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Preface to the Second Edition

Time and quantum mechanics are, by and unto themselves, words of such
force and attraction that the first edition of this book quite rapidly went
out of print. The idea of bringing out a second edition became, thus, more
compelling as time (indeed) flew on. Among the different possiblities (a wholly
new text, a mere reprinting) we finally settled on a middle way, namely that
each of the contributors has decided to what extent their respective chapters
needed updating. One of the reasons for this decision is that the field has
indeed been evolving, and the increase in editions of the TQM workshops
held in La Laguna and Bilbao has provided us with quite a number of possible
contributors for preparing, in addition to this second edition, a second volume
with entirely new chapters. But more important is that the results and texts
of the authors have withstood the passage of time and have weathered very
well its ravages. All chapters have been updated, however, in order to include
new results and bibliography.

We hope that this new edition meets with as much success as its prede-
cessor and, as we write this, that in the future we can provide the interested
reader with more contributions of other participants in our TQM workshops.

We are grateful to R. F. Snider and G. N. Flemming for pointing out
several typos and errors of the first edition. We also acknowledge additional
support from Ministerio de Educacién y Ciencia (Grants BFM2003-01003,
FIS2006-10268-C03-01 and F152004,/05687), Gobierno Auténomo de Canarias
(P12004/025), and UPV-EHU (Grant 00039.310-15968,/2004).

Bilbao - La Laguna, J. Gonzalo Muga
May 2007 Rafael Sala Mayato
Inigo L. Egusquiza



Preface to the First Edition

Time and quantum mechanics have, each of them separately, captivated sci-
entists and laymen alike, as shown by the abundance of popular publications
on “time” or on the many quantum mysteries or paradoxes. We too have been
seduced by these two topics, and in particular by their combination. Indeed,
the treatment of time in quantum mechanics is one of the important and
challenging open questions in the foundations of quantum theory.

This book describes the problems, and the attempts and achievements
in defining, formalizing and measuring different time quantities in quantum
theory, such as the parametric (clock) time, tunneling times, decay times,
dwell times, delay times, arrival times, or jump times. The theoretical analysis
of several of these quantities has been controversial and is still subject to
debate. For example, there are literally hundreds of research papers on the
tunneling time. In fact, the standard recipe to link the observables and the
formalism does not seem to apply, at least in an obvious manner, to time
observables. This has posed the challenge of extending the domain of ordinary
quantum mechanics.

The difficulties in dealing with time in quantum theory were made explicit
very early on, most clearly by Pauli in his famous “theorem,” which seemed to
impose a serious limitation on the possibility of formulating time as a quan-
tum observable and which has hindered the investigation of time in quantum
mechanics for many years. Another disturbing historical landmark is the dis-
covery of quantum Zeno’s effect, a paradox that arises when attempting to
find an algorithm for computing time probabilities by means of frequently
repeated measurements: in the continuum limit these measurements “freeze”
the occurrence of events. More recently, however, in the last 15 years, there has
been much interest in overcoming these difficulties. Researchers from atomic,
molecular, and optical sciences, or from mesoscopic, high-energy, and mathe-
matical physics, have converged to study different time quantities in quantum
mechanics. In addition, modern laser technology and the ability to manipu-
late atomic and molecular motions and the internal state of quantum systems
allow nowadays the experimental realization of some of the questions on time
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in quantum mechanics. As a matter of fact, a number of time observables are
already routinely measured in laboratories, for example arrival times in time-
of-flight experiments, but the theoretical foundation of these measurements is
still being discussed.

The book reflects a good number of these recent trends, but it is not an en-
cyclopedic attempt to cover all the many different open questions, even entire
fields, where time plays an important role, frequently a puzzling one, in quan-
tum theory. It is not possible to cover all these subjects in a comprehensive
manner unless the treatment becomes very superficial, so we abandoned that
objective. While many of these topics are strongly related to the ones pre-
sented here, others are basically decoupled. We have thus preferred to make a
more compact selection of topics based on the workshops on “Time in Quan-
tum Mechanics” (TQM) in La Laguna and Bilbao. Our aim is to edit further
volumes containing new aspects of quantum time not treated in the present
one with additional material from old and new TQM workshops.

Most authors are or have been involved in the definition or study of
“characteristic times” or “time observables” in quantum mechanics, and more
specifically on tunneling and/or arrival times, which have been central sub-
jects in the TQM workshop series. Even so, this book goes clearly beyond
these two seed subjects. Thorny issues such as the relations between quan-
tum mechanics and the world of classical events, the theory of measurement,
hidden variable theories, time—energy uncertainty principles, superluminal ef-
fects, or extensions of the standard formalism are frequently ingredients of this
research, as demonstrated in several chapters. It became evident to us that
these topics, surrounding the central ones, had to be addressed too, in order
to get a better handle on the original problems. Understanding the mysteries
of time in quantum mechanics is thus inextricably linked to understanding
quantum mechanics itself.

The chapters that follow are reviews that may serve both as an introduc-
tory guide for the non-initiated and as a useful tool for the expert. We have
essentially allowed full freedom to each contributing author in choosing their
presentation and emphasis. This has the major advantage of freshness and,
in this manner, the actual state of the issue is much better presented: in this
field, there is a host of diverse approaches, tools, languages, notations, nomen-
clature ... and results. Nonetheless, there has been progress, and consensus in
some topics has been achieved. This consensus is also well reflected in the
following chapters, as the reader will soon discover. The main disadvantage
is of course that the presentation is not fully unified, and that notation and
nomenclature are occasionally divergent. In particular, terms such as “tun-
neling,” “traversal,” “delay,” or “arrival” times are used in different ways in
different chapters.

Finally, we would like to acknowledge our coworkers D. Alonso, A.D. Baute,
S. Brouard, M. Buttiker, J.A. Damborenea, V. Delgado, C.R. Leavens,
D. Macias, J.P. Palao, A. Pérez, D. Sokolovski, R.F. Snider, and G.W. Wei for
all their support in timing quantum mechanics and for so many good times
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with them. We are also indebted to the funding agencies of the TQM work-
shop series: Universidad de La Laguna, Ministerio de Educacién y Cultura,
Ministerio de Ciencia y Tecnologia, European Union (through the Canadian—
European Research Initiative on Nanostructures, CERION), and the Basque
Government.

Bilbao - La Laguna, J. Gonzalo Muga
August 2001 Rafael Sala Mayato
Inigo L. Egusquiza
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This chapter is a historical sketch of “time in quantum mechanics.” We have
adopted a “physicist’s approach” to history, summarizing some of the con-
tributions underlying the topics and concepts treated in the book in rough
chronological order. The account is complemented with comments on later or
recent repercussions of the original works, giving certain prominence to some
of our own contributions. The time span of this “story” is almost 100 years,
so necessarily many of the comments and references will be minimal, and even
entire fields are absent, in particular those not related to the topics addressed
in the subsequent chapters.

1.1 Role of Time in the Early Days of Quantum Theory

In 1913 Bohr suggested that the interaction of radiation and atoms occurred
by means of instantaneous transitions, “quantum jumps,” among the allowed
atomic orbits ﬂIﬂEl The jumps were accompanied by the absorption or the
emission of radiation, whose frequency corresponded to the energy difference
of the stationary orbits, v = AE/h. However, no mechanism for the timing of
these transitions was provided. Soon Rutherford pointed out to Bohr that this
lacuna was a “grave difficulty” of his theory, and Slater noted a contradiction
between the assumed instantaneous character of the jumps and the observed
narrow widths of the spectral lines. There was some interest in discovering an

! The main source for this section is a book by Mara Beller [2]. An interesting
review on time in quantum mechanics during the period 1925-1933 may be found

in [3].

J. G. Muga et al.: Introduction, Lect. Notes Phys. 734, 1-[30] (2008)
DOI 10.1007/978-3-540-73473-4 1 © Springer-Verlag Berlin Heidelberg 2008
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explanatory mechanism, but none was found. This led Einstein to propose a
statistical theory for the transition probabilities in 1917.

Heisenberg and the Gottingen group tried to solve the problems of the old
quantum theory by creating a “truly discontinuous” theory, matrix mechanics,
in which unobservables, in particular the orbits, would be eliminated and in
which visualizable models based on a space—time continuum would play no
role at all. However, the timing of events did not quite fit in this scheme, as
evidenced by a letter from Pauli to Bohr in 1925 [4]:

“In the new theory, all physically observable quantities still do not
really occur. Absent, namely, are the time instants of transition pro-
cesses, which are certainly in principle observable (as for example, are
the instants of the emission of photoelectrons). It is now my firm con-
viction that a really satisfying physical theory must not only involve
no unobservable quantities, but must also connect all observable quan-
tities with each other. Also, I remain convinced that the concept of
‘probability’ should not occur in the fundamental laws of a satisfying
physical theory.”

He also speculated that perhaps time could be defined through the concept
of energy and wondered about the meaning of a time duration.
Heisenberg answered a few days later [5]

“Your problem of ‘duration’ plays a fundamental role, and I’ve
thought over several matters for domestic use. First, I believe that
one can distinguish between a ‘coarse’ and a ‘fine’ duration. When,
as in the new theory, a point in space has no longer a fized place, or
when this place is still only defined formally and symbolically, then the
same is true also of the time-point of an event. But there is always
giwen a rough duration, as also a rough place in space: with our geo-
metric picture we shall still be able to achieve a rough picture of the
phenomena. I think it is possible that this rough description is perhaps
the only one we may ask for in the formalism.”

Heisenberg’s words announce some aspects of his uncertainty paper, but
things were not quite mature for that step as yet. The original agenda of ma-
trix theorists was quite radical; they doubted that the “position of the electron
in time” could be given any meaning. This opinion goes even beyond the im-
possibility of an accurate definition of conjugate variables, a statement that
was formulated later. However, reacting to the success of the visualizable and
continuous wave mechanics of Schrodinger, matrix theorists retreated eventu-
ally from the extreme original program. Even though Schrodinger had shown
the formal equivalence between matrix and wave mechanics for bound sys-
tems, an interpretational war began, and the two approaches were for a while

2 Just one week later, Heisenberg, in a letter to Einstein, wondered if the times of
transition should be regarded as observable or not [6].
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competing, each claiming a superior or more fundamental status. Matrix the-
orists reemphasized the importance of the discontinuities, and thus of the
quantum jumps, since they were not evident in the continuum wave theory.

1.1.1 Born’s Collision Papers

Born’s aim in his two 1926 collision papers was to harmonize the jumps and the
wave picture [7} [8]. For an electron—atom collision, he interpreted the squared
modulus of the stationary wave function coefficients at infinite distances as
probabilities for the electron “to be thrown” into a given direction for a given
atomic state. The theory would therefore not provide the actual state of the
atom after the collision, but rather the probability of a certain event, identified
by Born as a quantum jump. In this description, however, the wave function
considered was stationary, so the question of the timing of the event was not
really addressed.

Two early reactions to Born’s proposal were due to Pauli and Jordan:
Pauli extended the probabilistic interpretation to the position of the electron
and opened the way for the return of Heisenberg to visualizable space—time
concepts. According to Jordan, the probability interpretation of Born changed
the status of transition probabilities from primary to secondary concepts,
calculable now from the more elementary probabilities of the stationary states
through their time variation [9]. He believed at that time that these were
probabilities to be in the states, not “to be found.” However, the distinction
is important with regard to a consistent “transition rate interpretation” of
time derivatives. In general, it is not possible to write the exact quantum
mechanical equation for the derivative of a “population” P, as a rate equation

dP,

o= > (WapPy = Wia Pa) (1.1)

b

in terms of transition rates W, since the interference (nondiagonal) terms of
the density matrix also matter. In other words, one cannot visualize the ensem-
ble as being divided into different subensembles until a measurement is per-
formed, and therefore the probabilities under consideration are not probabili-
ties to be in the state, as Jordan thought. Note, however, that in open systems
or systems repeatedly measured, an equation such as ([LT]) and a genuine tran-
sition rate interpretation may be justified. More on this in Sect. below.

1.1.2 Pauli’s First Encyclopedia Article

In 1926, Pauli still acknowledged in his first Encyclopedia article that he had
doubts about the role of time, along the lines of his letter to Bohr [I0]. He
emphasized that Einstein’s probabilistic treatment of absorption and emission
was mute about the times of transition. Did this fact indicate a fundamental
causality, or was it due to the incompleteness of the theory? “This is very
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much debated, yet still an unsolved issue,” he concluded. He also insisted
on the problem of the duration of the jump, suggesting that perhaps the
precision limit of the time of transition was of the same order of magnitude as
the period of the light emitted, but admitted that he could not offer a more
precise analysis. The duration question is still being studied nowadays and is
discussed in Chap. @ by L. S. Schulman.

1.1.3 Uncertainty Relations

Heisenberg’s 1927 paper is in part a response to Pauli’s questions [11]. Tt
was largely based on the discussion of several thought experiments where
the disturbance of the measuring device was treated in terms of classical
particle space—time pictures and quantum jumping, possibly to counterattack
Schrodinger’s wave picture.

Heisenberg insisted on the instantaneous quantum jump concept,

“.. the time of transitions or ‘quantum jumps’ must be as concrete
and determinable as, say, energies in stationary states.”

However, in one of the idealized experiments discussed, he argued that the
imprecision within which the instant of transition is specifiable is given by At
in AEAt ~ h, where AF is the change of energy in the quantum jump.

Without denying the fundamental importance of Heisenberg’s uncertainty
paper, his introduction of the “principle of indeterminacy” is rather unsatis-
factory and imprecise for most modern commentators. After more than seven
decades, many of the issues involved have been clarified for position and mo-
mentum (see e.g. a detailed analysis by M. Appleby where distinction is made
between retrodictive errors, predictive errors, and disturbances, which lead
to six uncertainty-like relations [12]), but similar clarity has not yet been
achieved for time and energy.

In a “note added in proof,” Heisenberg already acknowledges the deficien-
cies, pointed out by Bohr, of some of the arguments given to that date. Apart
from that, several expressions, concepts or formulae were ambiguous or un-
defined. In particular, he presented the “familiar equation” Et — tE = —ih
(these are his words and notation) without further comment on the nature of
the mysterious time matrix t. Perhaps the explanation of the assumed “famil-
iarity” is that there was nothing exceptional in the conjugate character of the
time span and frequency width of a signal. The novelty in Heisenberg’s work
is to associate At with the breadth of imprecision in evaluation of a point in
time and to extend the uncertainty product relations to the realm of particle
concepts such as position and momentum.

In Bohr’s 1928 paper in Nature [I3], a reelaboration of his Como lecture,
he also discussed the uncertainty product relations for position—-momentum
and time-energy, but At and Ax became the extension of the wave packet
in time or space, whereas Av and Ao were introduced as the wave packet
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frequency and wave number widths (o0 = 1/A=inverse of the wave length).
Bohr wrote, “in the most favourable case”,

AtAv = AxAo =1 (1.2)

¢

as “well-known relations from the theory of optical instruments.” Using the
simple Planck—Einstein—de Broglie formulae E = hr and A = h/p, he obtained

AtAE = AzAp = h (1.3)

which would determine the “highest possible accuracy in the definition of the
energy and the momentum of the individuals associated with the wave field.”

We see that already in the first papers on the quantum time-energy uncer-
tainty principle by the founding fathers, there is a clear disparity of meanings
in At and AFE symbols. The seed had been planted for a long history of con-
fusion and controversy on the time—energy relations. This is the subject of
Chap. 3, so we shall skip further references to them, save for a brief mention
of the contributions by Mandelstam and Tamm in 1945 [I4] and Aharonov
and Bohm in 1961 [15].

Other physicists, such as Campbell and Sentfleben, contributed to the
early discussions on the role of time in quantum theory. The interested reader
may find additional material in [2] [3].

Much of the initial hesitation and questioning faded away after the claims
that the theory was final, following the rapid discoveries of the late twenties,
became generally accepted. The Copenhagen—Gottingen group closed ranks
and promoted the idea that the interpretative issues were essentially solved.
In this vein, Bohr’s paper in Nature was supposed to have eventually put an
end to the contradiction between quantum jumps and the continuous theory,
something that we fail to see nowadays. In particular, if we to try extract
a recipe for the time distribution of the jumps from it, we would be in for a
difficult ride. Anyhow, it was a ripe time to apply the theory to many different
systems and experiments, and the applications were so successful that any and
all discording voices had little echo for decades.

1.2 The Thirties and Forties

1.2.1 Pauli’s “Theorem”

An important landmark in the history of time in quantum mechanics is a foot-
note of Pauli’s second Encyclopedia article of 1933 [16], reedited with minor
changes in 1958 [17], in which the argument runs as follows: if there existed a
self-adjoint time operator T canonically conjugate to the Hamiltonian,

[H,T) =ih, (1.4)
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the application of the unitary operator exp(iE1 ’f’/ h) to the energy eigenstate
|E) would produce a new energy eigenstate with energy eigenvalue E — Ej,
so that the spectrum of E would necessarily extend continuously over the
range [—o0o, oo]. In principle, this precludes the existence of a self-adjoint time
operator for systems where the spectrum of the Hamiltonian is bounded,
semibounded, or discrete, i.e., for most of the systems of physical interest

[16, 17, 18] [19] 201 21]. Pauli’s conclusion was that

“...the introduction of an operator T must fundamentally be aban-
doned....”

In a modern reading of Pauli’s footnote, it should be noted, first of all,
that it was presented as a formal argument and not, as frequently quoted,
as a “theorem.” No mathematical rigor was used in the original formula-
tion, in particular no attention was paid to the domains of the operators
involved. This point has been emphasized by Galapon, who has shown that
it is consistent to assume a bounded, self-adjoint time operator conjugate to
a Hamiltonian with an unbounded, semibounded, or finitely countable point
spectrum [21], 22] 23] 24 25]. In any case, there is no need to impose the
requirement of self-adjointness in a formulation of quantum mechanics that
links observables with positive operator-valued measures (POVMs), that is to
say, with nonorthogonal resolutions of the identity (see [26] and Chap. 3 for an
introduction to POVMs, and more specifically Chap. for their usefulness
in understanding times of arrival). For a different way out in the context of a
theory of irreversible evolution, see [27] and references therein.

The traditional reading of Pauli’s argument has been, however, quite dif-
ferent. It has been generally regarded as a no-go theorem for the possibility
to describe time observables within quantum theory and as the basis for the
lapidary sentence “time is only a parameter in quantum mechanics.”

Time has of course a parametric aspect in the classical or quantum equa-
tions of motion. But quite often we are interested in time as an observable,
namely, in the instants when certain events occur or in the durations of pro-
cesses. Given the central role of the observable concept in quantum theory,
it is indeed strange, even absurd, that the theoretical treatment of time ob-
servables has been essentially ruled out for so many years as a consequence of
Pauli’s footnote, without too much questioning. The weight of authority may
have played some role, and other possible reasons will be pointed out below,
see Sect.

1.2.2 Von Neumann

One year before Pauli’s article, von Neumann had published his “Mathemat-
ical Foundations of Quantum Mechanics” [28] where he pinpoints the “chief
weakness of quantum mechanics” as its nonrelativistic character, which distin-
guishes ¢ (without a corresponding operator) from the three space coordinates
x,y, 2 represented by operators. In recent times, Hilgevoord has criticized this
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view, arguing that von Neumann confuses the position of a particle with the
coordinates of a point in space [29) B]. The partners of the parametric time
t are the three coordinates of three-dimensional space, and none of these
quantities is quantized. This does not preclude, according to Hilgevoord, the
existence of true time observables.

In the same book, von Neumann formalizes the process of measurement
by means of a dynamical discontinuity, a “reduction” or a “collapse” of the
wave function,

) =Y cilibi) — i) (1.5)

which has thereafter been frequently identified as a quantum jump, even
though it is not exactly the quantum jump of Bohr’s theory.

1.2.3 Mandelstam—Tamm

Mandelstam and Tamm produced observable-dependent uncertainty relations
that refer to the variations in time of their expectation values [14]. They are
possibly the most widely accepted and less controversial time—energy uncer-
tainty relations nowadays. Note, however, that they do not refer to time of
occurrence of events but to characteristic times of average expectation values.
Consider a generic observable A. Then we have

TAAE > h/2
where
AA
TA = ~ .
d(A)/dt

In words, 74 is the characteristic time pertaining to A; it is the typical time
interval required for there to be a substantial modification (in the scale given
by AA) of the value of (A). Here (AA)? and (AE)? are the variances for the
observable A and for the energy, respectively (see Chap. 3 for details). For
a mathematical analysis pointing out some limitations of the Mandelstamm
and Tamm relation, see [30].

1.3 The Fifties

1.3.1 Bohm’s Book on Quantum Theory

Twenty years after the magic late twenties, there had been no substantial
change in the foundations of quantum theory, and the Copenhagen interpre-
tation was rather well rounded and accepted. Possibly the best account of the
standard interpretation is Bohm’s 1951 “Quantum Theory” [31]. A central
subject of this text is the potentiality concept and the transition from poten-
tial to actual. According to the standard interpretation, a quantum probability
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does not mean that a given fraction of the ensemble has a particular value of
an observable before measurement; instead it represents a physical tendency
to realize that particular value. In other words, a physical system has the
potential to reveal a particular fact in a proper interaction (in particular in a
measurement). Notice that this view is much influenced by developments in
epistemology and the philosophical aspects of probability, of which an impor-
tant (later) exponent is Popper [32]. It is also required to address experiments
on individual systems.

However, also from the orthodox view, facts or events are not described by
quantum theory. The latter, without an appeal to classical concepts, would
have no meaning. This classical level is necessary to explain the preparation
and the results of any experiment, for example, to say without ambiguity that
a dial is in a given definite position:

“It is characteristic of the classical domain that within it exist
objects, phenomena, and events that are distinct and well-defined and
that exhibit reliable and reproducible properties ... It is this aspect of
the world that is most readily described in terms of our customary
scientific language

..quantum theory presupposes the classical level... it does not de-
duce classical concepts as limiting cases of quantum concepts.” [31]

Nonetheless, these classical definite properties and events must be con-
sistent with the quantum description via Born’s probability interpretation;
additionally, a definite result at the classical level implies a modification of
the corresponding potentialities at the quantum level. Classical definiteness
and quantum potentialities would, in this manner, complement each other in
providing a complete description of the system as a whole:

“The continuously changing potentialities and the discontinuous
forms in which these potentialities may be realized are, in fact, op-
posing, but complementary, properties of the electron, each of which
expresses an equally important aspect of the electron’s behaviour.” [31]

In other words, confronted with the difficulty to explain events, or facts,
within quantum theory itself, Bohr, and Bohm as the standard bearer of the
orthodox interpretation in [31], essentially give up: “the large scale behaviour
of a system is not completely expressible in terms of concepts appropriate at
the small scale level.” They cannot find definite facts or events in quantum
mechanics so, accepting their existence, they simply require a certain consis-
tency between quantum theory and the macroscopic level. The events would
occur through discontinuous jumps, which are not contained in the quantum
equations:

“One of the most puzzling features of quantum processes is the
transition of a system from one discrete energy level to another.
Throughout the process of transition, the potentialities associated with
the electron change in a continuous way, but the energy changes dis-
continuously.” [31]
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If they are not contained in the quantum equations, how can we predict the
time distribution for these events?

This lack of an explicit description of events has been considered by some
physicists as a major problem of the theory. Some have tried to modify or
complement quantum mechanics to include events and /or discontinuous jumps
explicitly, see Sects. [LG.I] and below.

1.3.2 Bohm’s “Causal” Theory

It is ironic that the same person who wrote the best account of the Copenhagen
interpretation also created the best-known hidden variable theory. Bohm’s
causal theory, which attributes a precise value to the position and the mo-
mentum of the particle, solves trivially, in a sense, the timing of events and
durations. However, the durations or events timed in Bohm’s theory are, in
general, “hidden” since we do not see the postulated trajectories.

For many the main problem with this theory though is that, according to
the standard claim, it is impossible to determine if it is true or notE although
the assumed equivalence of the predictions of the causal theory and the stan-
dard approach have been recently questioned and debated for time correlations
and double-slit experiments [38|, [39] 40} 4T, [42], [43], [44] [45], [46] [47, [48].

In any case, the theory has had and has quite a number of devoted fol-
lowers, see [49] [50, 5I] for an account of this viewpoint. Several authors
52, 53] 54, 55 56, [57] have advocated the use of Bohm’s approach to in-
vestigate tunneling or arrival times. The merits of this proposal are explained
in Chap. Bl by C. R. Leavens.

1.3.3 Are There Quantum Jumps?

Schrodinger hated “quantum jumps” all along, and in 1952 he wrote a pa-
per criticizing once again “the modern analog of epicycles” [58]. He believed
that gradually changing amplitudes and wave packets would prove enough
to explain even those experiments where the probability interpretation of his
waves in terms of localized particles and jumps seemed most natural (the
Wilson chamber, for example), all the while accepting that the language of
quantum jumps could be a convenient shorthand for describing a wide range
of phenomena. Nonetheless, in his view, this attribute of convenience should
not make us think that quantum jumps could be taken literally.

He also criticized the arbitrariness of the choice of energy levels when two
microsystems interact, the transition probability concept, as evaluated from
time derivatives, and the interpretation of stationary scattering wave functions
in terms of quantum jumps ( “Where anything happens, we are not facing pure
energy states”).

3 A similar comment is valid for the stochastic interpretations [33] B34) B5] 36] 57].
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Born answered that

“any of us theoretical physicists would use equivalent mathematical
methods, and our prediction for the experimental verification would be
practically the same.” [59]

so the question was regarded by him more as a matter of philosophy than real
life physics.

Indeed, at that time, unlike today, experiments with individual systems
(one atom or one molecule) were out of question, so that there was no urgency
to consider the times of occurrence of single events as really observable quan-
tities. This lack of urgency is well represented in the following excerpt from
Schrodinger:

“We never experiment with just one electron or atom or (small)
molecule. In thought experiments we sometimes assume that we do,
this invariably entails ridiculous consequences... In the first place it is
fair to state that we are not experimenting with single particles any
more that we can raise Ichthyosauria in the zoo.” [58|

In modern times, the idea that the wave function describes reality and
that it does not merely determine probabilities for real events is defended
by a number of approaches, such as Bohmian mechanics and others. For Zeh
[60], in particular, the discontinuous events (quantum jumps, collapses), and
those particle-like aspects that seem to occur during measurements, would
only be apparent discontinuities in time in the form of smooth, though very
fast, processes of decoherence induced by the environment. In order to ex-
plain the observation of only one definite individual outcome among the pos-
sibilities represented in the density matrix, Zeh proposes splitting or branch-
ing of the observer’s identity, following a variant of Everetts many-worlds
interpretation [G1].

As mentioned in a footnote above, quantum jumps are incorporated into
some extensions and modifications of quantum mechanics, which we shall
enumerate later in Sect. [[G.1]

1.3.4 Time-of-Flight (TOF) Experiments

Time-of-flight experiments began in the 1940s and the 1950s. Quite obvi-
ously they measure a time quantity that regards quantum objects (atoms
and molecules), for which the translational motion has nonetheless been al-
most invariably interpreted in classical terms. Due to the masses, velocities,
and distances involved, this classical analysis of the arrival times is generally
justified for most TOF experiments, and it did not trigger the need for a quan-
tum theoretical treatment. The quantum nature of the translational motion
in TOF experiments has, however, become evident more recently by means of
interference effects among different time (rather than spatial) slits [62], and
by the atomic realization of the “diffraction in time” predicted by Moshinsky
in 1952 [63], see also Sect.
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1.3.5 Quantum Clocks and Their Limitations

A clock may be defined as a system with a dynamical variable, say a pointer
position, having a simple time dependence, so that the value of the parametric
time ¢ may be obtained from it. It was soon realized by Salecker and Wigner
[64] that the quantum nature of the pointer observable would imply some
uncertainty product relation and limit the accuracy. In later theoretical ap-
plications of simple clock models (by Peres [65] and many others) the clock is
coupled to a system to measure, as a stopwatch, the duration of a certain pro-
cess or the time of occurrence of some events. Similarly, accuracy limitations
may be expected, as discussed by Aharonov and coworkers [66] (see Chap.
for further discussion of this topic and quantum clocks in general).

The use of clocks for measuring time observables also poses the problem
of connecting defined “ideal” time quantities (i.e., based solely on imposing
certain properties and on the system state, without explicitly considering extra
degrees of freedom) with the operationally defined quantities that emerge from
the coupled system-clock models or from actual experiments [67].

1.3.6 Atomic Clocks

Independently of the works on model quantum clocks described before, ac-
tual atomic clocks have undergone an impressive development reaching frac-
tional frequency uncertainties below 1071° [68]. Modern navigation systems,
measurement of distances and fundamental constants, mobile telephones and
communications, digital television, and many other industrial, commercial,
and scientific activities need the accuracy provided by atomic clocks and mo-
tivate a continuous effort to improve them. Louis Essen, at the National Phys-
ical Laboratory in the UK, constructed in 1955 the first atomic clock, which
performed better than the Earth’s rotation or the best pendulum or quartz
clocks; it used a microwave transition of the caesium-133 atom to calibrate
the frequency of an external quartz oscillator. Once the oscillator frequency
is fixed and stable, the clock sets the time by counting the number of oscilla-
tions. The idea of using atomic transitions to define a standard of frequency,
and thus a clock, traces back to I. Rabi in 1944; another important early con-
tribution was the invention by N. Ramsey of the “separated oscillating fields”
interferometry, in which the atoms cross two field regions and spend a time
in free flight between them. Increasing this time narrows the fringes of the
interference pattern for the probability to excite the atom, which leads to a
more accurate lock of the external oscillator frequency to the atomic transi-
tion frequency [69]. The most advanced atomic clocks nowadays use a variant
of this principle in a vertical (fountain) configuration.

Rapid progress in national laboratories led to the definition of the second
in 1967 as 9,192,631,770 cycles of the radiation corresponding to the transition
between two hyperfine energy levels of the ground state of the caesium-133
atom.
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Quantum mechanics is a crucial ingredient of modern time and frequency
standards, first of all, because the basic physical process is a quantum tran-
sition. Recent developments make quantum mechanics even more relevant
because of a tendency to use colder and colder atoms to narrow the reso-
nance peak. (For an alternative, see [70].) This implies the need to consider
the atomic motion quantally, in free flight settings (taking into account recoil
effects [T1] and quantum reflection from the fields [72]) or in traps, where the
quantization of vibrational levels provides a way to circumvent the Doppler
effect with tight confinement (Lamb-Dicke effect). In addition, other quan-
tum effects have to be taken into account: the “quantum projection noise”
[73], in particular, is due to the statistical character of quantum mechanical
laws so that a finite number of experiments to determine the population of
excited atoms provide averages with fluctuations around the “true average”
corresponding to infinitely many experiments. Quantum entanglement among
the atoms has also been proposed to improve the accuracy [74} [75]. We refer
the reader to any of the numerous recent books and reviews on time and fre-
quency standards, see e.g. [76] [77] for further information on this fascinating
topic.

1.4 The Sixties

We have picked up four influential contributions in the 1960s by Smith,
Aharonov and Bohm, Allcock, and Aharonov—Bergmann—Lebowitz.

1.4.1 Smith, 1960

Quite surprisingly, there was no standard operator treatment for quantum
lifetimes until Smith’s work in 1960 [78]. His complaint about the lack of a
formal theory for the lifetime is to some extent still valid 40 years later for
other time quantities,

“It is surprising that the current mathematical apparatus of quan-
tum mechanics does not include a simple representation for so em-
inently observable a quantity as the lifetime of metastable entities

. Unlike other dynamical variables, for which corresponding opera-
tors are available, the lifetime is usually computed by various indirect

devices.” [T8]

Eisenbud and Wigner were precursors of Smith’s work by interpreting the
energy derivative of the scattering phase shift as a time delay [79] [80]. Since
then there has been a considerable interest among quantum scattering theo-
rists to define and study lifetimes, delay times, and other characteristic times.
Chapter 2] reflects this trend.
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1.4.2 Aharonov—Bohm, 1961

A paper by Aharonov and Bohm in 1961 [I5] is an interesting example of
the difficulties associated with the time—energy uncertainty principle. At that
time it was generally believed, as we may still find in some textbooks, that a
measurement of energy must have an uncertainty

SE > h/ét, (1.6)

where dt is the time duration of the measurement. This had been justified with
examples by such heavyweights as Landau and Peierls or Fock and Krylov.
However, Aharonov and Bohm provided counterexamples and showed that
the energy can be measured with arbitrary accuracy in an arbitrarily short
time.

As part of their analysis they considered a free particle’s motion as a clock
to measure time and introduced a time operator

~ m (.1 1._

Tap =, (yﬁ+ §y> (1.7)
by simple symmetrization of the classical expression for the time when a par-
ticle with momentum p, initially at the origin, passes point y, t = my/p. With
a sign change this becomes the time of arrival at the origin for a particle that
at time t = 0 is at point y with momentum p. The corresponding operator
and eigenfunctions have been studied in detail [20, [81]. The operator is maxi-
mally symmetric, which is the nearest best thing to a self-adjoint operator; it
satisfies a conjugate relation with the Hamiltonian and therefore implies an
“ordinary” uncertainty relation. Other aspects of this construction, its rela-
tion to Kijowski’s distribution (Sect. [[5.1]), and possible generalizations are
considered in Chap.

1.4.3 Allcock, 1969

In a series of three papers published in 1969, Allcock tried to introduce a
particular time observable, the time of arrival, in the quantum formalism
[18, [82] [83]. His conclusion was a negative one, in line with the pessimism of
Pauli. We have analyzed Allcock’s work in detail along the years and have
found flaws in each set of his detailed arguments, confirming a preliminary
intuition of Wigner [84]. These arguments can be classified in three main
groups:

1. Pauli’s “theorem”.
2. Quantum mechanics with sources.
3. Using complex potentials as detector models.

Pauli’s argument is easily sidestepped with the aid of POVMs, as discussed
earlier and in more detailed manner in Chap. We shall next briefly com-
ment on the remaining two items.
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Quantum Mechanics with Sources

Allcock defined a “source” by imposing the following condition on the wave
function (in one dimension)

(x|pt) =0, t<0,x2>0, (1.8)

in other words, by confining the wave in the left axis up to ¢ = 0. He also
showed that the solution of the Schrédinger equation subject to (L8]) is given
by

1 oo , ,
@l6(0) =y [ dBEED BN (E), 550,650, (19)

with ) -
\(E) = hl/Q[ dt (z = O[())eEt/h (1.10)

Note that x(FE) is not a standard energy amplitude but the Fourier transform
with respect to time of the wave function at the source point. Since (L9)
includes negative energies, Allcock thought that Pauli’s “theorem” could per-
haps be avoided in this way. He also realized that the final (i.e., after infinite
time) total norm to the right of a certain point X is given by the integral

2F
m

0 0 1/2
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t—o0 X 0

(note the lower limit in the energy integral) and identified this probability,
as in classical mechanics, with the total arrival probability. He then, using
independent arguments, derived an arrival-time distribution in contradiction
with this equation because it had contributions from the negative energies too,
so he concluded “unequivocally that an ideal concept of arrival time cannot be
established for the problem with sources (—oo < E < 00).”

This question has been reexamined recently [85]. It turns out that one can
express the source solution (L)) as a standard initial value problem by using
contour deformation in the complex momentum plane. In particular, for free
motion on the full line, the negative-energy contribution is exactly equal to
the contribution of negative momenta in the standard integral expression of
1 (t) over plane waves

mwmszwwmfmm@ww. (1.12)

In classical mechanics the particles with negative momentum cannot reach a
point with positive x and ¢ when the ensemble is initially confined within the
left half line. By contrast, the quantum mechanical wave at > 0 and ¢t > 0
is affected by negative momentum components [86]. Thus Allcock’s classical
assumption amounts to incorrectly neglecting this quantum contribution, as
already noted in [87].
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Complex Potentials

Allcock tried to reinforce his formal arguments with specific models for detec-
tion and chose a complex, imaginary potential step

V(z) = —iVoO(a) . (1.13)

He found that when Vj is very large the particle is not absorbed (i.e., detected)
but reflected. In the opposite limit, when V;; — 0 the particle is absorbed, but
in a very large length, so the resolution to determine where or when the
particles arrive is very poor.

We know nowadays that Allcock’s results are not general. It is possible
to construct, using inverse scattering techniques, potentials that absorb es-
sentially the full wave packet in a very short spatial interval [88], [89] [90] [9T].
For plane waves this interval can be made arbitrarily small. For wave pack-
ets the length can be small but not zero because of a peculiar property of
quantum perfect absorbers; they exactly reproduce the behaviour of the wave
function defined in the absence of the absorber. Therefore, they must accu-
mulate and give back norm to reproduce the “backflow effect” [92 O3], by
which wave functions without negative momentum components have negative
current density at certain time and position intervals [94].

1.4.4 Aharonov-Bergmann—Lebowitz, 1964

In quantum mechanics the results of measurements in the future are only
partially constrained by the results of measurements in the past. Thus, the
concept of quantum state, when defined by the results of measurements in
the past only, is time-asymmetric. The two-state vector formalism of quantum
mechanics (TSVF), originated in a seminal work of Aharonov, Bergmann, and
Lebowitz (ABL) [95], removes this asymmetry. In this approach, a system at
a given time t is described completely by a two-state vector

(@ @), (1.14)

which consists of a quantum state |¥) defined by the results of measurements
performed on the system in the past relative to the time ¢ and of a backward-
evolving quantum state (®| defined by the results of measurements performed
on this system after the time ¢.

An important and at times controversial application of the TSVF has
been the weak measurement theory [96], which allows to see that systems
described by some two-state vectors can affect another system at time ¢ in a
very peculiar way. This has led to the discovery of numerous bizarre effects.
All these questions are treated in detail by Yakir Aharonov and Lev Vaidman
in Chap.

4 See also other references to weak measurements in Sects. [6.3] [T.4] and in
Chap. Il
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1.5 The Seventies: the Zeno Effect, TOA Distributions,
POVMs

1.5.1 Kijowski’s Time-of-Arrival Distribution

Kijowski noted that four essential characteristics uniquely determine the clas-
sical arrival-time distribution I7(¢; f) at a point X (II is a function of time
of arrival t and a functional of the phase-space distribution f) [97]. He
then obtained a quantum distribution IIx by demanding these properties
in the quantum case (the distribution itself had been obtained previously
by Allcock [18] [82] [83]). The quantum distribution has been later associated
[811, 98 99} 20] with the POVM of the Aharonov—Bohm maximally symmet-
ric [I00] time-of-arrival operator [15], which has a degenerate set of improper
“eigenstates” |t, ) (with the o = & associated with left or right arrivals, and
t the eigenvalue) that provide a nonorthogonal resolution of the identity. This
time-of-arrival distribution,

i (t0(t0)) = 3 [{t alb(to))]? (1.15)

is obtained in a “predictive manner” from the wave function at tg. Note that
t is the time span from ty to the arrival instant. Alternatively, due to the
“covariance” of the distribution, we may use Ik (t;¢(to)) = Hk (0; (L +tp)).
In words, the arrival-time distribution may be computed “on the spot” for
each time instant by evaluating the overlaps between the wave function and
the “crossing states” corresponding to the arrival instant ¢ = 0. This is a
useful change of perspective that has made possible to generalize Kijowski’s
distribution for interaction potentials [I01] or for multiparticle systems [102],
something that could not have been achieved by means of the original deriva-
tion or from the free motion time-of-arrival operator. We will reformulate
these points in Chap.

Kijowski himself considered a relativistic version of the arrival-time dis-
tribution [97]. This has been retaken by several authors in later times, see
e.g. [103].

The status of the distribution ITk (¢) should be understood as completely
parallel to other distributions, such as [1)(z)|* for positions. That is, they
are not predictive for the actual location, be it in time or space, of a single
realization, but they are predictive, in an ideal manner, for the distribution of
measurements. This character of being ideal means that the proper apparatus
must be found to realize it! In this vein, a recent series of articles that model
the measurement of the first spontaneous fluorescence photon emitted by an
atom excited by a localized laser beam culminates in the description of an
operational procedure that provides Kijowski’s distribution in a well-defined

limit [104}, [T05, 67} [L06].
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1.5.2 Zeno Effect

The suppression of transitions due to frequently repeated, first-kind (instan-
taneous and collapsing) measurements in the limit of infinite frequency was
already noticed by Allcock for the arrival time, i.e., for the transition from left
to right subspaces in the real line [I8]. The effect was later generalized and
examined in a mathematically rigorous way by Misra and Sudarshan [107],
who named it “Zeno’s paradox in quantum theory” [10§]. Even though they
paid attention mostly to the decay of unstable particles, these authors sought,
in general, a “trustworthy algorithm for the probability that the particle makes
a transition from a preassigned subspace of states to the orthogonal subspace
sometime during a given period of time”.

They considered that a “natural interpretation” of a continuous observa-
tion in this period is a sequence of instantaneous collapses into the original
subspace, followed by normal Schrédinger evolution. They then showed that
this seemingly natural approach prevents any transition in the limit ¢t — 0.
Misra and Sudarshan considered this answer physically unacceptable and con-
cluded that the “completeness of quantum theory must remain in doubt until
a proper algorithm is found for the above probabilities.”

Misra and Sudarshan speculated on physical grounds that a hypothetical
operator-based algorithm should have a number of properties that essentially
coincide with those of generalized resolutions of the identity or POVMs. They
even “predicted” the existence of a unnecessarily self-adjoint time operator as
the first moment of the POVM. It thus appears that the program sketched
by these authors has already been implemented for the free-motion arrival
time. As a matter of fact, Kijowski had formulated his distribution 2 years
before, but the explicit connection with POVMs and the time-of-arrival op-
erator is much more recent [81] O8] [99] 20, 109]. It does not seem, however,
that finding an optimal POVM (“optimal” in some suitably defined sense) for
a specific time quantity is a simple matter. In other words, the generaliza-
tion of Kijowski’s distribution for other characteristic times is not necessarily
straightforward [20].

The Zeno effect is still much debated nowadays and subjected to exper-
imental scrutiny too. For modern reviews on the Zeno effect, see [110, [1T1].
Some recent works study its physical origin [I12] (as a consequence of the
initial-state reconstruction and short-time deviations from exponential decay,
see Chap. 2), and its disappearance by increasing the distance between the
detector and the decaying system [I13].

1.5.3 Times of Occurrence in Quantum Mechanics and POV Ms

We have already mentioned several times the POVMs and the corresponding
nonorthogonal resolutions of the identity. Helstrom [114] and Holevo [T15] be-
came aware of the possibilities of these concepts to describe time observables.
Srinivas and Vijalakshmi formulated the POVM program quite explicitly in

this regard [109]
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“there is no single unique time observable, but actually a whole
class of time of occurrence observables — one associated with each o0b-
servable event that could occur. In fact some of the confusion on the
notion of time in quantum theory is mainly due to the fact that it is
not appreciated that there is nothing like the time observable, but a
class of time of occurrence observables associated with each physical
system. The main objective of the theory should be to provide a mathe-
matical characterization of such time of occurrence observables so that
one arrives at a prescription for calculating say, the probability that
an event occurs in a given interval of time.”

They thus advocate the use of POVMs based on the theory of continuous
measurements and subject to the general requirements of causality (the results
up to time ¢ should not depend on later times) and time-translation invariance
of the theory (or “time covariance”).

1.6 Some Recent Trends

1.6.1 Theories that Include Events in Quantum Mechanics

According to the dictionary, “event” is anything that “takes place,” “hap-
pens,” or “occurs.” The event for a classical system could be simply defined
as “the realization of some specified value of a variable at a given instant”.

In classical mechanics the questions: “When does an event occur?” (e.g.,
when does a particle moving in one dimension cross the point X?) and “What
is the probability distribution of the corresponding instants?” (e.g., the time-
of-arrival distribution at X) are no more problematic than say “What is the
position of the particle at ¢ = 07” This does not mean they are of the same
nature, though. There are some differences that may become important in the
quantization process:

e For a given t, only one z is possible in the trajectory, whereas for a given
x, there may be several crossing instants ¢, o, . . ..

e The particle must be somewhere at time t, whereas the particle may or
may not arrive at the selected point X.

In spite of these differences, one can define time distributions, in general,
just for a subensemble of the original ensemble of particles, by ordering the
crossings as first arrivals, nth arrivals, or last arrivals. It is also possible to
define time distributions for all arrivals, irrespective of their order. For a more
detailed discussion, see [87].

However, things are not so simple in quantum mechanics. The solutions
of the standard equations of quantum mechanics are continuous and proba-
bilistic, and, as discussed in Sect. [[L3.I] they do not contain the abrupt events
explicitly. Are events somehow implicit in the formalism, in the same way
that classical statistical densities smooth out the individual occurrences of the
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classical events? The answer seems to be negative in general: the theorems by
Kochen—Specker [116] and Bell [117] discourage a direct “naive realist” sta-
tistical interpretation of quantum theoryﬁ

It might be possible to include events explicitly by modifying quantum
theory without too much violence to the well-established results. This is the
case for example of the spontaneous collapse theory of Ghirardi, Rimini, and
Weber [119], and related approaches such as the “event-enhanced quantum
theory” (EEQT) of Jadczyk and Blanchard [120] [12I]. The modification of
Schrédinger’s equation by adding a random fluctuating collapse has been ex-
amined from very many different points of view. For a review, see [122].

Another approach, quite different in spirit and techniques, aspires to in-
clude events as part of the formalism without any modification of the dynam-
ics. This is the approach taken by the followers of the “quantum histories”
or “consistent histories” program [123] [124] [125] [126] 127] [128| 129], which is
reviewed in Chap. [@l The basic idea of consistent histories is to decompose
the density operator p(t) by dividing the total evolution into smaller intervals
and using resolutions of the identity (normally, but not only, by projector
decompositions; see also [130} 131} 132] for POVM decompositions) at the
intermediate times. One then looks for cases where the interference terms
without a classical event interpretation do not contribute. This would allow
for a consistent assignment of probabilities to classical-like histories.

These ideas were applied by Yamada and Takagi [133] 134} 135] to the
arrival time. Interference between amplitudes associated with Feynman paths
that contact or does not contact the arrival point X within a specified finite
time interval does not vanish; so, according to the premises of this interpre-
tation, probabilities cannot be defined for the events of arriving or not arriv-
ing at X within such a time interval (there are, however, some exceptional
cases [136] [133]). Later, Halliwell and Zafiris [I37] pointed out that coupling
the particle to a thermal bath allows the definition of coupling-dependent,
arrival-time probabilities.

In any case, if the quantum mechanical formalism is regarded as a pool of
potentialities to be realized by appropriate measurements or interactions, the
nonvanishing interferences just described are not a major stumbling block
[136, B7]. They tell us that the arrival of the particles, left alone, is not
classical-like, but they do not preclude the fact that proper interactions (mea-
surements) lead to arrival-time distributions that can be modeled theoreti-
cally. It is moreover possible to select one of them as being optimal in some
specified sense, as it occurs with Kijowski’s distribution.

1.6.2 The Resurrection of Quantum Jumps

Apart from Bohm’s book, standard texts on quantum mechanics have kept
basically silent about quantum jumps (in the old sense). This is true even

5 Only “contextual” and “nonlocal” hidden variable theories would be allowed, see

e.g. [118].
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for the first monographs written by Pauli or Dirac. However, the modern ad-
vances in the manipulation of single atoms have fostered new theoretical tech-
niques, in particular “quantum trajectory” or “quantum jump” approaches
[138, (139 140, 141], that solve the master equation for an open system, typ-
ically an atom interacting with laser fields and a background bath, by means
of many individual histories where a series of photon detections are repre-
sented by wave-function jumps. These “trajectories” provide the smooth mas-
ter equation solution when averaged and make the statistical (smooth) and
individual (abrupt) descriptions compatible. The latter is directly comparable
with the experimental records of successive photon detections for individual
atoms. They can explain, for example, the statistics of dark periods of individ-
ual atoms whose ground states are coupled to a metastable and a rapidly de-
caying state by two lasers. These modern quantum jumps are not interpreted,
e.g., by Cook [142], as intrinsic properties of the isolated system, but as sud-
den counting events of systems subject to frequent measurements. These mea-
surements would effectively prevent the development of superpositions (by re-
peated collapses) [142] and would lead to dynamics governed by rate equations
rather than by Schrédinger’s equation. The Zeno effect is always a menace for
the occurrence of the jumps although, Cook argues, it is much more difficult
to realize when detecting spontaneously emitted photons. Stenholm reasons
similarly that an external intervention is necessary (caused by an observer or
not) to interpret the time evolution in terms of a stochastic sequences of in-
stantaneous transitions [143], stressing that the justification of the necessary
master equations is not always an easy task. The connection between consis-
tent histories and quantum jump techniques has been discussed by Brun [144].

“Quantum jump” techniques have been applied recently to simulate a
time-of-flight experiment for individual atoms, see [104] [105] 67, [106] and
Sect. The operational time-of-arrival distribution corresponds in this
case to the detection of the first spontaneously emitted photons after the
excitation induced by a laser. It is possible, by subtracting the detection delay
for the atom at rest, to obtain exactly the quantum current density from the
distribution of first photons, in the limit of a large Einstein coefficient [104]
[T05]. With some additional manipulations consisting of a previous filtering of
the initial state to compensate for detection losses, it is also possible to obtain
Kijowski’s distribution [67, [106].

1.6.3 Tunneling Times

The tunneling time is an example of a duration type of quantity. Actually
the word “tunneling” here is a red herring since the same conceptual problem
arises without tunneling, even for free motion. The actual question is:

“How long does a particle take to traverse a spatial region?”

It is true, however, that tunneling enhances some of the puzzling aspects of
the possible answers. There are hundreds of papers devoted to tunneling or
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traversal times. The modern stage of the tunneling-time conundrum started
with a letter by Biittiker and Landauer in 1982 [145]. They set a “traversal
time” as the time characterizing the transition between sudden and adiabatic
regimes in oscillating potential barriers. Very many different proposals ap-
peared subsequently in the literature throughout the 1980s, with each author
tending to defend their own time as “the good one.” The controversy has
kept going all through the 1990s, moving however in the direction to a certain
degree of consensus: that there is no single quantity that contains the whole
and only truth about timing the particle’s traversal, see e.g. [I46]. The tun-
neling time is in fact one example of quantization of a classical quantity that
involves products of noncommuting observables: a unique, classical question
corresponds to different quantum versions. Comprehensive theories [147] and
experiments [T48] show explicitly several of these times.

For previous review articles see [149] (150, 1511, 152} 153} 154} [155] [146]. In
this book Chaps. 2 Bl [1l B 01} and [2] review extensively various aspects of
the timing of particle traversal through a given region, and the contributions
of different authors. Here, we shall introduce the subject by summarizing an
“umbrella theory,” the BSM approachE which has the merit of describing
many different proposals of tunneling times as particular cases of a single
formal framework [I47], providing a unifying perspective, useful to relate,
classify, and study the properties of different times. It dissolves the puzzling
fact that many different times have been or may be defined, even though
not all proposals may be included as particular cases, in particular the times
derived from Bohm’s interpretation, cf. Chap. Bl

The BSM Approach

In classical mechanics the transit times for a region of space can be easily
defined from the trajectories. If the region contains a potential barrier and the
particles are sent toward the barrier at time ¢ = 0, the ensemble of classical
particles can be divided into particles that will eventually pass the barrier
and into particles that will not pass the barrier. This means that the average
dwell time can be separated into two contributions

7p = Prrr + Pr7r , (1.16)

where Pr and Pg are the probabilities for transmission and reflection, and 77 r
are the average dwell times for the transmission and reflection subensembles.
In the question “how long does a transmitted particle take to cross the barrier”
there are, apart from time itself, two observables implied: (1) “being at the
barrier region,” D = f: dz |2)(xz|, which is a projector (D? = D) and (2)
“being transmitted,”

T - / T aplp ) (1.17)

6 Tt was termed “systematic projector approach” in the original paper.
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The states [p~) are scattering eigenstates of the Hamiltonian, formed by a
combination of incident plane waves, suitably chosen to produce the outgoing
plane wave |p), see Chap. “Belng reflected” corresponds to the complemen-

tary projector R such that T+ R = 1. The operator D however, does not
commute with 7 or R. Thus, the quantum mechanical dwell tim

= / " dt ((t) Dle)) (1.18)
0

can be decomposed in many different ways depending on the decomposition
chosen for D [147]. Using T+R=1and DD = D we may write, for example,

(T
(T
(1.19)

o)
I
N = E)

These are some of the simplest decompositions, but there are infinitely many
possibilities. The first decomposition leads to a separation of the dwell time
into reflected and transmitted parts, as in the classical expression (LI6). How-
ever, the operators TD and RD are not Hermitian and therefore the corre-
sponding times turn out to be complex quantities

L O (1.20)

RP = PR/ dt (W(t)|RD|(t)) . (1.21)

The stationary wave versions, see Sect. 8.4 for more details, were obtained by
Leavens and Aers [I56] combining two time scales of the Larmor clock and
by Sokolovski and Baskin, using a classification of paths in the path integral
formulation of the wave function [I57) [158] mﬁ For opaque barriers, the
moduli of the complex times coincide with the traversal time obtained by
Biittiker and Landauer [145].

In the second decomposition there are two terms, TDT and ﬁﬁﬁ, with
a simple classical-like interpretation; they lead to dwell times for the “to-
be-transmitted” and “to-be-reflected” components of the wave function [162]

PPN

[163] [164]. Note, however, the presence of interference terms, such as TDR,

" See Chaps. @ [ and [Tl for discussions on the dwell time concept in quantum
mechanics.

8 A different complex time had been defined before by Pollak and Miller [I60] and
Pollak [I61], with real and imaginary parts corresponding to the time averages of
the real and imaginary parts of the quantal microcanonical flux—flux correlation
function.
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without a classical counterpart. The interference terms are avoided in the
third decomposition by first imposing particle presence in the selected region
and then separating into to-be-transmitted and to-be-reflected components. Is
this “THE” answer? The “good” resolution? While this decomposition leads
to (LIG) and avoids interferences, it is not free from nonclassical features:
the resulting times are not additive, because of the presence of two D oper-
ators, so that the time for going from a to ¢ is not the sum of the times for
going from a to b plus the times for going from b to c. Finally, the last de-
composition shown is based on separating the Hermitian and anti-Hermitian
parts of T'D and RD. Interestingly enough, it may be associated with Larmor
clock or weak measurements, where a weak magnetic field is used to rotate
the spin of the electron crossing the region [165] [166], see Chaps. [1 B @]
and other applications of the Larmor clock concept in Chap. [@ The amount
of precession should be an indication of the traversal time. This sounds like
quite a good idea, but unfortunately the resulting time may be negative. .. Is
this necessarily a bad thing? It is if one is looking for classical-like quantities
and nothing else; it is not if one simply wants to know how nature behaves in
different quantum scenarios corresponding to the same classical question.

As in other joint measurement problems involving noncommuting observ-
ables, the quantum multiplicity described above is linked to the lack of a
proper joint probability distribution for being in the barrier and being even-
tually transmitted, but it is possible to define “marginal” and “conditional”
probability distributions

Pp = (¥(t)|D[y(1)) (1.22)
Pr = (@) T|(1)) | (1.23)
Ppr = ((t) TDT|(t))/Pr , (1.24)
Prip = ((t)| DTDJ(t))/ Pp . (1.25)

and some of these decompositions have a simple interpretation in terms of
them. In particular, the transmission times derived from the second and third
decompositions are

0t =/ Ppyrdt, (1.26)
0
1 o0

TRTD — / PpPppdt. (1.27)
PT 0

Notice that the following equality, which holds for a classical ensemble of
particles, is no longer valid in quantum mechanics:

PpyrPr = PoPryp . (1.28)

Relation ([28]), when it holds (i.e., in the classical case), implies the equality

DT = £RPTD _ this is of course not generically true in quantum mechanics.



24 J. G. Muga et al.
Operational Models, Superluminality, Hartman Effect

At a less abstract level there are also operational models that define traversal
times associated with specific idealized measurements, e.g. by simulating two-
detector experiments [167] with one detector before and one detector after the
barrier [168].

It is possible that these models lead to quantities defined in the abstract
framework described above, as happens in the case of the Larmor clock. For
other experimental setups the connections between abstract or “ideal” results
and operational models may of course be more involved.

Other works have focused on describing the temporal behaviour of the
wave function and its main features, such as peaks or fronts. A striking phe-
nomenon is that in tunneling conditions the peak of the transmitted wave
packet may appear at the rear barrier edge even before the extrapolated peak
of the incident wave packet arrives at the front barrier edge. Related to this
situation is the “Hartman effect” [169]: the time of appearance of the trans-
mitted peak does not grow with the barrier width, up to a critical point where
the components above the barrier maximum start to dominate [147, [I70], see
Sect. 2411 Also, a sligtly absorbing medium may cause, for the appropriate
initial state, the simultaneous arrival of the wave packet peak at different loca-
tions [I71] [I72]. Similar effects have been experimentally verified for photons,
or microwaves [I73] 174 175 [I76], and have led to considerable attention,
even in the mass media. A violation of relativistic causality is, however, not

implied [I77) [I78]. For further details, see Chaps. 2 Bl [7 [2 and 11

1.7 Discussion

Understanding time in quantum mechanics is in fact intimately linked to un-
derstanding quantum mechanics itself, in particular, the transition between
the potentialities described by the formalism and actual events. However, we
are far from a consensus on how, and even if, this transition takes place.
Different solutions proposed for this theoretical lacuna amount to different
answers for several of the mysteries related to time in quantum mechanics.
We have paid particular attention to work done on “tunneling times,” and
“arrival times,” two topics that have been controversial throughout the past
two decades. Some results have been firmly established though, and much
progress has been achieved in avoiding a number of stumbling blocks. For ex-
ample, Pauli’s argument against the existence of a self-adjoint time operator
in quantum mechanics is not a problem when realizing that observables are
not necessarily linked to self-adjoint operators; similarly, difficulties pointed
out by other authors, most prominently by Allcock, have been overcome; the
multiplicity of quantum answers obtained for some unique classical questions
(such as the traversal time) has been also well understood and formalized
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with a compact systematic theory. Of course different theoretical or experi-
mental conditions may select one of them for a specific application. For the
arrival time, in particular, distributions, which are “optimal” with respect to
a number of classical constraints, have been identified.

All in all, we have reached a much better understanding of the phenomenol-
ogy and underlying theoretical issues concerning time observables in quantum
mechanics. Much remains to be done, and many issues are still contended, as
the diverse character of the contributions to this volume will make clear.
Nonetheless, we are convinced that the patient reader will have ample proof
in the following chapters of the improvement in our understanding time in
quantum mechanics that has taken place in the last decades. And we hope
that the same reader will in turn contribute and improve on this work.

Acknowledgments

We are grateful to C. R. Leavens and A. Steinberg for reading and commenting
on the manuscript. We acknowledge support by Ministerio de Educacion y
Cultura (Grants PB97-1482 and AEN99-0315), The University of the Basque
Country (Grants UPV 063.310-EB187/98 and 9/UPV 00039.310-13507/2001),
CERION, MCYT (BFM2000-0816-C03-03), and the Basque Government (PI-
1999-28).

References

—

. N. Bohr: Philos. Mag. 26, 1 (1913) [

. M. Beller: Quantum Dialogue (University of Chicago Press, Chicago, IL, 1999)

mE

. J. Hilgevoord: Stud. History Philos. Mod. Phys. 36, 29 (2005) B[]

4. A. Hermann, K.v. Meyen, V.F. Weisskopf, eds.: Wolfgang Pauli, Scientific Cor-
respondence with Bohr, Einstein, Heisenberg (Springer, Berlin, 1979) Letter of
Pauli to Bohr, November 17, 1925. 2 23]

5. See [M], Letter of Heisenberg to Pauli, November 24, 1925

[\

w

6. Heisenberg to Einstein, November 30, 1925, Einstein Archive, Hebrew Univer-
sity of Jerusalem

7. M. Born: Problems of Atomic Dynamics (MIT Press, Cambridge, MA, 1926)

8. M. Born: Z. Phys. 37, 863 (1926)

9. P. Jordan: Naturwissenschaften 37, 614 (1927)

10. W. Pauli: in Handbuch der Physik (Springer, Berlin, 1926), Vol. 23, pp. 1-278

11. W. Heisenberg: Z. Physik 43, 172 (1927). Translated in Quantum Theory and
Measurement, ed. by J. A. Wheeler, W. H. Zurek (Princeton University Press,
Princeton, NJ, 1983) [

12. D.M. Appleby: J. Phys. A 31, 6419 (1998) @

13. N. Bohr: Nature 121 (suppl.), 580 (1928) H

14. L. Mandelstam, I. Tamm: J. Phys. (USSR) 9, 249 (1945) B[



26

15
16

17

18.
19.
20.

21.
22.
23.

24.

25.
26.

27.
28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
42.
43.
44.

45.
46.

47.
48.
49.

50.

J. G. Muga et al.

Y. Aharonov, D. Bohm: Phys. Rev. 122, 1649 (1961) B I3l [Idl

W. Pauli: in Handbuch der Physik (Springer, Berlin, 1933), Vol. 24, pp. 83-272
Bl @

W. Pauli: in Encyclopedia of Physics, ed. by S. Flugge (Springer, Berlin, 1958),
Vol. V/1, p. 60 B @

G.R. Allcock: Ann. Phys. (N.Y.) 53, 253 (1969) [6l 13l @6 7

V. Delgado, J.G. Muga: Phys. Rev. A56, 3425 (1997)

I.L. Egusquiza, J.G. Muga: Phys. Rev. A61, 012104 (2000). See also erratum,
Phys. Rev. A 61 (2000) 059901 (E) [6] @3] @6 17

E.A. Galapon: Proc. R. Soc. A 458, 451 (2002)

E.A. Galapon: Proc. R. Soc. A 487, 2671 (2002)

E.A. Galapon, R. Caballar, R.T. Bahague: Phys. Rev. Lett. 93, 180406 (2004)
[§

E.A. Galapon, F. Delgado, J.G. Muga, I. Egusquiza: Phys. Rev. A 72, 042107
(2005)

E.A. Galapon, R.F. Caballar, R.T. Bahague: Phys. Rev. A 72, 062107 (2005)
P. Busch, M. Grabowski, P. Lahti: Operational Quantum Physics (Springer—
Verlag, Berlin, 1997)

B. Misra: Found. Phys. 25, 1087 (1995)

J. von Neumann: Mathematical Foundations of Quantum Mechanics (Princeton
University Press, Princeton, NJ, 1955)

J. Hilgevoord: Am. J. Phys. 64, 1451 (1996) [0

J.E. Gray, A. Vogt: J. Math. Phys. 46, 052108 (2005) [0

D. Bohm: Quantum Theory (Prentice-Hall, Upper Saddle River, NJ, 1951) [ 8]
K.R. Popper: Br. J. Philos. Sci. 10, 25 (1959)

E. Nelson: Phys. Rev. 150, 1079 (1966)

D. Bohm, J.P. Vigier: Phys. Rev. 96, 208 (1954)

D. Bohm, B.J. Hiley: Phys. Rep. 172, 93 (1989)

M.Q. Chen, M.S. Wang: Phys. Lett. A 149, 441 (1990)

K. Imafaku, I. Ohba, Y. Yamanaka: Phys. Lett. A 204, 329 (1995)

P. Ghose, A. S. Majumdar, S. Guha, J. Sau: Phys. Lett. A 290, 205 (2001)
M. Golshani, O. Akhavan: J. Phys. A 34, 5259 (2001)

W. Struyve, W. D. Baere, J. D. Neve, S. D. Weirdt: J. Phys. A. 36, 1525 (2003)
1)

E. Guay, L. Marchildon: J. Phys. A 36, 5617 (2003)

O. Akhavan: Thesis. |quant-ph/0402141

G. Brida, E. Cagliero, G. Falzetta, M. Genovese, M. Gramegna, C. Novero:
J. Phys. B 35, 4751 (2002)

G. Brida, E. Cagliero, G. Falzetta, M. Genovese, M. Gramegna, E. Predazzi:
Phys. Rev. A 68, 033803 (2003)

O. Akhavan, M. Golshani: J. Phys. B 37, 3777 (2004)

G. Brida, E. Cagliero, M. Genovese, M. Gramegna: J. Phys. B 37, 3781 (2004)
1)

M. Genovese: Phys. Rep. 413, 319 (2005)

X. Oriols: Phys. Rev. A 71, 017801 (2005)

P.R. Holland: The Quantum Theory of Motion (Cambridge University Press,
Cambridge, MA, 1993)

D. Bohm, B. Hiley: The Undivided Universe: An Ontological Interpretation of
Quantum Mechanics (Routledge, London, 1993)


quant-ph/0402141

51.
52.
53.

54.
55.
56.
57.
58.
59.
60.
61.
62.

63.
64.
65.
66.

67.
68.
69.

70.
71.
72.
73.
74.

75.

76.

7.

78.
79.
80.
81.
82.
83.
84.

85.
86.

87.
88.
89.

1 Introduction 27

J.R. Barker: Semicond. Sci. Technol. 9, 911 (1994)

C.R. Leavens: Phys. Rev. A 58, 840 (1998)

M. Daumer: in Bohmian Mechanics and Quantum Theory: An Appraisal, ed.
by J.T. Cushing, A. Fine, S. Goldstein (Kluwer, Dordrecht, 1996), pp. 87-98
X. Oriols, F. Martin, J. Sufié: Phys. Rev. A 54, 2594 (1996)

Y. Nogami, F.M. Toyama, W. van Dijk: Phys. Lett. A270, 279 (2000)

S. Kreidl, G. Grubl, H.G. Embacher: J. Phys. A 36, 8351 (2003)

M. Ruggenthaler, G. Grubl, S. Kreidl: J. Phys. A 38, 8441 (2005)

E. Schrodinger: Br. J. Philos. Sci. 3, 109 (1952) BLIQ

M. Born: Br. J. Philos. Sci. 4 (1953)

H.D. Zeh: Phys. Lett. A 174, 189 (1993)

H. Everett: Rev. Mod. Phys. 29, 454 (1957)

P. Szriftgiser, D. Guéry-Odelin, M. Arndt, J. Dalibard: Phys. Rev. Lett. 77, 4
(1996)

M. Moshinsky: Phys. Rev. 88, 625 (1952)

H. Salecker, E.P. Wigner: Phys. Rev. 109, 571 (1958) M1l

A. Peres: Am. J. Phys. 48, 552 (1980) [T

Y. Aharonov, J. Oppenheim, S. Popescu, B. Reznik, W.G. Unruh: Phys. Rev.
A 57, 4130 (1998) [T

G.C. Hegerfeldt, D. Seidel, J. G. Muga: Phys. Rev. A 68, 022111 (2003) 1] [I6l 20
W. Oskay et al: Phys. Rev. Lett. 97, 020801 (2006) LTI

N.F. Ramsey: Phys. Rev. 78, 695 (1950); Molecular Beams (Clarendon Press,
Oxford, 1956) [T

D. Seidel, J. G. Muga: Phys. Rev. A 75, 023811 (2007)

C.J. Bordé: Metrologia 39, 435 (2002)

D. Seidel, J.G. Muga: Eur. Phys. J. D 41, 71 (2007)

W.M. Itano et al: Phys. Rev. A 47, 3554 (1993)

D.J. Wineland, J.J. Bollinger, W.M. Itano, D.J. Heinzen: Phys. Rev. A 50, 67
(1994)

S.F. Huelga, C. Macchiavello, T. Pellizari, A.K. Ekert, M.B. Plenio, J.I. Cirac,
Phy. Rev. Lett. 79, 3865 (1997)

Fifty years of atomic time-keeping: 1955 to 2005, special issue of Metrologia
42, S1-S153 (2005)

C. Audoin, B. Guinot: The Measurement of Time: Time, Frequency and the
Atomic Clock (Cambridge University Press, Cambridge, MA, 2001)

F.T. Smith: Phys. Rev. 118, 349 (1960)

L. Eisenbud: Ph.D. thesis, Princeton Univ. (1948). Unpublished

E.P. Wigner: Phys. Rev. 98, 145 (1955)

J.G. Muga, C.R. Leavens, J.P. Palao: Phys. Rev. A 58, 4336 (1998)

G.R. Allcock: Ann. Phys. (N.Y.) 53, 286 (1969) @3 06, 17

G.R. Allcock: Ann. Phys. (N.Y.) 53, 311 (1969) [[3 G

E.P. Wigner: in Aspects of Quantum Theory, ed. by A. Salam, E.P. Wigner
(Cambridge University Press, London, 1972) [I3] 16

A.D. Baute, I.L. Egusquiza, J.G. Muga: J. Phys. A 34, 4289 (2000)

A. D. Baute, I. L. Egusquiza, J. G. Muga: Int. J. Theor. Phys. Group Theo.
Nonlinear Opt. 8, 1 (2002) 4]

J.G. Muga, C. R. Leavens: Phys. Rep. 338, 353 (2000) [I4]

J.G. Muga, S. Brouard, D. Macfas: Ann. Phys. (N.Y.) 240, 351 (1995) 14l 0819
J.P. Palao, J.G. Muga, R. Sala: Phys. Rev. Lett. 80, 5469 (1998)



28

90.

91.

92.
93.
94.
95.
96.

97.
98.
99.
100.

101.
102.
103.

104.

105.

106.

107.
108.
109.
110.
111.
112.

113.

114.
115.
116.
117.
118.

119.
120.
121.

122.

123.

J. G. Muga et al.

J.P. Palao: Teoria cudntica de colisiones con potenciales complejos en una
dimension. Ph.D. thesis, Universidad de La Laguna (1999)

J.G. Muga, J.P. Palao, B. Navarro, I.L. Egusquiza: Phys. Rep. 395, 357 (2004)
A.J. Bracken, G.F. Melloy: J. Phys. A: Math. Gen. 27, 2197 (1994)

G.F. Melloy, A.J. Bracken: Ann. Phys. (Leipzig) 7, 726 (1998)

J.G. Muga, J.P. Palao, C.R. Leavens: Phys. Lett. A 253, 21 (1999)

Y. Aharonov, P.G. Bergmann, J.L. Lebowitz: Phys. Rev. B 134, 1410 (1964)
Y. Aharonov, D. Albert, A. Casher, L. Vaidman: Phys. Lett. A 124, 199 (1987)
J. Kijowski: Rept. Math. Phys. 6, 361 (1974)

R. Giannitrapani: Int. J. Theor. Phys. 36, 1575 (1997)

P. Busch, M. Grabowski, P.J. Lahti: Phys. Lett. A 191, 357 (1994) [I6] 07
N.I. Akhiezer, I.M. Glazman: Theory of Linear Operators in Hilbert Space
(Dover, New York, 1963) 16l 17

A.D. Baute, I.L. Egusquiza, J.G. Muga: Phys. Rev. A 64, 012501 (2001)
A.D. Baute, I.L. Egusquiza, J.G. Muga: Phys. Rev. A 65, 032114 (2002)
J. Leén: J. Phys. A 30, 4791 (1997)

10l

J.A. Damborenea, I.L. Egusquiza, G.C. Hegerfeldt, J.G. Muga: Phys. Rev. A
66, 052104 (2002) 1620

J.A. Damborenea, I.L. Egusquiza, G.C. Hegerfeldt, J.G. Muga: J. Phys. B: At.
Mol. Opt. Phys. 36, 2657 (2003) [I6] 20

G.C. Hegerfeldt, D. Seidel, J.G. Muga, B. Navarro: Phys. Rev. A 70, 012110
(2004) @620

B. Misra, E.C.G. Sudarshan: J. Math. Phys. 18, 756 (1977) [

D. Home, M.A.B. Whitaker: Ann. Phys. (N.Y.) 258, 237 (1997) 1

M.D. Srinivas, R. Vijayalakshmi: Pramana 16, 173 (1981) 01

P. Facchi, S. Pascazio: Prog. Opt. 42, 147 (2001), Chap. 3 1]

K. Koshino, A. Shimizu, Phys. Rep. 412, 191 (2005) [I7

J. G. Muga, F. Delgado, A. del Campo, G. Garcia-Calderé n, Phys. Rev. A
73, 052112 (2006) 07

F. Delgado, J. G. Muga, G. Garcfa-Calderd n, Phys. Rev. A 74, 052112 (2006)
2

C.W. Helstrom: Int. J. Theor. Phys. 11, 357 (1974) [T

A.S. Holevo: Rep. Math. Phys. 13, 379 (1978) [T

S. Kochen, E. P. Specker: J. Math. Mech. 17, 59 (1967)

J.S. Bell: Rev. Mod. Phys. 38, 447 (1966)

R.1.G. Hughes: The Structure and Interpretation of Quantum Mechanics (Har-
vard University Press, Cambridge, MA, 1989)

G.C. Ghirardi, A. Rimini, T. Weber: Phys. Rev. D 34, 470 (1986)

P. Blanchard, A. Jadczyk: Helv. Phys. Acta 69, 613 (1996)

P. Blanchard, A. Jadczyk: in Open Systems and Measurement in Relativistic
Quantum Theory, ed. by H.P. Breuer, F. Petruccione (Springer Verlag, Berlin,
1999). quant-ph/9812081

P. Pearle: in Open Systems and Measurement in Relativistic Quantum The-
ory, ed. by F. Petruccione, H.P. Breuer (Springer Verlag, Berlin, 1999).
quant-ph/9901077

R.B. Griffiths: J. Stat. Phys. 36, 219 (1984)


quant-ph/9901077

1 Introduction 29

124. M. Gell-Mann, J.B. Hartle: in Third International Symposium on the Foun-
dations of Quantum Mechanics in the Light of New Technology, ed. by
S. Kobayashi, H. Ezawa, Y. Murayama, S. Nomura (Physical Society of Japan,
Tokyo, 1990)

125. M. Gell-Mann, J.B. Hartle: in 25th International Conference on High Energy
Physics, ed. by K. K. Phua, Y. Yamaguchi (World Scientific, Singapore, 1991)
19

126. R. Omnes: Rev. Mod. Phys. 64, 339 (1992)

127. R. Omnes: The Interpretation of Quantum Mechanics (Princeton University
Press, Princeton, NJ, 1994)

128. J.B. Hartle: Phys. Rev. D 37, 2818 (1988)

129. J.B. Hartle: Phys. Rev. D 44, 3173 (1991)

130. O. Rudolph: Int. J. Theor. Phys. 35, 1581 (1996)

131. O. Rudolph: J. Math. Phys. 37, 5368 (1996)

132. A. Kent: Phys. Scripta T76, 78 (1998)

133. N. Yamada, S. Takagi: Prog. Theor. Phys. 85, 985 (1991)

134. N. Yamada, S. Takagi: Prog. Theor. Phys. 86, 599 (1991)

135. N. Yamada, S. Takagi: Prog. Theor. Phys. 87, 77 (1992)

136. I.L. Egusquiza, J.G. Muga: Phys. Rev. A 62, 032103 (2000)

137. J.J. Halliwell, E. Zafiris: Phys. Rev. D 57, 3351 (1998)

138. J. Dalibard, Y. Castin, K. Molmer: Phys. Rev. Lett. 68, 580 (1992)

139. H. Carmichael: An Open Systems Approach to Quantum Optics (Springer-
Verlag Berlin, 1993)

140. G.C. Hegerfeldt: Phys. Rev. A 47, 449 (1993)

141. M.B. Plenio, P.L. Knight: Rev. Mod. Phys. 70, 101 (1998)

142. R.J. Cook: Prog. Opt. 28, 361 (1990)

143. S. Stenholm: Phys. Scr. 47, 724 (1993)

144. T.A. Brun: Phys. Rev. Lett. 78, 1833 (1997)

145. M. Biittiker, R. Landauer: Phys. Rev. Lett. 49, 1739 (1982) 21122

146. R.Y. Chiao: Tunneling times and superluminality: a tutorial (1998).
quant-ph/9811019 2]

147. S. Brouard, R. Sala Mayato, J.G. Muga: Phys. Rev. A 49, 4312 (1994) 211 22| 241

148. P. Balcou, L. Dutriaux: Phys. Rev. Lett. 78, 851 (1997) 2]

149. E.H. Hauge, J.A. Stovneng: Rev. Mod. Phys. 61, 917 (1989) 211

150. M. Biittiker: in Electronic Properties of Multilayers and Low-dimensional Semi-
conductor Structures, ed. by J.C. et al. (Plenum, New York, 1990), p. 297 211

151. R. Landauer: Ber. Bunsenges. Phys. Chem. 95, 404 (1991) 21

152. C.R. Leavens, G.C. Aers: in Scanning Tunneling Microscopy and Related Tech-
niques, ed. by R. J. Behm, N. Garcfa, H. Rohrer (Kluwer, Dordrecht, 1990)
21

153. M. Jonson: ‘Tunneling times in quantum mechanical tunneling’. In: Quantum
Transport in Semiconductors, ed. by D.K. Ferry, C. Jacoboni (Plenum, New
York, 1991) EII

154. V.S. Olkhovsky, E. Recami: Phys. Rep. 214, 339 (1992) 211

155. R. Landauer, Th. Martin: Rev. Mod. Phys. 66, 217 (1994) 1]

156. C.R. Leavens, G.C. Aers: Solid State Commun. 63, 1101 (1987)

157. D. Sokolovski, L.M. Baskin: Phys. Rev. A 36, 4604 (1987)

158. D. Sokolovski, J.N.L. Connor: Phys. Rev. A 42, 6512 (1990)

159. D. Sokolovski, J.N.L. Connor: Phys. Rev. A 47, 4677 (1993)


quant-ph/9811019

30 J. G. Muga et al.

160. E. Pollak, W.H. Miller: Phys. Rev. Lett. 53, 115 (1984)

161. E. Pollak: J. Chem. Phys. 83, 1111 (1985)

162. J.G. Muga, S. Brouard, R. Sala: Phys. Lett. A 167, 24 (1992)

163. B.A. van Tiggelen, A. Tip, A. Lagendijk: J. Phys. A 26, 1731 (1993)

164. S. Brouard, R. Sala, J.G. Muga: Europhys. Lett. 22, 159 (1993)

165. Y. Aharonov, L. Vaidman: Phys. Rev. A 41, 11 (1990) 23]

166. A.M. Steinberg: Phys. Rev. Lett. 74, 2405 (1995)

167. C. Grupen: Particle Detectors (Cambridge University Press, Cambridge, MA,
1996)

168. J.P. Palao, J.G. Muga, S. Brouard, A. Jadczyk: Phys. Lett. A233, 227 (1997)
24

169. T.E. Hartman: J. Appl. Phys. 33, 3427 (1962)

170. V. Delgado, J.G. Muga: Ann. Phys. (N.Y.) 248, 122 (1996)

171. F. Delgado, J. G. Muga, A. Ruschhaupt: Phys. Rev. A 69, 022106 (2004)

172. A. Ruschhaupt, J. G. Muga: Phys. Rev. Lett. 93, 020403 (2004)

173. A.M. Steinberg, P.G. Kwiat, R.Y. Chiao: Phys. Rev. Lett. 71, 708 (1993)

174. A. Enders, G. Nimtz: J. Phys. I France 3, 1089 (1993)

175. A. Ranfagni, P. Fabeni, G.P. Pazzi, D. Mugnai: Phys. Rev. E 48, 1453 (1993)

176. P. Mittelstadt, G. Nimtz, eds.: Workshop on Superluminal(?) Velocities, Ann.
Phys. Leipzig. Vol. 7 (1998)

177. R.Y. Chiao, A.M. Steinberg: in Progress in Optics XXXVII, ed. by E. Wolf
(Elsevier, Amsterdam, 1997), pp. 347-406

178. G. Hegerfeldt: ‘Particle localization and the notion of Einstein causality’. In:
Extensions of Quantum Theory, ed. by A. Horzela, E. Kapuscik (Apeiron,
Mintreal, 2001), pp. 9-16. quant-ph/0109044. 241



2

Characteristic Times in One-Dimensional
Scattering

J. Gonzalo Muga

Departamento de Quimica-Fisica, Universidad del Pais Vasco, Apdo 644. Bilbao,
Spain
jg.mugaehu.es

2.1 Introduction

Quantum scattering theory deals with collisions, namely, interactions that are
essentially localized in time and space. This means that the interaction poten-
tial must vanish rapidly enough in coordinate space, so that the wave packet
tends to free-motion incoming and outgoing asymptotic states before and after
the interaction is effective. The scope of scattering theory also includes “half-
collisions” or “decay processes” where the stage before the collision is ignored,
i.e., the evolution of the system is considered only from the interaction region.

