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Quantum mechanics of history: The decoherence functional in quantum mechanics
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We study a formulation of quantum mechanics in which the central notion is that of a quantum-
mechanical history—a sequence of events at a succession of times. The primary aim is to identify sets of
“decoherent” (or “consistent”) histories for the system. These are quantum-mechanical histories
suffering negligible interference with each other, and, therefore, to which probabilities may be assigned.
These histories may be found for a given system using the so-called decoherence functional. When the
decoherence functional is exactly diagonal, probabilities may be assigned to the histories, and all proba-
bility sum rules are satisfied exactly. We propose a condition for approximate decoherence, and argue
that it implies that most probability sum rules will be satisfied to approximately the same degree. We
also derive an inequality bounding the size of the off-diagonal terms of the decoherence functional. We
calculate the decoherence functional for some simple one-dimensional systems, with a variety of initial
states. For these systems, we explore the extent to which decoherence is produced using two different
types of coarse graining. The first type of coarse graining involves imprecise specification of the
particle’s. position. The second involves coupling the particle to a thermal bath of harmonic oscillators
and ignoring the details of the bath (the Caldeira-Leggett model). We argue that both types of coarse
graining are necessary in general. We explicitly exhibit the degree of decoherence as a function of the
temperature of the bath, and of the width to within which the particle’s position is specified. We study
the diagonal elements of the decoherence functional, representing the probabilities for the possible his-
tories of the system. To the extent that the histories decohere, we show that the probability distributions
are peaked about the classical histories of the system, with the distribution of their initial positions and
momenta given by a smeared version of the Wigner function. We discuss this result in connection with
earlier uses of the Wigner function in this context. We find that there is a certain amount of tension be-
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tween the demands of decoherence and peaking about classical paths.

PACS number(s): 03.65.Bz

I. INTRODUCTION

Few would dispute that quantum mechanics is a very
successful theory. Indeed, there is, at present, no discer-
nible discrepancy between the predictions of quantum
theory and the results of experiment. Yet the conven-
tional interpretation of quantum mechanics, the
Copenhagen interpretation, is felt to be inadequate: it
rests on an a priori division of the world into a classical
observing apparatus and quantum-mechanical observed
system and places heavy emphasis on the process of mea-
surement [1]. What place is there for such notions in a
world thought to be fundamentally quantum mechanical
in nature? Or in the very early Universe when observers
or measuring apparatus could not have existed?

These questions are not of a purely academic nature.
A variety of recent developments suggest that extrapola-
tion of quantum mechanics to the macroscopic domain
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might not only be of interest, but could even be obligato-
ry. The possibility afforded by superconducting quantum
interference devices (SQUID’s) of preparing systems in
macroscopic quantum states has forced a revision of the
notion that only microscopic systems can exhibit quan-
tum effects [2]. And the emergence of the field of quan-
tum cosmology [3,4], in which it is asserted that quantum
mechanics may be applied to the entire Universe, has
necessitated a reconsideration of the foundations on
which the conventional interpretation of quantum
mechanics is based.

Even on the familiar territory of the microscopic level,
quantum mechanics continues to be a source of conceptu-
al difficulty. Although mathematically consistent, and in
full agreement with experiment, it displays a number of
features which are difficult to reconcile with physical in-
tuition and are sometimes described as paradoxical.

Resolution of these difficulties may emerge from the
observation that there is considerable scope for formulat-
ing the theory in different ways while preserving its phys-
ical predictions. For example, nonrelativistic quantum
mechanics may be formulated in the Schrédinger picture,
the Heisenberg picture, or in terms of a sum over his-
tories. The theory looks very different in each of these

1580 ©1992 The American Physical Society



46 QUANTUM MECHANICS OF HISTORY: THE DECOHERENCE. .. 1581

approaches, but they are mathematically equivalent and
their physical predictions are exactly the same. Viewing
the theory from the perspective of these different formu-
lations not only sheds new light on conceptual aspects of
the theory, but also points the way to possible generaliza-
tions.

The conventional formulation of quantum mechanics,
especially in the Schrodinger picture, places heavy em-
phasis on the notion of an event at a single moment of
time: the quantum state of a system, the Hilbert space to
which it belongs, and the “collapse of the wave function”
of conventional quantum measurement theory, all involve
a single moment of time [5]. It is, however, possible to
generalize the usual formulation of quantum mechanics
so that such notions are deemphasized, and one focuses
instead on the notion of a quantum-mechanical history.
By this is meant, loosely speaking, a sequence of
quantum-mechanical events at successive moments of
time.

The object of this paper is to study such a formulation
of quantum mechanics, developed over the last few years
primarily by Griffiths [6], Omnes [7], and Gell-Mann and
Hartle [3,8,9]. This formulation specifically concerns
closed quantum-mechanical systems and is assumed to
apply to microscopic and macroscopic systems alike, up
to and including the entire Universe. Its most important
feature is that it focuses on the possible histories of a sys-
tem. The formulation is explicitly time symmetric. It
may be used to assign probabilities to noncommuting ob-
servables at different times. It makes no reference to
external observers, classical apparatus, wave-function
collapse, or indeed any of the usual machinery of conven-
tional quantum measurement theory. The physical pro-
cess of measurement may, however, be examined from
within the formulation, and under appropriate cir-
cumstances the familiar results of the orthodox approach
are recovered.

The central goal of this formulation is to assign proba-
bilities to families of histories of a closed system. Howev-
er, as we shall see, interference is generally an obstruction
to assigning probabilities to histories. Attention there-
fore centers around a set of ‘“consistency conditions”
which determine the sets of histories suffering negligible
interference, and therefore, to which probabilities obey-
ing the standard probability sum rules may be assigned.
A set of histories satisfying the consistency conditions are
referred to as ‘“‘consistent” or ‘“‘decoherent” histories.
They have the same status as the histories of a classical
statistical system, such as a stochastic process. One may
think of a system described by a set of consistent histories
as possessing definite properties, but for which there are
only probabilities of finding the system to be following a
particular history.

In brief, therefore, in this ‘“decoherent histories” (or
“consistent histories”) formulation of quantum mechan-
ics many of the difficulties of the orthodox approach,
and, in particular, the difficulties associated with central
role played by measurement and the presumed existence
of a classical domain, are replaced by the issue of satisfy-
ing the consistency conditions. These conditions act as a
regulatory principle, or sieve, systematically sorting out

the statements that may be made about a system into
meaningful and meaningless. They identify the proper-
ties of a closed quantum system which may be regarded
as definite, in an objective sense, that makes no reference
to measurement or external observers.

The authors who developed this generalization of con-
ventional quantum mechanics appeared to have some-
what different aims. Griffiths emphasized the
formulation’s potential for shedding light on the concep-
tual difficulties of quantum mechanics [6]. Omnes was
likewise concerned with quantum-mechanical paradoxes,
but, additionally, emphasized the role of formal logic.
He also showed that the consistent histories formulation
is based on fewer axioms than the Copenhagen interpre-
tation, and moreover, on a different set of axioms [7].
The most ambitious point of view is that taken by Gell-
Mann and Hartle, who were concerned with quantum
mechanics as it might apply to the Universe as a whole
[3,8,9]. The motivations for the present work are perhaps
closest to those of Gell-Mann and Hartle. They concern
the issue of the emergence of classical behavior and the
interpretation of quantum cosmology.

As mentioned at the beginning of this paper, the
Copenhagen interpretation posits a classical domain and
is not sufficiently general to explain it in terms of an un-
derlying quantum theory. By contrast, the decoherent
histories approach assumes no separation of classical and
quantum domains, and is taken to have an unrestricted
domain of validity. Consider then, the requirements a
quantum system must satisfy if it is to be approximately
classical [8]. The most fundamental requirement is that it
should be described by a decoherent set of histories. For
then the histories of the system may be assigned probabil-
ities obeying the standard probability sum rules. Second,
the decoherent histories should consist of largely the
same variables at different times. In this paper, we shall
assume this and not explore the manner in which it may
fail to be true. Third, the values of the dynamical vari-
ables at different times should be correlated according to
classical laws. This means that the probability distribu-
tions for the histories should be strongly peaked about
classical histories. There is some uncertainty as to what
other requirements should be imposed. A further re-
quirement discussed in Ref. [8] is that the histories must
be characterized as precisely as is consistent with
decoherence. Here, we will focus on decoherence and
classical correlations.

We feel that the decoherent histories approach is likely
to be both useful and important in the development of
quantum mechanics and especially in quantum cosmolo-
gy. It is therefore of interest to explore its features in the
context of some simple models. This is what we do in
this paper. The purpose is to develop some intuitive feel
for the formalism in familiar circumstances and to obtain
a quantitative understanding of how the decoherence
conditions may be satisfied and the extent to which classi-
cality may emerge. Our work consists largely of calcula-
tions in nonrelativistic quantum mechanics. Although
quantum cosmology is one of our motivations, we will
make no reference to any of its technical aspects. Other
studies of the decoherent histories approach include that



1582

of Albrecht [10], who considered spin systems, and Blen-
cowe [11], who considered the generalization to field
theories.

We begin in Sec. II by reviewing the decoherent his-
tories approach. The formalism as it currently stands is
largely concerned with histories which satisfy the con-
sistency conditions exactly. However, for most cases of
interest, one has at best approximate decoherence. In
Sec. III, we therefore address this issue and propose a
condition for approximate decoherence. We also derive
some useful inequalities for both the density matrix and
the decoherence functional. A particularly useful model
with which to discuss decoherence is the Caldeira-
Leggett model, a model for quantum Brownian motion.
It consists of a distinguished particle coupled to a
thermal bath of harmonic oscillators. We review this
model in Sec. IV. In Secs. V-VIII, we calculate the
decoherence functional for this model in a variety of
different circumstances. We summarize and conclude in
Sec. IX.

II. THE QUANTUM MECHANICS OF HISTORY

We have described in the Introduction the motivations
for studying a formulation of quantum mechanics based
on history. We now describe the formalism for handling
quantum-mechanical histories. This section is largely a
review, with elaborations, of the material of Refs.
[3,6-9]. A history is a sequence of events at a succession
of times. Let us therefore first describe what we mean by
an event in quantum mechanics.

A. Projection operators and events

In classical mechanics, systems are regarded as having
definite properties and statements such as, “the position
of the particle is x,” are deemed to have an unambiguous
meaning. In quantum mechanics, by contrast, although a
system may have definite properties if its state is an eigen-
state of some observable, it generally will not. We might
be interested, for example, in knowing whether or not we
can say of the system, at some moment of time, ‘“‘the posi-
tion of the particle lies in the range A,” or ‘“‘the momen-
tum is p,” or “the spin is up.” Formally, possession of
certain properties or the occurrence of events may be
tested using projection operators. A projection operator
associated with some event (or with some ‘““proposition”)
is a Hermitian operator P satisfying P?=P. The event is
said to occur in quantum mechanics if P|W)=|¥), and
not occur if P|W)=0. Since any state |¥) may be writ-
ten as a superposition |W)=P|¥)+(1—P)|¥), events
cannot, in general, be said to definitely occur or definitely
not occur, and one can at best assign a probability to
each possibility. The probability of occurrence, for ex-
ample, is (WV|P|W¥).

A simple example is provided by the two-dimensional
Hilbert space of spin states in a particular direction,
{11),11)}]. The projection corresponding to the proposi-
tion, “the spin is up,” is P;=[1)(1], for which one
clearly has P;|1)=|1),and P;||)=0.

Relevant to the rest of this paper are propositions
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about a particle’s position. The proposition, “the posi-
tion of the particle is x,” is implemented through the pro-
jection operator

P.=|x){x|. 2.1

This corresponds to an infinitely precise specification of
the particle’s position. Of greater interest is the proposi-
tion, “the position of the particle lies in the range A,”
which is implemented through the projection operator

PAZfAdexHxI : (2.2)

If the particle is described by the state |¥ ), then its posi-
tion definitely lies in the range A if P,|¥)=|¥), and it
definitely lies outside that range if P,|¥)=0. The pro-
jection operators (2.2) actually turn out to be rather
cumbersome to use in practice, and it is somewhat easier
to use so-called ‘““Gaussian slits.”” This involves using, in-
stead of (2.2), the (approximate) projectors

S S (x —x)?
Po(x)—?/—za—f_mdxexp il L2ACICR)

Generally, we will consider a set of projection opera-
tors P, corresponding to a set of alternatives labeled by
a, where a runs over some (possibly infinite and/or con-
tinuous range). The set of alternatives should be exhaus-
tive, which means that

> P, =1, (2.4a)
a

and mutually exclusive, meaning
P Ps=38,5Pp . (2.4b)

For the case of the projection operators (2.2), we write
P,=P, ,and the set of alternatives is the set of intervals,
{A,}. This set of intervals must constitute a partition of
the real line into nonoverlapping sets; i.e., U A,=R and
A,NA=0 if a#B. The Gaussian projectors (2.3) are
exhaustive but satisfy the mutually exclusive condition
only approximately, since one has

P, (%P, (%,)= — o 2
o\ X Xy)= 57, €X — 5
1 g2 (277_0,2)1/2 p 202
x,+x,
XP, s | 2.5)

They are therefore exclusive only to the extent that the
exponential on the right-hand side of (2.5) is zero for
X,7X,. This means that the Gaussian projectors (2.3)
affect a partition of the real line into regions with size of
order o centered around X, and X has meaning only up to
order o. Quite how many times o one takes each region
to be in size depends on how well one needs the exclusivi-
ty condition to be satisfied, which, in turn, depends on
the situation. We will return to this question in Sec. VIIL.

For a system in state |¥) at some moment of time, the
probability of the occurrence of the event specified by the
alternative « is
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pla)=(V|P,P,|¥) . (2.6)

A trivial rewriting of this, relevant to what follows, is

Tr[P,|WV){(¥|P, ]=p(a)d 2.7

aa’

where the trace is over a complete set of states.
A projection is said to be completely fine-grained if it

corresponds to precise specification of a complete set of

commuting observables. That is, the projectors are of the

form

P,=la){al, (2.8)

where the states {|a)} are complete. For a particle mov-
ing in one dimension with position x, (2.1) would be an
example of a fine-grained projection. A projection is said
to be coarse-grained if it corresponds to imprecise
specification of a complete set of commuting observables,
precise specification of an incomplete set, or both. An ex-
ample of the first possibility is Eq. (2.2) or (2.3). An ex-
ample of the second (considered in the following sections)
is provided by a composite system consisting of a dis-
tinguished subsystem with single coordinate x and an
“environment” with a set of coordinates R,. The Hilbert
space for the total system is spanned by the states
{|Ix,R; )} and a coarse-grained projection corresponding
to precise specification of an incomplete set of observ-
ables is

P,= [dR|x,R,){(x,R;] . (2.9)
Most generally, a coarse-grained projection is one of the
form

(2.10)

where P, is a fine-grained projector, and the sum is over
all a not fixed by &.

