observed to have determinate val-
ues only with respect to a small number of quantities (typically posi-
tion for macroscopic objects) can then be explained by the fact that
the system-—environment interactions depend on precisely these quan-
tities, e.g., distance (relative position). The commutativity criterion
then implies that the system will preferably be found in (approximate)
eigenstates of observables corresponding to those quantities. Since this
selection mechanism is based on standard unitary quantum mechanics,
it avoids the necessity to postulate ad hoc basis selection criteria, and
it can therefore also be expected to be in agreement with our observa-
tions.

Apart from the most simple toy model cases, the commutativity cri-
terion holds usually only approximately {11], and general operational
methods have therefore been proposed to determine (at least in princi-
ple) the preferred basis in more complex situations [12]. One remaining
conceptual problem concerns the question of what counts as the “sys-
tem” and what as the “environment,” and where to place the cut (see
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the discussion in Sect. 7.4 below). Nonetheless, environment-induced
selection can be considered as the most promising approach toward
explaining the emergence and stability of preferred states.

7.3.2 The Problem of Qutcomes

Let us again consider the situation of von Neumann quantum measure-
ment in form of an interaction that entangles the state of the system
with the state of the measuring apparatus. We now also include the
§nvironment into the chain of interactions. That is, the apparatus A
interacts with the system &; in turn, the SA combination then inter-
acts with the environment £. The linearity of the Schrédinger equation
yields the following time evolution of the entire system SAE:

(;Anlsn>>{ao>leo> — (};/\n],sn)zan)>1eo> (7.11)
— Ey;xnismanﬂeny

Here |ag) and |ep) are the initial states of the apparatus and the envi-
ronment, respectively. Evidently, after the interaction has taken place,
the combined system S.AE is described by a coherent pure-state super-
position at all times. While the dislocalization of the phases )\, into the
SAE combination resulting from the interaction between S, A, and &
“dissolves” local interference into the global system (see Sect. 7.2), this
d_ecoherence process by itself does not automatically explain why defi-
nite outcomes are perceived. Since superpositions represent individual
quantum states in which all components of the superposition “exist”
simultaneously, we cannot (and must not) isolate a single apparatus
state |a,,) that would indicate an actual outcome of the measurement.

We can break free from the persistence of coherence in the SAE
combination only when the dynamics of the open subsystem SA in
terms of its reduced density matrix is considered. And, of course, all
that we really need is the ability to ascribe a definite value to A (to be
precise, to the S.A combination, if the measurement is to be considered
faithful), rather than to the total system SAE. The time evolution of
the reduced density matrix will in general be nonunitary, since it is not
only influenced by the Hamiltonian of SA4, but also by the interact-
ing (but averaged-out) environment. As indicated before, decoherence
leads to the formation of “classical-looking” density matrices for SA:
The reduced density matrix ps4 becomes rapidly diagonal in a set of
stable, environment-selected basis states. In other words, the decohered
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density matrix of the local system-—apparatus combination becomes op-
erationally indistinguishable from that of an ensemble of states, and it
correctly describes the time evolution of the open system SA.

Tt would then seem that decoherence could account for the existence
of a local ensemble of potential measurement outcomes with definite
probabilities (that in turn could then be related to the occurence of
single outcomes in individual measurements). The problem with this
argument has already been briefly touched upon earlier: The averaging-
out of environmental degrees of freedom by means of the trace operation
needed to arrive at the reduced density matrix relies on the probabili-
tistic interpretation of the state vector (i.e., on the interpretation of
|{x|®)|? as the probability for the system described by the state vec-
tor |¥) to be found in the state |k) upon measurement). In turn, this
is related to the assumption of some form of wavefunction “collapse”
at a certain stage of the observational chain. In this sense, taking the
trace essentially “amounts to the statistical version of the projection
postulate” [13]. Of course we do not want to presuppose some sort of
collapse that would solve the measurement problem trivially without
even necessarily having to worry about the role of decoherence.