This chapter reviews various quantities that have been proposed in scat-
tering theory to characterize the temporal aspects of collision. A quantum
wave packet collision with a potential barrier in one dimension (1D) is fully
described by the evolution of the wave function ¢ (x,t) from the incoming to
the outgoing asymptotic states. However, the whole information contained in
Y(x,t) is hardly required. A few well-chosen quantities are often enough to
provide a fair picture of the dynamics. In particular, one of these elementary
parameters is the transmission probability Pr, but to describe the time depen-
dence we also need to quantify the duration of the collision, the arrival time
at a detector, the decay time of an unstable state, the asymptotic behavior at
short and large times, or response times, such as the time required to “charge”
a well or to achieve stationary conditions when a source is turned on.

In spite of the inherent time dependence of collisions, the treatises on
quantum mechanics or scattering theory concentrate on solutions of the time-
independent Schrodinger equation. This is in part because many scattering
experiments to obtain cross sections are performed in quasi-stationary condi-
tions and also because the stationary scattering states form a basis to analyze
the actual time-dependent collision. In many cases wave packet scattering is
relegated to justify the cavalier obtention by stationary methods of cross-
section expressions and occasionally to discuss resonance lifetimes. Another
widespread limitation of textbooks is the exclusive interest in the final results
of the collision at asymptotic distances and times, which has been generally
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justified because “the midst of the collision cannot be observed.” However,
while it is true that in many collision experiments only the asymptotic results
are observed, modern experiments with femtosecond laser pulses or other tech-
niques known as “spectroscopy of the transition state” do probe the structure
and the evolution of the collision complex [I]. Also, in quantum kinetic the-
ory of gases, accurate treatments must abandon the “completed collision”
approximation and use a nonasymptotic description, e.g. in terms of Moller
wave operators instead of S matrices, as in the Waldmann—Snider equation
and its generalizations for moderately dense gases [2].

The theory has to adapt to these new trends by paying more attention
to the temporal description of the collisions. Even if we restrict ourselves to
asymptotic aspects, the cross section does not contain the whole information
available in a scattering process, since it is only proportional to the modulus of
the S-matrix elements. Information on the phase is available from delay times
with respect to free motion. In fact, the full collision process and not just the
asymptotic regimes should be understood to control or to modify the products.
This has motivated a recent trend of theoretical and experimental work to in-
vestigate the details of the interaction region and the transient phenomena.

In this chapter we restrict ourselves to 1D scattering. Many physical sys-
tems can be described in 1D: the application of the effective mass approxi-
mation to layered semiconductor structures leads to effective 1D systems [3];
some surface phenomena are described by 1D models [4]; chemical reactions
can in certain conditions be modeled by effective 1D potentials [5]; and atomic
motion may be 1D in nanometric confining waveguides [6] [7]. Moreover, the
simplicity of 1D models has made them valuable as pedagogical and research
tools. They facilitate testing hypotheses, new ideas, approximation methods
and theories without unnecessary and costly complications. For the same rea-
sons they are frequently used to examine fundamental questions of quantum
mechanics. In particular, the time quantities treated in this book, such as tun-
neling or arrival times, have in most cases been examined in 1D models. Many
results for 1D are inspired by results previously obtained in 3D, although the
direct translation is not always trivial or possible. This is because 3D colli-
sions with spherically symmetric potentials are described on the half line, by
decomposition into partial waves, whereas 1D collisions involve the full line
and a doubly degenerate spectrum.

The chapter is organized as follows: Section provides a minimal
overview of formal 1D scattering theory. The treatment is “formal” because no
mathematically rigorous proofs are given. Instead, we summarize the operator
structure of the theory and the results needed to define characteristic times
later on. For a more rigorous mathematical presentation, see e.g. [§]. Sections
231 24 and 2l are devoted to the dwell time, the delay time, and decay times
(the exponential decay and its deviations), respectively. Quantities related to
the tunneling time conundrum are scattered in several parts of the book.
In this chapter, Sects. 2.4T] and 2.4.4] discuss the Hartman effect and negative
delays, while Sect. discusses the role of the Biittiker—Landauer “traversal
time” in the time dependence of evanescent waves. A detailed discussion of
the arrival times is left for Chaps. Bl [6, and 10
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2.2 Scattering Theory in 1D

2.2.1 Basic Premises and Notation

Let H = ﬁo + V be the Hamiltonian operator for a single particle in 1D,
where

/\2

o~ p
Hy = 2.1
0 2m (2.1)

is the kinetic energy operator in terms of the momentum operator p, and v
is a “local” potential operator with coordinate representation

@|V]z') =6z — ")V (z) . (2.2)

V(x) must vanish for large values of |z| so that the Moller operators, defined
below, existl] This may certainly be accomplished by finite-range potentials,
but spatial decays with infinite tails are also possible.

The plane waves |p) with coordinate representation given by

(tlp) = hV/2eim/" (2.3)

are improper eigenstatesﬁ of p and ﬁo, normalized according to Dirac’s delta
function,

(plp"y =o(p—p) . (2.4)

Closure relations (or resolutions of the unit operator T) may therefore be
written in momentum or coordinate representation as

i-f " |2l = / " dp )l - (2.5)

2.2.2 Basic Abstract and Parameterized Operators

The state vector of the particle at time ¢ is denoted as [¢(t)) or simply as
1 (t). We shall only deal with potentials such that at large times in the past
and future certain states 1, the scattering states, tend (in a strong sense) to
freely moving asymptotic states ¢i, and ¢y, respectively,

Y(t) = din(t), t— —o0, (2.6)
Y(t) = dout(t), t— 0.
The central objects in the scattering theory are the abstract Moller operators.
They link the asymptotic states with 1,

1 'We shall not deal here with “step” potentials with different asymptotic levels on
both sides. For a detailed treatment of this case, see [9}[10] and references therein.
2 That is, not in the Hilbert space of square integrable states.
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(1) = 2y dum(t) (2:8)
() = Q- dous (1) - 2.9
Another important operator is
S=0'0, (2.10)
which links the two asymptotes,
Gout (t) = Sin(t) . (2.11)
It is also convenient to introduce the auxiliary “transition” operators ’f’i as
T =V . (2.12)

The explicit definition of the Méller operators is given by infinite time (strong)
limits, - -

Qy = lim eHt/he=itot/h (2.13)

t—JF oo

The domain of these operators is the Hilbert space of square integrable states,
although it is very useful to consider an extension that can be applied on plane
waves and allows us to work in a momentum representation. To this end let
us first define the parameterized operators

Q) =1+ Go(2)T(2),
T(2) =V+VG()V,
where z is a complex variable with dimensions of energy, and G(z) = (z—H)~

and Go(z) = (z — Ho)~! are the resolvents of H and Hy. 7(z), V, G(z) and
Go(z) are also related by

T (2)Go(z) = VG(z) . (2.17)

We shall see that the matrix elements of the resolvents in coordinate represen-
tation are singular on the real positive axis and at poles on the negative real
axis (bound states). Further singularities may occur by analytical continuation
on the second energy sheet.

Note that the operators of scattering theory have abstract or parameter-
ized versions [I1]. Confusion may arise if they are not properly distinguished.
The relation between abstract and parameterized operators is found by acting
with (2I3) on a square integrable state. The resulting infinite time limits can
be substituted by the following limits, see e.g., [12]:

0 ~ -
2y = Elirél+a/ dt estettt/he=itot/h (2.18)
0= E£%1+£A dt et eifit/hg—iHot/h (2.19)
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Integrating, and introducing a closure relation in momentum,
2= [ 2B, (2:20)
o= [ T, =00l (2:21)

The action of these operators on plane waves is now well defined. In particular,
the improper eigenvectors of H are obtained by acting with the parameterized
Moller operators on the plane waves,

1 ~

) = Q(E, +£i0)|p) = |p) + _ T(E, £i0)|p), 2.22
lp=) = 2(E, £1i0)|p) = |p) Epj:iO—Ho(p )p) (2:22)

where E,, = p?/(2m) is the energy of the plane wave and of the corresponding
eigenstate of H. This is the Lippmann—Schwinger integral equation for the
states |pi>7 which are composed of a “free” plane wave and a “scattering”
wave. To evaluate the coordinate representation and the asymptotic behav-
ior of the states at large distances, the matrix elements of the free-motion
resolvent are required,

@ L )= ™ ekilblleal/n (2.23)
E, +i0 — H hlp|

Equation (2:23)) is obtained by introducing a resolution of unity in momentum
representation and using contour integration in the complex momentum plane.
Note that the two ways of approaching the real axis in ([223]), from below or
from above, imply different boundary conditions at large |z| for the two states
in ([222)): the scattering wave of [p™) is formed by outgoing plane waves moving
off the potential region, whereas the scattering wave of [p~) involves incoming
plane waves toward the potential region.

Since the plane waves |p) form a complete set, the following resolutions of
the operators ﬁ, T , and S can be introduced:

Qs = /:)o dp [p*) (p| (2.24)
i;:=xfj(§)dp|pi>@A, (2.25)

5 / T dp / B R (2.26)

Strictly speaking, the operators in (Z.24)—(Z.20) are not identical to the ones in
@10), 212), and (2.13)) since the former may be applied on plane waves. How-
ever, when acting on Hilbert space states they are equivalent so that, to avoid a
clumsy notation, the same symbols will be used. A momentum representation
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is therefore allowed for these operators, which in general involves distributions
(generalized functions such as Dirac’s delta or Cauchy’s principal part).

For real potential functions V' (z) the norm is conserved throughout the
collision, (Pin|din) = (¥|Y) = (Pout|Pout). This means that the Méller opera-
tors are isometric, i.e., L

QL0 =1. (2.27)

AS a COnSequenCe,
PEpE) =6 -1). (2.28)

In general the Moller operators are not unitary because the bound states are
not in their range. Contrast this to the operator S: it conserves the norm
too, but it is unitary because it maps the whole Hilbert space onto the whole
Hilbert space,

S5t =8t =1. (2.29)

The scattering states v with incoming and outgoing asymptotes move far
away from the potential so they are orthogonal to the bound states {|®;)}
at large (positive or negative) times. Since the overlap amplitude ()|®;) = 0
is independent of time, the space of bound states B is orthogonal to the
scattering states, namely to the range of the Moller operators. We shall always
assume that the ranges of the two Moller operators are equal to the subspace
of scattering states R and that the whole Hilbert space is the direct sum of
the subspaces spanned by scattering and bound states, H = R & B. This
assumption is known as asymptotic completeness,

20l =T-0= [ it (2.30)

In this expression the “unitary deficiency” Als the projector onto the subspace

of bound states,
A=3"12,)(,]. (2.31)
J

Taking matrix elements in (Z26), the momentum representation of  is given
by
(plSIp') = 0(p = p') = 2imd(Ep — By )(p|T (Ep +i0)[p') - (2.32)

The collision conserves the energy, which is, asymptotically, kinetic energy.
That is why S commutes with Hy and its matrix elements are proportional
to an energy delta function. It is quite useful to factor out this delta function
to define an on-the-energy-shell S(E) matrix. Using

50 1) = P68, ~ B} (2.33)

where 6, is the Kronecker delta,
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_J1 it p=yp
5pp/_{0 £ b2 (2.34)

and defining the matrix elements of S, S,3, by

<p|5|p/> = |p|m_16(E;D - E;/))Ssign(p)sign(p’) (Ep) 5 (235)

one finds
2imm

i PIT (B, +i0)p), [pl=1p|. (2:36)

Ssign(p)sign(p’)(Ep) = Opp —

The subscripts «, 5 = & in the matrix elements S,3, denote the two possible
“channels,” which correspond to positive (+) or negative (—) momentum. A
difference between the 1D scattering on the full line (—oo < x < 00) and the
radial scattering on the half line (0 < r < o0o) is that in the former, the S
matrix is a unitary 2 x 2 matrix while in the later it is a complex number of
unit modulus.

2.2.3 Symmetries
Time Reversal Invariance. This symmetry holds for real potentials. It implies
Sag =5_p—a - (2.37)

Parity. Frequently the potential is symmetrical with respect to its central
position. In that case,
Sag=5_a-5 - (2.38)

2.2.4 Eigenstates of H

The eigenstates of H given by the Lippmann—Schwinger integral equations
[@22)) behave asymptotically as a combination of two plane waves with pos-
itive and negative momenta. The factors multiplying these plane waves are
the reflection and transmission amplitudes according to the following table for
asymptotic, long-distance behaviour (assume for the time being that p > 0)

1 [ exp(ipz/h) + R(p) exp(—ipz/h), if =~ —oc0 (2.39)
h1/2 | T'(p) exp(ipz/h), if @~ oo, '

1 [ T"(p)exp(—ipxz/h), if £~ —00 (2.40)
h1/2 | exp(—ipxz/h) + R"(p) exp(ipz/h), if x ~ oco. ‘
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For potentials of finite range that vanish outside [a, b] these are in fact exact
expressions for < a and z > b8

If p > 0, the boundary conditions in (Z39) define the states (z|p™) corre-
sponding to an incoming plane wave from the left, (x|p), while the boundary
conditions in ([2.40Q) define the states (x|(—p)T) corresponding to an incoming
plane wave from the right, (x| —p). T'(p) and R(p), with superscripts r or [ for
right or left incidence, are the transmission and reflection amplitudes. A wave
packet peaked around a given |p™) would be dominated by the plane wave
|p) before the collision, whereas after the collision, there would be two pack-
ets, one reflected and one transmitted with probabilities |R(p)|? and |T'(p)|?,
dominated by | — p) and |p), respectively (see e.g., [13]).

For p < 0, however, the states determined by (2:39) and ([2:40) correspond,
respectively, to (x|p~), with outgoing plane wave (z|p), and (z|(—p)~), with
outgoing plane wave (x| — p). A wave packet formed around |[p~) would be
close to a plane wave |p) only after the collision occurs. To form this peculiar
outgoing state, the incoming asymptote must combine waves incident from
both sides of the potential barrier. This may of course be difficult to implement
in practice, but it does not preclude the usefulness of these states as basis
functions, and in general for applications where some control or selection of
the products of the collision is required.

The previous discussion should make clear that T'(p), for p < 0, is not a
standard transmission amplitude, because it is not the amplitude of the trans-
mitted plane wave of the state [p™), p < 0. However, it analytically continues
the standard transmission amplitude (7'(p) for p > 0) onto the p < 0 domain,
so the term “transmission amplitude” will be used irrespective of the sign of
p, even though the physical meaning is different for the two possible signs. Of
course a similar analysis applies for the reflection amplitudes. According to
our notational convention, positive arguments of the amplitudes always cor-
respond to states [p*), while negative momentum arguments correspond to
|p~) states.

2.2.5 Relation Between Scattering Amplitudes
and Basic Operators

Comparing the asymptotic (large |z|) behavior of the states in ([239) and
@40) with the asymptotic behavior in (2Z22)), the amplitudes R(p) and T'(p)

3 Occasionally one may find a different convention for the “transmission ampli-
tude.” For barriers of width d, some authors write the transmitted wave for
left incidence, up to the normalization factor and disregarding the “1” super-
script, as T exp(ip(z — d)/h) (this is the case in particular of Chap. [[2) instead
of T'exp(ipx/h) as it is done here. Checking the convention used is of importance
to interpret correctly energy or momentum derivatives of the “phase of T” since
depending on the convention this phase may differ by a factor pd/hi. These deriva-
tives enter into the definition of several characteristic times (delay time and phase
time), see Sect. 24 below.
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can be related to on-the-energy-shell elements of the transition matrix. We
shall work out one case in detail: the scattering part of (z|p™) for p > 0 and
T — o0 is

/OO dx'<x|éo(Ep + iO)|x’)<x’|’]A’(Ep +140)[p)

) : ipz/h o0 -, N
~ ”:”e ) / da' e~ /1 (/| T (B, + i0)|p)

— 00

:—%Zﬂﬂmmﬁw» (2.41)

Adding the free wave, h=/2¢?*/" and comparing with (Z39), there results
T'p) =1— 2i7rm<p|’?+|p>/p for p > 0. The rest of the cases can be worked
out similarly (because of time reversal invariance, <p|7A§E lp) = (—p|7A“i| —p),
and T"(p) = T'(p); therefore the superscript for the transmission amplitude
will be dropped hereafter):

2imm , |~
T(p) =1- D <p|7;ign(p) |p> )

2mam

<mw=—p<w@@wm,
- 2mim, -~
R"(p) = — » (P Tsign(p)| — p) - (2.42)

Some useful relations follow from ([2.42]),

[T(=p)I" =T(p), p real . (2.43)
R (—p)* = R"(p), p real . (2.44)

From (23d) and [242), the S matrix is given by

S(p) =S(E) = (gl(gg)) I;Tg))) , p>0. (2.45)

It is quite useful to consider S as a (matrix) function of p. In simple applica-
tions we only use S(p) with p > 014 but in fact we may also define S(p) for
p < 0 or even for complex p in terms of the analytical continuations of the
amplitudes T'(p), R"(p), and R'(p). This extension will be discussed in Sect.
221

4 Keep in mind that p > 0 in the arguments of S or of the scattering amplitudes does
not mean “incidence from the left.” According to the sign convention described
in Sect. 2.22.4] it means that the amplitudes correspond to states with outgoing
scattering parts: [p*) for left incidence and | — p™) for right incidence.
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2.2.6 The Diagonal S4q Matrix

The S matrix (248 has been obtained from the momentum representation of
S using plane waves incident from one side, |+ p), but other on-shell matrices
may be defined in terms of a different basis formed by combinations of | + p).
Of particular interest is the set |u;), j = 0,1, that provides a diagonal matrix,

Sa(p) = <Soép ) Sl(zp)) . (2.46)

Unitarity implies that |S;| = 1, so the matrix elements may be written in
terms of real eigenphase shifts &;, S; = €2%. The |u;) are not mixed by
the collision; these incident states produce an outgoing combination equal to
the incident one, except for a phase factor. The diagonal Sq matrix is most
advantageous for parity invariant potentials, since the linear combinations
become simply even and odd wave functions,

luo) = 27 2(|p) + | = p)) (2.47)
jur) = 272(Ip) = | = p)) - (2.48)

From the asymptotic behavior of |uj> = 24|u;) and | £ p*) we may relate
reflection and transmission amplitudes for even potentials to the eigenphase
shifts,

R(p) =271 (%0 — 1) (2.49)
T(p) = 27" (¥ +*) . (2.50)

(Equation (2.50) is in fact valid for arbitrary potentials.) The boundary con-
ditions for the states |uj> are

1/2
lim (zluf) = e cos(—pz/h+dy) ,

1/2

i cos(pz/h+ do) ,

7N
ol RS )
~

lim (z|uf) = e

r—00

lim (z|u]) = ie™

r——00

1/2
h) sin(px/h — 1),

lim (z|u]) = ie
r—00

/-\/—\/_\
\)

1/2
i) sin(px/h+ 61) . (2.51)

It will be convenient for later manipulations to drop the constant complex
phase factors and define real eigenfunctions of H as

(x|ho) = e_wo <$|u0+> ,
(@lyr) = —ie” " (wlur+) - (2.52)
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2.2.7 Complex Momentum

The properties of T'(p) as a function of the complex momentum p are of
importance for many applications []]. Let the potential function V' (z) be such
that

/_Oo de |V (@)|(1+22) < oo (2.53)

Then T'(p) is meromorphic in Im p > 0 with a finite number n; of simple poles
161, 102, ..., ,10n, B; > 0 on the imaginary axis. The numbers —5?/(2m) are
the eigenvalues of H. Moreover,

T(p)=1+0(1/p) as |p| » o0, Imp>0, (2.54)
and there can only be a zero at the real axis, at p = 0,
T(p)| >0 ITmp>0,p#0. (2.55)

In the generic case T'(0) = 0, and

T(p) =vp+o(p), y#0,asp—0, Imp>0. (2.56)
Since T'(p) is meromorphic and it does not have zeros in the upper plane, the
integral
1 dInT(p)
d = — 2.57
omi /A P e (2:57)

along the contour A consisting of [—R, —¢|, [e, R], a semicircle of radius e
around the origin, and a large semicircle of radius R in the upper half plane,
provides, according to a theorem of complex plane integration, the number
of zeros (none in this case) minus the number of poles of T'(p) enclosed (the
bound states). The integral may also be evaluated using [2.43), 254]), and
([2.50); this gives 2idp(R) — 2idr(€) — im, where &p(p) is the phase of T,

T(p) = |T(p)|exp(i®r) - (2.58)
Combining the two results,
QST(O) — @T(OO) = 7T(le — 1/2) s (2.59)

which is Levinson’s theorem for the case T'(p = 0) = 0. Otherwise, there
is no —im contribution from the small semicircle and the phase difference
becomes just mn,. The convention followed is that @ (c0) = 0, so the theorem
establishes the value of @7(0).

The possibility to analytically continue 7'(p) to the lower half plane will
depend on the potential considered [T4]. Here we shall assume that the con-
tinuation can be performed (this is the case for example for potentials of finite

range) and discuss the properties that these continuations must obey. From
TT(2) = 7(z*) and the relations [242)) we find
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(R™(p))* = R™(—p") (2.60)
(T'(p)* =T(=p") (2.61)
so that if there is a pole of T'(p) in the fourth quadrant at pr—ip; (pr, pr > 0),
there must also be a pole in the third quadrant at —pr — ip;. For an isolated
pole, and if p; is small, the phase of T'(p) along the positive real line will
increase rapidly by 7. From (Z50) we see that poles of T'(p) are generally
poles of Sy or of S7. Since |T'(p)| = | cos(dg — 01)], if the resonance eigenphase
shift also jumps by 7, while the other one remains approximately constant,
the transmission probability along the real axis will pass across a maximum
(1) or a minimum (0) or both, depending on the initial phase difference of
the two eigenphase shifts. The above simplified picture will be blurred if the
resonances are very close to each other, or the pole is far from the real line.

2.2.8 Unitarity and its Consequences

The unitarity of the collision S matrix, SST = STS = 1, reflects the conserva-
tion of norm in the collision. It provides two relations:
From the diagonal elements

IT(p)]* + R ) =1, (2.62)
and from nondiagonal ones
T(p)[R'(p))]" + [T(p)]"R"(p) =0, preal. (2.63)
Equation (2.63)) leads to a relation for the phases,
207 —Ppr — P = (2n+ 1)m, n=0,£1,4£2, ..., (2.64)

where, as in (2.58), N N i
RY(p) = [R™ (p)|e™= . (2.65)

2.3 A Measure of the Collision Duration:
The Dwell Time

In classical mechanics the quantity
to b
D (aa b; t], t2)classical = / dt/ dz Q(xa t) ) (266)
t1 a

where o(z, t) is the probability density of an ensemble of independent particles,
is the average over the ensemble of the time that each particle trajectory
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spends between a and b within the time window [t1, 2] [I5]. In other words,
this is an average “dwell” or “sojourn” time in the selected space—time regionﬁ
Its formal quantum mechanical counterpart is

to b
(bt ta: ) — / dt / de [ ). (2.67)
t1 a

In principle the coordinates a, and b > a, and the instants ¢, and t5 > ¢; are
arbitrary but most often a and b are chosen so that V() is zero or negligible
for x < a and x > b. Hereafter ¢; will be, by default, —oo, or occasionally 0,
an initial preparation time, and t5 = 0.

In spite of the formal similarity of the classical and quantum expressions,
the interpretation of (2.67)) as a “mean time” spent in the region [a, b], [t1, 2]
by quantum particles is not straightforward, since in the standard interpre-
tation of the quantum mechanical formalism there are no trajectories and
therefore there is no obvious way to assign a time (duration) of presence to a
given member of the ensemble of particles associated with the quantum state.
There are however several arguments that provide ([Z.67) by extending to the
quantum case the classical dwell time, e.g. via Feynman path integrals [20],
causal or Bohm trajectories [21], or as an expectation value of a hermitian
sojourn time operator [22], see also Chap. [1 for an interpretation in terms
of weak measurements, and the discussion of Sect. I3l Irrespective of a
hypothetical statistical interpretation of the dwell time in terms of individual
members of the ensemble, the dwell time is at the very least a characteristic
quantity of the ensemble represented by the state v that quantifies the du-
ration of the wave packet collision. In fact, the dwell time is considered an
important parameter in high-speed applications of mesoscopic semiconductor
structures [23].

Tp can be written in several ways, in particular as

(oo}

5 = 7 (a, b — 00, 00) = / dt Pay(t) = ((t = O)|Tolv(t = 0)),  (2.68)

— 00

where P, (t) = f; dz o(z,t), Tp is the sojourn time operator,
Tp = / dt ¢ P (q, b)e— it/ (2.69)

and ﬁ(a, b) is the projector onto the selected space region,

5 The concept of “dwell time” for a finite space region in the stationary regime is
due to Biittiker [I6]. Previously, integrals of the form (266]) had been used to
define time delays by comparing the free motion to that with a scattering center
and taking the limit of infinite volume, see e.g. [I7]. For further review of early
contributions to the “sojourn time” concept, see [I8], and for their relation to the
time delay see [19].
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R b
D(a,b) :/ dx |z) (x| . (2.70)

An experimental determination of the dwell time may be carried out by mon-
itoring the time evolution of the probability inside the selected spatial region
[24]. This is admittedly an indirect route, where the first moment of T, 7p,
is obtained without having measured individual dwell times for the members
of the ensemble. It remains to be seen if second and higher moments of T
may be associated with some simple operational procedure.

Let us now find other useful expressions for the dwell time. Integrating the
continuity equation over x between a and b, and over time between —oco and
t, P,y takes the form

- / L ) — I = / L ATty . (27D)

where J(z,t') is the current density, AJ(a,b) = J(a)—J(b), and the boundary
condition P,,(—00) = 0 has been assumed. Substituting [2.71)) into (ZG8)), one

finds
/ dt/ dt’ At / dt/ dt' H(t — ) () (2.72)

t// t//
lim dt’ (t" —t") AJ(t’):t/;im t" Py (") — / dt't' AJ(t")

t'"—o0

™D

— 00

Unless Pyp(t) decays faster than ¢~!, the dwell time will diverge. The exis-
tence of a potential function leads generically to an asymptotic decay ~ t—3,
as discussed in Sect. However, for free motion the dwell time will di-
verge unless the momentum wave function vanishes at p = 0, because of the
dependence ~ t!/2 of the free-motion propagator, see 2I41) below and the
related discussion. In terms of the sojourn time operator (Z.69) for ﬁo, the
possible divergence is due to a [p|~! factor,

~ o0 mh ~
T, = / dp ) IP)pIDlop) (ep] (2.73)
a=+Y 7>

In this and the following sections we shall limit ourselves in general to in-
coming asymptotes in the positive momentum channel (+) that vanish at
p = 0, so that the dwell time for free motion does exist. This will allow us
to compare dwell times with and without potential and to define delay times.
These states, with a bounded support in momentum space, have necessarily
a Fourier transform in coordinate space that can only vanish at some set of
points of measure zero. But this is not a problem since the total probability
for positive positions tends to zero as t — —o0,

00 0
tlir_noo/ dz |(z]¢in (1)) =/ dp |(p|$in (0))]? (2.74)

— 0o

for any a and any ¢, [25].
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Assuming that tP,;(t) — 0 as t — oo, the dwell time (2.68]) takes the local
form -
7p(a,b) :/ dt' [J(b,t") — J(a,t")]t" . (2.75)

Other expression for states incident in the positive momentum channel may
be obtained by using resolutions of the identity in terms of the states |p™),

m@@wz/ﬂw@%@wm@, (2.76)
0
where
f dx |{
o (a,bip) = Mmh , (2.77)

which suggests the interpretation of 7 (a, b; p) as a dwell time for particles of
definite momentum p [16].

Suppose now that a < 0 and b > 0 are both far from the barrier region,
before and after the barrier, respectively, so that the first passage of the wave
packet across a can be described accurately in terms of the free-motion asymp-
tote ¢in, while the passage of the transmitted and reflected wave packets can
be evaluated with the asymptotic expressions:

Yr(b,t) = \/1 /°° dp (plein (0)) T (p) ">~ EO/" (2.78)

Yrlat) = / " dp {plun(0)) R(p) e PO/ (2.79)

Vh

(For a potential with support between 0 and d, b could be taken at the very
barrier edge, b = d, but a cannot be 0 because of the strong interference
between the incident and reflected parts. |a| should be much greater than the
incident wave packet width in order to distinguish clearly the entrance passage
from the reflected one.) Then,

/Wthm=Aw@W@m@%@W=au
/mdﬂﬁmf) /m@mm%mm2=h
/ dt’ Tr(a, ) / dp |R() 2| (plém(O))2 = —Pr . (2.80)

where the subscripts I, T', and R in J;, Jr, and Jp mean that ¢i,, ¥, and
1 have been used to calculate the fluxes. One can then write ([2.75]) as

D = PT< >out < >m + P < >out , (281)
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where

2 dt Jp(b,t')t

<t>gUt = foo dt’ JT(b tl) ’ (282)
()i = / Tt Tia ) (2.83)
@mz_ﬁwwhwwﬂ. (2.84)

a I

In each case the “average passage instant” is obtained by properly nor-
malizing the fluxes. One may rightly wonder whether the notation and termi-
nology used (as average passage times) are justified. The “averages” are taken
over the current density J, a quantity that is not definite positive even for an
incident wave packet without negative momentum components [26] 27, 28]. Tt
turns out, however, that the above “averages” over J are equal to averages
over a positively defined arrival-time distribution (Kijowski’s arrival-time dis-
tribution) [29], as will be discussed in Chap. Models of detectors based
on complex non-hermitian potentials also lead to these average times, delayed
only by the small (dwell) time that the particle spends in the detector be-
fore being detected [30]. In the next section we shall relate these times to the
“phase times.”

Finally, note that ([2.81]) could be, and has been, used to partition the dwell
time into transmission and reflection components [I5] [31], see also the closely
related approach of Olkhovsky and Recami [32]. The main drawback is that
the defined entrance average instant is common for both contributions, see
[33| B4], which is not correct in the classical ensemble limit, and may lead to
negative transmission times [35] even in the classical case [33]. A two-detector
model avoided this problem by assigning different entrance instants for each
member of the ensemble [34]. The distinction between the dwell time and its
components was first done by Biittiker, [I6] and raised some controversy. As
summarized in Chap.[Il Muga, Brouard, and Sala have emphasized the multi-
plicity of possible quantum partitionings versus the uniqueness of the classical
case and developed a systematic theory to generate partitionings with the cor-
rect classical limit. Some of these include interference terms that cannot be
assigned to transmission or reflection but to both of them [I5]. For argu-
ments in favor of one particular partitioning based on weak measurements,

see Chap. [[T]and [36].

o @t | Tr(a,t)

2.4 Importance of the Phases: Time Delays

If the S matrix is known or simply one of the amplitudes R' or R" is given
as a function of momentum and there are no bound states, necessary and
sufficient conditions are known for a unique potential to exist, and there are
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well-established construction procedures [37) [§]. However a knowledge of the
probabilities is not enough to determine the amplitudes. The phases are as-
sociated with observable time-dependent properties.

Consider a wave packet impinging from the left on a barrier potential lo-
cated near x = 0. The exact barrier position is not important for our present
purposes: two typical choices for z = 0 are the center of a symmetrical barrier
or the left edge of a finite-range potential. Let us take as before the spatial in-
terval [a, b] well outside the barrier, so that there is a clear separation between
incoming and reflected passages.

Since the incoming state is in the positive momentum channel,

(@lon(®) = [ dp alp)olom(0)e= P (285)
applying the Moller operator f\ZJr one obtains

(el (t)) = / " dp (alp* ) (plm(0))eEVM (2.86)

(This relation is exact. If the zero of time is taken well before the wave packet
interacts significantly with the barrier, one could also substitute (p|¢i,(0)) —
(p|1(0)) without introducing any significant error.)

Substituting (2.85]), (277)), and (2Z79) in the time averages (Z.82))— (234

and using the standard expression for the current density,

T(w,t) = Z Tm (¢(x, £)” ‘%g;’ “) , (2.87)

the derivative of an energy Dirac’s delta may be identified and then used to
perform one of the momentum integrals. The results are

03 = | |6l OF TGP - a+ h ()] (289

@2t = [l @) RGP a0+ 0] (259

in >~ m
@ = [ dolplon(O)P " a— ] (2.90)
where the prime means derivative with respect to p, and

zo = hIm ({in (0)[p)'/(¢in(0)[p)) - (2.91)

These results do not require to assume a narrow packet in momentum repre-
sentation.
The quantity

EM (20, b;p) = m [b— 20 + hdDR(p)] /p (2.92)
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in the integrand of ([Z.88]) consists of the time that a classical free particle
with mass m and momentum p would spend from xg to b, plus the time delay
mh®,.(p)/p. Similarly, the term in brackets in ([2:89),

T};h(xo, a;p) =m[—a—xo + hPyR(p)] /p, (2.93)

is the time spent by a classical particle that travels freely from zg to x = 0,
where its momentum is instantly reversed, and from = = 0 to a, plus a delay
contribution. It is to be noted that unless a = —b the reference time associated
with classical free motion is different in the transmission and reflection cases.
We shall see a consequence of this disparity in Sect. when calculating
average delays.

Formally we may use ([2.92)) and (2.93)) to define “phase times” for arbitrary
values of a, b, and xg. In particular, for a finite-range barrier between x = 0
and d let us define

d h
10, d; p) = ”; +”; &y (p) (2.94)

by subtracting from 7 h(xo,d;p) the classical flight time between xo and 0,

—mao/p. These “extrapolated phase times” for traversal should not be over-
interpreted as actual traversal times [38] [39]. Not only because, as pointed
out in Chap. 1, there is no unique traversal time, but also because a wave
packet peaked around p is very broad in coordinate representation, so it is
severely deformed before the hypothetical “entrance” instant te,: = |zo|m/p,
and at z = 0 there is an important interference effect between incident and
reflected components. The wave functions ¢;, and ¥ used to calculate the
fluxes J; and Jg do not faithfully represent the actual wave, so that the aver-
age instants (Z.89) and (2.90) lose their physical meaning as average detection
times.

2.4.1 The Hartman Effect

Relation (Z88)) is suitable for examining the “Hartman effect” [40, 41l 38|
[32] BI]. Hartman [40] studied the evolution of a wave packet with momentum
distribution centered around p., colliding with a rectangular barrier of height
Vo > p?/(2m) and width d. He found three regions according to the value of d.
For large barrier widths (opaque barrier conditions), the phase time associated
with p, under the barrier, goes to a constant, 7" (xo, d; p) = 2m/(pr)—zom/p,
independent of d, where

k= [2m(Vo — E)?/h. (2.95)

When transmission is dominated by momentum components below the barrier,
the transmitted wave packet seems to traverse the potential region in a time
interval independent of d. This is the “Hartman effect,” which, as Winful
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has recently pointed out, may be viewed as a result of a saturation of the
integrated probability density and correspondingly of the dwell time, with
increasing barrier width [42] [43]. If d is increased further, plane waves with
momentum above the barrier height dominate the transmission, and classical
behavior results, i.e., time grows linearly with d. Finally, for small barrier
widths, Hartman defined a “thin barrier region” where the phase time depends
generally on d.
To be more specific, let us consider the initial Gaussian wave packet
1

2702

1/4
(x]|din(0)) = { ] exp [ipca:/h —(z — xc)2/(452)} , (2.96)

of average momentum p. = hk. and spatial width (square root of the variance)
0. Here x¢ becomes equal the wave packet center x.. The initial momentum
distribution is a Gaussian distribution with variance o = [h/(26)]2. We as-
sume that p. >> 02 so that the truncation at p = 0 in (Z88)) is not significant.
For an energy distribution peaked around E. < Vj the following results can
be drawn [31]:

If ked = \/2m(Vo — E.)d/h >> 1, (t)3** does not vary appreciably when
d increases, thus showing the Hartman effect. When d is sufficiently large, the
components of the wave packet under the barrier are so strongly depressed
by |T(p)|* that higher momenta start to dominate, and (t)3** grows almost
linearly, as one expects classically. As § is increased, larger values of d are
needed to pass from the first regime to the second one. An estimation of the
value of d, which gives the transition between Hartman effect and quasiclas-
sical behavior, can be obtained for each value of § by equating the factor
IT(P)|? |{|¢in(p))|? for p = p. and for p = p,., where p, is the momentum of
the first resonance above the barrier. This leads to the relation

5 V=T

=~ , 2.97
|pr - pc| |p'r - pc| ( )

between ¢ and d, which clearly separates quantum and quasiclassical behavior.
Also, for fixed 4, the transition is sharper at larger ¢ as a consequence of the
narrower momentum distribution.

We have already warned the reader against a naive overinterpretation of
the extrapolated phase time 72" (0, d; p), which becomes 2m/(pk) for the bar-
rier traversal in the Hartman effect, mainly because of the strong deformation
of the broad incident wave packet. We could try to avoid the interpretational
pitfalls of this quantity and instead look at the time (£)9** for a wave packet
initially localized near the edge of the barrier, and with a small spatial width
compared to the barrier length d. In this way one may identify the entrance
time and the preparation instant with a tolerable small uncertainty. However,
Low and Mende [44] speculated and then Delgado and Muga [45] have shown
that this localization leads to the dominance of over-the-barrier components.
Similar conclusions are drawn from a two-detector model (one before and one
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after the barrier) when the detector before the barrier localizes the particle
into a small spatial width compared to d [34].

2.4.2 The Lifetime and Delay Time Matrices

The four delay times corresponding to reflection and transmission for right
and left incidence form the delay time matriz introduced by Eisenbud in his

thesis [46],

(2.98)

Alas = Re {_msl dS’aﬁ}

s dE

The matrix element At,g is the delay time in the appearance of the peak
outgoing signal in channel (3, after the injection of a pulse narrowly peaked
in momentum in channel «. The “delay” may in fact become negative as dis-
cussed already. These delay times have been traditionally obtained by means
of the “stationary phase approximation.” Let us rewrite the transmitted wave
function as

(@[yr(t)) = h™'/2 /000 dp e P/ =B PHET (5 60 (0)[ T (p)] - (2.99)

If the initial state is narrowly peaked around pg, the integral will be appre-
ciably different from zero only if the phase of the exponential function is
stationary near p = pg. This implies a “spatial delay” with respect to the
free-motion wave packet,

P
Ag = 1227 , (2.100)
dp p=Po
and a corresponding “time delay”,
hm d®
Aty (po) = i T . (2.101)
Po AP Jp—p,

The time delays are also related to the on-the-energy-shell lifetime matrix of

Smith [47],

dS(E)t
dE

S is unitary, so Q is Hermitian. Thus the diagonal matrix elements of Q are

real and take the form

Q(E) = ilS(E) (2.102)

Qaa = Y _|Sapl* Atag . (2.103)
B

Since the particle has a probability |S,s|? to emerge in the channel 8, Qaq is
the average delay experienced by the particle injected in channel a.
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We shall now relate the Q matrix with the “wave packet lifetime,” defined
as the difference between dwell times with and without potential [47] 48],

<Q> = TD,Wp — TD,¢in - (2104)

As before, the incidence is in the positive momentum channel. 7p 4 is given
by ([2=R1)) whereas the dwell time for free motion is

o = (U — (B)in, = / Al plon(O)F " b—al, (2105)

where, similarly to (2:90),

g = / | plosn(O) " b= 0] (2.106)

Since, by hypothesis, (t)i", = (t)2", , (Q) takes the form

/ dt/ da (|(=[e(0))[* = |(z]dm (8))[?)
= Pr(t)4 — (63" ]+ PRt — (e ]. (2.107)

Substituting all the integral expressions obtained for the passage times, and
writing ¢ = —a — b,

@ =h / T dp " plom(ODF [T + (0 + 1) RG] . (2.108)

Note the term proportional to ¢ in the reflection part. It arises because of the
mismatch between the free-motion reference times used to define the reflection
and transmission time delays when ¢ # 0. Choosing ¢ = 0, (Q)) represents the
weighted momentum average of the mean delay for each momentum

Q= / " dp | plom(O)PQE) ., (2.109)

The eigenvalues of Q have been used as good indicators of resonances [50], see
Sect.2.4.3]below, and may be interpreted for symmetrical potentials as the de-
lays associated with symmetrical or antisymmetrical bilateral incidence [49].
However, their operational interpretation in terms of individual measurements
is puzzling. An asymptotic measurement of the arrival time at b in the trans-
mission side could be done in principle for one of the identically prepared
systems represented by the wave packet. Because of the coordinate spread
of the wave packet, however, there is a large uncertainty in the time that

6 Additional oscillatory terms, see e.g. [39, 9], appear when the no-interference
condition between the reflected and incident wave packets is not imposed.
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the same particle enters the region [a,b]. If a detector is placed at a before
the collision occurs, the entrance time can be determined, but in general ei-
ther the particle is destroyed or its behavior afterwards is modified by the
measurement. We are thus faced with an intrinsic difficulty to measure indi-
vidual delays. This means that, at variance with other quantum mechanical
averages that are interpreted as averages of the eigenvalues measured for the
individual members of the ensemble, the operational meaning of (ZI09) does
not require to assign a lifetime to a given particle. It depends on the average
times defined in (Z82)-(2314]), which are measurable, at least in principle,
by the time-of-flight technique (another operational procedure making use of
particle absorption along the chosen interval has been described by Golub et
al. [51]). This peculiarity of the delay time was already noted by Goldrich and
Wigner [52]. A consequence is that the ordinary quantum fluctuations around
the average value are not operationally meaningful. Instead, the relevant fluc-
tuations refer to variations of the average values themselves, corresponding to
S matrix (or Hamiltonian) ensembles [53].

The trace of (2102)) in the on-shell space is related to the change in density
of states Ap(FE) = Tr[§(E—H)—5§(E—Hy)], which is a fundamental quantity to
characterize the continuous spectrum [54] according to the “spectral theorem”
(the 3D elastic and multichannel versions of the spectral theorem have been
extensively discussed and proven rigorously [55]),

Ap(E) = —7 "m Tr[G(E + i0) — Go(E + i0)]

1 __,dor(E)
= %:Q(E)a =m e (2.110)

The second equality (spectral theorem) follows from a result of Dashen, Ma,
and Bernstein [56]. To obtain the final expression, (Z62]) and ([2.64]) [57] have
been used; see [58] for an alternative derivation consisting in evaluating Ap for
a finite system and then going to infinity. Note that the maxima of the trace
of Q may be used to identify resonance energies and widths [59]. For further
relations between the density of states and the dwell time, see [60} [61] [62].
Chapter [ discusses the concept of local density of states and its relation to
the Larmor clock and transport properties.

2.4.3 Breit—Wigner Resonances

The simplest model of resonance behavior is the Breit-Wigner model for an
isolated resonance,

1A
E—Ey+il')2°
By imposing unitarity to S and assuming that A and the resonance parameters
Ey and I' are independent of E, it follows that A = At and

S(E)=1- (2.111)

A?=TA. (2.112)
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This means that the matrix A factorizes as A,z = Va7 and that it is pro-
portional to a projector matrix P = A/I" with eigenvalues 1 and 0. Thus,

EI12) takes the form
r=> |vl*. (2.113)

The corresponding Q matrix may now be written as

Q="Pqgn, (2.114)
with eigenvalues g, and zero, where

hI’
= 2.115
= (B - By)? +12/4 (2.115)
is the maximum value allowed for a diagonal element of Q. The Breit—Wigner
model for S and Q can be generalized in various ways, in particular to account
for multiple overlapping resonances [53].

2.4.4 Negative Delays

In partial wave analysis of 3D collisions with spherical potentials, the time de-
lay has been used mainly as a way to characterize resonance scattering. One
of the standard definitions of a resonance is a jump by 7 in the eigenphases
of the S matrix. In 1D collisions the time delay has also been used frequently
to characterize (non-resonant) tunneling, where it may become negative. In
fact the different delay signs associated with the two types of effects, reso-
nances and tunneling, are not independent. In 3D it was soon understood
by Wigner [63] that the increases and decreases of the phase should balance
each other. Since Levinson’s theorem imposes a fixed phase difference from
p = 0 to oo, there must be intervals of negative delay to compensate for the
phase increases associated with the resonances. A similar analysis applies in
1D to the transmission amplitude. In Fig. 2.1l the phase of the transmission
amplitude for a square barrier is shown versus p for different values of the
barrier width d. As d increases, the scattering resonances “above the barrier”
p > po = (2mVp)'/? become more dense and are defined better because of the
approach of the resonance poles in the fourth complex momentum quadrant
to the real axis. The corresponding increases of the phase are compensated
by a more and more negative delay in the tunneling region.

Negative delays also arise if a pole of T'(p) crosses the real axis upwards,
when varying the interaction strength, to become a loosely bound state in the
positive imaginary axis. Levinson’s theorem, see (Z59), then imposes a sudden
jump in the phase @7 (0) that must be compensated by a strong negative slope.
This effect is more important near threshold, i.e., when the pole is very close
to the real axis [64]. Similar effects have been described for nonbound state
poles in complex potential scattering [65].
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Fig. 2.1. Phase of the transmission amplitude versus momentum for a square barrier
of “height” Vo = 5 and for three different widths, d = 1 (solid line), 2 (short dashed
line), and 3 (long dashed line). m = 1 (all quantities in atomic units)

Wigner also found a bound for the negative (partial wave) delay time of
a potential of finite radius. Whereas positive delays can be arbitrarily large,
negative delays are restricted by “causality conditions” [66]. Some back-of-
the-envelope causality arguments may, however, be misleading. For example,
assume a barrier of length d, and let a coincide with the left edge and b with
the right edge. If the total time T;h (0,d) is to be positive, the delay “cannot
be more negative than the reference free time,”

Aty > —T’;d : (2.116)

see e.g. [67]. In fact this bound may be violated, in particular at low energy
in the proximity of a loosely bound state. This should not surprise the reader
after our repeated warnings against an overinterpretation of the extrapolated
time 7" (0,d). The flaw in the argument is the assumption of positivity of
o h_ Nevertheless, rigorous bounds have been established by Wigner himself
and various authors in 3D collisions, see [68 [66] for review. In 1D collisions,
the following bound holds for even potentials with finite support between —b

and b [64] 69]:

m
Aty

ho . :
» {—2() “ o [sin(2pb/h + 280) — sin(2pb/h + 251)]}
" <—d— h) . (2.117)

p p

Y

Y

This may be proven by using the even and odd eigenfunctions (z|t;) intro-

duced in ([Z52), in particular the fact that ffb dx 1/)5— > 0. We start by calcu-
lating the logarithmic derivative of (x|¢g) at & = b from the known expression
for the outer region, see (2.51),
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L,= d(zlbo)/dx - r tan(pb/h + do) . (2.118)

(o) ooy R
Taking the derivative of L; with respect to p,

ddo hdL, 1 . b
= — 2 . 2.11
dp {p dp cos*(pb/h+ o) + o sin[2(pb/h + do)] + L (2.119)
The first term on the right-hand side may also be written as
hh
o {E0) E(2[Y0)s — (zlto){zto) pa](z = b) , (2.120)
where the subscripts £ and x are shorthand notation for the derivatives with
respect to ' and z. Repeating the same operations for £ = —b one finds that
[([vo) B(x[to)e — (x]to) (2|tho) B.o](x = b)
= —[{@|vo) B(x[Y0)s — (z[t0)(z(th0) B 2] (x = —b) . (2.121)

We shall now prove that this is a positive quantity. Taking the derivative of
the stationary Schrodinger equation with respect to energy one obtains the
identity for real eigenfunctions of H [47]

2 _ n* 9 -
@l == O (el)elvee — sl , (2122
so that, using (Z121]),
b 2
[ dotolun® =" Gali) plolin), ~ (ol olun) ) (0 = 0) - (2123

Carrying out similar manipulations for the odd wave function (z|);) and using
& = 0o + 61 and (ZI0T), @TII7) is found as a consequence of the positivity
of the probability to find the particle in the barrier region.

According to this bound the negative delay may be arbitrarily large for
small enough momenta and may diverge at p = 0, as it occurs when a bound
state appears when making the potential more attractive [64]. For the square
barrier, which does not have bound states, the time advancement of the
Hartman effect is less important, and it is actually bound by (2I16]). Thus,
whereas the experiments looking for anomalously large traversal velocities
(“superluminal effects”) have been frequently based on evanescent conditions
in square barriers (tunneling), square wells with the proper depth may in fact
lead to much larger advancement effects at threshold energies [70].

2.5 Time Dependence of Survival Probability:
Exponential Decay and Deviations

The decay of unstable quantum states is an ubiquitous process in virtually
all fields of physics and energy ranges, from particle and nuclear physics to
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condensed matter, or atomic and molecular science. The exponential decay,
by far the most common type, is surrounded by deviations at short and long
times [71] [72]. In fact other deviations and decay functions are also possible
by a proper choice of initial state [73], but they may require in general rather
artificial and complicated preparations except in some peculiar systems in
which the exponential decay may be totally absent for small ratios between
the resonance energy and its width [74]. We shall, however, concentrate here
on the standard and much more common case of an exponential decay at
intermediate times, surrounded by short-time and long-time deviations. The
short-time deviations have been much discussed, in particular in connection
with the Zeno effect [75,[76 [77] and the anti-Zeno effect [78,[79][80L [81]. Exper-
imental observations of short- [82] [83] and long-time deviations [84] are very
recent. A difficulty in the experimental verification of long-time deviations
has been the weakness of the decaying signal [85], and also the measurement
itself may suppress the initial state reconstruction [72] [86], which is ultimately
responsible for the deviations. The short- and long-time deviations may in-
deed be distinguished because of the different role played by the initial-state
reconstruction [86]: The long-time decay can be attributed to a wave that
was, in a classical-like, probabilistic sense, fully outside the initial state or
the inner region at intermediate times, i.e., to a completely “regenerated” or
reconstructed state, whereas the decay during the exponential regime is due
to a nonregenerated wave. At short times a small quantum interference be-
tween regenerated and nonregenerated paths is responsible for the deviation
from the exponential decay. We may thus conclude that state reconstruction
is a “consistent history” for long-time deviations but not for short-time ones,
see [86] for a full discussion of these aspects. In this section we shall concen-
trate, instead, on identifying possible dependences on time of the deviations
in simple one-particle 1D systems following [87] [88]. Similar techniques have
been applied to study the decay of a more complicated multiparticle system,
a Tonks-Girardeau gas [89], in [90].

The quantum mechanical decay of unstable states can be described in
different ways [911 [92]. In many theoretical works the emphasis has been on
justifying the approximately valid exponential decay law. A possible treatment
for the survival amplitude A(¢, ) = (1(0)]1(t)) decomposes the state 1) by the
usual resolution into proper and improper eigenstates of the Hamiltonian H ,
corresponding to bound and continuum states. Even though it contains all the
information, this is not convenient in general either for calculation purposes
or for rationalizing the decay behavior in a simple manner, except in favorable
circumstances where the integral is easily approximated and parameterized,
e.g. for isolated resonances and particular initial states. An ideal description
would handle arbitrarily complex initial states and potentials in simple terms,
and allow for an understanding of both the dominant exponential decay and
the deviations from it. Much progress in this direction has been achieved
by representing A(t,1)) as a discrete sum over resonant terms [93] [87]. The
discretization allows a clear identification and separation of the physically
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dominant contributions, different terms being important for different time
regimes.

The survival amplitude A(¢,v) = ((0)]1)(¢)) requires the diagonal matrix
elements of the unitary evolution operator e~ *7*/" When this operator is
expressed in terms of the resolvent, A(t, ) takes the form

() Hﬁt/%
—zzt/h
27rm/ qq(y |¢ /dqe_“t/hM( )5 (2.124)

At )

where z = ¢%/2m is a complex energy and the contour C goes from —oo to
+00 passing above all the singularities of the resolvent due to the spectrum of
H (discrete poles for bound states and the natural boundary of the real axis
for the continuum) and

M@= twl o). (2125)

P
The survival probability is to be calculated as S(t,v) = |A(t, ) |>.

2.5.1 Predicted Time Behavior

The function M(q) is evaluated in the upper half g-plane and then analytically
continued into the lower half plane. Provided that the continuation exists,
M (q) has in general a set of core singularities, depending only on the po-
tential, and possibly other structural state-dependent singularities. It is then
useful to deform the original integration contour to the diagonal D of the sec-
ond and fourth quadrants of the g-plane. This provides both physical insight
by identifying the most relevant time dependence (exponential decay) of the
survival and a calculational advantage for the remainder, since for ¢t > 0 the
exponential et/ = e~i0°t/(2mh) g 4 real Gaussian on this diagonal.
Let us assume that a pole expansion of the form

M(g) =) ( o (2.126)
k

q—qr)

is possible (higher-order poles can be treated in a similar fashion). Here k =
1,2,3- -+, indexes the poles. On deforming the ¢ integration from contour C
to D, the residues of the poles g crossed in the fourth quadrant on carrying
out this deformation provide contributions to A(t) that decay exponentially
with time, whereas the residues are purely oscillatory for poles in the upper
half plane (bound states),

2

Ei(t) = ake_iqit/@mh) =age ", (2.127)
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where
w=q/f, f=(1—1i)/(mh/t) (2.128)

becomes real along the diagonal D. Independently of providing or not provid-
ing a residue, all poles contribute because of the integral along the diagonal.
Each pole contribution is expressed in terms of the w function, see [94] or
Appendix, as

Dy(t) = — aZk sign(Imuy ) wsign(Imug )ug) - (2.129)

The exponential term may be added to this contribution to give the compact

result [94],
) = S IB) + D] = 3 Jaswl—u) (2.130)

k k

(It is understood that Ej(t) = 0 for poles in the lower half plane that have
not been crossed when deforming the contour.) The second expression is very
useful for studying the short-time behavior, but the first one has the advantage
of separating explicitly the exponential decay, Fj, from the “correction” Dy,
which is given in terms of the known entire function w parameterized by the
pole position and time. Numerical values and asymptotic properties of this
function for small or large times are easy to calculate.

The above treatment may be extended for an M (q) that includes an entire
function in addition to the pole expansion. This would add to the w functions
the integral along D of the entire function times a real Gaussian.

2.5.2 Short Time Behavior

The short time behavior of the quantum survival probability is easily analyzed
in terms of the above formalism, which allows to classify several possible non
exponential dependences.

Many authors have described a short time t? dependence of the decay
probability Paecay = 1 — S, provided the mean energy and the second energy
moment of these states exist, see in particular the work related to the “quan-
tum Zeno paradox” [75] [95]. Less attention has been paid to the short time
behavior if these conditions are not fulfilled. A formal treatment and examples
by Moshinsky and coworkers suggest a t'/? dependence of the decay probabil-
ity at short times [96] [97]. We shall clarify how these two seemingly different
claims can be compatible and describe other possible dependences.

The Taylor series (ZI61) of the w functions in (ZI30) gives a series in
powers of t1/2

e O e 27 (1 = @) (t/mb) A
A(t) = zk: 0 ; r ) . (2.131)
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This suggests a short time ¢!/ dependence of the decay probability, as claimed
by Moshinsky and coworkers [96] 07]. On the other hand, the formal series
based on expanding the evolution operator,

e ; ~ 2 -
At ) = (@l T ) = 1= IR — G+, (2132)
provides a t> dependence,
2 = ~
Paceay = o (WIE210) = (0IH1)%) + -+ (2.133)

However, the expectation values of H and/or higher powers of H may not
exist. Several behaviors are possible depending on the existence of these mo-
ments. The question of the physical realizability of Hilbert space states with
infinite first or second energy moments is subject to debate [T9]. We shall leave
this debate aside and determine the possible implications on the short-time
behavior.

Consider the first two derivatives of A at time ¢ = 0 first from (Z132]) and
then by assuming a general short time dependence of the form A ~ 1 + bt€,
where b and ¢ are finite constants,

dA —3 . o
Ut oo = p WH) =bet™H o (2.134)
dA? 1 N .

dt? li=o B2 (WIH?[y) =be(c—1)t 2|t:0 . (2.135)

If the mean energy of the initial state does not exist, a t'/2 dependence of the
decay probability is possible, see examples in [88] and [97].

If the mean energy is finite so that dS/dt|i—o = 2Re(dA/dt|;=p) = 0, then
¢ > 1. This rules out a t'/? dependence of A since a t'/? dependence implies an
infinite time derivative of A at t = 0. The corresponding coefficient for t*/2 in
(2I3T) must vanish by compensation between the different pole contributions.

The second derivative is only finite at time zero if ¢ > 2. This means that
if the first energy moment exists but not the second, a dependence t¢ where
1 < ¢ < 2is possible for A (and for the decay probability), in particular +3/2.
(The coefficient for ¢'/2 must also vanish in this case.) Otherwise, one can
expect that the series (ZI32]) will be effective at short times for states with
finite moments (| H™|1h) leading to a t* behavior. Examples where ¢3/2 and
t? dominate the short-time behavior of Pyecay are provided in [88].

2.5.3 Large-Time Behavior

At first sight the asymptotic expansion of the w function for ¢ ~ oo in the
correction term to the exponential decay suggests a long-time dependence of
the survival probability as t !, but in fact the general behavior is t—3 because
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of the cancellation of all the ¢t~ contributions. Due to the exponential e~%**/"
n ([ZI24)), the large t behavior is dominated by the region around the origin.
The origin is actually a saddle point for the steepest descent path for this
exponential factor that crosses the origin along the diagonal D of the second
and fourth quadrants. By introducing u and f variables as in (2I28]) the
exponential becomes e~ and u remains  real along the steepest descent path.
The resolvent matrix element (t|(z—H)~![t)), which is defined for Img > 0
(first energy sheet), has to be analytically continued into the lower-half g-plane
(or second sheet of the complex z plane) to allow for this type of analysis,
which will be valid in particular for finite-range potentials. Provided that the
analytically continued function is analytical at the origin it has a Taylor series
expansion

(Wl(z — H) o) = ag + a1q + azq® + .. (2.136)

with coefficients a; depending on . But because of the (odd) ¢ factor in
@I27), the first term, ag, does not contribute to the integral (2124]). The
asymptotic formula for the survival amplitude comes therefore from the second
term and takes the form

(@[J|e*iﬁt/h|@/}> ' ay f3 /00 duule ™ = L= a mi) % (2.137)
omr ) T omyr O\t C

This formal result depends on the validity of (2I30]) and on the assumption
that no additional contributions due to the deformation of the contour are
to be considered asymptotically. In general, the analytically continued matrix
elements of the resolvent will have poles in the lower-half g-plane that may be
crossed when deforming the contour, but these can only yield contributions
that decay exponentially with time, so they are negligible at long times.

A similar analysis may be performed for the propagator (no bound

states) [98]
<x|e_ZHt/h|a: / dqI(q)e =t/" (2.138)

I(q)—m< z_HIl“% (2.139)

substituting M (q) by I(¢). Quite generally, I(¢) vanishes at ¢ = 0, and a t3/2
dependence results. An exception is free motion on the full line, where

1 —1 ) /
(@ n k)= q,;”‘ la/n (2.140)
- 0

so that I(0) = —i/h # 0. As a consequence, the asymptotic behavior of the
probability density for free motion on the full line is generically ¢~!. This is
an important case in which ([Z130) is not satisfied. Explicitly, by carrying out
the integral in (ZI38]), the well-known propagator
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Fig. 2.2. dln|(z[1(t))|*/dInt versus dInt for two different wave packets: one of
them vanishes at p = 0, (p|y(0)) = C(1 — ef"p2/h2)6752(‘77"0)2/h27i”0/h9(p)
(solid line), and the other one is a Gaussian wave packet, (p|¥(0)) =
O e~ (p=p0)*/1? —ipzo/h (dashed line). C' and C' are normalization constants; the
parameters are po = 1, o = —10, « = 0.5, § = 1, z = 0, and m = 1 (all quantities
in atomic units). Note the asymptotic dependences of the probability densities: t=3
and t 1, respectively

—iHot/hy,\ _ (T )1/2 im(z—=z')?/2ht
(x]e |2 (iht e (2.141)
is obtained. A t~! behavior will also occur exceptionally when the potential
allows for a zero energy pole of the resolvent.

The free-motion probability density may decay faster than t~! when the
momentum amplitude (p[t)) vanishes at p = 0, so that the ¢~! singularity is
canceled, see Fig. The exceptional cases of decay slower than ¢t~! have
been studied by Unnikrishnan [99].

2.6 Other Characteristic Times of Wave Propagation

In the previous section we have seen that contour deformation techniques
in the complex plane allow us to single out contributions to the survival
amplitude from resonance poles. In general, the integral that provides the
time-dependent wave function may involve other critical points, “structural”
poles, saddle points, or branch points, that determine the transient and the
asymptotic behavior of the wave propagation. It is frequently possible to write
explicit expressions or asymptotic expansions for the contributions of these
critical points. In simple cases the effect of (the dominant term of) one of the
critical points provides already a good approximation and a simple picture
emerges, where characteristic times or velocities for the arrival of the main
signal may be identified. Also typical is the transition from the dominance



62 J. G. Muga

of one critical point to another, which may lead to a change in qualitative
behavior and to a characteristic time for the transition. The pioneering work
in this direction is due to Stevens [I00, [I01], who followed the techniques
that Sommerfeld and Brillouin introduced in their study of the propagation
of light in dispersive media [102]. Examples of the application of a square
barrier and a separable potential to quantum scattering may be found in
[103] and [104]. Here we shall examine, following [105], the somewhat simpli-
fied case corresponding to a point source producing evanescent waves. This
is not a “scattering problem” in the standard sense, but it illustrates quite
clearly methods and concepts involved in more conventional scattering prob-
lems and in other time-dependent quantum phenomena where a stationary
state is reached after a transient behavior, in particular due to a sudden po-
tential switching [106] 107, [T08], or a shutter removal as in “diffraction in time
phenomena” after Moshinsky’s pioneering work [96], see [I09] [110] and refer-
ences therein. Similar techniques to the ones exemplified below have been used
to determine characteristic times of matter-wave pulses [109] [110], permanent
particle trapping, resonance build-up [106] [107], also including interparticle
interactions [I11], and of expansions of a Tonks—Girardeau gas [112]. Indeed,
the attainment of ultracold temperatures by laser cooling makes the discussion
of quantum effects for the atomic translational motion relevant and timely.

In order to summarize essential aspects of the time dependence of wave
phenomena a number of characteristic velocities or times have been tradition-
ally defined. (We will see that some of them coincide with times associated
with critical points.) The phase velocity, w/k, is the velocity of constant phase
points in the stationary wave (assume k > 0 for the time being)

gihr—iwt (2.142)

The boundary conditions, the superposition principle, and the dispersion re-
lation w = w(k) between the frequency w and the wave number k determine
the time evolution of the waves in a given medium. If a “group” is formed by
superposition of stationary waves around a particular w, it propagates with
the group velocity dw/dk. In dispersive media (where the group velocity de-
pends on w), the group velocity can be smaller (normal dispersion) or greater
(anomalous dispersion) than the phase velocity. It was soon understood that
both these velocities could be greater than ¢ for the propagation of light; Som-
merfeld and Brillouin [T02], studying the fields that result from an input-step
function-modulated signal in a single Lorentz resonance medium, introduced
other useful velocities, such as the velocity of the very first wave front (equal
to ¢) or the signal velocity for the propagation of the main front of the wave.

The above description is, however, problematic for evanescent waves, char-
acterized by imaginary wave numbers instead of the real wave numbers of
propagating waves. The role played by the imaginary part of the group veloc-
ity dw/dk and the possible definition of a signal velocity in the evanescent case
have been much discussed. Assume that a source is placed at x = 0 and emits
with frequency wg from ¢ = 0 on. If wy is above the cutoff frequency of the
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medium (the one that makes k¥ = 0) a somewhat distorted but recognizable
front propagates with the velocity corresponding to wq. For the dimensionless
Schrodinger equation,
zﬁ@/} _ _32¢
ot 0x2
the dispersion relation takes the form

+v, (2.143)

w=1+Ek*, (2.144)

and the signal propagation velocity for the main front is equal to the group
velocity, v, = (dw/dk).,, = 2(wo — 1)*/2. In other words, at some distance z
from the source, the amplitude behaves, in first approximation, as

Y(x,t) = e woleThorot — g /v,) | (2.145)

where ko = (wo — 1)1/ 2 is the wave number related to wy by the dispersion
relation and © is the Heaviside (step) function. In the evanescent case, wy <
1, a preliminary analysis by Stevens [100] [I0T] [IT3], following the contour
deformation techniques used by Brillouin and Sommerfeld, suggested that a
main front, moving now with velocity v, = 2(1 —wg)'/? = Im(dw/dk).,,, and
attenuated exponentially by exp(koz), where

ko = (1 —wp)'/?, (2.146)
could be also identified,
Y(x,t) = e Wt TRTO(t — 1 /vy,) . (2.147)

The contour for the integral defining the field evolution was deformed along
the steepest descent path from the saddle point, and the main front (2.147)
was associated with a residue due to the crossing of a pole at ikg by the
steepest descent path.

The result seemed to be supported by a different approximate analysis of
Moretti based on the exact solution [II3] and by the fact that the time of
arrival of the evanescent front, 7 = x/v,,, had been found independently by
Biittiker and Landauer [114}[16] as a characteristic traversal time for tunneling
using rather different criteria (semiclassical arguments, the rotation of the
electron spin in a weak magnetic field, and the transition from adiabatic to
sudden regimes in an oscillating potential barrier).

However, more accurate studies of the point source problem and other
boundary conditions have shown that the contribution from the saddle point
(due to frequency components above or at the frequency cutoff created by the
sharp onset of the source emission) and possibly from other critical points
(e.g., resonance poles when a square barrier is located in front of the source
[103]) are generally dominant at 7, so that no sign of the wq front is seen in
the total wave density at that instant, see [115] [IT6] 117} 118 [103] [105] and
Sect. 2611
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Biittiker and Thomas reconsidered the signal sent out by a source that
has a sharp onset in time [I19]. They proposed two approaches to enhance
the monochromatic fronts compared to the forerunners due to the saddle.
First, the dominance of the high-frequency forerunners could be avoided if the
source is frequency limited such that all frequencies of the source are within
the evanescent case. Of course this makes the onset of the signal unsharp. A
second option is not to limit the source but to frequency limit the detection.
We can chose a detector that is tuned to the frequency of the source and that
responds when the monochromatic front arrives.

These two proposals and the sharp onset case were later implemented and
examined in detail by Muga and Biittiker [105]. For a source with a sharp
onset, they found that the traversal time 7 plays a basic and unexpected
role in the transient regime. For strongly attenuating conditions in the WKB
(Wentzel-Kramers-Brillouin) limit, the traversal time governs the appearance
of the first main peak of the forerunner. In contrast, the transition from the
forerunner to an asymptotic regime that is dominated by the monochromatic
signal of the source is given by an exponentially long time, see more details in
Sect. B.6. ] below. If the source is frequency band limited such that it switches
on gradually but still fast compared to the traversal time, the situation re-
mains much the same as for the sharp source, except that now the transition
from the transient regime to the stationary regime occurs much faster, but
still on an exponentially long timescale. This changes if we permit the source
to be switched on a timescale comparable to or larger than the traversal time
for tunneling. Clearly, in this case a precise definition of the traversal time is
not possible. But for such a source the transition from the transient regime
to the asymptotic regime is now determined by the traversal time. Much the
same picture emerges if we limit the detector instead of the source. Muga
and Biittiker model the detector response by means of a “spectrogram,” a
time—frequency representation of the wave function at a fixed point. As long
as the frequency window of the detector is made sharp enough to determine
the traversal time with accuracy, the detector response is dominated by the
uppermost frequencies. In contrast, if the frequency window of the detector
is made so narrow that the possible uncertainty in the determination of the
traversal time is on the order of the traversal time itself, the detector sees a
crossover from the transient regime to the monochromatic asymptotic regime
at a time determined by the traversal time.

Possibly, the fact that we cannot determine the traversal time with an
accuracy better than the traversal time itself tells us something fundamental
about the tunneling time problem and is not a property of the two particular
methods investigated.

2.6.1 Role of the Traversal Time for a Source with a Sharp Onset

We shall obtain exact and approximate expressions of the time-dependent
wave function for z > 0 and ¢ > 0 corresponding to the Schrédinger equation
[(2I43) and the “source boundary condition”
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Y(x =0,t) = e “'O(t) , (2.148)

in the evanescent case wg < 1. (A discussion of the physical meaning of “source

boundary conditions” as compared to standard “initial value” conditions may

be found in [120].) The solution may be constructed from its Fourier transform

as y

et 1 1 : 2

x,t) = — dk eike—ik™t 2.149

Ylt) 2mi /p+ [k—i-mo +k—mo ( )

where the contour I} goes from —oco to co passing above the pole at irkg,

and kg is given by (2I46). The contour can be deformed along the steepest
descent path from the saddle at ks = x/2t, the straight line

kr = —kr+x/2t, (2.150)

(kg and k; are the real and imaginary parts of k.) plus a small circle around
the pole at irg after it has been crossed by the steepest descent path, for fixed

x, at the critical time
x
= ) 2.151
™= ke (2.151)

This procedure allows to recognize two w functions [94] one for each integral,

1 L
P(x,t) = 26—““’@ [w(—ub) + w(—ul)] . (2.152)
Here,
1+1 T
!’ 1/2 .
Uo = 512 /% kg (—z — t> , (2.153)
1+1 T
7 1/2 -
u0—21/2t HO(Z_L‘)'

It is clear from the exact result, (ZI52) and ([ZI53), that 7 is an important
parameter that appears naturally in the w-function arguments, and deter-
mines with k¢ the global properties of the solution. Its detailed role will be
discussed next.

The simplest approximation for ¢ (z,t) for times before 7 is to retain the
dominant contribution of the saddle by putting & = ks in the denominators
of (2.149) and integrating along the steepest descent path,

—it+ikit /1 1
il t) = © ( .+ ) : (2.154)

irl/2 "
2iml/ uy  ug

The average local instantaneous frequency for this saddle contribution is equal
to the frequency of the saddle point [105],

ws =1+ 2%/4¢% . (2.155)
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After the crossing of the pole irkg by the steepest descent path at ¢ = 7 the
residue

Yo(w,t) = e “0le™"0TQ(t — 1) (2.156)
has to be added to (ZI54),
(z,t) = ps(x,t) + Yo(z,t) . (2.157)

The solution given by ([2I56]) describes a monochromatic front that carries
the signal into the evanescent medium. The conditions of validity of this ap-
proximation can be determined by examining the asymptotic series of the
w(z) functions in ([ZI52) for large |z|, see Appendix. In fact (ZI57) is ob-
tained from the dominant terms of these expansions. Large values of |z| are
obtained with large values of kg, ¢, or =, and also when ¢t — 0. Within the
conditions that make the saddle approximation valid, the contribution of the
pole is negligible. To see this more precisely let us examine the ratio between
the moduli of the two contributions,

_ [%o] _ 271/
sl z

Its value at 7 is an exponentially small quantity,

R(t) e T3/ 2 (12 J4t? 4 kD) (2.158)

R(t =7) = e ™% (2mroz)'/? . (2.159)

In summary, for the source with a sharp onset described here, the monochro-
matic front is not visible when the approximation (ZI57) remains valid around
t = 7. A complementary analysis is carried out in Chap.

However, two very important observable features of the wave can be ex-
tracted easily from (ZI57). The first one is the arrival of the transient front,
characterized by its maximum density at ty = 7/ 31/2, (The peak time is ex-
actly 7 if it is evaluated with respect to x for ¢ fixed [12I].) This time is,
surprisingly, on the order of 7, but the wave front that arrives does not oscil-
late with the pole frequency wg, but with the saddle point frequency ws, i.e.,
it does not tunnel.

The second observable feature that we can extract from (ZI51) is the
timescale for the attainment of the stationary regime, or equivalently, the
duration t;. of the transient regime dominated by the saddle before the pole
dominates. t;, can be identified formally as the time where the saddle and pole
contributions are equal, R = 1. Because of ([ZI59]) we shall assume 7 << 4,
to obtain the explicit result

xel{or 2/3
ttr ~ (25%7‘(‘1/2) . (2160)

Finally, when xkq is small (5 1), the saddle approximation describes correctly
the very short-time initial growth, but fails around 7 because the pole is within
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the width of the Gaussian centered at the saddle point. The pole cancels part
of the Gaussian contribution so that the bump predicted by s at 7/ 31/2
is not seen in this regime. In fact, the forerunner is dominated in this case
by under-the-barrier components [122], and its characteristic arrival time is
inversely proportional to the difference between the potential energy and the
incidence energy, a tunneling timescale different from both the phase time and
the Biittiker—Landauer time [123] [122]. A generalization of the results of this
subsection for relativistic equations may be found in [124].

2.6.2 Ultrafast propagation in absorbing media

If a small imaginary potential is added to the setup described in Sect. 2.6.1,
an interesting effect occurs [125] [126]: the temporal peak arrives at different
locations simultaneously. The arrival time corresponds to the lifetime of the
particle in the medium from the instant when the point source with a sharp
onset is turned on. The simultaneous arrival due to absorption, unlike the
Hartman effect, occurs for carrier frequencies under or above the cutoff, and
for arbitrarily large distances. It also holds in a relativistic generalization but
limited by causality. A possible physical realization has been proposed by illu-
minating a two-level atom with a detuned laser [125]. The effect is also found
within a broad spatial range in an absorbing waveguide when the source emits
(more realistic) smoothed pulses instead of a perfectly sharp step signal. The
optimal carrier frequency is barely below the cutoff but, at variance with other
“ultrafast” wave phenomena based on anomalous dispersion in absorbing me-
dia [127] 128} 129} [130], which depend on the dominance of the carrier (central)
frequency associated with faster than light, infinite, or negative group veloc-
ities, the ubiquitous peak is, at each position, dominated by the saddle point
contributions above the cutoff frequency. It is thus a fundamentally different
phenomenon. In the case described by the Schrodinger equation [125] it is
closer in nature to the over-the-barrier, saddle-dominated peak that arrives
at the Biittiker—Landauer time in a nonabsorbing medium [105] [121], and in
fact it tends to it continuously when the absorption vanishes. However, that
peak “moves” with a semiclassical tunneling velocity whereas in the absorbing
medium it appears everywhere simultaneously within the domain of the effect.