B. Quantum-mechanical histories and interference

Turn now to the description of histories. As stated
above, a history is a sequence of events at successive mo-
ments of time. A quantum-mechanical history is there-
fore characterized by a sequence of projection operators
at a succession of times. The goal of quantum mechanics
is to determine the probabilities for certain events, or se-
quences of events; thus, through the use of projection
operators at a succession of times one might hope to as-
sign probabilities to the possible histories of a system, in a
manner analogous to Egs. (2.6) and (2.7). However, in-
terference generally forbids the assignment of probabili-
ties to histories in quantum mechanics. To see why this
is so, consider the following example.

Consider a system with Hamiltonian H which, at time
ty, is in a state |¥). At time ¢,, it will be in the state

e~iH(tl—10)|\Il> )

Suppose at this time we ask whether or not the event cor-
responding to some set of projection operators P,,,l

(2.11)
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occurs. We therefore consider the object

—iH(t, —t,)
Pale H(t —t, 1‘1/) .

(2.12)
This will, of course, be zero if the event does not occur,
equal to (2.11) if it does; but generally it will be nonzero
and different from (2.11). Now suppose we evolve further
to time ¢, and ask about the event corresponding to pro-
jectors Pa2~ We thus obtain the “path-projected state:”

—iH(ty—1;) —iH(1,

—ty)
|a2t2,a]t1,‘l’)=Pa2e P,e “lg) .

(2.13)

This state is the evolved state projected onto a sequence
of alternatives at successive moments of time. It is the
state for the history (¥,t5)—(a,t)—(a,,t,).

Now we wish to assign a probability to this history.
The obvious candidate for the probability of this history
is

plagty, ot )= ayty,at;, Ylat,,at,¥) . (2.14)

If this is to be a true probability, it must satisfy the ax-
ioms of probability theory. These are that the candidate
probability must be non-negative, normalized, and, most
importantly, must satisfy the “probability sum rules.”
These sum rules are that the probabilities must be addi-
tive on disjoint regions of sample space (e.g., the proba-
bility of A4 or B is the probability of 4 plus the probabili-
ty of B, if A and B are mutually exclusive). The expres-
sion (2.14) is clearly non-negative. It is also readily
shown to be normalized to one (when summed over a,
and a,). The important point, however, is that the prob-
abilities (2.14) will generally not satisfy the probability
sum rules.

To see this, consider another history, similar to the one
above, but in which no projection is made at time ¢,; that
is, the history (¥,¢5)—(a,,t,). It has the path projected
state
—iH(t,—1

|ty WY =Pg e ")

=3 laygty, a1, ¥) , 2.15)

a

where the final equality follows from the property (2.4a)

of the projection operators. The probability for this

second history is
playty)=(ayt,, Vla,t,,¥) . (2.16)

Then an example of the probability sum rules that should
be obeyed is

p(a2t2)= Zp(aztz,a]tl) . (217)

a

But this is not the case: (2.17) is generally not satisfied by
the probabilities (2.14) and (2.16) defined in terms of the
path-projected states. This follows immediately from
(2.15) from which one has
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(ayty, Vlasty,, ¥) =3 (ayty,ait), Yayt,,at,,¥) +
a
This differs from (2.17) by the presence of the term

2 <a2t2,alll,‘l’|a2t2,a3tl,‘l’) ’

o
a;Fa

S
a7y
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2 <a2t2,a1t1,\[’|a212,a'1t1,\l’) . (2.18)
(2.19)

which is generally nonzero and represents interference between different quantum-mechanical histories. It is in this
sense that interference generally prevents probabilities from being assigned to histories in quantum mechanics.

We may, nevertheless, still attempt to identify those sets of histories which suffer negligible interference with each
other, and therefore to which probabilities may be assigned. From the above, it is readily seen that these histories may

be found by studying the object

D(aj,aylal, )= ayty,a,t;, Y]ayt,,ait;,¥)

—iH(ty—1}) —iH(1,

= Tr[Paze Pye

where the trace is over a complete set of states. If Eq.
(2.20) is zero for a;7#aj, we say that the histories
decohere and the probability sum rule (2.17) will be
satisfied. Moreover, the probabilities themselves are
given by (2.20) with a,=a). The main goal, therefore,
when studying the quantum mechanics of history, is to
study an expression of the form (2.20) and identify those
sets of histories which decohere. This simple example il-
lustrates the key issues arising in any attempt to build a
quantum mechanics based on history, and we now de-
scribe the more general formalism.

C. The decoherence functional

Generally, the system is described by an initial density
natrix p at initial time ¢,, and one considers histories
onsisting of n projections at times #, <t, < ‘- <t,.
Expression (2.20), the object which tells us whether or
10t probabilities may be assigned to histories and what
‘hose probabilities are, is a special case of an object called
-he decoherence functional and is given by

D([al,[a’])
=Tr[P}, (2,)"-

n

'Pllll(tl)pPL;(tl)"'Pg. (t,)] .

(2.21)

It is a functional of the pair of histories [a],[a’], where
[a] denotes the string of alternatives, a,a,,...,a, at
times ¢, <t, < - -+ <t,. The trace is over a complete set
of states for the entire system, and we have introduced

ity —t)H — ity —to)H

Py, ()= P e (2.22)
The superscript k has been added to allow for the possi-
bility to have different types of projections at different
moments of time, e.g., a position projection at ¢, a
momentum projection at ¢,, etc.

A final density matrix p, could also be included at the
end of the string of projections in (2.21), and it would
then be necessary to divide by a normalization factor,
Tr(psp). This form emphasizes the time-symmetric na-

ture of the formulation [12]. Here, we will generally take

iH(t —14)

T gy (wle

iH(t,—1t,)
P ,e P
ay

) (2.20)

f

p s to be proportional to the identity operator.
We note the following elementary properties of the
decoherence functional:

D([al,[a')=D*([a'],[a]),

3 3 Dilalla)="Trp=1.
[a] [a’]

The diagonal elements of the decoherence functional
satisfy

D([al,[a])20,
> D([al,la])=1.
[a]

(2.23)
(2.24)

(2.25a)
(2.25b)

The last property, (2.25b), follows from the cyclic proper-
ty of the trace, and from summing out the projections,
starting with the projection at time ¢, and working in-
wards. The diagonal elements are the candidates for the
probabilities for the histories (p,?5)—(a,t;) -
—(a,,t,) and we denote them

playay, ... ,a,)=D(aj,a,,...,a,la,ay ... ,a,) .

(2.26)

Equations (2.25a) and (2.25b) ensure that they are non-
negative and properly normalized.

Consider now the sum rules the probabilities should
satisfy. For a given set of histories, characterized by a se-
quence of projections Pal, -+.,P, , one may construct

coarser-grained histories by summing over the finer-
grained projections, as in Eq. (2.10) (although note that
here the P_’s need not be completely fine-grained projec-
tions). The coarser-grained histories are therefore
characterized by a sequence of coarser-grained projec-

tions, 13(.11, ..., P, . We will be more explicit about the
n

coarse-graining process below. The probability sum rules
to be satisfied are that the probability of each coarser-
grained history should be the sum of the probabilities of
the finer-grained histories of which it is comprised. This
means that

p(@,d,, .. . (2.27)

@)= 3% plapay...,a,) .

la]€(a]
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Here we have used the notation

3 =33 3,

[a]E[a@] a €d; 0,€T, a,€a,

(2.28)

where a; €@, denotes the sum over the alternatives o,
not fixed by the coarse graining &, and the coarse grain-
ing may be different at each moment of time. Equation
(2.27) should hold for all coarse grainings [&@] of the
finer-grained set of histories.

As in the simple example discussed above, however,
the probability sum rule (2.27) will generally not be
satisfied by the diagonal elements of the decoherence
functional, and one cannot assign probabilities to his-
tories in the manner (2.26). Summing over the finer-
grained projections, one obtains the decoherence func-
tional for the coarser-grained histories:

D([alLla'h= I > D([el,[l«']D. (229

[a]€[a] [a’]€[E’]

From this it follows that

D([al,[ah)= I D([al,la])

a]e(a]

>
(al# (]
lalla’l€la]

D([al,[a']) . (2.30)

Here [a]#[a'] means all pairs of histories [a],[a’] for
which a,#a) for at least one value of k. In analogy
with (2.18), therefore, the presence of the sum over off-
diagonal terms generally prevents one from identifying
the on-diagonal terms with the probabilities, (2.26).

For the probability sum rules to be obeyed, it is neces-
sary that the sum over off-diagonal terms vanishes in
(2.30). From the Hermiticity property, (2.23), it follows
that only the real part of the decoherence functional con-

tributes to the interference term in (2.30). A sufficient
condition for decoherence, therefore, is
Re[D(aj,ay, ... ,a,lal,a, ..., a,)]=0 (2.31)

except when a; =aj, for all k. This is also a necessary
condition because the sum over off-diagonal terms must
vanish for all possible coarser grainings of the histories;
i.e., all possible sums of the off-diagonal terms must van-
ish. The fundamental formula for the quantum mechan-
ics of history may therefore be written

Re[D(a,ay, ... a,lala) ... a,)]

=pla;,ay, ... (2.32)

@ 0aat O,
This is both the condition for decoherence and the rule

for the assignment of probabilities to decoherent his-
tories.

Sets of histories that decohere are the only histories
that are regarded as having meaning in this framework
and constitute the predictive output of the theory. Sets
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of histories which do not decohere cannot be assigned
probabilities. They are regarded as devoid of meaning
and have no predictive content.

In all cases we are aware of, the real and imaginary
parts of the decoherence functional generally vanish to-
gether (or are small, see below), and it is often convenient
to work with the slightly stronger condition obtained by
omitting the real part condition in (2.31). It would, how-
ever, be of interest to find examples for which one cannot
do this.

Note that it is essential that the complete set of his-
tories decoheres. That is, the decoherence condition
must be satisfied for all possible values of the alternatives
[a]. It might be possible, for example, to find a particu-
lar pair of distinct histories [a],[a’] (i.e., particular
values of [a],[a’]) for which the decoherence condition
(2.31) is satisfied, but not, in general, for all other pairs of
values. It would not be correct, however, to say that this
particular pair decoheres. The crucial point is that the
probability sum rules must be satisfied and these sum
rules involve a sum over all alternatives, i.e., over all pos-
sible values of a, for each k The decoherence condition
must therefore be satisfied for all possible pairs of his-
tories in the set.

D. Coarse graining and decoherence

Turn now to the question of how to achieve decoher-
ence. First we note a simple but very important case.
The decoherence functional (2.21) is always diagonal in
the final projection D([a],[a']) =8, . by virtue of the

cyclic property of the trace. In particular, suppose that
we consider histories characterized by a single event at a
single moment of time. Such histories always decohere,
for one has

Tr[P, (1, )pPat,l(t1 )]1= Tr[pP, (1, )]6“1‘1'1 . (2.33)

It is perhaps for this reason that the need for decoherence
is not apparent in conventional quantum mechanics,
which largely focuses on events at a single moment of
time. Let us go on, therefore, to study more general his-
tories consisting of events at more than one moment of
time.

The most refined description of history it is possible to
give is a completely fine-grained history. This is one
characterized by a set of fine-grained projections at every
moment of time, i.e., one in which one precisely specifies
a complete set of commuting observables at every mo-
ment of time. With the exception of some special cases,
fine-grained histories do not decohere. To see this, insert
into (2.21) the fine-grained projections

P =la;){ayl (2.34)

and for the moment let the projections be at a discrete,
finite set of times. Then the decoherence functional has
the form



Xyt laty ) al, i lay ) aylp(z)la’) .

Even before taking the limit that the projections are con-
tinuous in time, it is evident that a decoherence function-
al which has the product form (2.35) will generally not be
diagonal. This will also be clear from the path-integral
form below. As indicated above, however, there are some
exceptions. For example, suppose that all the projections
commute with each other and with the Hamiltonian (as
would be the case with momentum projections for the
free particle). Then it is not difficult to see that the
decoherence functional will be diagonal for any initial
state. Another special case is that of a pure initial state
|W), with the projections at the times t, taken to be the
state  unitarily evolved to that  time, Pf;k

=|W(s,)){(W(t;)] (together with its complement,
1—Pf§1 ). It is not difficult to show that these histories

decohere.

To achieve decoherence, it is generally necessary to
consider coarse-grained histories. There are three princi-
ple methods of coarse-graining histories. The first is to
make projections at not every moment of time. Typically
this involves making projections at discrete moments of
time, but it could also involve making projections in a
discrete set of continuous ranges of time. At the mo-
ments of time when the projections are made, one can
then give imprecise specification of a complete set of

J

DallaD=[ Da'[ Da"expliSla'l=iSla" D} =q] p(gt,af) -

Here, S[g'] is the action for the system. The sum is over
two sets of paths g(¢), ¢'(¢), which begin at ¢i, g, at
t =t,, weighted by the initial density matrix. They end at
t=t, at a common point g } =q }', which is summed over,
and the result is independent of ¢, [this follows from the
trace form of the decoherence functional, (2.21)]. The
paths also satisfy restrictions at times f, - -, corre-
sponding to the projections Pf;k(tk). The path-integral
form is most useful when the projections are onto posi-
tion. In this case, the paths are restricted to pass through
certain ranges (i.e., pass through gates) on the time slices
ty---t,, but are otherwise free. Projections onto mo-
menta are possible in a phase-space path-integral version
of (2.36) [9].

The path-integral form of the decoherence functional
provides an alternative way of seeing that completely
fine-grained histories do not decohere. Suppose we pro-
ject onto precise values of the coordinates at every mo-
ment of time; e.g., project ¢’ onto some value Q°, say.
Formally, this involves inserting into the path integral at
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a’ (an’tn|an*1?tn-—1)<a;1—1’tn‘a;t’tn‘l>
n

(2.35)

[

commuting variables, or precise specification of an in-
complete set, or both. This, of course, corresponds to
making coarse-grained projections at those moments of
time, as discussed earlier.