We therefore conclude that, by itself, decoherence does not directly
solve the measurement problem. After all, this might not come as
a surprise, as decoherence simply describes unitary entanglement of
wavefunctions — and since the resulting entangled superpositions are
precisely the source of the measurement problem, we cannot expect
the solution to this problem to be provided by decoherence. However,
the fact that the reduced density matrices obtained from decoherence
describe observed open-system dynamics and the emergence of qua-
siclassical properties for these systems perfectly well, decoherence is
extremely useful in motivating solutions to the measurement problem.
This holds especially when the physical role of the observer is correctly
taken into account in quantum-mechanical terms of system—observer
correlations, making more precise what the “perception of definite out-
comes” and the related measurement problem actually mean in terms
of physical observations.

Accordingly, we shall describe in Sec. 7.5 how decoherence can be
put to use in various interpretations of quantum mechanics, especially
with respect to a resolution of the measurement problem. Before that,
however, we shall discuss in the next section a couple of conceptual
issues related to decoherence.
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7.4 Resolution into Subsystems and the Closed-Universe
Objection

The application of the theory of decoherence requires a decomposl-
tion of the total Hilbert space into subsystems. As long as we con-
sider the universe as a whole, it is fully described by its state vector
|} that evolves strictly deterministically according to the Schrodinger
equation, and no interpretive problem seems to arise here. The notori-
ous measurement problem only comes into play once we decompose
the universe into subsystems (thus forming the joint product state
|) = |¢1) ® [Y2) @ --), and attempt to attribute individual states
to the subsystems.

However, there exists no general criterion that would determine
where the splitting cuts are supposed to be placed. Of course, in a stan-
dard laboratory-like measurement situation, the physical setup might
lead to an easy identification of “the system of interest,” “the measur-
ing device,” and “the external environment.” But this is a rather spe-
cial and subjective rule for the splitting, and confronted with a more
complex state space (encompassing, say, larger contiguous parts of the
universe), there is neither a general rule for decomposition (given, for
example, a total Hilbert space and its Hamiltonian) nor a definition for
what counts as a “system.” This issue becomes particularly important
if one would like to use decoherence to define “objective macrofacts” of
the universe as a whole. On the other hand, one might of course adopt
the view that all correlations (and the resulting properties) should be
considered as intrinsically relative to a given local observer, and that
therefore a general rule for “objective” state-space decompositions need

_not be required.

Also, the ignorance-based coarse-graining procedure required by de-
coherence to obtain the reduced density matrix requires the openness
of the system. But what about if we take this system to be the universe
as a whole? (Quantum cosmology, for example, is all about studying
the evolution of the universe in its entirety.) By definition, the universe
is a closed system, and thus no external environment exists whose “un-
observed” degrees of freedom could be averaged over. This has become
known as the “closed-universe problem.” From the point of view of
talking about “events” or “facts” as the result of observations, this
does however not necessarily constitute a problem, since every obser-
vation is inherently local and presupposes the ignorance of certain other
parts. As Landsman [14] put it, “the essence of a ‘measurement’, ‘fact’
or ‘event’ in quantum mechanics lies in the non-observation, or irrele-
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vance, of a certain part of the system in question.... A world without
parts declared or forced to be irrelevant is a world without facts.”

7.5 Decoherence and Interpretations of Quantum
Mechanics

There are numerous interpretive approaches to quantum mechanics.
On the “standard” (textbook) side, we have the “orthodox” interpre-
tation with its infamous collapse postulate, together with the similar
(and often not distinguished) Copenhagen interpretation. As “alterna-
tive” interpretations, we can name several main categories: the relative-
state interpretation, introduced by Everett [15] (and further devel-
oped as “many-worlds” and “many-minds” interpretations); the class of
modal interpretations, first suggested by van Fraassen [16]; physical col-
lapse theories like the Ghirardi-Rimini~Weber (GRW) approach [17];
the consistent-histories approach introduced by Griffiths [18]; and the
de Broglie-Bohm pilot-wave theory, a highly non-local hidden-variable
interpretation [19]. Common to all of the alternative approaches is
their attempt to dispose of the collapse postulate of the orthodox (and
Copenhagen) interpretation. Some of them are just alternative read-
ings of the formalism of standard quantum mechanics (Everett), others
modify the rules that connect the formalism to the actual physical
properties (modal interpretations), postulate new physical mechanisms
(GRW), and introduce additional governing equations (de Broglie-
Bohm).