The task of sending information to arrive at different receivers simulta-
neously is different from the question of superluminal velocities because the
information always arrives subluminally [I31] [I32], and it will be possible in
principle to send information faster to a single fixed receiver than with the
present effect.
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Appendix: Properties of w Functions

The w function is an entire function defined in terms of the complementary
error function as [94]

w(z) = e_zzerfc(—iz) . (2.161)
w(z) is frequently recognized by its integral expression

7u2

w(z) = 1/F c du (2.162)

i u—z

where I'_ goes from —oo to co passing below the pole at z. For Imz > 0 this
corresponds to an integral along the real axis. For Imz < 0 the contribution
of the residue has to be added, and for Imz = 0 the integral becomes the
principal part contribution along the real axis plus half the residue. From
[2I62) two important properties are deduced:

w(—z) =2e7% —w(z) (2.163)
and
w(z®) = [w(—2)]" . (2.164)

To obtain an asymptotic series as z — oo for Imz > 0 one may expand
(u — z)~1 around the origin (the radius of convergence is the distance from
the origin to the pole, |z|) and integrate term by term. This provides

i

~J
VT2

w(z)

14 i L3 (222()2737 - 1)] Tmz >0, (2.165)

m=1

which is a uniform expansion in the sector Imz > 0. For the sector Imz < 0,

@I63) gives

i S 1-3-..-(2m—1)
~ 1

vre |12

. 2
w(z) (222)™ +2e7% , Imz<0. (2.166)

m=1

If z is in one of the bisectors then —z?2 is purely imaginary and the exponential
becomes dominant. But right at the crossing of the real axis, Imz = 0, the
exponential term is of order o(z~™"), (all n), so that (ZI63) and (ZI60) are
asymptotically equivalent as |z] — oo.
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w(z) has the series expansion

o~ ()"
w(z) = " . (2.167)
ST

The w function is a particular case of the Moshinsky function [96], which can
be regarded as “the basic propagator for a Schrodinger transient mode” [133].
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The Time—Energy Uncertainty Relation
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3.1 Introduction

The time—energy uncertainty relation
1
AT AE > 5 h (3.1)

has been a controversial issue since the advent of quantum theory, with re-
spect to appropriate formalisation, validity, and possible meanings. Already
the first formulations due to Bohr, Heisenberg, Pauli, and Schrédinger are
very different, as are the interpretations of the terms used. A comprehensive
account of the development of this subject up to the 1980s is provided by a
combination of the reviews of Jammer [I], Bauer and Mello [2], and Busch
[3L []. More recent reviews are concerned with different specific aspects of the
subject: [ [6l [7]. The purpose of this chapter is to show that different types of
time—energy uncertainty relation can indeed be deduced in specific contexts,
but that there is no unique universal relation that could stand on equal foot-
ing with the position—-momentum uncertainty relation. To this end, we will
survey the various formulations of a time—energy uncertainty relation, with
a brief assessment of their validity, and along the way we will indicate some
new developments that emerged since the 1990s (Sects. B3l B4l and B.6). In
view of the existing reviews, references to older work will be restricted to a
few key sources. A distinction of three aspects of time in quantum theory
introduced in [3] will serve as a guide for a systematic classification of the
different approaches (Sect. B2).

3.2 The Three-fold Role of Time in Quantum Theory

The conundrum of the time-energy uncertainty relation is related to an ambi-
guity concerning the role of time in quantum theory. In the first place, time is
identified as the parameter entering the Schrodinger equation and measured

P. Busch: The Time—Energy Uncertainty Relation, Lect. Notes Phys. 734, 73-[I05] (2008)
DOI 10.1007/978-3-540-73473-4 3 © Springer-Verlag Berlin Heidelberg 2008
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by an external, detached laboratory clock. This aspect will be referred to
as pragmatic, laboratory, or external time. By contrast, time as dynamical or
intrinsic time is defined through the dynamical behaviour of the quantum ob-
jects themselves. Finally, time can also be considered as an observable — here
called observable time or event time. These three aspects of time in quantum
theory will be explained in some more detail.

3.2.1 External Time

The description of every experiment is based on a spatio-temporal coordinati-
sation of the relevant pieces of equipment. For example, one will specify the
relative distances and orientations of particle sources and detectors, as well as
control the times at which external fields are switched on and off, or record the
times at which a detector fires. Such external time measurements are carried
out with clocks that are not dynamically connected with the objects stud-
ied in the experiment. The resulting data are used to specify parameters in
the theoretical model describing the physical system, such as the instant or
the duration of its preparation, or the time period between the preparation
and the instant at which a measurement of, say, position is performed, or the
duration of a certain measurement coupling applied.

External time is sharply defined at all scales relevant to a given experiment.
Hence there is no scope for an uncertainty interpretation with respect to
external time. However, it has been argued that the duration of an energy
measurement limits the accuracy of its outcomes. According to an alternative
proposal, the energy of an object is uncertain, or indeterminate, during a
period of preparation or measurement, since this involves interactions. These
two types of conjectured relations will be scrutinised in Sects. B.3.1] and B.3.2

3.2.2 Intrinsic Time

As a physical magnitude, time is defined and measured in terms of physical
systems undergoing changes, such as the straight line motion of a free particle,
the periodic circular motion of a clock dial, or the oscillations of atoms in an
atomic clock. In accordance with this observation, it can be said that every
dynamical variable of a physical system marks the passage of time, as well
as give an (at least approximate) quantitative measure of the length of the
time interval between two events. Hence every non-stationary observable A of
a quantum system constitutes its own characteristic time 7, (A) within which
its mean value changes significantly (¢ being any initial state). For example,
if A = @, the position of a particle, then 7, (Q) could be defined as the time it
takes for the bulk of the wave packet associated with a state vector ¢ to shift
by a distance equal to the width of the packet. Or for a projection P, 7, (P)
could be the length of the greatest time interval for which the probability
(| Ppy) > 1—e. Here p, = e *H/7 is the state at time ¢ in the Schrédinger
picture. Further concrete examples of characteristic times are the time delay
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in scattering theory, the dwell time in tunnelling, or the lifetime of an unstable
state (cf. Chap. ).

Considering of time as an entity intrinsic to the dynamical behaviour of a
physical system entails a variety of time—energy uncertainty relations in which
AT is given by a characteristic time 7, (A) associated with some dynamical
variable A. On the other hand, the study of dynamics often involves exper-
imental questions about the time of an event, the time difference between
events, or the duration of a process associated with the object system. This
raises the quest for the treatment of time as an observable.

3.2.3 Observable Time

A standard experimental question in the study of decaying systems is about
the temporal distribution of the decay events over an ensemble. More precisely,
rather than the instant of decay one will be measuring the time of arrival
of the decay products in a detector. A related question is that about the
time of flight of a particle. Attempts to represent these time observables in
terms of appropriate operators have been hampered by Pauli’s theorem [§]
(cf. Chap. ), according to which the semi-boundedness of any Hamiltonian
H precludes the existence of a self-adjoint operator T acting as a generator
of a unitary group representation of translations in the energy spectrum. In
fact, the covariance relation

T/ Fre=ihT/h _ T L pT (3.2)

valid for all h € R, immediately entails that the spectrum of H should be
R. If the covariance was satisfied, it would entail the Heisenberg canonical
commutation relation, valid in a dense domain,

[H,T) =il (3.3)

so that a shift generator 7" would be canonically conjugate to the energy, with
ensuing observable time—energy uncertainty relation for any state p,

AT AH > 2 : (3.4)

In his classic paper on the uncertainty relation, Heisenberg [9] posited a time
operator T' conjugate to the Hamiltonian H and gave the canonical commu-
tation relation and uncertainty relation, without any comment on the formal
or conceptual problematics.

It should be noted, however, that the Heisenberg relation is weaker than
the covariance relation; hence it is possible that the former can be satisfied
even when the latter cannot. We shall refer to operators conjugate to a given
Hamiltonian as canonical time operators. For example, for the harmonic os-
cillator Hamiltonian there do exist self-adjoint canonical time operators T'.
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In other cases, such as the free particle, symmetric operators have been con-
structed, which are conjugate to the Hamiltonian, but which are not self-
adjoint and do not admit self-adjoint extensions.

No general method seems to exist by which one could decide which Hamil-
tonians do admit canonical, self-adjoint time operators. Moreover, even in
cases where such time operators do not exist, there may still be relevant ex-
perimental questions about the time of the occurrence of an event. It is there-
fore appropriate to consider the approach to defining observables in terms of
the totality of statistics, i.e., in terms of positive operator-valued measures
(POVMs). All standard observables represented as self-adjoint operators are
subsumed under this general concept as special cases by virtue of their asso-
ciated projection-valued spectral measures. The theory of POVMs as repre-
sentatives of quantum observables and the ensuing measurement theory are
developed in [10], including a comprehensive review of relevant literature. In
Sect. we will consider examples of POVMs describing time observables
and elucidate the scope of an uncertainty relation for observable time and
Hamiltonian.

In Sect. 3 we will also address the important question of interpretation
of time uncertainties. The uncertainty of the decay time has always been
quoted as the prime example of the fundamental indeterminacy of the time of
occurrence of a quantum event. Yet the question remains as to whether such
an indeterminacy interpretation is inevitable or whether the time uncertainty
is just a matter of subjective ignorance.

3.3 Relation Between External Time and Energy Spread

One of the earliest proposed versions of the time—energy uncertainty relation
AT AE Z h identifies the quantity AT not as an uncertainty but as the du-
ration of the measurement of energy. The quantity AF has been interpreted
in two ways: either as the range within which an uncontrollable change of the
energy of the object must occur due to the measurement (starting with a state
in which the energy was more or less well defined) or as the resolution of the
measurement of energy. On the latter interpretation, if the energy measure-
ment is repeatable, the energy measurement resolution AF is also reflected
in the uncertainty of the energy in the outgoing state ¢ of the object system,
i.e., it is approximately equal to the root of the variance of the Hamiltonian,
AH = ((o|H?0) — (plH)?) .

The original arguments were rather informal, and this has given rise to
long controversies, leading eventually to precise quantum mechanical models
on which a decision could be based. Prominent players in this debate were
Bohr, Heisenberg, and Pauli versus Einstein, with their qualitative discussions
of Gedanken experiments; Landau and Peierls, Fock and Krylov, Aharonov
and Bohm, Kraus, Vorontsov, and Stenholm (for a detailed account, cf. []).
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The conclusion maintained here is that an uncertainty relation between
external time duration and energy spread is not universally valid. It may hold
for certain types of Hamiltonians, but it turns out wrong in some cases. A
counter example was first provided by an energy measurement model due to
Aharonov and Bohm [II]. The debate about the validity of this argument
suffered from a lack of precise definitions of measurement resolution and re-
producibility of outcomes. This difficulty can be overcome by recasting the
model in the language of modern measurement theory using positive operator
valued-measures. This analysis [4] will be reviewed and elaborated next.

3.3.1 Aharonov—Bohm Energy Measurement Model

We consider a system of two particles in one dimension, one particle being
the object and the other serving as a probe for a measurement of momentum.
The total Hamiltonian is given by

P2 P
H="° YP,g(t),
om Topr TY P9

where (X, P,;) and the (Y, P,) are the position and the momentum observ-
ables of the object and probe, respectively, and m, M are their masses. The
interaction term produces a coupling between the object momentum P, to be
measured and the momentum P, of the probe as the read-out observable. The
function g (¢) serves to specify the duration and the strength of the interaction
as follows: f o<t A
go i <t< At s
g(t) = { 0 otherwise .

The Heisenberg equations for the positions and momenta read
X=!'P+Yg(t), P, =0,
V=P Py=—Pug(t) .
This is solved as follows:

Py =P}, P,=P)—PlggAt, fort>At.
The kinetic energy of the object before and after the interaction is given by
one and the same operator:

m . P,
Hy= ' X*=_7.
7 2 2m
Thus, the value of kinetic energy Hj can be obtained by determining the mo-
mentum P, in this measurement. During the interaction period the kinetic
energy )’ X 2 varies but the first moments before and after the measurement
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are the same. This is an indication of a reproducible energy measurement. Fol-
lowing Aharonov and Bohm, one could argue that achieving a given resolution
Ap, requires the change of deflection of the probe A (Py — Pz?) due to a shift
of the value of P, of magnitude Ap, to be greater than the initial uncertainty
of the probe momentum, APyO. This yields the following threshold condition:

Aps go At = AP?SJ :

By making gy large enough, “both At and Ap, can be made arbitrarily small
for a given AP)” [11].

This is the core of Aharonov and Bohm’s refutation of the external time—
energy uncertainty relation: the energy measurement can be made in an arbi-
trarily short time and yet be reproducible and arbitrarily accurate.

It is instructive to reformulate the whole argument within the Schrodinger
picture, as this will allow us to find the POVMs for momentum and kinetic
energy associated with the relevant measurement statistics. The property of
reproducibility presupposes a notion of initially relatively sharp values of the
measured observable. We take the defining condition for this to be the fol-
lowing: the uncertainty of the final probe momentum is approximately equal
to the initial uncertainty. Let & = ¢ ® ¢ be the total Heisenberg state of the
object (¢) plus probe (¢). The final probe momentum variance is found to be

(A¢Py)2 = (A¢Py0)2 + 9(2J At? (Acppr)z .

Sharpness of the object momentum corresponds to the last term being
negligible.

First we calculate the probability of obtaining a value P, in an interval S.
The corresponding spectral projection will be denoted ET¥ (S). The follow-
ing condition determines the POVM of the measured unsharp momentum
observable of the object:

(D) I @ EP (S)Par) = (0| A(S) ) forall o,

where @y = exp (—iAt H/h) ¢ @ ¢ is the total state immediately after the
interaction period, i.e.,

2 .
Pt (po,py) = e Pe A2 ey AD/R 5 (p ) & (py, + PagoAt)

1 1
o Dys At) = 2 go A . At? 2 At
Y (P, Py, At) g Pr90 AT+ o PeDy o AL+ o) Py
One obtains:
S
A(S)=E{" (-
(5) / < 90475> ’

which is an unsharp momentum observable (x denoting convolution),
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B (B) = xn+ £ (P) = [ dof () E™ (R+) (3.5)

f(p) = go At |6 (pgo At)[” . (3.6)

Due to the properties of the convolution it is straightforward to verify that
these positive operators form a POVM, i.e., (countable) additivity over dis-
joint sets and normalisation E= (R) = I are satisfied. It is thus seen that
the resolution of the measurement, described by the confidence distribution
f, is determined by the initial probe state as well as the interaction param-
eter goAt. In fact, a measure of the inaccuracy is given by the width of the
distribution f, which can be characterised (for suitable probe states ¢) by the
variance:

2
(Apm)z = Varf (p) = <golAt> Var¢ (Py) . (37)

It is clear that increasing the parameter gopAt leads to a more and more
sharply peaked function f. This is to say that the inaccuracy of the momentum
measurement, given by the width Af of f, can be arbitrarily increased for
any fixed value of the duration At. The same will be seen to be true for the
inaccuracy of the measured values of energy inferred from this momentum
measurement. This disproves the inaccuracy version of the external time—
energy uncertainty relation where AFE is taken to be the energy measurement
inaccuracy.

In order to assess the reproducibility properties of the measurement, we
need to investigate the state change of the object due to the measurement.
The final object state pr conditional upon an outcome p, in R is determined
via the following relation: for all states ¢ and all object operators a,

tr(apr] = (Patla ® B (—~Rgo At) D ay)

One obtains:
M:L@mewxg

where the operators A, act as

(A, 0) (b) = (g0 At)"/? &= P2AY/2Mh o =2(parpLgo 26200

X ((px — Ply) G0At) @ (pe) -

The momentum distribution is (up to normalisation):
2 2
(pzlprpz) :/ dpl, |(Ap, @) (pa)|” = xx % f (02) |0 ()" -
R

If | (p2)|* is sharply peaked at p?, in the sense that

16 (P2 — 1) 90 A 1 (02)* = |6 (10 — 1) 9048) | | (pa) |
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then one has ,
(Pelprlpe) = xr = £ (P2) o ()] - (3.8)

Hence if ¢ is such a near-eigenstate of P, then the conditional final state has
practically the same sharply peaked momentum distribution. In other words,
the present model practically preserves near-eigenstates. It follows indeed that
the measurement allows one to determine the kinetic energy with negligible
disturbance of any pre-existing (approximately sharp) value. Thus the distur-
bance version of the purported external time—energy uncertainty relation is
ruled out.

We show next in which sense the above momentum measurement scheme
serves as a measurement of kinetic energy. In fact the relation Hy = P?/2m
translates into the following functional relationship between the spectral mea-
sures of Hy and P,: we have

P2 +oop2 P +oo "
Hy=_° = E™= (dp) = EMo(d
o= n = [ B = [ eB )

and so
2

B (2) = EP (h71(2), ZCRY, h(p) = -

m
This suggests that in the above unsharp momentum measurement, one should
record such subsets R of the momentum spectrum, which are images of some
Z C Rt under the map hA~'. This leads to the following positive operators
that constitute a POVM on RT:

Ef(2) = Ef (b (2)) =/Rf(p) EP (h1(Z) +p) dp .

Let us assume the confidence function f is inversion symmetric, f(—p) =
f (p). Then, since the set h=!(Z) is inversion symmetric, the convolution
Xn-1(z) * [ also shares this property. Hence the positive operators Ej,% (2)
are actually functions of Hy and constitute a smearing of the spectral measure
of H()Z

Efo (Z) = xn-1(z)* [ (Px) = Xn-1(z) * [ ((ZWHO)UQ)

= /Z (;ne)l/z f ((2mH0)1/2 — (2me)1/2) de . (3.9)

This is a corroboration of the fact that the unsharp momentum measurement
constitutes an unsharp measurement of energy. The expected readings and
their variances are obtained as follows:

W= [rroa= (1) Ee.

then
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0o 2 P2
(o) = el [ e B e 0) = )+ () <2m> SNEST)
@

and

Varg, s (Ho) = (H)p,r — ((Ho)g,s)?

1 4 P2 1 ? Py
= Var, (Hp) + (goAt) Var,, <2m> +4 (goAt> (Ho)y <2m>¢

(3.11)

There is a distortion of the expected values towards slightly larger values, and
the energy measurement inaccuracy is measured by the last two terms in the
last equation. Both the distortion and the accuracy can be made arbitrarily
small by choosing a suitably large coupling parameter gg, although it must be
noted that the inaccuracy depends on the value of the object energy.

We conclude, therefore, in agreement with Aharonov and Bohm, that a
reproducible energy measurement is possible with arbitrary accuracy and in
arbitrarily short time.

However, very recently Aharonov and Reznik [12] have taken up the issue
again, considering this time—energy measurements carried out from within
the system. In this situation the conclusion is that due to a back reaction of
the energy measurement on the internal clock, an accuracy §F requires the
duration 79, measured internally, to be limited by the uncertainty relation

T00E > h. (3.12)

What is actually shown in the analysis of [12] is that the clock rate is uncertain
and hence the duration has an uncertainty Aty > h/OE. This conclusion is
in accordance with the quantum clock uncertainty relation, which will be
presented in Sect.

3.3.2 Relation Between Preparation Time and Energy

An uncertainty relation for the indeterminacy of the energy of a system and
the duration of an external perturbation has been proposed and accepted as
valid even by opponents to the external time-energy relation (cf. the review
of Bauer and Mello [2]). The duration of the perturbation is defined dynam-
ically as the approximate time period during which the interaction energy
is non-negligible. Hence this type of time—energy uncertainty relation is best
classified as one associated with dynamical time, although in a measurement
context the duration of interaction is fixed with reference to a laboratory
clock. A particular instance of this type of uncertainty relation occurs in the
preparation of a quantum system: the interaction with the preparation devices
can be regarded as an external perturbation so that one may note
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Torep AEZ B, (3.13)

where Tprep denotes the duration of the preparation (perturbation) and AE
is some suitable measure of the width of the energy distribution, such as those
introduced in Sect. B4l

This preparation time relation has been deduced by Moshinsky [13] in an
exactly soluble potential model of the preparation of a particle by means of
a slit with a shutter that is opened during a time interval T},cp. This time
period determines the width of the Bohr—Wigner time of passage distribution
(cf. Section B-A3] (B:26])), whereas the energy uncertainty AE is given by the
width of the energy distribution of the outgoing particle, given a sharp initial
energy Fjy:
, sin® ((E — Eo) T/2h)

(E - Eo)® '

Similar distributions are known to arise for the short-time energy distribution
of a decaying state as well as in first-order perturbation theory. We conclude
that it is impossible to simultaneously prepare a sharp energy and a sharp
time of passage. This is an indication of the complementarity of event time
and energy.

A relation of the form (313 was derived in a somewhat different context
by Partovi and Blankenbecler [I4]; they showed that the most likely state
compatible with the probability distributions of the position of a free particle
measured at two times with separation T has an energy dispersion that must
satisfy ([BI3). These authors interpret the time interval T' between the two
measurement as the duration of a multi-time measurement whose aim it is to
estimate the state that gives rise to the statistical data obtained.

p(E: Ey, Tprep) < EY

3.4 Relations Involving Intrinsic Time

In this section we review different ways of quantifying measures of times that
are intrinsic to the system and its evolution.

3.4.1 Mandelstam—Tamm Relation

A wide class of measures of intrinsic times has been provided by Mandelstam
and Tamm [I5]. An elegant formulation of the ensuing universal dynamical
or intrinsic time—energy uncertainty relations was given in the textbook of
Messiah. Let A be a non-stationary observable. Combining the Heisenberg
equation of motion for A,

in ‘;’? = AH - HA, (3.14)

with the general uncertainty relation,
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AAAH > | |(AH — HA),| , (3.15)

1
2
and introducing the characteristic time

A, A

| g (A)o]
(whenever the denominator is non-zero), one obtains the inequality
1
T (A) A H > 2h. (3.17)

Here we have used the notation (X), = tr[pX], (4,X)* = (X?), — (X)2.

As an illustration we consider the case of a free particle. Let A = Q
be the particle position and let p be a pure state represented by a unit
vector . Assume the momentum P is fairly sharply defined in that state,
ie, A,P < [(P),|. Now the time derivative of position is the velocity,

d(Q),/dt = (P)y/m = (V),, so we have

AQ

V)l

From the Schrédinger equation for a free particle we have
(4,Q)° = (4,Q(0)*HALV)* P+ {{Q () V + VQ(0)) — 2{V)(Q (0))} ¢
Using the uncertainty relation in the general form

L1Q ) P~ PQ0),.

F ROV VQO), — 2@ ),

7 (Q) = (3.18)

(4,Q)° (A,P)" =

we find the estimate
(A,Q)° < (A,Q(0) +t AV .
Putting ¢ = 7, (Q), this gives

A P
[(P)e

This estimate follows from the assumption of small variance for P, and this
corresponds to the limiting case of slow wave packet spreading. Thus the char-
acteristic time 7, (@) is indeed seen to be the period of time it takes the wave
packet to propagate by a distance equal to its width. It can also be said that
this is the approximate time for the packet to pass a fixed point in space.
Insofar as the position of the particle is indeterminate within approximately
A,Q (0) one may be tempted to interpret this characteristic time as the in-
determinacy of the time of passage. The event ‘particle passes a point xy’ has
an appreciable probability only within a period of duration 7, (Q).

1/2
24,024,000 1+ 55 | =200,
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3.4.2 Lifetime of a Property

Let P be a projection, U; = exp (—itH/h), 1o be a unit vector representing
the state of a quantum system. We consider the function

p () = (vo|U; * PUt). (3.19)

The Mandelstam—Tamm relation yields

RS TR e

Integration of this inequality with the initial condition p (0) = 1 yields

p () > cos? (t Ay HJR), 0<t<™ "

The initial condition means that the property P was actually in the state ¥
at time ¢ = 0. One may define the lifetime 7p of the property P by means of
the condition p (7p) = ; Hence one obtains the uncertainty relation

mh

TpAwOHZ 4

(3.21)

This relation was derived by Mandelstam and Tamm for the special case of
P = |tho)(vo].

There are alternative approaches of defining the lifetime of a state and
obtaining an energy—time uncertainty relation for the lifetime. For example,

Grabowski [16] defines
o — / p(t) dt (3.22)
0

which yields
h
70 Ayo H > 9 (3.23)

provided the Hamiltonian has no singular continuous spectrum.

The variance of H may be infinite in many situations, so that the above
relations are of limited use. We will review below a variety of approaches based
on alternative measures of the width of the energy distribution in a state 1.

3.4.3 Bohr—Wigner Uncertainty Relation

Fourier analysis gives ‘uncertainty’ relations for any wave propagation phe-
nomenon in that it gives a reciprocal relationship between the widths of the
spatial/temporal wave pattern on one hand and the wave number/frequency
distributions on the other. On the basis of this classical wave analogy, Bohr
[17] proposed a time—-energy uncertainty relation, which appeared to assume
the same status as the corresponding position/momentum relation,
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AtAE 2 h, AzApZh. (3.24)

Hilgevoord [0] presents a careful discussion of the sense in which a treatment
of time and energy variables on equal footing to position and momentum
variables is justified.

A more formal approach in this spirit was pursued by Wigner [I8], who
considered a positive temporal distribution function associated with the wave
function v of a particle:

oo ) =IF @), f(t) =0 (x0,t) . (3.25)

In the limit AyP < |[(P)y|, the width of this distribution is of the order of
Ty (@). The quantity AE measures the width of the Fourier transform f of f.
This method can be extended to other types of characteristic times. Define

FO= (el FB)=en™ [ fo e, @20
and the moments (providing the denominators are finite)
- 2
IS |F )| Erae

~ 2
e ‘f(E)‘ dE

I @ et

— 3.27
S @) (8:20)

(") s . (EM) =

The previous case considered by Bohr is formally included by replacing |p)
with |zg), an improper position eigenstate. One obtains an uncertainty relation

2
for the variances (Aft)> = (12); — ), (AfE) =(E*);— <E>fz

h
AftAf”E > 9 (3.28)

_ 2
It must be noted that neither of the distributions |f (£)]* and ‘ f (E)} is nor-

malised, nor will they always be normalisable. Moreover, their operational
meaning is not immediately obvious. The following is a possible, albeit indi-
rect, way of associating these distributions with physical measurements.

Assume the state v is prepared at time t = 0, and that at time ¢ > 0
a repeatable measurement of energy is made and found to give a value in a
small interval Z of width J ¥ and centre Ey, after which a measurement of the
property P, = |){y| is made. We calculate the probability for this sequence
of events, under the assumption that H has a non-degenerate spectrum with
improper eigenstates |E):

b=y (B (2).P,) = tr [P, B (2) e /M ) (] /0 B (2) P,

— [ 4B [ aB' (B} (B'le) IE) (El) HEE (s9)
Z Z
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Assuming that Z is sufficiently small so that the functions (E|¢)) and (FE|¢)
are practically constant within Z, we have:

‘2 (6E)? . (3.30)

p = [(Eol@) |(Eolu)l? (OB)” = |f (Eo)

As an illustration we reproduce the standard formulas for the exponential
decay law. This is known to hold in an intermediate time range, while devi-
ations must occur for short as well as long times, see Sects. and
The Mandelstam—Tamm relation for the lifetime of a property already indi-
cates that the short-time behaviour of the survival probability is a power law
1—p ot

For H with non-degenerate spectrum, one has

£16) = ol = [ T B f(B) dE

— 00

> exp (— |t| (I'/2h) — itEy/h), (3.31)

1 r/2

ey =NEwol = T e

(3.32)

The Lorentzian distribution f (E) has no finite variance, hence as an alter-
native measure of the energy spread one usually takes the full width at half-
height, 6 E = I'. The lifetime 7 of the state v is defined via

p(r)=e/h=1/e, (3.33)
so that one obtains the famous lifetime—linewidth relation
TI'=h. (3.34)

One can also use the Wigner measures that are

h
Ast = 2F=¢2T, AE=T/2. (3.35)
_ 2
It must be noted that here the relevant distribution is ‘f (E)‘ = [(Evo)|*.
Hence we have
V2
AftAfE="]h. (3.36)

A novel application of a Wigner-type uncertainty relation has been pro-
posed recently [19], which identifies f(E) as the energy amplitude of a state, in
which case the associated | f (¢)|” is found to coincide with the time-of-arrival
distribution due to Kijowski [20].

Another approach to defining a formal probability distribution for time
based on the statistics of measurements of a time dependent observable A was
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attempted by Partovi and Blankenbecler [14]. This approach presupposes that
the time dependence of the expectation A(t) := tr[p(t)A] is strictly monotonic.
It seems that the scheme of a proof of a time—energy uncertainty relation for
the dispersion of the ensuing time distribution provided in [I4] gives tangible
results essentially when the (self-adjoint) operator A satisfies the canonical
commutation relation with the Hamiltonian, which is known to be possible
only in very special cases.

3.4.4 Further Relations Involving Intrinsic Time

In more realistic models of decaying systems, the measures of spread intro-
duced in Sect. turn out inadequate. Bauer and Mello [2] have studied
alternative measures with a wider scope of applications. For example, they
define a concept of equivalent width, given by

W)= 6 m) " [ T o) da (3.37)

whenever the right-hand side is well defined. They then prove that the follow-
ing relation holds:

W (6) W ((b) — 2nh . (3.38)
In the case of a decaying state,
- _ 2
b(B) =|FB)[ = (Bl ,
so that the inverse Fourier transform turns out to be the autocorrelation
function of f:

o) = [ emEmgman= ) [T r@) ey at=gx s

On proving the inequality |W (f x f)| < W (|f| x |f]), one obtains a time—
energy uncertainty relation for equivalent widths:

w (s 1) w (|7]°) = 2nt. (3.39)

If the exponential decay formulas are inserted and the constant zo = ¢ = 0
(for f), and E = Ey (for f), then one obtains equality in the above relation.
It is interesting to observe that the autocorrelation function describes co-
herence in time. This is a useful measure of the fine structure of the temporal
distribution function p (¢) = | f (t)|°.
A different approach to describing width and fine structure was taken
by Hilgevoord and Uffink (cf. the review of Hilgevoord [5l [6]), who adopted

the concepts of overall width and translation width from the theory of signal
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analysis as follows. Let y be a square-integrable function, normalised to unity,
and x its Fourier transform. The overall width 20 ( | X|2 , a) of the distribution

Ix|? is defined as the width of the smallest time interval f such that

/Ix(t)|2 it =
f

Then the following relation holds:
2 <12 1
> .
Qﬂ(|x| ,a) m(|x| ,a) >C(a), for a>2, (3.40)

with a constant C (a) independent of x. This yields an energy—time uncer-
tainty relation in the spirit of the Wigner relation [B.28) if we put x () =
@) = (plr), X (E) = f(E); in the case of ¢ = 99 and H having a non-
degenerate spectrum, then f (E) = [(E|yo)|*.

For the analysis of interference experiments, a relation between the overall
width of the energy distribution and the translation width of the temporal
distribution has proved enormously useful. The translation width v (f,p) is
defined as the smallest number ¢ for which

[ O] = [@olg)| =1—p.

Then observing that f (E) = |(E|to)|?, Hilgevoord and Uffink [21] show:

m(f,p)m(f,a) >2harccos(2_z_p) , for p>2(1—-a). (341)

The lifetime-linewidth relation is recovered for any decaying state by putting
Tyjy =10 (f, \/1/2), a = 0.9, which yields [6]

Ty )y 20 (f, 0.9) > 0.9% . (3.42)

An interesting connection between the Mandelstam—Tamm relation and the
Hilgevoord-Uffink relation is pointed out in [22].

With this example we conclude our survey of intrinsic time-energy rela-
tions, without any claim to completeness. For example, a number of rigorous
results on the rate with which an evolving state ‘passes through’ a reference
subspace are reported by Pfeifer and Frohlich [23] [7]. We also recommend the
recent reviews of Hilgevoord [0l [6] as a lucid didactic account demonstrating
the importance of the translation width—overall width uncertainty relation in
substantiating Bohr’s rebuttal of Einstein’s attempts to achieve simultaneous
sharp determinations of complementary quantities.
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3.5 Quantum Clock

The constituents of real rods and clocks and other measuring devices are el-
ementary particles, atoms and molecules, which are subject to the laws of
quantum mechanics. Hence it is natural to investigate the effect of the quan-
tum nature of measuring instruments. This thought has played a leading role
in the early debates between Einstein and the other founders of quantum me-
chanics. By taking into account quantum features of the experimental setup,
Bohr was able to refute Einstein’s Gedanken experiments that were aimed at
beating quantum limitations of joint measurements of position and momen-
tum, or time and energy. Later Wigner exhibited limitations of space—time
measurements due to the quantum nature of test particles, and it was in this
context that he introduced the idea of a quantum clock [24], 25], see Chap.[Rl

The issue of quantum clocks belongs, in a sense, to the realm of the the-
ory of time measurements: time is being measured by means of observing the
dynamical behaviour of a quantum system. However, the ensuing uncertainty
relations are clearly of the intrinsic-time type, and the theory of quantum
clocks is actually based on the theory of repeated measurements, or monitor-
ing, of a non-stationary quantum-nondemolition variable. By contrast, time as
an observable is recorded in experiments in which typically a detector waits to
be triggered by the occurrence of some event, such as a particle hitting a scin-
tillation screen. The latter type of event time measurement will be discussed
in Sect.

The Salecker—Wigner quantum clock has experienced renewed interest in
recent years in three areas of research: investigations on the detectability of
the quantum nature of space—time on length scales far larger than the Planck
length (e.g. [26] 27]); studies of tunnelling times (e.g. [28]) and superluminal
photon propagation through evanescent media [29]; and quantum information
approaches for optimising quantum clock resolution [30] and synchronisation
via non-local entangled systems [31]. All of these questions and proposals are
subject to ongoing controversial scrutiny, so that it is too early to attempt
an assessment. Instead we will be content with a brief outline of the principal
features of a quantum clock and explain the relevance of the intrinsic time—
energy uncertainty relation in this context.

A quantum clock is characterised as a system that, in the course of its
time evolution, passes through a sequence of distinguishable states 11, s, . ..
at (laboratory) times t1, 2, ... . In order to be distinguishable as clock pointer
positions, neighbouring states ¥y, 1¥r+1 must be (at least nearly) orthogo-
nal. Under this assumption, the time resolution defined by this system is
0t = tp41 — ti. It is known that a non-stationary state that runs through n
orthogonal states in a period T must be a superposition of at least n energy
eigenstates. For a harmonic oscillator with frequency w and period T' = 27 /w,
the state ¢y = > _, ¢r/+/n will turn into ¥ perpendicular to ¢y if §t = T'/n.
It follows that the mean energy must be of the order h/dt = hn/T.
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If one considers the mean position of a wave packet as the clock pointer,
then according to the relevant Mandelstam—Tamm relation and the constraint
dt > 7y, (Q) on the resolution, one obtains

h
ot > .
244, H
These examples illustrate the fact that the rate of change of a property of
the system decreases with increasing sharpness of the prepared energy. In
the limit of an energy eigenstate, all quantities will have time-independent
distributions and expectation values, hence nothing happens.

Another requirement to be imposed on a system to ensure its functioning
as a quantum clock is that its pointer can be read in a non-disturbing way.
This can be achieved for suitable families of pointer states, such as coherent
states for the harmonic oscillator, which admit non-demolition measurements.
The relevant theory of quantum-nondemolition measurements for continuous
variables is developed in [32].

The quantum clock time—energy uncertainty relation can be derived in a
very general way from the intrinsic-time uncertainty relations reviewed above.
In order to achieve a time resolution dt, pairs of successive pointer states
Y1 = Yy, Yo = P45 need to be orthogonal: p (6t) = |<¢t|1/)t+5t>|2 = 0. The
relation ([B:20)) implies

wh
2404, H

As noted before, the variance is not always a good measure of the width of the
energy distribution. A more stringent condition on the clock resolution can
be obtained by application of the Hilgevoord—Uffink relation (41 between
temporal translation width and overall energy width. If the clock is a periodic
system, the resolution 0t is given by the period divided by the number of
pairwise orthogonal states, ¢ = T'/n. This entails that the state 11 has to
have a translation width of the order of at most d¢t. Hence (3.41)) yields

5t >ty = (3.43)

2harccos ((2 —a —p) /a)

6t > (f,p) > m(ﬂa)

For a quantum clock, p should be close to unity. Taking p = 1 requires o > %,
and we have

2harccos ((1 — a) /a) =hC(a), 1 <a<l.
n(7.0) "

2
Since both the enumerator and the denominator are increasing functions of «,
and since the quotient C () is 0 both at o = } (as arccos 1 = 0) and at o = 1

ot >

(as 20 (f, 1) = 00), it follows that there must be a value oy where C () is

maximal. The inequality for the clock resolution must still hold at this point:
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5t > hC () - (3.44)

A universal quantum clock uncertainty relation in this spirit was proposed by
this author [3] and independently by Hilgevoord and Uffink [33].

3.6 Relations Based on Time Observables

Let us recall the motivation for considering time as a quantum observable.
First, there do exist a variety of experiments in which times of events are
recorded, where these events occur at randomly distributed instants as mon-
itored by means of laboratory clocks. The appropriate mathematical tool for
the representation of these temporal statistics is that of a POVM over the
time domain, which will be explained in Sect. B.6.Il As an illustration of in-
trinsic time preparation and measurement inaccuracies, we will briefly review
the famous Einstein photon box experiment in Sect. . Secondly, having
acknowledged the possible role of time as a random variable, the next question
that arises concerns the nature of the randomness: for example, is the instant
of decay of an unstable particle truly indeterminate, as would be appropri-
ate to a quantum observable, or is it determined by some possibly hidden
mechanism, albeit unpredictable? We shall argue in Sect. [3.6.3] that an inde-
terminacy interpretation is appropriate in the light of temporal interference
experiments.

3.6.1 Event Time Observables

A measurement of an ordinary quantum observable is typically devised so
as to provide an outcome at a specified instant of time. Often one aims at
achieving the impulsive measurement limit where the duration of the interac-
tion between object and probe is negligible, so that it makes sense to speak
of an (approximate) instant of the measurement.

By contrast, event time measurements are extended in time, with sensitive
detectors waiting to be triggered. The experimenter has no control over the
time instant at which the detectors fire. This very instant constitutes the
outcome of such a measurement.

Wigner [I8] epitomises the distinction between these two types of measure-
ments in terms of the localisation of particles. The first type of measurement
amounts to measuring the position at a particular time. This will answer the
question: ‘Where is the particle — now?’ The second type of measurement
corresponds to a determination of the instant of time at which the particle
passes a particular point in space, thus answering the question: ‘When s the
particle — here?’

Following [3], we explain the term event to refer to the (approximate)
actuality of a property, in the sense that the probability for this property to
occur is equal to (or close to) unity. The event to be observed in the above
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time of passage experiment is the approximate localisation of the particle at
the given space point. We note that the Mandelstam-Tamm parameter 7, (Q)
seems to give an indication of the indeterminacy of the time of passage, owing
to the indeterminacy of position in the state p.

With the exception of the photodetection theory [34] [35], a theory of event
time measurements is very much in its initial stages. In the 1990s, interest
in the theory of time-of-arrival measurements has grown significantly and
ensuing results are reviewed in other chapters of this book. Here we focus on
the formal representation of event time observables in terms of POV Ms.

Suppose a detection experiment is repeated many times until a sufficiently
large statistical distribution of times is obtained. A quantum mechanical ac-
count of the statistics will have to provide probabilities for the event times
to lie within intervals Z of the time domain. Such probabilities should be
expressed as expectation values of operators associated with each set Z, i.e.,
pp (Z) = tr[p Fz, (Z)]. These probabilities should be approximately equal to
the observed frequencies. Here Z; denotes an interval that represents the time
domain specified in the experiment in question. If the measurement can be
thought of as being extended from the infinite past to the infinite future, one
would have Zp = R.

Due to the positivity of the numbers p, (Z) for all states p, the operators
Fz, (Z) will be positive. Similarly, since p,(Z) < 1, we have Fyz, (Z) < I.
Finally, the (countable) additivity of probability measures entails the (count-
able) additivity of the Fz, (Z) for disjoint families of sets Zy, i.e. Fiz, (UZy) =
> x Fz, (Z). Taken together, these properties ensure that the family of
Fz, (Z) constitutes a (not necessarily normalised) POVM over Zj. Due to the
nature of time measurements, one anticipates that certain events will never
occur (i.e., for no state p), so that indeed it may happen that p, (Zy) < 1, or
FZo (Zo) <.

Every observable can be characterised by its transformation behaviour
under the fundamental space-time transformations. In particular, time ob-
servables will transform covariantly under time translations:

UiFz, (Z2)U; " = Fzy 4 (Z — 1) . (3.45)

Properties of such time observables and specific examples (mainly in the con-
text of decay observation) are studied in detail by Srinivas and Vijayalakshmi
[35]. Detection times are axiomatically characterised as screen observables
through further transformation covariance relations in work due to Werner [36].

Assuming that first and second moments for the POVM F, are defined on
a dense domain, one can introduce a unique maximally symmetric (generally
not self-adjoint) time operator

T:/ t Fy (dt) .
Zo

We put t = tr[p- T, then the temporal variance is defined as
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2
t—t) tr|pFyz, (dt
mgf:&J )" trlp Pz, (d0)] (3.46)
tr[p Fz, (Zo)]
The uncertainty relation ([B.I]) then follows for an event time observable and
energy if the observation period Zy = R,

@T@sz. (3.47)

For an event time POVM with a finite interval Z, this relation is not generally
valid.

It is still true, as it was in 1990 [3], that a systematic quantum theory of
time measurements is lacking but will be necessary for an operational under-
standing of event time POVMs. The following examples may serve as guidance
for the development of a better intuition about time observables and measure-
ments.

Freely Falling Particle

For the Hamiltonian )

om mgQ , (3.48)

one easily verifies that the following self-adjoint operator T} is canonically
conjugate to H,

H, =

T,=— P. (3.49)

In fact this choice is suggested by the dynamical behaviour of the system:
solving the Heisenberg equation of motion gives P (t) = P — mgt I, where
P (0) = P. Time is measured dynamically as the linear increase of momentum.
In this case even the Weyl relations are satisfied:

eitH/h GihT/h _ —ith/h jihT/h jitH/[h (3.50)

As a further consequence, T, and H act as generators of energy and time
shifts, respectively, in the sense of the covariance relations

¢TI =T/ — [ 4 BT (3.51)
eitH/hp —itH/h _ 41 (3.52)

The associated time POVM is indeed a projection-valued measure, namely,
the spectral measure
ETs (Z) = EY (—-mg2Z) .

Both the covariance relations and the Weyl relation imply the Heisenberg
canonical commutation relation and hence the uncertainty relation (B.47]).

It must be noted that the present Hamiltonian is unbounded, its spectrum
being absolutely continuous and extending over the whole real line. Thus the
obstruction due to Pauli’s theorem does not apply.
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Oscillator Time

We now consider the Hamiltonian (putting m = h = 1)
1
Hose =, (P*+Q%) . (3.53)

The spectrum consists of non-negative, equidistant values, so that there is no
unitary shift group, hence no self-adjoint operator T satisfying the Weyl rela-
tion (B50) can exist. Nevertheless, classical reasoning suggests the existence
of a phase-like quantity that transforms covariantly (modulo 27) under the
time evolution group. This leads to the introduction of a time POVM and
hence a periodic time variable proportional to the phase.

Introduce the ladder operator a = } (Q +iP), which gives the number
operator N = a*a, with eigenvalues n = 0, 1,2, ... and eigenvectors |n). Then
H=N-+ ;I . For t € [0, 27], we introduce the formal, non-normalisable vectors
[ty =3, €™ |n), then we define

Fac2)= 20 [t = 3 @n™ [ 0o it ).

n,m>0

It is easily verified that this defines a normalised, shift-covariant (mod 27)
POVM.

This oscillator-time POVM yields a whole family of self-adjoint operators
canonically conjugate to Hog.: first define

2
1
T(O):/ t Foge (dt) = ) I.
ose = | (dt) i (n— oy L+

m#n>0 (TL B )

This operator was first constructed as a self-adjoint solution of the canoni-
cal commutation relation ([B3]), thus refuting a widespread erroneous reading
of Pauli’s theorem. Consequently, this operator does satisfy the uncertainty
relation ([B.47) in a dense domain (certainly not containing the energy eigen-
states). Strangely enough, this aspect of the interesting papers of Garrison
and Wong [37] and Galindo [38] has been widely ignored, while the fact as
such is repeatedly being rediscovered in recent years. Next we calculate the
time shifts of this operator,

T8 = tH 7(0) o=itH — 70) _ 47 4 97 F,. ([0,1]) .

Here we are facing a covariant family of non-commuting, self-adjoint operators,
all of which satisfy the canonical commutation relation with H = H,s.. The
non-commutativity corresponds to the fact that the phase quasi-eigenvectors
|t) are mutually non-orthogonal, so that F,s itself turns out to be a non-
commutative POVM.

Here we have given just one example of a covariant oscillator-time (phase)
POVM. There are in fact an infinite variety of such phase POVMs associated
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with Hogs.. First significant steps towards a systematic account and operational
analysis of covariant oscillator phase POVMs have been recently undertaken
by Lahti and Pellonpéa [39)].

We note that a similar construction to the present one is possible for a
finite quantum system with a spin Hamiltonian

Hspin = ﬂ53 ’

where s3 is the z component of the spin of a spin-s system. However, in this
case a canonical commutation relation and the Heisenberg uncertainty relation
are not valid.

Time POVMs vs Time Operators?

The preceding example shows in a striking way that observables may be more
appropriately represented by means of a POVM instead of just a self-adjoint or
symmetric operator: not only does the latter merely give the first moments of
the experimental statistics, but, as seen here, there may exist a high degree of
non-uniqueness in the choice of even a self-adjoint operator as a representative
of an observable (here the phase, or oscillator time). An approach to defining
event time observables taking into account the characteristic covariance may
help to remove these ambiguities.

Nevertheless, for specific systems for which the physics of time measure-
ments is well understood, the construction of canonical time operators may
be sufficient and adequate.

By providing some mathematical qualifications on Pauli’s claims concern-
ing self-adjoint time operators canonically conjugate to the Hamiltonian of
a physical system, Galapon [40] [4T] made room for the construction of such
canonical time operators for certain positive Hamiltonians with non-empty
point spectrum. This was recently followed with a fresh approach to the time
of arrival operator for a free particle in [42] [43] [44]; see also Chapter 10. In
the next example we provide some general considerations on the search for
covariant POVMs corresponding to the time of arrival.

Free-Particle Time Observables

Seemingly obvious candidates of a time operator conjugate to the free-particle

Hamiltonian,
P2
Hfrcc = )
2m

are given by suitably symmetrised expressions for the time-of-arrival variable
suggested by classical reasoning, for example:

1
—,m (QP'+P'Q) or —mpP~Y2Qp~1/2,
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While these expressions formally satisfy the canonical commutation relation,

they are not self-adjoint but only symmetric (on suitably defined dense do-
mains on which they actually coincide, see Sect. [I04]), and they do not possess
a self-adjoint extensions. Hence this intuitive approach does not lead to a time
observable in the usual sense of a self-adjoint operator conjugate to the free
Hamiltonian. For a long time, this observation has been interpreted by many
researchers as implying that time is not an observable in quantum mechanics.
But this view does not take into account the fact that there are detection
experiments that record the time of arrival of a particle, or more precisely,
the time when the detector fires. The statistics of such measurements are ap-
propriately described as probability distributions using suitable POVMs. For
the present case of a free particle there do indeed exist time-shift covariant,
normalised POVMs. An example is given by the following:

2
+

b

Early explicit constructions of such POVM time observables and more general
screen observables can be found in [45] and [36]. More recently, the question of
constructing time-of-flight observables as covariant POV Ms has been intensely
studied; this development is reviewed in Chap.

(@ Ftree (Z) @) = (27r)1/Zdt{

/0 " dp/pfmh exp (itp*/mh) & (p)

, 2
+ }/_ dp\/—p/mh exp (itp? /mh) ¢ (p)

Time POVM associated with an effect.

The question of defining a time observable for any given type of event was
investigated by Brunetti and Fredenhagen [46] who were able to define a time
translation covariant POVM associated with a positive operator representing
the event in question (an effect, in the terminology of Ludwig [47]). These
authors also derived a new lower bound for the time uncertainty for covariant
event time POVMs on the time domain R, [48]:

d
(H)p

Using their approach, Brunetti and Fredenhagen were able to rederive the
time delay operator of scattering theory. This work has inspired new model
investigations on the theory of time measurements [49] [50].

In order to illustrate Brunetti and Fredenhagen’s approach, we construct
a simple example of a covariant time POVM associated with a Hamiltonian H
with simple bounded, absolutely continuous spectrum [0, 27]. One can think
of a particle moving in one spatial dimension, with its momentum confined to
the interval [0, po], where p2/2m = 27.

Let ‘H be the Hilbert space L2(0,27) in which H acts as the multiplication
operator Hy(h) = hi(h). We choose a shift-covariant family of unit vectors

AT > (3.54)
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¢t, t € R, as follows (putting h = 1): (k) = e /y/27. We can then define
a time-shift covariant POVM via

P(X) = /X o {rl dt, X € B(R), (3.55)

The normalization P(R) = I can be verified by considering the integral

/ (Wlon) (eel€) dt
R

for any ¢,£ € H, and showing that its value is (¢|¢). This follows readily
by observing that the function t — (p[¢) = . £(t) is the Fourier-Plancherel
transform & =: F¢ of ¢ € H. Note that £ € LQ( ), and that F(H) is a proper
closed subspace of L?(R). Thus, we find that for ¢ € H,

FP(X)F1(t) = xx(8) (1),

which corresponds to the Naimark extension of the POVM P to a spectral
measure on L?(R).

We are now in a position to compare the time observable (3.55) with the
general construction of Brunetti and Fredenhagen in [46]. Given a bounded
positive operator A, they consider the positive operator measure, defined first
on intervals J via

B(J) = / et AemH gt
J

They then show that in certain circumstances this can be turned into a nor-
malized POVM on a suitable closed subspace (provided this is not the null
space). In the present case of the POVM (B.53), we see that the operator
corresponding to A can be identified with the one-dimensional projection op-
erator |¢o){po|. In that case the normalization condition is already satisfied,
and B(J) = P(J) holds on H. The POVM P corresponds to a measurement
of the time that the system spends (loosely speaking) in the state ¢g.

A formal time operator is obtained from the first moment operator of the

POVM P: p
To(h) = [ )iy de = =i g, 00 (3.56)

This is well defined for functions ¢ € L?(0, 27) which are absolutely continuous
and such that the derivative ¢’ € L2(0,2w). In order for this operator to
be symmetric, the domain must be further restricted by appropriate bound-
ary conditions. It is well known that the condition ¥ (27) = ¢1»(0) makes
—id/dh a self-adjoint operator T(©) for any ¢ of modulus 1. Each such 7(¢)
is a self-adjoint extension of the differential operator understood as a sym-
metric operator T(®) with the boundary condition (0) = t(27) = 0. Note
that the spectrum of T(9) is Z, with eigenvectors e'®&(H/2m, — where
om(h) = e™/\/2m, m € Z.
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The covariance relation
eTHre i 7 _ 7

is found to be satisfied for 7 but not for any of its self-adjoint extensions
since e/THT(€)e=iTH) — T with ¢ = €2™¢. In accordance with this, the
canonical commutation relation between the Hamiltonian and the time opera-
tor is obtained only on the domain of T(%); therefore, the uncertainty relation
B41) holds on this dense subspace, with the variance of the time distribution
being defined via ([3.46). Since the spectrum of H is a bounded interval of
length A(H) = 2, there is an absolute bound to the temporal variance in any
state p:
AT > h
PTToNH)

These examples show that for a variety of Hamiltonians, event time ob-
servables can be defined as time-shift covariant POVMs, the form of which
is inferred by the aid of classical intuition or with reference to a class of
experimental situations. Where the first moment operator satisfies a canon-
ical commutation relation with the Hamiltonian on a dense domain, the
observable-time energy uncertainty relation will follow. Whether or not this
is the case depends on the nature of the spectrum of the Hamiltonian and the
time domain [35].

We conclude this brief survey of the problem of time-covariant POVMs
with the following pointers to some interesting related developments.

A connection between time observables represented by POVMs and irre-
versible dynamics has been explored by Amann and Atmanspacher [51].

Finally, there have been several studies of the representation of event time
observables in terms of POVMs in the wider context of relativistic quantum
mechanics and quantum gravity [52 53] 54} [55] (6l 57). It is too early and
beyond the scope of the present chapter to give a conclusive review of these
recent and ongoing developments.

(3.57)

3.6.2 Einstein’s Photon Box

A comprehensive theory of event time measurements is missing to date, so
that a first step towards an understanding of time as an observable seems
to be to carry out case studies. Here we will revisit briefly the Gedanken
experiment proposed by Einstein. In this experiment, a photon is allowed to
escape from a box through a hole, which is closed and opened temporarily by
a shutter. The opening time period is determined by a clock, which is part
of the box system. Einstein argued that it should be possible to determine
the energy of the outgoing photon by weighing the box before and after the
opening period. Thus it would seem that one can obtain an arbitrarily sharp
value for the energy of the photon, while at the same time the time period of
preparation or emission of the outgoing photon could be made as short as one
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would wish, by setting the clock mechanism appropriately. This conclusion
would contradict the preparation time—energy uncertainty relation (EI3)).

Bohr’s rebuttal [58] was based on the observation that the accuracy of
the weighing process is limited by the indeterminacy of the box momentum,
which in turn limits the unsharpness of position by virtue of the Heisenberg
uncertainty relation for the box position and momentum. But an uncertainty
in the box position entails an uncertainty in the rate of the clock, as a con-
sequence of the equivalence principle. All this taken together, the accuracy of
the determination of the photon energy and the uncertainty of the opening
time do satisfy the uncertainty relation (31).

Bohr’s informal way of reasoning has given rise to a host of attempts,
by some, to make the argument more precise (or even more comprehensible)
or, by others, to refute it in defence of Einstein. In fact if Bohr’s were the
only way of arguing, the consistency of non-relativistic quantum mechanics
(replacing the photon with a (gas) particle) would appear to depend on the
theory of relativity. Hence several authors have considered different methods
of measuring the photon energy.

In his review of 1990, the present author has offered an argument that
makes no assumptions concerning the method of measurement and is simply
based on a version of quantum clock uncertainty relation. This argument goes
as follows. If the photon energy is to be determined with an inaccuracy 6 F
from the difference of box energies before and after the opening period, then
these energies must be well defined within JF, i.e., the box energy uncertainty
AFE must satisfy AE < §E. Then the clock uncertainty relation, either in the
Mandelstam—Tamm form (3.43]) or the Hilgevoord-Uffink form ([B44), allows
us to conclude that the box system needs at least a time tg = h/AFE in order to
evolve from the initial ‘shutter-closed’ state to the (orthogonal!) ‘shutter-open’
state (and back). During this transition time ¢¢ it is objectively indeterminate
whether the shutter is open or closed. Accordingly, the time interval within
which the photon can pass the shutter is also indeterminate by an amount
AT = ty. We thus arrive precisely at Bohr’s relation

ATSE~F. (3.58)

It seems satisfying that this derivation works without advocating the box
position—momentum uncertainty relation; instead it refers directly to the
quantum dynamical features of the box. Without going into an analysis of the
energy transfer between box and photon, it seems plausible that the energy
measurement uncertainty 6 F of the box, which corresponds to an uncertainty
of the box energy, will give rise to an uncertainty of the energy of the escap-
ing photon. Similarly, the uncertainty in the shutter opening time gives a
measure of the uncertainty of the time of passage of the photon through the
hole. Hence the box uncertainty relation admits the following interpretation
also: it is impossible to determine the energy and time of passage of a par-
ticle with accuracies better than those allowed by this uncertainty relation.
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Thus the measurement uncertainty relation ([B.58]) accords with the dynami-
cal Mandelstam-Tamm relation for the characteristic time 7, (Q), BI1), and
thus with the preparation time-energy relation (B13).

It is also interesting to note the close analogy between this experiment and
the double-slit experiment where similar debates between Bohr and Einstein
took place concerning the possibility of jointly determining the position and
momentum of a particle. Time of passage and energy are complementary
quantities in the same sense as position and momentum: the arrangements
for determining time (position) and energy (momentum) are mutually exclu-
sive. However, while these conclusions have been corroborated in the case
of position and momentum with appropriate quantum mechanical joint mea-
surement models (for details and a survey of this development, cf. [10]), a
similarly comprehensive treatment for time and energy is as yet waiting to be
carried out. Only very recently a first scheme of joint measurements of energy
and time of arrival has been proposed [59] along the lines of the position—
momentum measurement model due to Arthurs and Kelly.

3.6.3 Temporal Interference and Time Indeterminacy

In the preceding sections we have repeatedly referred to temporal indetermi-
nacies of events such as the passage of a particle through a space region, and
we have motivated this interpretation indirectly by invoking the quantum in-
determinacies of the relevant dynamical properties. The analogy between the
time—energy complementarity and the position-momentum complementarity
that emerges in the context of the Einstein’s photon box (a point strongly
emphasised by Cook [60]) suggests, however, that it should be possible to ob-
tain direct experimental evidence for the appropriateness of the indeterminacy
interpretation of time uncertainties. In the case of position and momentum,
the indeterminacy of the location of a particle passing through a screen with
two slits is demonstrated by means of the interference pattern on the capture
screen, which images the fine structure of the associated momentum amplitude
function. As a simple model illustration, if the wave function of the particle
at the location of the slit is given as

(4(1)71/2 if A—a<|z|<A+a,
Yo (z) =

0 elsewhere ,
then the momentum amplitude is given as the Fourier transform,

) sin (ap) .

Yo (p) = 2v/a cos (Ap ap

If the slit width a is small compared to the distance between the slits then the
factor (sin (ap) /ap)® describes the slowly varying envelope of the momentum
distribution while the factor cos? (Ap) describes the rapid oscillations that
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constitute the interference pattern. If the path of the particle were known,
one would have an incoherent mixture of two packets travelling through the
slits, and no interference would appear. Hence the ignorance interpretation
regarding the two paths is in conflict with the presence of the interference
pattern, which is due to the coherent superposition of the two path states. In
other words, the path is indeterminate, and it is objectively undecided through
which slit the particle has passed.

In a similar way, if one were able to offer a particle a multiple temporal
‘slit’, then the indeterminacy of the time of passage would be reflected in an
interference pattern in the associated energy distribution. As it turns out,
experiments exhibiting such diffraction in time, or temporal interference, had
already been carried out in the 1970s. In the experiment of Hauser, Neuwirth,
and Thesen [61], a beam of Mdssbauer quanta is emitted from excited °"Fe
nuclei, with a mean energy of Ey =14.4 keV and a lifetime 7 = 141 ns,
and is sent through a slit that is periodically closed and opened by means
of a fast-rotating chopper wheel. Then the energy distribution of the quanta
is measured. The count rate is around 3000 events per second, so that on
average there is about one photon within 2000 lifetimes passing the device.
This suggests that one is observing interference of individual photons. We
briefly sketch the analysis and interpretation proposed in [3].

The amplitude incident at the chopper,

f() (t) = e_t/QT e—iwot , WwWo = E()/h, t Z 0 s

is modulated into
[ (tsto) = fo(t) x (t;to) -

Here the chopping function x is equal to 1 for all ¢ > 0, which fall into
one of a family of equidistant intervals Z;, of equal length Tqpen distributed
periodically, with period Tchop, over the whole real line. For all other values
of t we have x (t) = 0. The time parameter ¢ indicates the difference between
the zero point of the decay process and the beginning of a chopping period;
its value is distributed uniformly over a chopping period if a large ensemble
of events is observed.

The Fourier transform of fo reproduces the Lorentzian shape of (8:32).
The energy distribution obtained behind the chopper should be given by the
Fourier transform of f (¢;tp),

F (w:to) :/Rdtf(t;to)e“t SN T ACEEED AR
k ke k

Hence, the expected spectral intensity is

‘2 (3.59)

J(wito) = ‘f(w;to)
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This corresponds to a coherent superposition of the temporal partial packets
1 (t;to). The observed distribution is obtained by averaging J (w; o) over one
chopping period with respect to %,

1 Tchop
3@) = g /O dto 3 (wi to) - (3.60)
chop

Now, if one assumed the time window through which each photon passes to
be objectively determined (albeit possibly unknown), then one would predict
the tg-average J° (w) of the spectral distribution

2
‘ (3.61)

J°P (w;tp) = Z ‘fk (w; tp)
k

A calculation yields that the shape of the distribution 3°P (w) is very similar to
a somewhat broadened Lorentzian curve, whereas J (w) shows a sharp central
peak and several distinguished, symmetric side peaks of much smaller am-
plitudes. The latter is in excellent agreement with the experimental spectral
data.

The increase of the overall width of the spectral distribution can be seen
as a consequence of the temporal fine structure introduced by the action of
the chopper. Similarly, the fine structure of the spectral distribution is linked
to the overall width of the temporal distribution: the latter is of the order
of the lifetime, while the former is approximately equal to the undisturbed
linewidth. This behaviour is in accordance with the Hilgevoord—Uffink rela-
tion (B4I]) between the overall width and the translation width for a pair of
Fourier-related distributions, which is thus found to be (at least qualitatively)
confirmed.

We conclude that the spectral interference pattern exhibited in this ex-
periment demonstrates the non-objectivity, or indeterminacy of the time of
passage of the photon through the chopper. It is tempting to go one step
further and claim that the time of the emission of the photon is equally inde-
terminate.

In 1986, time indeterminacies were demonstrated for material particles,
in an observation of quantum beats in neutron interferometry by Badurek
et al. [62]. Similar temporal diffraction experiments have been carried out in
recent years with material particles, namely atoms [63] and neutrons [64]. The
results obtained are in agreement with the time—energy uncertainty relation.
The issue of the (non-)objectivity of event times has also been investigated
from the perspective of Bell’s inequalities. In a seminal paper of Franson [65],
an interference experiment with time—energy entangled photons was proposed.
Subsequent measurements by Brendel et al. [66] and Kwiat et al. [67] yielded
observed fringe visibilities in accordance with quantum mechanical predictions
and were significantly larger than allowed by a Bell inequality that follows
from classical reasoning.



3 The Time-Energy Uncertainty Relation 103
3.7 Conclusion

We summarise the main types of time—energy uncertainty relations
AT AE Z h (3.62)

and their range of validity depending on the interpretation of the quantities
AT and AFE:

(1) A relation involving external time is valid if AT is the duration of a
perturbation or a preparation process and AF is the uncertainty of the energy
in the system.

(2) There is no limitation to the duration of an energy measurement and
the disturbance or inaccuracy of the measured energy.

(3) There are a variety of measures of characteristic, intrinsic times, with
ensuing universally valid dynamical time—energy uncertainty relations, AE
being a measure of the width of the energy distribution or its fine struc-
ture. This comprises the Bohr—Wigner, Mandelstam—Tamm, Bauer—Mello,
and Hilgevoord—-Uffink relations.

(4)Event time observables can be formally represented in terms of posi-
tive operator-valued measures over the relevant time domain. An observable
time—energy uncertainty relation, with a constant positive lower bound for
the product of inaccuracies, is not universally valid but will hold in spe-
cific cases, depending on the structure of the Hamiltonian and the time
domain.

(5) Time measurements by means of quantum clocks are subject to a dy-
namical time—energy uncertainty relation, where the time resolution of the
clock is bounded by the unsharpness of its energy, 6t > h/AE.

(6) Einstein’s photon box experiment constitutes a demonstration of the
complementarity of time of passage and energy: as a consequence of the quan-
tum clock uncertainty relation, the inaccuracy dF in the determination of
the energy of the escaping photon limits the uncertainty AT of the opening
time of the shutter. This is in accordance with the energy measurement un-
certainty relation based on internal clocks discovered recently by Aharonov
and Reznik.

(7) Temporal diffraction experiments provide evidence for the objective
indeterminacy of event time uncertainties such as time of passage.

Finally we have to recall that:

(8) A full-fledged quantum mechanical theory of time measurements is still
waiting to be developed.
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Jump Time and Passage Time: The Duration
of a Quantum Transition
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schulman@clarkson.edu

4.1 Introduction

It is ironic that experimentally time is the most accurately measured physical
quantity, while in quantum mechanics one must struggle to provide a defini-
tion of so practical a concept as time of arrival. Historically, one of the first
temporal quantities analyzed in quantum mechanics was lifetime, a property
of an unstable state. The theory of this quantity is satisfactory in two ways.
First, with only the smallest of white lies, one predicts exponential decay,
and generally this is what one sees. Second, at the quantitative level, one
finds good agreement with a simply derived formula, the Fermi—-Dirac Golden
rule, )
T
T oE)(THI (1)
Equation ([@I) uses standard notation. I" is the transition rate from an initial
(unstable) state |i) to a final state |f). The transition occurs by means of a
Hamiltonian H. The density of (final) states is p, evaluated at the (common)
energy of the states |¢) and |f). In terms of I, the lifetime is 7, = 1/I".

The lifetime 7y, is not a property of any one atom (or whatever), but rather
of an ensemble of like atoms. For much of the twentieth century this was suf-
ficient. One was taught not to inquire too closely about the time evolution
of an individual member of an ensemble. An exception to this informed ne-
glect arose as technology allowed experimentalists to focus on transitions in
individual atoms [I]. Although one can recast these phenomena in ensemble
terms, the ensemble is typically conditioned on the fact of the ultimate decay
of the system studied. But a similar extension of naive ensemble interpreta-
tions was already present in studies of tunneling time. The barrier penetration
phenomenon of quantum mechanics was sufficiently provocative in its denial
of classical notions that one sought places where conventional ideas could be
applied, e.g., trying to assign a time of passage through the barrier. This sub-
ject has a long history and a collection of recent views can be found in [2].
Again, in principle, for barrier penetration one deals with ensembles, but if one

I =
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measures passage time there would need to be conditioning on the fact of the
transition, observations of individual transits, and a time interval measured
for each. Our notation for tunneling time (without distinguishing among the
many definitions) is 7.

The tunneling-time concept allowed further probes of the Copenhagen
view of quantum mechanics. A decaying particle, for example, a nucleus in
the Gamow model of alpha decay, was said to undergo a quantum jump. The
idea (I guess) was that you could measure the particle in its initial state or
in its final state. But getting from one to the other was a “jump.” It took a
measurement to distinguish one state from the other, putting the jump itself
beyond the scope of quantum mechanics, or at least of ordinary unitary time
evolution. However, if one could ascribe to the particle a trajectory under the
barrier, along with a time during which the particle tunnels, then one has
made the first steps in the analysis of this “jump.” Assigning a trajectory is
problematic [3], although several authors have used the Feynman path integral
[4, 5l [6], acknowledging the limitation that the path contributions only add
as amplitudes, not probabilities.

A different “quantum jump” was exhibited experimentally in the 1980s
[7, [8, [@]. This involved an atomic transition for a single atom. There was not
any “path under a barrier” and as indicated the notion of ensemble needed
updating. In particular, one could no longer muddle the distinction between
an abstract ensemble and the large number of atoms participating in decay
experiments.

In these experiments [T, [8] [] one monitored the atom closely, noting when
it was in its excited state. The duration of its stay in the excited state was
(quantumly) random, and repetition of the experiment gave statistics that
could be used to evaluate the lifetime. But from the data it was evident that
something else was happening—the famous or infamous jump—and that its
timescale, if any could be defined for it, had little to do with lifetime.

The question that I raised [10] was whether one could say anything about
the time interval that elapses between finding the atom in one state and find-
ing it in the other. One does not need the drama of [7, [8 9] to ask this ques-
tion. Radium (*?°Ra) has a half-life of about 1600 year and one can imagine
putting a single such nucleus in an inert matrix and waiting to see an a-decay.
(This is similar to the experiments cited, where seeing nothing meant that the
system was still in its metastable state.) The interval between being in one
state and being in the other is certainly brief. But is it, as early and perhaps
loose interpretations of measurement theory would have it, instantaneous?
Another example goes back to arguments for the quantized nature of light, as
demonstrated by the photoelectric effect. The “instantaneous” appearance of
electrons when ultraviolet light was turned on was a blow to classical inter-
pretations [I1]. But again, “instantaneous” is a matter of technology, and the
bounds on this time interval were only about a nanosecond.

In this chapter I will define two times, each related to the question asked.
But they are in general quantitatively different from one another. The times
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Table 4.1. Characteristic times

Time Name Description

T Lifetime Usual lifetime for decay, h/2mp(E)|(f|H|i)|?

Tz Zeno time Inverse of energy spread, ii/\/(¢|(H — Ey)2[t)

Ty Jump time 72 /T

Tr Tunneling time  As in barrier penetration

TP Passage time Minimum time to go from a state to a L one, 777/2
TR Response time A property of monitoring apparatus

TeM Pulse time Interval between ideal pulsed measurements (cf. QZE)
Thoor Door time Metaphorical

are called jump time and passage time. Roughly speaking, the first measures
how long it takes for the transition process to get seriously underway and the
second measures how long it takes to complete the process in a single exemplar.
But it is better not to use too much verbal description. From the definitions
below and from the applications, the relevance of each should emerge.

The jump time is designated by the symbol 7;. In Sect. 2] T will moti-
vate my definition and arrive at a quantitative expression. The considerations
parallel arguments arising in the quantum Zeno effect (QZE). The formula
for 7, turns out to be the next simplest thing you could construct from the
Hamiltonian after ([@.T]).

The passage time, designated 7p, has a precise mathematical definition,
although in a specific experimental situation it will depend on the apparatus
as well as on the system undergoing the transition. It arises from a bound on
the minimum time for a state to evolve (with given Hamiltonian) to a state
orthogonal to itself.

Definitions are tested by what you can do with them, what they unify. I
will show that 7, arises in several contexts. It is a generalization of tunneling
time (7). It satisfies a kind of time-energy uncertainty relation. For certain
transitions it establishes the experimentally observed timescale, although for
atomic decays it is immeasurably short. Passage time is related to a theoretical
bound found by Fleming [12], a bound not hampered by requiring notions of
what a “measurement” is supposed to be. Although with respect to my own
ideas on quantum measurement theory 7 may prove more significant than 7,
its dependence on the measuring apparatus limits its general applicability.

Finally, because of the many characteristic temporal quantities that will
be defined here, I have included Table 1] for reference.

4.2 Jump Time

How long does it take to walk through a doorway? Call this time 7p,,.. Con-
sider the following experiment. A stream of people pass through a door, one
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at a time. From time to time, and without looking, I fire a marshmallow
across the doorway. Anyone hit by a marshmallow must turn back. Assume
the marshmallow crosses the doorway instantaneously. If I fire IV times during
a time interval of duration T', then I expect to turn back a fraction N1p,,, /T
of the people. An experiment to measure 7p,,, would consist of gradually in-
creasing the marshmallow firing rate until no one can cross. The estimate for
Thoor WOUld then be T'/N. In other words, when my firing rate reaches 1/7,.,
I stop the traffic. Without further refinements this measurement would not
define 7p,,, by better than a factor 2, i.e., it defines a timescale, rather than
a precise time.

The same perspective motivates the definition of quantum jump time.
The decay, or other quantum transition, corresponds to getting through the
door. The process-terminating interruption is an “observation,” a quantum
measurement. As for tunneling time, the use of classical concepts means that
the doorway analogy is incomplete.

We formalize the discussion: at intervals §t project onto the initial states,
i.e., measure whether the system is still in its initial state. If these disturbances
do not slow the decay, then dt is to be considered longer than the jump. On
the other hand, if these projections do slow the decay, then they have reached
its timescale. In this way I arrive at a context similar to that of the quantum
Zeno effect [13].

Let the system begin in a state v and let the full Hamiltonian be H. After
a time dt, 1) evolves to exp(—iHdt/h)[1)). One checks for decay by applying
(1|. The probability that it is still in 1 is p(dt) = |[(¢| exp(—iHt/R)[p)|>. A
short calculation shows that

pio) =1~

)2 + O(st") (4.2)

where 5
h
72

C(WIH = Ey)?lY)
and Ey = (Y|H|y). I call 7, the “Zeno time,” notwithstanding my lack of full
concurrence with the classical allusion [14].

(4.3)

Remark: It is worth taking a second look at the derivation of ([@2), since
the appearance of high-frequency terms in the off-diagonal matrix elements
has exercised some authors [I5]. Let

f(t) = (Yl exp(—i(H — Ey)t/h)|¢) .

First, assume that this function has at least three derivatives in [0, t], so that
in particular, besides Ey, (¢|H?|¢) and (¢)|H3|1) must be finite. Then by
standard theorems, one can write f(t) =1 — (t/7,)?/2 +t> f(t*) for some t*
between 0 and ¢. Calculating |f|? (to get p(t)) shows the deviation from 1 —
t2/72 to be no larger than O(#3). When a fourth derivative exists, Re f (0) = 0

implies (d2]).
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Now suppose that many projections are made during a time ¢, carried out
at intervals 7p,;. Then to leading order, at t, the probability of being in v is

t/Tem Tewm ET; B/
plnterrupted (t) = |:p(TPM):| ~ |:1 - < ™ PM)} ~ exp (_tTPM/TZ2) .

t 72
(4.4)
To define a jump time, we want to know whether this differs from standard
decay. Without projections the probability for being in ¢ is

P Uninterrupted (t) = eXp(—t/TL) (45)

with 7, = 1/I" the usual lifetime (“I'” of ([@1])). Comparing (@A) and (€3,
we see that the interrupted decay will be slower for 1oy < 72 /7, [16]. We are
thus led to define the “jump time” as the time for which the slowdown would
begin to be significant, namely

T, = TZQ/TL . (4.6)

In words, 7, is the time such that if one inspected a system’s integrity at
intervals of this duration, the decay would be slowed significantly [10] [I7].

Remark:  Because my goal is only to define a timescale, I do not attempt
greater precision. For example, in ([@3]), because of the initial quadratic de-
pendence, one may want to change the extrapolated time-zero value. For our
purposes, however, the normalization is irrelevant, since it is the decay rate
whose equality fixes 7;.

Remark:  Recall that () uses the first moment of the Hamiltonian. The
jump-time definition, (@0]), involves the second moment, in a way, the simplest
step beyond minimal decay information.

4.3 Corroborations of the Definition

The usefulness of jump time will be demonstrated in a number of contexts:
(1) comparison with tunneling time; (2) time—energy uncertainty principle;
(3) reconciling continuous measurement with the QZE; and (4) experiments
on the quadratic regime of decay.

4.3.1 Comparison with Tunneling Time

In [I4] a simple example of quantum tunneling was studied in an effort to
estimate 7,. There is an interesting complication in this calculation, namely
the dependence of 7, on the initial state (¢ of (@3))). This complication is
the reflection of a recurrent problem: What is a metastable state? For
this question is not critical, since by the time the exponential decay sets in,
transients have disappeared. But now it is the transients we study. Our choice
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in [14] was to minimize the second moment of the Hamiltonian, hence to
maximize 7,. With this approach we found, with fairly rough approximations,
that

T2 = TyTr . (4.7)

Comparing this to ([£.0), it is seen that for this kind of transition, the tunneling
time is the jump time.

4.3.2 Time—Energy Uncertainty Principle

An interpretation of 7; in terms of bandwidth and uncertainty relations can
be found by combining (&3)), for 7,, with (@IJ), for lifetime, 7. After some
manipulation one obtains (]1)) = |¢), the initial state)

TZ2 1

T f dE p(E) \E|H Ey|9)|?
2l p(Ey)  [(fIH[Y)|?

(4.8)

Because of the orthogonality of the initial and final states, one can insert a
“—FEy” into the Golden rule matrix element. Thus the ratio

p(E) (EH — Ey[)?
p(Ey)  [(fIH])

is of order unity when E passes through E,;. As E moves away from E, a
variety of patterns is possible, depending on the specific physical situation.
One scenario is for this ratio to become smaller, mainly because with increas-
ing energy deviation, |E) becomes rather different from i) [I§]. In any case,
this ratio, whose numerator incorporates transitions to all possible on-shell
and off-shell states, measures the ability of the Hamiltonian H to move the
system away from its initial state. One thus has a band of accessible transition
states.

With this perspective, 7; is (the inverse of) an integral over energies (or
frequencies) of an order unity function describing the modulation of the low-
est band of accessible states. It follows that 7; is the inverse bandwidth for
the transition. This is a completely reasonable conclusion: you would like to
create a situation where the system’s transition is sudden. Your success is
governed by the frequencies available. The accessibility of those frequencies is
the essence of the bandwidth. This makes the jump time a reflection of a kind
of time—energy uncertainty relation. As such it is a statement of this relation
that is consistent with the views expressed in [19].

(4.9)

4.3.3 Reconciling Continuous Measurement with the QZE

The sequence of infinitely rapid projections envisioned in the usual derivation
of the quantum Zeno effect is hardly the way measurements actually take
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place. Mostly they could be described as “continuous,” in the following sense.
An apparatus monitors a system and when some particular event takes place
it is triggered and reports that event. Before that report, the apparatus, by its
silence, is telling you, “No, the event has not yet taken place.” If this picture is
true, then one should expect all decay to be suppressed, since the unwavering
attention of the apparatus should act like a continuous check — effectively with
a zero time interval between measurements — that no decay has taken place.

This problem was addressed some years ago by several authors [20], 2T} [22]
23], some of whom also wished to dispense with the (perhaps metaphysical)
traditional notion of “measurement” and instead include the apparatus as
part of the quantum system. They found that adding apparatus-like terms to
the Hamiltonian could stop or slow the decay.

In recent work [24], T found that the important criterion for determining
which “continuous” measurements could affect decay (or any transition) was
a comparison of two quantities: the response time of the apparatus and the
jump time of the system being measured. The essential physical idea is that
no measurement is “instantaneous” and any apparatus represents a sequence
of physical processes, first getting the signal to the apparatus and then having
the apparatus register that signal — the latter typically involves irreversible
amplification. What I found was that when the response time of the apparatus,
Tr, Was on the order of 7, the decay would be hindered. In particular, an
apparatus with response time 7 had the same effect in slowing the decay as
idealized pulsed measurements with pulse time 74, = 47:. Moreover, from
the development of Sect. of the present article, 75y should be less than or
equal to 7, for there to be a significant effect. Consequently the same criterion
should hold for 7. This prediction—including the factor 4—has recently been
tested experimentally [48] and indeed it turns out that the response time of
the apparatus plays the role of pulse time with respect to the QZE.

The demonstration proceeds by making a model of a decay plus an appa-
ratus that “continuously” monitors that decay. The model Hamiltonian and
wave function for the decay alone are

H= <§5 f’j) and o = (;”) (4.10)

where z € C, @ and y are complex column vectors of the same dimension,
and w is a diagonal matrix. The Schrodinger equation (with i = 1) becomes

iz =o'y, i = wy + Pz . (4.11)

One can derive the decay rate from (LI1]) by assuming the time dependence
exp[—i(E — iI'/2)t] for both x and y. One obtains

Eoil —af ! /d (W) (4.12)
=P _w—irp? E- w—zF/2 '

where the arrow indicates a continuum limit, p is the density of states,
and ¢ the appropriate limit of &. The usual manipulations now give
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I' = 27p(0)|$(0)|?, the Fermi-Dirac golden rule. The Zeno time for the state
with 2 = 1 (and y = 0) is simply 7, = 1/V 1.