It is an important issue for investigation to determine
the extent to which these coarse grainings lead to
decoherence. This will be the topic of much of the
remainder of this paper. We remark that it is immediate-
ly clear that the first of the three methods does not seem
to be particularly relevant. Specifying a set of fine-
grained projections at not every moment of time is a
coarse graining, but as we saw above, it alone will gen-
erally not lead to decoherence. On the other hand, there
is no reason why coarse-grained projections continuous in
time should not lead to decoherence. We will concen-
trate on the second two methods in the following sec-
tions.

E. Path-integral form of the decoherence functional

The decoherence functional is very conveniently writ-
ten in terms of a path integral, a form we will exploit in
the following sections. Suppose the system is described
by a set of configuration space variables ¢'(z). From the
expression (2.21) for D([a,],[a’]), one may derive the
path-integral expression

(2.36)

[

every time ¢t a & function 8(q‘(z)—Q%¢)). It is not
difficult to see that the decoherence functional then takes
the form

D([a],[a'])=exp(iS[Q]—iS[Q"])
X3(QF—Qf)p(Q6,00) -

This expression is the decoherence functional for com-
pletely fine-grained configuration space histories, Q'(t),
Q7(t). It is clearly not, in general, small for distinct his-
tories.

In the path-integral form of the decoherence function-
al, the two most important coarse grainings involve speci-
fying not all of the ¢’ but only some of them, and specify-
ing the ¢’ only imprecisely by projecting them onto some
range. The sum over histories also affords the possibility
of coarse grainings more general than those that can be
implemented by projection operators in the trace form of
the decoherence functional. The underlying notion that
permits this generalization is that of a partition of the
paths. Projection operators partition the paths according

(2.37)
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to their properties at a particular moment of time, e.g.,
the particle either does or does not pass through the re-
gion of configuration space A at time ¢. In the sum over
histories, they can be partitioned without reference to
time. For example, one can partition the paths into those
that do or do not pass through the region A at any mo-
ment of time. Such a partition cannot be effected by a
single chain of projection operators at fixed moments of
time, yet it can in the sum over histories, and is some-
times a useful and interesting one to consider [13]. The
sum-over-histories version of the decoherence functional
is therefore more general than the trace form (2.21) in
that it permits these more general coarse grainings, but it
is also less general in that it is restricted to coarse grain-
ings involving only positions and momenta.

As an aside, we note that the path-integral form of the
decoherence functional may also be written

Dlalla)=[ Dq'expliSlaDplab,af) . (238

Here, the sum is over all paths g'(¢) beginning at g} at
t=t,, moving forwards in time to ¢ =t, passing through
the gates [a], and then moving backwards in time pass-
ing through the gates [a'], ending at ¢/ at t =¢,,.

F. Decoherent histories and quantum measurement theory

Much of the formalism described in this section bears
close resemblance, at least mathematically, to the famil-
iar machinery of standard quantum measurement theory.
Indeed, the diagonal part of Eq. (2.21),

pla,...,a,)
=TelPL, (1) Pl (t)pP (1) P (1,)],
(2.39)
is a familiar formula of quantum measurement theory. It
is the probability of a sequence of measured alternatives
with an initial state p and with unitary evolution between
measurements. It is, however, important to understand
the distinction between this approach and the decoherent
histories approach.

The decoherent histories approach concerns closed
quantum systems. It makes no reference to the process of
measurement or to collapse of the wave function. The
projection operators are not models of measurement by
an external agency or of interactions with other
systems—they cannot be because the system is closed.
The projections serve only to characterize the possible
histories of the closed system. These histories are as-
signed candidate probabilities via the formula (2.39). The
candidate probabilities are only true probabilities if they
satisfy the consistency conditions. The sole predictive
output of the theory consists of the probabilities for a set
of consistent histories.

By contrast, conventional quantum measurement
theory concerns quantum systems that are not genuinely
closed. They are not closed because they are occasionally
subjected to the influence of an external, classical, agency
that performs a measurement. The state of the system
evolves according to two laws of evolution: unitary evo-
lution, when isolated, and nonunitary evolution (collapse
of the wave function) when a measurement takes place.
This measurement process is modeled by projection
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operators. Using this formalism one can construct the
probability for a sequence of measurements: it is given by
(2.39). In this case there is no obligation to show that the
probabilities (2.39) obey probability sum rules, and, in
general, they will not. This is because the probabilities
for different sequences of measured alternatives corre-
spond to different physical situations, and there is no
reason in general why these probabilities should be relat-
ed. For example, a sequence of measurements at times ¢,
t,, and t5 is a quite different physical situation to the se-
quence in which the measurement at ¢, is omitted be-
cause of the physical disturbance the measurement at ¢,
necessarily produces.

Of course, in standard quantum measurement theory,
there are special measurements, quantum nondemolition
measurements, which do not physically disturb the sys-
tem. A sequence of such measurements will lead to a
probability (2.39) which does, in fact, satisfy the probabil-
ity sum rules. Also, it should be noted that expression
(2.39) satisfies a limited set of probability sum rules for
any set of measurements, namely, the rules

Splay,...,a,_pa,)=play,...,a, ) (2.40)
ufl

for all n. This follows from the exhaustive property of
the projections and the cyclic property of the trace. But
neither of these features should detract from the fact that
the interpretation of the mathematical formalism in
quantum measurement theory is very different to its in-
terpretation in the decoherent histories approach con-
sidered in this paper.

These, then, are the differences between the two ap-
proaches, but the connections between them should also
be stressed. As indicated in the Introduction, an analysis
of the quantum measurement process may be carried out
from within the framework of the decoherent histories
approach. Because the decoherent histories approach ap-
plies to genuinely closed quantum systems, the system
carrying out the measurements must be included in the
total closed system. One could, for example, consider a
closed system consisting of two interacting subsystems,
observer and observed, and study the correlations be-
tween them. In this way is may be shown that the
Copenhagen view of quantum measurement theory out-
lined above emerges as a special case of the more general
decoherent histories approach. The precise conditions
under which this approximation is appropriate are de-
scribed in Ref. [3].

This completes our survey of the general formalism of
the quantum mechanics of history. As stated in the In-
troduction, we feel that this approach to quantum
mechanics has considerable potential, on the one hand,
for clarifying many conceptual issues, and on the other,
as a possible tool with which to do quantum cosmology.
It therefore becomes an interesting issue to calculate the
decoherence functional for various models. Not only will
this allow us to develop some feeling for how the formal-
ism works in the context of simple examples, but, also, it
will allow us to obtain a quantitative idea of the
effectiveness of the coarse grainings discussed above. In
particular, in the following sections, we wish to exhibit
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the decoherence explicitly and quantitatively as a func-
tion of the coarse graining.

III. APPROXIMATE DECOHERENCE
AND SOME INEQUALITIES

In Sec. II, we described the formalism of the quantum
mechanics of histories and gave the condition, Eq. (2.32),
that must be satisfied if probabilities are to be assigned to
sets of histories. This condition is the condition for exact
decoherence, i.e., for the probability sum rules for his-
tories to be satisfied exactly. While it is sometimes possi-
ble to exhibit histories which decohere exactly, it seems
reasonable to expect that, in general, decoherence will
not be exact, but will be approximate. This is the case,
for example, for the models considered in this paper. It
therefore becomes an interesting and important question
to understand what is meant by approximate decoher-
ence. This question is the topic of the present section.

A. Approximate decoherence

Recall that the probability sum rules to be satisfied are
Eq. (2.27), i.e., that the probability of a coarser-grained
history must be the sum of the probabilities for its con-
stituent finer-grained histories, and that this must be true
for all coarser-grained histories. The natural generaliza-
tion of this is to demand that the probability sum rules
are satisfied to order €, for some constant € <1. By this
we mean that the interference terms do not have to be ex-
actly zero, but only suppressed by a factor ¢; i.e.,

|

!ReD(---ak"'["-

One might contemplate generalizing this type of condi-
tion to the case in which the a,’s were different on each
side of the decoherence functional for all values of k, not
just one value, as in (3.3). The right-hand side might then
involve some kind of arithmetic mean of the correspond-
ing on-diagonal terms.

However, for reasons that will become clear below, it
turns out that the condition (3.3), or its generalizations,
are not the most appropriate ones. A condition that we
have found instead to be more useful is

IR o' | <€[R yqR oo 1'%, (3.4)
where we have introduced the convenient notation
R,, = ReD([a],[a']) . (3.5)

We therefore take the geometric mean of the diagonal
terms on the right-hand side rather than the arithmetic
mean.

First of all, note that (3.4) implies (3.3). This follows
(apart from a factor of 2) using the relation

[RaaRa’a’]1/2:%[(Raa+Ra'a’ )2_(Raa—Ra‘a’)2]l/2

< HRyq+ Ry (3.6)

a}("')|<€[p("'ak"')+p("
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S ReD([a],[a']) | <€
[a]l#[a’]
[al[@']€(a)

S D([al,[a)

[e]€(a]
(3.1

for all possible coarser grainings [@] of the alternatives
[a].

In the case of exact decoherence, € =0, condition (3.1)
is equivalent to the much simpler condition (2.31), that
the real parts of all the off-diagonal terms of the decoher-
ence functional vanish. This enormously simplifies the
problem of checking the probability sum rules. For the
case of approximate decoherence considered here, howev-
er, in the worst possible case, we might have to check the
probability sum rules for all possible choices of coarser-
grained histories. It could be, for example, that the de-
gree to which the sum rules are satisfied depends on the
particular sum rule in question. Let us therefore ask, is
there a particular sum rule which, if satisfied to order ¢,
will imply that all other sum rules are satisfied to the
same order or better?

To address these issues, consider the finest coarser
graining possible, in which two alternatives at time ¢, are
combined:

Pak =P, +Pa;( . (3.2)
This means that the alternative @, consists of a; or aj.
Let us then demand that the probability sum rule for this
coarser graining is satisfied to order €. It is simple to
show that this means

)] (3.3)

—

and taking the case in which [a] and [a '] differ only in
the values of the alternatives at time ¢, and no other.

Now consider what condition (3.4) implies for the more
general coarser grainings of the histories. Consider first
the strict upper bound on the left-hand side of (3.1). One
has

2 Raa' = E IRzm’i
aFa’ aFa’
a,a’'€a a,a' €A
<€ 3 [RgeRoo1?. 3.7
aFta'
a,a' €A

To streamline the notation we temporarily drop the
square brackets notation [a] in favor of a simple a.

We need an expression involving a sum over probabili-
ties, as in the right-hand side of (3.1). We therefore write
(3.7) as

S Ry |<Ae 3 Ry, (3.8)
a#*a’ a€a
a,a'€a

where
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A: [ 2 Raa ]—l 2 [I{aalza’az’]l/2 . (39)

aFa’

a,a’'€a

It is not difficult to see that the factor A will generally be
much greater than 1, meaning that more general proba-
bility sum rules will not be satisfied to the same degrees
as the basic condition, Eq. (3.4), but will be satisfied to
degree A€, a number generally much greater than e.

The above analysis gives rigorous bounds on the proba-
bility sum rules, but these bounds are perhaps not the
most relevant ones. The sum over off-diagonal terms on
the left-hand side of (3.7) will typically involve a large
number of positive and negative terms, and it is reason-
able to assume that terms of a particular sign will not be
favored. This means that there will be a considerable
amount of cancellation, and the upper bound (3.8) is not
representative of the typical value of the sum over off-
diagonal terms. It is like a random walk in one dimen-
sion, with random step lengths and equal probabilities of
stepping left or right. If the average step length is /, and
the number of steps is &V, the maximum distance one can
walk is IN. However, if N is large, walks of such length
are exceedingly rare, and it may be shown that by far the
most probable walks have lengths of order IN'/? or less
[14].

More generally, the central limit theorem permits an
estimation of the typical value of the size of the left-hand
side of (3.7). Consider the off-diagonal terms of R ,,.. If
the a’s run over N values, there are (N>—N) off-diagonal
terms in the decoherence functional. (We are therefore
restricting attention to the case in which « is a discrete
label, but N may be infinite.) A coarse graining @ of o
corresponds to selecting a subset of, say, M a’s from the
N a’s. There are therefore (M?>— M) terms in the sums
in Eq. (3.7). We have very little information about R,
but one thing we do know is that

2 Raa'=0 >
aF*a’
all a,a’

(3.10)

where all a,a’ means over all (N2—N) values (in distinc-
tion to a,a’'€a). This follows from (2.30). (The only
other thing of value we know about R, is the inequality
derived below, but this will not be needed here.)

Without more detailed information about the R s, a
useful way to proceed is to assume that N is large and
perform a statistical analysis. We are given a set of
(N*—N) R_,’s. Equation (3.10) implies that their mean
value is zero. The quantity we are interested in is the re-
stricted sum over R, ’s for a particular choice of coarse
graining &, i.e., the quantity

(M>*~M)Y,= 3 R,y . (3.11)
aFa’
a,d’€a
The quantity Y is therefore an approximate “‘measure-
ment” of the exact mean value of the R _,’s. The ques-
tion is, how close is this approximation ? The central

limit theorem supplies the answer: for large M, the dis-
tribution of Y_ approaches the normal form centered
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about the mean, with width o(M?>—M )~ /2, where o is
the standard deviation of the off-diagonal R _,’s [14].
This implies that “most” approximations to the mean Y,
will lie within a few widths of it. For example, 98% of
them will lie within four times the width. Up to factors
of order unity, therefore, most Y;’s will satisfy

Y |<o(M?—M)"12. (3.12)
a
The standard deviation is given by
o= NZI—N S R2,. (3.132)
aFa’
all a,a’

But since M is taken to be large, a reasonable approxima-
tion to (3.13a) is

2 1
v vllD>
2_
M*-M =

a,ad'€a

Combining (3.11), (3.12), and (3.13b), the factors of
M?— M all drop out, and we are left with

R%, . (3.13b)

172
S Ru|<| X Ria (3.14)
aFa’ aFta'
a,d€a a,a’'€Ea

as the bound on typical values of the left-hand side of
(3.7).