The necessity to include environmental interactions for a realistic
description of the behavior of physical systems is an objective one, in-
dependent of any interpretive framework. But the effects (and their
proper interpretation) arising from such interactions have much to do
with conceptual and interpretive stances. For instance, we might ask
whether decoherence effects alone can already solve some of the foun-
dational problems without the need for certain interpretive “additives,”
or whether decoherence can motivate (or falsify) some approaches — or
even lead to a unification of different interpretations. In the following,
we discuss some of the connections between decoherence and the main
interpretations of quantum mechanics [20].

7.5.1 The Orthodox and the Copenhagen Interpretations

A central element of orthodox interpretations is the well-known collapse
(or projection) postulate which prescribes that every measurement,

7 Decoherence and the Foundations of Quantum Mechanics 137

represented by some suitably chosen observable, leads to nonunitary
reduction of the total state vector to an eigenstate of the measured
observable. To avoid the preferred basis problem, measurements are
assumed to be carried out by an “observer” that can freely “choose”
an observable before the measurement, and thus determine what prop-
erties can be ascribed to the system after the measurement (a strongly
positivist, observer-dependent viewpoint).

A major problem with this approach is that it is not clearly defined
what counts as a “measurement,” and that the measuring process has
a strong “black box” character. It does not explain why measuring de-
vices seem to be designed to measure certain quantities but not others.
Taking into account environmental interactions can provide the missing
physical description of measurements. According to the stability crite-
rion of the decoherence program, for a measurement to count as such, it
must lead to the formation of stable records in spite of immersion into
the environment. Therefore, the structure of the interaction between
the apparatus and its environment singles out the preferred observ-
ables of the apparatus (and thereby also determines what properties
can be assigned to the measured system). In this sense, decoherence
and environment-induced selection can augment, if not replace, the
formal and vague concept of measurement employed by the orthodox
interpretation with general observer-independent criteria that specify
what observables can actually be measured by a given apparatus.

The most distinctive feature of the Copenhagen interpretation (com-
pared to the orthodox interpretation) is its postulate of the necessity
for classical concepts to describe quantum phenomena. Instead of de-
riving classicality from the quantum world, e.g., by considering some
macroscopic limit, the requirement for a classical description of the
“phenomena,” which comprise the whole experimental arrangement, is
taken to be a fundamental and irreducible element of a complete quan-
tum theory. Specifically, the Copenhagen interpretation postulates the
existence of intrinsically classical measuring devices that are not to
be treated quantum mechanically. This introduces a quantum-—classical
dualism into the description of nature and requires the assumption of
an essentially nonmovable boundary (the famous “Heisenberg cut”) be-
tween the “microworld,” containing the objects that are to be treated
as quantum systems, and the “macroworld” that has to be described
by classical physics.

However, the studies of decoherence phenomena demonstrate that
quasiclassical properties, across a broad range from microscopic to
macroscopic sizes, can emerge directly from the quantum substrate
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through environmental interactions. This makes the postulate of an a
priori existence of classicality seem unnecessary, if not mistaken, and
it renders unjustifiable the placement of a fixed boundary to sepérate
the quantum from the classical realm on a fundamental level.

7.5.2 Relative-State Interpretations

Tl‘he core idea of Everett’s original relative-state proposal, and of its
%nterpretive extensions into a many-worlds or many-minds framework
is to assume that the physical state of an isolated system (in particj
ular, that of the entire universe) is described by a state vector |¥)
whose time evolution is given by the Schrodinger equation that is as:
sumed to be universally valid. All terms in the superposition of the
total state correspond in some way to individual physical states (real-
ized, for instance, in different “branches” of the universe or “minds”
of an observer). One major difficulty of this approach is the preferred
basis problem, which is here particularly acute since each term in the
state vector expansion is supposed to correspond to some “real state
of affairs.” Thus, it is crucial to be able to define uniquely a particular
basis in which to expand the continuously branching (since new quan-
tum correlations are formed constantly and everywhere) state vector
at each instant of time.

It has frequently been suggested to use the environment-selected
basis to define the preferred branches. This has several advantages. In-
stead of having simply to postulate what the preferred basis is, the
basis arises through the interaction with the environment anci the
natural criterion of “robustness.” Clashes with empirical evidence are
essentially excluded, since the selection mechanism is based on well-
confirmed Schrédinger dynamics. Finally, and maybe most importantly,
the environment-preferred components of the decohered Wavefunctioz.:.
can be reidentified over time, which yields stable, temporally extended
branches.