The Hamiltonian in (I0) can be thought of as describing a two-level
atom coupled to the electromagnetic field. For 1! = (2*,0) the atom is in the
unstable state (call this level #1), while 1 = (0,y") describes the decayed
atom (in level #2) with photon(s) emitted. As a monitoring device we imagine
another system coupled to the atom that allows the atom to decay once more
(to atomic level #3), emitting one or more additional photons, providing
sufficient decoherence for this to be considered a measurement. The coupling
strength between levels 2 and 3 will be thought of as adjustable (perhaps
some function of an external electric field). Such a model is embodied in the
following Hamiltonian

0 ot 0
H=|¢ w 6of]. (4.13)
0 e W

The additional levels, {W}, can be thought of as the apparatus and © is the
2-3 coupling. We assume that the levels are numerous enough and so dis-
tributed that the transition induced by this coupling is effectively irreversible.
To see how the combined system behaves we make a substitution similar
to that done above: all components of the wave function are given the time
dependence exp(—izt). One obtains
1

2= . D (4.14)
z—w-—0"_ 1.6

In the usual way (which was implicit above), 1/(z — W) is evaluated using the
formula 1/(z £1i€) = P(1/x) F imd(x). We write the result as

1 Iy

of WO =AE-i, . (4.15)

2 —
This formula uses the reasonable assumption that © does not depend on which
photon was emitted in the 1-2 transition. Iy is the essential descriptor of the
apparatus, indicating the rate at which it takes the atom from level #2 to
level #3. The inverse of Iy is thus the response time of the apparatus, which
we denote 7. Equation ([@I0)) is inserted in (@I4]) to yield

1
2—w—AE+ !

2TR

2=l (4.16)

We next assume that the response time is so small that its inverse dominates
the z —w — AF term in the denominator of (£I6). The imaginary part of z
is thus a transition rate away from the initial excited state, in the presence of
the observing apparatus. Writing Im z = —Ieenive/2, ([EIG) implies

47r

(4.17)

Feffective = 2
7-Z
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(using '@ 72 = 1, which is still true for the full H, including the apparatus).
If AF is itself comparable to 1/7; there is a slight modification of (&I7),
reducing g eciive, but unless 7o AE > 1 this does not change our qualitative
conclusions.

The expression ([@IT) is to be compared to the effective decay rate when
under pulsed idealized observation, as conventionally described in the QZE.
From our (4]), this rate is 7y /72. Comparing this with (@IT), we see that
the same degree of hindrance is obtained for an apparatus with response time
7= and pulsed measurements (projections) at intervals Tey, provided

T = Teum /4 . (4.18)

Moreover, as discussed in Sect. .2 neither interruption will slow the decay
unless it is < 7. As indicated, the relation ([AI8]) has been checked experi-

mentally [48].

Remark:  Once one deals with Hamiltonians and ordinary unitary evolution
(rather than mysterious wave function “collapses”) both for the “system”
and for the “apparatus,” another perspective is opened for understanding the
hindering of decay because of continuous, rapid-response observation [25]. One
starts with a system (with Hamiltonian (£I0)), which has a continuum into
which to decay. Coupling a detector to this can be thought of as changing the
spectral properties of the combined system. In particular what it can do is
push the energy of the excited level and the continuum into which it decayed
away from one another. Thus the halting of decay occurs because there are
no longer levels that match (including the photon energy) the energy of the
excited atom. This is discussed in [25] and [24]. A continuous version of the
anti-QZE [16] has a corresponding explanation.

4.3.4 Experiments on the Quadratic Regime of Decay

Atomic and nuclear transitions take place quickly, putting the times discussed
in this chapter out of reach of contemporary measurement for those systems.
In [I0, I7] I estimated that for atomic transitions 7, ~ 1072°s. However,
there is a recent experiment [26] where the potential seen by the particles, in-
cluding a barrier, has a distance scale of a few hundred nanometers. This
experiment, a measurement of Landau—Zener tunneling, has (for us) two
benefits: the timescales are much longer and the potential can be quickly
modified.

The experiment [26] consists of putting ultracold Na atoms in oppos-
ing laser beams that have a relatively small frequency difference between
them. As a result the potential seen by each atom is time-dependent. Go-
ing into the atom’s accelerated frame, the potential can be written V' =
Vo cos(2krx) + aMx (“tilted washboard”), where a is the acceleration arising
from the frequency mismatch. Initially a small value of a is given to get rid of
atoms not caught in the potential, after which it is sharply increased, giving
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rise to the tunneling situation. It is then switched off in such a way that it
is possible to deduce what fraction of the atoms has escaped from the poten-
tial. For long times this quantity dies exponentially with a timescale of 70 us.
However, for short times it is demonstrably not exponential — it begins with
what appears to be zero slope, tilts a bit, and then after roughly 5-10 us goes
over to the exponential form.

In [27) T showed how one could get a back-of-the-envelope estimate of the
duration of this transient period. Recall that my derivation of the jump time,
Ty, was essentially a play-off of the quadratic and exponential time depen-
dencies (ignoring finer nuances of the decay curve). Hence it should provide
an estimate of the duration of the transient period in the experiment just
described.

To make this estimate it was not necessary to calculate either of the quan-
tities 7, or 7. Instead I appealed to the interpretation of 7; as inverse band-
width, ([@8). Which states are accessible to the atom in this potential? In
fact it is a periodic potential and the atom is initially in its lowest band. If
it were not for the tilt, the states in this band would be eigenstates of the
Hamiltonian. The tilt couples these states and makes the otherwise stable
states unstable. I thus take the band of accessible states to be just the band
of Bloch states. But the width of this band can be calculated from the period
of the potential and the mass of the atom. The bandwidth is just

R?K*?
E, = 4.1
b= onf (4.19)
where M =~ 23M, and the wave number is K = 1/94 nm [28]. We evaluate
h 2M
T, = B, ~ hK? ~ 6 us. (4.20)

Comparing this to Figs. 3 or 4 in [26], it can be seen that the agreement is
excellent. In evaluating ([£20) there are many powers of 10, and I found it
remarkable that they condense to any reasonable result, much less one that
was close to the actual experiment [29].

Remark:  The closeness of the evaluated time in ([@20]) to the experimental
result should be considered fortuitous. My estimate depends on the wavelength
of the light and the mass of the particle. It does not explicitly depend on the
strength of the potential or on the rate of acceleration, features that are known
to affect the duration of the nonexponential decay.

4.4 Passage Time

4.4.1 Fleming’s Bound and the Ersak Equation

Given a Hamiltonian H and a state v, define U(t) = exp[—i(H — Ey)t/h],
with Ey = (Y|H|¢). We define a quantity related to what Fleming [12] calls
the integrity amplitude
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f@) = @U@) - (4.21)

Next, the function ¢; is defined to be that portion of the evolute that is
orthogonal to v,

U@y = fFO1) + e (4.22)

with (¥]|¢) = 0. Successive application of U(t) and U(t') to ¢, followed by
left multiplication by %, leads to

fFlt+t) = fFOFE) + @IUE) ) - (4.23)
Using the variable —¢', the adjoint of [@22]) is
(WIUE') = @I (=t) + ¢ - (4.24)

Multiply this equation on the right by |¢:) to yield (Y|U(t)|p:) = (d—1/|dt).
When this is substituted in (£23), we get

fFE+1) = fA)f{E) + (d-vdr) - (4.25)

Fleming calls this the Ersak equation. Take the derivative of (23] with re-
spect to t', set ¢’ to zero, and use the fact (from (£21])) that f(0) = 0 to
yield

F(t) = (o) - (4.26)
From the derivative of [@22)) it is clear that
- 1 AH)?
(oldo) = o I — Bly) = 8 (a.27)

For convenience we write f = gexp(iy), with g real and nonnegative and ~y
real. We apply the Schwarz inequality to ([@.20]):

. AH
A< 37— g2 (4.28)
Using |f|? = ¢% + 52¢2, we immediately have
., AH
ol < A g2 (4.29)

Finally, letting ¢ = cos provides a bound on 6, specifically, 4] < AhH . Since
g starts at 1, 0 starts at 0, and it follows that

AH
o(t) < L t (4.30)
This gives our desired bound. Recalling the definition of g, it shows that no
state can become orthogonal to itself in less than 7h/2AH. But this last

quantity is just 77,/2, in our earlier notation.
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This result was derived by Fleming [I2] and leads us to define the passage
time, 7 = 77,/2.

To confirm that the bound can in fact be attained, let H = o”0, (o =
Pauli spin matrices) and ¢ = |4). Then 7, = hi/a, and the system turns
over in m7,/2. This example, however, does not clarify the relations among
the many times that have been defined in this article. Because there is no
exponential decay in this case, 7;, is not clearly defined. If one takes it to be
the time to first extinction, then 7,, 7., 70, and 7; are all essentially the same.

The example of the last paragraph is realized in a real-world system: chi-
ral molecules that can exist in two reflection-related isomers. In practice those
molecules for which the transition time between isomers is anything but micro-
scopic appear as one or the other isomer, never the symmetric superposition
that is the system’s true ground state. This and similar phenomena have been
attributed [30, BI] to a manifestation of the QZE. The idea is that merely
by virtue of being in solution the molecules are constantly buffeted about
and “observed,” or decohered. The timescale for this is the inverse of the en-
ergy split between the theoretical symmetric and asymmetric states of the
isomers, which is expected to be extremely long (hence the decay is subject
to interruptions on the timescale of collisions in solution). But as remarked
in the last paragraph, this situation does not distinguish among the various
characteristic times, since all are the same.

2

4.4.2 Implications of the Bound in Measurements

As just shown, no quantum system, under unitary evolution alone, can become
orthogonal to itself in less than 7, where 7 is, up to a trivial factor, what we
have called 7. In particular, for a given state, 1, and given Hamiltonian, H,

T, T h
2 2 /W|(H = Ey)le)

Moreover, we showed that for at least one system, possessing only two levels,
the bound is actually attained.

In general measurements, however, the Fleming bound may have little
to do with the time the system needs to complete its transition. Thus the
Landau—Zener tunneling experiment shows transitions within the first mi-
crosecond, although the jump time is ~ 5 us. In this case, since the measured
Ty, is ~ 70 us, the Zeno time would presumably be the algebraic mean, ~ 20 us.
There is no doubt, from the inspection of the data, that many transitions occur
well before 7. How can that be?

The answer is that proper use of the bound requires that the Hamilto-
nian of the measurement apparatus be included in the “H” of Sect. 4.1l
In general this can involve enormous energies, much larger than those of the
system measured (were it in isolation). Thus, for the full system, 7,*" may be
extremely short, in particular shorter than even 7; of the isolated system. In

(4.31)

Tp =
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the tunneling experiment [26], one has a time-dependent Hamiltonian, reflect-
ing the fact that controlling the value of the acceleration, a, as a function of
time, is an important part of the successful performance of that experiment.
Thus during the time that the crossed beams are turned on at their maxi-
mum a, the wave function of the atom in the tunneling experiment is partly
in the well, partly in the barrier, partly outside. The sudden change in the
confining potential means that the apparatus is interacting directly with the
system, leading to a large energy spread. This remark is related to the story
told to students when they first encounter barrier penetration: if you check
whether the particle “really” is in the barrier, you would introduce enough
energy to overcome that barrier. (A change in 7, due to measurement was
also seen in [25], but there the “apparatus” coupling stops the decay rather
than facilitates it.)

What I now show is that for some kinds of measurement the Fleming
bound provides direct physical information. Moreover, serious attention to
this bound can provide an experimental test for my own theory of what takes
place in a quantum measurement [32].

We again consider the “apparatus” of Sect. The Hamiltonian is

0 & 0
H=|® w Oof]|, (4.32)
0 6 W

where H isa (1+N+ M )x (14 N+ M )-dimensional matrix; N is the dimension
of the diagonal matrix w; and M (>> N) the dimension of the diagonal matrix
. The states of the system are of the form ¢t = (z*, yt, 21), 2 € C,y e CV
and z € CM. The physical scenario is this. The normalized state ¥ with
x = 1 represents an undecayed atom; call its level #1. It is coupled, perhaps
electromagnetically, to states with y # 0, z = 0, via the coupling terms .
The “y” states represent the atom in its decayed state (call it #2) plus one
or more photons. Now it may happen that the atom can continue its decay
to a third level, or perhaps by varying an external field that decay can be
encouraged. Let the atom in that third level plus all emitted photons (from
both steps) correspond to the various “z” levels. As in Sect. [£3.3] this second
transition involves considerable decoherence and provides the irreversibility
and amplification characteristic of the measurement process. Thus the way
the rest of the world knows that the system has decayed from level 1 to
level 2 is realized through the coupling, @, and the states with z £ 0.

The important point is that for this kind of apparatus—system coupling,
there is no change in 7,. It is still i/ V&P, The key is that the measurement
works by coupling to the decay products, not to the original state [33], thus
leaving 7, and 7, unchanged. For such measurements, the Fleming bound
does not allow the state to be completely out of its original level, nor to be
completely in any other, for ¢t < 7.
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4.5 Experimental Discrimination among Quantum
Measurement Theories and “Special States”

4.5.1 Testing the Foundations

Suppose you had an apparatus of the type described in Sect. [£4.2] i.e., one
that couples only to decay products (cf. [@32). If this were a system for
which 7, is known, then one could say with confidence that unitary evolution
alone cannot bring the wave function entirely to the decay states before 7.
What are the implications of this according to the Copenhagen interpretation
of quantum mechanics? Answer: none. You can still (for ¢ < 7) measure
the system to be in the decayed state (presumably, using this measurement
apparatus), and as usual the probability of doing so would be the absolute
value squared of the amplitude in the decayed state — no need for this to be
unity, just strictly positive.

By contrast, according to the explanation for the definiteness of quantum
measurements that I have proposed [32], you would only get a definite mea-
surement of the decay when the entire wave function has entered the Hilbert
space of decayed states. I will not review these ideas here, and refer the reader
either to the indicated book or, for a less complete version, to [34].

This allows an explicit experimental test of my theory. A system is put
in an unstable state and then shielded from the environment, except for an
apparatus monitoring its state indirectly, i.e., by checking for decay products.
For this system (for which I do not have a specific physical proposal yet)
you would need to calculate or bound 7p. I then predict no decays before 74,
whereas the Copenhagen interpretation imposes no such ban (despite some
relative reduction if the system is still in the quadratic decay regime).

Although complete blocking of the environment can be difficult (cf. [32]),
the quest for quantum computers has in recent years developed experimental
tools for just this goal. I look forward to exploring this further.

4.5.2 Special States for Decay

The motivation for this subsection is explained in [32]. Briefly, in Sect. 51l
I indicated that according to my ideas no decay could take place until ¢t > 7.
But what if t = 277 Would the system then decay, i.e., exit completely from
the state x = 1, as my theory requires? From the Hamiltonian (£32]) it does
not look that way. For moderate © (hence 1) one gets the usual exponential
decay: on a scale of 7, the wave function gradually passes out of its initial state.
Since, generally, 7, > 7 this implies that at 27, most of the wave function
is still in the undecayed state. My explanation for the manifest observations
of decay at short times (but > 7) is that there are special states of the
environment for which the decay does go to completion, despite the fact that
for the vast majority of environmental states this does not happen. Why
Nature chooses these “special” states is discussed in [32]. What I wish to show
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in the present article is a special state for decay in the model Hamiltonian
[#32), or in something close to it.

The physical environment is not represented in ([£32]). The main environ-
mental richness is in the initial state of the ambient photon field when the
atom is still in its level-1, undecayed state. But this requires a cross product
of available photon states with the (1 + N + M)-dimensional Hilbert space
I have heretofore considered. Instead of this, I will simplify by incorporating
the field-initial-condition information in © itself. This quantity, in the rotat-
ing wave approximation, is of the form © = 3", |3><2|a,1, with aL the photon
creation operator. (Multiple photon creation is also allowed.) If the field of
preexisting photons (before the decay) is well occupied, both aj and az can
be approximated by /nk, with n, the occupation number of the Ath photon
mode. This means that the features of the environment appear as particular
values of the components of ©.

I have already presented something like this in [35]. T assumed that the
environment fluctuates near the atom, effectively modifying @. With a partic-
ular @(t) the decay is complete by 7. However, this demonstration required
beliefs about what the field could accomplish, beliefs that I did not explicitly
justify.

I will show next that with a purely fixed set of interactions (© and @) the
system will rapidly go completely over to an orthogonal state. The demon-
stration will not quite produce a state that makes it in 7, just v/2 times that,
but this establishes the main point.

With this in mind we break the subspace {(0,0, 2)} (z # 0) into two pieces.
One piece consists of a particular set of N levels (one for each dimension in
the space {(0,y%,0)} with y # 0). We assume that each of these has the
same energy as one of the “y” levels. (Recall this is the total energy, atom
plus photons, so these levels correspond to the atom dropping to level-3 and
emitting a photon of just the 2-3 energy difference, of which there are many.)
At the same time, we assume that the occupation numbers of those levels in
the ambient field are just such as to make the coupling to the “y” level with
energy wy equal to that same wy. The coupling of the remaining degrees of
freedom I call @, and the energies W. The Hamiltonian and the wave function
take the form

0 0 0 x
[P w w Of ly

H= 0 w w 0" Y= ¢ (4.33)
0 e 0 W Z

Now when most matrix elements of © are moderate, the passage out of the
initial Hilbert subspace of undecayed atomic states is slow, on the order of
7. If it can be demonstrated that by using only the restriction of H to its
first 2N + 1 dimensions one can get decay in a time on the order of 7,
then the remaining couplings and levels (@, etc.) will be negligible on that
timescale. Therefore I restrict attention to the first 2N + 1 levels and study

the Hamiltonian and states
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R 0 @ 0 x
H=|? w w]|, v=1y| . (4.34)
0 w w ¢

Two approaches will be used to analyze the dynamics. First give ¢ an
overall dependence exp(—iFt) (with i = 1). By the same manipulations that
led to (@I4), E is found to satisfy

E—-w 1( 1 1
E=9f &= ot by . 4.35
E? —2wE 2{ETZ2+ E — 2w } (4:35)

As in ([@IH), this becomes

1 E 1
E? = AE— IT') . 4.
272 + 2 < 4 > (4.36)
(The denominator “4” for I" arises from the 2w in ([@37]).) Generally both AE
and I' (which is the usual decay rate) are much smaller than 1/7,, so that to
a good approximation
1 }
~ - I
V21, 16

(where AFE is ignored). This implies that with the initial condition x = 1 the
behavior of = will be cos(t/v/27;,) to a very good approximation. This in turn
implies that 2 will hit zero when ¢ = (7/2)7,v/2. That value differs by a factor
V2 from the optimum defined by Fleming’s bound. The point though is that
with a bit of manipulation of the environment the decay has been speeded up
from a scale of 7y, to one of 7. (If the coupling, w, in H is changed to aw and
the ¢ energies set to o®w, then the time for reaching orthogonality becomes
7o(1 + 1/a2)'/2, which can be made closer to 7o by increasing a.)

This result can also be obtained by looking at the time-dependent equa-
tions generated by the Hamiltonian of (£34]). They are

E (4.37)

it =0y, iw=dr+twy+¢), i=wy+(. (4.38)

Add and subtract the second and third equations, integrate the equation for
the difference, substitute back for y, and finally take the derivative with re-
spect to t to obtain

1 10

)+ 2Tz2x(t) Y

t

/ dte 2= Py (s) ds . (4.39)
0

Define K (u) = @' exp(—iwu)®. This is an important kernel for studying decay

properties. Thus for unobserved decay ([@TIT]) implies & = — fot K(u)x(t—u) du.

Although the possibilities for K’s behavior are wide, for moderate times it typ-

ically drops rapidly, so that a reasonable approximation is K (u) =~ (I'/2)d(u).
The normalization can be checked by plugging into the equation just written
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for &. In (A39) we have K (2u), so that with the J-function approximation we

obtain
I . 1

x
8 272

For times less than 7; the -function approximation is not applicable, but the

Zeno time is generally much longer and is the scale now considered. With

initial conditions z(0) = 1, # = 0 (from ([3])) it follows that, to lowest order
in I,

t)=0. (4.40)

x(t) = cos(t/V/2r,)e /16 (4.41)

which agrees with our previous result. An amusing perspective on the early
vanishing of z is as the ultimate anti-QZE [16].

To further confirm that the approximations work, I have included Fig. [£1]
This is a numerical calculation of a decay that, in the absence of apparatus-
induced “specializing” effects, would show normal exponential decay. For this
calculation it is assumed that the coupling enhancement in the apparatus
arising from the extra photons in the particular modes k (the extra factors
“\/ni” mentioned earlier) only lasts for a period 75, after which the coupling
returns to normal.

This time dependence of @ illustrates the fact that the “specialness” of
the microscopic state includes timing. The added coupling due to the ambient
field is indeed ambient and once the transition is complete things return to
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Fig. 4.1. Survival probability as a function of time, linear, and log plots. The solid
line represents decay under the influence of the (matched photon) apparatus. The
dashed line is ordinary decay, with no apparatus, and on the log plot shows appro-
priate linear decline. (In this system 7, &~ 48 and a fit gives 7. ~ 393 yielding 7; = 6,
which is too small for a deviation to be seen in this figure.) These are computer cal-
culations of the survival probability with the Hamiltonians (@I0) and (@34) (with
transient coupling, as described in the text). From the analytic calculations, pas-
sage time should be v/27p ~ 106, and as is evident the decay in the presence of the
apparatus hits zero at a time close to this. The dashed curve, representing normal
decay, is far from zero at this time. In this calculation N = 101, and continuation
of the curve would eventually show quantum Poincaré recurrence
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normal. If the reader is encountering my ideas for the first time and finds the
choreography excessive, please be assured that the appearance of “unlikely”
microscopic states has been addressed extensively. What is likely or unlikely
is related to the thermodynamic arrow of time, and it is by exploring related
foundational questions of statistical mechanics that I am able to argue for the
plausibility of these ideas. If this has piqued your interest, see [32].

Remark:  The states just exhibited are special states for quantum jumps.
Another example, in which the environment plays an even more explicit role,

is [36].
4.6 Discussion

Under the unitary evolution given by the formal mathematical structure of
quantum mechanics, systems move gradually from state to state. For exam-
ple, an unstable atom still has amplitude in its original state after many of
its lifetimes. But in practice, which is to say in the lab, they go from being in
one state to being in the other, seemingly instantaneously. This is the “quan-
tum jump.” Experiments that saw single-atom transitions [7], 8, [9] appear to
confirm this perception. In the measurements, the system went from state to
state in a time beneath the discrimination of the observers, whereas when the
times spent in the unstable state were averaged, they recovered the lifetime
of the atom.

The problem studied in this chapter is whether the “quantum jump” is
indeed instantaneous or whether it could be assigned a duration, in theory and
in experiment. The longstanding problem of tunneling time, in connection
with barrier penetration, sets a precedent and is a guide. If that tunneling
represents a process necessary for decay, then surely the associated time is a
candidate (or a lower bound) for the duration of the transition.

Two characteristic times are defined here, jump time (7,) and passage
time (74). In general they are quantitatively different and it is the richness
of quantum mechanics, as well as lingering questions about its interpretation,
that allow two answers to what would be a well-defined question classically.

Both times use the Zeno time, 7,, defined in terms of the Hamiltonian of
the system and its initial state as

ro=h/\JWIH = B2le)  with By = WHD) . (442)

The jump time, 7;, takes what I consider to be a more traditional view
and is defined in terms of the timescale needed to slow (a la the quantum
Zeno effect) the decay. A “measurement” is an idealized projection leading to

T =T2/T . (4.43)

This time shows up in several contexts. It is related to tunneling time [14], for
those transitions where a physical barrier can be identified. Its inverse is the
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bandwidth of the Hamiltonian, in a kind of time—energy uncertainty principle
that governs the ability of the system to change state. 7, is also an indicator
of the duration of the quadratic decay regime in both experiment [26] and in
numerical calculations. (An illustration of the latter is Fig. 2 of [24].)

The jump time, 77, is motivated by considerations of the QZE. The usual
formulation of that effect is in terms of pulsed measurements, say at (pulse)
intervals Tpys. One is then faced by the fact that apparently continuous mea-
surements do allow decay. We resolve that paradox with a purely quantum
calculation (no measurement theory “black magic”) in which it is shown that
the measurement apparatus response time; say Tg, plays the role of pulse
time, and for short enough 7z observation will indeed inhibit decay. We ob-
tain the relation 7py; = 47g [24], a relation that has recently been confirmed
experimentally [48].

The passage time, 7, arises from pure unitary evolution alone, sans inter-
pretive steps. It is based on a bound [I2] that shows that for any H and v
the system cannot evolve to a state orthogonal to ¢ in time less than 7, with

T =TT,/2. (4.44)

If you think of H as the Hamiltonian of the system alone, then it would appear
that this bound has little to do with measurements. The “instantaneous” jump
occurs outside the realm of unitary evolution (so they say) and could certainly
happen faster than 7.

But I want to consider H to be the Hamiltonian of the system and the
measuring apparatus. This is a view I have advocated for quite some time
[37, B8, 34] and is the perspective taken by the many-worlds and decoherence
interpretations of quantum mechanics.

But even among those who accept this view, there is still no consensus
about the implication of 7, for an actual measurement. In my theory [32] this
bound implies that the apparatus could not detect a transition in less than
7p, making this the ultimate transition time. (And in the present article an
example was given of a special state that did manage the transition in close to
7p.) Of course, one can still have detection in times less than the 7, you would
calculate using the system Hamiltonian alone, since the full passage time of
system plus apparatus, 7,*", is in general much shorter than the restricted one.

Finally, there is a particular kind of detection in which the presence of the
apparatus does not change the passage time. This provides the possibility of
an experimental test of my measurement theory. One of my current goals is
to find a practical experimental setup in which this test can be made.
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Bohm Trajectory Approach
to Timing Electrons

C. Richard Leavens
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Ottawa, ON, Canada K1A OR6

5.1 Introduction

The timing of quantum events and of the duration of quantum processes is an
area of quantum theory that has been quite active for more than two decades.
Despite much effort by many people using a wide-ranging variety of approaches
based on conventional quantum mechanics, there are still controversial issues
to be resolved and considerable work remaining to be done. Even the extent to
which this is true is controversial. In the first edition of this book, Egusquiza,
Muga, and Baute [I] concluded “the long prevalent view that there is no
place for ideal time observables has been superseded” and “we do have the
(admitted elementary) tools for dealing with the simplest ones without in any
way distorting the standard framework of quantum mechanics.” This contrasts
with the recent statement of Diirr, Goldstein, and Zanghi [2] that “Time
measurements ... are particularly embarrassing for the quantum formalism.”
Faced with such strong differences of opinion, it seems worthwhile to heed
the advice of David Bohm that “there should be a kind of dialogue between
different interpretations”[3]. This chapter was written with this attitude in
mind. Arrival time at a spatial point — a simple example of an event time
— and dwell, transmission, and reflection times for a finite spatial region —
simple examples of time durations — are analyzed for Dirac and Schrodinger
electrons using the “Bohm trajectory approach,” i.e. within the framework of
de Broglie’s and Bohm’s [2] Bl 4 [5] [6] [7} [8, [9] causal alternative to quantum
mechanics. Then several approaches to timing quantum particles based on the
conventional theory are discussed from this point of view.

The use of a trajectory approach to timing quantum particles is motivated
in Sect. In Sect. the essentials of Bohm’s ontological interpretation of
quantum theory are sketched and then applied to timing electrons. Some con-
ventional approaches are discussed from the perspective of Bohmian mechan-
ics in Sect. B4l Spin-dependent arrival-time distributions for nonrelativistic
electrons are considered in Sect. A recent claim based on a gedanken

C. R. Leavens: Bohm Trajectory Approach to Timing Electrons, Lect. Notes Phys. 734,
129-[I62] (2008)
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protective measurement that Bohm trajectories are not real is addressed in
Sect. Concluding comments are made in Sect. 5.7

5.2 Motivation for Using a Trajectory Approach

For an ensemble of quantum particles prepared in the initial state ¢p(x) =
¥(z,t = 0), theoretical expressions [10} 1T} 12} 13| 14} (15 [16] for the intrinsic
(or ideal) distribution I7(T"; X ;) of their arrival times 7" at z = X are usu-
ally written — for those that do arrive — as the sum of two terms I7, (T'; X; 1)
and IT_(T; X ; 1), corresponding to arrivals from the left and from the right,
respectively, with no left-right interference term. Think classically for the mo-
ment so that the possibility of such an interference term is not an issue, to say
that a point particle arrives at = X at the time ¢ = 7' from the left (right)
means that the particle is located at x = X at ¢ = T and that it was in the
region z < X (z > X) at all times ¢ in the interval T — At <t < T for some
nonzero At. This concept is a simple, clear, and meaningful one for a particle
that moves along a continuous trajectory with a well-defined finite velocity
at each instant of time. Returning to the quantum case, one can attempt to
maintain this simplicity and clarity by adopting an approach involving contin-
uous particle trajectories, either “virtual” or “real,” and using a relativistic
wave equation to avoid infinite velocities. For the special case of electrons,
considered here, at least two such approaches come to mind. One is based on
Feynman’s path integral derivation [I7] of the 1 + 1 dimensional free-electron
Dirac equation using a “checkerboard” model in which particles move along
zigzag paths in space—time always at the vacuum speed of light c. It has re-
cently been shown [I8] that, when the finite correlation length for reversals
of direction discovered by Jacobson and Schulman [I9] is taken into account,
this model leads to an arrival-time distribution for free motion in 1 + 1 di-
mensions with no left-right interference term. The results for I7; (7; X') and
II_(T; X) are identical to those presented without derivation or discussion
over 30 years ago by Wigner [20] ] In another approach that comes to mind,
the trajectory method based on the causal version of the de Broglie-Bohm
ontological interpretation of relativistic quantum mechanics [3 [7} [§], the par-
ticle speed associated with a Dirac electron cannot exceed ¢ and there is no
left—right interference term in I71(7"; X'). Both approaches are simple and clear
but whether or not they are physically meaningful is open for discussion, par-
ticularly since the two arrival-time distributions are not identical. The first
approach is based on the implicit assumption that the arrival-time distribu-
tion calculated using the virtual paths of the checkerboard model is identical
to that for actual electrons, and the second approach is based on the explicit
postulate that Bohm trajectories are real. It is the latter approach — the Bohm
trajectory approach— as applied to electrons, that is the primary focus of this

! Wigner’s expression for I+ is not restricted to the special case of free evolution.



5 Bohm Trajectory Approach 131

chapter. This is developed in Sect. after a quick review of the relevant
essentials of Bohm’s causal interpretation of quantum theory.

5.3 Bohm’s Ontological Interpretation
of Quantum Theory

5.3.1 Brief Introduction

Much of the work on characteristic times for quantum particles in terms of
(assumed) real trajectories, as opposed to virtual paths such as Feynman'’s, has
been carried out within the framework of Bohm’s ontological interpretation of
quantum mechanics [2] 3[4 [5] [6] [7] 8 ©]. In the causal version of the theory,
tailored to the single-particle problem of interest here, it is postulated that
an electron propagating in a potential V(r,t) is an actual point-like particle
and an accompanying wave ¥ (r, t), which probes the potential and guides the
particle’s motion accordingly so that it has a deterministically well-defined
position r(t) and velocity v(t) at each instant of time ¢. It is also postulated
that the particle’s equation of motion is

J(r,t)

v(t) = dr(t)/dt = v(r,t)p—py) = o(r 1)

(5.1)

r=r(t)

For a Dirac electron (see Appendix)

plr,t) =T (e, t) Y(r,t) , J(r,t) = el (r,t) ay(r,t), (5.2)

where the four-component guiding field ¥ (r,t) is the appropriate solution
of Dirac’s relativistic wave equation and ca is the Dirac velocity operatorE
We are using the minimal approach of Bell [2 [6] in which the dynamical
properties of an electron usually associated with spin follow solely from the
assumption that the spatial motion of the point-like particle is guided by a
multicomponent wave function. In particular, there is no assumption of a me-
chanical spin somehow associated with the particle. We are also assuming that
there is a very low energy regime for which Dirac’s original interpretation of
p(r,t) and J(r,t) as single-particle probability and probability current densi-
ties, respectively, provides an adequate approximation to reality. In any case,
the relativistic velocity defined by (&) and (52)), regardless of its physical
meaning, cannot exceed the vacuum speed of light ¢ in absolute value [3, [7].

2 The local expectation value of a property represented by an operator O is de-
fined to be Re[y' (r,t)0u(r,t)] /¥ (r, t)0(r,t) [7]. Although the particle veloc-
ity v(r,t) in (BJ) is identical to the local expectation value of the velocity
operator ca, the relevant expression for the square of the particle velocity is
{[t(r,t)carp(r, )] /4T (r, t)b(r,t)}? < ¢? rather than the local expectation value
Re[w(r,t) (ca)® ¢ (r, 1))/t (r, ) (r, t) = 3¢*. (See Appendix.)
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The equation v(r,t) = J(r,t)/p(r,t) for the velocity field and (E.7)—(E.24)
below have also been applied to Schrodinger electrons using the standard
nonrelativistic expressions

p(r,t) = ¢ (r,t)g(r,t) , J(r,t) = (h/m) Im[y* (r, ) V(r, 1)), (5.3)

where the guiding field ¥ (7, t) is the appropriate solution of the ¢-dependent
Schrodinger equation. The resulting equation of motion is the simplest that
is Galilean and time-reversal invariant [9], but for systems with more than
one spatial dimension the probability current and hence the particle equation
of motion (B.1) are not uniquely defined within nonrelativistic quantum me-
chanics |21}, 22]. However, Holland [23] has recently shown that the probability
current density deduced from the continuity equation is uniquely defined for
Dirac electrons when Lorentz covariance is imposed and indeed given by the
standard result cpf(r, t)as)(r, t). In addition, he emphasized that its nonrela-
tivistic limit for a spin eigenstate in zero magnetic field is not just the standard
Schrodinger result but contains a spin-dependent term

J(r,t;8) = (h/m){Im[" (7, )V (r,8)] + Re[¢" (r, 1) Vip(r, 1) x 8}, (5.4)

where
s = (h/2)5 = (h/2) x'Gx (5.5)

is the spin vector associated with the spin eigenstate y, a two-component
spinor normalized to unity (x'x = 1). The nonrelativistic particle is, in ef-
fect, guided by the two-component wave function ¥ (r,t;§) = ¥(r,t) x and
the original expression for the nonrelativistic velocity field should then be
replaced by

v(r,t;8) = J(r,t;8)/[v(r, 1)) . (5.6)

Hence, (B and (B7)—(E24) apply to Schrodinger electrons only when the
spin-dependent term in the nonrelativistic probability current density is ei-
ther zero or negligible. Section considers some situations in which this
term is important. Since the publication of the first edition of this book, Ali,
Majumdar, Home, and Sengupta [24] have generalized Holland’s uniqueness
result so that it applies to the quantum particles described by any consistent
relativistic wave equation.

Given the initial wave function v (r,0) and particle position 7 (%) = r(0),
the subsequent motion is uniquely determined by integration of the time-
evolution equation for ¢ (r,t) and the equation of motion (BI)) for »(¢) to
obtain the particle trajectory =(r (), ¢). A very useful property of these tra-
jectories follows directly from the fact that the equation of motion is first order
in time: trajectories with different r (9, but the same ¥ (r,0), do not intersect
(or even touch) each other —if rl(o) # 7“2(0) then r(rl(o), t) # r(rz(o), t) for any t.

In Bohm'’s ontological interpretation p(r,t) dr is, for an ensemble of
identically prepared electrons, interpreted as the probability of the parti-
cle component of the electron being in the volume element dr at time t.



5 Bohm Trajectory Approach 133

This is postulated only for the initial time ¢ = 0, the continuity equation
dp/Ot + V - J = 0 and the equation of motion (B together guaranteeing
that it is then true for all subsequent times. This realistic, “being” rather than
“being found,” interpretation is not based on the concept of “measurement.”
Hence, the internal consistency of Bohm’s theory — in contrast to conventional
quantum theory — does not necessitate that it be possible (in principle at least)
to find the single electron of interest at time ¢ in some infinitesimal volume
dr and thereby localize its wave function within dr. This is problematic in
the case of Dirac electrons where attempting such confinement can generate
particle-antiparticle pairs. Within Bohmian mechanics there is, at least in
principle, a simple way around this difficulty if both the initial state (7, 0)
and the potential V (7, ¢) are known to sufficient accuracy. Considering the 1D
case for simplicity, suppose that one wants to know the position of the particle
component of an electron at a specific time ¢’ to an accuracy dx that is not
very much larger than the Compton wavelength A\. = fi/mc so that one needs
to worry about the disruptive effect of particle-antiparticle creation and anni-
hilation processes induced during the attempted measurement. A solution is
to wait until a time ¢” at which the wave packet has spread by a factor F' that
is sufficiently large so that a coarse position measurement with a spatial reso-
lution of F'dx is not a problem in this regard. One measures the particle’s po-
sition at time ¢’ and finds that it is within a particular interval of width Féz.
Using the nonintersecting property of Bohm trajectories one calculates the two
trajectories that go through the endpoints of that interval at time ¢, backward
in time to ¢/, to retrodict the endpoints of the much smaller interval, of width
O(dx), in which, according to the theory, the particle was located at time ¢'.

Despite the radical departure of Bohm’s theory from the conventional one,
for the standard impulsive “measurement” of any system observable at an in-
stant of time chosen by the experimentalist, it predicts precisely the same
statistical distribution of apparatus pointer positionsﬁ Moreover, for the im-
portant case of a strong, projective measurement it provides a resolution of
the measurement problem: because of decoherence there is an effective but
not actual collapse of the entangled system-apparatus wave function to the
eigenstate component(s) selected by the actual positions of point-like particles
— the other components, although still existing, play no further role in guiding
the particles. The arrival time is not in the above class of quantities: typically,
the experimentalist chooses the plane z = X, not the time T, of arrival [25].
Hence, it is not a foregone conclusion that the distribution of particle arrival
times predicted by the two theories will be identical.

In Bohm’s causal theory, uncertainty enters only through the probability
distribution p(r = r (9t = 0) for the unknown initial position = () of the
particle. There is no explicit reference to initial momentum p (¥} because it
is uniquely specified by 7 (9 for a given initial wave function t(r,0) and

3 The interpretation of pointer positions in terms of what they reveal about the
microscopic system — if anything — can be very different however.
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potential V' (r,t). Other than this, calculation of the statistical properties of a
particle proceeds in much the same way as in classical statistical mechanics.
For example, the probability distribution for some particle property f, which
is defined for all trajectories, is given by

() = / O .08l — £ ) (5.7)

where f(r (0)) is the value of the property for a particle following the trajectory
r(r ) t). (For particle properties that are not defined for some trajectories
it is necessary to restrict the range of integration in (5.7) to exclude those
trajectories and to normalize the resulting distribution accordingly.) A good
example is the distribution of first-exit times from a 3D region bounded by
a surface S and the distribution of the corresponding exit positions on S.
This is one of the problems considered by Daumer and collaborators [26]
who applied Bohmian mechanics to the scattering of a quantum particle in
3D. They identified [J(r,t) - dS(r)| with the (unnormalized) distribution of
particle crossing times through the surface element d.S(r) and also constructed
a rigorous proof of the free flux-across-surfaces theorem, which is fundamental
to a convincing derivation of the standard expression for the differential cross
section [27]. In Sect. we consider the simpler problem of deriving the
arrival-time distribution for the 1D case.

5.3.2 Derivation of a General 1D Intrinsic
Arrival-Time Distribution

In Bohmian mechanics wave/particle duality means that a single electron is at
all times both a point-like particle and a guiding wave. In the Bohm trajectory
approach to timing electrons it is only the particle component of the electron
that is being clocked. Because the particle is point-like and has a well-defined
continuous trajectory it is straightforward to define and derive an expression
for I1(T; X). If the arrival-time detector is not included in the Hamiltonian,
as is the case here, then this is an expression for the intrinsic arrival-time
distribution. In 1D the derivation [28] is greatly simplified when one takes into
account the nonintersecting property of the trajectories. This means that only
a single distinct Bohm trajectory contributes to the probability current density
J(z,t) and determines its sign at any particular space—time point (z,t). This
is completely different from the situation for classical ensembles where the flux
J(x,t) can have contributions from a variety of distinct trajectories passing
simultaneously through x at time ¢, from either the same or both directions.

Consider the complete set of starting points z(?) for each of which the
associated trajectory x(z(?),t) reaches x = X at least once at some time(s)
subsequent to t = 0. Because the trajectories do not cross or touch each other,
this set must consist of a single continuous interval, say [xflo),xgo)]. Again
because of the nonintersecting property, there is one and only one value of
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(9 in the range [x,(lo), xl()o)] for which the trajectory z(z(®), t) reaches X at a
particular value of T within the support of I7(T"; X). Even if that trajectory
reaches X more than once, only one of its arrival times, say T'(z(?)), is equal to
the specified value of T'. Hence, the (unnormalized) arrival-time distribution is

/ (:) dz©® p(z @, 0) 8[T — T(2@)] . (5.8)
Now,
S[t — T(x(™)] [t — T(x(®)
8z (2D t) — X]er = = (5.9)
’ (0) (0)
|dz(x(9), t)/dt] o [v[z(x(®),t), ] r
contains only a single term and (58] becomes
o
(X, T)| / 2 p(a®,0) 5la(®, T) ~ X]. (5.10)

The integral is just the probability density p(X,T) and (BI0) reduces to
(X, T)| p(X,T) =[J(X,T)], (5.11)

using (B.I). Normalization then gives

arix)— ET)

| (X)) (5.12)

for the probability distribution of arrival times for those particles that actually
reach X subsequent to t = 0. This is not defined if the denominator is zero,
i.e. no particle in the ensemble ever reaches X subsequent to t = 0. Nor it is
defined if the denominator is infinite as, for example, would be the case for
periodic motion of a set of trajectories back and forth through x = X forever
[29]. In the latter case, the arrival-time density |J(X,T')| is still of interest,
even though it is not normalizable.

In general the distribution should be supplemented with a number giving
the fraction of particles in the ensemble that reach X at least once.

It follows from (BI) for the velocity field v(z,t) that J(X,T) > 0 cor-
responds to a particle arriving at x = X at ¢ = T from the left (+) and
J(X,T) < 0 corresponds to a particle arriving at X at time 7" from the right
(—). Hence, (5I2) can be rewritten as

I(T;X) = I (T;X) + I_(T;X) (5.13)

with

[4(T: X) = iJi(X,T)//OOOdt (X0 —J (X,0)] > 0, (5.14)
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where
Ji(z,t) = J(x,t) O£ (x,t)] . (5.15)

It should be noted that although (BI3) and (BI4) also hold for classical
particles, the decomposition (5.13]), as a general result valid for any ensemble
of particles and for any potential, is peculiar to Bohmian mechanics. Wigner’s
results for I74(T'; X) are given by (GI4]) with

Ji(z,t) = J¥ (x,t) = (1/2)[J(x,t) £ cp(z,t)] . (5.16)
Substituting (516) into (BI3) gives

I(T;X) = IV(T; X) = p(X,T)/ /000 dt p(X,t) (5.17)

which is identical to the so-called “time-of-presence” distribution [30].

The arrival-time distribution (5I2) can also be readily decomposed into
contributions from first, second, third, etc. arrivals using efficient numerical
methods based on the nonintersecting property of the trajectories [311 [32]. For
a few examples of calculated intrinsic arrival-time distributions, see [33] [2§].

Griibl and Rheinberger [29] have applied Bohmian mechanics to the prob-
lem of calculating measured as opposed to intrinsic arrival-time distributions.
They did, however, use the simplifying assumption that the presence of the
detector does not significantly perturb the Bohm trajectories of the particles
of interest. Regarding (5.12)) for the intrinsic arrival-time probability distribu-
tion they said the following: “If one assumes that the detector clicks each time
it intersects with the particle’s Bohmian trajectory,” (G.12) “indeed yields the
probability density of clicks. This seems to be a reasonable idealization if the
detector is active during a short time interval.” This time interval is presum-
ably so short that the probability of it spanning two arrivals for a single Bohm
trajectory is negligible relative to that for a single arrival. This idealization
also involves the active volume of the detector being sufficiently well localized
about x = X. They then formulated a “detection probability for detectors
sensitive to quite arbitrary space—time domains” paying special attention to
the very different and more practical situation in which the detector, activated
at t = 0, remains active until and only until the detection of the first arrival
of the particle. Calculated detection probabilities for various case studies are
presented in [29] [34].

Nogami, Toyama, and van Dijk [35] recently used Bohmian mechanics
to provide a pictorial representation of various interesting features, such as
multiple exits, of the escape of a particle from a potential well through a
barrier. They considered a quantum particle prepared at ¢ = 0 in the state
Y(r,0) = (r,0) = (1/r)(2/a)'/?sin(7r/a)O(a — r) in the central potential
V(r) = V(r) = (Ma)d(r —a) with A > 0 and a > 0. Their starting point
was an exact analytic expression [36] for ¢ (r,t) for this model of a decaying
system that can be evaluated accurately for any value of r and ¢.
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So far we have said nothing about timing the arrival of the guiding wave. It
is clear that clocking a specific feature, e.g., the centroid, of a wave packet un-
dergoing unitary evolution results in a distribution of arrival times for a pure
state ensemble that is n=t X" §(T — T;) where in each member of the ensem-
ble the chosen feature reaches X at the same n times {T; |i =1,...,n } with
n > 0, if possible, for a sensible choice of arrival-time markerd In general,
such a distribution has little to do with experimental arrival-time distribu-
tions, even when n = 1.

5.3.3 Intrinsic Transmission and Reflection Times

Consider an ensemble of a very large number of identically prepared single-
particle 1D scattering experiments. In each, an electron with the same initial
wave function ¢(z,t = 0) is incident from the left on the potential barrier
V(z,t) assumed to be zero outside the range 0 < x < d and to be nonnegative
inside. It is assumed that the initial wave function is normalized to unity
and is localized far enough to the left of the barrier so that the integrated
probability density p(x,0) from & = 0 to oo is negligibly small compared to
the transmission probability

Pr E/ dzx p(x,teo) s (5.18)
d

where the scattering process is essentially completed for ¢t > t.,. A question
of long-standing interest is “What is the average time 7p(g)(x1,72) spent
in the region z; < z < x9 subsequent to ¢ = 0 by those electrons that
are ultimately transmitted (reflected) in such scattering experiments?” B The
quantity 77 (0, d) is often referred to as a “tunneling time.” The author prefers
not to use this name because it can imply that quantum mechanical tunneling
is at the heart of the so-called “tunneling time problem.” As should become
clear in the next section, timing quantum particles is problematic even for the
simplest case of free evolution.

We now determine the mean transmission and reflection times for the
point-like particle component of an electron. For a particle that is at = 2(%)
at t = 0 the time that it spends thereafter in the region [z1, 25] is given by
the classical stopwatch expression

(1, 2220 :/ dt/ dz 8z — o(z®,1)] . (5.19)
0 1

4 Obviously, the centroid of the probability density would not be a good choice for
X on the far side of a potential barrier when the transmission probability Pr is
less than 1/2.

5 For the special case of the stationary-state limit in which the dispersion Ak in
wave number k is zero, the notation 7p(g)(k; 21, 22) is used.
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For the moment, we do not discriminate between transmitted and reflected
particles and determine the so-called mean dwell time by averaging (5.19]) over
all 29 to obtain (after changing the order of integration)

(21, 22) = / dt/ d;v/ dz® p(z0)6[z — z(z 1)) . (5.20)
0 x1 —00

The innermost integral is the distribution of particle positions at time ¢, i.e.,
p(z,t). Hence

TD(xl,a;Q):/O dt/zl dz p(z, 1) :/O dtt[I(2a,t) — J(21,8)] . (5.21)

The far right-hand side of (B21)) is obtained by multiplying the continuity
equation by t and integrating over t from 0 to co and over z from x; to zs.

Now, because the Bohm trajectories associated with a given wave function
do not cross each other, there is a special trajectory z.(t) = x(xgo),t) that
separates transmitted trajectories (those with z(®) > xéo)) from reflected ones
(those with z(®) < xﬁo)). It is defined implicitly by

Pr = / dx p(x,t) . (5.22)
z.(t)

Using z.(t) to decompose p(z,t) and J(z,t) into components associated with
transmission and reflection, e.g. pr(x,t) = p(z,t)Ox — x.(t)] and pr(z,t) =
p(x,t)Olx.(t) —x], respectively, upon insertion of O[x—x.(t)]+O[z.(t)—x] =1
into the integrands of (5.21]), leads immediately to

Tp(x1,22) = Prrr(a1,22) + Pr Tr(21, 22) , (5.23)

where
Pr (21, 22) :/ dt/ dz p(x,t) Olx — z(t)]
0 T

_ /O Tt [T(wa )8[s — wo(t)] — T(a1, )Ofws — wo(t)]
(5.24)

with similar expressions for Pr 7r(z1, z2).

Within Bohm’s theory 7p, 77, and 7 are real-valued, non-negative, and
additivdd quantities. However, there is a fundamental distinction between 7p
and its components Pprp and Pr7r: each of the integrands of (5.21)) for
7p is bilinear in ¢ (z,t) while those for the latter two quantities are not be-
cause they depend on the trajectory z.(t), which, from ([B22]), itself is an im-
plicit functional of ¢)(z, t). This has the important consequence that the mean

6 rp(x1,23) = Tp(x1,22) + 7o (T2, 23) With 1 < x2 < x3 and similarly for 77
and TRr.
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transmission and reflection times 77 (z1,z2) and 7r(x1,z2) for wave packets
are not linear functionals of their stationary-state counterparts 7r(k;x1, 2)
and 7r(k; z1, z2), respectively. This loss of a useful relation appears to be the
price one has to pay for the attractive general properties of 7 and 7r given
above.

In the nonrelativistic case, for stationary-state scattering of “incident”
electrons of precisely defined wave number k£ > 0 and kinetic energy E =
h%k?/2m, expression (G.21) for the mean dwell time becomes

1 *2
7o (k; 21, 22) = T / dx |[yr(2)|? (5.25)

a result proposed by Biittiker [37] within standard quantum mechanics. Here
the stationary-state wave function vy (z) exp(—iEt/h) is normalized so that
the incident probability current density Jj ine associated with the exp(ikz)
component of ¥y (z < 0) is hk/m. Spiller, Clark, Prance, and Prance [3§]
postulated that for |T'(k)|? > 0 the corresponding mean transmission time is
given by

Tr(k; a1, x2) = /‘T2 dx /v (x) , (5.26)

where vi(z) = Ji /| ¢k (z)|? with Ji = [T (k)|*Jk ine, the stationary-state flux.
It follows from (528) and (G.28) that 77 (k;x1,12) = |T(k)|27p(k; 21, 22)
and then from (523) that |R(k)|*7r(k; 21, 22) = 0 for any value of x; > —oc!
Leavens and Aers [39] expressed doubts about this result. These reserva-
tions have been put to rest [40]. For the special case of an initial gaussian
wave packet, approximate closed-form expressions were derived for ¥(z =
0,t), J(z = 0,t), and hence for v(x = 0,f) that are accurate in the
regime in which Ak/(k), the small parameter of the theory, is much less
than unity. The explicit dependence of J(x = 0,t) on Ak/(k) and on ¢
graphically confirms the “freezing out” of the Pr7r(0,d) contribution to
the mean dwell time 75(0,d) as Ak/(k) approaches zero. It also explains
and removes the apparent inconsistency between the stationary-state re-
sults of Spiller et al. [38] and the numerical results for time-dependent
wave packets of Leavens and Aers [39]: for an opaque rectangular barrier
Pr7r(0,d) is almost constant at a value very close to 7p(k = (k);0,d) over
a wide range of decreasing Ak before eventually plummeting toward zero
at an extremely small value of Ak/(k) , orders of magnitude smaller than
the smallest value (0.01) considered in the numerical wave packet calcula-
tions. The author attributes the strangeness of the stationary-state result
for 7r(k) to the extreme idealization of the stationary-state limit, which
requires a single-particle wave function to be coherent over all space-time
from t = —o0.

For examples of calculated Bohm trajectory transmission and reflection
time distributions for a variety of systems, see [32] [39].
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5.4 Conventional Approaches to Timing Quantum
Particles from the Perspective of Bohmian Mechanics

5.4.1 Arrival Time in the Quantum Backflow Regime

The quantum backflow effect is important because it clearly reveals that
the problem of timing quantum events can be problematic even in the ab-
sence of quantum tunneling. Quantum backflow refers to the following re-
markable fact: for a freely evolving nonrelativistic quantum particle with a
wave function ¢(z,¢) having nonzero Fourier components ¢(k,t) only for
k > 0 it is possible for J(x = X,t) to be negative over a finite time inter-
val, say [t1(X),t2(X)]. The existence of this effect has been shown explicitly
by direct calculation of J(x,t) for various simple wave functions [41} [10]. A
more global way of showing the possibility of the effect is to calculate the
Fourier transform J(k,t) of J(z,t) for a freely evolving wave function with
Fourier transform ¢(k,t) = O(k)¢(k)exp(—ihk?t/2m). Tt is readily shown
that |J(—k,t)| = |J(+k,t)|. Bracken and Melloy [42] have shown that the
time interval during which J(X,¢) < 0 can be arbitrarily long but finite.
They obtained an estimate of 0.04 for the least upper bound of the quantity

j;tlz(())(()) dt|J(X,t)|/ [ dtJ(X,t). They also treated the relativistic case [43].

The backflow effect is the source of the following puzzle: it follows from the
continuity equation that during the time interval ¢1(X) < ¢t < t2(X), when
J(X,t) is negative, the probability of finding the particle in the spatial region
[—00, X] is increasing with time even though many apparently regard it as a
self-evident fact that a freely evolving quantum particle described by a wave
function with only k > 0 wave number components can arrive at X only from
the left.

Within Bohmian mechanics the above “self-evident fact” is not always
true. In particular, according to (5.1J), particles arrive at X only from the right
during any time interval when J(X,t) is negative. In place of the backflow
paradox one has the counterintuitive property that free particles can evidently
turn around[] There is, however, no inconsistency within Bohmian mechanics
where the evolution of a particle is in general not truly free when V(z,t) =0
because it is still under the influence of its guiding wave.

It is also illuminating to look at the above puzzle from the point of view
of the “standard” arrival-time distribution [IJ:

(T X) = H(T; X) + 1I-(T; X) ;
oo 2
ni(T;X) = Z:m‘/ dk O(xk) |k|/? exp(ikX) ¢(k,T)| . (5.27)

7 A much more dramatic example of a free particle turning around is provided by
a freely evolving wave function that is either symmetric or antisymmetric about
x = X at all times ¢t. A particle guided by such a wave function can never arrive
at z = X and if initially moving toward that point must reverse its direction of
motion before reaching it.
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The derivations of Allcock [41], Kijowski [10], Grot, Rovelli, and Tate [I1], and
of Delgado and Muga [12] are for the special case of free evolution in which case
d(k,t) = ¢o(k,t) = ¢(k) exp(—ihk?t/2m) where ¢(k) is the Fourier transform
of the initial wave function v (x,0). The derivation of Baute, Sala Mayato,
Palao, Muga, and Egusquiza (BSPME) [13] is for arbitrary potentials V' (z)
and for both stationary and nonstationary states.

It should be noted that according to (527]) arrivals from the left (right) are
associated with & > 0 (k < 0) and there is no interference between k& > 0 and
k < 0 contributions to IT(T; X). A key issue is how to interpret the absence of
such interference termsfd Several years ago — when (5.27) had been constructed
only for the special case of free evolution — Muga, Leavens, and Palao [44]
suggested the following two optlonsﬁ “One possibility is that the interference
terms do not in fact contribute to the intrinsic arrival-time distribution. The
other is that the distribution (5.27)) is appropriate only when the apparatus
measures the sign of the momentum of each incident particle, thus collapsing
the wave function of that particle either to ¢4 or ¢ _, and then switches on
the appropriate one-sided detecting screen.” Here ¢4 (z,t) = Nipﬂb(%t)
where P is a projector onto positive (negative) wave numbers and Ny is
a normalization factor. The timing of the sign-of-k projection is of critical
importance, especially in the presence of a nonzero potential V(z,t), and is
discussed in the concluding section.

Now, according to (5.27)), when ¢(k, t) = ¢o(k, t) is nonzero only for k > 0,
the arrival-time density for arrivals from the right at x = X at timet =T
is zero for any (X,T'), even within a backflow regime where the probability of
finding the particle to the left of v = X is increasing with time. The second of
the above options reconciles these conflicting statistical statements essentially
by aborting the first: because ¢(k < 0,t) = 0 the sign-of-k projection does not
change the wave function but the active detector is sensitive only to arrivals
from the left and hence it is not meaningful to talk about arrivals from the
right.

There is another interesting difference between the Bohm trajectory and
“standard” results for ITy (T; X). The former is local, depending only on the
value of the wave function at the space—time point (z,t) = (X,T') of interest
in the relativistic casdld and only on the value of the wave function and its
first spatial derivative at (X,7T") in the nonrelativistic case. The latter, which
can be cast in the form [45]

I (T; X)
2

+OO 1 sign(x —
327Tm‘/ ! Tx S_g)({ |3/2X)] (V(2,T) — ¥(X,T)]| ,(5.28)

8 This issue does not arise for the Bohm trajectory and Wigner arrival-time distri-
butions that do not associate arrivals from the left (right) with positive (negative)
wave numbers.

9 The notation and equation numbers have been changed to conform with that of

this chapter. Also, by “momentum” is meant p = hk.
10 This is also the case for Wigner’s directed arrival-time distributions.
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is clearly temporally local but spatially nonlocal. This is the basis of various
interesting properties of the density (5.27]) discussed in [46], [47] [48].

5.4.2 Superluminal Phase Times

The well-known phase time result [49, [50] for 77(0,d), [2.94), is based on
the assumption [51] that the peak (or centroid) of the incident wave packet
evolves into the peak (or centroid) of the transmitted wave packet. It has
been known for decades that this assumption can lead to superluminal and
even negative values of the phase time [62]. In Bohmian mechanics, on the
other hand, to-be-transmitted electrons are associated with the leading Pr
part, pr(z,0) = Oz — x.(0)]p(z,0), of the initial probability density, which
for Pr << 1 can be far to the right of its peak (or centroid) and, hence,
much closer to the barrier. This provides a concrete and successful example of
the wave packet “reshaping” often invoked to avoid superluminal transmission
times. An interesting question is whether there are other general prescriptions
for reshaping wave packets that also prohibit Dirac electrons from having
superluminal transmission times.

It should be noted that Landauer and Martin [53] are severely criti-
cal of both of the above ideas concerning the initial origin of transmitted
electrons. They replace it with the “prevailing common sense view” that
pr(x,0) = Prp(z,0), where I have taken the liberty of expressing this view
in a mathematical form. Since this democratic decomposition of the initial
probability density apparently requires no wave packet reshaping it is at
least as susceptible to superluminal transmission times as the phase time
approach.

It should be noted that in the Bohm trajectory approach the question
of superluminality is addressed directly via the expression in (&I for the
relativistic velocity field v(7,t). On the other hand, this question is usually
addressed in a roundabout way involving a mean transmission time in ap-
proaches based on conventional, often nonrelativistic, quantum mechanics.

In Sects. 5. 43 and [5.4.4] two general methods for deriving (nonrelativistic)
expressions for mean transmission and reflection times are looked at from the
point of view of Bohmian mechanics. Both of these can, in principle, generate
an infinite number of expressions for 7 and 7 in contrast to the Bohm
trajectory approach, which leads to a unique expression for each of them.

5.4.3 The Systematic Projector Approach of Brouard, Sala,
and Muga

Brouard, Sala, and Muga (BSM) [54] introduced an approach capable of sys-
tematically generating an infinite hierarchy of possible expressions for 7 and
Tr. A very attractive feature of this method is that it reproduces, as sim-
ple special cases, the expressions obtained with several well-known and, at
first sight, quite different approaches. Whether or not the Bohm trajectory
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approach can also be included as a special case within this unifying formalism
is an interesting question that is answered in this section [55].

__ The systematic projector approach is based on the projection operators
D(x1,x2), T and R defined by

~

D(x1, x2)(x,t) = O(x — 21)O (22 — z)(x, t) | (5.29)

To(z,t) = dr(x,t) ; R(z,t) = r(z,t) . (5.30)

The operator ﬁ(xl , T2) projects from the wave function ¢ (z,t), the part that
is “located” in the region [z1, 2] at time t. T projects from v (x,t), the part
Yr(x,t) that will have only positive wave number components at ¢ = to
and is thus associated with transmission; R=1-T projects from v (z,t),
the part ¥g(x,t) associated with reflection. The T and R components of the
initial wave function have interesting properties: even when ¢(x,0) is well
localized to the left of the barrier, for Pr < 1 both ¢7(x,0) and ¥ r(z,0) are
nonnegligible to the right of it. For an opaque barrier the part of ¥ (x,0) with
x > d completely dominates the part with x < 0 while the opposite is true
for ¥ g(z,0). Figures 10 and 11 of [56] show calculated snapshots of ¢ (x,t)
and Yp(x,t) for the case of an initial gaussian wave packet scattering from a
rectangular barrier.
The starting point of the analysis is (5.21]) written in the form

TD(a;l,a;Q):/ dt/ do g (2,8) D(w1,22) W(w, 1), (5.31)

Since D is a projector (i.e., D = D) and T+ R = 1 with 72 = T and R? = R,
one can replace D in (531 with any one of the infinite number of equivalent
expressions given by

D=D"=(T+R)"™ D (T+R)™..(T+R)"™ D (T+R)™ (532)
[n=1,2,...; my =0,1 (i =0,1,...,n)]

or with any suitably weighted linear combination of these primitive expres-
sions. After expansion and suitable rearrangement, the resulting decomposi-
tions of D have the generic form

D = F(T,D)+ F(R,D) + G(T,R, D) (5.33)
with G(T, R, D) = G(R, T, D). Substituting this into (531 gives
TD(xl,xg) = Pr Tg(ﬁl,xg) + Pr Tg(ﬁl,xg) + qufR(xl,xg) s (534)

where

ProE (21, 25) = /Oo dt/oo do ™ (x,1) F(T, D) t(a, 1) | (5.35)
0 —00
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Pr Tg(xl,xz):/ dt/ da* (2,0) F(B, D) ¥ (a,1) , (5.36)

0 —o00
76 play,w2) = / dt / dae*(2,0) G B, D) d(art) . (5.37)
_For n = 1 there are three nontrivial primitive decompositions of D

A~~~ PPN

TD + RD DT + DR and TDT + RDR + TDR + RDT. Since T and D
do not commute, the first two decompositions lead in general to inequiva-
lent expressions for 77, and similarly for 75. BSM also considered the (Her-
mitian) symmetric linear combination [(ff) + DT) + (RD + ZA)}A%)] /2 of the
first two n = 1 primitive decompositions. Going from n — 1 to n generates
four new primitive decompositions of D, namely those with mq,...,m,_1 =1
and (mg,m,) = (0,0),(0,1),(1,0),(1,1). Of the four new ones generated for
n = 2 only DTD + ﬁﬁﬁ contains no T' — R interference terms; for n > 3
all of the new primitive decompositions contain such interference terms. We
are now in a position to prove that the unique mean transmission and reflec-
tion times of Bohmian mechanics are not included among the infinite num-
ber of possibilities generated by the systematic projector approach [55]. This
is accomplished by showing that none of these possibilities has all four of
the general properties of the Bohm trajectory times discussed in Sect.
The only decompositions of D that lead to mean transmission and reflec-
tion times satisfying 7p = Pr7r + Pr7r are the primitive ones D + RD
DT + DR and DTD + DRD and their appropriately weighted linear combi-
nations. Requiring that the resulting mean transmission and reflection times
be spatially additive eliminates DTD + DRD [54] and any linear combina-
tions containing it. Requiring that the resulting times be real-valued elimi-
nates both 7D + RD and its hermitian conjugate DT + DR but not their
symmetric linear combination. Finally, this last surviving decomposition is
eliminated when one notes that the corresponding mean reflection time can
be negative [57].

That none of the BSM expressions for 7 can be identical to (5.24)) also
follows immediately from the fact that the double integral in (5.35)) is a bilinear
functional of ¢ (z,t) while that in (524]) is not. It is interesting that the
simple bilinear form is apparently not compatible simultaneously with all four
of the simple classical properties just discussed. It should be noted, in this
context, that Kijowski [I0] derived his well-known arrival-time distribution
by requiring that certain properties of the classical distribution, including
a “surprising” one with no obvious intuitive basis, should also hold for the
quantum distribution.

What is the origin of the “orthogonality” between the Bohm trajectory
and systematic projector approaches to the determination of 7 and 777 Both
approaches have the same starting point, namely (521]) for the mean dwell
time. An important difference is that the former is based on the particle-like
decomposition p = pr + pg of the position probability density while the latter
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is based on the wave-like decomposition ¢ = ¢y + i of the wave function ]
There is no obvious inconsistency in the two approaches having the same
starting point because p(z,t) has the dual interpretation as the probability
density for particle position and as the local intensity of the wave function.

In Bohmian mechanics what is being timed in the theory of Sect. is
the presence of an actual point-like particle in the region of interest in the ab-
sence of any external measuring device. Answering the important question of
whether the Bohm trajectory and systematic projector approaches are incom-
patible with or complementary to each other hinges on what is being timed
in the latter approach.

5.4.4 Approaches Based on the Probability Current

Olkhovsky and Recami [58] and Muga, Brouard, and Sala [54, [59] indepen-
dently postulated that the mean transmission and reflection times for the bar-
rier region [0, d] can be expressed in terms of right-going and left-going com-
ponents, Jy (x,t) and J_(x,t), respectively, of the probability flux J(x,t) as

CJosdtt g (dt) [T det T4 (0,t)

m7(0.d) = T o :
r [ dt Jo(d,t) [ dt (0, 1)

(5.38)

JoodetJ_(0,t) [T dtt I (0,1)

T(0,4) = Jdtg(0,0)  [dtJ(0,1)

(5.39)
(Olkhovsky and Recami use a convention in which the lower limit of integra-
tion is —oo.) The first term on the right-hand side of (5.38) is interpreted
as the mean exit time of particles from the barrier through its right edge at
2 = d and the first term on the right-hand side of (£.39) as the mean exit time
through its left edge at = = 0. The last term of (L.38)) is equal to the last term
of (B39) and is interpreted as the mean time at which incident particles enter
the barrier, democratically reflecting the fact that within conventional quan-
tum mechanics, for = inside the barrier, one cannot separate J(z,t), let alone
J4(z,t), into “to-be-transmitted” and “to-be-reflected” components. For ex-
ample, substitution of the wave function decomposition 1) = ¥ + i of the
projector approach into the expression for J leads to J = Jp + Jr + Jr—r
where the 7' — R interference term is in general nonzero.

An important feature of the present approach is that J, (z,t) and J_(z,t)
are not uniquely defined within conventional quantum mechanics. Olkhovsky
and Recami postulated that

Ji(z,t) = J(z,t) O] £J(x,1)] , (5.40)

11 Tt should be noted that the latter decomposition plays no role in Bohmian me-
chanics in the sense that a to-be-transmitted particle is guided by 1 not just by

Y.



146 C. R. Leavens

while Muga et al. assumed that

+o0
Ji(t) = / dp (p/m) fw (z.p.t) | (5.41)

where p = hk/m is the free-particle momentum and fy (x,p,t) is the Wigner
function. For both choices, J(z,t) = J4(z,t) + J_(x,t) with no interference
term. For J(x,t) # 0 the choice (5.40), by construction, always satisfies the
requirement that Ji (x,t) > 0 and J_(x,t) < 0. However, because the Wigner
function fw (z,p,t) can be negative for some values of its arguments it is
possible for (B4I]) to give negative values of Ji(x,t) or positive values of
J_(x,t) for some values of = and ¢.

It is worthwhile to consider (B.38) and (B39) from the point of view of
Bohmian mechanics that leads to a unique decomposition that is precisely the
one postulated by Olkhovsky and Recami. However, it is the decomposition
J = Jpr+ Jg, not J = J. + J_, that is involved in the derivation of the Bohm
trajectory expressions (5.24) for 7r and 7z. Within Bohmian mechanics the
mean time at which “to-be-transmitted” electrons enter the barrier is not
equal in general to the mean time at which “to-be-reflected” electrons do.
Consider the case in which at least some of the reflected electrons enter the
barrier. The simplest such case involves two times ¢t and tp with tp < tg
such that only to-be-transmitted electrons enter the barrier for 0 < ¢ < tp,
only to-be-reflected ones enter for t7 < t < tgr, and none enter for ¢ > tp.
Obviously, for this case the mean time at which to-be-transmitted electrons
enter the barrier is less than the overall average entrance time. This suggests
that the subtracted term can be too large in (B38) and too small in (539)
and, in the former case, can lead to anomalously small or even negative values
for 74(0, d) [60]. Such negative values have indeed been calculated by Delgado,
Brouard, and Muga [61].

5.4.5 The Quantile Approach

The trajectory z(P;t) defined implicitly by

P = / dx p(z,t) (0< P <1) (5.42)
z(P;t)

is mathematically identical to the Bohm trajectory z(z(®) = z(P;0),t)
53, 62,

Brandt, Dahmen, Gjonaj, and Stroh [63] arrived at (5.42)) independently
by extending the concept of the quantile z(P) associated in mathematical
statistics with a time-independent probability density p(x) to time-dependent
probability densities p(z,t) in physics and called z(P;t) a quantile trajectory.
For the nonrelativistic case they showed that the quantile position z(P;t) for
an initial wave packet (with only k& > 0 Fourier components) incident on a po-
tential barrier lags behind the corresponding quantile position in the absence
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of the barrier. They suggested that quantile trajectories could be used to time
quantum particles within standard quantum mechanics without identifying
them with the trajectories of point-like particles. This had, in fact, already
been done for Dirac electrons by Challinor, Lasenby, Somaroo, Doran, and
Gull [64] who calculated transmission time distributions without interpreting
the streamlines of the probability flux (i.e. the quantile trajectories) as Bohm
particle trajectories but rather by assuming that “the flow of the probability
density reflects the temporal aspects of the tunneling process.” From this it
might be argued that the concept of Bohm particle trajectory is excess bag-
gage in the calculation of distributions for the characteristic times of interest
in this chapter because identical results can be obtained without the concept.
However, such an argument would be based on the above rather vague as-
sumption and is weakened by the existence of alternative results also based
on standard quantum mechanics that do not agree with those obtained with
the quantile approach. For example, in Sect. it was suggested that it
might be possible to rationalize the “orthogonality” of the systematic projec-
tor and Bohm trajectory approaches on the grounds that the former is timing
waves and the latter point-like particles. Rationalizing the orthogonality of
the projector and quantile methods will be a challenge because both involve
only the wave function (none of theory involves at any stage its collapse to
a point-like region). Moreover, the concept of particle trajectory provides a
consistent picture of what might be happening in an individual member of an
ensemble and thereby provides a necessary ingredient of Bohm’s deterministic
resolution of the measurement problem and the familiar paradoxes associated
with two-slit and delayed-choice experiments [3] [7].

5.5 Spin-Dependent Arrival-Time Distributions
for Nonrelativistic Electrons

For a nonrelativistic guiding wave of the form ¥(r,t;8) = ¥(r,t) x, with
Y(r,t) a solution of the Schrodinger equation and x a fixed spinor, the Bohm
trajectory result for the probability distribution of particle arrival times T" at
the planar surface = X for the spot (y, z) on it is given by

I(T; X,y,2z8) = IJm(X,y,z,T;é)I// dt|J.(X,y,2,t;8)|, (5.43)
0

where J, refers to the z-component of J. Positive (negative) J,(X,y,2,T;8)
is associated with particles arriving at the plane x = X from the half-space
r < X(x >X),le Jy1r = J, O(£Jy).

Calculated results for 1D arrival-time distributions I7(T; X') for nonrela-
tivistic particles based on the original spin-independent equation of motion
have appeared in the literature [33] 28]. Although spin does not exist in a
strictly 1D system, by a 1D system one often means a 3D system in which
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there is no spatial variation of #(r,t) in the transverse (y and z) directions.
This in turn is an idealization of some realistic system in which the spa-
tial variation of v (7,t) in the transverse directions is relatively unimpor-
tant compared to that in the longitudinal (x) direction over the volume of
interest, assumed large enough in the transverse directions to ignore edge
effects.

It is important to investigate the effect of the spin-dependent term in
() not only on the Bohm trajectory arrival-time distribution but also on
other distributions in which the probability flux enters in an important way.
(There is an entire class of “conventional” arrival-time theories based on the
nonunique decomposition of the standard spin-independent probability flux
into right-going and left-going components [I5].) In order that the results of
this section be of more general interest, the focus will be on the spin depen-
dence of J,.

For simplicity, consider a 3D system with a potential V() = V(z) with
no variation in the y — z plane and a wave function, which has the factorable
form ¢ (r,0) = ¥ (x,0)1y(y,0)1.(2,0) at t = 0. Then for ¢ > 0 the wave
function is given by

W(r,t) = Yu(x, )y (y, t).(2,1) , (5.44)

with 1, (z,t) satisfying ihd,(x,t)/0t = [—(h?/2m)0?/0z* + V (2)|¢x (2, t)
and ¢y, (y,t) and ¢, (2, t) satisfying the corresponding free-particle Schrédinger
equations. From (5.4)) it immediately follows that

Oty (2, 1)\ . Ol (y,t)]
o, ) e
. O0ln|Y.(z,1)]

~ %y 0z

Jo(rt;8) = 7Zw(r,mﬁ’[lm(

} .(5.45)

For the special case § = & the spin-dependent terms in both (545 for J, and
the arrival-time distribution (543) are zero. For mixed ensembles in which
Y(r,t) is common to all members and x varies from member to member in
such a way that the average value of s is zero, the additional term makes
no contribution to the probability current density for the entire ensemble.
Similarly, if ¢, (y,t) and ,(z,t) are symmetric about, say, y = 0 and z = 0,
respectively, then averaging J, (X, vy, z,t; §) over the planar region [-L, <y <
+L,, —L, < z < +L,] gives a quantity that is independent of §.

Consider the special case in which V(z) = 0 and the wave function of the
freely evolving quantum particle is of the form (544) with ¢, (x,¢) antisym-
metric about = X so that both |[¢(r,t)|? and J.(r,t; ) are zero at © = X
for all y, z, and t. According to Bohmian mechanics, such a freely evolving
particle never arrives at the plane x = X regardless of the direction of §.

For a more mundane, but important, example consider the free evolution
[V (z) = 0] of the initial 3D gaussian wave function
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v(r,0) = (277)1/14Ag15/2 exp [_ (xZ_AjO )2 + ikox]

x (277)1/14A@1/2 eXp{_(sz)z} (277)1/1441/2 eXp{_(zZZ)?
(5.46)

where it is assumed that the initial centroid x is negative and the mean wave
number kg is nonnegative. The x-component of the flux at time ¢ is

Jp (7, t;8) =
Rlp(r, t)* 1 (242ko + ht(x — m0) /2mA2) 5.y §yz
| (1) "0 Ty ] G4
where
r,t)? = !
VO = s a3, (1 ]2
_(x—a:o—hkot/m)Q B y? B 22
e 0 0] o4
and B 2
() = 242 [1+ (QmAQ) } : (5.49)

with v, (t) and 7. (t) obtained from (549) by replacing « by y and z, respec-
tively.

At first sight it appears that the size of the spin-dependent terms in (5.47])
relative to the standard one can be made arbitrarily large by simply mak-
ing |y| and/or |z| sufficiently large. However, once the corresponding particle
velocity J(r,t;8)/[1(r,t)]? exceeds ¢ in absolute value the nonrelativistic ap-
proximation for J should definitely not be used. Moreover, a large relative
spin dependence is of little importance if the absolute size of the effect is
negligible because of the factor exp[— y?/v,(t) — 22/7.(t)].

In order to cut down on the number of variables, cylindrical symmetry
(A, = A;) is assumed for ¢ (r,t) and s, is fixed at 0 for the rest of this
section. It should be noted that keeping y fixed and changing s, to —s, then
leads to the same change in .J, as keeping s, fixed and changing y to —y.
This might be important experimentally. With this in mind, it is of interest
to consider the special case § = 2 and introduce a global measure of the
y-asymmetry in J,(x,y, z,t; 2 ):

N t;2) — I (@, 452)

Ap(z,t;2) =
Jggf)(x,t;ﬁ) + Jgng)(a:,t;z“)

: (5.50)

where Jéi)(m, t; 2 ) is obtained by integrating J.(x,y, z,t; 2 ) over all z and
over all positive or over all negative y, respectively, i.e.,
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+o0 +o0
I (z,t;2) :I:/ dy / dz Jy(z,y, 2,4, 2) . (5.51)
0 —0o0
The denominator in (E.50) is equal to J,(x,t) obtained by integrating the
standard expression for Jy(r,t) over all y and all z. For the wave func-
tion under consideration, the y-asymmetry arises solely from the spin depen-
dence. Another nice feature of this wave function as regards a measurement
of A,(x,t;2) is that the contribution is smallest for y = 0 and largest for
ly| = [v,(t)/2]"/? > A,, giving a little leeway in the accurate location of
y = 0 on the detector plane, which we will take to be x = X = 0. For the
initial wave function (5.4 one obtains

Yar(t)
/27, (0)V/2(24A2kg — htxo/2mA2)

For t > 0 the factor of v,(t)~*/2 is zero in both A, — 0 and A, — oo
limits and for a fixed positive value of ¢, say 7, takes on its maximum
value of (m/2h7)'/? when A, = A,(1) = (hr/2m)'/2. To obtain a feel-
ing for the importance of the asymmetry in the regime ky >> Ak, and
|zg] >> A, of usual interest, let us maximize A,(0,¢;2) as a function of
A, at the characteristic time ty = |zo|/(hko/m) for the motion of the cen-
troid of |1, (z,t)]* by choosing A, = A,(tp). It immediately follows that
Az(0,t0;2)% < 1/(27|wolko) << Ar/(rm|z0|) << 1/7, where A, Ak, = 1/2
has been used. Hence, in the regime under consideration the y-asymmetry
is not expected to be large for ¢ near ty, where J,(xz = 0,t) is expected
to be relatively large. Let us now remove the restriction kg >> Ak, by
choosing kg = 0 and maximize A,(0,t;2 ) as a function of A, at the char-
acteristic time t{, = |zo|/(hAk,/m) for spreading of the packet to obtain
AL (0,th;2) < (A, /7|zo])Y/? (to leading order in A, /|zo|). Hence, the im-
portance of the spin-dependence of the arrival-time distribution (.43) can
be enhanced by relaxing the frequently imposed constraint kg >> Ak,. This
has been confirmed by explicit calculation for free electrons having the initial
wavefunction (0.46) with Ak, = ko and A, = A, = A,.