Now we repeat the above analysis using (3.14). Using
condition (3.4), it is straightforward to show that (3.14)
implies

> Ry |<Ae 3 R, (3.15)
aFa’ aEa
a,a’'€a
where
EZ 2 Izaa]_1 2 RaaRa'a' 172
a€Ea aFa’
a,a’'€a
172
= 2 Raa]_l E Raa ]2_ E thza
aEa aEa aEa
(3.16)

It is readily seen that A <1. This is the main result of
this section: given condition (3.4), most probability sum
rules are satisfied to order € or better, where “most” is
understood in the sense explained above. We anticipate
that the result will continue to hold, in some form, in the
case where the a’s are continuous labels, although we do
not demonstrate this explicitly here.

There will, of course, be situations in which our statist-
ical assumptions must fail. For example, one could
choose coarse grainings in which all the M?>—M R, .’s
summed over in (3.11) are of the same sign. This would
therefore be a very bad approximation to the mean value,
and the probability sum rules would then be satisfied only
to the much poorer degree indicated by the strict bound
(3.8). Also, we have implicitly assumed that the N>— N
R ,,’s are distributed reasonably evenly, without particu-
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lar bias towards positive or negative values. One could
envisage decoherence functionals for which most of the
R,,’s were positive, say, but the negative ones were
sufficiently large for (3.10) to hold. Samplings of the
R ,,’s would therefore also possess this bias, and the sta-
tistical reasoning given above would be less accurate. But
these situations are exceptional, and they may have some
special significance which it would be of interest to inves-
tigate. Moreover, they do not detract from the above
analysis, the point of which was to define what is meant
by the “typical” case and explore its properties.

It may be enlightening to explain why condition (3.4) is
more appropriate than (3.3). The main difficulty with
(3.3) arises when the coarser graining @ involves a sum
over an infinite number of a’s. This happens in the mod-
els of this paper, for example. For, suppose one repeated
the above analysis using (3.3) in place of (3.4), then in the
expressions replacing (3.7) and (3.16), one would obtain
expressions in which R, are summed over both a and
a ' and would therefore diverge.

B. Some inequalities

We now derive some inequalities which will be useful
and lend support to the approximate decoherence condi-
tion, (3.4). Consider the matrix elements of the density
operator p is an arbitrary basis, {| 4 )}. It is given by

pp=C(Alp|B) . (3.17)

Now p is a non-negative Hermitian operator. This means
that there exists some operator S such that p=S§ s, It
follows from the Cauchy-Schwarz inequality that

1<als's|B)2<(4|s's|4)(BIS'SIB) . (3.18)
We therefore have the inequality
lpas|*<paapss (3.19)

for all A+ B with equality if and only if p is pure.

An analogous result also holds for the decoherence
functional. Write the decoherence functional
(3.20)

D([al[a’'D=N 3 {Blp;CoposCL 1B ,
B

where we have explicitly written out the trace over a
complete set of states, {|B)}, and we use the notation

Co=P, (t,) " Py (13)Pq (1)) (3.21)

For generality, we have also included a final density ma-
tr1x ps- The normalization factor N is given by

= Tr(psp).
For simplicity, consider first of all the case in which ps

is mixed but the initial state p, is pure, po=|¥(){ ¥,l.
One then has
D([al,la’'N=N{¥,lCl.p,C,1¥,) (3.22)

Since we may write pf=S}Sf, it follows from the
Cauchy-Schwarz inequality that

ID([a),[a'DIS[D([a),[a]D([a’],[a']]? (3.23)
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with equality if p, is pure. The case of a pure p, and
mixed p, is essentially the same.

The case of general psandpgisa httle more complicat-
ed. Write p,=S fo and py= SOS o- Then the decoher-
ence functional may be written

D([al,[a’])=N S (BlAALIB), (3.24)
B

where we have introduced A ,=S;C,S,. One therefore
has

ID(al,[@DISN S (B4, 4L 18)]
B

SN'S (BIAALBY 7 BIA - ALIBI2
B

(3.25)
For simplicity of notation, introduce
Xp=(BlAALB, (3.26)
Yp=(BIA L ALIBY . (3.27)
Then (3.25) reads
[ID([al,[a’'DISN 3 XpYg . (3.28)
B
Also,
D([a],[a])D([a'],[a'])=N232X,23Y§ . (3.29)
.Y
Now consider the inequality
S (XpY,—X,Y5)°20. (3.30)
By
This implies that
BEXBYBXY , = EXBYZ (3.31)
y
and hence that
(3.32)

2 XpYp= [EthsYi ]1/2 :
B By

Comparing with (3.28) and (3.29), we therefore again ob-
tain the inequality (3.23). This is the main result: the
decoherence functional satisfies the inequality (3.23), with
equality if the initial and final states are pure.

It is not true that equality is obtained only if the initial
and final states are pure. It is not difficult to construct
examples with a mixed initial state in which all but one of
the probabilities for a set of histories are zero. But one
then has equality in (3.23) because both sides are zero.

The inequality (3.23) lends support for the use of our
approximate decoherence condition, (3.4). The degree of
decoherence is basically the amount by which the left-
hand side of (3.23) is less than the right-hand side. A
search for other, more concrete measures of approximate
decoherence would clearly be both useful and interesting.

1IV. THE CALDEIRA-LEGGETT MODEL

An important class of systems in the study of decoher-
ence are those in which there is a preferred split of the to-
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tal system into a distinguished system, and the rest, sum-
marily referred to as the environment. A natural coarse
graining in such composite systems then consists of pro-
jecting onto the distinguished system only while tracing
out over the environment. Models of this type have been
considered extensively in the context of the reduced den-
sity matrix approach to decoherence [15]. Here, we will
consider such a model in the context of the decoherence
functional. The model is the Caldeira-Leggett model,
originally proposed as a model of quantum Brownian
motion [16]. This model is, in turn, based on earlier work
of Feynman and Vernon [17].

The Caldeira-Leggett model is a comparatively simple
model for decoherence in which the evolution of the re-
duced density matrix may be determined exactly. It con-
sists of a distinguished system A with action

SA[x]=fOTdt[%Mx2—%Mw2x2] @.1)
coupled to a reservoir or environment B consisting of a
large number of harmonic oscillators with coordinates
R, and action

Sz[RI=3 fofdt[%mR,f—%mwiR,g]. 4.2)
k
The coupling is described by the action
S[x,R]I=—3 fofdt C.R;x , 4.3)
k

where the C,’s are coupling constants.
The object is to study the quantum evolution of this
system, but focusing on the system A4 only. At any time

|
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t, the most complete quantum description of A4 only is
given by the reduced density matrix

plx,y,0)= [dRAQS(R—Q)p(x,R,,Q,1), (4.4)

where p(x,R,y,Q,t) is the density matrix of the com-
bined system.

The evolution of a pure state would be given by the
usual propagator for the total system, which may be ex-
pressed in path-integral form:

(x;,R;,7lx0,R,0) = [Dx DR expliS[x,R]) .  (4.5)
Here, S[x,R] is the total action for the system
S[x,R]=S,[x]+Sz[R]+S,[x,R], (4.6)

and the sum is over paths (x(z),R(z)) satisfying the
boundary conditions
x(0)=xy, x(1)=x;, R(0)=R,, R(7)=R;, . 4.7)

The solution of the total density matrix is therefore given
by

p(xpR .y, Q1) = [ dxodygdRedQq
X{x,R,7|x9,Rp,0)
x <ny;T|y0,QO’0>*

Xp(x0,R0,0,Q0,0) .

Using (4.5) and (4.8), we may therefore obtain a path-
integral expression for the evolution of the reduced densi-
ty matrix:

(4.8)

pxpy )= [ dxodyodRedQudR ;dQ,Dx Dy DR DQ SR, —Q;)

X exp(iS 4[x ] —iS 4[y]+iSp[R]—iSp[Q] +iS;[x,R]—iS;[y,Q])

Xp(xO’Rwyo’QO’O) .

Next, it is assumed that the initial density matrix for the
total system has the form

P(x0,R0,70,Q0,0)=p 4(x0,50,0)p5(Ry,Qp,0) . (4.10)

For then it is possible to completely integrate out the en-

vironment in the path integral (4.9). The resulting ex-
pression may then be written

ﬁ(xf,yf,r)

= [ dxodyod (x;,97,71%0,90,0)p 4 (X0,30,0) . (4.11)
Here, we have introduced
J(x5,97,71%0,90,0)

= [ Dx Dy exp(iS 4[x1—iS 4[y NFH[x,y;7) ,  (4.12)

where F[x,y;7) is the influence functional:

(4.9)

-
Flx,y;7)= [ dRdQudR ;dQ8(R;—Q;)ps(Rg,Qp,0)

X [ DR DQexpl(iSp[R]—iS5[Q]
+iS;[x,R]

The quantity J defined in Eq. (4.12) is the central object
of interest in the Caldeira-Leggett model because it de-
scribes the evolution of the reduced density from any ini-
tial total density matrix of the form (4.10). It will also
turn out to play an important role in the decoherence
functional described in the next section.

The influence functional (4.13) may be evaluated exact-
ly given the initial density matrix of the environment B.
A useful choice, taken by Caldeira and Leggett, is to take
the environment to begin in thermal equilibrium at tem-
perature 7, with the density matrix

(4.13)
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(R )__ mwk
(R, Q)= I,;I 27 sinh(w, /kT)
mawy
%P | T sinh(wy /kT)

The influence functional is then given by

Fix ,yr—expl ffs)] (4.15)
where
:fozds’ds[x(s)—y(x)]
Xag(s—s")[x(s")—y(s")]
+i [Zds'ds[x(s)—y(s)]
0
Xa;(s—s")x(s")—y(s")] (4.16)
and
2 @y
agls—s’ % o, coth KT coswy(s—s'), (4.17)
c?
(s—s' 2 sinw, (s —s') . (4.18)

K 2Zmoy

Caldeira and Leggett next choose to take a continuum
of oscillators in the environment, with density pp(w),
which involves the replacements

% ——»fomdwpp(w), C,—Clw)

(4.19)

in (4.17) and (4.18). Furthermore, a high-frequency cutoff
in the sum over o is taken of the form

2
AMmyo” e cq |

T
ppl@)CH@)= |o e 5 q (4.20)
The result has the general form
J(x7,p7,71%0,0,0)
=f§Dfoy exp(iS[x,y]—d[x,y]) . (4.21)

The effect of tracing out the environment leads,
amongst other effects, to a renormalizing of the frequency
of the distinguished oscillator from o to wgz. We will
work in the Fokker-Planck limit, for which k7T >>Q

>>wpg. One then has
Stx,p1= [ dt[Mx> — My~ LMo x?+ Mk
—My(x—y)x+yp)] 4.22)
and
$lx.y1=2MykT [ dt[x(1)=y(0)] 4.23)
The environment therefore has three effects of

significance: renormalization of the frequency w, the in-

[(RE}+Q}) cosh(w, /kT)—
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2R, 0, ] (4.14)

f

troduction of dissipation characterized by y, and the
suppression of contributions from widely differing pairs
of paths in (4.21) through (4.23). It is this latter effect
that will lead to decoherence.

It is particularly useful to introduce the variables
X=x+y, £=x—y. In terms of these variables, the
above expressions are

= fo"dr(;MXg‘—%Mwixg—Mng) (4.24)
and

O[X,E1=2MykT fo’dt £ . (4.25)

Two features that will be important in what follows are
first that ¢ depends only on &, and second that X occurs
linearly in S[X,£].

Now we review the evaluation of J, (4.21). This will be
useful for the next sections. It is convenient to expand
about the extremum of S. The extremum is the paths

X (1), &,(t) satisfying the equations of motion
D X=X+2yX +0wkX=0, (4.26)
D \§=E—2yE+wiE=0, (4.27)
subject to the boundary conditions
X(0)=X,, X(1)=X,, §0)=§, &(r)=§,. (4.28)
The solutions are
—yt
Xq(t)= ¢ [Xre" sinwt + X, sino(t—1)], (4.29)
sinwT
e’
t = 77/7- 1 + ] —_— .
Ea(t) Sinor [£re T sinot + &y sinw(t—1)] , (4.30)

where w?*=w%k —y2

solutions is
Sa=R(DX &, +R(1Xo&

The action S evaluated on these

—L(‘r)Xogf—N(T)Xf&) , (4.31)
where
K(r)=—=1My+ 1Mo cotor (4.32)
R(r)=+1iMy+1iMocotor, 4.33)
Lir=Mee " (4.34)
2 sinwTt
yT
Nipy=Mee (4.35)
2 sinoT
Now write
X()=X, (6)+0X (1), E(t)=E,4(t)+8E(¢) (4.36)
where
8X(0)=0, 8X(7)=0, 6&£(0)=0, &8&(7)=0 4.37)

The path integral (4.21) now becomes
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J(X;,&7,7|X0,£0,0)= exp(iSy) [ DBX)D(SE) exp —i—zifdtSXD(_,Sé‘—xﬁ[é‘d-FSg] .

However, since the exponent is just linear in 8X, the in-
tegral over 8X is readily performed to pull down a § func-
tional [ D _,6£]. Integrating over 8¢, the only contribu-
tion thus comes from 8£=0, and a prefactor of
(det[D_,])"! appears. This prefactor was evaluated by
Caldeira and Leggett, and we denote the result F(r).
The final result is therefore of the form

J(Xf:gfﬂ"Xo»go»O):Fz(T) exp{iSy—d[Ea(t)]} .

(4.39)

Here, ¢[&(t)] has the form
BLE4(1)]= A(T)EL+B(T)E £+ C(TIES . (4.40)
Explicit (but rather lengthy) expressions for the

coefficients A4, B, C are given in Ref. [16], and we do not
give them here. However, they simplify enormously in
the Fokker-Planck limit considered here, in which case
they are given by

—2yT
A(n=2MrkTe T L o)1), @ap
sin‘oT 4y
—yr
B(r)= 2M}./k2Te _ LOSOT 2y qy
sinwT
+1I coswr+J sinot | , (4.42)
C('r)=M_1;£Z L(6227”—1)—1 cos2oT
sin‘or | 2y
—J sin2oT | , (4.43)
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(4.38)
r
where
I=Ly(y*+0?) (e cos20r—1)
+Lo(y*+e?) e sin2or (4.44)
J=—lo(y*+o?) " (e*" cos2wT—1)
+Ly(y?+o?) e sin207 . (4.45)

For future reference, we note that, in the short time limit,
each of A(7), B(7), and C(7) are approximately equal to
IMykTT+0O().