There have been several criticisms of this idea. First, as we have
pointed out before, there exists no objective rule for what counts as
a system and what can be considered as the environment. Therefore
decoherence-induced selection of branches is often promoted in the (:on—7
Fext of an observer-based (subjective) interpretation [21]. Typically this
includes the observer’s neuronal (perceptional) appara,tué in the full
description of observations, instead of assuming the existence of “ex-
ternal” observers that are not treated as interacting quantum systems.
Each neuronal state then becomes correlated with the states corre-
sponding to the individual terms in the superposition of the observed
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system, and decoherence between these different brain states [22] is as-
sumed to prevent the different “outcome records” from interfering and
thus to lead to a perception of individual outcomes.

Second, decoherence typically yields only an approximate (“for all
practical purposes” [23]) definition of a preferred basis and therefore
does not provide an “exact” specification of branches [24]. Responses
to this criticism suggest that it is fully sufficient for a physical theory
to account for our experiences, which does not entail the necessity for
exact rules as long as the emerging theory is empirically adequate [25].

7.5.3 Modal Interpretations

The main characteristic feature of modal interpretations is to abandon
the rule of standard quantum mechanics that a system must be in an
eigenstate of an observable in order for that observable to have a def-
inite value. In its place, new rules are introduced that specify lists of
possible properties (definite values) that can be ascribed to a system
given, for example, its density matrix p(t). The results of the theory of
decoherence have frequently been used to motivate and define such rules
of property ascription. Some [26] have even suggested that one of the
main goals of modal interpretations is to provide an interpretation of
decoherence. The basic approach consists of using environment-selected
preferred bases (in which the decohered reduced density matrix is ap-
proximately diagonal) to specify sets of possible quasiclassical prop-
erties associated with the correct probabilities. This provides a very
general and entirely physical rule for property ascriptions that can be
expected to be empirically adequate. The rule could also be used to
yield property states with quasiclassical, continuous “trajectory-like”
time evolution (since the decohered components of the wavefunction are
stable and can thus be reidentified at over time) that is in accordance
with unitary quantum mechanics [27].

The difficulty with this approach lies in the fact that determining the
environment-selected robust basis states explicitly is nontrivial in more
complex systems. The aim of modal interpretations, however, has been
to formulate a general rule from which the set of possible properties
can be directly and straightforwardly derived. Frequently, instead of
explicitly finding preferred states on the basis of the stability criterion
(or a similiar measure), the orthogonal decomposition of the decohered
density matrix has been used to determine the property states directly.
When applied to discrete models of decoherence (that is, for systems
described by a finite-dimensional Hilbert space), this method has in
most cases been found to yield states with the desired quasiclassical
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properties, similar to those obtained from the stability criterion, at
least when the final composite state was sufficiently nondegenerate [28].
In the continuous case, however, it has been demonstrated that the
predictions of decoherence (e.g., as measured by the coherence length
of the density matrix) and the properties of the states determined from
the orthogonal decomposition do not mesh [29]. Thus decoherence can
here be used to indicate that certain methods of property ascription
might be physically inadequate [30].

7.5.4 Physical Collapse Theories

These are theories that modify the unitary Schrédinger dynamics to
induce an actual collapse of the wavefunction based on a physical mech-
anism. The most popular version has probably been the one proposed
by Ghirardi, Rimini and Weber (GRW) [31] which postulates the exis-
tence of instantaneously and spontaneously occurring “hits” that lead
to a spatial localization of the wavefunction. The frequency of the hits
is chosen such that macroscopic objects are localized faster than any
observation could resolve, while preserving an effectively unitary time
evolution on microscopic scales.

Decoherence provides a physical motivation for the a priori choice
of position as the universal preferred basis in the GRW theory. Many
physical interactions are described by distance-dependent terms, which
according to the stability criterion of the decoherence program leads
to the selection of (at least approximate) eigenstates of the position
operator as the preferred basis. On the other hand, however, decoher-
ence also demonstrates that in many situations position will not be
the preferred basis. This occurs most commonly on microscopic scales,
where systems are typically found in energy rather than position eigen-
states [32], but also for instance in superconducting quantum interfer-
ence devices [33] that exhibit superpositions of macroscopic currents.
As far as microscopic systems are concerned, the GRW theory avoids
running into empirical inadequacies by having the spatial localization
hits occur so rarely that state vector reduction in the position basis is ef-
fectively suppressed. However, this has certainly an ad hoc character in
comparison with the more sensitive, general, and physically motivated
basis selection mechanism of the decoherence program. Furthermore,
since decoherence will always be present in any realistic system, the
assumption that the GRW theory holds means that we can expect to
have two selection mechanisms that either act in the same direction (if
decoherence also leads to a spatial localization) or compete with each
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other (in cases where decoherence predicts a different preferred basis
than position).