It is clear from the above analysis and from detailed calculations in the re-
cent literature [24] that there are situations in which Bohm trajectory arrival-
time distributions for nonrelativisitic electrons with a two-component wave
function of the form ¥ (r,t) x can exhibit a significant dependence on spin di-
rection. This is not necessarily the case for other approaches. For example, the
“time-of-presence” result (5I7) for the arrival-time distribution is indepen-
dent of §. Hopefully, it will prove possible to investigate the spin-dependence
of arrival-time distributions with experiments on spin-polarized electrons.

A (0,4 2) = (5.52)

5.6 Protective Measurements and Bohm Trajectories

A recent paper by Aharonov, Englert, and Scully (AES) [65] with the above
title “challenges any realistic interpretation of Bohm trajectories.” These au-
thors consider “a protective measurement of a particle in a box and find that



5 Bohm Trajectory Approach 151

the particle participates in a local interaction although its Bohm trajectory
never comes near the interaction region.” In particular, they claim the fol-
lowing: “[This| should have been quite disturbing to adherents of Bohmian
mechanics because it implies that Bohm trajectories are forever hidden. If
you cannot rely on local interactions to determine the ‘actual position’ of the
particle, then you cannot determine it at all. The concept of position itself
becomes shaky.”

Now, that one cannot directly measure a Bohm trajectory is an inevitable
consequence of the position—-momentum uncertainty relation and has been
known from the beginning — after all, the titles of Bohm’s seminal papers
were ‘A suggested interpretation of the quantum theory in terms of “hidden
variables”: Part I; Part .13 Moreover, the concept of particle position is
already shaky in relativistic quantum mechanics and this is much more of
a problem for conventional quantum mechanics than for a realistic theory
such as Bohmian mechanics, which is founded on “beables” [0] rather than
“observables” and hence does not mandate that a quantity cannot exist unless
it is precisely measurable (at least in principle).

AES consider a thought experiment involving two quantum particles in
which a protective measurement is made on the first with the second acting as
a meter. The first has mass m; and is confined to the interior of a box extend-
ing from x = —I[ to x = +I[. It is prepared at ¢t = ¢; in the lowest-energy eigen-
state with initial wave function ¢ (z1,t;) = 17/2 cos(mz1/21) O(z1 +1) O(1 —
x1) The second has mass ms and is not subject to any confining potential;
its initial wave function is ¥ (20, ;) = (2/7)Y*(Apa/h) /2 exp[—(x2Apa /1)?],
a Gaussian with mean position Z(¢;) = 0, mean momentum p(t;) = 0, spatial
width Aza(t;), and momentum width Apy = Aps(t;) = 1/[2Az2(t;)]. The two
quantum particles are subsequently coupled via the interaction

h t A
Hi = e ) f( 1) 0(@n) 2. (5:53)
where f(t/T) is zero for |t| > T and positive for [¢| < T with =T > t;,
and the integral of T=1f(t/T) over all t is 1. For simplicity, f(t/T) is also
assumed to be symmetric about ¢t = 0. AES consider a protective measurement

2 1f one knows the initial wave function 1 (x,0) and the potential V'(x,t) then the
result X, (t') < z(t') < Xp(t') of a measurement of the particle’s position at a
well-specified instant of time ¢’ enables one to retrodict a band of nonintersecting
Bohm trajectories for previous times ¢t bounded by X, (¢) and X4(t), one of which
— according to the theory — is the actual trajectory. The t-dependent width of the
band, of course, depends on the precision of the original (strong) position mea-
surement at ¢ = t’, which cannot be made arbitrarily small because of relativistic
particle—antiparticle creation and annihilation effects.

The © functions included here are essential. Otherwise one is led to the usual claim
that the wave function is a superposition of two running waves, with wave numbers
k = =£(w/2l), moving in opposite directions. In fact, the distribution of wave
numbers for the correct wave function is |¢(k)|? = (72 /21)[1+cos(2kl)]/[(7/21)? —
k?)? and takes on its maximum value at k = 0.

13
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[66L [67, [68] [691 [70] in which (a) T is sufficiently large relative to other relevant
timescales and f(¢/7") sufficiently smooth that the coupling is adiabatic and
the first quantum particle remains in its time-dependent ground state and (b)
the dimensionless parameter € is sufficiently small that this ground state at
t > T is negligibly changed from the initial one. They showed that under these
conditions the wave function for ¢ > T is given to a good approximation by

W((El , L2, t) =

1 T . a(t)Apy11/2
112 cos( o] )9(961 + 0O — x1) explid(t)] [ ( )h }
a(t)([z2 — dz2(t)] Ap2)? +i [x2 — 5@(75)]51)2}

h? h

where a(t) = 1/[1+i2(Ap2)?(t —t;)/hms]. The time-dependent spatial spread
of the uncoupled meter is Axo(t) = Awxo(t;)/|a(t)]; the final shift of the meter’s
mean momentum, dps = dp2(t > T)), is given by

exp [— (5.54)

Sps — —ch / "y (a6 s (1, 1)

ch
L

The corresponding (time-dependent) shift of the meter’s mean position is
dxo(t > T) = (0pa/ma)t. The time-dependent phase ¢(¢) is irrelevant.

To complete the measurement of |1(0,t;)|?, i.e., of —dps/eh, a standard
measurement of the momentum shift dps is made for some instant of time
t > T. If this shift is very much larger than the momentum width Ap, then
one can, with high probability, obtain an accurate result for |1(0,t;)|?> by
performing just one such measurement on a single member of the ensemble.

In the absence of any coupling between the two quantum particles, the
Bohm velocity field v1(x1,t) of the first is zero and it remains at rest at some

—eh|1(0,4:)]? = — (5.55)

unknown position within the box, i.e., its Bohm trajectory is (xgo), t) = x:(LO).
AES show that, unless the starting position x§0> at t = t; is very close to the
origin z; = 0, the weak adiabatic coupling of the above protective measure-
ment does not perturb the first particle sufficiently for its trajectory to reach
the origin. They conclude as follows: “Accordingly, one has to concede either
that the particle’s Bohm trajectory and its position are unrelated, or that the
particle’s position is irrelevant for its participation in local interactions. The
second concession cannot be considered seriously because it would put away
with the phenomenological meaning of position altogether. Therefore we can
hardly avoid the conclusion that the formally introduced Bohm trajectories
are just mathematical constructs with no relation to the actual motion of the
particle.” T think that there is an alternative interpretation of their analysis
that does not involve either theory making concessions.

I find the presentation of [65] misleading for two reasons. Firstly, it does not
acquaint the reader with the ontology of Bohm’s theory and is not phrased in
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a manner consistent with that ontology (e.g., “particle” is used when “wave”
or “wave function” is the appropriate word). Secondly, there are crucial prop-
erties of protective measurements, including striking similarities regarding the
status of the wave function in the two theories, which are not mentioned.
For a system of N quantum particles described by Bohm’s theory the
ontology is one of N real point-like particles that are always accompanied by
a real wave — the wave function ¥ (71, ..., 7, t) — that probes the environment
of each particle and choreographs [9] its motion accordingly so that it has a
well-defined trajectory. For the nonrelativistic one-dimensional N = 2 system
analyzed by AES the equations of motion for the particles are [2, 3] 4] [5] [6]

7,18, ]

vi(t) = vi(T1, 02, 1)z, =, (t) 2=wa(t)
Jj(ﬂ:l,xQ,t) .

= e ond (j=12) (5.56)

Ilzml(t),ZEQZZEQ(t)

where
h 5W(x1,$2,t) .

Ji(zr,w0,t) = 1 {w Lo, —1,2). 5.57
(21, 22,t) m; m (x1,22,1) Oz (j ) ( )

The concern expressed by AES is that the first particle can participate in
an interaction localized at the point z; = 0 by the delta function (%) in
the interaction Hamiltonian even though its trajectory never reaches that
point. Let us first consider the one-particle case with external potential
V(z,t) = €(1/T)f(t/T)V(xz) where the subscript 1 has been dropped for
simplicity and € is a fixed parameter with dimensions of time. The wave
function ¢ (z,t) probes the environment described by V(z,t) directly and lo-
cally, both spatially and temporally, as evidenced by the term V(z,t)¢(z,t)
in the wave equation. The guidance of the point-like particle by the wave
function is also direct and local as evidenced by the equation of motion
v(t) = [J(z,t)/p(x,1)]3=2(). (The instantaneous velocity of the particle com-
ponent of a Dirac electron is determined solely by the (four components of
the) wave function at the instantaneous space—time location of the particle.)
The effect of the potential in the immediate neighborhood of a specific space—
time point (2/,¢') on the particle when it is at (”,¢” > t’) is mediated by the
guiding wave. Since the functional derivative §i(a”,t")/6V (2/, ') for times ¢
subsequent to ¢’ is not in general zero for x” # 2, it is not necessary for the
point-like particle of Bohm’s theory to reach 2’ at some time subsequent to t’
to be influenced by the potential at (2, ¢'). Hence, the interaction of the parti-
cle with the potential is in general indirect, retarded in time and, in the above
sense, nonlocal in space. For the two-particle case the interaction of the first
particle with the total potential V' (z1,z2,t) is mediated by the guiding field
W (x1,22,t) and there is no necessity for the first particle to reach x} subse-
quent to ¢’ to be influenced by V(x}, z},t"). This is particularly so in this case
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because of the well-known fact that unless the wave function is factorable, i.e.,
unless ¥(x1,x9,t) can be written in the form 1 (x1, t)2(x2,t), the motion of
each of the “entangled” particles depends on the instantaneous position of the
other no matter how far apart they are at time ¢ or how weak the interaction
V' has become. Bell [6] considered it a “merit” of Bohmian mechanics that
this nonlocality is so manifest that it cannot be ignored. He did not ignore
it and consequently discovered his famous inequalities [6]. It is rather ironic
that if the nonlocal influence of the second particle on the first had been such
as to cause the latter to pass through z; = 0 then the case made by AES for
a Bohmian particle not participating properly in a local interaction might not
have gone ahead.

It is clear that within Bohmian mechanics the first particle’s position
is relevant for its participation in interactions but the interactions in ques-
tion, being mediated by the guiding wave, are not local in the sense of
Aharonov, Englert, and Scully. Hence, their second choice of concession should
be dropped simply because it is not relevant within Bohmian mechanics. As
argued below, elimination of this concession does not necessarily imply that
one should make the alternative one, namely that “the particle’s Bohm tra-
jectory and its position are unrelated.”

The above postulated role for the wave function as a guiding wave makes
little sense if the wave function of an individual system is not regarded as a
real physical entity. Now, the originators and main proponents of the idea of
a protective measurement have repeatedly claimed [66] 67, 68 69] [70] that
the wave function of a single system is real because it can be observed with
this new kind of measurement. AES stress that the wave function possesses a
physical significance not only for an ensemble of identically prepared systems
but also for a single system. However, they do not mention that this dual
role for the wave function is also an important feature of Bohmian mechanics,
one that has been held against it. Moreover, Anandan [68] has extended the
theory of protective measurements to systems of many quantum particles and
concluded that this “clearly shows that it is the wave in configuration space,
and not physical space, which acquires an ontological meaning.” This echoes a
statement made about Bohmian mechanics by Bell in Chap. 15 of [6]: “No one
can understand this theory until he is willing to think of ¢ as a real objective
field rather than just a ‘probability amplitude’. Even though it propagates
not in 3— space but in 3N — space.”

I see no reason why an extremely slow and weak protective measurement
on a single system or on a single member of an ensemble especially designed
to measure the local intensity of the wave function, that is, the guiding wave
of Bohm’s theory, should simultaneously provide a local measurement of the
presence of the point-like particle of Bohm’s ontology for that single system.
After all, the two components are very different entities — it is only the former
that is expected to have identical behavior in each member of a pure state
ensemble. The behavior of the point-like particle, on the other hand, varies
randomly from member to member. In fact, in [66] Aharonov, Anandan, and
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Vaidman conclude “ A [quantum] particle manifests itself through its entire
wave function during a protective measurement instead of manifesting like
a point particle as in the usual measurement.” From the point of view of
Bohmian mechanics this is a very attractive result because it means that
the two components of an electron, namely the point-like particle and the
guiding wave, can be experimented upon separately in the strong-fast and
weak-slow coupling limits, respectively. Presumably, in intermediate regimes
of coupling both components would contribute, making the extraction of useful
information about either difficult.

Consider a single standard (i.e., impulsive, strong, and wave function col-
lapsing) measurement of the position of a particle —what Mielnik [25] likens to
a large number of simultaneous police raids— on one member of an ensemble.
It would be illogical to claim that the failure to find the particle in a specific
localized region meant that the (precollapse) wave function had zero intensity
in that region. Given the ontology of Bohm’s theory it seems equally illogical
to demand for a single measurement on an individual ensemble member that
the particle component must spend in some specified localized region a time
proportional to the protectively measured wave function intensity for that re-
gion. This view finds support in papers published prior to [65] by Aharonov
and collaborators. In particular, they discounted a (generic) hidden-particle
trajectory explanation of the above protective measurement result by con-
sidering the first excited energy eigenstate, which has a node at the centre
of the potential well. They argued that if the measured result for any small
spatial region was in fact a direct reflection of the fraction of the time interval
—T <t < +T spent there by the single particle, then the particle must spend
half of its time in each half of the box and consequently pass through the node
with infinite Velocity They also pointed [66] out that the particle of Bohm’s
theory, being at rest, “ cannot move to and fro as required” in this (refuted)
explanation.

The mathematical description of the protective measurement of [67] [69],
which is essentially the samd' as that of [65] except that the localized regions
of interest are not restricted to the center of the box, reveals an important
property that is directly relevant to what is actually being measured. For any
very short period of time ¢, within an extended temporal range in which
the coupling with the measuring device is independent of time, the measuring
device shifts by an amount proportional to |¢(z = 0)|2§t [67]. Similarly, one
can carry out the measurement much more quickly by coupling a single me-
ter simultaneously to a very large number of independent quantum particles

14 A problem with this argument is that it does not apply to Dirac electrons, for
which energy eigenstates do not have nodes in 1D, and one must show instead that
the tentative explanation can lead to superluminal particle speeds. One would
presumably consider a well with walls not so high that the single-particle inter-
pretation of Dirac’s equation ceased to be a good approximation.

%2 is replaced by p2 and 6(x1) by (1/v,) if z1 € V,, and 0 otherwise, where vy, is
the volume of the nth small region V,.

15



156 C. R. Leavens

each prepared with the same initial wave function 1, and, according to the
theory, contributing equally to the total shift of the meter [70]. Both of these
clearly indicate that for a single quantum particle it is the local intensity of
the wave function of a single system that is being measured in the thought
experiment of [65] and not the integrated presence of a hypothetical point-like
particle in the region of interest. For example, by coupling the single meter
to a sufficiently large number of quantum particles one can make the required
coupling time so short that the times of presence of the associated point-like
particles, with initial positions distributed according to |+1|?, in any specified
small region cannot possibly be identical unless they always move with infinite
speed. In Bohm’s theory, for the system considered by AES, they do not move
at all before the coupling is turned on and very slowly afterward. Hence, there
is no necessary inconsistency between Bohm'’s theory and the claim that it is
the local intensity of the wave function in each system that is being probed in
the protective measurement. One could also conclude that the mathematical
description is consistent with the nonexistence of a point-like particle between
those instants of time in which it is observed as such, for example, in a stan-
dard position measurement. However, this interpretation of the mathematics
cannot be verified experimentally because in the first case considered above
the spatial shift of the meter in the time dt is too small to be observed and in
the second the individual contributions to the net shift of the meter are not
identified and measured. That is, in both cases, what is needed to possibly
refute Bohm’s hidden variable theory is itself hidden.

It should be noted that Aharonov, Englert, and Scully’s conclusion that
Bohm trajectories are “just mathematical constructs with no relation to the
actual motion of the particle” confirms earlier conclusions [71} [72] based on
standard and weak measurements. The conclusion based on standard mea-
surements has recently been criticized by Hiley, Callaghan, and Maroney [73].
Moreover, there is an inconsistency between the protective and weak measure-
ment conclusions: an important general conclusion of protective measurement
theory [66] 67, 68, 69] [70] is that the wave function is real while the nega-
tive conclusion of Aharonov and Vaidman [72] regarding the reality of Bohm
trajectories based on their weak measurement analysis hinges on their “par-
ticular approach to the Bohm theory in which the wave is not considered to be
a ‘reality’.” Their particular approach is a possibility but is not the approach
adopted in this chapter. In my opinion, protective measurements on energy
eigenstates support the latter approach.

5.7 Concluding Comments

It is a mathematical fact that the momentum distribution 2! [¢(k, t)|? is in-
dependent of time for an ensemble of freely evolving quantum particles all pre-
pared in the same state ¥(x,0). Now, the question “Can the velocity of an in-
dividual freely evolving particle change with time?” is a meaningful one within
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Bohmian mechanics and the answer is “yes.” I suspect that, for a variety of
good reasons, most quantum physicists would regard this as a meaningless
question within conventional quantum mechanics. If that is the case, then
for the same reasons they should also regard the question “Is the velocity of
an individual freely-evolving particle constant in time?” as a meaningless one
within conventional quantum mechanics. But, there are many statements in
the literature that suggests that many do not share this view. For example, in
his classic monograph “General Principles of Quantum Mechanics” Pauli [74]
explicitly stated that the probability density in momentum space is constant
in time for free particles since the momentum of the particle itself is constant.
This claim that the momentum of a free particle is constant in time is implicit
in the well-known gedanken experiment in which the instantaneous momen-
tum p(tp) of a single particle localized in some confining potential V' (z) is de-
termined by switching off the potential at the specified instant of time ¢t = ¢
and then measuring the time of flight of the liberated particle over a flight
path L very much longer than the spatial extent of the wave function at to [75].
Then, p(ty) = mL/(T — ty) with an accuracy that depends primarily on that
of the measured arrival time T at the detector. It seems that this claim is also
implicit in a recent derivation [II] of the arrival-time distribution (27 for
free particles, which is based on the assumption — presented as a self-evident
fact — that every free particle in an ensemble described by a wave function with
¢(k =0,t) = 0 must arrive once and only once at any spatial point X at some
time 7 between —oo and +oo[M It is this assumption that leaves no room for
k> 0/k < 0 interference terms in I7(7T; X). The claim that the momentum of
an individual freely evolving particle — not in a momentum eigenstate — is con-
stant in time is, in my opinion, an unjustified assumption within conventional
quantum mechanics. Doesn’t this assumption imply that such a particle has
a trajectory z(t) = x(0) + p(0)t/m with two hidden variables z:(0) and p(0)?

To say that something arrives at x = X at a certain instant of time t =T
implies that it existed for a finite interval of time before the moment of ar-
rival. This leads naturally to the problem posed by Wigner [20] of deriving
the probability that a particle arrives at a specified point * = X at time
T from the left and also the probability that it arrives at time 7' from the
right. Neither the Bohm trajectory nor Wigner’s answers to this question, i.e.,
the directed arrival-time densities I74 (7; X) of Sect. 532 associates arrivals
from the left (right) with & > 0 (k < 0) wave number components of the wave
function. On the other hand, the “standard” answer [13] does make such an
association. As a result, an important issue is providing an operational mean-
ing for the arrival-time distribution (5.27]) consistent with it containing no

6 The usual definition of the arrival-time distribution has been extended to include
arrival times in the range [—oo,0] by imagining that the particle was prepared
at t = —oo in the state, which, in the assumed absence of any interaction, would
evolve to the desired initial state ¥ (z,t = 0) at ¢ = 0. It is claimed that for
the extended problem, just as in the classical case (with p(t) = p(0) # 0), every
particle must reach X once and only once.
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term associated with interference between k£ > 0 and k < 0 components. The
following thought experiment to measure the distribution (5.27) for the case
of free evolution has been proposed [15]. A strong measurement of the sign of
the momentum of each incident quantum particle is made, collapsing the wave
function to either ¢ or ¢ _. In each member of the ensemble, the result of this
measurement triggers the switching on of the appropriate one-sided detector
at © = X. In order not to miss any arrivals the sign-of-momentum measure-
ment should be made as early as possible. The most efficient way of performing
the experiment would be simply to prepare the desired mixture of the states
14 and ¥_ at t = 0 with the appropriate one-sided detectors already in place.
The experiment for the case in which the potential V' (z,t) is not zero would
be much more difficult, perhaps impossible, to implement because for each
ensemble member it is necessary to measure the sign of the momentum and
turn on the corresponding one-sided arrival-time detector an instant before
the particle will be found to have arrived at X, i.e., before the potential can
introduce a nonnegligible contribution to the wave function with the “wrong”
sign of the momentum. Since one cannot predict when an individual detection
will occur it will be necessary to discard all those measured arrival times that
occur outside some specified temporal window [ty,t+ + A;] where 1 is the
time at which the sign-of-momentum measurement is made, assuming that
such a measurement can be made at an instant of time and the appropriate
detector inserted immediately afterward. Hopefully, a suitable choice for A;
could be determined empirically by measuring I7(T") for decreasing values of
Ay until convergence is reached. In addition, there will be nondetections when
the choice of 1 is too large. Moreover, there are interesting conceptual and
practical issues associated with the collapse of the wave function ¢ at t = t4
to either ¢4 or ¥_ accompanied by an instantaneous change of integrated
probability density for the two half-spaces x > X and x < X.

Generalizing various approaches for deriving arrival-time distributions for
Schrédinger particles to the case of Dirac particles could be an interesting
avenue for future research, especially if there is the possibility that arrival-time
experiments on spin-polarized electrons might discriminate between different
theories. This will probably require that the theories be specialized to the case
of first arrivals, which is relatively simple for the Bohm trajectory approach
but has not been implemented for the standard approach.

Finally, in my opinion, there is the possibility that the concept of protective
measurement on an energy eigenstate might enhance, rather than weaken, the
version of Bohmian mechanics adopted here in which the reality of the wave
function is an important element.
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Appendix

The Dirac equation describing an electron minimally coupled to the electro-

magnetic four potential [U(r,t), A(r,t)] is [76, [T7, [78] [79)

e
zhatw(r,t) =
{cd : [(n/i)v - (e/c)A(r,t)] + Bme® + &er(r,ﬂ}w(r,t) , (5.58)

where the wave function (7, t) is a four-component column matrix,

() :
w(r,t) = E’“g (1/11(7“ £), b (r, 1), s (r, ), a (r, t)) . (5.59)
Ya(r,1)

and &g, &y, G, 3, and g = 1 are 4x4 matrices. In the standard representation
used here

0 0 0 1 0 0 0 —
. _ [0 0 10 . _ [0 0 i 0
“@=lo1o0o0["=lo -0 o]
10 0 O i 0 0 0
0O 0 1 o0 1 0 0 0
. _ 10 0 0 -1 = [0 1 0 0
=17 0 o0 o , B = 00 -1 0). (5.60)
0 -1 0 O 00 0 -1
The continuity equation
0
atp(r,t)—I—V-J(r,t) =0 (5.61)
is satisfied for
p(r,t) = T (r, t)p(r,t) | (5.62)
J(r,t) =l (r,t) & (r,t), (5.63)

where

() (w 0. <r,t>,¢§<r,t>,¢z<r,t>). (5.64)
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The range of validity of the single-electron interpretation of the Dirac equation
(EE]) is not well-defined [78]. It is a basic assumption of this chapter that
there exists a very low energy regime in which it is justified to interpret p(r, t)
and J (7, t) as single-electron probability and probability current densities, re-
spectively, to an adequate approximation. By “adequate approximation” it is
meant that the results obtained with the Dirac equation are a closer approxi-
mation to reality than the corresponding ones obtained with the Schrodinger
(or Pauli) equation and are not significantly altered by second quantization of
the Dirac theory to take accurately into account the effects of real and virtual
electron—positron creation and annihilation.

It is well-known [3| [7] that the velocity field v(r,t) = J(r,t)/p(r,t) of
Bohm’s ontological interpretation of relativistic quantum mechanics cannot
exceed c in absolute value. This is easily proven by straightforward calculation
of the quantity p?(r,t)[1 — v*(r,t)/c?] for the Dirac wave function (5.53).
With the jth component of the wave function expressed in polar form, i.e.,
pi(r,t) = [;(r, t)| explig;(r,t)], the result can be written as

P’ 1 —v?/P] = (|1 + [wa* — |s]* — [vu]*)* +
4 ([ |[3] sin(p1 — p3) + |2 [4] sin(pa — 4)]? (5.65)

with p = |1 |2+ |12]? +[13]? +[1p4|?. Since the right-hand side of this equation
is nonnegative, v? cannot exceed ¢? whenever p # 0. It should be noted that
&% = 3 1 and hence that the local expectation value of the square of the
velocity operator, that is, of (cé&)?, is 3¢2.
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Decoherent Histories for Space—Time Domains
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The decoherent histories approach is a natural medium in which to address
problems in quantum theory that involve time in a non-trivial way. This
chapter reviews the various attempts and difficulties involved in using the
decoherent histories approach to calculate the probability for crossing the
surface = 0 during a finite interval of time. The commonly encountered dif-
ficulties in assigning crossing times arise here as difficulties in satisfying the
consistency (no-interference) condition. This can be overcome by introducing
an environment to produce decoherence, and probabilities exhibiting the ex-
pected classical limit are obtained. The probabilities are, however, dependent
to some degree on the decohering environment. The results are compared with
a recently proposed irreversible detector model. A third method is introduced,
involving continuous quantum measurement theory. Some closely related work
on the interpretation of the wave function in quantum cosmology is described.

6.1 Introduction

Although opinions differ as to the value and achievements of attempts to
quantize the gravity, it is undeniable that this endeavour has inspired a con-
siderable amount of work in a variety of related fields. In particular, the quan-
tization of gravity puts considerable pressure on both the mathematical and
conceptual foundations of quantum theory, so it is perhaps not surprising that
many researchers in quantum gravity have been drawn into working on the
foundations of quantum mechanics.

One of the key issues that arises in the quantization of gravity is the
“Problem of Time”. In the quantization of cosmological models, the wave
function of the universe satisfies not a Schrédinger equation but the Wheeler—
DeWitt equation,

HPhij,¢] =0. (6.1)

The wave function ¥ depends on the three-metric h;; and the matter field con-
figurations ¢ on a closed space-like three-surface [25] [37, [39]. There is no time
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label. Its absence is deeply entwined with the four-dimensional diffeomorphism
invariance of general relativity. It is often conjectured that “time” is somehow
already present amongst the dynamical variables h;j, ¢, although to date it
has proved impossible to extract a unique, globally defined time variable.

Although a comprehensive scheme for interpreting the wave function is
yet to be put forward, a prevalent view is that the interpretation will involve
treating all the dynamical variables h;;, ¢ on an equal footing, rather than
trying to single out one particular combination of them to act as time. For
this reason, it is of interest to see if one can carry out a similar exercise in
non-relativistic quantum mechanics. That is, to see what predictions quantum
mechanics makes about space—time regions, rather than regions of space at
fixed moments of time.

Such predictions are not the ones that quantum mechanics usually makes.
In standard non-relativistic quantum mechanics, the probability of finding a
particle between points x and = + dz at a fixed time ¢ is given by

p(z,t)de = |¥(x,t)? do (6.2)

where ¥ (z,t) is the wave function of the particle. More generally, the variety
of questions one might ask about a particle at a fixed moment of time may
be represented by a projection operator P,, which is exhaustive,

d Pa=1, (6.3)

and mutually exclusive,
PyPg = 0Py . (6.4)

The projection operator appropriate to ask questions about position is P =
|z)(z|. The probability of a particular alternative is given by

pla) = Tr(Pao) , (6.5)

where o is the density operator of the system at the time in question.

The key feature of the above standard formulae is that they do not treat
space and time on an equal footing. Suppose one asks, for example, the same
sort of question with space and time interchanged. That is, what is the prob-
ability of finding the particle at point z in the time interval ¢ to ¢t 4+ dt? The
point is that the answer is not given by |W¥(z,t)|?dt. The reason for this is
that, unlike the value of x at fixed ¢, the value of ¢ at fixed x does not refer
to an exclusive set of alternatives. The position of a particle at fixed time is a
well-defined quantity in quantum mechanics, but the time at which a particle
is found at a fixed position is much more difficult to define because of the
possibility of multiple crossings.

This question is clearly a physically relevant one since time is measured
by physical devices that are generally limited in their precision. It is there-
fore never possible to say that a physical event occurs at a precise value of
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time, that it occurs only in some range of times. Furthermore, there has been
considerable recent experimental and theoretical interest in the question of
tunnelling times [40, [48]. This is the question: given that a particle has tun-
nelled through a barrier region, how much time did it spend inside the barrier?

Space-time questions tend to be rather non-trivial. As stressed by Hartle,
who has carried out a number of investigations in this area [35] [36] B8], time
plays a “peculiar and central role” in non-relativistic quantum mechanics. It is
not represented by a self-adjoint operator and there appears to be no obstruc-
tion to assuming that it may be measured with arbitrary precision. It enters
the Schrédinger equation as an external parameter. As such, it is perhaps best
thought of as a label referring to a classical, external measuring device, rather
than as a fundamental quantum observable. Yet time is measured by physical
systems, and all physical systems are believed to be subject to the laws of
quantum theory.

Given these features, means more elaborate than those usually employed
are required to define quantum-mechanical probabilities that do not refer to a
specific moment of time, and the issue has a long history [2] [64]. One may find
in the literature a variety of attempts to define questions of time in a quantum-
mechanical way. These include attempts to define time operators [21] [4T] [59],
the use of internal physical clocks [36] B8] and path-integral approaches [14]
[35] [47] [68]. The literature on tunnelling times is a particularly rich source of
ideas on this topic [40]. Many of these attempts also tie in with the time-energy
uncertainty relations [46] [50]. For a nice review of many of these issues, see [54].
All these subjects are treated in more detail in other chapters of this volume.

This chapter is concerned with the attempts to solve problems of a
space—time nature using the decoherent histories approach to quantum theory
[1'7, 18, 20, 57]. It is perhaps of interest to note that, in addition to inspir-
ing work on the question involving time, considerations of quantum gravity
were also partly responsible for the development of the decoherent histories
approach. For our purposes, the particular attraction of this approach is that
it directly addresses the notion of a “history” or a “trajectory” and in par-
ticular shows how to assign probabilities to them. It is therefore very suited
to the question of space—time probabilities considered here. This is because
the question of whether a particle did or did not enter a given region at any
time in a given time interval clearly cannot be reduced to a question about
the state of the particle at a fixed moment of time, but depends on the entire
history of the system during that time interval.

The decoherent histories approach, for space—time questions, turns out to
be most clearly formulated in terms of path integrals over paths in configu-
ration space [68] [35] [39]. The desired space—time amplitudes are obtained by
summing exp (; S[z(t)]), where S[z(t)] is the action, over paths x(t) passing
through the space-time region in question and consistent with the initial state.
The probabilities are obtained by squaring the amplitudes in the usual way.
(The decoherent histories approach is not inextricably tied to path integrals,
however. Operator approaches to the same questions are also available, but
are often more cumbersome.)
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When computed according to the path integral scheme outlined above,
the probability of entering a space—time region added to the probability of not
entering that region is not equal to 1, in general. This is because of interference.
The question of whether a particle enters a space-time region, when carefully
broken down, is actually a quite complicated combination of questions about
the positions of the particle at a sequence of times. It is therefore, in essence,
a complicated combination of double-slit situations. Not surprisingly, there is
therefore interference and probabilities cannot be assigned.

Therefore, from the point of view of the decoherent histories approach
to quantum theory, the probability of entering a space—time region is quite
simply not defined in general for a simple point particle system due to the
presence of interference. It is here that the decoherent histories approach, like
all the other approaches to defining time in quantum theory, runs up against
its own particular brand of difficulties.

It is, however, a common feature of the decoherent histories approach
that most of the histories of interest cannot be defined due to interference —
histories defined by position at more than one time, for example. It is well
known that the interference may be removed by coupling to environment,
typically a bath of harmonic oscillators in a thermal state. We will therefore
consider the above space-time problem in the presence of an environment.

The decoherent histories approach is reviewed in Sect. and its applica-
tion to simple space—time questions is discussed in Sect. The inclusion of
the environment to induce decoherence is described in Sect.

The probabilities produced by the decoherent histories approach are in
some sense somewhat abstract since they do not refer to a particular mea-
suring device. In Sect. we therefore introduce a model measuring device
for the purposes of comparison. The decoherence model of Sect. consists
of quite a crude environment that has, however, been very successful in pro-
ducing decoherence and emergent classicality. The measurements it effectively
carries out are of a rather robust and crucially irreversible nature. Hence the
most important sort of comparison is with an irreversible detector model.
Interestingly, most of the arrival time models discussed in the literature are
not of this type. It is therefore of interest to develop a model detector not
dissimilar to the decoherence model but sufficiently modified to carry out a
more precise measurement. The comparison between the decoherent histories
approach and the detector model is then discussed out in Sect. This also
leads to the introduction of a third candidate for the crossing time probability,
derived from continuous quantum measurement theory.

In Sect. we briefly discuss another type of non-trivial time question,
namely, given that a system is in an energy eigenstate, what is the probability
that it will pass through a given region in configuration space at any time?
The reason that is of interest is that it is, in essence, the question one needs to
answer in order to interpret solutions to the Wheeler-DeWitt equation (6.1I).

We summarize and conclude in Sect. An update for the second edition
is given in Sect.
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6.2 Decoherent Histories Approach to Quantum Theory

In this section we give a brief summary of the decoherent histories approach
to quantum theory. It has been described in considerable depth in many other
places [I3} 7} 18} 20} 22, 23} 139, 152} [57].

In quantum mechanics, propositions about the attributes of a system at
a fixed moment of time are represented by sets of projection operators. The
projection operators P, effect a partition of the possible alternatives « a sys-
tem may exhibit at each moment of time. They are exhaustive and exclusive,
as noted in ([G3) and (64). A projector is said to be fine-grained if it is of the
form |a) (|, where {|a)} are a complete set of states. Otherwise it is coarse-
grained. A quantum-mechanical history (strictly, a homogeneous history [42])
is characterized by a string of time-dependent projections, Py (t1),--- P2 (t,),
together with an initial state p. The time-dependent projections are related
to the time-independent ones by

P} (ty) = (=t pk =i (i=to) (6.6)

where H is the Hamiltonian. The candidate probability for these homogeneous
histories is

plon, az, o) = Tr (P (t) -+ Po, (t1)ePy, (t) - Pa (t) - (6.7)
It is straightforward to show that (6.7)) is both non-negative and normalized
to unity when summed over aq,---,a;,. However, (67) does not satisfy all

the axioms of probability theory, and for that reason it is referred to as a
candidate probability. It does not satisfy the requirement of additivity on
disjoint regions of sample space. More precisely, for each set of histories, one
may construct coarser-grained histories by grouping the histories together.
This may be achieved, for example, by summing over the projections at each
moment of time,
Py=) P, (6.8)
acx

(although this is not the most general type of coarse graining — see below). The
additivity requirement is then that the probabilities for each coarser-grained
history should be the sum of the probabilities of the finer-grained histories
of which it is comprised. Quantum-mechanical interference generally prevents
this requirement from being satisfied. Histories of closed quantum systems
cannot in general be assigned probabilities.

There are, however, certain types of histories for which interference is
negligible, and the candidate probabilities for histories do satisfy the sum
rules. These histories may be found using the decoherence functional:

D(a,a’) = Tr (P2 (ta) - PL, (t)oPk (t) - P (t)) - (6.9)

Here a denotes the string ag, as, - - -, a,. Intuitively, the decoherence func-
tional measures the amount of interference between pairs of histories. It may
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be shown that the additivity requirement is satisfied for all coarse grainings
if and only if
ReD(a,a’) =0 (6.10)

for all distinct pairs of histories «,’ [20]. Such sets of histories are said
to be consistent, or weakly decoherent. The consistency condition (6.I0]) is
typically satisfied only for coarse-grained histories, and this then often leads
to satisfaction of the stronger condition of decoherence,

D(a,a’) =0, (6.11)

for aw # . The condition of decoherence is associated with the existence of so-
called generalized records. This means that it is possible to add a projector Rg
at the end of the chain such that decoherence is preserved and such that the
label [ is perfectly correlated with the history alternatives aq, - -, au,. There
is therefore in principle some physical measurement that could be carried out
at the end of the history from which complete information about the entire
history can be recovered [I8], [19] 26].

For histories characterized by projections onto ranges of position at differ-
ent times, the decoherence functional may be represented by a path integral:

D(a,d) = /le /O/ Dy exp (;S’[x] — ;S[y]> o(zo,v0) - (6.12)

The integral is over paths z(t), y(t) starting at o, yo, and both ending at the
same final point z;, where x s, z¢ and yo are all integrated over and weighted
by the initial state o(xo,yo). The paths are also constrained to pass through
spatial gates at a sequence of times corresponding to the projection operators.
However, the path integral representation of the decoherence functional
also points the way towards asking types of questions that are not represented
by homogeneous histories [35]. In this article we are particularly interested in
the following question. Suppose a particle starts at ¢ = 0 in some quantum
state. What is the probability that the particle will either cross or never cross
2 = 0 during the time interval [0, 7]? In the path integral of the form (GI2))
it is clear how to proceed. One sums over paths that either always cross or
never cross x = 0, respectively, during the time interval.
How does this look in operator language? The operator form of the deco-
herence functional is
D(a,a’) = Tr (cagcl,) , (6.13)

where
Coz = o, (tn) t Pal (tl) . (614)

The histories that never cross x = 0 are represented by taking the projectors
in C, to be onto the positive z-axis and then taking the limit n — oo and
ty — tg—1 — 0. The histories that always cross © = 0 are then represented by
the object
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Co=1-0C,. (6.15)
This is called an inhomogeneous history, because it cannot be represented as a
single string of projectors. It can however, be represented as a sum of strings
of projectors [35] [42].

The proper framework in which these operations, in particular (G.I3]), are
understood is the so-called generalized quantum theory of Hartle [35] and
Isham et al. [42]. Tt is called “generalized” because it admits inhomogeneous
histories as viable objects, whilst standard quantum theory concerns itself
entirely with homogeneous histories. We will make essential use of inhomoge-
neous histories in what follows.

In practice, for point particle systems, decoherence is readily achieved by
coupling to an environment. Here, we will use the much studied case of the
quantum Brownian motion model, in which the particle is linearly coupled
through position to a bath of harmonic oscillators in a thermal state at tem-
perature T and characterized by a dissipation coefficient . The details of this
model may be found elsewhere [10] [15] 22 23].

We consider histories characterized only by the position of the particle and
the environmental coordinates are traced out. The path integral representation
of the decoherence functional then has the form

Diaet) = [ Do [ Dy exo (5l = | S+ Wlead) oloon)
(6.16)
where Wz, y] is the Feynman—Vernon influence functional phase and is given
by

Wiz, y] = —m’y/dt (r—y)(z+9) + i2mng /dt (x—y)*. (6.17)

The first term induces dissipation in the effective classical equations of motion.
The second term is responsible for thermal fluctuations. It is also responsible
for suppressing contributions from paths x(¢) and y(t) that differ widely and
produces decoherence of configuration space histories.

The corresponding classical theory is no longer the mechanics of a sin-
gle point particle, but a point particle coupled to a heat bath. The classical
correspondence is now to a stochastic process which may be described either
by a Langevin equation or by a Fokker—Planck equation for a phase-space
probability distribution w(p, z,t):

I(pw) 0w

9 9
V= PO oy +D

ot mox op op?’ (6.18)

where w > 0 and
/dp /da: w(p,x,t) =1. (6.19)

When the mass is sufficiently large, this equation describes near-deterministic
evolution with small thermal fluctuations about it.
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6.3 Space—Time Coarse Grainings

We are generally interested in space-time coarse grainings that consist of
asking for the probability that a particle does or does not enter a certain
region of space during a certain time interval. However, the essentials of this
question boil down to the following simpler question: What is the probability
that the particle will either cross or not cross x = 0 at any time in the time
interval [0, 7]? We will concentrate on this question.

We briefly review the results of Yamada and Takagi [68], Hartle [35] [38] [39]
and Micanek and Hartle [52]. We will compute the decoherence functional
using the path integral expression (G.12]), which may be written as

Diaa') = [des w3ey) (02'(2p) (6.20)

where W2 (2¢) denotes the amplitude obtained by summing over paths ending
at xy at time 7, consistent with the restriction o and consistent with the given
initial state, so we have

Wf(xf):ADx(t) exp(;S[x]) o (zo) - (6.21)

Suppose the system starts out in the initial state Yy(z) at ¢ = 0. The
amplitude for the particle to start in this initial state and end up at x at time
7, but without ever crossing x = 0, is

Ul(x) = /_OO dzo gr(z,7|20,0) Yo(x0) | (6.22)

where g, is the restricted Green function, i.e., the sum over paths that never
cross z = 0. For the free particle considered here (and also for any system with
a potential symmetric about x = 0), g, may be constructed by the method of
images:

gr(x,7l20,0) = [0(x) O(x0) + 0(—1) O(—20)]
x (g(z,7]20,0) — g(2, 7] — 20,0)) , (6.23)

where g(x, T|xg,0) is the unrestricted propagator.
The amplitude to cross z =0 is

Ui(x) = /OO dzo gc(z,7|z0,0) Yo(20) , (6.24)

— 00

where g¢.(x, T|zo,0) is the crossing propagator, i.e., the sum over paths that
always cross © = 0. This breaks up into two parts. If x and x( are on opposite
sides of = = 0, it is clearly just the usual propagator g(x,7|zo,0). If  and
xo are on the same side of z = 0, it is given by g(—=x, 7|zo,0). This may be
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seen by reflecting the segment of the path after last crossing about = = 0 [29].
(Alternatively, this is just the usual propagator minus the restricted one.)
Hence,

ge(z,7|20,0) = [0(2)0(—20) + 6(—2)0(20)] 9(2,T|20,0)
+ [0(x) O(xg) + 0(—2)0(—x0)] g(—z,7|z0,0). (6.25)

The crossing propagator may also be expressed in terms of the so-called path
decomposition expansion, a form that is sometimes useful [4, [ 24 [29] [62].

Inserting these expressions in the decoherence function, Yamada and Tak-
agi found that the consistency condition may be satisfied exactly by states
that are antisymmetric about = 0. The probability of crossing = 0 is then
0 and the probability of not crossing is 1. What is happening in this case is
that the probability flux across x = 0, which clearly has non-zero components
going both to the left and the right, averages to zero.

Less-trivial probabilities are obtained in the case where one asks for the
probability that the particle remains always in « > 0 or not, with an initial
state with support along the entire z-axis [39]. The probabilities become trivial
again, however, in the interesting case of an initial state with support only in
x> 0.

Yamada and Takagi have also considered the case of the probability of
finding the particle in a space-time region [68]. That is, the probability that
the particle enters or does not enter the spatial interval A, at any time during
the time interval [0,¢]. Again the consistency condition is satisfied only for
very special initial states and the probabilities are then rather trivial.

In an attempt to assign probabilities for arbitrary initial states, Micanek
and Hartle considered the above results in the limit that the time interval [0, 7]
becomes very small [52]. Such an assignment must clearly be possible in the
limit 7 — 0. They found that both the off-diagonal terms of the decoherence
functional D and the crossing probability p are of order ¢ = (hit/ m)é for small
t, and the probability p for not crossing is of order 1. Hence p + p ~ 1. They
therefore argued that probabilities can be assigned if ¢ is sufficiently small.
On the other hand, we have the exact relation,

p+p+2ReD =1. (6.26)

ReD represents the degree of fuzziness in the definition of the probabilities.
Since it is of the same order as p, one may wonder whether it is then valid
to claim approximate consistency. Another condition that may be relevant is
the condition

D> << pp, (6.27)

which was suggested in [13] as a measure of approximate decoherence, and is
clearly satisfied in this case.

We conclude from these various studies that for a system consisting of a
single point particle, crossing probabilities can be assigned to histories only
in a limited class of circumstances.
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There is one particularly important case in which this lack of probability
assignment is perhaps unsettling. Consider a wave packet that starts at g > 0
moving towards the origin. The amplitude for not crossing is given by the
restricted amplitude ([622]) and the restricted propagator (6.23]). However, in
the case where the centre of the wave packet reaches the origin during the
time interval, it is easily seen from the propagator (6.23) that after hitting
the origin there is a piece of the wave packet that is reflected back into = > 0
(this is the image wave packet has come from 2 < 0). This means that we have
the counterintuitive result that the probability for remaining in « > 0 is not
in fact close to zero [35] [67] as one would expect. It is unsettling because one
sometimes thinks of wave packets as being the closest thing quantum theory
has to a classical path, yet the behaviour of the wave packet in this case is
utterly different to the corresponding expected classical behaviour.

Although counterintuitive, it is not that disturbing, since with this initial
state, the histories for crossing and not crossing do not satisfy the consistency
condition, so we should not expect them to agree with our physical intuition.
Still, it would be reassuring to see that the formalism set up so far yields
the intuitively expected classical limit under appropriate circumstances. To
obtain that, we need a decoherence mechanism, and this we now consider.

6.4 Decoherence of Space-Time Coarse-Grained
Histories in the Quantum Brownian Motion Model

We have seen that crossing probabilities can be assigned in the decoherent
histories approach only for very special initial states, and furthermore, we do
not get an intuitively sensible classical limit for wave packet initial states.
It is, however, well known that most sets of histories of interest do not in
fact exhibit decoherence without the presence of some physical mechanism to
produce it. In this section, we therefore discuss a modified situation consisting
of a point particle coupled to a bath of harmonic oscillators in a thermal state.
This model, the quantum Brownian motion model [I], produces decoherence
of histories of positions in a variety of situations.

This explicit modification of the single particle system means that the
corresponding classical problem (to which the quantum results should reduce
under certain circumstances) is in fact a stochastic process described by either
a Langevin equation or by a Fokker—Planck equation. It is therefore appropri-
ate to first study the crossing problem in the corresponding classical stochastic

process (see e.g. [63] 8, @, [51] [69], and references therein).

6.4.1 The Crossing Time Problem in Classical Brownian Motion

Classical Brownian motion may be described by the Fokker—Planck equation
(618)) for the phase-space probability distribution w(p, z, t). For simplicity we
will work in the limit of negligible dissipation, hence the equation is



6 Decoherent Histories for Space—Time Domains 173

2
3w__p3w+D8w

ot mox op? ’ (6.28)

where D = 2m~ykT. The Fokker—Planck equation is to be solved subject to
the initial condition

w(p,z,0) = wo(p, x) . (6.29)

Consider now the crossing time problem in classical Brownian motion.
The question is this. Suppose the initial state is localized in the region = > 0.
What is the probability that, under evolution according to the Fokker—Planck
equation (G28]), the particle either crosses or does not cross 2z = 0 during the
time interval [0, 7]?

A useful way to formulate space-time questions of this type is in terms
of the Fokker-Planck propagator, K(p,, 7|po,xo,0). The solution to (G.28))
with the initial condition ([6.29) may be written in terms of K as

w(p,a:,r) :/ dp/ dx K(p,$,7’|p0,$0,0) wo(p,a:) . (630)

The Fokker—Planck propagator satisfies the Fokker—Planck equation (G.28)])
with respect to its final arguments and satisfies delta function initial condi-
tions,

K(p,x,0[po,20,0) = d(p —po) 6(x — z0) - (6.31)

For the free particle without dissipation, it is given explicitly by

2
K(p,z,7|po,x0,0) = N exp [—a(p —po)? — 5(95 — 2 — pr?”:—)
-
+ e(p —po)(z — 20 — p;;l )} : (6.32)
where N, «, 8 and ¢ are given by

1

1 3m? 3m Im?2 2
- = = = 6.33
“=pr PTp 7 pre (47rD2T4> (6.33)

(with D = 2m~kT'). An important property it satisfies is the composition law

K(pax77—|p07x070) :/ dpl/ dxl K(pax77—|p17$17t1)
K(plaxhtl'pOaanO) ) (634)

where 7 > t; > 0.

For our purposes, the utility of the Fokker—Planck propagator is that it
may be used to assign probabilities to individual paths in phase space. Divide
the time interval [0, 7] into subintervals, tg = 0,%1,t2, -+, tp—1,t, = 7. Then
in the limit that the subintervals go to zero, and n — oo but with 7 held
constant, the quantity
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n
H K(plﬁxkatklpkflaxkflatkfl) (635)
k=1

is proportional to the probability for a path in phase space. The probability for
various types of coarse-grained paths (including space-time coarse grainings)
can therefore be calculated by summing over this basic object.

We are interested in the probability w, (p,, z,, 7) that the particle follows
a path that always remains in the region z > 0 during the time interval
[0,7] and ends at the point z, > 0 with momentum p,. The desired total
probabilities for crossing or not crossing can then be constructed from this
object. w, is clearly given by the continuum limit of the expression

wr(pnaxnaT):/ dxnfl"'/ dfCl/ dwo/ dpnfl"'/ dpl/ dpo
0 0 0 —00 —00 —00

X H K (pr, T, tk[Pr—1, Th—1,t—1) wo(po, To) - (6.36)
k=1

Now it is actually more useful to derive a differential equation and bound-
ary conditions for w,(p, z, 7), rather than attempt to evaluate the above mul-
tiple integral. First of all, it is clear from the properties of the propagator that
wy(p, z, T) satisfies the Fokker-Planck equation (G.28) and the initial condi-
tion (6.29). However, we also expect some sort of condition at = 0. From the
explicit expression for the propagator (6.32)), (633]), we see that in the con-
tinuum limit, the propagator between p,_1,z,_1 and the final point p,, x,
becomes proportional to the delta function

0 (Tp — Tp_1 — pu7/M) . (6.37)

Since z,—1 > 0, when z,, = 0 this delta function will give zero when p, > 0,
but could be non-zero when p,, < 0. Hence we deduce that the boundary
condition on w,(p, z,t) is

wy(p,0,t) =0, if p>0. (6.38)

This is the absorbing boundary condition usually given for the crossing time
problem [511[65] (although this argument for it does not seem to have appeared
elsewhere).

It is now convenient to introduce a restricted propagator K, (p,z,T|
Po, xo,0), which propagates w,(p,z, 7). That is, K, satisfies the delta func-
tion initial conditions (638]) and the same boundary conditions as w,., (G38]).
Since the original Fokker—Planck equation is not invariant under x — —z, we
cannot expect that a simple method of images (of the type used in Sect. [6.3])
will readily yield the restricted propagator K,.. K, has recently been found
[9], using a modified method of image technique due to Carslaw [12], and we
briefly summarize those results.
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First consider the usual Fokker—Planck propagator (6.32). Introducing the
coordinates

p 3z V3z
X="- Y = 6.39
m 27’ 27 (6.39)
po 3o V3 (po xo)
Xo=— — Yy = 6.40
O Tom T 2r 0T o T L) (6.40)
the propagator (6.32]) becomes
3 X — Xp)? Y —Yp)?
K= \/~ exp <—( - o) _( - 0) > . (6.41)
272 t t
Here, t = D7/m?. Now go to polar coordinates,
X =rcosf, Y =rsind, (6.42)
Xo=1"cost, Yy=r"sinf . (6.43)

Then from (6.43)), it is possible to construct a so-called multiform Green func-

tion [12],

2 /2_2 / (A _ a R
o) = VS e <—’" pr et 0)) [ e
(6.44)

/ é _
a:2(T;) cos<920). (6.45)

Like the original Fokker—Planck propagator, this object is a solution to the
Fokker—Planck equation with delta function initial conditions, but differs in
that it has the property that it is defined on a two-sheeted Riemann surface
and has period 47. The desired restricted propagator K, is then given by

where

K’r(pa xZ, T|p07 Zo, 0) = g(ra 97 rla 91) - g(’l", 97 Tl? _91) . (646)

The point z = 0 for p > 0 is § = 0 in the new coordinates, and the above
object indeed vanishes at § = 0. Furthermore, the second term in the above
goes to zero at 7 = 0, whilst the first one goes to a delta function as required.

The probability of not crossing the surface during the time interval [0, ]
is then given by

Dr 2/ dp/ dx/ dpo/ dxo K, (p,z,7|po, 0,0) wo(po,zo) . (6.47)
—00 0 —00 0

The probability of crossing must then be p. = 1—p,., which can also be written

as
0 [e%s) [e%s) P

De =/ dp/ dpo/ dxg m K, (p,xz = 0,7|po, z0,0) wo(po, o) . (6.48)
—00 — 00 0

This completes the discussion of the classical stochastic problem.
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6.4.2 The Crossing Time Problem in Quantum Brownian Motion

We now consider the analogous problem in the quantum case. We therefore
attempt to repeat the analysis of Sect. [63], but using instead of (EI8]) the
decoherence functional appropriate to the quantum Brownian motion model.
It may be written as

D(a,d) = Tr (0aa’) , (6.49)

where

tnarlorog) = [ Do [ Dy exp () Slal = Sbl+  Wieal) enlan.e)-

(6.50)
Here, Wz, y] is the influence functional phase (@3], but with the dissipation
term neglected. The sum is over all paths z, y, which are consistent with the
coarse graining «, o/, and end at the final points x s, y;.

We will concentrate on the case in which the initial density operator has
support only on the positive axis, and we ask for the probability that the
particle either crosses or never crosses x = 0 during the time interval [0, 7].
The history label a takes two values, which we denote o = ¢ and o = r for
crossing and not crossing respectively.

The objects gnos defined in ([6.50) actually obey a master equation,

0o h? <329 0%p

ihor =~ ox2  Oy?

ot o ) - ;D(x —1)%. (6.51)

This is the usual master equation for the evolution of the density operator of
quantum Brownian motion [I0]. The objects pqq are then found by solving
this equation subject to matching the initial state gy, and also to the following
boundary conditions (which follow from the path integral representation):

orr(z,y) =0, for <0 and y<O0, (6.52)
ore(z,y) =0, for =<0, (6.53)
Ocr(z,y) =0, for y<O0. (6.54)

Given 9yr, Ore, Ocr, the quantity o.. may be calculated from the relation

Orr + Orc + Ocr + Qcc = 0 - (655)

In the unitary case, this problem was solved very easily using the method
of images. The problem in the non-unitary case treated here, however, is that
the master equation is not invariant under x — —z (or under y — —y),
hence o(—=z,y) and o(z, —y) are not solutions to the master equation. The
method of images is therefore not applicable in this case (contrary to the claim
in [35]). As far as an analytic approach goes, this represents a very serious
technical problem. Restricted propagation problems are very hard to solve
analytically in the absence of the method of images. However, the presence of
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the decohering environment allows for an approximate solution of the problem.
This is described in detail in [32]. The results are intuitively clear and we
summarize them here.

First of all, decoherence of position histories in this model is extremely
good, S0 9. =~ 0, o.r =~ 0. We may therefore assign probabilities for not
crossing and for crossing, and these are equal to Trp,,. and Tro.. respectively.
To see what these probabilities are, we make use of the Wigner representation
of the density operator [6]:

§

1 e i
W(p,z) = 27rh/ d¢ e 1?8 oz + g,x— 2) . (6.56)

The Wigner representation is very useful in studies of the master equation,
since it is similar to a classical phase-space distribution function. Indeed,
for quantum Brownian motion model with a free particle, the Wigner func-
tion obeys the same Fokker—Planck equation (G.28]) as the analogous classical
phase-space distribution function. What makes it fail to be a classical phase
space distribution is that it can take negative values. However, it can be shown
that the Wigner function becomes positive after a short time (typically the
decoherence time), and numerous authors have discussed its use as an approx-
imate classical phase-space distribution, under these conditions [31].

Given approximate decoherence, it was shown at some length in [32] using
the path integral (G50) that the Wigner transform of g, is given by

W (mXg, X ) :/DX exp (—Sé’;T/thQ) Wo(mXo, Xo), (6.57)

where the functional integral over X (¢) is over paths that lie in X > 0 and
match X; and X; at the final time. If the paths X () were not restricted,
(65T) would in fact be a path integral representation of the Fokker—Planck
propagator ([G.32]) [44]. With the restriction X > 0, it may be shown that it is
a representation of the restricted Fokker—Planck propagator (6.46) or (6.34]).

It then follows that the probabilities for not crossing and for crossing = = 0
are given, to a good approximation, by the classical stochastic results (G.47),
([643)), with the classical phase-space distribution function wg replaced by the
initial Wigner function Wy in the quantum case. This result is the expected
and intuitively obvious one, although as outlined in [32], it is a non-trivial
matter to show that the boundary conditions on g,/ in the quantum case
reduce to the boundary conditions on W appropriate to the classical stochastic
problem.

6.4.3 Properties of the Solution

Some simple properties of our results may be seen by examining the path inte-
gral form of the solution (657). The important case to consider is the motion
of a wave packet, since this is the situation that gave problematic results in
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Sect. We take an initial state consisting of a wave packet concentrated at
some x > 0, and moving towards the origin. We are interested in the proba-
bility of whether it will cross = 0 or not during some time interval, under
the evolution by the path integral ([G57).

The integrand in 657 is peaked about the unique path for which X =0
with the prescribed values of Xy and Xo. This is of course the classical path
with the prescribed initial data. From (6.57), the spatial width (AX)? of the
peak is of order vkT/(m7?). If the classical path does not cross = 0 and
approaches x = 0 no closer than a distance AX during the time interval, then
it will lie well within the integration range X > 0, and the propagation is
essentially the same as unrestricted propagation, since the dominant contri-
bution to the integral comes from the region X > 0. It is then easy to see,
from the normalization of the Wigner function, that the probability of not
crossing is approximately 1, the intuitively expected result.

If the classical path crosses x = 0 during the time interval, it will lie outside
the integration range of X for time slices after the time at which it crossed.
If it crosses sufficiently early that an entire wave packet of width AX may
enter x < 0 before time 7, then the functional integration will sample only
the exponentially small tail of the integrand, so W,.,. will be very small. The
probability of not crossing will therefore be close to zero, again the intuitively
expected result.

The inclusion of the environment therefore restores the intuitively sensible
classical limit to the quantum case of Sect.

In the above simple examples, the crossing probabilities are independent
of the details of the environment, to a leading order approximation. It is clear
that in a more precise expression, the crossing probabilities will in fact depend
on the features of the environment (e.g., its temperature). One might find this
slightly unsettling, at least in comparison to quantum-mechanical probabilities
at a fixed moment of time, which depend only on the state at that time and
not on the details of how the property in question might be measured. This
is in keeping with an opinion sometimes expressed on questions of time in
quantum mechanics — that to specify times one has to specify the physical
mechanism by which it is measured [48].

6.5 A Detector Model

Although the results of the previous sections produced mathematically viable
candidates for the probabilities of crossing and not crossing x = 0, it is by
no means clear how they correspond to a particular type of measurement. As
noted in Sect.[6.2], general theorems exist showing that decoherence of histories
implies the existence at the final end of the histories of a record storing the
information about the decohered histories [I8, [I9]. This means that there
is some quantity at a fixed moment of time, which is correlated with the
property of crossing or not crossing = 0 during the time interval [0, 7] and
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which could in principle be measured. Records associated with decoherence
have, however, been explicitly found only in a few simple cases (see e.g., [26]).
For these reasons, it is of interest to compare the approaches involving the
decoherent histories approach with a completely different approach involving
a specific model of a detector.

We therefore introduce, following [27], a detector model that is coupled to
the particle in the region x < 0, and such that it undergoes a transition when
the coupling is switched on. Such detectors have certainly been considered
before (see, e.g., [3]). The particle could, for example, be coupled to a simple
two-level system that flips from one level to the other when the particle is
detected. One of the difficulties of many detector models, however, is that if
they are modelled by unitary quantum mechanics, the possibility of the reverse
transition exists. Because quantum mechanics is fundamentally reversible, the
detector could return to the undetected state under its self-dynamics, even
when the particle has interacted with it.

To get around this difficulty, we appeal to the fact that realistic detectors
have a very large number of degrees of freedom, and are therefore effectively
irreversible. They are designed so that there is an overwhelming large proba-
bility for them to make a transition in one direction rather than its reverse.
We consider a simple model detector that has this property. This is achieved
by coupling a two-level system detector to a large environment, which makes
its evolution effectively irreversible.

The detector is a two-level system, with levels |1) and |0), representing the
states of no detection and detection, respectively. Introduce the raising and
lowering operators

op = [1){0], o =[0){1], (6.58)

and let the Hamiltonian of the detector be Hy; = ;hwcrz, where
0. = [1)(1] = [0)(0] , (6.59)

so [0) and |1) are eigenstates of Hy with eigenvalues — ) hw and ) fiw, respec-
tively. We would like to couple the detector to a free particle in such a way
that the detector makes an essentially irreversible transition from |1) to |0) if
the particle enters < 0, and remains in |1) otherwise. This can be arranged
by coupling the detector to a large environment of oscillators in their ground
state, with a coupling proportional to §(—z). This means that if the particle
enters the region x < 0, the detector becomes coupled to the large environ-
ment causing it to undergo a transition. Since the environment is in its ground
state, if the detector initial state is the higher energy state |1) it will, with
overwhelming probability, make a transition from |1) to the lower energy state
|0). A possible Hamiltonian describing this process for the three-component
system is

H=H,+H;+ Heg +V(z)Hge , (6.60)

where the first three terms are the Hamiltonians of the particle, detector
and environment, respectively, and Hgg is the interaction Hamiltonian of the
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detector and its environment. The simplest choice of environment is a collec-
tion of harmonic oscillators,

He = hwpafiay (6.61)

and we take the coupling to the detector to be via the interaction

Hge = Z h (/Q:;cr_ail + Knoyan) - (6.62)

n

An environment consisting of an electromagnetic field, for example, would
give terms of this general form. V(x) is a potential concentrated in x < 0
(and we will eventually make the simplest choice, V(z) = 6(—z), but for
the moment we keep it more general). The important feature is that the
interaction between the detector and its environment, causing the detector to
undergo a transition, is switched on only when the particle is in x < 0.

A similar although more elaborate model particle detector has been pre-
viously studied by Schulman [60] (see also [61]). The advantage of the present
model is that it is easier to solve explicitly.

We are interested in the reduced dynamics of the particle and the detector
with the environment traced out. Hence we seek a master equation for the
reduced density operator o of the particle and the detector. With the above
choices for He and Hge, the derivation of the master equation is standard
[11L [16] and will not be repeated here. There is the small complication of the
factor of V(z) in the interaction term, but this is readily accommodated. We
assume a factored initial state, and we assume that the environment starts out
in the ground state. In a Markovian approximation (essentially the assumption
that the environment dynamics is much faster than the detector or the particle
dynamics) and in the approximation of weak detector-environment coupling,
the master equation is

. 1
o= —h[HS—I—Hd, g]—g (V*(z)oro_p + poro-V3(z) — 2V (2)o_poV(x)) .

(6.63)
Here, 7 is a phenemonological constant determined by the distribution of os-
cillators in the environment and underlying coupling constants. The frequency
w in Hy is also renormalized to a new value w’.

Equation (6.63) is the sought-after description of a particle coupled to an
effectively irreversible detector in the region z < 0. In the dynamics of the
detector plus environment only (i.e., with V' =1 and Hs = 0), it is readily
shown that every initial state tends to the state [0)(0] on a timescale y~!.
With the particle coupled in, if the initial state of the detector is chosen to be
[1)(1], it undergoes an irreversible transition to the state |0)(0| if the particle
enters x < 0, and remains in its initial state otherwise.

Equation ([6.63) is in fact of the Lindblad form (the most general Marko-
vian master equation preserving density operator properties [49]). A similar
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detection scheme based on a postulated master equation similar to ([6.63]) was
previously considered in [43].
The master equation (G.G3)) is easily solved by writing

0= 011 ® [1)(1] + 001 ® [0)(1] + 010 @ [1)(0] + 000 ® [0)(0] . (6.64)

We suppose that the particle starts out in an initial state |¥), hence the
master equation is to be solved subject to the initial condition,

0(0) = %) (Wo| © [1)(1] . (6.65)

The probability that the detector does not register during [0, 7] is

Png = Troi1 :/ dz o11(x,2,7) (6.66)

— 00

and the probability that it registers is
pg = Trogo = / dz ooo(x,x, T) (6.67)

(where the trace is over the particle Hilbert space). Clearly p,q+pa = 1, since
Tro=1.

The explicit solution to the master equation is straightforward and was
carried out in [27]. There, it was shown that, when V(z) = 6(—x), the solution
for p11 may be written as

o11(t) = exp <—;Hst - th> 011(0) exp (;Ht - gw> . (6.68)

What is particularly interesting about this expression is that it can be factored
into a pure state. Let p11 = [¥)(¥|. Then, noting that 011(0) = [¥y)(¥o|, (C68)
is equivalent to

(1)) = exp (—;Hst - th) IZ) . (6.69)

The probability for no detection is then
poa= [ do PG, (6.70)

The pure state ([6.69) evolves according to a Schrodinger equation with an
imaginary contribution to the potential, — ;ih*yV. Complex potentials of pre-
cisely this type have been used previously in studies of arrival times, as
phenomenological devices, to imitate absorbing boundary conditions (see,
e.g., [2 65 58]). Here, the appearance of a complex potential is derived from
the master equation of a particle coupled to an irreversible detector, which
in turn may be derived from the unitary dynamics of the combined particle—
detector—environment system.
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In summary, this detector model nicely reproduces earlier phenomenologi-
cal results on arrival times. In [50] it is also shown that the expression (6.69),
610), is very closely related to the “ideal” arrival time distribution of Ki-
jowski [45]. An improved, more physically realistic irreversible detector model
(although more difficult to solve analytically) was recently put forward by
Muga et al. [54], see Chap. 8.

6.6 A Comparison of the Decoherent Histories Result
with the Detector Result

We may now compare the two candidate expressions for the crossing time
probabilities, one from decoherent histories with an environment and the other
from an irreversible detector model. We will quickly see that the two results
are not in fact very close, but it is perhaps of interest to see exactly why and
how they may be improved.

We first massage the decoherent histories result into a more suitable form.
Consider the probability for remaining in z > 0. From (6.50) it is given by

pe= [[asto) [[aywenn (, stat0] -, sloto))
X exp <—a/dt (z — y)2) 00(z0,%0) (6.71)

where a = D/h?. Following [32], we make the observation that the last expo-
nential may be deconvolved:

exp <—a/dt (x — y)Q) :/D£ exp (—Za/ dt (x — )2 —2a/dt (y — x)Q) .
(6.72)
Hence, assuming a pure initial state, the probability (671]) may be written as

Dr = /da’c(t)/rdx(t) exp <;S[x(t)] - 2a/dt (x —x)z) y(z0)
< [ e (—;swn ~2a [y x>2) Zwo) . (673)

In these integrals, Z(t) is integrated over an infinite range, but x(t) and y(t)
are integrated only over the positive real line. This restriction is quite difficult
to implement in practice [32]. However, because of the exponential factors,
negative values of z(t) are strongly suppressed, so we may take its range
to be over positive values only, with exponentially small error. Furthermore,
having done this we may then (for technical simplicity) allow the range of x(t)
and y(t) to be over the entire real line, again with exponentially small error.
Therefore, we have that
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Dy R /da’c(t)/dx(t) exp <;S[x(t)] - 2a/dt (x — x)z) Wo(xo)
< [y exp (- syl 20 [ e (=02 B5) . 670

This may finally be written as
b [ da(t) (i) (6.75)
where
(g, 7) = /dx(t) exp (;S[a:(t)] - 2a/dt (z — x)2) Do(zo) . (6.76)

Written in this way the probability has a natural interpretation in terms of
continuous quantum measurement. Equation (670) is the wave function for a
system undergoing continuous measurement of its position along a trajectory
Z(t) to within a precision proportional to a~z2. The probability for any such
trajectory is (¥z|Wz), hence the probability to remain in the region 2 > 0 is
obtained by integrating over Z(t) > 0. The probability (G.71), derived from the
decoherent histories approach, is therefore, to an excellent approximation, the
same as the result naturally obtained from continuous quantum measurement
theory.

Now we compare with the detector model. The probability for no detection
is computed from the wave function (6.69). In a path integral representation,
this may be written as

Upa(x 1) = /Dx(t) exp (;S[x(t)] - ; /OT dt V(x(t))) Yo(zo) .  (6.77)

The sum is over all paths x(¢) connecting x¢ at t = 0 to x5 at ¢t = 7. The
probability for no detection is then quite simply

Whilst the two different expressions, (6.75]), [€.70), versus (6.77), (G.78), are

similar in some ways, they are not obviously close and suffer from a rather
key difference. Equation (G.73)) is obtained by summing the probability for any
path Z(t) over positive values of z. In ([G77) and (G.78), by contrast, the re-
striction to paths in x > 0 is already imposed in the amplitude. The difference
between the probabilities provided by the detector and those provided by the
decoherent histories approach is, therefore, the difference between summing
amplitudes and squaring versus squaring and then summing.

In the decoherent histories approach, the coupling to the environment
produces an effective measurement of the system that is much finer than is
required for the crossing time problem. It effectively measures the entire tra-
jectory, which is clearly much more information than is required to determine
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whether or not the particle enters < 0. In this sense this particular decoher-
ent histories model is much cruder than the detector model, since it destroys
far more interference than it really needs to in order to define the crossing
time. This is due to the form of the particle-environment coupling, which is
linear in the particle’s position. It would be of interest to explore a decoherent
histories model with a more refined type of coupling, which is more specifically
geared to the crossing time problem.

It is of interest to note that continuous quantum measurement theory in
fact suggests another candidate expression for the probability of not crossing,
which is closer to the detector model. Suppose that before squaring, we sum
the amplitude (676) over positive Z(t):

e /dx exp( Sl (t)])
« /Tda’c(t) <—2a/dt (x—a:)2> o (o) (6.79)

The probability is then
Pt = (V4[Py) (6.80)

This expression for the probability of not entering x < 0 is completely natural
from the point of view of continuous quantum measurement theory. It does
not follow from either the detector model or the decoherent histories approach
presented here, but one can regard it as yet another proposal with which to
define the arrival time probability. The amplitude (679) is now more closely
analogous to the detector result (G77). To see this, introduce the effective
potential V.s¢(x) defined by

exp< /dt ATIC ) /da: <—2a/dt (x—a:)2> : (6.81)

The integral can be evaluated exactly, but it is clear that Ves¢(z) ~ 0 for
x >> 0, and Vepp(z) ~ 2a2? for # << 0. Equation (679) therefore has the
same general form as ([G77). The potential is not exactly the same, but has
the same physical effect, which is to suppress paths in z < 0.

6.7 Timeless Questions in Quantum Theory

We now briefly consider a related question in quantum theory that involves
time in a non-trivial way, which is in fact more closely related to the Wheeler—
DeWitt equation of quantum cosmology, (G)). This equation may be thought
of as the statement that the wave function of the system is in an energy
eigenstate. As stated in Sect. [6.I] the equation contains no notion of time,
and indeed “time” and the notion of trajectories are thought to somehow
emerge from the wave function. To test this idea, and hence to provide some
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sort of interpretation for the wave function, we need to find an answer to
the question, “What is the probability associated with a given region A of
configuration space when the system is in an energy eigenstate, without any
reference to time?”

Classically, the question is well defined. A system with fixed energy consists
of a set of classical trajectories, perhaps with some probability distribution
on them. The classical trajectories are just curves in configuration space, and
the question is then quite simply one of determining whether or not these
curves intersect the given region A. But, like the arrival time problem in non-
relativistic quantum mechanics, the problem is considerably harder to phrase
in quantum theory.

To see the beginnings of the difficulties, we briefly consider the following
simple question for a two-dimensional system with coordinates x1,x2: given
that the system is in an energy eigenstate, what is the value of x; given
the value of x57 Slightly rephrased, what is the probability that the system
intersects the surface zo = constant between x; and x, + dx1, at any time?
An operator approach to the problem, for example, takes the following form.
For a free particle, the classical trajectories are

pit D2l
t = 5 t = 6.82
sy =21+, @) =22+ (6.82)
and we may eliminate ¢ between them to write
P
ﬂil(t) =21 + ($2(t) — 332) . (683)

D2

This is the classical answer to the question, what is the value of z; at a given
value of £57 One may attempt to raise this to the status of an operator in the
quantum theory. It commutes with the free particle Hamiltonian,

1
H= (i +p3), (6.84)

so is in this sense an observable of the theory — measuring it will not dis-
place the system from an energy eigenstate of H. This approach encounters
problems, however, in defining (6.83]). It cannot be made into a self-adjoint
operator, due to the presence of the 1/ps factor. In this way it is very similar
to the problem of defining a time operator.

We will not pursue this approach any further here. Instead we briefly report
on two other approaches, which, exactly like the approaches described in this
article, use decoherent histories, or a detector model.

The decoherent histories approach to the question involves summing over
paths, in configuration space, which either enter or do not enter a given region
A at any moment of time. In practice this is achieved by summing over paths,
which either enter or do not enter during a fixed time interval [0, 7], and then
summing 7 over an infinite range. The detailed construction of this is described
in [30]. As in the crossing time problem described in Sect. [6.4] a decohering
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environment is required to make the probabilities well-defined, and we then
expect the final result to be a reasonably simple formula involving the Wigner
function, closely analogous to the classical case. The full details of this have
yet to be worked out, but is perhaps useful to give the classical result here
(which, although well-defined, is not totally trivial).

We consider a 2n-dimensional phase space with coordinates p,x. Denote
the classical trajectories by x°(¢), and suppose that they match the initial
data pg, Xx¢ at some fiducial initial point ¢ = o (which is arbitrary). For a free
particle,

xU(t) = xo + 1;3 (t —to) - (6.85)

Let fa(x) be a characteristic function for the region A so is 1 inside A and
0 outside. We suppose that the classical system is described by a phase-space
distribution function w(p,x). To be a true analogue of an energy eigenstate
in the quantum case, w has to be stationary, so

w(p(t), x(t)) = w(p(t + t1), x(t + 1)) (6.86)

for any t;.
We may now write down the probability for a classical trajectory entering
the region A. It is

pa= [apodxo w0 ([ atpaxion-e) . s

— 00

Here, ¢ is a small parameter, which is taken to zero through positive values,
and is present to avoid ambiguities in the 6 function at zero argument. The
integral inside the # function is the total time spent by the trajectory x°(t)
inside the region A, but we are only interested in whether this time is positive
or zero. The initial data pg,x( are therefore effectively integrated only over
values for which the trajectory spends a time in excess of € in the region A.
It is easy to see that the whole construction is invariant under shifting the
fiducial point . This is the analogue of reparametrization invariance (or more
generally, diffeomorphism invariance) in the Wheeler-DeWitt equation (6.1]).
It is expected that a decoherent histories analysis will yield a result of the
approximate form (G.87) (with w replaced by the Wigner function).

Another approach to the question posed at the beginning of this section
is to use a detector model (this is described in detail in [28]). The detector
model arises from Barbour’s observation [7] that a substantial insight into
the Wheeler-DeWitt equation may be found in Mott’s 1929 analysis of alpha-
particle tracks in a Wilson cloud chamber [53]. Mott’s paper concerned the
question of how the alpha-particle’s outgoing spherical wave state, e’*?/R,
could lead to straight line tracks in a cloud chamber. His explanation was to
model the cloud chamber as a collection of atoms that may be ionized by the
passage of the alpha-particle. They therefore act as detectors that measure
the alpha-particle’s trajectory. The probability that certain atoms are ionized
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is indeed found to be strongly peaked when the atoms lie along a straight line
through the point of origin of the alpha-particle.

Mott had in mind a time-evolving process, but he actually solved the time-
independent equation

(Ho + Ha + AHint) W) = E|P) . (6.88)

Here Hj is the alpha-particle Hamiltonian, H; is the Hamiltonian for the
ionizing atoms and H;,; describes the Coulomb interaction between the alpha-
particle and the ionizing atoms (where A is a small coupling constant). Now
the interesting point, as Barbour notes, is that Mott derived all the physics
from this equation with little reference to time. Mott’s calculation is therefore
an excellent model for many aspects of the Wheeler-DeWitt equation. In
[28] a model of this type is considered with a series of detectors, and it is
shown how to produce a plausible formula for the probability that the system
enters a series of regions in configuration space without reference to time. A
comparison of this approach with the anticipated decoherent histories result
([E31) is yet to be carried out.

6.8 Discussion

We have reviewed a number of approaches to the crossing time problem in
non-relativistic quantum theory, primarily using the decoherent histories ap-
proach. We have also briefly reviewed some attempts to extend these ideas to
models more closely related to the Wheeler—-DeWitt equation. On the face of
it, the decoherent histories approach appears to be particularly well adapted
to this problem, since it naturally incorporates the notion of trajectory, and
hence readily accommodates questions of a non-trivial temporal nature. Hav-
ing said that, however, good expressions for the crossing time probability are
not acquired very easily.