V. THE DECOHERENCE FUNCTIONAL
FOR THE CALDEIRA-LEGGETT MODEL

We are going to calculate the decoherence functional
(2.21) for the system described in the previous section,
consisting of a distinguished harmonic oscillator coupled
in an environment consisting of a thermal bath of har-
monic oscillators to provide decoherence. The projection
operators will be projections onto the position of the dis-
tinguished oscillator. For mathematical simplicity, we
will use Gaussian projections, (2.5).

A. The decoherence functional

The decoherence functional is written down most
readily using the path-integral form (2.36). In our case it
is

D[fk,ik]———fdxfdydefdedxodyodROon‘Dx Dy DQDRS(x;—y )8R —Qf)p 4(x0,y0)p5(Rg, Qp)
X exp(iS 4[x ]—iS 4 [y ] +iSp[R]—iSp[Q]+iS;[x,R]—iS,[y,Q])

x(t;) =% |2 _

X exp

o |
-3 >
k=1

Ok k=1

i )=y

3 . (5.1

Ok

For convenience, we will omit preexponential factors in Secs. VA-V C. (These can always be deduced, if desired, by
appealing to normalization conditions.) The sum is over histories (x(¢),y(¢),R(¢),Q(¢)), where ¢ runs from ¢ =¢, to
t=t;=t, ,, and the histories satisfy the boundary conditions.

x(to)sz, y(to)zyo, x(tf)=xf, y(tf)zyf’
R(t0)=R0, Q(to):Qo, R(tf)zRf, Q(tf)=Qf

(5.2)
(5.3)

On the initial surface, ¢ =1, the initial density matrix of the system is folded in and is taken to have the form (4.10) and
(4.14); on the final surface at t=tg, the & functions enforce x =V R f=Q ', and then x + and Ry are summed over.
The histories are obliged to pass through the Gaussian slits at positions X,y at times t =1, for k=1, ...,n. It will be

convenient to work always in the Fokker-Planck limit.

Because the projections refer only to system A4 and not the environment B, the environment coordinates may be com-



1594 H. F. DOWKER ANDJ. J. HALLIWELL 46

pletely integrated out. One thus obtains
DX,y 1= fdxfd.)’fdxod)’o@x Dy 8(x,—y,)p 4(x0,y0) expliS 4 [x ]—iS 4 [y DF[x,y;7)
no[x(t) =% n )=

-2 2 -2 2

k=1 Ok k=1 Ok

X exp , (5.4)

where F[x,y;7) is the influence functional introduced in the previous section (in the Fokker-Planck limit). We then

have

D(x;,5: 1= [ dx dydxodyDx Dy 8(x; =y, )p 4(X0,30) expliS[x,y 1 =[x,y 1)

x(t)=% o ) =g )

X exp

2o
> 2
k=1

Ok k=1

Ok

2 ’ (5.5)

where S[x,y ] and ¢(x,y) are given by (4.22) and (4.23), respectively.

Because the projections reside only the discrete set of slices t =¢,, for k=1,2, .

.., n, it is convenient to rewrite (5.5)

in terms of integrals on these slices and propagation between them. It is also useful to go to the variable X, &, defined by

X=x+y, £=x—y. We then have

D[A—IkVéTk]::den+1d§n+land§n “ o dXodEd(E, +1)p 4 (Xo,E0,80)

n
X JT (Xt 156k 415tk 411X Exs tic ) exp
k=0

Here,
Xk 418k + vt + 11 Xio Ero i)
= [ DX DEexpliS[X, &t 1,0 —IX &t 1 11)]
(5.7

where S[X,& 1t . ,t,] and @[X,& ;4,1 ] denote the
quantities (4.22) and (4.23), respectively, but with the in-
tegration domain [0, 7] replaced by [#;,%; +;]. Also, for
convenience we have made the redefinition 20} —0o;. As
in the previous section, Eq. (5.7) may be evaluated exactly
with the result

J(Xp 18k w1tk 1| X Eo i)

=Ff 15 expliSi ik —Sr+14) > (5.8)

where Fy ., ; =F(1; 4, —t;) with F(¢) as in Eq. (4.39).
Also,

Stk Egcl(Xk+17§k+1’tk+llxk’§k’tk)
=K 1. Xk 4165k 117 Ky w1k Xk

—Ly 1 Xk o1~ Nevrx X1 > (5:9)

where K, . =K(t; . ,—1t) with K(¢) given by (4.32),

s

and similarly for K; | ,Lg+1,x and Ny 4 ;. Likewise,

br+16= A+ 1,66k +17 Bk 16 +Cy g 116k
(5.10)

with 4y | = At 41— 1), ete.

As an aside, we note the following point. The propaga-
tor J from t =0 to t =7 is given by Eq. (4.12), which in-
volves the influence functional (4.13). This, in turn, in-
volves the density matrix of the reservoir B at time t =t,

n (X=X )P n (& &)
- k - K > &k 2§k (5.6)
k=1 Ok k=1 Ok

[

given by Eq. (4.14). The propagator between slices t =1,
and 1=t; ,;, Eq. (5.7), comes from expressions of identi-
cal form, but with the change of domains of integration
noted above. It is perhaps surprising, however, that the
propagator from t, to t, ., should involve the density
matrix pg at t =¢,. The reason for this is that the envi-
ronment in the Caldeira-Leggett model is taken to be
essentially infinite. This means that, although the system
A is itself affected substantially by its interaction with the
environment B, A has negligible effect on the dynamics of
the environment. To a good approximation therefore,
the environment is always in thermal equilibrium, de-
scribed by the density matrix (4.14) for all time.

Our task now is to evaluate the decoherence functional
(5.6) for various choices of initial density matrix p 4. All
the integrations are Gaussian and may therefore be car-
ried out in closed form. A direct assault on the integra-
tions is possible, but for the purposes of exhibiting the
qualitative features of the decoherence functional (our
aim in this section), we have found the following method
to be convenient. Recall that, in Sec. IV, the evaluation
of the propagator J was considerably eased by the simple
observation that X occurs linearly in the exponent. Be-
cause of the presence of the projections, X does not occur
linearly in the exponent of the decoherence functional.
However, the following trick turns out to be extremely
useful. Write

(Xk _Xk )2
ol R
k
1 2iP; -
Y- JaPiexp | —Pi+ o (Xj —Xy) (5.11)

Now inserting (5.8) and (5.11), the decoherence functional
becomes
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D[fk,gk]=fdxn +1d8, +1dXdEd"Xd"EA"PO(E, 1 1)p 4(Xg,E0:20) €XP

n
S [iSkse—Pr+1,4]
k=0

, | 2iP, _
X exp P} + o X =X+ = (5.12)
k

_é (§k_§7k)2H.
k=1

r

The exponent of the decoherence functional is now en-  where a; =a(t; ), B, =B(t;). It follows from the above
tirely linear in the variables X, and we may proceed with  that X, obey the boundary conditions
the evaluation, beginning with the integral over X,. o

A change of variables is useful. Consider the classical 8Xo=0=08X, - (5.17)

solution for X(¢) connecting the initial and final points,  ynder this shift of integration variables, one finds that
(4.29). Write it as

X (t)=X, a(t)+X,B(t) . (5.13)

M:

Sk+1x=SalXp,Ep b5 X0, E0,10)+S (5.18)

k=1
Here, a(t) and B(t) are solutions to the field equations for

; X here S, is given [from (4.13)] b
X whose exact form may be found by comparison with Where Sq 158 ! 1by

(4.29). They satisfy the boundary conditions Sa=R(1)eXo—N(T)EX, (5.19)
a(ty)=0, alt;)=1, (5.14)  and
ty)=1, B(t;)=0. (5.15) & < =
Alto) Aly) SU= S [—Litixbis1 TRy srx +Ki g - Ex
k=1
Now perform the change of variables
_~Nk,k“-1§k—1]8Xk . (5.20)
X, =X +8X,
Using the above results, the decoherence functional may
=X, 110 +XoBy +0X; , (5.16)  now be written

J

D[X,E 1= [dX, . 1dXdEd"(8X)d"Ed"Pp 4(Xo,60.t0)

n
X exp (iR (1)Xofo—iN(T)X, 1 &8 = 3 i u(bprbicrr)
k=0
" 2iP S E—E)?
— S|P+ (X, 0+ X B 8K — X )+ (5.21)
k=1 Ok Ok
The integrals over X, ; and 8X, pull down the 6 functions
(n) k 2 Pk n akPk
8" [ =Ly gy k8k+17( k+1,k+Kk,k—1)§k_Nk,k—1§k—1“‘2;k‘ 8 N(1)§p+2 3 o | (5.22)
k=1
The integrations over £, and &£, may then be performed. The only contributions come from
2 L Py
- 5.23
&o N & o (5.23)
and from the value of £, satisfying the difference equation
_ Py
—Ly i1+ Ry o1+ Kis— 16k —Nix—16k—1 =2;‘ (5.24)
k

for k=1,2,...,n, with the boundary conditions that &, ,,=0. Equation (5.24) may be solved explicitly, but the exact
form of the solution will not be needed. It will be linearly dependent on &, and P,. We will hereafter assume the in-
tegrations over &, and £, have been done, and use &, to denote the right-hand side of (4.23) and 8&; to denote the solu-
tion to (5.24). The feature of £, and &, to keep in mind is that they are both linear in P,. We now have
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D[ik’gk]=deOd"PPA(XO’go»tO)exp iE(T)Xogo" > Sir,kExbr+1)
k=0
n 2i P ( _F )2
- 3 |Pit—XoBi— +—§k f" (5.25)
k=1 (o

We will now consider the evaluation of this expression for various different forms for the initial density matrix.

B. Wave-packet initial states

We first consider an initial density matrix corresponding to a pure state consisting of a wave packet of approximate

momentum p centered about the point X;. One thus has

(Xo_fo)2 §(2)

palXo,Ento)=exp |ipo———5———— |, (5.26)
o o
where X,=2x,. Inserting this into the decoherence functional, the integration over X, may be performed, and one ob-
tains
S . & = = o BiPy
D[Xk’é'k]:fd"PeXP lpgo_:;— 2 dr+1kErbk+1) TiXo 3(7)50,2 > oL
=0 k=1
2 By P
by Prfx
— 5 |K()g—2 E
k=1 Ok
n 2P, _ (£, —&)
D [ A S (5.27)
k=1 Tk o

The important step now is to organize the exponent into terms quadratic and linear in P,.

decoherence functional in the form

D[fkfk]=fa’”Pexp

uM=

where
n n . §0 n
2 EPkMkJ i + z ¢k+1k(§k’§k+l
k=1 j=1
2
o? n BiPy
+— |R(1)E—2
4 0 k§l O'k
2
n
+ 3 P,3+§—’; , (5.29)
k=1 Ok
2 Up P =2 2 2L, (5.30)
k=1 Ok
and
By Py
3, ViPi=péo+ X, |R(1E—2 2 ”
k=1 k=1 Ok
P,
+2 3 k%, . (5.31)
k=1 Tk
In particular,
2 s p s |KR(n)
=— — —Xo | =0/ —a; + . (5.32)
V= Xe ™ Ny %o | N % B"H (

n n
z PuM P+ 3 (U, +iV, )P —
j=1 k=1

We therefore write the

n &
-1, (5.28)
k§1 Ui
.
Now let
_p R(r) =
= + + X 3
V=Nt N % B"} 0 633

The significance of this is as follows. Consider the classi-
cal solution for X(¢) given by (5.13). This is the solution
for fixed initial and final X. However, Hamilton-Jacobi
theory together with Eq. (4.31) give

=—K(T)X,+N(1X, , (5.34)

where P, is the momentum conjugate to §, and we can

use this relation to obtain the classical solution for fixed
initial X and P;:

R(7)

Pe(tp) "
N(T)

N(71)

X ()= alt)+

(5.35)

When the decoherence functional is diagonal, x =y =1 X,
and since P, =§MX , we can identify p = Mx, the momen-
tum conjugate to x, with Pe. We therefore have the re-
sult that Y, =X (1, )=2x(¢; ), where x 4(t) is the classi-
cal solution with initial position X, and initial momentum
P
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The integral over P, may be carried out, with the for-
mal result

D[)?k,gk]=exp +%UTM_IU——;‘U M~1V

1 n &g
——VM~lVv— 3 = | (536
4 k=10k

in an obvious matrix notation. Equation (5.36) may be
rearranged into the form

I lws o = i B
D[Xy,6x 1= exp —Zzngkjgj_fUTM v
kj

X, —Y, XY,
-3 k kMk;l i j
kj Uk U]

, (5.37)

where M, ; may be found from the above. It will be posi-
tive definite because the decoherence functional is by con-
struction normalizable. Similarly, it follows from (5.29)
that M,; is positive definite.

We may now see that the decoherence functional has
the expected qualitative features. The first term in the
exponent of (5.37) shows that the decoherence functional
is small for large values of &, i.e., that distinct histories
decohere. The second term, which is linear in &, is pure-
ly imaginary. It does not affect decoherence and, in fact,
vanishes when £, is set to zero. The third term clearly
shows that the diagonal part of the decoherence function-
al is peaked when the slit positions X, lie along the classi-
cal trajectory, X, = Y,.

Note, however, that this is the decoherence functional
specifically for the wave-packet initial state and it is yet
to be seen whether these features continue to hold for

|

DXy, &= [ dpodXod"P W(po,Xo) exp

-3

k=1

where, recall, £, and £, are given by (5.23) and (5.24). In-
serting the expression for &, some elementary arrange-
ment of the terms yields an expression very similar to
(5.28):

D[X,,E, 1= [ dpodXod"P W(pg,X,)

M:

X exp

n
S PM;P
1j=1

x-
Il

+
M=

(U +iV, )P,

x~
I

)

(5.40)

x
I

|
M!
S

P+
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more general initial states. Furthermore, it should be
noted that the peaking of the (modulus of the) decoher-
ence functional about &, =0 is, at best, a crude qualita-
tive indication of a tendency towards decoherence. A
much better quantitative indication is the condition (3.4),
and this is what we shall use in what follows.

At this stage, the full advantage of writing the slit pro-
jections in X in terms of their Fourier transform is clear.
The qualitative features of the decoherence functional —
decoherence of distinct histories, and peaking about clas-
sical trajectories—are clearly exhibited. The detailed ex-
pressions for the widths of the peaks are rather compli-
cated. But use of the identity (5.11) leads to a clean sepa-
ration of the terms giving the configuration about which
the decoherence functional is peaked from the terms giv-
ing the width of the peaks: the former are linear in P, in
(5.28) and the latter are quadratic in P,. It seems likely
that this simple trick will be similarly useful in calcula-
tions of more complicated decoherence functionals.