It also has been found that the governing equations for the time
evolution of the density matrix of a system in the GRW theory bear
remarkable similarity to the evolution equations obtained from an in-
clusion of environmental interactions. This has raised the question
whether it is necessary to postulate an explicit collapse mechanism,
or whether at least the free parameters in the equations of the GRW
approach could be directly derived from the study of environmental in-
teractions [34]. (Of course, the GRW theory achieves true state vector
reduction, whereas decoherence only leads to improper ensembles, so
they are not on the same interpretive footing.) Assuming the simul-
taneous presence of decoherence and GRW effects, one could imagine
an experimental falsification of the GRW theory by means of a system
for which GRW predicts a collapse, but decoherence leads to no sig-
nificant loss of coherence [35]. However, since any realistic system is
extremely hard to shield from decoherence effects, such an experiment
would presumably be very difficult to carry out [36].

7.5.5 Consistent-Histories Interpretations

The central idea of this approach is to dispose of the fundamental role
of measurements (that assume the existence of external observers) in
quantum mechanics and instead study quantum “histories,” i.e., se-
quences of quantum events represented by sets of time-ordered projec-
tion operators, and to attribute probabilities to such histories. A set of

* histories is called consistent (judged by an appropriate mathematical

criterion) when all its members are independent, that is, when they do
not interfere and the classical probability calculus can be applied.
One major problem of this approach has been that the consistency
criterion appears to be insufficient to single out the quasiclassical his-
tories that would correspond to the world of our experience — in fact,
most consistent histories turn out to be highly nonclassical [37]. To
overcome this difficulty, decoherence has frequently been employed in
proposals that would lead to a selection of quasiclassial histories, and
also in attempts to provide a physical motivation for the consistency
criterion [38]. Interestingly, this move has also introduced a conceptual
shift. While the original aim of the consistent-histories program had
been to define the time evolution of a single, closed system (often the
entire universe, where standard quantum mechanics runs into problems
as no external observers can be present), wedding decoherence to the
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consistent-histories formalism requires a division of the total Hilbert
space into subsystems and the openness of the local subsystems.

The decoherence-based approach commonly consists of using the
environment-selected pointer states that (approximately) diagonalize
the reduced density matrix as the projectors of histories. This leads
typically to the emergence of histories that are stable and exhibit quasi-
classical properties, since the pointer basis is “robust” and corresponds
well to the determinate quantities of our experience. Moreover, such
histories defined by projectors corresponding to the pointer basis also
turn out to fulfill the consistency criterion automatically, at least ap-
proximately. This has led to the argument that the consistency criterion
is both insufficient and overly restrictive in singling out histories with
quasiclassical properties, and to a questioning of the fundamental role
and relevance of this criterion in consistent-histories interpretations in
general [39].

7.5.6 Bohmian Mechanics

Bohm’s approach describes the deterministic evolution of a system of
particles, where the system is described both by a wavefunction (%),
evolving according to the standard Schrédinger equation, and by the
particle positions qi(t), whose dynamics are determined by a simple
“guiding equation” for the velocity field, essentially the gradient of ¢(2).
Particles then follow well-defined trajectories in configuration space
represented by the configuration Q(t) = (qi(t), ..., qn(t)), whose dis-
tribution is | (¢)|%

Bohm'’s theory has been criticized for attributing fundamental on-
tological status to particles. It has been argued that, since decoherence
typically leads to ensembles of wavepackets that are narrowly peaked
in position space, one can identify these wavepackets with our (subjec-
tive) perception of particles, i.e., spatially localized objects [40]. This
suggests that the explicit assumption of the existence of actual parti-
cles at a fundamental level of the theory might be rendered superfluous
(modulo the basic question of how to go from an apparent to a proper
ensemble of wavepackets).