As described in Sect. [63] the decoherence or consistency conditions are
satisfied only for very special classes of initial states. For a system consisting
of a single point particle, therefore, the decoherent histories approach does not
supply an answer to the crossing time problem for arbitrary initial states. This
is rectified by the inclusion of a thermal environment, as described in Sect. [6.4]
and probabilities for the crossing time can then be obtained for arbitrary initial
system states. They do, however, depend to some extent on the environment
producing the decoherence, and moreover, they are essentially the same as
the classical stochastic results. One might therefore criticize this result on the
grounds that it is “not very quantum”. This is largely true, but the essential
achievement of Sect. is to show that the decoherent histories approach
can be made to give the anticipated classical result. This was not true of the
earlier approaches reviewed in Sect.

In Sect.[6.5] a detector model was introduced to give an alternative expres-
sion for the crossing time probability, for the purposes of comparison with the
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decoherent histories result. The detector model gave a better result, in that
it agreed and substantiated an earlier result of Allcock [2], which in turn is
closely related to the ideal distribution of Kijowski [45].

On comparison with the decoherent histories result, in Sect. [G.6] it was
easy to see that the environment in Sect. produced far more decoherence
than is necessary to define the arrival time, and in that sense, that particular
environment is a very crude model for the measurement of time. The compar-
ison did, however, inspire the proposal of a third candidate expression from
which the arrival time probability could be calculated, namely ([G79), which is
based on continuous quantum measurement theory. This expression does not
seem to have been considered previously and will be explored in more detail
elsewhere.

One might be led from these results to a somewhat negative assessment
of the decoherent histories approach’s ability to provide the crossing time
probability. The somewhat crude nature of the results of Sect. 6.4 is however,
due to the choice of a rather indiscriminate system-—environment coupling,
which effectively measures the entire trajectory. It seems likely that a much-
improved result could be obtained through choice of a more refined coupling
better suited to this particular problem.

Furthermore, there is another aspect to the decoherent histories approach
in this context, which has not yet been explored. Many approaches to the
arrival time problem are based on model measuring devices, i.e., physical
systems in which one of the dynamical variables is correlated with time in
some way. The detector model of Sect. was of this type: one could think
of the two-state system as being some kind of clock or detector attached to
the particle, which switches on when the particle enters the region < 0. By
physically measuring the two-state system at the end of the time interval [0, 7]
of interest, one expects to be able to deduce that the particle was in = < 0,
or not, during the time interval. The outstanding question, however, is this:
How do we really know that the detector state is correlated with whether or
not the particle entered x < 07

This is where the decoherent histories approach comes in. We consider a
system consisting of the particle and a detector (and possibly also an envi-
ronment, if necessary). We then look at histories in which both the final state
of the detector and the particle alternatives (whether or not it entered x < 0
during [0, 7]) are specified. If these histories are decoherent, we then obtain a
joint probability distribution for the histories of the particle and the final state
of the detector, and we can ask to what degree these two things are correlated.
If they are perfectly correlated, then the detector probability is exactly the
same as the probability of the detector and the particle alternatives.

In brief, therefore, the decoherent histories approach will be a useful tool in
assessing the extent to which a proposed detector really does its job [37]. Many
model detectors are proposed essentially on the basis of classical arguments,
but the decoherent histories approach allows their effectiveness to be checked



6 Decoherent Histories for Space—Time Domains 189

in a genuinely quantum way. This possibility does not appear to have been
explored in the context of arrival times, but will be considered elsewhere.

6.9 An Update for the Second Edition

Since the original publication of this volume, there have been a number of
developments of the ideas described in this chapter.

The first is an appreciate of the role of the Zeno effect in restricted propa-
gation problems such as the calculation of the decoherence functional, (650).
The main point is that summing over a set of paths remaining always in x > 0,
y > 0 in ([650) is equivalent to inserting an excluding potential in the comple-
mentary region. As a consequence, all paths in > 0, y > 0 never leave that
region and even if there is an environment present producing decoherence, the
probability of remaining in the region is always 1. This is clearly an unphysi-
cal answer and, furthermore, appears to be inconsistent with the semiclassical
result ([6.57]), where there is a non-zero probability of crossing the origin.

The key point here is that restricted propagation in z > 0 is equivalent
to hitting the state continuously in time with a projection operator 6(z). The
state then remains entirely in the region > 0, which is essentially the Zeno
effect for continuous variables. Differently put, the dynamics is unitary in the
subspaces of state in = > 0, so no probability can be “lost” from this region
[66]. It was first noted by Hartle that coarse grainings of this type can be too
strong to give physically useful results [35], but this conclusion (now seen to
be correct) was somewhat uncertain in the light of an erroneous calculation
of the restricted propagator and as a result failed to be fully appreciated by
the authors [32], whose work is described in Sect.

To get physically sensible results, it is necessary to “soften” the coarse
grainings used to describe the way in which paths remain in x > 0. One
simple way is to use projection operators 6(&) operating at a large but fi-
nite set of times t1,ts - - - t,, with unitary evolution in between. It is clearly
the continuum limit that causes the state to remain entirely in x > 0 so
by keeping the time intervals (tx4+1 — i) non-zero the state has a chance to
“escape” between each projection. In retrospect this is essentially what was
calculated in [32] and in Sect. [6.4.2] which is why the correct semiclassical re-
sult (G.57]) is obtained, although the use of semiclassical path integral methods
obscured the difference between projections at discrete times and the contin-
uum limit. Hence, despite the difficulties linked to the Zeno effect, the results
of these earlier works are correct in essence if the path integral constructions
are understood in terms of projectors operating at discrete set of moments of
time. It would, however, be of interest to carry out this calculation in more
detail.

One can of course imagine many different “softer” coarse grainings char-
acterizing the histories in the decoherent histories approach. Histories are
normally characterized by exact projection operators, but these are window
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functions of operators so have derivatives which discontinuous at some points
and it is this that can cause problems when they act continuously in time. It
is therefore natural to explore the use of POVMs instead of projectors, which
are generally smoother in their behaviour (although at the expense of losing
the exact exclusivity enjoyed by projection operators). This will be explored
in future publications, although it is worth noting that detector-inspired con-
structions such as ([677) and (6.79]) give some interesting hints as to how such
POVMs could be constructed.

The other area in which there has been significant activity concerns the ap-
plication of the decoherent histories approach to quantum cosmology. There,
the key question is, given that the system is in an eigenstate of the Hamilto-
nian (the Wheeler-DeWitt operator), what is the probability that the system
enters a region of configuration space at any stage in its entire history? (i.e.,
without regard to “time”, which does not exist in cosmological models). The
decoherent histories approach naturally adapts to this sort of question and
a number of papers have addressed these issues [33] B4]. These questions are
also affected by the Zeno effect difficulty described above which makes the
resolution of this issue particularly pressing.
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7.1 Introduction

To find out how much time a classical particle spends in a given region of space
one only has to use a stopwatch. The same question posed in the context of
quantum mechanics has caused controversy for several decades and remains
controversial to date. As early as in 1932, McColl [I] noted that tunnelling
must be characterised not only by the transmission rate but also by the speed
of transmission. The problem attracted renewed attention with the progress
in nano-technology [3, 4] and photonic tunnelling experiments [2]. It has been
hoped that a properly defined “traversal time” 7 (i.e., the time a tunnelling
particle spends in the barrier) would, among other things, describe the re-
sponse of a tunnelling device to a time modulation of the barrier, provide an
insight into the nature of the image forces affecting the tunnelling rate and ex-
plain why a transmitted wave packet appears to arrive at a detector ahead of
the one that propagates freely. However, anyone interested in the subject soon
discovers that standard texts on quantum theory offer neither a clear defini-
tion nor a unique recipe for determining the duration 7. Numerous attempts
have been made to obtain a suitable quantum mechanical generalisation of
the classical traversal time (for reviews see [5]) with approaches ranging from
using specially designed “clocks” to invoking non-standard interpretations of
the quantum mechanics, such as that of Bohm [6].

The main difference between the traversal time and a conventional quantum
mechanical observable, such as coordinate or momentum, is that the former
refers to a duration, rather than to a single instant in time. We let a particle
travel for, say, 1 s and then ask how much of this 1 s it has spent in some
region (2. For this reason, the traversal time problem is most conveniently
dealt with within the Feynman path integral formulation of quantum mechan-
ics [7]. This chapter is a review of the path integral approach developed in
I8, 9] 10} 111 [12] 13 [14] [151 [16] [17] 18 191 20} 211 22]. It is not, however, our in-

tention to review all the work on the subject and a more comprehensive list of
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references can be found in [2 3] 4] [5] and [I4]. The paper is organised as follows:
in Sect. we use the path integral to construct the traversal time amplitude
distribution and derive the clocked Schrodinger equation which governs its
evolution. Sections [(3] [[4] and [77] deal with various aspects of traversal time
measurements. In Sects. [[.5land [T.6l we give detailed analysis of the tunnelling
time problem. Section [.8] discusses the use of the traversal time in problems
involving a particle coupled to external degrees of freedom. In Sect. we
analyse the phenomenon of “superluminal tunnelling” and in Sect. [.I0l we ex-
tend our analysis to relativistic theories. Section [[.I2]contains our conclusions.

7.2 Path Decomposition. The Clocked Schrodinger
Equation. Coarse Graining

We start by defining the time 7 a quantum particle spends in a chosen region
of space {2. Conventionally, a measurement of a physical quantity F' (e.g.,
coordinate or momentum) requires constructing a Hermitian operator F and
expanding the particle’s wave function ¥(x,t) it its eigenstates,

Fo; = Fi¢; (7.2.1)
U(z,t) = Z cidi(z) . (7.2.2)

The probability that F' has a value F; is then given by |c;|2. As shown by
von Neumann, the probability distribution |¢;|* can be measured, at least in
principle, by coupling the particle to an external degree of freedom [23].

A short consideration convinces us that there is no obvious operator to rep-
resent the traversal time 7. Indeed, 7 represents the part of a certain time
interval, say 0 < t < T, which the particle has spent inside some region {2.
In classical mechanics, evaluation of this quantity requires the knowledge of
the its trajectory x(t) between t = 0 and ¢t = T". The corresponding classical
functional is

T
t8[2 (1)) :/0 Oq(x(t))dt , (7.2.3)

where O (x) equals unity for x inside 2 and zero otherwise. It is readily seen
that t¢[z(t)] yields the time measured by a stopwatch which runs only when
the particle is inside f2.

Quantum mechanics assigns probability amplitudes to physical events.
Accordingly, we should be looking for an amplitude (distribution) @(x,t|T)
that a particle in z at t = T has spent in {2 a duration 7. This is most easily
done with the help of Feynman path integral. The solution of the Schrodinger

equation

L OW(z,t) R 02U (x,t)

for a particle in a potential V' (z) can be written in the path integral form [7]
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v (z,T) /d;v / (t) exp{iS[z(t)]/h}¥(2',0) , (7.2.5)
"(0) w(T)

where .
Sla(t)] = /O ma?/2 — V(2)]dt (7.2.6)

is the classical action. In ([CL25]) Dz(t) denotes a sum over paths starting in 2’
at t = 0 and ending in z at t = T (Fig.[Z1]). Most of Feynman paths are contin-
uous but highly irregular [7]. They form a complete set of possible histories for
a spinless point particle whose final and initial positions are x and ', respec-
tively. Each path contributes exp{iS[x(t)]/h} to the Schrodinger wave func-
tion ¥ (x,t) which is found by summing over all initial positions. Now we can
identify @(z,t|7) with the contribution from the subset of paths which spend
in (2 precisely duration 7. Thus, @(x,t|7) is given by a restricted path integral

d — 1) exp{iS|x x
o1 = [ [ Do) ) e lislao)m0)

(7.2.7)
where d(x) is the Dirac delta function. Equation (Z.2.7) can be cast in a more
convenient form by writing §(t%[x(t)] — 7)) as a Fourier integral,

i(z) = 27lrh/dW exp{—iWz/h}, (7.2.8)

and noting that adding the term —iWtS[z(t)] to the action S[z(t)] is equiv-
alent to adding a rectangular potential WOgq () to V(z). This gives

At

X, T

X
—

Fig. 7.1. Feynman path connecting (z,0) with (z/,T) spend different durations
in 2
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1
W Tir) = / AW exp{iW /B0 (2, T|W) , (7.2.9)
™
where ¥ (z,T|W) denotes the result of evolving the initial state ¥(z,0) in a

composite potential V' (z)+WOgq(x). It is easy to show that the traversal time
distribution @(x, T'|7) satisfies the “clocked” Schrédinger equation [16] 17) 18]

L 0P(x,tlr)  h? O*B(x,t|T) ) OP(x,t|T)
ih 5t = om  Ou2 + V(z)¥(x,t) —ihOq(x) o ,
(7.2.10)
with the initial condition
&(x,0|7) =¥ (,0)5(7) . (7.2.11)

Generalisation of (Z27)-(Z2.10) to three dimensions is straightforward. So
far, we have sorted Feynman paths according to the duration 7 each path
spends in {2 and decomposed (unfolded) the Schrodinger amplitude ¥ (z,T")
into subamplitudes @(x, T'|7) so that ¥(x,T) can be seen as a result of inter-
ference between different particle’s histories,

(2, T) = /OT Bz, T|r)dr . (7.2.12)

In fact, our analysis is similar to that of a two-slit diffraction experiment
[7], except that we have an infinite number of slits continually labelled by the
value of 7. This analogy suggests that the Schrodinger wave function ¥(x,T')
“knows” nothing about the value of the traversal time, as this information
is lost through interference. We may also predict that a measurement of 7
would destroy the value of ¥(x,T') just as an attempt to establish which of
the two holes has been chosen by a particle destroys the interference pattern
on the screen. Finally, we expect that a measured value of 7 will occur with a
probability ~ |®(z, T|7)|>. The last statement requires further attention. As
T is a continuous variable, we expect that a measurement of a finite accuracy
would allow interference between certain values of 7. We therefore define the
coarse grained amplitude ¥ (x, t|7),

U(x,T|7) = /_OO G(r —7)P(z,T|7")d7r" , (7.2.13)

where G(7) is sharply peaked around 7 = 0 with a width A7 so that the (un-
normalised) probability p(z, T|7) for a particle found in x at ¢ = T to have 7
in the range [1 — Ar/2, 7+ A7/2] is

plz, T|7) = | (2, T|7)|?* . (7.2.14)

Equations (CZTI0)—(Z214]) are the basis of our analysis.
As a first example consider a particle trapped in the ground state ¢g(x)

of a potential box (V = 0 for —L < z < L and 0 otherwise) [I8]. The



7 Quantum Traversal Time 199

last term in (ZZI0) tends to propagate the part of the distribution con-
tained in {2 forward in 7, while the kinetic energy is responsible for diffusive
spreading in the z variable. The latter effect has a characteristic time scale of
To = 2mL?/h, essentially the inverse of the particle’s uncertainty in the ki-
netic energy. Contour plots of the probability density p(z, T|7) = |¥(z, T|7)|?
calculated numerically with a Gaussian coarse graining function

G(1) = Ar/n'/? exp[—12/A7?] (7.2.15)

x/L

Fig. 7.2. Traversal time distributions for a particle in the ground state ¢o(x) of a
potential box coarse grained with A7/T = 0.2 in the short (a), medium (b) and
long (c) time limits. The region §2 is chosen so that [, |¢o(x)|?>dz = 0.5. The plot
in the inset is the same as in (c) but for A7/T = 0.02
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are shown in Fig. for Ar/T = 0.2,T/Ty = 0.05(a),0.5(b) and 5.0(c).
In the short time limit (a), the diffusive term can be neglected and we find
the particle close to its original position. For T/Ty = 0.5 there is already
a considerable mixing between (2 and the rest of the well, with still a ten-
dency for larger 7’s inside (2. In the long term (Fig.[[.2k), the particle forgets
its initial position and the distribution is centred around 7 = [, [¢o (7)|?dz.
Overall, Fig. [[.2 suggests the existence of a “microscopic motion” responsible
for the exchange of particles between (2 and the rest of the well, similar to
the Brownian motion which carries a particle around a volume even though
overall concentration remains unchanged [16]. However, contrary to the clas-
sical analogy, this exchange is hampered and a Zeno-type paradox arises if
one reduces the amount of coarse graining, A7 — 0 as shown in the inset in
Fig. [[2k. In the next section we will relate this behaviour to the influence of
the clock required to measure 7.

We conclude with few general remarks. The Schrodinger wave function
VU (z,t) describes a quantum particle in terms of its position at a given time.
This description can be extended, e.g., by adding an extra variable 7 related
to how the particle arrived in z, i.e., to the particle’s past. The status of
7 is different from that of z. Integrating ®(x,t|7) over 7 restores the wave
function ¥(x,t) whereas [ ®(x,t|7)dz yields no meaningful amplitude. In our
approach, different traversal times may either interfere or be exclusive alter-
natives, depending on whether we attempt to measure 7 or not. On the other
hand, at any given time, the positions of different particles are always exclu-
sive. The same analysis can be applied to other classical functionals, notably
to the mean value of a dynamical variable [I9] 20, 22] (p is the momentum)
F(p,z), (F)=T"! fOT F(p,z)dt. The von Neumann limit in (Z21]) can then
be obtained by letting 7" — 0 [23].

Finally, we may construct conditional amplitude distributions for several
functionals, @(x,t|y1,ya,-..,yn) which satisfy Schrodinger-like equations in
variables z,y1,¥y2, ..., y, and reduce to the Schrodinger wave function upon
summation over yi, Yz, ..., Yn, | (@, t|y1,y2, .., Yn)dy1, dya, ..., dyn, = ¥(z, ).

7.3 Meters and Measurements. Uncertainty Relation

To measure the traversal time we need to devise a meter which would destroy
interference between certain classes of Feynman paths. More precisely, we
expect a meter of accuracy A7 whose reading is 79 to include contributions
from those paths with 79 — A7/2 < 7 < 79+ A7/2 and discard the rest. The
recipe for constructing such meter is contained in the definition of the classical
quantity to be measured or, more precisely, in the equation of motion (TZTI0)
obeyed by @(z, t|7). First we note that the coarse grained amplitude ¥ (x, t|7)
also satisfies (ZZ1I0) (we write H(p,z) for the particle’s Hamiltonian)
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L OU(z,t|T) 7 . 0
ih 9t = [H(p,z) — ihOgq(x) aT]W(x,th’) , (7.3.1)
with the initial condition
U(x,0|7) =¥ (z,0)G(T) . (7.3.2)

This can be verified directly by substituting (Z2.13)) into (Z2I0) and inte-
grating by parts. Equation (Z.2.10]) describes a particle in terms of its position
and the time spent in (2. Alternatively, we may interpret it as a two-particle
Schrodinger equation describing a particle coupled to a meter (pointer) which
correlates its position 7 with the value of the classical functional in ([C23]). At
t = 0 the meter is prepared in the state G(7), and then runs until ¢ = T'. At
t = T the meter is read, i.e., its position is accurately determined. The (un-
normalised) joint probability for finding the particle in « and a meter reading
7 is given by |¥(z, T|7)|? in accordance with (ZZI4). Thus, the classification
of Feynman paths based on the value of 7 uniquely determines interaction
with the meter required to destroy interference between the classes.

Now we may take a closer look at how a meter perturbs the particle’s
motion. The accuracy of a measurement (the amount of coarse graining in
(T213) is determined by the initial state of the meter G(7). The meter is
inaccurate because we have no precise knowledge of its initial position. To
improve the accuracy we may wish to choose G(7) more narrowly peaked
around 7 = 0. However, a decrease in the peaks width A7 increases the
spread of the meter’s momenta. We note further that a meter prepared with
initial momentum W, ¥(z,0|7) = ¥(z,0) exp(iW/h) retains it throughout
interaction and adds WOg(x) to the potential V(z). Therefore, a meter acts
back on the particle by changing the potential in which it moves in such a
way that a better accuracy leads to more perturbation. (This problem does
not occur in classical mechanics where a pointer can have zero momentum as
well as a well-defined initial position.) This can be summed up in the form of
an uncertainty relation

ATAW > h | (7.3.3)

which states that in order to measure the traversal time to accuracy At one
must create an uncertainty AW in the potential in the region of interest. In
other words, W plays the role of the variable conjugate to .

The fact that destruction of coherence between Feynman paths is synony-
mous with the dynamical interaction between the particle and a meter can be
demonstrated in a more direct manner. Choosing G(7) = Go(ar) and scaling

T — a7 in ((210) yields

OV (x,t - 0
in @) g o iak@o() O 10wt | (7.3.4)

ot or
with ¥ (z,0|7) = ¥(x,0)Go (7). Equation (34 shows that an increase in «
and therefore in the meter’s resolution can equally be described by an increase
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in the magnitude of the particle-meter coupling while the meter’s initial state
remains unchanged.

Finally, we relate our approach to the von Neumann projection postulate
mentioned at the beginning of Sect. For this purpose, it is convenient to
consider the fractional traversal time

T
€= T‘l/o Op(z(t))dt .

Dimensionless € gives the fraction of the total time 7" spent inside 2 and
U (x,0|¢) satisfies (T3.4) with o = T, In the limit T — 0 in (Z3)) H(p, v)
can be neglected compared to —iah©@o(x)0¥ (x,t|7)/0T and [2.10) reduces
to that of von Neumann [23]. The fractional traversal time is seen to be rep-
resented by the projection operator @ (x). This operator has eigenvalues of
1 and 0 for the functions whose support lies inside and outside {2 and 0,
respectively. Thus as T' — 0 the particle retains its position and a measure-
ment of the fractional traversal time simply establishes whether the particle
is inside (2.

7.4 Averages. Complex Times. Weak Measurements

Probability distribution (ZZTI4]) can be used to construct various averages.
For example, we may select the final position of a particle i.e., assume that
the meter is read only if the particle is registered in x at ¢ = T". This would
require a large number of trials but can, in principle, be done. The expectation
value in this case is

(@) :/m |0 (2, T|7)2dr ) /_OO @ (2, T|7)|2dr . (7.4.1)

Alternatively, we may decide to read the meter regardless of where the particle
arrives in the end. The expectation value becomes

(1) = /OO 7@ (2, T|7)|*drdx/ /_OO @ (z,T|7)drdz . (7.4.2)

— 0o

Note that the accuracy of the meter A7 enters (ZAI)-(C42]) through the
coarse grained ¥ (x, T'|7). Equation ((.4.2]) can be rewritten in a more appealing
form if we use (ZZI0) to evaluate the time derivative of [ 7|¥(z,T|7)[>drdx.
Integrating over time we have (we assume [ 7|G(7)|>dT = 0)

r) :/OTdt/o:o 20 (z) /O:O dT|£P(x,t|T)|2//O:O 0z, T)7) 2drda

- (7.4.3)
Equation (T43]) is similar to the classical expression for the traversal time
([C23). The value of O (x(t)) on the particle’s trajectory is, however, replaced
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by the conventional expectation value of the operator O, (z(t)) evaluated with
the particle-meter wave function ¥ (z, T|7).

Next we ask whether it is possible to minimise the perturbation induced
by a meter and still learn something about the quantum traversal time. This
has been the approach of many early papers on the subject [5 B0} 3] [32].
Our two-slit analogy suggests that we are, in effect, trying to determine which
hole was used by an electron without destroying the interference pattern on
the screen and this cannot be done in a satisfactory manner [7]. It is, however,
instructive to see how this approach fails. Consider G(7) so broad that the
meter all but decouples from the particle (cf. (Z34). If so, expanding G in
([T2Z12) to linear terms around 7" = 0 yields

VU(z,t|7) =~ ¥(x,t)[G(T) — G'(1)7(x)] , (7.4.4)

where “the complex time” 7(x) is the complex-valued first moment of the fine
grained amplitude @(x, T|7),

T
F(z) = /0 r®(x, T|7)dr /¥ (z,t) | (7.4.5)

and we have used the folding property (2.12]). The spread of the meter
readings is extremely wide but we can still collect enough statistics to evaluate
the expectation value. Selecting only particles in z and inserting (Z.4.4]) into

(CZT) yields (again, [ 7|G(7)[*dr = 0)
(1(z)) ~ ReT(x) . (7.4.6)

It is at this point that we experience a difficulty. The average 7(z) is com-
puted with a complex valued and, which is more important, oscillatory distri-
bution @(z, T'|7). The properties of such averages are very different from those
obtained with non-negative probability distributions. For example, if a non-
negative p(x) > 0 is contained within [0, 7], then Z = fOT xp(x)dx/ fOT pla)dz
is guaranteed to lie between 0 and 7. If, however, we allow p(z) to take neg-
ative values, T may take any real value (e.g., fOT p(x)dx — +oo will send Z
to £00). As a result, T no longer represents the region which contains the
support of p(z). For this reason, although @(z, T'|7) is contained inside [0, T']
(no Feynman path can spend in {2 duration which exceed T' or is negative)
Re7(x) may lie outside [0,7]. The ill-posed question provokes an unsatisfac-
tory answer: on average, a particle appears to spend in 2 10 s (or, possibly, 10
s) between ¢t = 0 and t =1 s. Clearly, this does not suggest that in quantum
mechanics 1 s can be stretched into 10 s. Rather our approach fails, as we
expected, to resolve the two-slit paradox. The situation just described corre-
sponds to a weak measurement of the traversal time. The concept of a weak
measurement was introduced by Aharonov et al. [24] and extended to the
traversal time measurements in [26] and [27].
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The just described problem with weak values seems to disappear if we
choose not to control the final position of the particle. Replacing in (T43)
¥ (z,t|T) by ¥(x,t)G(7) gives (we assume [ |¥(z,t)]*dr = 1)

T
~ X X 2. 4.
<T>~/O dt/Qd 1@z, )| (7.4.7)

The “dwell time” [5] in (T4AT) certainly has a value between 0 and T' and
looks like the classical expression ([[2.3) with O@q(z(t)) replaced by its ex-
pectation value with the unperturbed Schrédinger wave function ¥(z,t). A
similar expression can be obtained in the Bohmian quantum mechanics [6].
There have been attempts to use (Z471) to define the quantum traversal time.
However, as we have seen, traversal times with similar properties cannot be
obtained if the averaging is done over subsets of the coordinate space, e.g.,
for the transmission channel in one-dimensional tunnelling [5l [32] B3] [35]. It
should, therefore, be remembered that in the conventional quantum mechan-
ics the mean traversal time is defined by (C42]) rather than by (Z4T). The
fact that (r) in (T4 is real and positive can be attributed to a sum rule
satisfied by 7(z) which, in turn, is related to conservation of particles [g].

7.5 Examples: Free motion and Tunnelling

Duration of tunnelling has been of the most interest and next we will obtain
the traversal time distribution @(z, t|7) for a particle with energy F tunnelling
through a rectangular barrier (£2 = [a, b])

Viz) =VOu(x) . (7.5.1)

At t = 0 the particle is described by a broad wave packet ~ exp(ikz), E =
h%k? /2m to the left of the barrier. After tunnelling, at t — oo, the transmitted
particle’s state is essentially

U(x,t) =T(k,V)exp(ike —iEt/h) , (7.5.2)

where T'(k, V') is the transmission amplitude. We recall from ([.2.9)) that in or-
der to construct @(z, t|7) we must consider transmission across all rectangular
potentials [V + W|O,p(x)] (barriers if W > —V or wells if W < —V),
1
¥, 1l7) = explike — iBt/h) / AW exp{iWr/BYT(k, V + W)
™
= exp(ikx — iEt/h)ny (k,7) , (7.5.3)

the problem reduces to evaluating the Fourier transform n(k, 7) of T'(k, V+W).
For free motion, V =0,
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no(k,7) = 9 h/dWeXp{iWT/h}T(k,W), (7.5.4)
™

where the transmission amplitude T'(k, W) is given by

B —4iBzexp(—if3)
Tk, W) = (2 —iB)%exp(z) — (z +i6)%2 exp(—2) ’ (7.5.5)
B=k(b—a),

z=[2m(W — E)Y2(b—a)/h .

The contour of integration in (.5.4]) can be closed in either upper (for 7 > 0)
or lower (for 7 < 0) half-planes. The transmission amplitude 7'(k, W) has no
poles below the real W-axis and ny(k,7) vanishes, as it should, for negative
traversal times. Above the real W-axis, T'(k, W) has an infinite number of
poles {W,,,n =1,2,3...} whose locations are shown in Fig. Summing the
poles contribution, we obtain a series representation for 7o (k, 7), 7 > 0.

mo(k,7) =3 (=1)" 'a, exp(iW,7/h) . (7.5.6)

It can be demonstrated [I4] that for large n, a, — const and W, —
—(n — 1)? x const. An interesting property of the series, whose fractal-like
behaviour was studied by Berry and Goldberg [28], is that it is oscillatory
so that @(x,t|7) must be interpreted as a distribution. Indeed, the r.h.s. of
([CE0) contains arbitrary high frequencies and does not converge to a smooth
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Fig. 7.3. Trajectories of the poles of the transmission amplitude T'(k, W) in the
complex plane of z = 2m(W — E)]*?(b —a)/h as 8 = k(b — a) increases from 0
to oo (dashed). Also shown by solid lines are the same trajectories for the double
barrier structure discussed in Sect. [[.7]
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function of 7. The sum over poles does, however, converge after coarse graining
with a suitably smooth G(7).

More precisely, if the width of G is A, the number of terms required to
converge the sum for the coarse grained ¥(z, t|7) is ~ A~/2. Physically, this
means that improving the accuracy of the measurement we will pick more
and more terms in (Z5.0) and find more fine structure in the distribution of
traversal times. The Gaussian coarse grained amplitude @y(z,t|7) is shown in
Fig. [[4] for different values of f3.

This remark equally applies to the case of tunnelling. The amplitude dis-
tribution @y (x,t|7) for a rectangular barrier of height V' differs from the that
for a free particle only by the factor exp(—iVr/h),

Dy (x,t|1) = exp(—iVT/h) exp(ike — iEt/R)no(k, T) . (7.5.7)

This is because @ (z, t|7) contains contributions only from those paths which
spend 7 inside [a,b] (cf. (TZT)) and for any such path an additional

1.0

a) B = 0.001

057t

b) 3=

ToMo (B, 7)

T/ 7T

Fig. 7.4. Real (solid) and imaginary (dashed) parts of the free particle traversal
time distribution after Gaussian coarse graining with A7 /79 = 0.015 for different
values of 8 = k(b— a). In the semiclassical limit (c), note the stationary region near
the classical value 70 = m(b — a)/hk
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rectangular potential of height V' modifies the Feynman amplitude exp(iS/h)
by exp(—iV'1/h).

Even though |®(z,t|7)|? cannot be evaluated for any given T we can esti-
mate the probability P(7,7 + dT’) to find the readings of an infinitely accu-
rate meter within the interval [1,7 + dY]. It can be demonstrated [14] that
a high-resolution (ideal) measurement is distributed exponentially (the limits
have to be taken in the given order)

P(IT +dY) = limar—olima—o /T+dT |y (, t|7)[*dr/ /Oo Py (x, t|7)|*dr
=47yt exp(—4f/;)dr : i (7.5.8)

where
70 = m(b—a)/hk , (7.5.9)

is the time it takes a classical free particle with energy E to cross [a,b].
Notably, the result (C5.8]) does not depend on V and equally applies to both
tunnelling and free motion. This is not surprising, since in the high-accuracy
limit the original potential is overwhelmed by interaction with the clock (cf.
([T33))) and no longer matters.

7.6 Semiclassical Limit. How Long Does it Take
for a Particle to Tunnel?

Quantally, the traversal time is a distributed quantity. A unique time is ob-
tained in the classical limit when the size of the region b — a exceeds the de
Broglie wavelength of the particle

B=kb—a)>1. (7.6.1)

To see how this happens, we write T'(k, W) in (L5.3]) as a geometric progression
T(k,W) =Y Tu(k,W), (7.6.2)
n=0

—4izf (z+if)*"
(z —iB)? (z —ip)*"

In ([Z62) the n-th term corresponds to a particle bouncing (2n + 1) times
between the discontinuities of the potential at + = a and z = b [29] and
for free motion we only need Ty(k, W). Inserting To(k, W) into (C54) and
applying the stationary phase method, we find the phase of the integrand
stationary at W (7) defined by the classical relation

To(k, W) = exp[-(2n+ 1)z —iB/h] . (7.6.3)
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m(b—a)/{2m[E — W(r)}/?2 =71 (7.6.4)

This means that the main contribution to (54l comes from a potential W
such that it takes a classical trajectory exactly the time 7 to cross [a,b]. For
no(k, 7) we find

47 [570}1/26}@ [iﬂ(T—To)z K

et |2 —i | (7.6.5)

o (. 7) = _( 2770 4

For large 3 the exponential in (T.G.0]) oscillates very rapidly outside a narrow
vicinity 67 ~ $Y27y of the classical value 7o in (ZH). A coarse grained am-
plitude ¥y (z,t|7) in (C2ZI3) with A7 > 67 has the largest value when the
maximum of G coincides with 7y and is cancelled elsewhere by the oscillations
of ®g(x,t|T). As a result, the meter always finds the classical value and we
conclude that a classical particle spends in [a, b] duration 7.

The additional factor exp(—iVr/h) which appears in the tunnelling time
distribution (T.5.7)) shifts the critical point of ng(k, 7). In the case of semiclas-
sical tunnelling, V' > E, ny(k,7) = exp(—iV7/h)no(k, ) has two complex
saddles

v = +i(b— a)m/[2m(V — E)]V/? (7.6.6)

and rapidly oscillates everywhere on the real 7-axis. There is, therefore, no
unique real time associated with tunnelling. Rather, Feynman paths with all
possible traversal times interfere destructively to produce exponentially small
transmission amplitude [I3]. The contour of integration in (ZZI2) can be
deformed to run up the negatively imaginary 7-axis so that the lower saddle
—i|Ty | contributes to the transmitted part of the wave function. In this sense,
the tunnelling particle “spends in the barrier imaginary time”. (Note that the
complex time of Sect. is in this case purely imaginary, 7(z) = —i|7y|.) All
this does not however mean that semiclassical tunnelling takes approximately
|7v| seconds. We may try to measure the tunnelling time in an experiment
which for a free particle produces the result 7y. Since 7 is real, it is possible
that we measure either Retp or |1p|. In the tunnelling regime, however, the
experiment of the first type would give us 0 and the experiment of the second
type |7v|. (For example, in Sect. [[77] we will show that a Larmor clock can,
in principle, determine |7y/| while in Sect. we will demonstrate that the
complex saddle is responsible for what seems like infinitely fast transfer of a
tunnelling wave packet across the barrier region.) Thus, the assumption that
tunnelling has a well-defined duration similar to that of classical propagation
would lead to a contradiction.

7.7 Larmor Clock as a Realistic Meter

Now we turn to the practical realisation of the traversal time meter described
in Sect. We recall that a clock would need to distinguish between Feyn-
man paths with different values of 7, select those paths for which 7 lies close
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to the measured value and discard the rest. Next we will show that such meter
is, in fact, the Larmor clock often discussed in connection with the tunnelling
time problem [Bl 30, BT B2 B3] B4, B35, B6, B7] and Chap. B The Larmor
clock consist of a magnetic moment p (proportional to the particle’s spin or
angular momentum) which travels with the particle and a constant magnetic
field H created in the region of interest §2. Inside the region the spin precesses
around the direction of the filed with a constant angular velocity wy,. Classi-
cally, the angle by which the spin rotates between, say, t = 0 and t = T is
proportional to the net duration the particle spends in 2, Ap = wrtd[z(t)].
Quantally, this systems coarse grains the unfolded amplitude &(x,t|7) intro-
duced in Sect. 2 [12] [14]. To demonstrate this, we note that the coupling
between a spin an a magnetic field directed along the z-axis is given by

Vint = wrj-O0(z) , (7.7.1)

where j. is the z-component of the spin. The wave function of the system
|7) is a 2j + 1-component spinor, and the amplitude to find the particle in
x and simultaneously observe the clock in |y*) at time t (we assume that
|v¥),k = 0,1,..2j form a complete orthogonal set) is Ag(x,t)(y*|7). If the
magnetic field is switched on at ¢ = 0 when the the particle state is ¥(x,0)
and the clock is prepared in [y°), i.e.,

A(z,0) = (v*|a)¥(z,0) , (7.7.2)
for ¢ > 0 we find [12]
A(x,t) :/ dTF("/kl"/O,j, wr, 7)P(z, t|T) | (7.7.3)
0
where R
F(*°, j,w,7) = (v*| exp(—iwrj.7/h)]7°) . (7.7.4)

Equation (T73) looks similar to (TZI2) and we only need to choose the
states |Y*), k = 0,1,..2j, the size of the spin j and the Larmor frequency wr,
to give the coarse graining function F(v*|7°,j,wr,7) a desired shape. It is
convenient to choose [y*),k = 0,1,..25 as follows [36] [37]. For |°) we write

(W) = 37,9k In), j=In) = nln)).
=25 +1)72, (7.7.5)

and the remaining states are obtained by rotating |y°) by an angle
or = 2mk/(2j + 1) around the direction of the field,

= (25 + 1) exp(—ingy), k > 0. (7.7.6)

(Note here the analogy with a stopwatch where the measured time is pro-
portional to the angular displacement of the hand, Fig.[[.5l) With this choice
we have
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04 Iy

Fig. 7.5. The choice of the states |y*) for the Larmor clock

—ysin[(j +1/2)wr (e — 7)]

G(re—7) = F(7k|70’j’ wr,m) = (25+1) sinfw(r, — 7)/2]

. (7.7.7)

Tk = ¢p/wr, k=0,1,..25 .

As shown in Fig. [[6 for large j and finite w, the coarse graining function
G(m, — 7) is peaked around 75, with the base width of At ~ 47 /[wr (25 +
1)]. The Larmor clock is, therefore, similar to the meter of Sect. except
that its readings, 7, like those of a digital watch [37], are discrete. It also
provides a good illustration for the uncertainty principle (Z.3:3]) discussed in
Sect. Indeed, the potential energy (Z.Z.1)) is such that if the projection of
the spin on H is n, the particle experiences inside {2 an additional constant
potential hnwOq(z). The clock’s initial state [4°) in (T.7.5) contains, with
equal amplitudes, all 27 + 1 values of n. The uncertainty in the potential is,
therefore, AW = 2hjwy and the product of the two uncertainties, AW At is
as it should, of the order of i, AW At = 4xh.

Next we show in Figs. [[ZTHZ. IO the readings the clock would produce when
applied to a free particle, transmission across a rectangular barrier and res-
onance tunnelling through a double barrier potential. In all cases (except
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Fig. 7.6. Coarse graining function of a Larmor clock for j = 10,k = 5,wr, = 2n/T
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in Fig. [0 where a better resolution is needed) we choose j = 20. We
then plot the probability Py to find the value 7 for different values of the
parameter = (2mE)"/?(b — a),2 = [a,b], essentially the ratio between
the size of region and the de Broglie wavelength of the particle. For a free
particle, in the classical limit § > 1 the clock measures the classical value
70 = (b—a)m'/?/(2E)"/2. As the de Broglie wavelength becomes comparable
to b —a, 0 =~ 1 the peak at 79 breaks into smaller multiple peaks and the
readings spread. In the ultraquantum case § < 1, the readings are dis-
tributed exponentially around the origin. A similar plot for a rectangular
barrier VO, (), (2mV)/2(b — a)/h = 150 is shown in Fig. [ For 8 > 1,
we again find a single peak at the classical value on the trajectory passing
above the barrier top. Near the barrier top, £ ~ V,8 &~ 150 the peak is
almost destroyed as the transmission becomes dominated by the barrier top
resonances [I4]. Finally, in the tunnelling regime, E < V, 3 < 150 the clock
measures a zero duration. We shall return to this result in the next section
where we discuss the “superluminal” tunnelling.

Next we consider resonance tunnelling through a simple double barrier
structure consisting of two J-potentials,

V(x) = h?x/m[6(x — a) + 6(x — b)] . (7.7.8)

For large value of x the barriers are almost impenetrable and the potential
(T3] supports quasistationary states E; — il; which may trap the incident
particle. The effect leads to a complete transparency of the structure when
the particle’s energy F ~ FE;. The resonance tunnelling is often described
as accompanied by a long time delay as the particle bounces between the
walls of the potential well. Both can be observed with the help of a Larmor
clock. Figure shows the readings of the clock with A7 = 57y for F close
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Fig. 7.8. Same as Fig. [[7] except for a rectangular barrier such that 8 < 150

o is reduced by

, the peak at 7

corresponds to tunnelling. In the tunnelling regime

a factor of 10 to allow for better viewing

to the 32nd quasiationary level, 5 = 327 whose position is indicated by a
black triangle. One notices the long tails associated with resonance tunnelling

(actually, the resonance tail is split into two tails on both sides of 5 = 32m).

Further away from the resonance there are large peaks at 7 =~ 0, corresponding

to “fast” off-resonance tunnelling. Improving resolution of the clock allows us
to observe the multiple bounces mentioned above. In Fig. [[.9] a clock with
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Fig. 7.9. Traversal time distribution for resonance tunnelling measured by a Larmor

clock with accuracy At /7o

by a black triangle

5. Approximate position of the resonance is indicated
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the resolution A7 = 0.47y finds peaks near 7 = 7¢; 379; 570, ... corresponding
to the particle crossing [a, b] once, three times after two reflections, five times
after four reflections, etc. Note that there is little change in the plot on passing
through resonances. Thus the long tails at £ ~ E; and the multiple bounces
cannot be observed simultaneously — they require different resolutions.

Baz’ was the first to propose the Larmor clock in order to measure the collision
time [30} 31]. His approach, however, differed from the one just described and
we conclude this section with its brief analysis. Baz’ required the magnetic
field to be small, w;, — 0 so as not to perturb the particle. Initially, the spin
is polarised along the z-axis. For a small field, precession of the spin in the
xy-plane is defined as ¢, = (j,)/hj + O(w?) and the traversal time is found
as the ratio between ¢ and wy. As we have seen in Sect. [[4] an attempt to
minimise the effect of the meter results, in general, to a weak measurement.
Thus we expect the Baz’ clock to measure, in one way or another, the complex
time 7 given by (C43). To demonstrate this, we note first that if initially the
spin is in the state |«) polarised along the x-axis,

an = [(2)!/2% (j + n)!(j — n)]"/2, (7.7.9)
the final amplitude A,, to find the clock in the state |n) is given by (L74)
with

FB%(n|a, j,wr, 7) = an[l — inwpm + O(w?)] . (7.7.10)
Using A, to evaluate the mean value of jAy at some location x yields

(Jy)/hj = wpRer(z) + O(W?) . (7.7.11)

What is more, the spin also acquires a non-zero component along the z-axis
[8], proportional to 7(z) (Fig. [T

0.35
£
T
0.0
3251

Fig. 7.10. Same as Fig. except for Ar/79 = 0.4
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Fig. 7.11. After interacting with a weak magnetic field the spin, initially polarised
along the z-axis appears to be rotated both in the zy- and zz-planes. The total
rotation angle is proportional to the modulus of the complex traversal time 7

(7.)/hj = wrIm7(z) + O(w?) . (7.7.12)

Therefore, the Baz’ clock operates in the weak measurement regime and al-
lows one to determine Re7(x), Im7(x) or, if the total angle of rotation is
considered, |7(z)].

7.8 Traversal Time Analysis

In classical mechanics, the amount of time a particle spends in the interaction
region can be used to predict how the interaction affects its motion. Next, we
ask whether the quantum traversal time, which is a distributed quantity, can
be used in a similar way, e.g., to analyse tunnelling across time-dependent
barriers or the effect of surface plasmons responsible for the image forces. The
short answer to this question is no. The usefulness of the quantum traversal
time is determined by its construction. To obtain the free particle fine grained
amplitude @¢(x,t|7) we have sorted all Feynman paths according to the value
of 7 and evaluated the restricted path integral for each 7. Now, if an interaction
adds to the free particle action So[z(t)] a term which can be expressed via

&z (t)], i.e., (F(2) is an arbitrary function)

Sol(®)] — Sola(®)] + F(ril[+() (7.8.1)
we may write the Schrodinger wave function ¥(x,t) as a simple quadrature
U(x,t) = /exp[iF(T)/h]§Z5o(x,t|T)dT . (7.8.2)

(We have already used the property (T82) (with F(rd[z(t)]) = 7&[z(t)] in
([TE57) while discussing tunnelling across a rectangular barrier.) Unfortunately,
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neither interaction with a time-dependent barrier nor with the plasmons is of
the required type and in each case a similar analysis would require a functional
other than 7 [z(t)].

We find the usefulness of the quantum traversal time greatly reduced. The
fact that the integrand of (Z.2.12]) is oscillatory deserves further consideration.
As an example, consider a particle with energy E which tunnels across a
rectangular barrier VO, (z) and is coupled, while in the barrier, to a single
harmonic oscillator with mass M, angular frequency w and coordinate ¢ [13]
[I4]. If the interaction has the form AOup(z)g, one finds the amplitude for a
transition leaving the oscillator in its original ground state given by a path
integral with the effective action [7]

Gla(t)]

+2ia? / dt/dt”@ab "NOap(z(t")) exp[—iw(t’ — t")] ,
(7.8.3)

Sla(t)] = Solz(t)] — Vs,

where o = A(4Mw)~'/2. If the oscillator is very slow, w — 0, the last term in
([CR3) becomes o7& [z(t)]? and we can write the transmission amplitude as

T(k,V,a) = /O " exploa2r/h ,—iVr/Ho(k, A (7.84)

where ng(k, 7) is given by (Z5.4]). Consider now how a slow oscillator affects
the transmission probability P(k,V,a) = |T'(k,V,a)|?. One might think that
adding yet more interaction to a rectangular barrier would reduce already
small tunnelling probability further. This is, however, not the case. The ratio
P(k,V,a)/P(k,V,0) plotted in Fig.[[[T2]as a function of the coupling strength
« shows initial rapid rise and then a more gradual decrease.

To understand this behaviour, we recall that for &« = 0 the tunnelling
probability in (Z.84) is exponentially small due to the cancellation between
the negative and positive oscillations of the integrand, which itself is not small.
Adding exp[—a?7?] to the integrand at first destroys the cancellation and
boosts transmission. A stronger coupling, however, restricts the integration
range and, eventually, quenches tunnelling.

To conclude, we consider the time(s) associated with the transition in the
semiclassical limit i — 0. These are given by the saddle points of the integrand
n (T84). With the help of (C83]) and (T8F]) we find the saddles determined
by a cubic equation

iar® — 1% —|v|? =0, (7.8.5)

where & = 2a2/(V — E)'/? and 7y is the complex tunnelling time defined in
(T66). Without coupling, o = 0, we have the two imaginary saddles £i|ry|
discussed in Sect. As the coupling increases, the upper saddle 7)) moves
towards the origin. The lower saddle 7(?) moves down the negative imaginary
T-axis until at some o = iy it meets with the third root of (C.81]), 73) rising
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Fig. 7.12. The ratio of the transmission probabilities for a an opaque rectangular
with and without coupling to a slow oscillatory mode as a function of the coupling
strength « (solid). The dashed line is the saddle point result. An arrow indicates the
value of @ where two complex saddles coalesce

up the same axis from —oo. After this, the two saddles leave the imaginary
axis and describe loops in the third and the fourth quadrants of the complex
7-plane as shown in Fig.

As a — oo all three saddles meet at the origin. A detailed analysis shows
that for a > g4 the positive real axis in (.84]) can be deformed into a
steepest descent contour involving only 7®) in the fourth quadrant. Thus
we conclude that a tunnelling particle coupled to a low-frequency oscillator
“spends in the barrier a complex duration Rer®) +iIm7®3)” in the same sense
that without coupling “tunnelling takes an imaginary time —|7y|”. The same
analysis shows that for a < aeri¢ both 72 and 7(3) contribute to the integral.
The case o & a4+ requires a uniform semiclassical treatment which we will
not discuss here. The steepest descent approximation to T'(k,V, «) is shown
in Fig. by a dashed line.

7.9 Traversal Time and the “Superluminal” Tunnelling

Can the traversal time be used, as is often suggested, to understand the speed
at which a wave packet propagates across a classically forbidden region and,
in particular, the phenomenon of “superluminal tunnelling”? The latter can
be described as follows. Suppose we send a wave packet across a potential
barrier of height V' and width d. If the mean energy of the wave packet Ey lies
well above the barrier, the particle behaves classically. Therefore, the higher
the barrier, the longer it takes the particle to cross it and, eventually, to arrive
at a given location on the other side. Equivalently, a snapshot at a given time
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Fig. 7.13. Trajectories of the semiclassical complex times for an opaque rectangular
barrier and a slow oscillatory mode as the coupling strength « increases from 0 to
oco. Ty is the imaginary time for tunnelling across the barrier only

will always find the delayed particle behind the one that propagates freely
(Fig. [CI4). If V is increased until V' > E, a classical particle will bounce off
the face of the barrier and reverse its motion. Quantally, a small part of the
wave packet tunnels and a snapshot in Fig. [[.I4] will find it approximately
a distance d ahead of the free particle suggesting that a tunnelling particle
spends almost no time in the barrier. It is tempting then to conclude that its
velocity exceeds in the barrier the speed of light, hence the appearance of the
term “superluminal” in the heading of this section.

All this is easily illustrated in the semiclassical limit, h — 0. Let the initial
wave packet have a mean momentum pq

¥(2,0) = explipor/MG(r) = [ " A - po)explipa/ydp,  (19.1)

where G(z) is a suitable, e.g., Gaussian,
G([z + a]/Ax) = exp[—(x + a)?/A2?], a <0, (7.9.2)

envelope, independent of h. After scattering, its transmitted part becomes
P tV) = [ Al - o) V)exslilpn — EO/Hdp, (10.3)

where E(p) = p?/2m and T'(p, V) is the transmission amplitude. Well above,
E > V, and well below the barrier, E < V, we can replace T'(p, V) by the
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Fig. 7.14. Snapshot of a Gaussian wave packet with the mean momentum po,
pod/h = 90.25 taken for ¢/70 = 5.5. The wave packet passing over the barrier (b)
is delayed relative to the free one (a). The tunnelling wave packet (c) is very small

(note the large factor of Z = exp[2(2mV —po)*/?b/h]) but lies ahead of the free one.

The dashed line is the semiclassical result. Other parameters are: zo = (hb/po)'/?,

a/zo = 26, b/zo = 9.5 and Azx/zo = 5.5

first term in the multiple reflection expansion (.6.2))

As h — 0, the width of the momentum distribution A(p — pp) decreases as
h~1 and we expand the last two exponents in (.9.3]) around pg to first order
in p — po which yields

U (x,t|V) = expli(pox — E(po)t)/h|To(po, V)G (x — bz) , (7.9.5)

where
6x(V) = vot — d[1 — po/(p2 — 2mV)¥/?] . (7.9.6)

By the time ¢ a free wave packet travels the distance vot. A wave packet
passing above the barrier, p — 2mV > 0 is delayed and lies a distance d[1 —
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po/(p3 — 2mV)/?] behind. In the tunnelling regime, p2 — 2mV < 0, the last
term in (ZO.6) is imaginary, and the maximum of |G (z — §z)|? in (L5 lies
a distance d ahead of the freely propagating peak and the particle reaches
a detector approximately d/vg earlier then a free one. Further discussion of
superluminality can be found in [3§].

We, however, are interested in the relation between the distribution of the
times spent in the barrier and the final position (and shape) of the transmitted
wave packet. In the classical limit there is a simple relation between 7 and the
distance travelled by the particle, dx

dx=vy(t—7)+d, (7.9.7)

so that finding the particle in 2 we also know the value of 7. A similar classical
relation exists between 7 and the angle by which a spin rotates in the magnetic
field. By analogy, we may expect that quantally the amplitude to find the
particle in x can be obtained by coarse graining the traversal time distribution.
This turns out to be the case, but only in the semiclassical limit.

The transmitted wave packet can be constructed by summing the traversal
time distribution over all 7. For a rectangular barrier, we have the identity

U(a t|V) = (2nh)" /O " dr exp(—iVT/h) /_ AW exp(iWr /BB (1) |

(7.9.8)
where ¥(z, t|W) is the transmitted wave packet for the potential WO _g /5 4/2(x)
as given by (CO.6). Again, for T'(p, W) it is convenient to use the multiple
reflection expansion retaining only the first term. We then use (C9.30) and
evaluate the second integral in (Z.9.8)) by the stationary phase method. The
stationary phase condition reads

md/(p?2 — 2mW (1))Y/? = 1, (7.9.9)
and the result is
U(z,t|V) = /000 G(—[7(x) — 7]/ AT)) Dy (z, t, po|T)dT | (7.9.10)
where
T(x)=t— (0x —d)/vo , (7.9.11)
AT = Az /vy, (7.9.12)
and
Dy (x,t,po|T) = exp(—iVT/h)DPo(x,t, po|T) , (7.9.13)

is the traversal time distribution for a particle with energy E(p) in a potential
VO_4/2,4/2(x) defined earlier in (Z.5.3]) and (Z.6.5). We note again that for any
value of 7, 0 < 7 < oo ([.9.9) finds a rectangular potential co < W(r) < E (a
barrier or a well) such that a classical trajectory with the initial momentum
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po spends inside [—d/2, d/2] exactly 7. (No contradiction with the uncertainty
principle of Sect. [T3as we consider i — 0.) Along this trajectory, the envelope
G is translated as a whole and we obtain (C9I0). The right-hand side of
(C9I0) has the form of a coarse grained amplitude (C2.I3]) with the coarse
graining function G determined by the envelope of the initial wave packet.
Thus, constructing a broad initial wave packet and then finding a particle
at a location x we perform a traversal time measurement on a particle with
the energy E(pp). Note that in this case the system “measures itself” as we
require no external degree of freedom to represent a meter.

Next, to find the position T of the peak of the transmitted probability
¥ (x,t|V) we first look the most probable value of the traversal time measured
with the coarse graining function G([7(x) — 7]/A7]) 7 and then obtain & from
the classical relation (C9.7). For a free particle, @¢(z, t, po|T) has a stationary
region near 79 = d/vg. As discussed at the end of Sect. [[.6 the integral
([COI0) peaks when G is centred at 79 and the peak of the wave packet is at
Z = a + vot (Fig. [[14). For a finite barrier E > V, the stationary region of
&y (x,t, po|T) shifts to larger T and the wave packet is delayed. For tunnelling,
V > E, &y (x,t,po|T) has no real stationary point, but (Z.9.10) still applies
and the integral (COI0) can be evaluated by the steepest descent method
which yields the result (Z.9.0) (Fig. [.15).

The envelope G is evaluated at the complex saddle (L.6.6), —idm/(2mV —
p2)'/? and the right-hand side of (ZOI0) takes the largest value when G
is positioned closest to the saddle, i.e., at 7 = 0 (Fig. [[I4]). Since G([7(x) —
7]/ AT]) restricts integration in (ZZO.I0) to small 7’s, we may conclude that the
trajectories which most contribute to the tunnelling experience in the barrier
region a very deep potential well. As a result, the transmission is very fast,
but since the paths interfere destructively, the transmitted pulse is typically
exponentially small. We stress again that this analysis is valid only in the
semiclassical limit &~ — 0 and, in general, the relation between the traversal
time distribution and the shape of the Schrodinger wave function is limited
to (CZI2). One drawback of our approach is that it seems to rely on the
classical trajectories which cross 2 faster than light. Such trajectories are
forbidden by special relativity and appear only because we have employed
the non-relativistic Schrédinger equation. The latter is sufficient to describe
the propagation of a wave packet at the low energies we consider. Yet in
the traversal time analysis we probe regimes which should be described by a
relativistic wave equation. This will be done in the next section.

7.10 Relativistic Traversal Time

An obvious way to deal with the superluminal velocities we have encoun-
tered in the previous section is to replace in our analysis the Schrodinger
equation by one of the relativistic wave equations [39]. Since we are only
interested in the mechanism of tunnelling, we may choose the simplest one
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for the spinless particles, i.e., the Klein-Gordon equation [39] 40, [41]. In the
relativistic notations the Klein—Gordon equation for a particle of mass m

and charge e interacting with an electromagnetic field A = (Ao, A) reads
(h=1,c=1)
(i0/0z,, — eA,)* W = m*¥ . (7.10.1)

The propagator G(z, ") of (LI0T]) can be written in the path integral form
by considering z,(u) as function of the “fifth parameter” w [40, 4I],

G(z,2) :/ duexp(—im2u/2)/Dxexp[—i/ L(z(u))du'], (7.10.2)
0 0
with the Lagrangian
L(z) = (da*/du)? /2 + eA,dx" /du . (7.10.3)

With the help of an arbitrary field B, (r) we may now construct a (scalar)
functional

o a
V=0 ) -
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Fig. 7.15. Real part of the traversal time distribution for a particle with initial
momentum po for (a) free motion; (b) passage above the barrier and (c¢) tunnelling.
Also shown is the Gaussian coarse grained function (dashed) determined by the wave
packet’s envelope and centred so as to maximise the integral (Z.9.I0). All parameters
are as in Fig. [[.14]
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Flz(u)] = /duBN(x)d;v“/du ; (7.10.4)
which, for a particular choice
BQ = Gg(w),Bl = Bg = B3 =0 ) (7105)

coincides with the traversal time [ 6 (z(t))dt. Next we use the delta function
d(F[x(u)] — 7) to restrict integration in (I02) only to those paths in (¢, x)
which spend in {2 a duration 7. Proceeding exactly as in Sect. [[.2, we arrive
at the “clocked” Klein-Gordon equation obtained from (ZI0.]) by replacing
/0t — 9/t + 0(x)0/07. In particular, for a one-dimensional particle in a
potential V' (x) we have

2

2

{02 [mgt +ihfgo(x) 887_ - V(x)} + h? 86332 } Do (2, t|T) = m2c* Py (v, t|7) .
(7.10.6)
We recall here that the paths in ([ZI0.2]) are no longer required to proceed
forward in time and may reverse themselves [40} [41]. The points at which these
reversals occur are associated with the creation and annihilation of virtual
particle-antiparticle pairs. Accordingly, we can no longer expect @g(x,t|7) to
vanish for 7 < 0 where it may describe antiparticles propagating back in time.
To find the traversal time distribution for a free wave packet we choose the
initial condition (Z.9.1]). To exclude antiparticles we must require, in addition,
that each plane wave component in ([L9]]) propagates with a positive energy

(¢ is the speed of light)
e(p) = c(p® + m2cA)V/2 . (7.10.7)

We then continue as in previous section. The problem reduces to evaluation
of the Fourier transform of the transmission coefficient Ty (p, z) ((6.2) with z
given by the relativistic relation

z=[(e—V)? —m2c)2d/h . (7.10.8)
In the limit & — 0, we obtain the analogue of (Z.9.10)

U(x,t|V) = /_OO drG(—[7(x) — T]/AT])@(,BZ (x,t,polT) , (7.10.9)

with
T(x) =t — 0z —d)/vg, wvo=de(po)/dp . (7.10.10)
For a particle with initial momentum pg relativistic traversal time distribution
is given by
D (x,t, po|T) = exp[—ie(po)t/h + ipox/h — ipob/h)
4p0deg/2703
(= 7)1 lpod(r2 = 72)V2 + o722

< expl | po)7 — Vr — eofr? — 722 ity (7.00.1)

x (2mh)~1/2
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Fig. 7.16. Real part of the traversal time distribution for a relativistic particle with
initial momentum po for (a) free motion, (b) tunnelling and (c¢) transmission across
the barrier with V' = 2¢. The Gaussian coarse grained function (dashed) is centred so
as to maximise the integral (.I0.9). The contour of integration in ([CI0.9) is shown
in the inset in (a). Inset in (c) shows the time-reversed trajectory contributing to
transmission.

where
Te =d/c,eg = mc? . (7.10.12)

The contour of integration in (CI0.IT]) is shown in the inset in Fig. [[10]
where the branch of the square root is chosen so that on the lower side of the
right-hand cut (72 — 72)'/2 is real and positive.

A free particle distribution, nml (po, 7) = exp{}[e(po)t — po(z — b)]}
x (®5el(x,t, po|T) is shown in Fig. [[IGh. For 7 > 7. &5 (z,t, po|7) coincides
with the non-relativistic distribution 450 (x,t,po|T) of the previous Section. No
relativistic particle can traverse a distance d in less than d/c. Accordingly, for
—7. <7 < 1. By (w,t, po|T) is exponentially small. For 7 < 7., &5 (2,t, po|T)
contains an antiparticle branch associated with paths which cross {2 with time
direction reversed. For the free motion, this branch is highly oscillatory and
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does not contribute to propagation which is dominated by 7’s in the stationary
region near the classical value

T0 — d/’UO .

We are interested in the tunnelling regime (€(po)—V)? < €2 when &7 (x, ¢, po|T)
has a complex saddle at

For a non-relativistic particle pZ/2m < €,V — p2/2m < €, 7y reduces to
~ —imd/[2m(V — E(po)]*/? and &} (x,t, po|T) is oscillatory both for 7 > 7,
and 7 < 7.. However, the antiparticle branch oscillates much more rapidly and,
as expected, the time-reversed paths do not contribute to tunnelling. We note
next that the analysis of the previous section applies even in the absence of
the superluminal classical velocities. Indeed, as before, the integral in (9:10)
has maximum value when the Gaussian G is placed opposite the complex
saddle 7y, i.e., for 7(z) = 0 (Fig. [[I6). The fact that [¥(z,¢|V)|* has the
largest value when the maximum of the coarse graining function coincides with
the minimum of the traversal time distribution may at first seem surprising.
We note, however, that ¥(z,t|V'), which itself is exponentially small, builds
from many oscillations of the integrand in (ZI0J9) across the whole range of
(positive) 7’s.

It is interesting to see what happens when the barrier height becomes ex-
tremely large. The transmission amplitude (either full T'(p,V)) or To(p,V)
depends on the potential only through (e — V)?. This means, in particular,
that T'(p, V) for V' = 2¢ is the same as for a free particle with energy e, i.e.,
that a very high barrier is transparent. The 7-distribution for this case is
shown in Fig. Its particle branch is highly oscillatory and transmission
is dominated by the vicinity of the stationary point at —7y. Accordingly, the
transmitted wave packet appears to spend in the barrier a negative amount
of time and in the snapshot in Fig. [[.T4] would be placed ahead of the tun-
nelled pulse. It is clear that the trajectory which contributes to transmission
must experience in the barrier a time reversal (see inset in Fig. [[16k). This
effect is consistent with the following mechanism: as the particle approaches
the barrier a particle—antiparticle pair is created at its right-hand side. The
particle continues in the forward direction while the antiparticle, for which the
potential energy has the opposite sign, travels to the left face of the barrier
where it annihilates the incoming particle. The newly created particle has,
therefore, a 2d/vy head start on the original one. Note that no superluminal
velocities are required to achieve this speedup. Unfortunately, this effect is an
artefact of our one particle model and is unlikely to be observed. The reason
for this is that the required barrier potential is strong enough to create real
particle—antiparticle pairs. The antiparticles trapped in the inverted barrier
potential will reduce its magnitude just is pair creation screens a large charge
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[42]. In practice, it is impossible therefore to create a rectangular potential
with a magnitude exceeding 2mc?. Together with the uncertainty principle
(T33), this suggests a limit of 2/mc? on the accuracy with which the quan-
tum traversal time can be measured in a relativistic theory.

7.11 “Superluminal” Paradox and the Speed
of Information Transfer

Next we follow [43] in order to further develop some of the conclusions of
Sects. and Using a somewhat different definition of the time delay
experienced by a particle in the scatterer and the analogy with Aharonov’s
weak measurements, we will demonstrate that “superluminality” occurs when
the value of the duration spent in the barrier is uncertain, whereas when
it is known accurately, no “superluminal” behaviour is observed. Using the
same analogy, we will also show that the information encoded in non-analytic
features (e.g., cut-offs) of an electromagnetic pulse cannot be transferred faster
than light even across a fast light medium, where the group velocity of the
pulse exceeds c.

As a prerequisite, we require a brief recourse to the Aharonov’s weak mea-
surements, already mentioned is Sect. [[.4] and fully described by the authors
in Chap. of this book. Consider a quantum system prepared at ¢ = 0 in
an initial state |I > and then post-selected (observed) at ¢ = T in some final
state |F >,

I>=) afv> [F>=) blv> Av>=A>. (7.11.13)

If at some ¢, 0 < ¢ < T, the system is subjected to a von Neumann-type
measurement [23] of an operator A, the state of the pointer with position 7
after post-selection is given by [24] 25]

<TIM >= Z G(t— Au)ny n, = blay (7.11.14)

where G(7) is the initial, say, Gaussian state of the meter, whose width At
determines the accuracy of the measurement. The outcome of the measure-
ment depends on the initial uncertainty in the pointer position, A7r. For Ar
sufficiently small

AT << Ay+1 - Al,,

the possible readings coincide with the eigenvalues of A, which we will assume
to be all non-negative and equally spaced, A, > 0, For At > A,,1 — A,, the
situation is different. If 7, were all positive, like the classical probabilities,
< 7|M > would occupy the region 7 > 0 and rapidly decrease for 7 < 0.
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However, 1, are probability amplitudes, rather than probabilities, and may
alternate. A careful choice of 1, (i.e., of |I > and |F >) can, therefore, produce
a < 7|M > which would peak at some negative “anomalous” value 75 < 0,
while for 7 > 0 the pointer wave function will vanish due [24] 25] to the de-
structive interference between the Gaussians. Aharonov and co-workers have
assesed that such anomalous outcome is possible although unlikely.

Consider next a one-dimensional wave packet with a central momentum kg,
transmitted across a scatterer (e.g., potential barrier, undersized waveguide,
a slab of fast light material) whose width is b. For some large ¢ = T the
transmitted pulse has the form

Up(z) =< z|F >= /00 T(k)C(k — ko)explike — iE(k)T]dk,  (7.11.15)

— 00

where T'(k) is the transmission amplitude. Using the convolution property of
the Fourier integral, (C.ITI5) may be rewritted as

< z|F >= /LT/T(J: —a)¢(x")da' (7.11.16)

where
U (z) = / C(k — ko)eaplika — iE(k)T]dk, (7.11.17)

is the pulse obtained from the initial state under the free evolution, and
£(x) = (2m) 7! / T (k) explikz]dk. (7.11.18)

The transmitted pulse is now given by a weighted sum of the shapes ¥ (x—2x')
delayed, if ' < 0, or advanced if 2’ > 0, relative to the free propagation.
Closing in (ZITI]]), the contour of integration into the upper half-plane shows
that

Ex)=0 for >0 (7.11.19)

provided T'(k) does not have poles with positive imaginary parts. Such poles
may be located only on the positive imaginary axis [42], where they correspond
to bound states of the particle or field and without them the transmitted
pulse builds up only from Yr’s delayed relative to the free pulse. This is
not suprising, as in classical mechanics a particle only accelerates if passing
over a potential well, which, in the quantum case, is the source of bound
states.
The argument is readily rephrased in terms of scattering times by identi-
fying
T(2') = —2' /vy (7.11.20)

with the time delay experienced by the particle in the scatterer. Replacing x’
with 7 yields
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Up = explikor — iE(ko)T] /G(T(x) —7)n(r)dr (7.11.21)

where G is the envelope of ¥p,
G(7) = exp[iE(ko) T + ikovoT| T (—voT) (7.11.22)

and
n(7) = —vg explikovoT|E(—voT). (7.11.23)

Comparing (CIT2T) with (ZITI4) shows that the relation between the time
delay 7 and the particle’s position z is that between a measured quantity,
whose amplitude distribution is n(7) and the position of the pointer, whose
initial state is determined by the envelope of the initial pulse A7. This is not
entirely unexpected, since we use the particle’s position just like a pointer,
by reading which we hope to gain information about the time delay 7. For a
classical free particle, we recover the one-to-one correspondence betwen =’ and
7 by choosing a narrow initial wave packet, thus making the “measurement”
more accurate, or “strong”. Importantly, this cannot be done in the case of
tunnelling. Indeed, making the initial pulse narrow in the position space will
broaden its momentum distribution and eventually cause some momenta pass
over the barrier rather than tunnel, thereby destroying the “superluminal”
effect. For this reason, our “measurement” of the time delay of a tunnelling
particle is inevitably “weak” and its uncertainty is inevitably large. Thus,
the emergence of an apparently “superluminal” pulse in Fig. [Z.14] with an
estimated time delay of —b/vy when

n(t)=0 7<0 (7.11.24)

is completely analogous to obtaining an anomalous negative reading in an
Aharonov’s measurement of a variable with only non-negative eigenvalues,
briefly discussed above. It is this large uncertainty in the value of the time
delay which allows the negative result —b/vg to co-exist with the causality
implied by (ZIT.24), e.g., in the case of tunnelling across a potential barrier.

In Sect. we have already demonstrated that the “superluminal” tun-
nelling does not contradict special relativity. Next, we will show that even un-
der apparently “superluminal” conditions the information, encoded in a non-
analytic feature, such as a sharp cut-off, of the initial pulse cannot travel with
a velocity greater than c¢. Photonic wave packets, which do not spread in vac-
uum, are better suited for the purpose of information transfer and henceforth
we will consider the optical propagation. The proof of the above statement is
straightforward: as long as the transmission amplitude across the sample of,
say, fast light material has no poles in the upper half of the complex k-plane,
the most advanced term in (ZIT.I6) would be the one propagating freely with
the vacuum light velocity ¢. This means that any feature in the envelope of
the initial pulse may only advance at most by the distance ¢T, so that the
information, encoded in such feature, may not travel with the speed greater
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then c. To achive a truly superluminal information transfer one would need a
(one dimensional) material which supports both the scattering and the bound
states of the photon, and would, therefore, speed the photon up in the same
way a potential well accelerates an electron. We are not aware of the existence
of such materials. Earlier, Aharonov and co-workers [25] have shown the weak
measurements to be unsuitable for faster-than-light information transfer, and
we have just extended their result to the case of “superluminal” propagation.

All the above can be illustrated with the help of a simple set-up exhibiting
all the main features of apparently “superluminal” transmission. Consider the
propagation of an electromagnetic pulse across two narrow semitransparent
mirrors modelled by two d-function of magnitude 2 located at + = 0 and
x = b, respectively. The transmission amplitude can then be written as

k)= T(k)= (1+R(k Z R(k)*™ exp(2imkb) (7.11.25)

where
R(k) = —if2/(2k +i12) (7.11.26)

is the reflection amplitude for a single d-function placed at the origin x = 0. If
the mirrors are opaque (20 >> 1), the amplitude distribution n(7) is sharply
peaked at 7, = 2mb/c (Fig. [[ITh) and the incident pulse is split into a
number of discrete path modes corresponding to 2m, m = 0,1, 2... additional
reflections experienced by the ray between x = 0 and = = b [44] so that we deal
with a discrete spectrum of non-negative delays, 7, = 2mb/c (cf. (LILI4)),

2) ~ Y G(r(x) = )T (ko). (7.11.27)

For a broad initial Gaussian pulse,
G(z) = exp(—2?/Az?), Az >0,

Fig. [[TTb shows that the terms in (ZIL27)), each delayed by 7, > 0 con-
spire to produce an advanced transmitted peak corresponding to a negative
time delay of &~ —b/c. It is easy to see that choosing a narrow Gaussian pulse
destroys tunnelling and with it the apparent “superluminality”. The double
barrier structure supports equally spaced resonances at k = k; = 7 /b, be-
tween which the transmission amplitude is very small. For an incident pulse
to tunnel, it must fit between two neighbouring resonances and its momentum
spread Ak must not exceed m/b. Thus, if the “superluminal” behaviour is ob-
served, the time delay is known with uncertainty of about Ar &~ 1/cAk ~ b/c,
which is just the “weakness” condition for the Aharonov’s pointer, discussed
in the first paragraph. And just as a “strong” von Neumann measurement
reveals the spectrum of the variable A, a narrow initial pulse is split into com-
ponents exhibiting the positive time delays 7,,,, m = 0,1, 2... contained in the
amplitude distribution 7(7), as shown in Fig.[[.TTk. Suppose now that we have
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Fig. 7.17. (a) Discrete non-negative time delays 7, > 0 for two opaque mirrors.
(b) Broad Gaussians representing ¥, all delayed compared to the free pulse, intefere
to produce a pulse advanced by b/c. (c) If the front part of initial pulse is removed,
the field vanishes beyond the causal boundary zp corresponding to 7(z) = 0. (d) If
the rear part of the pulse is removed, the field beyound z g is identical to the uncut
field, and contains no information as to whether the initial signal was cut or not.
(e) A narrow initial pulse destroys “superluminality” and reveals the non-negative
delays 7, contributing to the transition

a detector which clicks when reached by a sharp front of the signal. With this
in mind, we may cut the initial Gaussian pulse in two, discard the front half
and send it through the mirrors, hoping that the front would emerge, like the
peak of the full Gaussian, ahead of its freely propagating counterpart. Equa-
tion (ZIL27) and Fig.[[.I7k show, however, that the field would always vanish
beyond the causal boundary xp = ¢T + a, where a denotes the initial position
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of the cut. Alternatively, we may remove the rear part of the initial pulse and
ask whether using a “fast light” medium would allow us to distinguish be-
tween the cut and uncut pulses sooner, than we could in vacuum. Again, the
answer is no, since for £ > xp the transmitted field builds up from the front
tails of Wp’s, which are the same for the cut and uncut Gaussians (Fig. [[.T7H),
so that the observer has to await the arrival of the information-carrying part
of the signal, travelling at the speed of light. The experiment similar to one
just described was actually made by Stenner and co-workers [44], who used
potassium vapour, rather then mirrors, to achieve apparently “superluminal”
propagation. They concluded that the information detection time for pulses
propagating through the fast light medium is somewhat longer than that in
vacuum, even though the group velocity in the medium is in the highly su-
perluminal regime. Figure la of [44] is similar to Fig. [[T7d and the above
analysis provides a simple explanation for their result.

In summary, we note that the contradiction between the impossibility of
faster-than-light travel and observing an apparently “superluminal” transmit-
ted pulse is resolved in a typically quantum mechanical fashion: when “super-
luminality” is present, one does not know the delay, and cannot claim that
the duration spent in the scatterer is shorter than b/c. Conversely, when the
delay is known, no “superluminal” transmission is observed.

7.12 Concluding Remarks

We had a twin task of defining the quantum traversal time and analysing its
possible use for such applications as nanotechnology and wave packet propa-
gation. The first part turns out to be the most interesting. The traversal time
7 can be defined by equating it with the duration a Feynman path spends
in the region of interest (2. Since there are many paths leading to the same
final particle’s position, 7 is a distributed quantity and the Schrodinger wave
function ¥(z,t) is a sum of subamplitudes @(x,t|7) corresponding to all dif-
ferent durations. Conceptually, the situation is not much different from the
two-slit diffraction experiment. (Feynman once wrote [45]: “any other situa-
tion in quantum mechanics, it turns, out can be explained by saying, ‘You
remember the case of the experiment with two holes? It’s the same thing’”.)
However, since 7 is a continuous variable, to construct observable probabili-
ties one requires a coarse grained amplitude ¥ (z, ¢|7) which allows for certain
amount of interference between different classes of paths and can be used to
construct measurable probabilities. These simple assumptions determine all
properties of 7 including a recipe for its measurement and the Heisenberg-like
uncertainty relation (ZI6]). Mapping the equation of motion for @(x,t|7) onto
a particle-meter Schrodinger equation determines the dynamical interaction
required to destroy the coherence between different durations. The meter turns
out to be just the Larmor clock consisting of a spin in a constant magnetic
field HOg(x). The amount of coarse graining (and, therefore, the accuracy of
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the measurement) is related to the initial uncertainty of the meter’s position
and we obtain a finite time generalisation of the von Neumann measurement,
which depending on the accuracy, can be either weak or strong. It is worth
noting that such a measurement does not rely on expanding the Schrodinger
state in eigenfunctions of any “traversal time operator”. A similar scheme can,
in principle, be applied in a relativistic quantum theory.

The second part of our conclusions is more negative. The quantum traver-

sal time turns out to be a much less useful quantity than its classical coun-
terpart. In particular for tunnelling we fail to provide a single timescale to
be compared with the period with which the barrier goes up and down or
with the frequency of surface plasmons. This leaves out most realistic in-
teractions and limits us to a few cases where, as in scattering off rectangular
potentials, the interaction can be expressed in terms of the classical functional
[CZ3). But even then we only succeed in replacing the sum over paths by a
one-dimensional oscillatory integral which is difficult to evaluate beyond the
semiclassical limit i — 0. For a classically allowed transition, a semiclassical
analysis recoveres the unique classical duration, but for a classically forbid-
den transition, e.g., tunnelling, it finds complex saddle(s) of @(x,t|7) which
cannot be identified as real duration(s).

In the end, “the actual time it takes to tunnel” is found to be as elusive

as “the slit through which an electron actually went” and the tunnelling time
problem remains a subject for someone more interested in the subtleties of
the quantum measurement theory than in the practicalities of nanostructure
engineering. Yet far from remaining a mathematical abstraction, the measure-
ment theory is instrumental in explaining and classifying experiments related
to to the tunnelling times in one way or another. The long-standing paradox
of apparent “superluminality” can be resolved by analysing a particular type
of interference, first associated with highly inaccurate von Neumann measure-
ments. Such an analysis reveals the limits on the speed of information transfer
in experiments on “superluminal” propagation, and once again demonstrates
that it is impossible to describe quantum tunnelling by a single, albeit aver-
aged, time parameter.
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Time is to clock as mind is to brain. The clock or watch somehow contains the time.
And yet time refuses to be bottled up like a genie stuffed in a lamp. Whether it
flows as sand or turns on wheels within wheels, time escapes irretrievably, while we
watch. Even when the bulbs of the hourglass shatter, when darkness withholds the
shadow from the sundial, when the mainspring winds down so far that the clock
hands hold still as death, time itself keeps on. The most we can hope a watch to do
is mark that progress. And since time sets its own tempo, like a heartbeat or an ebb
tide, timepieces don’t really keep time. They just keep up with it, if they are able.