C. General initial states: The Wigner function

For more general initial states, we have found that
some of the qualitative features of the decoherence func-
tional may be exhibited using the Wigner transform of
the initial density matrix. We therefore write the initial
density matrix,

p 4 XoyEoto)= [ dpoe "W (py,X,) , (5.38)

where W(p,,X,) is the Wigner function and is obtained
in terms of p , using the inverse of (5.38). The Wigner
function has many properties shared by classical phase-
space distributions and has often been proposed as an in-
terpretational tool [18,19]. Inserting (5.38) into (5.25),
one obtains

ilpo+R(MXo1e0— 3 i1k Exriv1)
k=0

2iP o (& &)
Sk (XOBk—Xk)+ﬂ] ] , (5.39)

(e o

Here, U, is given as before by (5.30), but M,; is given by

n

kZI S PMPi= 3 biriiErrbisr)
= k=0

j=1

2

n

+ 3 P,§+§—’; . (5.41)

k=1 Ok

Also, V,, =2(X, — Y, ) /o, where Y, is given by
Do R(7)
Y, =

k N(T) a; N(T) a; +Bk XO . (5.42)

This differs from (5.33) only in as much as p and X, have
been replaced by p, and X|,.
Again, one can formally carry out the integration over
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Py, with the result

D[X;,& 1= fdPOdXOW(pO’XO)

i

X exp +%UTM—1U—3UTM*1V
F2
1 Tap—1 no £
——VIM V-3 —
4 2:’1 ol
(5.43)

In particular, setting &, =0, we see that the diagonal part
of the decoherence functional is given by

1= [ dpodXoW(po,Xo)

Xk—Yk

Xexp|— 3 Mkf‘ij—Yj
ki Tk S

(5.44)

This, then, is the formal result for an arbitrary initial
density matrix.

The form of (5.44) is suggestive of an ensemble of clas-
sical paths, with the Wigner function of the initial density
matrix giving the probability distribution of their initial
values of coordinates and momenta. This cannot be quite
correct, however. First, the Wigner function is not al-
ways positive, whereas (5.44) is by construction. Second,
(5.44) is a probability distribution on a sequence of posi-
tion samples and makes no reference to momenta. The
connection with phase-space distributions is obtained by
considering histories consisting of position samplings at
two moments of time. By taking the time very close to-
gether, one thus obtains an approximate position sam-
pling together with a time-of-flight momentum sampling
over a short time interval. The resulting probability dis-
tribution turns out to be the Wigner function smeared
over an fi-sized region of phase space—just sufficient to
make it positive. These results are described in more de-
tail in a separate paper [20].

D. Decoherence

The complexity of expressions such as (5.37) makes it
difficult to obtain more than qualitative information
about decoherence and classical peaking. More precise
quantitative calculations for simpler cases will be the sub-
ject of the following sections. Here we note one particu-
lar simple case showing some important quantitative
features of decoherence. First of all, take the projections
onto the distinguished system to be at every moment of
time, from ¢, to 7. Secondly, take their widths to zero,
so that the histories for the distinguished system are com-
pletely fine grained. From (5.5), one thus obtains

D[x(2),5(t)]=8(x,~y ) expliS[X,7]—[X,7])
xp,q(fo,j;o) . (545)

Using the density matrix inequality (3.15) for p 4, and us-
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ing the explicit form for ¢, (4.23), one finds that the
decoherence functional satisfies the approximate decoher-
ence condition

|D[%,7]| < exp [—2Mykadt[x—y]2]

X(D[x,%1D[y,7]'"? .

¥,y (5.46)

This indicates that paths separated by distances of order /
decohere on a time scale of order

~(2MykTI?*) "1 . (5.47)

As noted by Zurek, this time can be very short indeed
[21].

This simple case therefore explicitly indicates the gen-
eral tendency of the environment to induce decoherence.
But it also illustrates a subtlety. To obtain decoherence
of the set of histories {X(¢)} to some degree € <1, it is
necessary that

exp |—2MykT [ dt[% (5.48)

7P| se.

However, the set of histories {X(z)] are completely fine
grained. It follows that it will always be possible to find
pairs of histories x(¢),y(¢) which are distinct, yet for
which [dt[x—y]* is so close to zero that (5.48) cannot
be satisfied. Clearly what is needed is further coarse
graining of the histories {X(#)}, so that X has significance
only up to some length scale /, say [22]. The moral of
this, therefore, is that, to satisfy an approximate decoher-
ence condition of the form (3.4), in this model both types
of coarse graining are necessary —tracing out the envi-
ronment and smearing over position.

VI. EXPLICIT EVALUATION
OF SOME SPECIAL CASES

In Sec. V, we evaluated the decoherence functional for
the case of an arbitrary number of projections in the
Caldeira-Leggett model. Or rather, we evaluated it to the
point where its qualitative features could be seen:
decoherence and peaking about classical trajectories.
However, we were not able to evaluate it to the point
where we could obtain a quantitative idea of the degree of
decoherence. In this and the next section, therefore, we
will evaluate the decoherence functional completely for
the simplest nontrivial case, namely, the case of histories
characterized by projections at just two moments of time.
This involves evaluating (5.6) for the case n =2.

As we have seen already, the decoherence functional
has the property that it is diagonal in the final projection,
although in the present case this is only true approxi-
mately because the Gaussian slit projectors obey the mu-
tually exclusive property only approximately. Neverthe-
less, to the extent that it is true, Eq. (5.6) for the case
n =2 reduces to
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D(il’iz:; )= fddegzdxldgldXod505(§2)PA (Xo,80:20 )Fg, 1F%,o e"‘P(igz,l ‘¢2,1+i§1,0 —¢1,0)
(X,—X,? (X,—X))? (§—F§)
X exp 2 22 -1 21 —§1 21 s (6.1)
o2 g g1
[
_ ~ - 172 _ 2

where F, S, and ¢ are defined by Egs. (5.8)-(5.10), and for P61 )""TF 080" exp(—a X1 31§%
convenience we have performed the redefinitions o X Et X
20%—0% for k=1,2. The difference between exact di- riXifitmd,
agonality in the final projection [assumed in (6.1)] and ap- +v,& +e€) (6.6)
proximate diagonality [exhibited by (5.6)] amounts to an
overall factor of exp(—&3/03). Our approximation where
therefore involves taking it to be equal to one. Ay o=ay(By+C, 0)._%(7,0_,-31 0)? 6.7)

For the initial density matrix, we will take a general ’ ’ '
Gaussian and
P 4(Xo,€0,10)= exp( —aoX§ —Bok§—voX oo o= NlOaO 6.8)

1 ’ .
16X+ vobote€g) - 6.2) £

Here, a, and B, are real and y, is imaginary. Clearly g = 4Al [—B}oay+L3o(By+Ci o)
ay> 0 for normalizability, Trp=1. The density operator 1,0
p 4 must be a positive operator, i.e., (¢|p 4|9} =0 for all _
normalizable states |¢). This may be shown to imply +iL 0B o(vo—iK o)1+ 4,0, (6.9)
that By> a [20].

To evaluate the decoherence functional (6.1), we could,
of course, just use the method used for the general casein  y,= 2A [—2iN, 4B, oay
Sec. V and quite simply evaluate the final expression for 1,0
this particular case. However, this turns out to be rather —L, oN;olvo—iR, 1=Ky, (6.10)
cumbersome and we have found it easier to employ a v ’
different method. In particular, we shall proceed as fol- . )
lows. = [—iN, oagvo+ =N, oolvo—iR 1)1, (6.11)

Step (i). Perform the integrations over X, and &, thus a 27, 1LOT0T0 o TTLOTONT0 Lo
obtaining the evolution of the reduced density matrix
from fo to £y: B V1:—2Al [—iL1,0(Bo+ C,0 0~ B1,020v0
Xy Ent1)= [ dXod&oF? o expliSyo—10) o

Xp 4(Xo,E0,20) (6.3) +Lyo—iR | ULy gvo+ B otto)] , (6.12)

Step (ii). Multiply by the projectors at time ¢, and then 1

evolve to time #,; i.e., calculate the quantity €§= 4, ——(By+C,, o S+ agvi
1,0
D(X,,Xy,&)= [dX,d§\F} expliS, —¢,) "
_ —(‘yo—iKl,o)ﬂ()VO]'l'eo . (613)

(Xl '_X‘ )2 _ (51—’51)2

ot ot

Xp(Xy,&,t0)

X | —

(6.4)

where we may use the fact that £,=0 in §2,1 and ¢, ;.
Step (iii). Finally, multiply by the single projector at
time 7, and integrate over X,:

D(X,,X,,&,)

=de2 exp D(X,,X,,E,) (6.5)

Beginning with step (i), a tedious but straightforward
calculation yields the result

This completes step (i).

As an aside, and by way of a check, we compare these
results with the calculations of Caldeira and Leggett for
the evolution of the reduced density matrix [16]. They
took as their initial state a wave packet of approximate
momentum p, centered around x =0 and with width o.
The corresponding initial density matrix is

P a(Xg,80,20)

X5+E&
802

=2mo?) " V2exp |ip&,— (6.14)

From the above, we find the reduced density matrix at
time ¢, to be
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Ni, » I
p(X1,& t)=mF3 A} ?exp | — — X, — —B.&
pX 1,6 1,081,0 P 32041, 1 Mo Bi&7
X exp |iK | oX € P [RYEY S S PO . £ (6.15)
1,0X151 16074, o 1,0&1,0 1,0 1 Nio 1]
I*
where But the integral (6.18) is now of the same form as (6.3),
Bi=A, ,+202L2 and we may again use the results of step~(i), recalling that
! ho ho we may set §,=0 in the expressions for S, ; and ¢, ;. We
1 2 £\ thus obtain
—————(B,o—40°L, K, ) (6.16)
3202A1’0 1,0 1,08 1,0
and D(X, X,,E)=m"F} \F} (A {7*A7¢"
R 1 X exp( —a, X3 +u,X,+e), (621
32074, ,=807K],+4 [C o+ —5 | . (6.17)
’ ’ 80 where
This agrees with the results of Caldeira and Leggett (up Az’]:al(ﬁl-e-cz,l )_%(Yl”il?z,l )2 (6.22)
to a number of numerical factors which we take to be
typographical errors in their paper). and
Now consider step (ii). With the results of step (i), Eq. y
i Ni,a,
(6.4) may be written ay=—2 6.23)
. — 4A ’ )
D(X,,X,,E)=nF} F},A[ " .
deX1d§1 exp(iSy , —¢3,1) wy= 2Al [—iN, &%,
2,1
X exp(—a X1 —Bi&1—7 X1 & .
i _ PN
+oX,+v§,+¢€), (6.18) +3N2'1:“1(7’1-’K2,1)] ’ (6.24)
where 1 , )
_ &=——[B,+C, aj+av
61=a1+-12—, 31‘4“1—2 , (6.19) Poap,, Hm e
7! 7 (y,—iR, v, 1+ (6.25)
— _ — —(y,—i v €, . 2
_ +2X1 o +2§1 _ Xi1+8 1 2,1 "MV 1
Himh 27 v o?’ = ol We could at this stage proceed to step (iii), but it turns
out to be easier to first simplify expression (6.21). Some
(6.20)  lengthy algebra leads to the result
J
107 Fy—m.2p2 F2 A—1/2A—1/2 1 4 |a
D(X\, X5, 8))=m"F5,F108; 1" A exp | = | —5 ——; &
T ’ A
g1 O1by,
X exp _ N E+ dav,— 2y, —ik, ) y+2f‘ E
251 RS 17 Mg 1 ) 1
U%AZ,I 40} 2,1 0%
X AL P =R, )0 2
exp | — i —
p 40‘1‘A2 1 2 N, Ky 17k, N,
alN% 1 X+ Vi ( N My 2
- : i —i —iK) | )———
44, 2 Ny . Y1 2,1 2a,N, ,
a u 2 u?
1 = = 1 1
= (Cy +B ) | X, —— | +e+—|. .
U%AZ,I 2,1 1 1T 2 €; 4a, ] (6.26)

The final step, step (iii), is now readily performed using the identity
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(Xz '—Xz)z 2 2 . .
[ ax,exp |- —————a(X,—a)*—b(X,—B)+icX,,
72
1 c? _ X, z
=7 24a+b) Vexp | ———— | ——E724ic |— +aa +Bb
mN0o, P oy +a+b 4 &1 o2 Bb |&;
a o 2 b 2 2 2
—— X, —a)——(X,—B) —ab(a—pB) l ] . (6.27)
o o
2 2
Using the above identity, we obtain the final result, which is conveniently written in the form
D(X,Xy,E)=m"2F} \F} yAy | ?A1 0 05 2 +a,) 7172
&Ny, > vi—iky;
Xexp |i—————— |~ (X, —Y,)+i————(X,—Y,)
a%(a20§+1)A2,1 re2 2 o? 21 ! !
— - - ,u,z
X exp |[—1 22 —(X—Y)M(X— Y)+el+z—1— (6.28)
a
I
Here, M, M,
- _ M= s (6.33)
—_ 1 a, N%,la% M, M,
L —2\ 42
oy 018y 4Haytoy)oilds, where
S S E— (6.29) =L _CutBi  (ri—iRy N3,
o1 oilaot 14y, el ota,, 160{(a,+0o; ?)A]
As in Sec. EV, we have introduced the notation . Coit 31 +(1/ 4)0% N%,I
X, Y, == (6.34)
X: - = (6 30) o7 01(a20’2+1)A2’1
X2 b YZ ’ .
. (Yl_ikz,l)Nz,l
where M12=M21 =1 2 2 ’ (635)
i 4ay05+1)oih,
Y] =% (6.31) 2
2a, N3qa,
v Mzzzm . (6.36)
. . a a
Yy = —im ity —iR;,) 2a“A’, (6.32) S
21 21 Using this notation, and also using (6.8)—(6.13), Eq. (6.28)
Also may be rewritten

J

D(Yl,fzfl)=77'5/2F%,1Ff,oA£f/2Af(;/2(0{2+a2)~1/2
3

2
01V,

X exp [—4i

X exp

Note that the matrix M must be positive definite by con-
struction since the decoherence functional must satisfy
the normalization conditions (2.24) and (2.25b). Equation
(6.37) is the decoherence functional for the class of initial
density matrices (6.2) for histories characterized by posi-
tion projections at two moments of time. We note that

My (X,—Y,)+M 5 (X, —Y))]

=17 —(X—Y)M(X—Y)+e,+ o

2
u
0 (6.37)

0

the decoherence functional for histories characterized by
projections at three or more moments of time could be
calculated by recursive use of the relations (6.8)-(6.13),
but we will not pursue that here. In the next section we
will evaluate the expression (6.37) for particular initial
states.
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VII. DECOHERENCE
AND CLASSICAL CORRELATIONS

We will now evaluate the decoherence functional (6.37)
for specific choices of the initial state contained in the
Gaussian ansatz, Eq. (6.2). We will look for decoherence
and for the degree of peaking about the classical paths.