Another problem is how to relate the Bohmian particle trajectories
to quasiclassical trajectories that emerge on a macroscopic scale. Go-
ing back to studies of Bohm himself [41], it has been suggested that
the inclusion of environmental interactions could provide the missing
ingredient to arrive at quasiclassical trajectories. Typically the idea has
been to identify the Bohmian trajectories Q(t) with the temporally ex-
tended, spatially localized wavepackets of the decohered density matrix
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that describe macroscopic objects. While this approach is highly intu-
itive and has been demonstrated to yield promising results in some of
the explicitly studied examples, in other cases this identification turns
out to be insufficient to sustain the classical limit [42].

7.6 Outlook

The key idea of the decoherence program relies on the insight that,
in order to properly describe the behavior of a physical system in
quantum-mechanical terms, the omnipresent interactions of the sys-
tem with the degrees of freedom of its environment must be taken into
account. The application of the formalism of decoherence to numerous
model systems has led to many experimentally verified results, so the
idea has proven to be very successful. Interestingly, however, the rather
straightforward and well-studied approach of decoherence, both exper-
imentally and theoretically, has led to several fundamental interpretive
and conceptual questions.

By itself, decoherence simply describes environmental entanglement
and the resulting practically irreversible dislocalization of local phase
relations (i.e., of quantum-mechanical superpositions). Since the en-
tangled pure state makes it impossible to assign an individual state
vector to the system, the dynamics of the system must be described
by a nonunitarily evolving reduced density matrix. While decoherence
transforms such density matrices into apparent ensembles of quasiclas-
sical states (which, when properly interpreted, may be used to ob-
tain a physically motivated resolution of the measurement problem),
the formalism and interpretation of reduced density matrices presume
the probabilistic interpretation of the wavefunction. Thus decoherence
alone (i.e., without being augmented by some additional interpretive
elements) cannot solve the measurement problem. Furthermore, the
requirement for a division of the universe into “systems” and “envi-
ronments” introduces a strong flavor of subjectivity, since no general
and objective rule exists for how and where to place the cuts. Also,
the necessity for an “external” environment leads to difficulties when
one would like to apply the theory to the universe as a whole, as in
quantum cosmology.

This situation requires and motivates interpretive frameworks be-
yond the “orthodox” interpretation, frameworks that might provide
some of the missing steps toward a conceptually complete and con-
sistent interpretation of the decoherence program, and of quantum
mechanics as a whole. Conversely, the assumptions made by an in-
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terpretation must be consistent with the results obtained from deco-
herence, thus narrowing down the spectrum of possible (empirically
adequate) interpretations — maybe even making the choice between dif-
ferent such interpretations “purely a matter of taste, roughly equivalent
to whether one believes mathematical language or human language to
be more fundamental,” as Tegmark [43] put it in a comparison between
the orthodox interpretation and decoherence-based relative-state inter-
pretations. Clearly, the rather simple idea of including environmental
interactions as promoted by decoherence has an extremely important
impact on the foundations of quantum mechanics, suggesting solutions
to fundamental problems as well as posing new conceptual questions.
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8

What Are Consistent Histories?

Alan Thorndike

8.1 Introduction

In the standard interpretation, quantum mechanics answers questions
about the probabilities of obtaining such and such a value for such and
such a measurement in such and such an experiment. A particle released
from location a at a certain time has a certain probability of being
detected at location b at some later time. This is a rather restricted
view. It has nothing to say about quantities that aren’t measured as
part of the experiment, such as locations at intermediate times. And
it is quiet about plausible physical processes that are not accessible to
measurement, events that happened long ago or far away, for example.
Finally, in the standard interpretation, the act of measurement forces a
system to assume one of its several possible states, and thus interrupts
the natural evolution of the system.

Over the last twenty years, a new interpretation of quantum me-
chanics has been developed that addresses these restrictions. The new
interpretation — consistent histories — allows one to assign probabili-
ties to sequences of states without actually perturbing the system with
measurements at each time in the sequence. But this is only possible
if certain conditions are satisfied. Consistent histories play an impor-
tant role in current discussions of the foundations and interpretation
of quantum mechanics, not the least by helping us sharpen our think-
ing about what constitutes a meaningful question and what does not.
In this chapter, I provide an introduction to the notion of consistent
histories and show how the mathematics works in a few examples.