Dava Sobel [T]

8.1 Introduction

In the formal development of quantum mechanics any observable is math-
ematically represented by an operator acting in an appropriate functional
space. In this spirit the position, momentum, energy, and other quantities are
associated with operators from which predictions can be made following the
rules of the theory. In certain cases, for instance the decay of a metastable
state, for which it is natural to ask about its lifetime, the question that we ask
has as an answer a quantity with units of time. In this way, a time variable
is observed and measured and, therefore, we should construct an operator to
which the answer experimentally observed can be attributed. That is to say,
we are required to produce some time operator within the context of the the-
ory. As has been repeatedly emphasized elsewhere in this volume, there have
been many attempts to build such an operator [2], despite an early theoretical
objection by Pauli [3]. One of the difficulties lies on the fact that the Hamil-
tonian operator plays a dual role in the theory: on the one hand it represents
the energy of the system and, on the other hand, it is the generator of the time
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development for wave functions [4]. A more operational approach consists in
constructing some physical system from which we can extract some timescale
associated with a physical process.

Another aspect to consider is that the times we measure are uncertain and
prone to error, as any kind of measurement is. Within quantum theory, there
are two questions that we must pose concerning this point. In the first place,
we should enquire whether there exists some intrinsically quantum reason for
errors in the measurement of time. Secondly, if the measurement of time is
indeed riddled with errors, be it for classical or quantum reasons, this could
give rise to peculiar effects in the evolution of the quantum systems we study.

This second aspect we will be dealing with last in this chapter, and we shall
first devote our attention to the study of quantum clocks and stopwatches, in
order to understand better the intrinsically quantum aspects of the measure-
ment of time, by including in our description of quantum evolution a physical
system that plays the role of a clock. According to Peres, “A clock is a dy-
namical system which passes through a succession of states at constant time
intervals” [5]. We shall review the construction of such devices using quantum
systems, with different couplings that allow the clock to start or stop in such
a way that it works as a stopwatch to measure durations of processes. The
first historical landmark is a classic paper by Salecker and Wigner in 1958
[6], in which they proposed a clock to analyze the limitations which the quan-
tized nature of microscopic systems imposes on the possibility of measuring
distances between space—time events. In 1966, Baz’ [7} [8] proposed the use of
the Larmor precession of a spin in a weak magnetic field as a clock to measure
the duration of quantum collision events. Rybachenko [9] applied this method
to the case of particles in one dimension colliding with a rectangular barrier.
Many other theoretical works have followed Baz’ and Rybachenko, motivated
by conceptual difficulties with the tunneling time reviewed in several chapters
of this book, and because of the prospect of constructing high speed devices
based on tunneling semiconductor structures. Later on, Peres [5] applied the
Salecker and Wigner device for three different purposes: first, to measure the
time of free flight between two spatial points for the nonrelativistic case (the
relativistic case was subsequently treated by Davies [10]); second, for timing
the decay of excited atoms; and third, to control the duration of a physical
process.

In many of the proposals discussed above (proposed and further analyzed
by a number of authors [11 [12] [13]) the system of interest was an electron.
However, the experimental implementation of a quantum clock for electrons is
difficult and the interpretation of the results may not be clear. In fact, a good
part of the wide range of different viewpoints regarding this problem is due to
the ultrashort experimental times involved (see Chap. [IT]). Motivated by this
problem, some researchers have used existing thin-film technology [14] [15] [16]
to realize and operate an optical Larmor clock based on the analogy between
tunneling electrons and evanescent electromagnetic waves. Open questions
and fundamental aspects such as clock precision, superluminal times, and
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nonclassical properties of evanescent photons, are being elucidated by these
optical quantum clocks.

An important problem with many practical and scientific applications [17]
that will not be treated here is clock synchronization. This problem is deeply
important in modern technology and its formulation is very simple: “determine
the time difference between two spatially separated clocks” [17], 18] [19].

8.2 What is a Clock?

As we stated in the introduction a good definition of a clock can be found in
the article by Peres [B]: “A clock is a dynamical system which passes through
a succession of states at constant time intervals.” In this definition, we find
no reference to the dynamical law governing the motion of the system. The
operational definition given defines time according to the states of the clock
dynamics. In fact we can think the other way around, that is to say, a given
definition of time interval according to some system implies a dynamical law
as discussed in [20].

In the definition given above it is important to take into account that
the clock is by itself “a dynamical system”: this means that the clock has a
dynamical variable, the pointer, with a time dependence so simple that one
can infer directly the value of ¢ from the pointer position [2I]. For example, in
a classical clock the time dependence of the pointer is periodic and is given by
the angle § = wt(mod 27). In quantum mechanics the pointer, as a dynamical
variable, must be represented by an operator, which implies that any quantum
measurement of such an angle 6 will have a spread. The relation, if any exists,
between the spread of this pointer variable and the energy of the system being
studied could be termed “time—energy” relation, which, however, will be of
a very different kind from the one that quantum mechanics specifies for any
pair of operators, A and B, obeying the commutation relation [A, B] = ih
(see Chap. 11). The problem of defining an uncertainty principle for energy
and time, and the meaning we can give to it is then a fundamental question
for these devices.

Let us center our attention on the measurement of a time quantity with
a clock. The quantum clock will in the course of its time evolution exchange
some energy with the system for which we want to extract some characteristic
time, for instance the time of flight of a particle between two detectors. The
exchange of energy between the clock and the system will eventually modify
the system’s state and its later evolution, so that we can ask whether the
time measurement is related to the system or, rather, whether it is a feature
of the clock—system complex. If we think of a sequence of time measurements
in which the coupling between the clock and the system varies over a range
from large to small values of the coupling constant, the sequence of time values
so obtained will ideally reach an almost constant value for sufficiently small
values of the coupling constant (perturbative regime). When this occurs the
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limiting time property is regarded as intrinsic to the system time property of
the combined clock—particle system.

The conditions to be fulfilled in order to give some intrinsic character to a
time measurement are discussed in [5] in the context of time-of-flight measure-
ments. It was found there that the time interval between two spatial points is
well defined although the time of passage through a spatial point is uncertain.
The fact that the disturbance produced by the clock is inversely related to the
time resolution of the clock imposes a limitation on the accuracy with which
particle velocities can be measured over a given distance. Whence it follows
that in this case the time measurement is more adequately understood as a
particle-clock property, rather than as a particle property.

All of the clocks that we are going to discuss are constructed by coupling
one extra degree of freedom to the system. Depending on the nature of the
coupling Hamiltonian, we have different types of quantum clocks. Essentially,
they are all described by a Hamiltonian that contains the system degrees of
freedom and a coupling Hamiltonian that couples the degrees of freedom of the
clock with those of the system. Let us denote the Hamiltonian of the system
by Hs(z,p.), with z a spatlal coordinate and Pz the conjugate momentum.
The full Hamiltonian H is given by H= H + Hc s with Hc s the coupling
Hamiltonian of clock and system (notice that the clock normally will only
evolve when some condition is fulfilled by the system). This Hamiltonian is
a function of the clock coordinates, z and p., say, as well as the particle
coordinates x and p,.

8.3 The Salecker—Wigner Clock

As mentioned in the introduction of this chapter, the first historical landmark
in the construction of a quantum clock was a theoretical paper written by
Salecker and Wigner [6], where they proposed a microscopic clock to measure
distances between space—time events (in fact, they examined several alterna-
tives, with a view to the limitations on accuracy due to quantum behavior).

In this section we will address the mathematical description of a quantum
clock and study a more realistic case studied by Peres [5l 22]. We will also
discuss some of its applications to measuring characteristic and event times
(for definitions of characteristic and event times see, e.g., [23]).

8.3.1 Mathematical Description of a Quantum Clock

As is well known, in the Hamiltonian formalism ¢ is a parameter, not a dy-
namical variable. However, it is possible to find dynamical variables which
depend linearly on ¢ in such a way that we can infer the value of ¢ by looking
at them. For example, the position of the hand of a clock is not the time
parameter but depends on it in a very simple manner: the angle 6 swept
out by the hand of the clock is a simple function of ¢, i.e., § = wt (mod 27).



8 Quantum Clocks and Stopwatches 239

The canonical variable conjugate to this angle is the so-called “action,” J,
which always has dimensions of angular momentum.

In quantum mechanics both these variables will be associated to opera-
tors in a Hilbert space (for details, see the review of Carruthers and Nieto
[24]). Let O and J be the operators representing angle and action (or angular
momentum), respectively. If one defines the range of 6 from —oco to oo then
both operators can be regarded as conjugate and they satisfy the canonical
commutation relation

[6,.] = ih. (8.1)
However, J is self-adjoint only in the subspace of periodic functions with
period 27. Accordingly, we introduce a periodic coordinate 6 on the inter-
val [0,27] in such a way that the Hilbert space in the angle representation
consists of the square-integrable and differentiable functions f of 6 satisfying
£(0) = f(2n) [24]. Of course, this raises serious problems for the status of the
commutation relation (81]), as is well known, but we shall not be concerned by
those here, since they can be remedied by the use of positive operator valued
measures (e.g., see [25], or the short description of POVMs in Chaps. 3 and
[Ia).

The eigenvalue equation of the angle operator O is
616) = 616) ,

where the eigenstates {|6)} form a continuous orthonormal basis satisfying
010"y = 5(0 — 0"). On the other hand, the eigenvalue equation for the angular
momentum operator J reads

T|m) = hm|m) ,

with m = 0,£1,42,..., and the basis {|m)} satisfies the corresponding or-
thonormalization relation, i.e. (m|m’) = dp .

As pointed out by Hilgevoord [211 26], the formal analogy with the position
and momentum operators in the coordinate representation is very close. In the
0 representation the states |#) and |m) are given by the Dirac’s delta function

016"y =6(6 -0
and “plane wave” relations
U (6) = (6m) = (2m) /%™,
respectively. In particular, using the closure relation in {|m)}, we can write
6) = (2m) 72 > e™m) . (8.2)

The dynamics of the clock is governed by the Hamiltonian H.= wf, where
w is a constant frequency. Clearly we have
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~ 0
H.upy,(0) = —ihw 89um(0) = mhwu,,(0) . (8.3)
In particular, H. is the generator of translations in time by means of the
unitary operator U(t) = e~ #t/" Taking into account the expression for |6)
given above, it is easy to show that

U(0)l6) = e~ 7=4/"0)
:(27‘,)—1/2 Z e—imG—imwt|m>

m=—o00

=0+ wt) . (8.4)

And this is just a clock: the evolution operator e~iHet/l advances the “hand”
of the clock through successive orthogonal states at constant angular velocity.

Notice that (0|U(¢)|¢) = ¥(0,t) = (0 — wt, 0).

8.3.2 The Quantum Clock Analysis of Peres

Peres [5] 22] studied a more realistic case than the one considered in the
subsection above. He restricted the sum in (82) to values of m satisfying —j <
m < 7, where j is a positive integer and considered the set of orthonormal
states .

J

|k> _ N—l/Q Z e—i271'km/N|m>
m=—j

with £k =0,1,....., N — 1 and where N = 2j 4+ 1 is the total number of states
of our clock. The associated wave functions in the 6 representation are

vp(0) = (k) = N~1/2 zj: e 2R /Ny (6). (8.5)

m=—j

According to (84 the time evolution of these states satisfies

~

Ut =7 =2r/Nw)ug(0) 0),

= Vk+1(mod N)(

or, in a slightly different notation, v (0, 7) = Vit 1(mod N)(6‘, 0), and they are
eigenfunctions of the clock time operator

N—-1
T.=7Y KPy (8.6)
k'=0

with eigenvalues k7. The projection operators ZSk/ satisfy ﬁk/vk (0) = Opr 1vi(0).
For large N, the basis function v () has a sharp peak of width 27 /N at 6 =
k(27w /N). The states with wave functions vy (6, 17), with [ an integer modulo N,
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are mutually orthogonal. Since 7 = 27/Nw is also the time resolution of the
clock, the functions defined in (B3] can be understood as pointing to the kth
hour with an uncertainty of 27/Nw. Another important property is that the
expectation value of the clock Hamiltonian H, in the clock state B3 is zero,
from which it can be shown that for large values of j the energy uncertainty is
given by AH, = (mh/\/37). Peres compares this quantity with the maximum
value of the energy, 7h/7, and infers that this clock is basically a nonclassical
object. As was only to be expected, the uncertainty product relation holds
true, TAH. > h/2. A more severe condition has been obtained by Hilgevoord
and Uffink [21] (see also the contribution of P. Busch to this volume).

In the next subsections we will show some of the applications [5 10} [12]
[13] 27 28], of the Salecker—Wigner clock to the measurement of characteristic
times, such as the time of flight of a particle, the mean dwell time, or the
lifetime of an excited state. We will also show how this clock has been used
to measure event times, in particular the arrival time of a free particle in
a one-dimensional experiment [I3]. We shall consider other variants of the
Salecker—Wigner clock in Sect.

8.3.3 Time-of-Flight Measurements

Peres [B] applied the clock devised by Salecker and Wigner to measure the
average time that particles spend in some specific region of space, for an
ensemble consisting of a large number of identically prepared, single-particle,
one-dimensional, stationary-state scattering experiments.

The classical picture associated with this measurement process is that of
a stopwatch that runs only whenever the particle happens to be in the region
of interest. Given this image, a convenient Hamiltonian for the particle (with
incident kinetic energy F = h?K?/2M in the absence of the clock) and the
clock is

H=H,+H.,=H,+ H.O0(x)0(d — x)
292 0
= — ihwO(z)O(d — x) 50 "

" 9M 02 (8.7)

Here the region of interest is 0 < z < d and the Heaviside functions @ indicate
that the clock runs only when the particle “is” between 0 and d.

As initial state of the clock, Peres chose vg(f) (see (RH)). However, for
simplicity, he first solved the clock’s equation of motion for an eigenstate w,
of J, and he then added the solutions for all m to get the solution associated
with vg(f). As we stated in the preceding subsection, for large values of N
this state is sharply peaked at § = 0. By taking (83)) into account, for each m
in the sum over m the second term in the Hamiltonian (87) can be replaced
numerically by the constant mhw®(x)O(d — x), and hence the restriction of
the Hamiltonian in (87) to this sector represents an otherwise free particle
colliding with a square potential barrier of height V,, = mhw and length d.
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The textbook solution of this stationary scattering problem, outside the region
of interest, 0 < x < d, is given by

iKx —iKx :
+ Ry (K)e ite <0
U (z) =9 C o ’ =0 :
We assume that “initially” the particle and clock are not coupled so that the
wave function of the entire system factorizes:

. . 1 J
Ui(z,0) = K%y (0) = K7 N1/2 Z -um(0) ) (8.9)

m=—j

The term ﬁc_p in (87) couples the particle and the clock coordinates in
such a way that the wave function of the system is no longer factorizable in
coordinates z and 6. Therefore, the final (stationary) wave function must be
written as ¥(z, 0) exp(—iEt/h) with

(2, 0) = N}/g > TR @un(®)

m=—j

Clearly, E = h?K?/2M.

Peres focused on the case in which the maximum available energy of the
clock is negligible compared with the energy of the particle, i.e., £ > V; =
jhw. This means that the measurement produces negligible disturbance on
the particle. In this situation, we can approximate R,,(K) ~ 0 and T,,(K) ~
| T (K)| expli(K,, — K)d], under the condition that |T,,(K)| ~ 1 and K,, =
h~'[2M(E — mhw)]'/2. In this case, the phase shift caused by the barrier
is (K, — K)d ~ Mwd/hK and the final (stationary) wave function for the
particle plus clock system is

, 1 J ,
Wy (w,0) ~ K7 N2 Z e imMwd/hEy, ()
m=—j

= "7y (0 — Mwd/hK) ,

for z > d (transmitted wave), and approximately zero for x < 0 (there is no
reflected wave). Initially (see (89])) this function was peaked at = 0 and now
it is peaked at § = Mwd/hK, indicating the time-of-flight 77(0,d) = Md/hK
through the region of interest. Note that this result gives the expected velocity
RK /M for an unperturbed particle with energy E = h? K2 /2M . Note also that
combining the condition for negligible perturbation of the particle, E > jhw,
and for high resolution of the clock, 77(0,d) > 7, one obtains the criterion
that the clocked flight path must be very large compared with the de Broglie
wavelength, i.e., d > 27 /K, if one wants to measure accurately the velocity
of a free particle.
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Leavens [12] applied this scheme to calculate the mean dwell time (for
details see Chap.[]) 71 (0, d; E) for a particle scattered by a rectangular barrier
V(z) = VoO(2)O(d — ). The original expression postulated by Biittiker [11]
for the mean dwell time, for the special case of stationary-state scattering, is

d
(0, d: ) = hJ£>A4'/£ dal g (2)[? (8.10)

where E = h?K?/2M is the energy of the particle, hK/M is the incident
probability current density and Wk (z)exp(—iEt/h) is the stationary-state
wave function (see also below).

Applying the quantum clock to this case means adding the barrier po-
tential energy to the H, part of the Hamiltonian (87). The result is that
the coefficients T,,(K) and R,,(K) in (88) become the transmission and re-
flection probability amplitudes for the rectangular barriers V,,, = Vo + mhw
(m = —j,....,j). It should be noted that the second term in the Hamilto-
nian ([87)) does not distinguish between transmitted and reflected electrons.
Hence, repeating the previous analysis with the new potential barriers V,
should lead to the clocked mean dwell time 75(0,d; E) simply by calculat-
ing the expectation value of the clock time operator (8.0) in the final state
Wy (x,0) minus that in the initial state ¥;(x,6). As a preliminary to such a
calculation consider the example of an opaque rectangular barrier (kod > 1
where ro = h™1[2M (Vy — E)]*/?). Biittiker’s expression (810) gives

1/2
(0, d; E) = £<%€E) . (8.11)

A necessary condition for negligible perturbation of the particle scattering
process of interest by the clock during the measurement is Vo—FE > jhw. Using
7 =27/(2j+1)w and (BII) this condition becomes 7 (0, d; F) < 7/4 which is
incompatible with the condition 77(0,d) > 7 for good time resolution. Hence,
for a particle scattered by an opaque barrier the mean dwell time as measured
with a Salecker—Wigner clock could be significantly different from the intrinsic
quantity which, in principle, could be measured by an ideal apparatus.

To avoid this problem, Leavens [12] 27] introduced the concept of calibra-
tion of the clock. To do this, consider an ensemble of a large number of freely
evolving Salecker—Wigner quantum clocks (H H ¢). Each clock is prepared in
the same initial state x(0,t;) = exp(—zHctz/h)vo( ). The averaged free quan-
tum clock value for the elapsed time At =t —¢; at time ¢, namely t5,. .. (A?),
is obtained by subtracting the expectation value of the clock time operator
T. in the initial state from its expectation value in the time-evolved state:

1 rec(At) = F(AL) = (x(0, )| Telx(0,)) — (x(0, )| To|x(6:t:))

The clock parameters are chosen such that F' is a monotonic function of At
in the temporal interval of interest. Then the inverse function F~! exists and
can be used to calibrate the clocked (¢) dwell time
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75(0,d; B) = (W (2, 0)|T.| ¢ (x,0)) — (¥i(x, )| T ¥i(x,0))

which is not necessarily accurate, to obtain the calibrated-clock (cc) value

5(0,d; B) = F~r5(0,d; E)] .

With this calibration, 7 has lost its meaning as the time resolution of the
clock. There is no need to impose 77(0,d) > 7 and there is no advantage to
choosing a very large value of Nw (there is an example in [27] with N = 3).
For an arbitrary barrier, the calibrated clock result 75(0, d; E), for the dwell
time converges to the intrinsic one (8I0) when the limit hiw — 0, i.e., when
a negligibly small perturbation energy fw is taken. This is possible if the
initial clock state is suitably chosen, i.e., x(6,t;) with ¢; not too close to kr
(k=0,1,..., N —1) so that F is monotonically increasing and linear in At for
At/T < 1.

The same calibration procedure [27] can be applied to obtain expressions
for 7p and 7 (see Chap. ), the mean times that particles that will finally
be transmitted or reflected, respectively, spend in the region of interest. The
complete ensemble of clocks can be distributed into two subensembles, one
for transmitted and one for reflected particles. The expressions for these
times are identical to those obtained by Rybachenko [9] using Larmor pre-
cession, by Tannacone and Pellegrini [29] using a path integral technique, by
Steinberg [30] using the weak measurement theory of Aharonov and cowork-
ers [31) B2], and by Brouard et al. (see [33] and the Introduction of this
book) using a single formal framework based on projection operators (BSM
approach).

The times 7r and 7 that apparently emerge naturally from the theoreti-
cal analysis can have unphysical properties. For example, in [27] Leavens and
McKinnon show that the mean transmission speed at the center of the bar-
rier for electrons of energy 1 eV incident on a rectangular barrier of height
Vo =10 eV and width d = 5 A, is about four times the speed of light. It can
be argued that this does not matter because the calculation is based on the
Schrodinger equation and that upon applying the Dirac equation such super-
luminal effects would disappear. The first analysis for timing Dirac particles
using a model quantum clock was made by Davies [10]. He showed, with an
analysis analogous to that of Peres for the nonrelativistic case, that the ve-
locity of a free relativistic particle can be measured using a Salecker—Wigner
clock. Following [10, 27], Leavens and Sala Mayato [28] used the Bohm trajec-
tory and Salecker—Wigner clock approaches to timing quantum particles to de-
rive expressions for the mean transmission and reflection times for Schrédinger
and Dirac electrons scattering in one dimension from an electrostatic potential
barrier. They found realistic situations, involving barrier heights and incident
electron kinetic energies both many orders of magnitude less than the rest
energy mc?, for which the calculated mean transmission times imply superlu-
minal velocities for Schrodinger electrons. To the question of whether or not
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this is an artifact of using the nonrelativistic Schrodinger equation the answer
is “yes” for the trajectory approach and “no” for the quantum clock approach.

8.3.4 Other Examples

Peres [0 22] applied the Salecker—Wigner design for a quantum clock to other
fundamental problems. Examples are the lifetime of an excited state and a
prescription for controlling the duration of a physical process. We briefly re-
view here the first one and for a detailed account of the second recommend
the references cited above.

In the first example, the Hamiltonian associated with the problem is

H=H,+PH..

Here, ﬁa is the Hamiltonian of the atom, 130 is the projection operator for
the initial undecayed state and H. is the clock Hamiltonian as usual. The
projection operator Py permits the clock to run only when the state of the
system is the initial one. It is stopped for any other state.

For the Hamiltonian of the atom, Peres used a very simple exponential
decaying model given by R N
H,=Hy+V,
where I;TO has just one discrete eigenstate ¢g, with an energy Eg > Ein,
which is included in the domain of the continuous spectrum

Ho(E) = E¢(E), E > Epin .

The eigenstates are normalized according to (¢(E)|p(E’)) = 6(F — E')
(¢o is orthogonal to all the ¢(FE) states). Peres also assumed that there are
no transitions between states belonging to the continuous spectrum, i.e., the
only nonvanishing matrix elements of V' are

V(E) = (¢o|V|$(E))

and that these matrix elements have a slow dependence on E.

Subject to all these assumptions and coupling the atom to the clock (which
essentially shifts the initial energy from Ey to Ey + nfw) he showed first
(for details see references [l 22]) that there is a lower limit for the lifetime
associated with the time resolution of the clock

dllog |V (E) ")

h
> dE,

Peres pointed out that finer resolution will eventually change the decay law to
a Zeno effect in the limit 7 — 0. Second, the probability of finding the clocks
stopped at time t; = kT = 27k/Nw is in accordance with the exponential
decay law.
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Aharonov and coworkers [I3] have applied the Salecker—Wigner clock (“toy
model”) to measure the time of arrival in one dimension of a free particle to a
given point z = x4 (for an extended treatment of this problem, see [34], Chap.
[0 and references therein). In classical mechanics particles follow definite tra-
jectories, so the meaning of the distribution of arrival times for an ensemble
of particles at a given place is clear. In standard quantum mechanics we have
no such concept of trajectory, so the meaning of arrival time is rather contro-
versial. Actually, [13] provides a negative conclusion, claiming that the time
of arrival cannot be precisely defined and measured in quantum mechanics.
The toy model of Aharonov et al. is based on the classical Hamiltonian:

1

H=_ P*+0O(-2)P..
2m (=2)Pe

In this example the particle is moving in one dimension and the clock runs

only when the particle is to the left of = 0. The equations of motion for the

particle’s position x and for the pointer of the clock x. are

P .
r= P =—-P.(x)
m
Fe = O(—x), P.=0
As t — oo the clock shows the time of arrival,
zc(00) = xc(to) + O(—x(t))dt .
to

In the classical case the back reaction on the particle can be made negligible
by choosing P, — 0. Then the undisturbed solution for the particle is given
by x(t) = x(to) + (P/m)(t — to) and the clock finally reads

_, &(to) ’
P

which is the classical result for the time of arrival measured from to. However,
in quantum mechanics one expects an important back reaction because in the
limit Az, = At4 — 0, P, must have a large uncertainty, i.e., the measurement
affects strongly the particle.

Aharonov et al. computed a wave function for the quantum problem and
showed that the probability to stop the clock takes the form

E+ B\ Y? WE
E

VE+VE + E,
where E and E. are the energies of the incident wave function and the clock,
respectivelyEl (for a more accurate treatment of the quantum system and com-
ments on the way of arriving at this formula, see [38]). This probability is

2

! Allcock obtained essentially this result [35] B8] B7].
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almost one only if E/E. > 1. On the other hand, the minimum uncertainty
principle for the clock implies that the possible values obtained by E. are of
order h/At 4 if the average clock energy goes to zero (as in the classical case),
so in order to trigger the clock the relation

(EYAta > h (8.12)

must be satisfied. In other words, this inequality implies large uncertainties
for low-energy wave packets. Actually, Baute et al. [39] have showed that the
limitations described by the inequality obtained above using this toy model are
already present in the intrinsic time-of-arrival distribution of Kijowsky [40].
Notice however that the viewpoint of Aharonov et al. is markedly different:
[BI2) is understood as a dynamical limit on the accuracy of the measurement
of time, totally unrelated to the measurement of any other quantity, thus being
conceptually distinct from a kinematical uncertainty limit, which relates the
errors in the measurement distributions of two observables.

In the same reference [I3], the authors consider a different model where
the particle detector consists of a number of two-level spin degrees of freedom,
and arrive at the same difficulty found for the previous model. The behavior
of this spin model has been critically examined in [34].

Further analyses of the effect of the back reaction of the clock on the
system can be found for instance in [41].

8.3.5 Simultaneous Measurement of Time and Energy

Since Arthurs and Kelly [42] first proposed a model for the simultaneous
measurement of position and momentum of a quantum particle, their idea
has been widely used and extended. A particularly fruitful avenue has been
to consider the Arthurs—Kelly model as a generator of quasidistributions in
phase space [43] [44] [45], 46} [47 [48]. These quasidistributions are then used to
generate probability distributions for observables which are representable as
functions on phase space [49, 50, 511 (2].

Kochdnski and Wédkiewicz [53] suggested using these quasidistributions
to define “operationally” a time of arrival distribution, thus providing a new
kind of quantum clock. The reading of the clock is a pair of numbers, which
more or less faithfully reflect the position and momentum of the underlying
quantum particle, and from this dual reading a time of arrival is computed.
On analyzing further this “indirect” quantum clock [54], it became apparent
that the result is not covariant. That is, the measurements with this clock do
not flow smoothly with parametric time, and are dependent on the choice of
initial instant for parametric time. A number of other operational definitions
were examined by Baute et al. [54], and they found that within a wide class
it was not feasible to have both covariance and positivity for the distribution
of times of arrival.

Therefore, a new kind of quantum clock was proposed [54], by coupling two
additional degrees of freedom to the quantum particle whose time-of-arrival
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distribution is sought for. This coupling was performed in such a way that
one of the additional pointer variables would directly record an estimate of
the time of arrival. The resulting distributions were covariant and positive,
and were found to be more or less complicated convolutions with Kijowski’s
distribution of times of arrival for the free particle case (for a discussion of
Kijowski’s distribution, see Chap. [I0]).

This latter result is of course more general: whenever we couple a clock to
a physical system we should expect that the distribution of measured times
should be a coarsening of the corresponding ideal distribution of times, were
this to exist.

Notice that the quantum clocks presented in this subsection are not of
the type of the Salecker—Wigner clock. Nonetheless, they share the common
characteristic that the reading of the time evolution of the system is performed
on the clock or ancillary variables. This common trait distinguishes them
clearly from the set of clocks we shall next examine, namely, the family of
Larmor clocks.

8.4 The Larmor Clock

One of the most popular clocks is the Larmor clock A Consider first a classical
particle with a nonzero magnetic moment. If the particle enters in a region
where a uniform magnetic field is applied, the component of the magnetic
moment perpendicular to the field will precess with the Larmor frequency, and
the precession will stop as soon as the particle leaves the region. This suggests
the use of the magnetic moment as a stopwatch dial to measure the duration
of the particle stay in the selected region. Baz’ translated directly this idea to
a quantum system [7, 8]. To determine the time spent in a region r < R by a
spherically symmetric beam of monoenergetic spin 1/2 particles, polarized in
the z-direction and incident on a central potential of finite range ro < R, he
imagined an infinitesimal uniform magnetic field (to perturb minimally the
particle by the presence of the clock) applied in the spherical region along the
y-axis. The collision time was then defined as the ratio between the average
precession angle and the Larmor frequency wr. Rybachenko [9] applied the
same concept to obtain mean Larmor precession transmission and reflection
times for particles incident on a one-dimensional barrier of support (a, b) with
the magnetic field covering the interval (z1 < a,z2 > b) as

2 lim <Sy>A.

8.13
hwr—0 wy, ( )

Tya(Z1,22) = —

Here and in the following the shorthand notation A = T, R will denote “trans-
mission or reflection” depending on the case. The averages of the spin compo-
nent s, are obtained from the transmitted and reflected waves, respectively.

2 This section is written with J. G. Muga and S. Brouard.
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Later Biittiker [II] revisited the Larmor clock, which has subsequently
received much further attention, due to possible applications in the description
of characteristic times for quantum processes in ultrafast electronic devices,
and also because of its importance to fundamental questions concerning the
measurement of time-like quantities in quantum mechanics.

Steinberg reviews several experiments related to the Larmor clock in Chap.
[[1l Experiments that realize quite closely the ideal conditions of the gedanken
Larmor clock have been performed quite recently by Hino et al. [55]. They have
succeeded in measuring precisely spin precession angles of neutrons tunneling
through a Permalloy45 (FessNiys) ferromagnetic film.

8.4.1 Biittiker’s Analysis of the Larmor Clock

Biittiker considered a stationary wave for a particle of mass M with energy
E = p?/2M under the influence of a rectangular potential V(y) = Vox(¥),
where y is the spatial coordinate and y the characteristic function for the
barrier region (a, b) of width d = b—a [I1]. The particle has spin %/2, (modulus
of the) magnetic moment p and is fully polarized in the z-direction in the
incident beam. In the barrier region there is a uniform magnetic field in the
z-direction, B = Be,, with e, the unit vector in the z-direction (Fig. BI).
The (matrix) Hamiltonian of the system is given by

P2 R

H = 2M1 + xa(y)(1Vy 4+ uB - 0)

where 1 = diag(1,1), and 6 = (04,0y,0,) are the Pauli matrices, given by

~ 0 1\ . 0 —i A 1 0
Uw—<1 0) Oy = <Z 0) and 0, = (0 _1) . (8.14)

Therefore the Hamiltonian may be written as

=9
o~ p° o~ o~ N
H= 2M1+Xd(y)(1V0+uBaz) (8.15)
and acts on a spinor
¢+]
VU = .
i

The Hamiltonian (8IH) is diagonal in the spinor basis and therefore the
scattering problem can be solved for each of the spin components (—%/2 and
+h/2) separately. Let us remark that the quantum particle will in principle
be deflected by the magnetic field, so that consideration of the motion in only
one dimension is an approximation. In the small field limit, however, the most
important effect of the magnetic field is to change the effective barrier height
by Fhwy, /2, and the deflection can be ignored.

For each spinor component, the problem is solved in the standard way,
taking as incident wave e™*¥, as reflected wave Rie~ ¥ and as transmitted
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Fig. 8.1. Schematic graph representation of the Larmor clock

wave Tye’™. Then we impose the usual matching conditions with the wave
inside the barrier, that has the form Bie"+¥ + Cie "+¥ (we are assuming
Vo > E). In these formulae, k = v/2mFE/h, with E the energy of the incident
particle, and k1 = (k3 — k? F mwz/h)'/2, where kg = v/2mVp /h.

The expectation values of the spinor components can be obtained analyti-
cally. The transmission amplitude and probability in the absence of magnetic
field are given, respectively, by

1

T — |T|6i6¢67ikd7 T = |T|2 _ . ’
1+ [(k% + k?)? /4k?K?] sinh” (kd)

where d¢ is the “phase increase” across the barrierE

k% — K2
2rk
To obtain Ty , d¢+ and 7+ we replace k by k+ in the expressions for T', d¢,

and 7.

After some manipulations, the spin expectation values for the transmitted
component of the particle yield

tan(do) = tanh(kd) .

_h _hT - T
(sz)r = 2<W|02|W> ToT 4T
h T, 7T)\/?
<%ﬁ:%m%m=—mmwyw¢ﬁ£+;, (8.16)
h T, T)\/?
(5201 = o (Ploul) = hos(ion —a0-) 770

In the small field limit, the precession time for transmission is thus
m
=— 000, 8.17

3 Comparing with ([Z358), the total phase of the transmission amplitude is &7 =
0¢ — kd. Notice the difference between @1 and d¢. In particular, hd®@r/dE is
the time delay (2I0I) [or second summand in (294)], whereas hdd¢/dE is the
extrapolated phase time (2:94]). These times differ from each other by the free
motion term Md/kh.
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which is Rybachenko’s result. However, Biittiker argued that the conventional
Larmor precession does not apply in the presence of tunneling. Spin up and
spin down components feel different barrier heights, which leads to different
transmittances and to an additional spin rotation in the direction of the ap-
plied field. He associated a new time 7, 7 with this rotation,

thTzT ) (8.18)

<52>T - D)

which is the most important effect for an opaque barrier. Taking the small
field limit one obtains,

m
T.T = —2}m8,.€ In7 . (8.19)

The complete motion of the polarization during the barrier traversal is re-
flected, according to Biittiker, in the z-component of the polarization,

h
(sar)r =, (1= wiTy) - (8.20)
Since (s4)% + (sy)% + (s.)% = h?/4, it follows that

ToT = (TjT + TZQT)l/Q . (8.21)

For the reflected part of the wave similar expressions are found,

TyR = TyT 5 (822)
TR — —TzTT/R, (8.23)
TeR = (TjR + TZQR)l/2 . (8.24)

For the square barrier the precession time equals the dwell time, 7q = 74
[11]. This is a particular feature of the rectangular or symmetric barriers that
does not hold in general for unsymmetrical barriers, as shown, e.g., by Leavens
and Aers [56]. The dwell time 74 is defined as the ratio of f; dy [¥(y)|? to the
incident flux J; = hk/m (see (8I0)). Biittiker stressed that the mean dwell
time is not equal in general to the “extrapolated phase time”, see (Z94]), which
in the present notation is given by

7" (a,b) = hdéo/dE , (8.25)

even though they may be comparable for energies above the barrier. More on
their relation in BZ3 below. For small energy 74 h diverges whereas TyT tends
to zero. Both quantities share the property of becoming independent of d for
opaque barriers (this is the Hartman effect, see Sect. 2], in contrast with
the linear dependence of 7,7.
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8.4.2 Generalizations and Relations to Other Approaches

The discussion carried out in the previous subsection is appropriate for rect-
angular barriers and for a magnetic field applied strictly in the barrier region.
Leavens and Aers generalized Biittiker’s treatment for arbitrary barriers and
for a magnetic field confined to only part of the potential (“local Larmor
clock”) [66, [67) [58]. They also combined the precession and rotation times

into a single complex time 7™ = 74"“ — i77;°!. To obtain a compact expres-
sion it is convenient to introduce the auxiliary barrier potential
V(y) =V(y) + AVx(y1,42) , (8.26)
so that
Oln|A?

com

7" (ks v, y2) = ik (8.27)

OAV lav=o"
In fact this expression is applicable for arbitrary y; and y», inside or outside
the barrier[§

These complex times were also obtained using the path integral analysis
of Sokolovski and Baskin [59] reviewed in Chap. [ It is convenient for later
reference to write out the explicit forms of the real and imaginary parts,

rec 84314
Th “(kiyr,y2) = _haAV Av—s’ (8.28)

ro Oln|A
T (kK y1,y2) = —h 8A|V| Av—o (8.29)

where A = |A|exp(i®4). We shall use the term “Biittiker-Landauer times”
for the moduli of these complex quantities, 757 = |74°™|. In the opaque
barrier limit 75% coincides with the “traversal time” obtained by Biittiker
and Landauer using semiclassical (WKB) arguments, see also [60], or as the
time characterizing the transition from sudden to adiabatic regimes in an
oscillating barrier, 75X = Md/hr for the opaque square potential.

It is interesting to note that for an electron colliding with a double sym-
metric barrier, the infinitesimal magnetic field being confined to an arbitrary
region, the transmission time (827]) for that region is real at resonance, that is
to say when the incident energy of the electron agrees with the quasienergies
of the well between barriers (see Fig.[82)). In this case Leavens and Aers have
also shown that the local transmission speed can be larger that the speed of
light near the nodal points of the quasistationary wave functions in the well
region. This phenomenon does not take place for Dirac’s equation, however.

In [61] Golub, Felber, Géler, and Gutsmiedl discussed the possibility of
adding a small imaginary part AVj,, to the potential in a region of space so
that a mean dwell time could be obtained from the exponential decay of the

4 In this chapter the incident wave is always assumed to have positive momentum
so we skip the superscript “1” (left incidence) used in Chap. [2] for the reflection
amplitude R.
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Fig. 8.2. Double well barrier treated by Leavens et al

particle norm due to the absorption. Later Huang and Wang extended this
approach by defining absorption times for reflection and transmission [62]. As
for the Larmor clock analysis, the (now imaginary) perturbation is assumed to
be infinitesimal. The dwell time in the space region selected by the projector
D= f;f |y)dy(y| will determine the final absorption according to

T+ |R]> = exp(—7p/7e) , (8.30)
where the characteristic decay time is 7. = —h/2AVy,,. In the small AV},

limit,
_ ho(IT(p; AVim)* + [R(p; AVim)[?)

8.31
D= AV AVi=0 (8:31)
whereas, from the relation
A(AV) 2

= —74/7e 8.32
Aav oy = ST/ (332)

the absorption transmission and reflection times are defined as

holn|A(p; AVim)|?

ra = MO AVLn )| (8.33)

2 OAVm AVip=0

These absorption times are equal to the precession times of the Larmor clock
[62, [63], as may be seen by adding to the physical potential barrier the
auxiliary potential AV = AVg, + iAV},,, and using the Cauchy—-Riemann
conditions

8TR€ aT] m 2mm

OAVR, lsv=0 - OAV,, lsv=0 - P Im<p7|ﬁ|p+>|m/:0 ’ (8.34)
gg;e o= fATV"i;n o= —2Z”Re<p*|ﬁ|p+>|AV:o, (8.35)
aﬁ%‘f; sv=0 aajg:n sv=0 22W1m<_pi|ﬁ|p+>uv:0 ’ (8.36)
(,f f;:e o= ﬁ;; = — 2" Re(—p~ |Dlp* ) av—o - (3:37)
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The subscripts Re and I'm denote real and imaginary parts of the amplitudes
A or the potential AV. To obtain the last equalities in each of the equations

(B34)-([B37) in terms of scattering states [p™) [63] (see their definition, Z22),

and properties in Chap. 2]) use has been made of

av
dAV
and the relations between A and the on-shell matrix elements of the transition

operators, Sect. [2.2.5 These equalities allow to express the Larmor times also
in terms of the systematic projector approach of Brouard, Sala, and Muga

M7 see Chap m USil’lg Ma (M)a (mv (m)v and mf(m) one

finds that the complex times 747 for transmission and reflection,

= D(y1, 1) , (8.38)

1 .
AP (p) = JI|A|2<p+|AD|p+> : (8.39)

coincide with 74°" since their real and imaginary parts, corresponding to the

anticommutator and commutator of AD, coincide [63],

1 ~m
[P = e @ IAD £ DA)/2lp*) = Rerd? =7 (3.40)
I
i - (p*|(AD — DA)/2ilp") = Imri” = —75* | (8.41)
Jr|Al?

note that AD = [A’2D g [A7£ I- . The projector approach provides a simple
way to derive some of the properties of the different Larmor times defined.
For example, since the symmetrized operators [A, D]} /2 = (AD + DA)/2 are
not positive, the precession times may indeed be negative; the same holds true
for rotation times; from the relations D = TD + RD = [P, D]/2+ [R,D]/2 it
follows that the complex times and their real parts (precession times) satisfy
the relation

TD($1,x2) = |T|2TT({E1,(E2) + |R|2TR($1,x2) s (842)

which is not satisfied in general by the Biittiker-Landauer times, and whose
physical content or necessity has been much debated [56, [64] [65] [66], whereas
the contribution of the rotation times (associated with the operators [A\, ﬁ] _/24)
adds to zero,

|T|2Tr_1rw0t($1,x2) + |R|2T§0t($1,x2) =0. (843)

Also, since precession, rotation and complex times depend linearly on ZA), all
these times are additive, 7(y1,y3) = 7(y1,92) + 7(y2, y3) for ys > ya > y1,
whereas the Biittiker—Landauer times (the moduli of the complex times) are
not. Tf L(yy,12) is always positive but is not always a monotonically increasing
function of yo [57].

A further connection between Larmor times and weak measurements [30]
is discussed in Chap. [[Il by Steinberg.
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8.4.3 Relation to Phase Times

The relation between phase times and precession times is somewhat subtle.
Explicit expressions for phase and precession times for the square barrier
with the field confined between 21 < a and x5 > b show that T:,}fh(xl,xg) and
TH"““(21, 22) do not coincide in general, see, e.g., [64]. The later is equal to the
former plus oscillatory terms that vanish in the large energy limit. Moreover,
by making the field region larger and larger both quantities tend to infinity.

It is sometimes stated, however, that phase and precession times are equal
for a barrier confined between a and b when the field is applied to the whole
space [62] [67]. Increasing the level of the potential function (from —oo to o)
by a (real) amount AV for constant E is equivalent physically to decreasing
E for a constant potential. The particle’s momentum may in that case be
written as p = [2m(E — AV)]!/2, so that [62]

96 L 8¢
OF — TOAV

The left-hand side is the extrapolated phase time between a and b, whereas
the right-hand side resembles the real part of the complex time, but what is
its interpretation in terms of a precession? It is definitely not the precession
time between 1 = —oo and x5 = o0, which should be infinite, nor it is
the precession time when the field is applied in the barrier region only [63].
Huang et al. [67] could give it a meaning, computing the precession angle by
comparing the spin polarizations of the incident, transmitted, and reflected
waves right at the edges a and b of the barrier (contrary to the scattering
problem discussed so far, the polarization does not acquire a constant value
outside a selected region due to the omnipresent field). The procedure has
been however criticized on the grounds that in a real time-dependent setting,
the interference between incident and reflected components at the barrier edge
cannot be ignored and would not allow a separation of the total polarization
into “incident” and reflected components [58].

h (8.44)

8.4.4 Wave Packets

All the previous Larmor times have been obtained from stationary states. Rig-
orously, it is necessary to examine physically realizable wave packets instead.
This resembles the need to study wave packet collisions to justify the cavalier
obtention of cross sections based on stationary scattering states. In fact, the
analysis shows, as in the scattering theory case, that the stationary results
are meaningful as components and/or limits of the wave packet results.

Assume that a wave packet with positive momentum impinges on the
potential, composed as in the stationary case by a barrier and an infinitesimal
field. Jaworski and Wardlaw used S-matrix perturbation theory to show that
the precession and rotation angles may be expressed as the real and (minus)
imaginary components of the complex quantities [68]
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1 .~ A

Teom — P (| STELSTp|thin) (8.45)
1 A~

T = (i STE_STplthin) (8.46)
Pr

where S is the scattering operator introduced in @I0) or (224, Tp the
sojourn-time operator ([2.69), ¢, the incoming asymptote, ﬁi the projector
onto positive or negative momenta, and Pr 1 the reflection or transmission
wave-packet probability. Using (ZI0) and ([I7), they may also be written in
the language of the BSM projector theory, Sect. [L6.3] as

o0
mem =i = [ dew(olADj ) (8.47
A J—-

In the limit of a wave packet sharply peaked around a given momentum these
times reduce to the ones introduced in the stationary case (and similarly the
precession and rotation terms). By inserting resolutions of the identity in
terms of scattering states it can be shown that in the general case the relation
between wave packet and stationary results is given by [33]

ﬁ=Pwa®ﬁ®MM%@W, (8.48)

where « is any of the combinations of A and D, such as AD, [A, D];/2, or
[A, D]_/2i.

8.5 Other Clocks

Following similar ideas to those presented above there are many different
proposals of quantum clocks. We consider two of them: the Faraday clock and
the micromaser clock and its variants.

8.5.1 The Faraday Clock

Several people have exploited the analogies between tunneling electrons and
evanescent electromagnetic waves to construct an optical clock [14, [15 [16]
[69]. The first proposal was presented by Gasparian et al. [I4]. They used
Faraday polarization rotation to measure the traversal and reflection times
of an evanescent electromagnetic wave in a slab and in a magnetorefractive
layered structure.

The Faraday effect is understood as follows: a linearly polarized electro-
magnetic plane wave (the results are also valid for a wave packet) enters the
slab (of length L, Faraday constant g and refractive index ng) along the z-axis
from the left at normal incidence. The electric field E in this incident wave
is orientated along the z-axis and a weak magnetic field B is applied along
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the z-direction across the slab. This magnetic field rotates the plane of polar-
ization of the light with respect to the original direction of polarization and,
additionally, generates ellipticity. Gasparian et al. [14] quantified both effects
through the complex angle 6 given by

0 =20, —10s,

where, in terms of the complex amplitude of transmission Ty = |T4|exp i)+
(here the + and — signs correspond to the outgoing right and left polarized
light, respectively), the real part of the angle is

Yy —1h
91 = - 2 )
corresponding to Faraday rotation, and the imaginary part of 6 is
1. 7
02 = 4 In Ti y

which corresponds to the ellipticity ratio.
If one neglects the influence of the boundaries of the slab, the standard
Faraday rotation is

00 = = .QT() y (849)

where 19 = Lng/c is the time that light with velocity ¢/ng would take to cross
the slab. Then, following Biittiker’s analysis for electrons and by analogy with
[®29), Gasparian et al. [14] defined the characteristic time

T=T —1iT2,

where
S 01 no oY
Yo W ong
and
92 no olnT
7- = =
2T 0 w ong

These results and those obtained for a quantum particle are very similar:
the real component of this time, 71, is analogous to the time associated with
the Larmor precession in the electronic case, and the imaginary part, 7o,
is analogous to the rotation time associated with Zeeman splitting in the
electronic case.

The Faraday clock presents some advantages with respect to the Larmor
one: advances on photonic tunneling (see Chap. [[T]) make experimental mea-
surements of the Faraday rotation and ellipticity much easier than the obser-
vation of the spin rotation, and the interactions between particles (photons)
are completely negligible. Also, Deutsch and Golub [I6] argue that the times
provided by the Larmor clock are, at most, a definition and do not emerge as
naturally as the times related to the Faraday clock do.
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8.5.2 The Micromaser (Rabi) Clock

Let us suppose that we have a two-level atom and a radiation field and that
the effective coupling between the atomic degrees of freedom and those of the
radiation is only different from zero in a certain region, a cavity. When the
atom crosses the cavity, which can be tuned at the transition energy between
the two atomic levels of the atom, it will undergo Rabi oscillations and the
corresponding Bloch vector will suffer a rotation. The micromaser clock is
based on the relation between the above-mentioned rotation angle and the
interaction time [70].

In this clock a beam of two-level atoms coming from the left to a micro-
maser cavity is considered. The two levels are denoted by |+), |—). The cavity
is tuned to the transition energy hw. If the other modes of the cavity can be
neglected, the micromaser wave function can be given in terms of the eigen-
states of the photon number operator |0),|1),---,|n),---. The corresponding
Hamiltonian of the system is given by

~ ]/9\2 SR SN

H = o0 +V(z) +hw(@ta+7t7) + w(z)(@a7 +7ta),
under the dipole and rotating wave approximations [71]. The first two terms
correspond to the kinetic energy of the atom and some potential V' (x), which
pertains to the center of mass motion of the atom. Next come the terms involv-
ing {7, 7"} and {@,a™}, which are the photonic and atomic annihilation and
creation operators, whose action on states is defined by 7+ |n) = v/n + 1jn+1)
and at|—) = |[+). The coupling constant v(z) depends on the spatial coordi-
nate x so that v is only different from zero within the cavity. The last term
is responsible for the change in the internal degrees of freedom of the atoms
(two-level systems) accompanied by the emission or absorption of a single
photon. In this way Rabi oscillations between the excited and the ground
state of the atom take place, and from these the characteristic times of the
motion are extracted [70].

This procedure can be taken together with the phase time approach to
provide a way of measuring traversal times of a free cavity [72]. These traversal
times, however, can be negative, and they are measured by “following the
peak,” thus not being included in the context of quantum clocks as such.

Another alternative way of using Rabi oscillations as a quantum clock
is the setup discussed by Buzek et al. [73] [74], in which the motion of the
system is disregarded (Raman—Nath approximation). Consider first the very
simplified situation of one two-state atom or ion initially in state |¢(0)) =
(10) + |1))/v/2, which evolves under the Hamiltonian Hy = hw|1)(1]. After a
time ¢ has elapsed, the state of the system is |1 (t)) = (|0) +exp(—iwt)[1))/V/2,
and the probability of finding the system in the initial state at this moment
is P(t) = (1 + cos(wt))/2. By repeating the experiment several times, if we
know for sure that the same interval of time has happened, we can measure
its length through the function P(t). This does not look like a very efficient
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way of measuring time, since we would need some way of making sure that
the same time interval has passed in all instances of the experiment, and this
is precisely what we would like to measure. However, this system is equivalent
to that presented in Sect. 3.2l under the restriction N = 2, as can be readily
seen. The relevant projectors are Py = [1(0)){(x(0)| and Py = [ (7)) {((7)],
where 7 = 27 /Nw. In this manner, the system works as a clock as follows: let
the system begin in the state [1)(0)), and after the time interval we wish to
measure has elapsed, we check whether the state is in the same state. If it is,
we estimate the time elapsed as 0 mod(27). If it is not in the state [1(0)), we
estimate the time elapsed as 7 mod(27).

Is there any way of improving these estimates? Consider a set of n two-
state ions or atoms. Buzek et al. pose the following question: Is there an initial
state and a projector or positive operator valued measure that optimizes the
estimates of time? The underlying hypothesis is that on measuring that the
system is in the eigenspace of a given projector P, we would estimate the
elapsed time to be ¢, (modulus a period). The answer is, as was only to be
expected, affirmative. This affirmative result is an elaboration of the theorems
by Holevo ([75], Chap. [[0)) concerning optimality, extended to finite POVMs
[76], and applied to the present situation [73].

The Hamiltonian of the system is H= ﬁ0®1®1 - -®1+1®ﬁ0®1 @1

There are <n) states with energy hkw, given by the presence of k atoms

k
in state |1) and n — k in the ground state |0). Define the states |k) as the
symmetric superposition of all Z states with energy hkw. Let the reference
state [1o) be
1 n
= k

and define the states

|w7’> _ ei2ﬂrH/(n+1)hw|w0>.

We thus have a set of orthogonal projectors P. = |1,.)(1,.|. We prepare the
set of n atoms in an initial reference state p(0). After the time interval we
desire to measure has elapsed, we measure the projection of the evolved state
over the projectors. If we find that the system is in state P,, then we estimate
the elapsed time as t, = 27r/((n + 1)w) (modulo the period 27/((n + 1)w)).
The operator being measured is thus equivalent to the time operator (8.4,
i.e., equivalent to the phase operator of Pegg and Barnett [77].

The problem of optimality is reduced to the adequate determination of
the initial state p(0), which is dependent on the cost function used. The cost
function f gives the weight f(t—t,) assigned to the error we make if we assign
the estimate ¢, when the true elapsed (parametric) time is ¢. If this cost func-
tion is the delta function, then the best initial state is ﬁo. However, if great



260 R. S. Mayato et al.

disparities between the estimation and the actual time are more strongly pe-
nalized than small ones, then other initial states provide better clocks. Buzek
et al. [T3] give as optimum state Popt = [topt)(Wopt|, in the case of large n,

where . \/ Z (k+1/2)>|k>
opt) +1 '

A further development concerns successive measurements of time. Buzek
et al. [74] proved that for large atom ensembles the system is robust with
respect to subsequent measurements.

Quite a different use of this kind of system was put forward by Bollinger et
al. [78]: a number of entangled ions is used to improve the measurement of a
frequency, going beyond the shot noise limit. Huelga et al. [79] criticized this
proposal on physical grounds, asserting that taking into account decoherence
properly entails that the improvement in the measurement of frequency does
not take place for the maximally entangled state.

8.5.3 Irreversible Stopwatch Models

In the example of the Rabi clock and derived models, irreversibility appears
through the measurement process. This is in fact general in all quantum clocks,
starting from Salecker—Wigner’s on. There is however a different kind of irre-
versibility, which has to do with decoherence in the form of coherences being
lost because of large number of degrees of freedom. In the protracted history
of the study of measurement in relation to quantum mechanics, one approach
has been that of modeling detectors by means of quantum systems with such
a large number of degrees of freedom, so the models of the kind proposed for
determining time quantities follow naturally.

One such proposal was put forward by Schulman [80] in the context of
his “two time theory” (see his book [80] and his contribution to this volume
in Chap. ). A further development, with the added advantage that the new
model was exactly solvable, was carried out by Halliwell [8T]. This model is
explained in Halliwell’s contribution to this volume in Chap. @

In Halliwell’s model, the detector is a two-level system, which is coupled
to the particle whose arrival at point = 0 we want to detect, and to a (fast)
environment, through a term of the form A\0(Z)Hgyge, where 7 is the position
operator of the system particle, and ﬁdg is an interaction term between the
environment and the detector. This term, whenever activated, leads to a fast
decay of the latter from the excited state |1) to the ground state |0). If we
then start with the particle in x < 0 and the detector in its excited state, we
will know that the particle has crossed = = 0 if the detector is found in its
ground state. Notice that in this model the measuring of time is as follows: we
prepare the system, let go, and at some time ¢ measure whether the detector
is or is not in the ground state. If it is, then we assert that the system particle
crossed x = 0 at some instant previous to t. Therefore, we do not directly
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obtain the density of arrivals, but a derived quantity: the probability that at
time ¢ the detector remains in the excited state. The derivative of this quantity
with respect to time is minus the probability density that the system particle
crosses x = 0 at instant t.

A further point to remark concerning Halliwell’s model is that the mea-
surement of time itself is performed with an external clock, and the measure-
ment of a time quantity pertaining to the system is carried out through the
measurement of a time quantity pertaining to the detector. Another model,
somewhat more involved, which has this property as well, was proposed by
Muga et al. [82]. Even so, this model has the advantage that, treated with
quantum jump techniques, it provides us with a way of computing the statis-
tics concerning correlations between other time quantities, as we shall see.
The model consists of an atom or ion moving in one dimension, which finds
in its way either the vacuum electromagnetic state, or a laser tuned to a
particular transition of the atom or ion. In this case, and using the rotating
wave and dipole approximations [83], we can restrict ourselves to the internal
Hamiltonian as

ﬁinternal = h2w (|1><1| - |0><0|) ’

so that, by passing to the interaction picture, and neglecting recoil effects, the
master equation takes the form

dp ) L PPN PP
df = _;i [H,p} + g (20‘pa+ —-ote p—poto ) )
where
~9
fan p h o~ ~+ o~
H = (9}
2m+2 (x)(a +0o ) ,
o =0)(1],
ot = |1><0| )

0F) = 20(7) .

2(x) is the position-dependent Rabi frequency, and + the decaying constant
of the excited level |1) due to the coupling to the background vacuum state.

This master equation can be interpreted as follows: the atom moves in
one dimension, in the internal ground state |0), until it perceives the laser
field at « > 0. This laser field can take the atom to the excited state. The
speed with which this is performed is related to the intensity of the laser
and the coupling, in the combination given by Rabi’s frequency. The atom,
nonetheless, is still coupled to the background vacuum state, and thus can and
will decay, emitting photons that will be detected (in the process of deducing
the master equation one runs into subtleties regarding emitted versus detected
photons [84] 85 B6] that we will not be considering further).

In this model, then, the time at which the first photon is detected is a
good proxy for the time of first arrival of the atom to the region x > 0,
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i.e., a good measurement of that quantity. If only the instant of the first
photon detection is of importance, the solution of the master equation may
be simplified by considering the (two component) amplitude 1. conditioned
to no-photon detection. It satisfies an effective Schrodinger equation with
effective Hamiltonian

-~ -~

Heyp=H —ihg|2><2| . (8.50)

The distribution of times of detection of the first photons can be computed
exactly as —dN/dt, where N = (1 |¢).) is the probability of not having a
detection up to time t.

Numerical comparison has shown [82] that there may be very good agree-
ment between Kijowski’s distribution and the distribution of first detected
photons. Perfect agreement cannot be obtained, however. An intuitive expla-
nation is that inevitably “charging” and “decaying” delays will be introduced:
the system needs some time in presence of the laser field to change into the
excited state, and some time to decay to the ground state. Additional to this
fact, it is clear that particles will be reflected by the laser field if it is too
intense, thus producing a depletion in the density of arrivals. Conditions have
been found that establish a regime where delay in detecting the atom and
reflection can be neglected [87]. In this respect, one should notice that the
idea that first comes to mind of tuning the decay by taking «y to infinity (or,
more realistically, choosing a system for which the decay is extremely fast) in
order to avoid delay in the detection of the atom is not adequate: the driving
of the system by the laser becomes so inefficient that actually no transition
ever takes place. If, on the other hand, a weak driving laser is chosen, there
is a big delay due to the “charging” of the system. In [87] the idea was put
forward that, at least in some regimes, one might be able to assume that the
observable we measure is the sum of two independent quantities: the arrival
time proper, and the time it takes for the atom to emit from the arrival time
on. Furthermore, it is likely that in some regimes the latter distribution be
the same that an atom would present when stationary in a laser field. Un-
der these joint assumptions, the probability density our gedanken experiment
would be measuring would be the convolution of the density for time of emis-
sion of the first photon by a stationary atom in a laser field and the (ideal)
probability density of time of arrivals. This last interesting quantity can then
be recovered by deconvolution with a known distribution, and is amenable
to analytical exploration. An exploration which leads to the interesting result
that in the limit of no reflection the ideal density is actually nothing but the
current! This obviously means that the joint hypotheses of independence, on
the one hand, and delay distribution being the one of the stationary case, on
the other, are actually not true, since the function one recovers need not be
positive semidefinite, and is therefore not a probability density.

One of the richness of this model is that the quantum jump technique
[84, 851 6], B8], BY] allows us to consider other quantities, such as the time
a particle leaves the laser region, or dwell times, or other techniques for the
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same arrival time density. One such idea is to use a laser in a finite region
[90]: this is no different from a laser in an infinite region in those regimes in
which the penetration before activation and emission is much smaller than
the width of the region. Heuristically, this penetration length is given by

2 v
l=5v(7+92).

For finite regions of laser presence such that the width is smaller than [, the
effectiveness of the measurement (as denoted by the fraction of atoms that
actually emit) is dependent on the speed of the atom v and the intensity of the
laser, in a fan-like structure, with some straight lines in the v— {2 space, with {2
the Rabi frequency, leading to total efficiency. The idea of separating the time
of arrival of the first photon in two independent quantities, as before, requires
good control of the hypothesized distribution for first emission. In the regime
of small laser region, with size leading to resonant excitation of the atom,
one could assume that decay only takes place outside of this region, so the
distribution is that of first emission of photons by an excited stationary atom.
The current density is again recovered as the ideal distribution in a number
of regimes under those two hypotheses of sum of independent quantities and
delay being given by emission density for an excited stationary atom.

These ideas can be refined to search for optimized detection for a class of
kinematical states of the atom [9I]. One surprising aspect is that the object
which is recovered as “ideal” after the deconvolution is the current density
and not Kijowski or some other probability density. However, using a different
technique Kijowski’s distribution is reobtained in some limit [92] [93]: this is
operator normalization [94]. The idea is to use a filtering after and before
the measurement device so as to enhance the signal obtained. The filtering is
adapted to the signal one wants to detect. It is difficult however to propose
simple models for the filtering procedure, although the mathematical idea is
fully developed.

As one can see, the simple model of a two-level atom impinging on a
laser-filled region, with the detection times of first photons being used as a
proxy for arrival of the atom to the region, has revealed quite a wealth of
phenomena. Furthermore, the one-dimensional analyses mentioned here have
also been expanded to three dimensions [05], and one could hope that they
might be of use for the experimentalist.

8.6 Simple “Time-dependent” Clocks: the Kick Clock

2

So far we have considered “time-independent clocks,” in the sense that their
Hamiltonians are time independent. Let us suppose now that the clock Hamil-
tonian H,_. is activated periodically during intervals of time 7, but remains
zero otherwise. To achieve this behavior, we can imagine a periodic time signal
F(t) of period T with the following form:
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2T <=1 . /nnr 2mnt
F(t)—1+T7TZn51n(T)cos< T > (8.51)

n=1

This corresponds to a periodic series of stepwise functions activated during
intervals of duration 7 with intensity T/7. Thus the time-dependent clock
Hamiltonian is given by

H=H,+H,.(t)=H,+ Ft)H,_, . (8.52)
To simplify the model we can further consider the limit 7 — 0,
H=H,+H, .(t)=H,+ Tor(t)Hs_e , (8.53)

with or(t) = Y07 d(nT —t). “Kicked” systems like these are useful in
different fields, e.g. in the study of chaotic behavior, because of their sim-
plicity [96] @7, 098] [99]. In particular, the unitary evolution operator for the

Hamiltonian (53] over a time T has the manageable form

At i~ T~

U =exp _hTHS exp _hTHS_C , (8.54)
which defines a quantum map,

W ((n+1)T)) =UT|p(nT)) . (8.55)

Thus the information of the evolution is obtained at integer multiples of T
as a sequence of applications of the evolution operator of the system over a
time T followed by an application of the evolution operator of the clock over
a time T. Clearly, if T — 0 the infinitesimal evolution operator U0 of the
kicked system coincides with the infinitesimal evolution operator of the time-
independent clock with Hamiltonian H = H, + H,_, up to O(T2[H,, H,_.]).
This is a direct consequence of the definition of F'(t). We may expect a proper
functioning of the kicked clock when the period of the the signal F(t), T,
is a fraction of the dwell time of the particle in the interaction region. The
surprising fact is that very few kicks are enough to reproduce the non-kicked
clock behavior.

The most common quantum clocks found in the literature are the Salecker—
Wigner clock and the Larmor clock. The kicked versions of these clocks are
described next.

e Kicked Salecker—Wigner clock
Let us next consider a particle of mass m moving freely in one dimension
with Hamiltonian Hy = p2/2m. In a certain region of length d the particle

is coupled to the clock as follows [5] [12] 27| 28]:

H= p2/2m 4 xa(Z )wJ P2 /2m — iwhyq(Z)0/08, (8.56)



8 Quantum Clocks and Stopwatches 265

where
1, if x € [0,d]

0, elsewhere (8.57)

o) = {
is the characteristic function indicating that the clock runs only when the
particle “is” within the interval [0, d].

Noting that H commutes with J, the time-dependent wave function
with initial state ¢ (z)v(0,t = 0) is given by

1 .
N1/2 an(x7t)e_ZRWt/hun(0)? (858)

where ¥, (x,t) is the (partial) wave that evolves from ¢ (z) with the Hamil-
tonian A
H, 4 Vi, = D3 /2m + nhwxq(Z), (8.59)

which represents a particle that collides with a rectangular barrier (well)
of height (depth) V,, = nhw and width d. For an incident particle with
energy E = p2/2m and wave number k = /2mFE/h, the wave number
inside the barrier is &' = \/2m(E — V,,)/h so that the phase shift caused
by the barrier is approximately given by

(K — k)d ~ —nwty, (8.60)

where t; = d/(2E/m)'/? is the classical time of flight. The right-hand
side in (B60]) is a good approximation if £ >> |V,,|, which means that the
disturbance caused by the measurement is negligible. If the incident wave
packet is very much peaked (in wave number) around

Vi(z,0) = e*uy(h) = ek Z.un(ﬁ)/\/%’ +1, (8.61)

n=-—j

the outgoing one after the barrier for the particle plus the clock system
will be very much peaked around

Yy(x,0) ~ e“”v(@ —wty(k)), (8.62)

so that the hand points at the expected classical time of flight through the
region of interest. In the clock, |V,,| can be as large as jhw ~ 7h/7T so that
the condition of negligible disturbance is given by [5] 22]

mh mh
>> or E>> . 8.63
g E T ( )
The same result may be obtained by imposing that the transmission prob-
ability should be close to one [13].
Equation (863]) imposes a lower limit on the time resolution of the
clock. Equivalently, it imposes a lower bound on the incident energy of
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the particle such that a clock with resolution 7 can be considered as a
small disturbance to the incident particle during the measuring process.
It is worth noticing that this limitation affects equally the measurement
of dwell times in the region of length d [5], or arrival times at x = d
[13], which are obtained, respectively, by locating the initial wave packet
outside or inside the selected interval [0, d].

Let us now work out a pulsed version of the particle—clock system to
avoid the excessive disturbance of the continuous clock. The simplest real-
ization of a pulsed interaction is a succession of instantaneous kicks sepa-
rated by a time T. (For examples of kicked systems see [96] [07, 98] [99]. An
experimental realization of a kicked rotor can be found in [I00]. We refer
the interested reader to [96] for further details.) The Hamiltonian for the
kicked Peres—Salecker—Wigner clock is [101]

~ H2 ~
H(t) = ;’;‘l + Tor(t)wya(@) T, (8.64)

where we have defined d7(t) = Y7 0(nT —t), and the evolution oper-

n=—oo

ator of the kicked clock over each kick period is

U7 = e~ nTP2/2me=Twxa(@)0/00 — GTHT (8.65)

If T — 0, the infinitesimal evolution operator, U T=0_ of the kicked sys-
tem coincides with the infinitesimal evolution operator of the continuous-
coupling clock up to O(T?[Hs, H.—s]), which goes to zero with T. The
difference between the pulsed and continuous-coupling clocks will there-
fore be seen for larger values of T. These larger values may also avoid
an excessive perturbation, but the time interval between kicks cannot be
arbitrarily large. If we want to extract a characteristic timescale of the
particle, T must be smaller than the timescale we want to measure.

We have discussed elsewhere [101] that the kicked clock can be succes-
fully used for energies that are smaller that 7/i/7. The conditions are such
that

2
E>> T . (8.66)

However, for sufficiently small T the kick clock behavior resembles the
one of the continuous-coupling clock and ([&63]) holds instead of (866]).
Since we must also have ty > T, the proper working regime of the pulsed
apparatus is defined by the conditions

27 + 1
tr>T> j;’ 7. (8.67)

We may in addition set 27/w as the maximum time to be measured by
the apparatus, to avoid the possibility of multiple times corresponding to
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a single #. A measurement of 6 at an asymptotically large time well after
the particle—clock interaction will not tell us the number of 27 cycles that
have occurred, so that the time read is only known modulo 27 /w. This
ambiguity may be avoided by substituting the periodic hand motion by a
linear one as in [13].

From our previous considerations, it is clear that the energy of the particle
may violate the inequality in (8G3]) and still lead to a succesfull time-of-
flight measurement for 7' > (25 + 1)7/j, as we shall illustrate below with
numerical examples in which a minimun uncertainty product Gaussian
wave packet with negligible negative momenta is prepared at t = 0 outside
the region where the clock (continuous or kicked) is activated. Of course,
because of the momentum width we should not expect a single time but
a distribution. Well after the packet collision with the interaction region
the probability to find the value 6 is calculated and the corresponding
(operational) time of flight distribution is obtained from the scaling ¢ =
0/w.

Figure R3IA shows the ideal distribution of flight times obtained for the
system in isolation, Py, and the operational distributions obtained from
a kicked clock and from the continuous clock. (Incidentally, note that
the continuous-coupling clock distribution may also be obtained using D.
Sokolovski’s Feynman path-based theory [102]). The parameters are cho-
sen so that the classical time of flight for the average momentum of the
wave packet is 10 a.u., and in such a way that the inequality in (863
is not obeyed, i.e., the continuous-coupling clock does not work correctly:
note the large early peak denoting an important reflection in its distri-
bution, and the displacement of the second peak with respect to Py to
shorter times because of the filtering effect of the more energetic barri-
ers and wells that hinder the passage of slower components and allows a
dominant contribution of faster components [13].

The reference (ideal) curve Py4(t) is the distribution of the free particle
probability distribution of dwell times. For positive momentum states the
dwell time probability distribution is given by

Palt) = / " dpd(t — md/p)P(p), (8.68)

where P(p) is the momentum distribution. Py is both the dwell time distri-
bution for an ensemble of classical particles with momentum distribution
P(p), and the quantum dwell time distribution (§(¢t — 74)), where

00 . d -
T4 =/ dt eHst/h </ |a:>da:<x|> e tHst/h (8.69)
—00 0

is the dwell-time operator [103].

Figures and B3IC show the cumulative distributions for several val-
ues of T and the cumulative distributions for P; and for the continuous-
coupling clock. As T is increased there is a passage from the continuous-like
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Fig. 8.3. (A): In solid line a typical P4(t) and a cumulative integration for T = 1.
In dashed line the ideal time distribution, (868), and in dotted—dashed line the
time distribution obtained from the continuous-coupling clock. (B,C): Cumulative
distributions for different values of T (dotted and dashed lines); cumulative distri-
bution for the continuous-coupling clock (solid line) and for the ideal dwell time
distribution (long dashed line). The simulations were performed for a particle of
mass m = 1 a.u. represented initially by a minimum-uncertainty-product wave
packet with width ¢ = 1 a.u., center at xo = —30 a.u., and average momentum
po = 5.0 a.u. The collision region is the interval z € (—25,25) a.u. The method used
was a split operator method and we took 2! plane waves for the spatial coordinate
and 2'° plane waves for the angular coordinate

regime to the truly kicked regime, where the cumulative distributions
reproduce in a step-like fashion the behavior of the reference ideal curve.
The perturbation of the kicks may be seen in the broader wings, which
grow with decreasing T.

In summary, it is possible to extend the energy domain where a clock
coupled to the particle’s motion provides its (free motion) time of flight
by using a pulsed particle-clock coupling rather than a continuous one.
Due to recent developments in ultrafast spectroscopy and pulsed lasers
this contibution may be relevant. Pulsed couplings are indeed possible
and there is a need to understand the consequences of such couplings in
the measurement of time quantities. In this respect our result is quite
promising.

Kicked Larmor clock

As before we consider the motion of a quantum particle (an electron),
and again in certain region of space we confine a magnetic field in the
z-direction, in this case the Hamiltonian of the full system is given by
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()
V(@) + xa@)Tor(t)uB - o, (8.70)

na)
Il
=) )

+H,
1
ops P

where 1 = diag(1,1) and 6 = (65,0y,0-). The Pauli matrices are given
by (8I4]). We notice that in this case the system remains one dimensional,
while the Salecker—Wigner clock is two dimensional. From now on we shall
center our attention on the kicked Larmor clock.

To illustrate the functioning of a Larmor kick clock we have integrated
numerically (854) for a rectangular barrier V(y) = xq4(y)Vo. As we can see
from (B354) the integration involves two steps: first we have to propagate over

a time T the spinor ¥ under the operator exp (— zT( T+ Txa(®)Vo)/h), and
then we multiply the spinor by the operator exp (— zTuXd( y)B - 6/h). To carry
out the first propagation we have used a split operator method (SOM) [104].
The initial state is an z-polarized spinor formed by two identical Gaussians
centered at zg with momentum k and width o,

(y—v0)?

1 elk’l/* 5

4o

V2 (2mo?)l/4 (8.71)

v =0) = = | 0] vulo) -

The barrier parameter are V) = 0.16 eV, and d = 80 A, and the incident
energy is Ey = 0.159 eV. For the effective mass we chose 0.067m., with m.
the mass of the electron. In the unit system we have used, space distances are
measured in nanometers, energy in electron-volts, time in femtoseconds, and
magnetic field in teslas.

During the time evolution, the electron state collides with the potential
and at certain times it is affected by the action of the external magnetic field
confined within the interaction region. The transmission part of the two spinor
components starts being zero and increases until it reaches its final stationary
value. An interesting feature is that the values of the transmission probability
in time remain the same for a large set of values of the period T of the external
signal F'(t) (Fig. Bd)). In this sense, the number of kicks can be reduced with
no appreciable change to the transmission coefficient.

On looking at the behavior of the spin components with time, we see that
they also reach a stationary value when the transmission part of the wave is
out of the interaction region. Notice that the asymptotic value of the spin
components remains stable for a large interval of values for the period T. In
Table BIlwe can see this phenomenon indeed taking place in the interval from
T =5 fsto T =40 fs. There again we conclude that a few kicks are enough
to extract the characteristic times related to those spin components being
examined.

In Table we give some numerical data of the typical times obtained
from the kick clock. For the periods used these times are in good agreement
with those expected from a standard (nonkick) Larmor precession clock.
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Fig. 8.4. Different transmission probabilities for the spinor component ¢_ as a
function of time for different values of T. In full line T = 5 fs, in dotted line T = 30
fs, in dashed line T = 40 fs and in long dashed line T = 80 fs. o = 2* Ay

Table 8.1. Different values of the spin components (s,) = h/2 [ dy¥'G,¥ and
(s2) = h/2 [ dyW'G.¥ for different periods, together with the characteristic times
derived from the spin components

T(fs) (sy) 7y (fs) (s2) 7= (f5)
5 ~0.005827 13.486 0.001828 4.231
30 —0.005826 13.486 0.001830 4.236
40 ~0.005813 13.456 0.001831 4.238
80 ~0.006198 14.346 0.001776 4.110

8.7 Decoherence in Time

There is a further aspect of time in quantum mechanics that we have not
addressed so far. On first sight, one might think that the fact that all real
clocks must naturally be prone to errors and fluctuations need not be related
to quantum mechanics. However, these errors lead to decoherence, and can be
modeled, in the case of good clocks, by thermal baths with a special coupling to
the system [105]. In another section we shall also investigate other modelings
of clocks in terms of [106] or related to [82] thermal baths.
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Table 8.2. Typical characteristic times obtained for the kick clock, in this case
for 0 = 27Ay. Let us notice that the initial wave packet is very well localized in
momentum space, so the times given are very close to the ones obtained by the
stationary-state analysis done by Biittiker [I]

T(fs) 7y(fs) 7=(fs)
1 10.301 12.319
2 11.193 12.498
3 11.193 12.497
4 11.191 12.497
5 11.189 12.496
6 11.188 12.495
7 11.187 12.494
8 11.187 12.493
9 11.186 12.492

The basic issue is that quantum and classical systems evolve in terms
of parametric time, whereas our measurements are always located in time
according to real clocks, which are of necessity faulty. This has led to an
ever more refined search for better clocks, up to the ultimate time standard
currently provided by atomic clocks [T07]. Even so, the errors in measurement
of time add up as parametric time goes by, until a point is reached when the
typical error in time is comparable to the characteristic evolution timescale
for the system under study, thus eliminating any predictability beyond this
instant.

In the previous paragraph, four relevant timescales have appeared:

e Characteristic evolution timescale ({): This pertains to the system we de-
sire to investigate, and it is the longest timescale among those present
in the evolution of the system. For a quantum system, for instance, it
is the inverse of the smallest energy difference between stationary states,
multiplied by A.

e Initial error width: As soon as the clock starts going, it is going to acquire
an error, which will have a statistical width.

e (Relative) error correlation time (9): It is clear that the absolute error
made in measuring time has a growing spread as parametric time goes by.
The rate of growth of this spread, roughly speaking, is related to (is the
inverse of) the correlation time for relative errors, as we shall see below.

e Period of applicability: This is a derived scale of time, which corresponds
to the instant when the absolute error width, due to the initial error width
and the rate of growth of this error, is comparable to the characteristic
evolution timescale.

From the presence of these four scales, it is clear that the question of what
is a good clock has a complete answer only in terms of “a good clock for a given
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system.” Thus, a clock will be good for the study of a given system if { > ¢
and the period of applicability is much larger than {. Additional to this, some
intrinsic properties are needed for a clock to be good: first, causality must be
preserved, i.e., if two events take place in consecutive instants in parametric
time, they also must take place in consecutive instants in clock time; second,
on average the clock must be neither slow nor fast; third, it should always
behave (statistically) in the same way.

The absolute errors in the clock are the difference between the clock read-
out, ¢, and the parametric time when the clock readout is ¢, s(¢), namely,
A(t) = s(t) — t (we should point out that there is an alternative description
which relies more on parametric time than on clock readout time; however, in
order to tie in with experimental procedure, our presentation is much more
accessible). The object we must consider is therefore a continuous stochastic
sequence A(t), and the clock is characterized by the corresponding probability
functional P [A(¢)]. In fact, the continuous stochastic sequence of relative er-
rors, «(t), and the corresponding functional P [«(t)], are much more practical.
Consider for instance the condition that causality be respected by the clock’s
readout. This implies that if to > ¢1, then s(t2) > s(¢1). For an infinitesimal
dt, therefore, s(t + dt) > s(¢), from which it is clear that «(t) must be bigger
than —1, when we define A(t + dt) — A(t) = a(t)dt (the possible subtleties
associated with nondifferentiability of the corresponding stochastic processes
can be obviated by first studying a clock with discrete positions, asserting
that « is more useful than A in that context, and obtaining this bound that
is kept in the continuum limit).