A. Single wave packet

Let the initial state be a wave packet centered around
point g, with width o, and momentum centered around p:

2
Yo(x )= exp ipx—(x—zg—)— (7.1
o
The associated density matrix is
X2+ 2 2
Po= €Xp ———2é+292—X+ip§—laz~ . (7.2)
20 o o
That is, it is of the form Eq. (6.2), with
—p 1 -
aO——BO_ 20_2 > 7/0—0 > (7.3)
2 . 2a°
Bo="F, Vo=ip, €=—"5 . (7.4)
o o

One can now calculate all the terms entering Eq. (6.37).
One finds that o, B, and p, are real, ¥, and v, are imagi-
nary, and €, is complex. The quantities Y, and Y, in
Egs. (6.31) and (6.32) are real. Denote by x(¢) the clas-
sical solution at time ¢ with initial position a and initial
momentum p. Then, Y(#;)=2x,4(z,) and Y(z,)
=2x,(t,). The coefficient of £, in the decoherence func-
tional (6.37) is purely imaginary.

Consider now the condition the decoherence functional
must satisfy for the probability sum rules to be satisfied to
order €. It is given by (3.4), which in the present case
reads

[ReD(X,,X,|y,,%,)
<e[D(x, X,|%, ¥,)D(¥),%,|y, X,)]'*  (1.5)

for X,7y,. Inserting the expression (6.37) for the
decoherence functional, it is not difficult to show that this
condition will be satisfied if

exp[ — (X, =71 *—M,,)]<e (7.6)

(apart from prefactors, which are of order 1).

To see what this implies, we need to be precise about
what is meant by “X; 7y, in condition (7.5). Recall that
we are not using true projections but the Gaussian slit
projections, (2.3). At a fixed moment of time, these pro-
jections partition the configuration space into regions
with size of order a few times the width o |. The variables
X, and y, label the regions, and thus have significance
only up to a few times the width. It follows that
“%,77,” means that |&,| should be greater than a few
times the width. How many times the width? The
Gaussian slit projections are exclusive only to the extent
that exp(—£&2/20?) is approximately zero, and we should
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not expect to obtain decoherence to a degree better than
this. If we seek to obtain decoherence to order ¢, there-
fore, we should choose |&,| to be sufficiently large that

=

ot

exp <<€ (7.7)

to ensure that the nonexclusivity of the projections clean-
ly separates from the issue of obtaining decoherence. The
rapid decay of the exponential will ensure that this condi-
tion is readily satisfied.
Inserting the explicit forms for / ~? and M,, one finds
— 2572
M,p)= C,,+B,—a,;+(1/4)o5N3 (1.8

201—2_
(1 5 3
Ul(azgz‘}_l)Az’l

[

and some straightforward manipulation shows that

0<oXI '—-M,;)=1. (7.9)

It follows that the decoherence is most effective when
o}(172—M,,) is very close to 1.

After decoherence to the requisite degree is achieved,
we are interested in determining the degree to which the
diagonal part of the decoherence functional is peaked
about the classical paths. The diagonal part is given by

o 172
p(X, X)) = (detl:rl)

exp[ —(X—YV)M(X—-Y)] . (7.10)
The degree of peaking is determined by the size of the ei-
genvalues of the matrix M, in comparison to quantities of
the form (X, —Y,)% (X,—Y,)% The latter quantities,
when nonzero, are greater than a few times o%,o%, be-
cause X,,X, are defined only up to these widths. A con-
venient measure of the degree of peaking, therefore, is the
quantity

—1

4A
oloddetM = |1+ — kL (7.11)
oja; o3 N3,
One has
oloidetM <1 (7.12)

and thus the probability measure (7.10) is most strongly
peaked when o030} detM is very close to 1.

We now evaluate expressions (7.9) and (7.11) in a
variety of interesting cases and see whether the require-
ments of decoherence and classical peaking are met. We
will consider the cases of the free particle and the har-
monic oscillator, with and without environment, in the
limits of the time intervals (z,—¢,) and (¢; —¢,) both
large and small.

(1) No environment. In the case of no environment, we
may set 4, B, and C to zero, and also the dissipation y to
zero. In the short time limit, with both (¢, —¢,) and
(t,—ty) small, the free-particle and harmonic-oscillator
cases coincide, and one has

(7.13)

R(n=R(n)=L(n=Nn="
2T

Also, A, ,~K},/4, A, ,=KR3,/4, and a;=a, It fol-
lows that
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-1

oHI72=M)= |140? |5+ (7.14)
20

R
03
and

-1

oloddetM ~ |14+202 |-+ L (7.15)
o; O]

Each of the quantities has to be close to 1. Equation
(7.14) indicates one should take o >>o0,, while (7.15) indi-
cates one should take o,>>o0 and o,>>o0. There is,
therefore, a certain amount of conflict between the
demands of decoherence and classical peaking, but a
compromise is possible. For example, if one takes
20 ~0,~0,, then

oil72—M,)~ololdetM~1, (7.16)
which can be sufficient for satisfactory decoherence and
classical peaking. N

In the long time limit for the free particle, K, k, L, and
n all go to zero, as do ay, B, ¥, and A, ;. One thus has

o} 172—M,;)—0 (7.17)
and therefore there is no decoherence. Similarly,
%ol detM —0 . (7.18)

Both of these features might have been anticipated given
the spreading of the wave packet for the free particle.
However, by choosing the mass of the particle to be
sufficiently large, one could ensure that it remains
decohered and peaked about the classical path for a long
period of time.

For the harmonic oscillator, the quantities
o}(172—M,,) and o303detM oscillate without tending
to fixed values in the long time limit, but return to their
short time limit values when both w(z,—¢;) and
o(t, —t,) are simultaneously equal to integer multiples of
2.

(2) With environment. In the short time limit, the
quantities 4, B, and C are all linear in time (see Sec. IV),
and it is not difficult to see that all dependence on the en-
vironment drops out, reducing to the case of no environ-
ment. In the long time limit, 3, and ¥, tend to oscillatory
functions, C(7) and N(7) grow like 2”7, and

N MEt+ed)
T 4C,, 8KT

a (7.19)
The quantity o}(/ “>~M,) is dominated by C,, and

N, 1, and one has
1

207—2
ol ™" =M, )~——. (7.20)
! n a10%+ 1
Similarly, it is readily shown that
atolo?
ololdetM ~ 12 (7.21)

(@03 +1)a;03+1)

Decoherence and classical peaking are therefore con-
trolled by the quantity a,07 (or a;03). Loosely speaking,
this is the ratio of the energy of the particle to the
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thermal energy of the environment. Classical peaking is
obtained when this quantity is large. Physically, this is
not surprising since it is the condition that the particle
has sufficient inertia to resist the thermal fluctuations of
the environment. However, decoherence demands that
a,02 be small. This is again to be expected physically be-
cause, on general grounds, decoherence demands a cer-
tain amount of interaction from the environment. Again,
therefore, there is a certain amount of competition be-
tween decoherence and classical peaking, but again a
compromise can be reached if the parameters of the mod-
els are chosen such that a;03~ 1.

An important feature to note is that the quantity (7.20)
controlling decoherence is independent of the initial den-
sity matrix. We have therefore exhibited the degree of
decoherence as a function of the coarse graining for the
class of initial states contained in the Gaussian ansatz
(6.20), not just for wave-packet initial states.

It should also be noted that the fact that we obtained
decoherence without an environment in the short time
limit is a feature peculiar to the initial state consisting of
a single wave packet. The density matrix for this initial
state is peaked along the history traced out by the wave-
packet evolution and is essentially zero elsewhere. The
off-diagonal terms of the decoherence functional essen-
tially sample the density matrix along two different his-
tories. But if the density matrix is nonzero along one and
only one history, the off-diagonal term of the decoherence
functional will clearly be small.

B. States corresponding to a set of classical solutions

Because of the special nature of wave-packet initial
states, it is important to consider other initial states more
representative of the general case. A more general initial
state leading to classical behavior will generally predict
not just one classical solution, but a set of classical solu-
tions, with a probability measure on that set. A simple
example of a wave function of this more general variety is
one of the form

Wo(x)=exp(—Fx?) . (7.22)
For the special value F =%Mco, this is, of course, the
ground state of the harmonic oscillator and remains in
this state under unitary evolution. However, if
F=Fg+iF, is allowed to be an arbitrary complex num-
ber, with F small and F; large, F will evolve from its ini-
tial value. Wave functions of this type arise as wave
functions for scalar field fluctuations in inflationary
universe models. An earlier heuristic analysis suggests a
prediction of a set of classical histories, satisfying
Mx =p=—2F;x, and with probability proportional to
exp(—2Fgx?) for a given initial value of x [18]. We will
show how these features emerge from the present ap-
proach.
An initial wave function of the form (7.22) gives an ini-
tial density matrix of the Gaussian form (6.2), with
ay=Py=1Fg, yo=iF; (7.23)

and p,=vy=¢€,=0. It follows that Y, =Y,=0. Again,
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the coefficient of &, in (6.37) is purely imaginary. The
decoherence condition is again (7.6).
In the short time limit,
1
o3

so decoherence can be achieved if ayo? <<1 and 0, <<0,.
In the long time limit, with an environment, the degree of
decoherence becomes independent of the initial condi-
tions, and the discussion reduces to that of the single
wave-packet case discussed above.

The diagonal part of the decoherence functional is
given by

-1

gl =M= |1+03 |ay+ (7.24)

p(Xl’iz) Xp(—/\—’TMi) .

172
= {datM) detf e (7.25)

This probability is not peaked about a particular classical
path, but as mentioned above, we anticipate that it pre-
dicts a set of classical paths with a certain initial distribu-
tion of x. To illustrate this, we proceed as follows.

The probability of finding a given value of X, at time

12
detM detM =,
= - X 7.26
™M, M, : ‘ ( )
It may be shown that
detM a
= . (7.27)
Mzz a%a, +1

Letting t, —ty, a;—ay=41Fp.

that, if Lo3F <<1, one has

12
exp(—1F X7) .

Then, it is easily seen

Fr

27

pX|)= (7.28)

The initial distribution of x is therefore proportional to
exp( —2Fgx?) (recalling that X =2x ).

To see that (7.25) is peaked about the classical path
connecting a given value of X, to X,, consider the condi-
tional probability of X,, given X,. This is given by

- o . pXyX))
p(X,] V=%
= l&}vzex —M,, |X +ﬁ;¥_ ]2
p p 22 |42 M,, 1
(7.29)
The conditional probability (7.29) is peaked about
= Teg _; N7Fa g (7.30)

My ™' TN, (0da+1)

This may be shown to be a classical solution in (z, —1,).
To discover the initial data this solution satisfies, let
(t, —t,) become small, and let ; —t,. One obtains
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1 _ 2Fx,
SN S . |
1+(1/2)02F, ' M

X, (t,—1y) (7.31)
If -;—O'%FR <<1, (7.31) is the classical path from X, to X,,
with initial momentum p = —2F;x. Equations (7.28) and
(7.31) therefore indicate that the heuristic interpretation
described above may be maintained if -;—U%F R <<1.

Another way to arrive at the same result is to write
%,=Xx,;+k(t,—t,)/M, and use (7.25) to derive a proba-
bility distribution p(%,,k), for k and X,, in the limit of
small (¢, —t;). This yields a joint probability distribution
for a position sampling and time-of-flight momentum
sampling at approximately the same time. This was
briefly mentioned in Sec. V C and carried out in detail in
Ref. [20]. These results show that the initial distribution
of positions and momenta are given by a smeared version
of the Wigner function of the initial state. In particular,
the Wigner function (and its smeared version) are peaked
about p = —2F;x, if F; is large and F small, consistent
with the above analysis.

The degree of peaking about the classical path in (7.29)
is determined by the quantity o3M,,. In the long time
limit, this is given by

al“%

e (132)

2 —
02M22 -

Comparing with (7.21), we therefore see that the discus-
sion of classical peaking (and the tension between classi-
cal peaking and decoherence) is essentially the same as
that of the single wave-packet case.

VIII. SUPERPOSITIONS

We now study an important but simple illustrative
case, namely, that in which the initial state is taken to be
a superposition of two wave packets. This example
shows most clearly how interference is an obstruction to
assigning probabilities to histories, and how interference
is destroyed by coupling to an environment. This exam-
ple is essentially the double-slit experiment but paired
down to its most basic form.

A. Without environment

Consider a particle moving in one dimension, in a pure
state whose wave function at r =t is a superposition of

wave packets far apart, but moving towards each other.

So
W(1)) =W, (1)) + ¥ _(25)) , (8.1)

where |W_ (2,)) is a wave packet at x =L >0, with width
o0 << L, and with momentum —p. Similarly, |¥_(t,)) is

located at x = — L, has the same width, but momentum p.
Explicitly,
Ry
(x|W_ (25))=exp —ipx—% , (8.2)
o
2
(x|W_(t,))=exp ipx—w (8.3)
o
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The wave packets are therefore approximately orthogo-
nal at t=t,, up to terms of order exp(—L?*/0?). Let
them meet at the origin at time ¢;,. We will assume that
the parameters such as the mass of the particle are
chosen so that the wave packets do not spread appreci-
ably. In fact, we could consider a harmonic oscillator in
which they do not spread at all.

The form of the wave function might tempt one to as-
cribe definite properties to the history of the particle. In
particular, one might wish to say that the particle is in
the neighborhood of either x =L or —L at time ¢, and
then in the neighborhood of the origin at time ¢;, with
some probability for each of these two histories. We shall
show explicitly, however, that this view is not tenable be-
cause this pair of histories does not form a decoherent
set.

At time t, it is sufficient to ask whether the particle
lies on the positive or negative x axis. This is effected
through the projections

P+—_-fo°°dx[x)(x|, P_=fi)mdx|x)(x| . (84)
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It is easily seen that

PV (1)) =W, (1)), PylWs(ty))=0 (8.5)

up to terms of order exp(—L?2/0?). At time ¢,, when the
wave packets meet, we will ask whether the particle lies
in a region of size A around the origin, where A is much
less than the wave-packet width o. This proposition is
effected by the projection

__rAn
Py= [0 dxlx)x| . (8.6)
One has
PolWo(1)) =|x=0){x=0|W.(¢,)) . (8.7)

An exhaustive set of alternatives at time ¢, consists of P,
together with its complement 1 —P,.

The candidate probabilities for the histories in which
the particle was either in x <0 or x >0 at ¢,, and then
near the origin at ¢, are given by the diagonal elements of
the decoherence functional:

1
D(+,+)=Tr[Pye T 70P, [W(tg) ) W(t)|Pye 1 ). (8.8)
using (8.5), and then evolving to time ¢, this becomes
D(+,+)= Tr[P, W, (t,)){ W, (2,)]]
~ (W (t)]x=0)|*. (8.9)

But if these probabilities are to satisfy the probability sum rules, it is necessary that the off-diagonal terms of the
decoherence functional are zero, or at least small. The off-diagonal terms are given by

—iH(1,

D(+, F)=Tr[P,e TP (1)) (W(1,)| P e

—iH(t
~ Tr[P,e !

z(‘l’;(tl)]x=0><x=0|‘l’i(tl)) ’

again using (8.5. But (x=0|¥,(z;)) and
(x =0|W_(¢,)) are essentially equal. One therefore has

|D(x, F)|=D(+,+)=D(—,—) (8.11)
and it is not possible to satisfy the condition of approxi-
mate decoherence:

[D(£, F)| << [D(+,+)D(—,—)]'"2. (8.12)
The set of histories are therefore not decoherent and the
assertion that “the particle was either in x <0 or x >0 at
to, and then near the origin at ¢, is meaningless.

B. With environment

Suppose we now couple this system to an environment
using the Caldeira-Leggett model described in earlier sec-
tions. The main difference is that the evolution of the ini-
tial density matrix is no longer unitary, but is instead de-
scribed by the Caldeira-Leggett propagator, (4.39). A
second difference is that the environment introduces dis-
sipation into the classical equations of motion (according

iH(t —ty)

_to)“l’t(to))(‘P;(to)!eimtlﬁ 0)]

]

(8.10)

[

to which the wave packets move), and the time ¢, at
which the wave packets meet is modified. The initial
density matrix has the form

P=P+ ) tP——tpr—tp—+) (8.13)
where, from (8.2) and (8.3),
. (XO—L )2
P++)(X0,Y0)= exp |ip(xg '—.Vo)__;z—
(yo—L)?
-, (8.14)
o
. (xo—L)?
P+—)(X0,Y0) = exp ’P(xo‘*‘J’o)—T
(yo+L)?
- (8.15)
o
p(——) and p_ ., are obtained by letting p— —p and

L — —L in (8.14) and (8.15), respectively.
The decoherence functional is given by
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A2
D(a,a’)=f dxlfdxof Ayop(x0,90,800 (x1,% 1,11 1X0,¥0,t0) -

Here a and o’ denote the integration ranges at time ¢,
which may be the positive or negative axes. The four
possible terms of the decoherence functional D(=+,+) and
D(+, ), are thus obtained by integrating over each of
the four quadrants in the x,y, plane. J is the Caldeira-
Leggett propagator, (4.39), which we write
exp[iS —C(xy—yy)*]
where C=C,, and is given by (4.43) with r=1,—1,.
The explicit form for S will not be needed.

The desired result will be obtained by focusing on the
size and location of the maxima of the integrand of (8.16)
in the x,y, plane. Let

J(x 1, x1,80|x0,Y0580)=

Siv+(x0,30)

= exp[ —Clxg=yo)llp(+ +(x0:¥0)l ,  (8.18)

f(+—)(xo,}’0)

=exp[—Cl(xo—yo) U+ _(x0s¥0l »  (8.19)

and similarly for f(__, and f_;,. Then, in the coordi-
nates X =x +y, £=x —y, it is readily shown that one has

~, (Xo—2L)
S+ (xgpo)=exp | —C&———5— |, (8.20)
20
2 2
- L X5
(x )=exp|—Cléy——= | ——
Sie—(xo¥0 p &o o2C 202
L*C
Xexp | —2—52 (8.21)
P a’C

where C=C+1/20% Similarly, f__, and f_,, are
obtained from (8.20) and (8.21) by letting L — — L.

The integrand of (8.16) is the sum of the four f’s, apart
from phases. From (8.20) and (8.21), it therefore has four
peaks: at x=y=+L and at x=—y=+L/(202C).
When C is small, the latter pair are close to
x=—y==L, but for large C they approach the origin.
The widths of all four peaks are the same. But, most im-
portantly, the size of the peaks of f(, 3, are suppressed
in comparison to the peaks of f(, ., by the exponential
factor.

SES 2
e~ —2L2§ (8.22)
(£+) o°C
where /™ denotes the maximum value of f.
Consider now the evaluation of D(+,+). It is ob-

tained by integrating x,y, over the first quadrant x, >0,
Yo >0in (8.16). Recall that we are assuming that L >>o.
The peak of f(__, is far from the integration domain so
its contribution will be very small, of order
exp( —2L?%/0?). The peaks of f(; 3, on the other hand,
can be close to the integration domain (depending on the
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(8.16)

—

value of C) but their magnitude is suppressed by the fac-
tor (8.22). These terms therefore contribute at worst the
same as f | ;), but multiplied by (8.22). By far the dom-
inant contribution to the integral, therefore, will come
from f 4. ,, whose peak lies well inside the integration
domain. Similarly, D(—,—) will be dominated by
f(——), and will be the same order of magnitude.

Now consider the off-diagonal term D(+, —). It is ob-
tained by integrating the same integrand over the fourth
quadrant x, >0, y, <0. The peak of f; _, lies inside the
integration domain and one would expect this to provide
the dominant contribution. The peaks of f(, ., are far
from the integration domain, but they are not suppressed
by (8.22). Their contribution would therefore be compa-
rable to that of f, _,. Similarly, the peak of f_ ., may
also be comparable, since it can be close to the integra-
tion domain. The important point, however, is that it is
clear that all four terms are suppressed by the factor
(8.22) compared to the contribution f, , makes when
the same integrand is used to calculate D(+, +). A simi-
lar argument goes through for D(—,+), and we may
therefore write

— L’C 12
ID(£, F)|l=exp |—2 T~ [D(+,+)D(—,—)]""".
a°C
(8.23)
In the short time limit, C=2MykT(t; —t,), so
2
exp = | = exp[ —iMykTL*(t,—1t)] . (8.24)
o°C
In the long time limit, C goes to infinity like T 7 o
L’C L*?
exp | —2—= |=exp | —— (8.25)
P a?C P o?

We therefore have very effective decoherence. Probabili-
ties can be assigned to the histories, and it becomes mean-
ingful to say that “‘the particle was either in x <0 or x >0
at ty, and then near the origin at 7,.”

C. The double-slit experiment

Finally, it is perhaps enlightening to comment on how
these considerations might affect the fully fledged
double-slit experiment. Consider the standard double-slit
arrangement, in which one has a source (of electrons, say)
incident on a pair of slits with a screen behind, with the
whole setup in an evacuated box. The probability distri-
bution of the electron’s position at the screen will be the
well-known interference pattern. Now ask whether it is
possible to think of the electrons producing the interfer-
ence pattern as having gone through one slit or the other.
Differently put, ask whether the probability distribution
for the interference pattern might be regarded as a sum of
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two probabilities—the probabilities for the histories in
which the electron went through one or the other slit.
This question is affected using projection operators of the
form (8.4) at the time at which the electrons were in the
neighborhood of the slits (where the x direction is parallel
to the screen and the slits). However, from an analysis
very similar to that given above, it is readily shown that,
due to the presence of interference terms in the decoher-
ence functional, one cannot write the interference pattern
probability distribution as the sum of these probabilities.
It is therefore not possible to think of the electron as hav-
ing gone through one slit or the other.

Now suppose we gradually introduce an environment
into the box, say a gas of photons. As in Sec. VIII B, the
environment will induce decoherence of the histories, and
then it will be possible to assign probabilities to the two
possible histories of the electron. The interference pat-
tern may then be written as the sum of the two probabili-
ties. But, the interference pattern will be changed. It
will, however, be changed gradually as the environment is
introduced into the box. In particular, one will find that
there is complementarity between the sharpness of the in-
terference pattern and the degree of decoherence.

This sort of analysis of the double-slit experiment is
well known (see, for example, Ref. [23] and references
therein). Typical analyses involve the notion of actually
measuring, to some precision, the position of the electron
in the neighborhood of the slits. They thus yield a com-
plementarity relation between the sharpness of the in-
terference pattern and the precision of the measurement.

In the decoherent histories approach, measurements do
not play a central role. Precision of the measurement is
replaced, in the complementarity relation, by the more
fundamental notion of the degree of decoherence—the
degree to which probabilities may be assigned. Of course,
the distinction is perhaps not so great in that an actual
physical measurement might involve observing the pho-
tons scattered off the electrons, from which the location
of the electron could be deduced. It is, however, perhaps
satisfying to see how, in the decoherent histories ap-
proach, the notion of complementarity appears, but
without reference to any notions of measurement.

Finally, we note that detailed calculations of the full
double-slit experiment, exhibiting nondecohering his-
tories, have been given by Omnes [24], but the coupling
to an environment in order to induce decoherence was
not considered.

IX. SUMMARY AND CONCLUSIONS

The purpose of this paper has been to explore some of
the features of a formulation of quantum mechanics for
closed systems which deals directly with quantum-
mechanical histories. After reviewing the formalism, we
addressed the issue of approximate decoherence. A con-
dition for approximate decoherence was proposed. The
form of this condition is partially motivated by a simple
inequality satisfied by the decoherence functional, which
we derived. We argued that our condition ensures that
most probability sum rules are satisfied to approximately
the same degree. Our argument, however, relied on some
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assumptions about the statistical distribution of the off-
diagonal terms of the decoherence functional. It would
be interesting to understand the significance, if any, of
the situations in which these assumptions do not hold.

We calculated the decoherence functional for the
Caldeira-Leggett model, and derived the general form of
the decoherence functional for linear systems, for his-
tories consisting of approximate samplings of position at
an arbitrary number of moments of time. It was seen to
display the desired formal properties, namely, decoher-
ence, and peaking about classical paths along the diago-
nal. Both types of the coarse grainings employed (tracing
over the environment and smearing over position) were
found to be necessary to achieve decoherence. We also
found that the probabilities for the histories involved a
smeared version of the Wigner function in an essential
way.

A more precise evaluation of the decoherence function-
al was achieved by specializing to the case of histories
characterized by approximate position samplings at two
moments of time. We studied initial states consisting of a
single wave packet, and a wave function corresponding to
a set of classical paths. In each case we obtained a quan-
titative measure of the degree of decoherence and classi-
cal peaking as a function of the coarse-graining
parameters—the temperature of the bath and the width
of the position projections. We found that there is an ele-
ment of conflict between the requirements of classical
peaking and decoherence; but, in our cases at least, there
seemed to be a compromise regime in which each require-
ment could be adequately satisfied.

An important case we considered is that of an initial
state consisting of a superposition of wave packets.
Perhaps more clearly than any other, this example illus-
trate some of the key features of the decoherent histories
approach. First, it provides a very concrete example of a
set of histories which do not decohere, and therefore, to
which probabilities cannot be assigned. Secondly, it
clearly shows how decoherence can be very effectively
achieved by coupling the system to a larger environment
and then tracing it out.

Some of the work, and in particular that of Secs.
V-VIII has much in common with that of Gell-Mann
and Hartle [3,8,9]. We have not attempted to be as gen-
eral as they were, and indeed, some of our results, such as
the observation of the tension between decoherence and
classical peaking, and the appearance of the Wigner func-
tion, are special cases of their results. We have, however,
been more explicit and precise in our calculations, and
have exhibited in detail the features of the formalism for
specific choices of initial state.

Interference in quantum mechanics is best thought of
as the failure of the probability sum rules for histories.
Decoherence as destruction of interference is likewise
best understood as the recovery of these rules. In the
decoherent histories approach, (exact) decoherence is
therefore defined in a precise and unambiguous fashion,
namely through the condition (2.32). Decoherence and
classical correlations have also been studied using density
matrices at a fixed moment of time [15]. In these ap-
proaches, the destruction of interference is associated
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with the tendency of the density matrix towards di-
agonality, with the establishment of correlations of the
system with the environment, and with the stability of
certain system states under evolution in the presence of
an environment. Although these approaches have a
strong intuitive appeal, we feel that none of them supply
a set of criteria for decoherence as precise as that sup-
plied by the decoherent histories approach (see however
Ref. [25]). In particular, the fact that the probability sum
rules are automatically satisfied for histories consisting of
events at a single moment of time [see Eq. (2.33)]
highlights a possible tension between the decoherent his-
tories approach and the density matrix approach.
Reconciliation of these differing approaches will be the
topic of future publications.

Note added in proof. Some additional bibliographical
remarks are in order. Approaches to quantum mechanics
focusing on histories are certainly not new. Wigner has
stressed that all of conventional quantum measurement
theory is essentially contained in the formula (2.39) (Ref.
[26]). It contains both the unitary evolution of the state,
together with the collapse of the wave function as a result
of a measurement. Approaches based on continuous
measurement have also been considered [27,28]. That
quantum-mechanical probabilities for histories do not
satisfy the probability sum rules was noted by de Broglie
[29], and also by Feynman in his seminal paper on the

path integral approach to quantum mechanics [30]. See
also the later work of Srinivas [31]. All of these ap-
proaches are concerned with measurement by an external
agency. As stressed in Sec. II'F, their interpretational as-
pects are therefore quite distinct from the decoherent his-
tories approach considered here, although the mathemat-
ical machinery is very similar.
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