For the clock to be neither slow nor fast (nor both slow and fast at different
instants), it is necessary that for each ¢ the average value of a(t) be zero, i.e.,
(a(t)) = 0, which translates into (A(t)) = 0. The requirement that the clock
behave in a statistically similar way at all instants is transposed into the
requirement of stationarity of the stochastic process of relative errors. The
reader should be aware that it is not possible for the stochastic process of
absolute errors to be stationary, since these must accumulate in some way, in
particular by increasing their statistical spread.

Consider now any given realization of the stochastic process, that is to say,
a specific function «(t). Using the chain rule, we can write the von Neumann
equation as

dids(t+ A1) = ~(i/M (1 +a(®) [H,25(t + A®)] - (8.72)

In this equation, ps(s) is the density matrix for the system at parametric time
s, in the Schréodinger picture. Since we are dealing with a particular realization,
at clock time ¢ the corresponding parametric time is s(t) = ¢ + A(t), and the
Schrodinger density matrix becomes a function of clock time ¢. The change of
this function gg(t) = 0s(s(t)) as clock time flows is then computed as above.

Define now p(t) as the average over the stochastic process a(t) of ps(t +
A(t)), that is, 9(t) = [DaPla(t)]os(t + A(t)). The density matrix that is
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actually measured using the clock defined by the stochastic process «(t) is
thus 9(t). Adapting the standard procedures for treating quantum noise [108§]
to the case at hand, one obtains the following master equation [105]:

o~ 2

o) = -, (o) -, B [H.20)]] . (8.73)

where the small noise and Markovian approximations have been performed, 9
is the correlation time for the stochastic process a(t), ¥ = f_Jr;o dr{a(t)a(t —
7))/2{a(t)?), and k% = ¥?(a(t)?) (since the stochastic process a(t) is station-
ary, (a(t)?) is actually time independent).

The physical meaning of (8.73]) is clear: there is a process of decoherence,
whereby our knowledge of the system gradually decreases and becomes more
probabilistic. This increase in our ignorance about the system is a direct
consequence of our growing ignorance about parametric time. Moreover, the
physically preferred description of the system is in terms of the stationary
states, since the off-diagonal components in the basis of energy eigenstates
are the coherences that progressively vanish. More explicitly, any given pure
state [1) = >, ¢;|E;) evolves in time as

-~ * —i(Ej— —(Ej— 2K2 2
0(t) =D cjepe B EWYAZE =BT WD By (B — e P B (B
ik i

under the assumption that |E;) are the nondegenerate eigenstates of the

Hamiltonian. The hypotheses underlying the derivation of (8773) do not hold

for longer than the time of applicability; nonetheless, it is clear that the limit

written above is a stationary solution of ([872]) for any particular realization

of the clock noise «a(t), and that for long times the spread of A(t) will be so

big that, effectively, we would be forced to consider only stationary states.
In fact, we can be more specific. The solution of (872) is clearly

Z)\s (t + A(t)) _ efifot ds(1+a(s))IA{/h§S(O)ei Is ds(1+a(s))H/h ’

whence, again using the energy eigenstates, and assuming that gs(0) = p(0) =
>k 0k Ej) (B, we obtain

01t) = 3 gywe BB [ paplajert I8 e B B 1.
7,k

The requirement of the clock being good entails that P[a] is a functional
very close to a well normalized, zero-mean Gaussian (even though, strictly
speaking, it cannot be a Gaussian, since the constraint «(t) > —1 would not be
fulfilled in such a case), for which the characteristic functional (the functional
Fourier transform) is again a zero-mean Gaussian. Thus, the restriction of the
characteristic functional to constant functions is a Gaussian function, namely
exp(—r*(E; — Ey)*t/h?9)! The departures from this form will be due to the
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non (strict) gaussianity of the probability functional, but, at any rate, they
will be functions of (E; — E}), and for large clock times (even past the time of
validity of the master equation), the limit state will indeed be > |c; 1| E;)(E;]
for the initial pure state [¢) =3, ¢;[Ej).

Put much more simply, our lack of certainty of the instant of time forces
our knowledge of the system to be restricted to stationary density matrices,
i.e., those that do not evolve in time.

There is an important alternative way of understanding (8773), which was
proposed by Milburn [I09], and later in a slightly different form by Bonifacio
[110, 111]: imagine that the evolution of the system takes place randomly.
That is, a system initially in a state |¢) would remain in that state for an
stochastic interval 8¢, after which it would change to the state U(8t), with
U(t) = exp(—iHt/h) the unitary evolution operator. Under a set of suitable
approximations, one is immediately led again to the master equation (873).
This approach was termed “intrinsic decoherence.” A unified description of
several presentations of dephasing as stochasticity in time has been presented
in [I12].

Both formally and conceptually it is now not too difficult to establish the
equivalence of the process due to a faulty clock, with an evolution for which
the course of time flows smoothly according to parametric time, but with
the system coupled to a noisy bath, which forces our knowledge about the
system to be reduced. In fact, this bath can be assumed to be a thermal bath
of harmonic oscillators at temperature 7', coupled to the system in a rather
unorthodox manner:

Tt — hlly, / " dw [E)a" @) + £ W)alw)] |

where ﬁsys is the Hamiltonian of the system, a(w) and a'(w) are the annihi-
lation and creation operators, respectively, of the bath oscillator of frequency
w, and &(w) is a function such that

) = L () [7 a7 altjae - ) coster).

kp being Boltzmann’s constant.

It is by now well established [T13] 114} [115] [IT6] that the introduction of
a thermal bath of oscillators to account for the decohering fluctuations (in
our case, for (a(t)a(t — 7))), forces us to consider a further term, usually
denominated “dissipative.” This is the content of the fluctuation—dissipation
theorem, and is related to the structure of the thermal bath, not to the specific
coupling to the system nor to the system itself. However, the interpretation
of the additional term as dissipative does indeed depend on the system being
analyzed and the coupling between the system and the bath. In the particular
case at hand, no such interpretation is feasible. The “dissipative” term has
no influence on the classical equations of motion! That is to say, the extrema
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of the action of the system, when the effect of the bath is taken into account
through the influence functional formalism [TT3}, 114} 115 116], are determined
by the equations of motion of the system alone, plus a noise term associated
to the fluctuations, but the “dissipative” term plays no role. Thus we can
say that the fluctuation—dissipation theorem is indeed fulfilled, but that the
system does not acquire dissipation of energy into the bath.
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9.1 Introduction

The Larmor clock is one of the most widely discussed approaches to deter-
mine the timescales of tunneling processes. The essential idea [II 2 3] of the
Larmor clock is that the motion of the spin polarization in a narrow region
of magnetic field can be exploited to provide information on the time carriers
spend in this region. It is assumed that incident carriers are spin polarized
and that they impinge on a region to which a small magnetic field is applied
perpendicular to the spin polarization of the incident carriers (see Fig. [0.]).
The spin polarization of the transmitted and reflected carriers can then be
compared with the polarization of the incident carriers. Dividing the angle
between the polarization of the exiting carriers and that of the incident car-
rier by the Larmor frequency wy, gives a time. Originally, only spin precession
(the movement of the polarization in the plane perpendicular to the magnetic
field) was considered. However, [Biittiker| [3] pointed out, that especially if we
deal with regions in which only evanescent waves exist (tunneling problems)
the polarization executes not only a precession but also a rotation into the
direction of the magnetic field. In fact, in the presence of a tunneling barrier,
the spin rotation, is the dominant effect. Reference [3] considered a rectan-
gular barrier and considered a magnetic field of the same spatial extend as
the barrier. In the local version of the Larmor clock, introduced by Leavens
and Aers [4], we consider an arbitrary region in which the magnetic field is
nonvanishing and investigate again the direction of the spin polarization and
rotation of the transmitted and reflected carriers. The magnetic field might
be nonvanishing in a small region localized inside the barrier or in a small
region outside the barrier on the side on which carriers are incident or on
the far side of the barrier. We mention already here, that the response of the
carriers is highly nonlocal: even carriers which are reflected are affected by a
magnetic field that is nonvanishing only on the far side of the barrier where
naively we would expect only transmitted carriers [5]. In this work, we use
the local Larmor clock to derive a set of local density of states [6] 7] [8] [9] [10],
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Fig. 9.1. Spin polarized carriers incident on a barrier subject to a weak magnetic
field Bo. The transmitted carriers exhibit both a spin precession and and a spin
rotation. After [3]

which we call partial densities of states, related to spin precession, and in
terms of sensitivities which are related to spin rotation . The partial densities
of states, below abbreviated as PDOS, are useful to understand a number of
transport problems: the transmission probability from a tunneling microscope
tip into a multiterminal mesoscopic conductor [10] can be expressed in terms
of PDOS, the absorption of carriers by an optical potential (a potential with
a small imaginary component), inelastic scattering and dephasing caused by a
weak coupling voltage probe, and the low-frequency transport in mesoscopic
conductors.

The partial densities of states are determined by functional derivatives of
the scattering matrix [6l [7} [, [I0]. Only in certain limited situations can the
density of states be expressed in terms of energy derivatives. Expressions for
the density of states in terms of energy derivatives of the scattering matrix
are familiar [T1] 12]. In the discussion of characteristic times the distinction
between time-scales found from energy derivatives (like the Wigner—Smith
phase delay) and time scales found from derivatives with respect to the local
potential (the dwell time) has found some recognition. In contrast, densities
of states are almost invariably discussed in terms of energy derivatives. Here
we emphasize that a more precise discussion of density of states also uses
derivatives with respect to the (local) potential and not energy derivatives.
It is the dwell time (or sums of relevant dwell times) which is related to the
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density of states [I3] [I4]. The use of energy derivatives always signals that
approximations are involved.

The interpretation of the Larmor clock remains a subject of discussion.
Reference [3] considered the total rotation angle divided by the Larmor preces-
sion frequency to be the relevant time. This interpretation brings the Larmor
clock into agreement with the timescales obtained by considering tunneling
through a barrier with an oscillating potential [I5]. Subsequent works have
argued that the precession angle and the rotation angle divided by the Larmor
precession frequency separately should be viewed as timescales [I6] [I7]. The
difficulty with such an interpretation is not only that one has two scales char-
acterizing the same process, but the times defined in such a way are also not
necessarily positive. Since we aim at characterizing a duration, that is a defi-
nite drawback. The two timescales can be combined into a complex time, with
the real part referring to the precession time and the imaginary part to the
time obtained from rotation. Like negative times, complex times are not part
of the commonly accepted notions of time. Steinberg argues (cf. Chap. [II))
that the clock presents only a “weak measurement” and that therefore com-
plex times are permitted [I§]. In quantum mechanics the questions “how much
time has the transmitted particle spent in a given interval” is problematic since
being in an “interval” and “to be transmitted” correspond to noncommuting
operators [I9]. Reasonably, we can only speak of a time duration if it is real
and positive.

A comparison of the Larmor clock with the closely related linear ac re-
sponse of an electrical conductor shows immediately the ambiguity of the
clock: in the ac response of a conductor which is predominantly capacitive
(tunneling limit) the voltage leads the current whereas for a highly transmis-
sive conductor the response is inductive and the current leads the voltage.

The language used here implies similarly an extension of the usual notion
of density of states. At the bottom of the hierarchy of density of states which
we discuss are the partial densities of states (PDOS) which represents the
contribution to the local density of states if we prescribe both the incident
and the outgoing channel. It turns out that certain partial densities of states
are not positive. (These are of course just the PDOS that correspond to neg-
ative precession times.) Thus the discussion presented below does not solve
the interpretational questions related to the Larmor clock. Nevertheless, as we
will show, even such negative PDOS are physically relevant. Using the partial
densities of states, either by summing over the outgoing channels (or by sum-
ming over the incident channels) we obtain the injectivity of a contact into a
point within the sample or the emissivity of a point within the sample into a
contact. Both injectivities and emissivities are positive and in the language of
tunneling times correspond to local dwell times for which either the incident
channel (or the outgoing channel but not both) are prescribed. Finally, if we
take the sum of all the injectivities or the sum of all the emissivities we obtain
the local density of states.
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9.2 The Scattering Matrix and the Local Larmor Clock

We start by considering a one-dimensional scattering problem [3] [, [5]. We
consider particles moving along the y-axis in a potential V(y). The potential
is arbitrary, except that asymptotically, for large negative and large positive
values of y, it is assumed to be flat. We adopt here the language from meso-
scopic transport discussions and call the region of large negative y the contact
1 (the left contact) and the region of large positive y contact 2 (the right
contact). We assume that the quantum mechanical evolution is described by
the Schrodinger equation. A particle with energy E has for large negative y
a wave vector k1 (F) and a velocity v1(E) and for large positive values of y a
wave vector ko (E) and a velocity vo (F). We are interested in scattering states.
A particle incident from the left is for large negative values of y described by
a scattering state

V1 (B, y) = e*Y 4+ 8y ey (9.1)

and for large positive values of y is described by a transmitted wave

v 1/2 '
wl(E,y):<U2> Soq €'Y (9.2)

Similarly, a particle incident from the right is for large positive values of y
described by a scattering state

Vo(E,y) = e 2 4 Gyo e ih2Y (9.3)

and for large negative values of y is described by a transmitted wave

v 1/2 '
1/)2(E,y):<vj> Shoeth2y (9.4)

Here the amplitudes S, determine the elements of the 2 x 2 scattering matrix
of the problemEl Each scattering matrix element is a function of the energy £
of the incident carrier and is a functional of the potential V' (y). To express this
dependence we write Sqs(E, V (y)). Conservation of the probability current
requires that this matrix is unitary and in the absence of a magnetic field
time-reversal invariance implies that it is also symmetric.

Next we now consider a weak magnetic field applied to a small region.
The magnetic field shall point into the z-direction. For simplicity, we consider
the case where the magnetic field is constant in a small interval [y,y + dy]

L'N. of E.: There are two common but different conventions for the ordering of the
S-matrix elements. M. Biittiker follows the ordering which is usually found in
mesoscopic physics, whereas J.G. Muga in Chap. 2] follows the convention used
in a scattering theoretical context, see (245). The relation between the matrix
introduced here and the one defined in Chap. [2is: S11 = S_4;S12 =5__;8521 =
S++; 522 = S+7.
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and takes there the value B. We consider only the effect of the Zeeman en-
ergy. Thus the motion of the particle remains one dimensional and is as in
the absence of a magnetic field confined to the y-axis. In the setup for the
Larmor clock, we consider particles with a spin. The spin of the incident par-
ticles (in the asymptotic regions) is polarized along the x-axis. For spin 1/2
particles the wave functions are now spinors with two components ¥ (y, F)
and 1_(y, E). Carriers incident from the left, have a spinor with components
given by ¥, (y, B) = ¢_(y, E) = (1/v/2)exp(ik1y). The Zeeman energy which
is generated by the local magnetic field is diagonal in the spin up and spin
down components. Consequently, in the interval [y, y + dy] for a particle with
spin up, the energy is reduced by fiwy, /2 with wy, /2 = guB/h and for a particle
with spin down the potential is increased by fuwy, /2. Thus with the magnetic
field switched on particles with spin up travel in a potential V(y) — dV (y)
and particles with spin down travel in potential V (y) + dV (y). Here V(y) is
the potential in the absence of the magnetic field and dV (y) is the potential
generated by the magnetic field. Thus dV (y) vanishes everywhere, except in
the interval [y, y + dy] where it takes the value dV (y) = hwr,/2 = guB.

We can evaluate the polarization of the transmitted particles and the re-
flected particles if we can determine the scattering matrix for spin up and spin
down particles in the potential generated by the magnetic field. Thus we need
the scattering matrices Sojfﬁ(E, V(y) FdV (y)) where ST is the scattering ma-
trix for spin up carriers and S~ is the scattering matrix for spin down carriers.
Since the potential variation generated by the magnetic field is small we can
expand these matrices away from the scattering matrix for the unperturbed
potential. Thus we find to first order in the magnetic field for the scattering
matrices

SE(B V() FdV (y) = Sas(E.V(y))
F [dSas(E,V(y)/dV (y)]dV (y)dy + ... (9.5)

The variation of the scattering matrix due to the magnetic field is proportional
to the derivative of the scattering matrix with respect to the local potential
at the location where the magnetic field is nonvanishing. More generally, we
can consider a magnetic field which varies along the y-axis (but always points
along the z-axis). This leads to a potential 0V (y) determined by the local
magnetic field. The variation of the scattering matrix is then determined by
a functional derivative [dsqg(E,V (y))/6V (y)] of the scattering matrix with
regard to the local potential,

Sas(E.V () F 6V (y) = Sap(E,V(y))
¢/dy’[58aa(E,V(y’))/W(y’)]W(y’)+ ------ (9.6)

We emphasize that even though this equation looks quite simple, the evalua-
tion of a functional derivative of a scattering matrix, while not difficult for a
one-dimensional problem, can still be a laborious calculation.
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Let us now find the precession and rotation angles of the polarization of the
transmitted and reflected carriers. The normalized spinor of the transmitted
particles, which determines the spin orientation of the transmitted a particles
has the components

i (E,y) = S (0.7)
T 9k 4 55 212 '
(B, y) = 51 (9.8)

(1951 2 + 1S5, )172

First consider the polarization in the y-direction. It is found by evaluating the
expectation value of the Pauli spin matrix oy,

h h oS3 Say — S S5y

(sy)or = (1loyln) = —i 2 2 s (9.9)
! 2t 2 (155112 + 185 1?)

Here the indices 21 indicate that we consider transmission from left (1) to

right (2) and evaluate the the spin in the transmitted beam. We need the spin

polarization only to first order in the applied magnetic field. Using (3.0l we

find

h
<Sy>21 = TU(27y7 1)dey ) (910)

where 7 = |Sa1|? is the transmission probability in the absence of the mag-
netic field and

_ 1 (gt 88u  aS)
V(27ya 1) - _47_(_7; (Sgl aV(y) - (5V(y) 521 (911)

is the partial density of states at y of carriers which emanate from contact 1
(the asymptotic region for large negative y) and eventually in the future reach
contact 2. Since initially the spin polarization was in the z-direction (s, )21
directly determines the angle of precession of the carriers in the x —y plane.
Thus by dividing (s, )21 by the Larmor precession frequency we can formally
introduce a quantity with the dimension of time, which we call 7,(2,y,1) and
which is given by 7,(2,y,1) = (h/7T)v(2,y,1)dy. Here the index y indicates
that we deal with a time-scale obtained from the y-component of the spin
polarization. We can now proceed to evaluate also the y-component of the spin
polarization of the carriers which are reflected and can proceed to evaluate
the y-component of the spin polarization of the carriers that are in the past
incident from contact 2 (large positive y) and in the future will be transmitted
into contact 1 (large negative 1) or will be reflected back into contact 1. We
can summarize the results in the following manner: there are a total of four
spin polarizations to be considered, each of them determined by a partial
density of states
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;
_ 1 (gt 9% _ 9%y
viowy, ) = i <Sa5 V() oV(y) Sas (9.12)

of carriers that are incident at contact 3 = 1, 2 and eventually in the future are
transmitted or reflected into contact o = 1, 2. Formally, the timescales related
to precession in the local magnetic field at y can be introduced which are re-
lated to the partial densities of states via, 7, (c,y, 8) = (h/|Sag|*)v(a,y, B)dy
where |S,3/? is the transmission probability 7 if o and 3 are not equal and
is the reflection probability R if « and [ are equal. Thus with each element
of the scattering matrix we can associate a partial density of states. Later we
discuss the properties of the partial densities of states in more detail.

Next we consider the spin polarization in the z-direction. For the car-
riers incident in contact 1 and transmitted into contact 2 we find that the
z-component of the transmitted carriers is determined by

h ho 18517 = S5 )?
(s:)21 = (¥1lo:ihr) = 21 2 (9.13)
2 2 (18512 + 155,12

Using ([@.6) we find

h
<SZ>1 = TT](2? yv 1)dey Ll (914)
where we call
1 68y 0S]
2. 0.1) = — i 21 1
n(2,y,1) A (Szl 5U (y) =+ 5U(y) Sm) (9.15)

the sensitivity of the scattering problem. Since the spin polarization of the in-
cident particles was originally along the z-direction only a small z-component
of the incident particle determines a spin rotation angle. We can formally in-
troduce a timescale 7,(2,y, 1) associated with spin rotation which is given by
7.(2,y,1) = (h/T)n(2,y,1)dy. Again we can ask about the z-polarization of
reflected particles and can ask about the z-polarization of particles incident
from the right. The results are summarized by attributing each scattering
matrix element S,z a sensitivity

.
_ 1 [ 8Sap | 95
nlewy,f) == <Sa55U(y) sy ) (9.16)

which determine the timescales 7.(«a,y, 8) = (h/|Sas|*)n(a,y, B)dy. Finally,
we can determine the spin polarization in the z-direction. This component
is reduced from its initial value both because of spin precession in the x—y
plane and because of the rotation of spins into the z-direction. Since we have
at every space point

()2 + (5,02 + (s.)*> = h?/4, (9.17)
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it follows immediately that the time scale 7, is related to the two timescales
introduced above by
Ty = (7'3 + 722)1/2 . (9.18)

Using the expressions for 7, and 7, given above, we find for the timescales 7,
the following expressions:

1/2
b [ 8S.s 0SLs
0B = |2 <5v<y> Vi) 919

We reemphasize that neither the partial densities of states nor the sensitivities
are in general positive. In contrast, 7, (c,y, ) is positive for all elements of
the scattering matrix.

9.3 Absorption and Emission of Particles: Injectivities
and Emissivities

Before discussing the partial densities of states in more detail it is of interest
to investigate the absorption of particles in a small scattering region [20]. We
assume that in a narrow interval [y, y+dy] there exists a nonvanishing absorp-
tion rate I'. Thus the potential V(y) is equal to Vy(y) — ¢hl" in the interval
[y, y + dy] and is equal to Vy(y) outside this interval. To solve the scattering
problem, we need to find the scattering matrix Sgg(E, V(y)) in the presence
of this complex potential V (y). Of interest here is, as in [20], the limit of small
absorption. The case of strong absorption is also of interest but thus far has
been used only to discuss global properties and not the local quantities of
interest here [21 22]. For a small absorption rate, we can expand the scat-
tering matrix Sgﬁ(E, V(y)) in powers of the absorption rate away from the
scattering problem in the original real potential V. We obtain

Sas(E,V(Y)) = Sap(E, Vo(y))
+ ih[éSaﬁ(E, V(y))/éV(y)]|V(y):V0(y)['dy —+ ... (9.20)

We note that the adjoint scattering matrix has to be evaluated in the potential
V*(y) and hence

Sad (B, V(y)) = S!4(E, Vo(y))
— ih[0S] 4 (B, V()/0V )] lv(y)=vom L dy + .- (9.21)

With these results it easy to show that the transmission and reflection prob-
abilities in the presence of a small absorption in the interval [y, y + dy] are

|Sas(E VW) = 1Sas(E, Vo(y)*(1 — I'v(a,y, f)dy) , (9.22)
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where |S,5(E, Vo(y))|? is the transmission probability 7 of the scattering
problem without absorption if o and ( are different and is the reflection
probability R of the scattering problem without absorption if o = . The
incident current j;,, must be equal to the sum of the transmitted current jr,
the reflected current ji and the absorbed current jr,

Jin=Jr+Jjr+Jir. (9.23)

Using ([@20) and taking into account that the incident flux is normalized to
1, we find for carriers incident from the left or right § = 1,2 an absorbed flux
given by

where v(y, ) is called the injectivity of contact 3 into point y. The injectivity
of the contact is related to the partial densities of states via

vy, ) =Y v(a,y,5). (9.25)

[e3

In our problem with two contacts the injectivity is just the sum of two partial
densities of states.

Another way of determining the absorbed flux proceeds as follows. The
absorbed flux is proportional to the integrated density of particles in the
region of absorption (in the interval [y, y + dy]). The density of particles can
be found from the scattering state 1g(y) given by (@I)-(@4). For carriers
incident from contact 3, the absorbed flux is thus

1
irw.p) =1, [Ys(y)dy - (9.26)
8

Note that here the density of states 1/hvg of the asymptotic scattering region
appears. It normalizes the incident current to 1. Thus we have found a wave
function representation for the injectivity. Comparing (0.23) and (@.22) gives

V. B) =y T (9.27)

The total local density of states v(y) at point y is obtained by considering
carriers incident from both contacts. In terms of wave functions, v(y) is for
our one-dimensional problem given by

v(y) = ! 2
() ;hvgltbﬁ(y)l : (9.:28)

Thus the total density of states is also the sum of the injectivities from the
left and right contacts
v(y) =Y vy, f) . (9.29)

B
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There is now an interesting additional problem to be addressed. Instead of
a potential which acts as a carrier sink (as an absorber) we can ask about
a potential which acts as a carrier source. Obviously, all we have to do to
turn our potential into a carrier source is to change the sign of the imaginary
part of the potential. With a a carrier source in the interval [y,y + dy] we
should observe a particle current toward contact 1 and a particle current
toward contact 2. We suppose that carriers are incident both from the left
and the right and evaluate the currents in the contact regions. The total
current injected into the sample at y is

Jin(y) = I'v(y)dy . (9.30)

Taking into account that the incident current is normalized to 1 the current
Jout(B,y) in contact § due to a carrier source at y is given by

Jour(eny) = 1= |shs(E, V() (9.31)
B8

due to the modification of both the transmission and reflection coefficients.
Using (@.20) (with I" replaced by —1I") gives

jout(aa y) = _FZ V(Oé, yvﬁ) dy = —FV(O(, y) dy . (932)
B

The current in contact « is determined by the emissivity v(c, y) of the point y
into contact a.. Note the reversal of the sequence of arguments in the emissivity
as compared to the injectivity. Thus the emissivity is like the injectivity a sum
of two partial densities of states,

via,y) = Z v(a,y, 8) . (9.33)

B

For a scattering problem in the absence of a magnetic field, the injectivity
and emissivity are identical. If there is a homogeneous magnetic field present
they are related by reciprocity: the injectivity from contact « into point y is
equal to the emissivity of point y into the contact o in a magnetic field that
has been reversed, v p(y, o) = v_p(a,y).

We have thus obtained a hierarchy of density of states: at the bottom are
the partial densities of states v(«, y, 8) for which we describe both the contact
from which the carriers are incident and the contact through which the carriers
have to exit. On the next higher level are the injectivities v(y,«) and the
emissivities v(c«, y). For the injectivity, we prescribe the contact through which
the carrier enters but the final contact is not prescribed. In the emissivity, we
prescribe the contact through which the carrier leaves but the incident contact
is not prescribed. Finally, on the highest level is the local density of states v(y)
for which we prescribe neither the incident contact nor the contact through
which carriers leaves.
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For simple scattering problems (delta functions, barriers) the interested
reader can find a derivation and discussion of partial densities of states in
9. 10, 23].

Returning to timescales: we have shown that the partial densities of states
are associated with spin precession. It is tempting, therefore, to associate
them with a time duration. However, as can be shown, the partial densities
of states are not necessarily positive. (The simple example of a resonant dou-
ble barrier shows that one of the diagonal elements v(«,y,«) has a range
of energies where it is negative [20]). The injectivities and emissivities are,
however, always positive. The proof is given by (@.25). We can associate a
local dwell time 7p(y,3) = hwp(y, ) with the injectivity which gives the
time a carrier incident from contact 8 spends in the interval [y,y + dy] ir-
respective of whether it is finally reflected or transmitted. Similarly, we can
associate a dwell time with the emissivity which is the time carriers spend in
the interval [y, y + dy] irrespective from which contact they entered the scat-
tering region. There is little question that the dwell times have the properties
which we associate with the duration of a process: they are real and posi-
tive. However, as explained they do not characterize transmission or reflection
processes.

9.4 Potential Perturbations

Thus far our discussion has focused much on the partial densities of states.
The sensitivity introduced as a measure of the spin rotation in the Lar-
mor clock has, however, also an immediate direct interpretation. We have
seen that the partial densities of states are obtained in response to a com-
plex perturbation of the original potential V(y). The sensitivity comes into
play if we consider a real perturbation 0V of the original potential. Thus
if we consider a potential which is equal to V(y) + dV in the interval
[y,y + dy] and equal to V(y) elsewhere the transmission probability 7V
in the presence of the perturbation is 7V = 7 + 4mn(a,y, )6V dy, with
a # (. The reflection probability is RY = R + 4mn(a,y,a)sVdy. Since
also TV + RV = 1 we must have n(y) = n(a,y,8) = —nl(a,y,a). For
our scattering problem, described by a 2 x 2 scattering matrix there ex-
ists only one independent sensitivity 7(y). In the Larmor clock the sen-
sitivity corresponds to spin rotation and the fact that there is only one
sensitivity follows from the conservation of angular momentum: the weak
magnetic field cannot produce a net angular momentum. If carriers in the
transmitted beam acquire a polarization in the direction of the magnetic
field then carriers in the reflected beam must have a corresponding polar-
ization opposite to the direction of the magnetic field. In mesoscopic physics,
in electrical transport problems, the sensitivity plays a role in the discus-
sion of nonlinear current—voltage characteristics and plays a role if we ask
about the change of the conductance in response to the variation of a gate
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voltage [24]. Below, we will not further discuss the sensitivity, but we will
present a number of examples in which the partial densities of states play a
role.

9.5 Generalized Bardeen Formulae

It is well known that with a scanning tunneling microscope (STM) we can
measure the local density of states [25]. STM measurements are typically
performed in a two terminal geometry, in which the tip of the microscope
represents one contact and the sample provides another contact [25]. Here we
consider a different geometry. We are interested in the transmission probability
from an STM tip into the contact of a sample with two or more contacts as
shown in Fig. Thus we deal with a multiterminal transmission problem
[10]. If we denote the contacts of the sample by a Greek letter o = 1,2, .. and
use tip to label the contact of the STM tip, we are interested in the tunneling
probabilities 7,4, from the tip into contact « of the sample. In this case,
the STM tip acts as carrier source. Similarly we ask about the transmission
probability Ti,. from a sample contact to the tip. In this case, the STM
tip acts as a carrier sink. Earlier work has addressed this problem either
with the help of scattering matrices, electron wave dividers, or by applying
the Fermi Golden Rule. Recently, Gramespacher and the author [10] have
returned to this problem and have derived expressions for these transmission
probabilities from the scattering matrix of the full problem (sample plus tip).
For a tunneling contact with a density of states v;, which couples locally at
the point x with a coupling energy [¢| these authors found

Tiipa = 472 vy |t (2, ) | (9.34)
Tatip = 471—2 V(O(, {E) |t|2 Vtip - (935)

In a multiterminal sample the transmission probability from a contact « to
the STM tip is given by the injectivity of contact a into the point = and

5
s | Tip

M1 Y t L

X

Fig. 9.2. Partial density of states measurement with a scanning tunneling micro-
scope (STM). The tip of an STM couples at a point x with a coupling strength ¢ to
the surface of a multiterminal conductor. The contacts of the conductor are held at
potentials pn = eV, and the tip at potential uz = eVip. After [10]
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the transmission probability from the tip to the contact « is given by the
emissivity of the point z into contact «. Equations ([@34]) and ([@35) when
multiplied by the unit of conductance e?/h are generalized Bardeen conduc-
tances for tunneling into multiprobe conductors. Since the local density of
states of the tip is an even function of magnetic field and since the injectivity
and emissivity are related by reciprocity we also have the reciprocity relation
lzzipa(B) = lzjxtip(_B)

The presence of the tip also affects transmission and reflection at the
massive contacts of the sample. To first order in the coupling energy |t|?
these probabilities are given by

|Sct)¢l§|2 - |Saﬁ|2 _47'('2 y(a,:mﬁ) |t|27/tip : (936)

The correction to the transmission probabilities « # ( and reflection prob-
abilities a« = ( is determined by the partial densities of states, the coupling
energy and the density of states in the tip. Note that if these probabilities are
placed in a matrix then each row and each column of this matrix adds up to
the number of quantum channels in the contacts.

9.6 Voltage Probe and Inelastic Scattering

Consider a two-probe conductor much smaller than any inelastic or phase
breaking length. Carrier transport through such a structure can then be said to
be coherent and its conductance is at zero temperature given by G = (e?/h)7T,
where 7 is the probability for transmission from one contact to the other.
How is this result affected by events which break the phase or by events
which cause inelastic scattering ? To investigate this question, [26] proposes
to use an additional (third) contact to the sample. The third probe acts as
a voltage probe, which has its potential adjusted in such a way that there
is no net current flowing into this additional probe, Is = 0. The current
at the third probe is set to zero by floating the voltage usz = eV3 at this
contact to a value for which I3 vanishes. The third probe acts, therefore, like
a voltage probe. Even though the total current at the voltage probe vanishes
individual carriers can enter this probe if they are at the same time replaced
by carriers emanating from the probe [26]. Entering and leaving a contact are
irreversible processes, since there is no definite phase relationship between a
carrier that enters the contact and a carrier that leaves a contact. In a three-
probe conductor, the relationship between currents and voltages is given by
Io = > 5GapVs where the Gop are the conductance coefficients. Using the
condition I3 = 0 to find the potential V3 and eliminating this potential in the
equation for I or I; gives for the two-probe conductance in the presence of
the voltage probe

Ga3 G31

G = —Go — .
2 Gy + G

(9.37)
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For a very weakly coupled voltage probe we can use ([@.34)—(@.36]). Taking into
account that Gos = —(€2/h)|Sas|? for a # 8 we find

e2

G=* (7_4772 P (2, 2, 1) — ”(2’“3:)("”’”]> L (939

Here v(x) is the local density of states at the location of the point at which the
voltage probe couples to the conductor. Equation ([0.38) has a simple interpre-
tation [26]. The first term 7 is the transmission probability of the conductor
in the absence of the voltage probe. The first term inside the brackets pro-
portional to the local partial density of states gives the reduction of coherent
transmission due to the presence of the voltage probe. The second term in the
brackets is the incoherent contribution to transport due to inelastic scattering
induced by the voltage probe. It is proportional to the injectivity of contact
1 at point z. A fraction v(2,z)/v(z) of the carriers which reach this point,
proportional to its emissivity, are scattered forward and, therefore, contribute
to transport. Notice the different signs of these two contributions. The effect
of inelastic scattering (or dephasing) can either enhance transport or diminish
transport, depending on whether the reduction of coherent transmission (first
term) or the increase due to incoherent transmission (second term) dominates.

Instead of a voltage probe, we can also use an optical potential to simulate
inelastic scattering or dephasing. However, in order to preserve current, we
must use both an absorbing optical potential (to take carriers out) and an
emitting optical potential (to reinsert carriers). The absorbed and reemitted
current must again exactly balance each other. From ([@.23) it is seen that
the coherent current is again diminished by I'v(2,z,1), i.e., by the partial
density of states at point x. The total absorbed current is proportional to
I'v(z,1), the injectance of contact 1 into this point. As shown in Sect. a
carrier emitting optical potential at © generates a current —I'v(1, ) in contact
1 and generates a current —I'v(2,x) in contact 2. It produces thus a total
current —I'v(z). In order that the generated and the absorbed current are
equal we have to normalize the emitting optical potential such that it generates
a total current proportional to I'v(x,1) (equal to the absorbed current). The
current at contact 2 generated by an optical potential normalized in such
a way is thus —I'v(2,z)v(z,1)/v(x). The sum of the two contributions, the
absorbed current and the reemitted current gives an overall transmission (or
conductance) which is given by ([@.38) with 47|t|? replaced by I'.

Thus the weakly coupled voltage probe (which has current conservation
built in) and a discussion based on optical potentials coupled with a current
conserving reinsertion of carriers are equivalent [27]. There are discussions
in the literature which invoke optical potentials but do not reinsert carriers.
Obviously, such discussions violate current conservation. A recent discussion
[28], which compares the voltage probe model and the approach via optical
potentials, does reinsert carriers but does this in an ad hoc manner. In fact,
[28] claims that the Onsager symmetry relations are violated in the optical
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potential approach. This is an incorrect conclusion arising from the arbitrary
manner in which carriers are reinserted.

We conclude this section with a cautionary remark: we have found here
that the weakly coupled probe voltage probe model and the optical potential
model are equivalent. But this equivalence rests on a particular description
of the voltage probe. There are many different models and even in the weak
coupling limit our description of the voltage probe given here is not unique.
The claim can only be that for sufficiently weak optical absorption and rein-
sertion of carriers there exits one voltage probe model which gives the same
answer. Differing weak coupling voltage probes are discussed in [29].

9.7 AC Conductance of Mesoscopic Conductors

In this section we discuss as an additional application of partial densities
of states briefly the ac conductance of mesoscopic systems. We consider a
conductor with an arbitrary number of contacts labeled by a Greek index
a = 1,2,3.... The problem is to find the relationship between the currents
I, (w) at frequency w measured at the contacts of the sample in response to a
sinusoidal voltage with amplitude V3(w) applied to contact 3. The relationship
between currents and voltages is given by a dynamical conductance matrix [7]
Gap(w) such that Io(w) = 375 Gap(w)Va(w). All electric fields are localized
in space. The overall charge on the conductor is conserved. Consequently,
current is also conserved and the currents depend only on voltage differences.
Current conservation implies Za Gap = 0 for each . In order that only
voltage differences matter, the dynamical conductance matrix has to obey
> 3 Gop = 0 for each a. We are interested here in the low-frequency behavior
of the conductance and therefore we can expand the conductance in powers
of the frequency [6],

Gap(w) = Glp — iwEas + Kagw? + O(w?) . (9.39)

Here Ggﬁ is the dc conductance matrix. E,g is called the emittance matrix
and governs the displacement currents. K, g gives the response to second order
in the frequency. All matrices G5, Eop and Ko are real.

We focus here on the emittance matrix E,g. The conservation of the total
charge can only be achieved by considering the long-range Coulomb interac-
tion. Here we describe the long-range Coulomb interaction in a random phase
approach (RPA) in terms of an effective interaction. The effective interaction
potential g(z’, ) has to be found by solving a Poisson equation with a non-
local screening term. The effective interaction gives the potential variation at
point ' in response to a variation of the charge at point x. With the help of
the effective interaction we find for the emittance matrix [0]

Eag = € [ / dev(a,z, B) — / da'dev(e, o) g(a',0) v(z, B)| . (9.40)
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Here the first term, proportional to the integrated partial density of states,
is the ac response at low frequencies, which we would have in the absence
of interactions. The second term has the following simple interpretation: an
ac voltage applied to contact 8 would (in the absence of interactions) lead
to a charge built up at point x given by the injectivity of contact 3. Due to
interaction, this charge generates at point 2’ a variation in the local potential
which then induces a current in contact « proportional to the emissivity of
this point into contact «. The effective interaction has the property that at
an additional charge with a distribution proportional to the local density
of states gives rise to a spatially uniform potential, [ dz'v(z')g(2’,z) = 1
for every z. This property ensures that the elements of each row and each
column of the emittance matrix add up to zero. In particular, if screening is
local (over a length scale of a Thomas Fermi wavelength) we have g(z/,2) =
§(2’ — x)v~1(x). In this limit, the close connection between (@.40) and (3.35)
is then obvious.

9.8 Transition from Capacitive to Inductive Response

The following example [30] provides an instructive application of the ac
conductance formula (@40). Consider the transmission through a narrow
opening shown in Fig. Carrier motion is in two dimension through a
potential U(z,y) which has the form of a saddle with a height Uy. The con-
ductance (transmission) through such a narrow opening (a quantum point
contact) has been widely studied and is found to rise steplike [31] as a func-
tion of the potential Uy with plateaus at values G = (2¢?/h)N corresponding
to perfect transmission of IV spin degenerate channels. Here we are interested
in the emittance E as a function of Uy. We consider the case that Uy is so
large that transmission is completely blocked and then lower Uy such that the
probability of transmission probability 7 gradually increases from 0 to 1.

We introduce two regions (27 and (2, to the left and the right of the
barrier, respectively. Instead of the local partial density of states we consider
the partial density of states integrated over the respective volumes (21 and (2.
Thus we introduce Dokg = [ o dxdyv(a, x,y, 5). We furthermore introduce
the total density of states D of the two regions. We assume that the potential
has left-right symmetry and consequently the density of states in the regions
2y and 25 are D1 = Dy = D/2. Reference [30] evaluates the partial densities
of states semiclassically. We find that carriers incident from contact 1 and
transmitted into contact 2 give rise to a partial density of states in region 1
given by Da11 = 7 D;/2. To determine Daq2, we note that in the semiclassical
limit considered here, there are no states in {21 associated with scattering from
contact 2 back to contact 2, hence it holds Dy15 = 0. With similar arguments
one finds for the semiclassical PDOS

Dos = Dip (T/2+60p(RSar = T/2)) , if 0,3 #3. (9.41)
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RS

Fig. 9.3. Charge dipole across a saddle point constriction. p1 = eV; and ps = eVa
are the potentials of the contacts, §U; and dUz are local potentials. The dashed lines
are the equipotential lines of the equilibrium potential. After [30]

From (@41) we obtain for the emissivity into contact 1 from region 1 and
injectivity from contact 1 into region 1, D§; = D!, = (1/4)(1 + R)D and
obtain for the emissivity into contact 1 from region 2 and the injectivity into
region 1 from contact 2, D, = D%, = (1/4)7 D. Instead of the full Poisson
equation the effective interaction [30] [6] [32] is determined with the help of a
geometrical capacitance C. For a detailed discussion we refer the reader to
[30, B2]. Due to charge conservation we have E = Ey; = Fas = —Ej2 = —Eo
with

E = (RC, — DT?/4) . (9.42)

Here C;' = R™1(C~'4(e2D/4) ") is the effective capacitance of the contact.
It is proportional to the reflection probability and proportional to the series
capacitance of the geometrical capacitance C' and the “quantum capacitance”
e2D. If the contact is completely closed we have R = 1, 7 = 0 and the
emittance is completely determined by the capacitance C),. If the channel is
completely open we have R = 0, 7 = 1 and the emittance is F = —D/4. Tt
is negative indicating that for a completely open channel the ac response is
now not capacitive but inductive . Thus there is a voltage Uy for which the
emittance vanishes. For a simple saddle point potential, the behavior of the
capacitance and emittance is illustrated in Fig. The dotted line shows
the conductance, the dashed line is the capacitance C,,, and the full line is
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the emittance as a function of the saddle point potential Uy. The emittance
is capacitive (positive) for a nearly closed contact and changes sign as the
transmission probability increases from near 0 to 1. The emittance shows
additional structure associated with the successive opening of further quantum
channels.

A similar transition from capacitive to inductive behavior is found in the
emittance of a mesoscopic wire: Guo and coworkers [33] investigate the emit-
tance of a wire as a function of impurity concentration. A ballistic wire with
no impurities has an inductive response, a disordered metallic diffusive wire
has a capacitive response. Experiments on ac transport in mesoscopic struc-
tures are challenging and we can mention here only the work by Pieper and
Price [34] on the ac conductance of an Aharonov—Bohm ring, work by Melcher
et al. [35] on the low-frequency impedance of quantized Hall conductors and
recent work by Regul et al. [36] on quantum point contacts.

Our simple example demonstrates the difficulty in associating a time with
a result obtained by analyzing a stationary (or as here) a quasistationary
scattering problem. The emittance divided by the conductance quantum e?/h
has the dimension of a time. (In the noninteracting limit e?/C << 4/D we
have [37] E/(e?/h) = (R — T)7p/4 where 7p is the dwell time in the two
regions {21 and (25.) But since this “time” changes sign such an interpretation
is not appropriate. Furthermore, in electrical problems the natural “times”
are RC-times if the low-frequency dynamics is capacitive or an R/L-time if
it is inductive. The fact that we describe here a crossover from capacitive to
an inductive-like behavior demonstrates that neither of these two timescales
can adequately describe the dynamics.

9.9 Partial Density of States Matrix

Thus far the main aim of our discussion has been to illustrate the concept of
partial densities of states with a number of simple examples. We now would
like to point to some important extensions of this concept.

Quantum mechanics is a theory of probability amplitudes. We can thus
suppose that our initial state is a scattering experiment which is described
by a superposition ¥(y) = ag¥s(y) + a,¥,(y). Here ¥g and ¥, are two scat-
tering states describing particles incident in channel 5 and in channel v with
amplitudes ag and a,. Often such superpositions are eliminated since we can
assume that each incident amplitude carries its own phase ¢g and ¢,. We
suppose that ag = |ag|'/? exp(i¢p) and a., = |a,|'/? exp(i¢.) and that these
phases are random and uncorrelated. Thus, if an average over many scatter-
ing experiments is taken, we have (e/?se~1%7) = 0, and consequently we find
that (| (y)|?) = |ag|?|¥s|* + |ay|?|¥|? is the sum of scattering events in the
different quantum channels. However, as soon as we are interested in quan-
tities which depend to fourth (or higher) order on the amplitudes, then even
after averaging over the random phases of the incident waves we find that
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eUy (meV)

Fig. 9.4. Conductance of the saddle point constriction (dotted line) in units of
2¢?/h, capacitance and emittance (dashed and full curve) as a function of the height
of the saddle point potential Uy. In the range of voltages shown, three quantum
channels are opened. After [30]

scattering processes which involve two (or more) incident waves matter. For
instance consider (| (y)|2[@(y")?) — (|@(y)[*){|¥(y')|?) which is determined
by lag|?|ay @5 (y)¥y (y)Ps(y" )3 (y') + h.c.. This expression describes a cor-
relation of the particle density at the points y and y’. Obviously, for such
higher-order correlations superpositions are very important even if we asso-
ciate a random phase with each incident scattering states and take an average
over these phases.

We can relate such density fluctuations to functional derivatives of scatter-
ing matrix expressions. To describe density fluctuations of scattering processes
with an incident carrier stream from channel § and 7, we consider

_ 1 (g 95ay _ 9S8k

Note that two different scattering matrices enter into this expression. The
connection to the scattering states is determined by the relation

> vlay, B,y) = (1/h)(vsvy) " U5 ()0 (y) - (9.44)

[e3
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Here vg and v, are the (asymptotic) velocities of the carriers in the scattering
channels 3 and v far away from the scattering region. Equation (@44]) was
given in [38] and a detailed derivation of this relation is presented in [39].
The expressions v(a, y, 3,7) can be viewed as the off-diagonal elements of
a partial density of states matrix. In ([0.44)) we take the sum over outgoing
channels. The resulting matrix is the local density of states matrix. Using

O43) in ([@44) we find,

V(ya ﬂa’}/) = Z V(Oé, yvﬁv 7) = _2;[_” Z (Slﬁ ;5((1;)) ’ (945)

[e3

where we have taken into account that the scattering matrix is unitary.

Let us now consider the total density of states matrix. The fluctuations
of interest are then the total particle number fluctuations in the scattering
region 2, D(8,v) = [, dyv(y, 8,7). Furthermore, if the volume of integration
is sufficiently large, we can, in WKB (Wentzel-Kramers-Brillouin) approxima-
tion, replace the functional derivative with respect to V' with a derivative with
respect to energy. The matrix which governs the fluctuations in the particle
number in the scattering region then becomes,

1 dSq
D) = 1, 3 (805 ) - (9.46)

Equation ([@.40) is the Wigner—Smith delay time matrix (apart from a factor
h) [40]. We have earlier emphasized that the appearance of the energy deriva-
tive is a consequence of approximations (here the fact that we consider the
WKB limit). We also mention that strictly speaking, here we do not consider
a “delay.” We do not compare with a reference scattering problem (a free
motion) as is typically done in nuclear scattering problems. Equation ([@.40])
determines a total time or absolute time and we should more appropriately
call it the absolute time matrix instead of the delay time matrix.

We conclude by briefly discussing the Wigner—Smith matrix for a tunnel
barrier. For a symmetric barrier with transmission and reflection probability
T and R the scattering matrix has elements S1; = Soy = —iv/R exp(i¢), and
So1 = S12 = VT exp(i¢) where ¢ is the phase accumulated during a reflection
or transmission process. Thus the elements of the Wigner—Smith delay time

matrix (0.40) are

1 dé 1 1 4T

11 22 27TdE7 12 21 A \/RTdE

(9.47)

To be specific consider now the case of a tunnel barrier. In the WKB limit we
have R ~ 1 and T = exp(—2S5/h) with S = [ dyv/2m+\/V (y) — E where the
integral extends from one turning point to the other. We have d¢/dE = 0 and
using the expression 77 = m [ dy(v/2m+/V(y) — E)~! for the traversal time
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of tunneling gives d7 /dE = (271 /h)7. Consequently, the diagonal elements
of the Wigner—Smith matrix vanish and the nondiagonal elements are

Dy =Dy = VT (9.48)
2mh

Thus while the the average density inside the barrier vanishes (the trace of
the Wigner—-Smith matrix is zero) the off-diagonal elements are nonzero and
indicate that the fluctuations of the charge will in general be nonvanishing
even deep inside the classically forbidden region.

We mention a number of transport problems in mesoscopic physics in
which the Wigner—Smith matrix, (@4@) (or more generally the partial density
of states matrix, (@45)) plays a prominent role. Random matrix theory has
been extended to permit the calculation of the entire distribution function of
delay times [41] for structures whose dynamic is in the classical limit chaotic
(chaotic cavities). This work treats structures in which carrier propagation is
in an allowed energy region.

The partial density of states matrix has been used in [38] to obtain the
second order in frequency term of the ac conductance (see ([@39)). Reference
[42] investigated the current induced into a nearby gate due to charge fluc-
tuations in quantum point contacts and chaotic cavities. More recently, the
charge fluctuations in two nearby mesoscopic conductors were treated and the
effect of dephasing due to charge fluctuations was evaluated within this ap-
proach [43] [39]. The results can be compared with other theoretical works [44]
and with experiments [45]. The quantum measurement problem, a two-state
system coupled to a mesoscopic conductor described by a general scattering
matrix is treated by Pilgram and Biittiker [46] who derive a general expres-
sion for the Heisenberg efficiency of the detector in terms of the Wigner—Smith
matrix. The role of screening (interactions) is discussed in [47]. Clerk, Girvin,
and Stone [48] discuss the information theoretical aspects of this problem and
Clerk and Stone [49] investigate the effect of phase breaking and inelastic
scattering on the efficiency of the detector.

Of considerable interest is a theory of quantum pumping in small systems.
In quantum pumping one is interested in the current generated as two param-
eters (gate voltages, magnetic fluxes) which modulate the system are varied
sinusoidally but out of phase. Brouwer [50], Avron et al. [51], Shutenko et al.
[52], and Polianski and Brouwer [53] develop a theory which is based on the
modulation of the partial densities of states discussed here. Expressions for
the pump current, the heat flow, and the noise in terms of the diagonal and
off-diagonal elements of the partial density of states matrix, (@.48]) of an adi-
abatic quantum pump are given by Moskalets and Biittiker [54]. Particularly
revealing is the investigation of a quantum pump in the presence of oscillating
contact potentials. In this case the ac currents generated in the contacts of
the sample interfere with the quantum pump [55]. Again the partial density
of states play a prominent role.
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9.10 Local Friedel Sum Rule

We have discussed the connection of partial density of states with the Wigner—
Smith delay matrix, or more precisely, its local version. In solid state physics
the connection between scattering data and the (charge)-density is known as
Friedel sum rule [56]. We can now similarly derive a connection between partial
densities and the local density matrix [38] [9, 57, [58]. Namely, if we combine
@44) and ([@45) and integrate over an (arbitrary) volume (2 of interest we
have

! Sy ()W, (v __1 sy (gt 0Sa~
h(vgvy)1/2 /Qd W5 ()W, (r) 2Wi%:/nd (SaﬁW(r)) . (9.49)

For v = (3 the left-hand side is just the contribution of the scattering state with
carriers incident from contact 3 to local density in 2. Equation ([@49) shows
that similar relations apply even for products of two different wave functions,
i.e., to the off-diagonal matrix elements of the charge density operator. A
simplification occurs if we take the volume {2 to be large. In fact if {2 is large
it will intersect our sample far in the asymptotic regions. Suppose then that
we define the scattering matrix such that it describes exactly the phases and
amplitudes for scattering from one of these intersections to another. We can
then replace the functional derivative with respect to the local potential on
the right-hand side with an energy derivative to obtain [9] 58],

1 *

W) 12 /Q dPrW(r)W, (r) = s'ds/dE + (s — sT)/4E. (9.50)
The first term on the right-hand side is just the Wigner—Smith matrix, (0.44).
The second term represents an interference term which arises since we ask
about the density in a finite, well-defined volume. Such interference terms
were discussed for a reflection problem by Leavens and Aers [5], by Gasparian
et al. [9], and more recently for scattering problems on networks by Texier
and the author [58]. We remark that here it is the absolute densities and
phases which are important, in contrast, to the typical discussion in scattering
theory in which differences of densities and phases of a problem with and
without scattering are evaluated. The integrated version of the Friedel sum
rule, ([@5H0) is especially useful since it relates integrated densities directly to
energy derivatives of the scattering matrix. On the other hand, many problems
require knowledge of local densities and it is then necessary to calculate either
wave functions or functional derivatives of the scattering matrix making use of
([@49). The scattering matrix contains knowledge only of states which connect
to the contacts of the sample (asymptotic scattering regions). We cannot
extract information from the scattering matrix on states which are entirely
localized within the sample. Therefore, there are limits on the validity of (@.49)
and (@.50). We refer the interested reader to [58].
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9.11 Discussion

The Larmor clock and its close relatives have become one of the most widely
investigated approaches mainly in order to understand the question: “How
long does a particle traveling through a classically forbidden region (a tunnel
barrier) interact with this region?”. We have already in the previous sections
pointed out that there is no consensus in the interpretation even of this simple
clock. Regardless of these difficulties the investigation of the Larmor clock has
been helpful in understanding a number of transport problems: In particular,
we have discussed a hierarchy of density of states as they occur in open mul-
tiprobe mesoscopic conductors. These density of states are directly related
to local Larmor times. We have shown that a small absorption or a small
emission of particles can be described with these densities (or in terms of the
Larmor times). We have shown that the transmission probabilities through
weakly coupled contacts like the STM is related to these densities. We have
shown that a weakly coupled voltage probe, describing inelastic scattering or
a dephasing process can be treated in terms of these densities. We have also
pointed out that the ac conductance of a mesoscopic conductor at small fre-
quencies can be expressed with the help of these densities. Furthermore, we
have indicated that it is useful to consider also the off-diagonal elements of a
partial density of states matrix since this permits a description of fluctuation
processes. Thus there is no question that the investigation of the Larmor clock
has been a very fruitful and important enterprise.
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10.1 Introduction

As we already pointed out in the introduction, the understanding of time ob-
servables in quantum mechanics has been hindered by the early appreciation
that there could be no such “observable” in the standard, von Neumann for-
malism. A statement of such a view is that provided by Pauli [I], whereby a
self-adjoint positive operator cannot have a self-adjoint conjugate operator.

This did not prevent some adventurous souls from trying to propose op-
erators with the required characteristics of time. Among these, a very spe-
cial mention of Aharonov and Bohm is required [2]. They considered the
symmetric quantization of the phase space function which, in the free par-
ticle case, provides us with the time of arrival at a point y of a parti-
cle that at the instant ¢ = 0 has position x and momentum p, namely,
m(y — x)/p. Their main concern was to estimate uncertainties and to investi-
gate the status and meaning of time—energy uncertainty relations. Later on,
several groups of researchers looked harder at the mathematical fine details
of the operator [3 [ Bl 6] [7, 8] ©]. As a result, the status of the Aharonov—
Bohm time-of-arrival operator as a maximally symmetric operator, with an
associated positive operator valued measure (POVM), has now been firmly
established.

On a different tack, Kijowski [10] introduced a probability density for times
of arrival of free particles from an axiomatic perspective. He thus concluded
that he had obtained a time-of-arrival operator, and gave an explicit expres-
sion in the energy representation, pointing out that the correct commutation
relation is indeed fulfilled. He also signaled the fact that no self-adjoint ex-
tension could exist (see also [I1]), and pursued other possible routes (later
retaken in [7]). He also studied the relativistic case.

I. L. Egusquiza et al.: “Standard” Quantum-—Mechanical Approach to Times of Arrival,
Lect. Notes Phys. 734, 305-332] (2008)
DOI 10.1007/978-3-540-73473-4 10 (© Springer-Verlag Berlin Heidelberg 2008
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After introducing Kijowski’s distribution for the free particle, we shall
present a short introduction to the concept and mathematics of POVMs,
including the case of continuous POVMs, which will be illustrated with the
example of the momentum on the half-line. Without delving too deeply in
the mathematics of Naimark’s dilation theorem, we shall use it in the same
physical context. Armed with all these concepts and examples, we shall then
show that the Aharonov—Bohm time-of-arrival operator is a maximally sym-
metric operator to which those constructions are applicable. In order to show
the generality of the concept of POVM for understanding time, we shall also
discuss several other examples of time operators.

Once the time-of-arrival POVM for the free case has been well established,
we will proceed to identify the associated probability distribution with that
postulated by Kijowski on axiomatic grounds [I0]. In this manner, Kijowski’s
operator is identified with Aharonov and Bohm’s for the free particle case. An
alternative construction using arrival states will be introduced that generalizes
the time-of-arrival distributions for the interacting case. We shall see that in
general it is not possible to associate POVMs to these distributions. However,
the “operator normalization” of Brunetti and Fredenhagen [12] will allow
us to recover a setting for them within standard quantum mechanics. We
shall see also that this concept combined with a model for time-of-arrival
detection using fluorescence photons provides an operational procedure to
measure Kijowski’s distribution.

The purpose of this chapter is to include at least some embodiment of
time observables, in particular time-of-arrival observables, within a very slight
mathematical extension of “standard” quantum mechanics, understood as de-
fined by von Neumann [I3] and others. We shall limit ourselves to this partic-
ular approach to times of arrival, and we direct the reader to a review of time
of arrival in quantum mechanics with a wider scope than this work M

10.2 Kijowski’s Time-of-Arrival Distribution

Kijowski [I0], in an attempt to formulate a realistic interpretation of the
time—energy relation, proposed a probability density for times of arrival of a
free particle, that we shall henceforth be calling Kijowski’s distribution. His
approach consisted in identifying some minimum properties that the distri-
bution of times of arrival fulfills in the classical free case, and then demand
them of a quantum-mechanical probability density, again for the free parti-
cle. In a more detailed manner, Kijowski proved the following theorem (in a
three-dimensional version that we will obviate): consider the set of continuous
positive bilinear functionals F' of wave functions v with support restricted
to positive momentum, bilinears which are invariant under space translations,

! For other recent, complementary views and discussions on the quantum arrival
time see [15] [16] and further references below.
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such that for any normalized wave function ¢ it is the case that [ dt Fyy] =1,
where 1); is the evolved state from the initial state ¢y = 1. Additionally de-

mand that F[y)] = F[¢)] and that the dispersion, defined as

/_:O dt t> Fap;] — (/_:O dt tF[gbt]) 2

be finite. Then there is a specific functional Fy for which this variance is min-
imum; the average value [ dt¢F|[y] is constant over this class of functionals;
and the functional Fj has the following expression:

Foliy] = / D2 ) o2 ()

2mmh

(notice a slight deviation from the notation of Kijowski; we denote by ¥ (p)
the wave function in the momentum representation, normalized to unity). The
integration variables run from 0 to infinity, since this functional is defined
only on functions with support on positive momenta. The probability density
of arrivals for these states, with support on positive momenta only, is thus

defined as
> P _ip*t/2mh
d P
/0 p\/27rmhe v(p)

The average of t with IT f , [dttll f (t), coincides with the “average” computed
with the current density J(t), even though J(¢) is not necessarily positive
Notice also that we are dealing with the case of free motion, which means that
the p component of the evolved state 1), is related to the p component of the
initial (¢ = 0) state ¢ through

be(p) = e P2 ()

Kijowski pointed out that ITX(¢) regards only arrivals from the left, but
that arrivals from the right lead by symmetry to an analogous expression,
IT (t). In this way, he obtained a total probability density for arrivals at time
t at position x = 0 of a freely moving particle in one dimension, as follows:

2
K (5 > p —ip2t/2mh
1T (t) }/0 dp\/zwmhe ¥(p)

IS (t) = T (t,4) = Folvn] =

2 0
P _ip*t/2mh
+/700 dp\/%mhe ¥(p)
Since a (good) bilinear functional has been defined over the space of states
of the free particle, Kijowski concludes that an operator has been obtained
that fulfills the characteristics we desire of a time-of-arrival operator. However,
this operator cannot have any self-adjoint extension, as he proves by going
to the energy representation, which we will be reexamining later. How does
this fact tally with the existence of a perfectly well-defined procedure for
assigning probability densities of times of arrivals to each state? Is this not
an observable? The answer to these questions lies in the concept of POVM.

2 This property is used in Chap.
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10.3 POVMs

When first presenting quantum mechanics to undergraduates, it is rather usual
to state that the correspondence between observables and self-adjoint opera-
tors is due to the fact that in experiments we measure real numbers. When
the level of mathematical sophistication increases, the association between
observability and self-adjointness is referred to the probabilistic definition of
quantum mechanics (see [I7] for an enlightening axiomatic presentation of
quantum mechanics as a probabilistic theory—for a Bayesian perspective see,
for instance, [18]). In actual fact, however, the real reason underlying the usual
presentation is the spectral theorem that, in broad terms, states that the mo-
ments of the probability distribution for the measurement of an observable do
coincide with the operator moments, if the associated operator is self-adjoint.

What is indeed demanded by the probabilistic character of quantum me-
chanics? The probability p, for the outcome of an experiment to lie in a subset
o of the range of possible values for an observable is linear with respect to the
density matrix p, which implies that for each subset o there exists an operator
A, in such a way that the probability is given by

P = Tr(Ap) . (10.1)

Now, for disjoint subsets of possible values of the observable, the probabilities
must be additive for all states, whence it follows that Agug/ = A + Ag/ (if
oNo’ = (). Even more, the additivity of the operators must be inherited from
that of the subsets of possible values, so, for instance, A\gug/ = A\g if o’ Co.
Next, since probabilities sum to one for every state p, i.e.,

1:ZpG:Tr <Zz&,ﬁ>

for all p, it must be that
YA, -1

Furthermore, since probabilities are positive, zzl\g must be a positive operator
for every o which is a subset of the set of possible values of the observable.

It thus follows that an observable is characterized by its range of possible
values and by a map from subsets of the set of possible values to the space of
positive operators, in such a way that the additivity of the sets is respected
by the operators and the positive operator associated with the whole set of
possible values is the unit operatoré)

3 Tt is possible to extend even further this general result by considering the possi-
bility that none of the possible values is measured, because of the unavailability
of the system or for dynamical reasons. Such an extension is indeed considered by
Hardy [17] and others [19], and, implicitly and in a different context, particularly
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This result is encoded in the sentence “each observable is associated to a
positive operator valued measure (POVM),” which is precisely that mapping
from intervals of the real line (or a more general Borel space, if an abstract
treatment is necessary) to positive operators that has been presented above.

As a simple example of a POVM, let us consider the following set of two
by two matrices:

—~ 1/10 —~ 1/00 —~ 1/11 —~ 1/1 -1
Ml:2(00> ’ M2:2(01> ’ M3:4<11) ’ M4:4<—1 1 > '

(10.2)
They are positive (since all four matrices are in fact a positive constant times
a projector), and they add up to the unit matrix. In this case, the probability
p; of obtaining the outcome a; associated with the i-th operator is Tr(]\/iiﬁ)
for the two by two density matrix p. .

There is an operator associated with this example, namely A= ZZ 1 aiM;.

Under the assumption that the possible outcomes are real numbers, it is indeed
a self-adjoint operator. Wherein lies the difference with the older standard
approach? The average value of the observable is of course

él’iaz Z%Tr M;p) = <<Z ai ) ﬁ) —Tr (Zxﬁ) .

However, the second moment is

4 4
St =T ((z ﬂ) a) |
=1 =1

which is most definitely not equal to Tr (ﬁzﬁ) for all p. This is due to the

fact that the positive operators above are not orthonormal projectors.

The common objection against understanding each of the four matrices
as associated to distinct possible outcomes of the observable is that the lack
of orthogonality would not allow such a discrimination between the different
outcomes. This objection can however be surmounted by introducing either an
ancillary system or an extended set of states for the measuring apparatus. Let
us now consider the second possibility. Imagine that we have a quantum mea-
suring apparatus and a two-level system coupled to this apparatus. Consider
further that the measuring apparatus has four possible distinct orthogonal
pointer states, and, associated with these, four projectors E;. Denote with U
the unitary evolution of both system and measuring apparatus, and assume
that the initial state is ps ® pa, that is to say, the product state of the ap-
paratus state p, and the system state ps. The probability that the apparatus
provides us with the i-th outcome is

relevant for the topic of times of arrival, by [20]. Note that in this presentation,
we have implicitly assumed the conditions required for Gleason’s theorem and its
extensions for POVMs, such as that of Busch [19].
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pi = Troq (17,65 ® paU' (1 ® EZ)) _
— 12, (p. (T (01 EiD))) = T, (33

where . IR
M, = Tr, (f;aUT EiU) .

Given this example, one could argue that POVMs are simply the conse-
quence of having traced over some additional ancillary system, or that they
appear because we are interposing some quantum measurement between the
system and the observer. This is not the correct place to address the quan-
tum theory of measurement. Let us simply note that indeed POVMs can be
understood as associated to “unsharp” measurements [2I] or “nonideal” mea-
surements [22], and this has been a very active area of research since the
fundamental insights of Davies, Ludwig, Holevo, and others [23] 24] 25]. A
somewhat recent result in this context is for instance Paul Busch’ extension of
Gleason’s theorem to “effect valuations” (i.e., functionals over POVMs) [19].

We should also mention a very nice example of an experimental setup
which makes full use of the concept of POVMs (even though the authors
assert their dislike for this name!), presented in [26].

There is a further use for the concept of POVM, in a context where the
connection to the quantum theory of measurement is not at all clear: there
are measurements which are intrinsically associated with POVMs, and for
which there is no underlying sharp observable with which to compare the in-
completeness of the resolution of the identity. For instance, as mentioned in
Paul Busch’ chapter, phase observables. Mathematically, we will be consid-
ering the case of maximally symmetric operators in an infinite dimensional
Hilbert space.

10.3.1 Maximally Symmetric Operators: Momentum
on the Half-Line

Consider the momentum operator p = —ihd, defined on a dense domain
of the Hilbert space of square integrable functions on the half-line, H~ =
L? (R*,dz). More precisely, it is defined on D(p), the subspace of square
integrable absolutely continuous functions ¢ whose derivative is also square
integrable, and such that ¢ (0) = 0. Clearly, this operator is symmetric on
its domain. Let us write down a set of generalized (weak) eigenfunctions that
provide us with a resolution of the identity. The adequate set, which does
not belong to the Hilbert space and is parametrized by real p, is given by
V() = exp(ipr/h)/v/2mh, as is only to be expected. They form a complete
basis, since [*_ dpy,(2/)¢p(2) = 8(2' —x). However, they are not orthogonal
(in the generalized sense):

1 1

LS 1 ,
| e @) = =), P L
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where P stands for principal part. This is evidently different from the usual
constructions for self-adjoint operators.

Let us now pass on to the position operator Z, defined on those square inte-
grable functions on the half-line, ¢ € H-~, such that fooo dx 22 (z)|* < +oo.
This operator is self-adjoint on its domain. Additionally, it is true that
[Z,p] = ih on a dense domain. However, in the case at hand the position oper-
ator is bounded from below, and Pauli’s theorem therefore applies. It follows
that pis not a self-adjoint operator and admits no self-adjoint extension in H~ .

We shall now rephrase the statements of the previous two paragraphs in
a different way. The domain of the operator adjoint to p, i.e., pf, according to
von Neumann’s formula, is D(p) @ N (i) ® N(—i), where N(+i) are the spaces
of eigenvectors of p! with eigenvalues +i, respectively. This comes about be-
cause, even though p, being symmetric, has no imaginary eigenvalues, its ad-
joint does have eigenvectors with imaginary eigenvalues. As a matter of fact,
the functions exp(iAz/h), with A a complex number with positive imaginary
part, are all of them eigenvectors of p' of eigenvalue \. Notice that the dimen-
sion of N (), the space of eigenvectors with eigenvalue A, is the same for all
A with positive imaginary part. This is called the first deficiency index of the
operator p, while the second one is the dimension of the space of eigenvectors
for any given eigenvalue of negative imaginary part, in our case, 0. That is,
the deficiency indices of p are (1,0). But self-adjoint operators have deficiency
indices (0, 0), as do essentially self-adjoint operators, which, although not self-
adjoint, have a unique self-adjoint extension, namely, their closure. If we were
to build a self-adjoint extension of p we would need to include somehow those
elements of D(p') that are not in D(p), but in such a way that the imaginary
parts compensate. When the deficiency indices are equal, this is achieved by
the use of a unitary transformation from N(X) to N(A) (this is the von Neu-
mann theory of self-adjoint extensions, whereby each self-adjoint extension in
the Hilbert space of definition of an operator over a dense domain, with equal
defect indices, is given by a unitary transformation between the deficiency
subspaces). As the deficiency indices in our case are different, it is not possi-
ble to extend p to include an action over the whole of the domain of D(p') such
that the imaginary parts compensate. Since p is a closed operator, symmetric
over its domain, which is dense in H~, and its deficiency indices are unequal,
one of them being 0, we say that it is a maximally symmetric operator, and
the previous result is that it admits no self-adjoint extension over H- .

Retaking the complete set of generalized eigenfunctions ,(z), we can
construct a POVM F. The concept has been introduced in the preceding
section, and illustrated for the discrete case. In the present case, the POVM
is a map from intervals in the real line to the positive operators over a Hilbert
space that satisfies the properties presented above: the map for our case is
given by

b %) %)
(6P ([a, b)) = / dp / do / dy ()b (@) () y)
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over all ¢,7 € Hs. This map sends intervals of the real line to positive
operators acting on H~, which add together when the intervals are disjoint,
and which add to the identity operator when summed over the real line,
because of the completeness proved above. This differs from the usual decom-
positions for self-adjoint operators in that it does not fulfill the property that
the positive operators be projectors, i.e., in our case F([a,b])? # F([a,b]),
because of the lack of orthogonality shown above.

Now we have the POVM associated with p, we can reconstruct the operator
and the probability distribution of its values. The action of the operator is
given by

Fow = [ T / " dypy @)y (9) ()

The probability distribution for its possible values over a state ¢ is

-/ ™ dey @)ol@)|

Notice that this indeed satisfies all the requirements for it to be a probability.

Let us see in more detail the relationship between the probability den-
sity and the POVM. We have written above the expression for the action of
F([a,b]). Symbolically, we can write F(dp), and its expectation value on a
state ¢ is

cin(e—y)/h
(@|F(dp)y / dx/ dy p(z ok o(y)dp

The expression just written defines in fact (¢|F(dp)y), for all “decent” states
|¢) and |¢), and therefore the whole POVM. This comes about as follows. Let
lp1) = [9) + |¢) and [2) = |¢) +i[¢)). On the one hand,

I, (p)dp = I14(p)dp + IL,(p)dp + (S| F(dp)) + (Y| F(dp)¢) .
On the other,
M, (p)dp = ITs(p)dp — 1, (p)dp + i(¢|F(dp)y) — i(y|F(dp)e) ,

whence it follows

(I () — Ty () — (1 — )Ty (p) — (1+8)ITy(p)) dp .

IFAp)Y) =,

Furthermore, the domain of the operator associated with the POVM is also
defined by II;(p): by integration by parts it can readily be seen that the do-
main of the operator p is precisely the set of states 1) for which the second mo-
ment of the probability distribution I, (p) is finite, and there it coincides with
lpw||?. Therefore, the probability density written above defines the POVM
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and the operator with it associated. Notice also that the probability density
need not be a continuous function. The only requirement is that I, (p)dp be
a good measure on the real line.

Another important property of the POVM is covariance under displace-
ments of momenta, which reflects the commutation relation [Z,p] = ih.
Namely, it is readily computed that, for all real g,

(e’ F ([a,0])e™ /M) = (S| F([a + 4, b+ a)) -

In terms of the probability density, the statement is that
Iy, (p) = Iy(p+q) ,

where 1, = e~ "4%/M) is the shifted state.

The probability density, written above for the case of pure states, can
be easily generalized to mixed states. Let p(y,x) be the matrix elements of
the density matrix p in the position representation. The probability density
associated with this density matrix is then

cip(a—y)/h
1,(p) = / do / dy © o(y,7) .

In what follows we will use only pure states in the discussion, bearing in mind
that the generalization to mixed states is straightforward.

It would seem that something akin to the spectral theorem of self-adjoint
operators has been achieved, and this is indeed the case. The difference, how-
ever, lies in that the expectation value of higher-order powers of p on a state
¥, (1, p™p), does not necessarily coincide with the corresponding moment of
the distribution 1Ty (p), i.e., [*_dpp"Il,(p), for n > 3. For the case at hand,
for instance, this happenb already for n = 3 if ¢'(0) # 0. As a matter of
fact, in such a situation the expectation value for ° has an imaginary part.
Nonetheless, the measures of momenta can be readily associated with Ty (p),
which carries the relevant physical information. As such, there is no further
need to complicate the situation by requiring ancilla or further detailed de-
scription of the measurement process; at least, not more detailed than what
we normally require for the analysis of momentum in the full line.

10.3.2 Naimark’s Dilation Theorem

Even so, we would normally like to understand the constructions above in
terms of the more usual recipes for self-adjoint operators. We shall now make
essential use of the uniqueness theorem for POVMs of maximally symmetric
operators: given a maximally symmetric operator A over a Hilbert space H,
there is a unique POVM, F4 (unique up to isomorphisms), such that its first
operator moment coincides with the operator, and that the set of states over
which the second moment exists is precisely the domain of A [21] [27]. This
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means that if we are to construct by whichever means a POVM such that it
fulfills these conditions, we will be obtaining again the same POVM.

Moreover, Naimark’s dilation theorem tells us that any POVM associated
with a symmetric operator defined on a dense subset of H can be constructed
from a self-adjoint extension of the operator to a larger space H, as follows:
let E be the projection valued measure of the self-adjoint extension (i.e., a
POVM that satisfies the further requirement that E([a,b])? = E([a,b])), and
P the projection operator from H to M. Then F([a,b]) := PE([a,b]) is a
POVM associated with the symmetric operator.

As a consequence, if we are to build a self-adjoint extension of p in a larger
space, we reproduce the unique POVM and the whole of the physical content
of the operator from the usual analysis for the self-adjoint extension and a
projection. Notice however that the possible extensions are infinite. Not so
the POVM, and that makes the freedom of choice of extension even more
interesting.

Back to the case of p = —ihd, defined on the half-line, we see that there is
a simple possibility: to extend the operator to the full line, i.e., —ihd, defined
on a dense subset of H = L?(R,dz). Naturally enough, the action of this
operator on the elements of D(p) is the same as that of p, so it is an extension.
This is not the only self-adjoint extension on the whole real line, of course. As
a matter of fact, the deficiency indices for the direct sum of the momentum
operators on the positive and negative half-lines are (1, 1), thus signaling that
a one-dimensional continuum of alternative self-adjoint extensions exist. They
differ by the presence of a jump function located on x = 0. However, most
natural is the momentum on the full line, defined over absolutely continuous
functions, i.e., with no jump on x = 0. This is a self-adjoint operator, for
which the standard spectral analysis is applicable.

More concretely, the projection valued measure E is given by the expression

b %) %)
(O E([a, b)) = / dp / d / Ay (1) (2) ()0 ()

with 1, (z) = exp(ipz/h)/V/27h, as before, but now defined over the whole
real line. The projection P in our case is simply (Pv)(x) = O(x)p(x), with
© being Heaviside’s step function.

The probability distribution for the momentum operator over the whole
real line for a state ¢ is of course the modulus squared of the wave function
in the momentum representation, and its restriction to states that belong
to D(p) is none other than the probability distribution associated with the
POVM.

We see then that the reason we could not do the standard analysis for
the momentum operator on the half-line is that we are being, in a way, far
too restrictive in the behavior near x = 0 of the states on which it can act.
There is a reminder of the full line, seen for instance in the principal part that
forbids orthogonality, or in the fact that the higher moments of the probability
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distribution do not in general agree with the expectation value of powers of
the restricted momentum operator. If our states were such that the function
1 and all of its derivatives were zero at x = 0, there would be no problem
with the higher moments, and we would get no imaginary part for the powers
of p over such states. However, such a strong restriction on the allowable wave
functions would cut out many physically sensible cases.

Let us now write slightly more formally the extension procedure we have
performed to reobtain and interpret the probability density: we have started
with a maximally symmetric operator p = —ihd, acting on the dense do-
main D(p) C H~ = L? (R*,dx), with deficiency indices (1,0). We have then
considered an extension in L? (R, dx), making use of the isomorphism

L?(R,dz) = L* (RT,dz) ® L* (R™,dz) .

The extension has been the natural one, i.e., —ihd, on the full line (although,
as we repeatedly stated, this is not the only possible extension; another easy
choice would have been some extension of p@®(—p) , for instance). The standard
spectral analysis for this operator produces the probability density, which,
when restricted to Hs., gives ITy(p), the probability density out of which the
POVM for the operator we started from can be built.

10.4 The POVM of the Aharonov-Bohm Time Operator

Within the long-running discussion on the concept of time in quantum me-
chanics, and in particular with respect to the status of the time—energy un-
certainty relations, Aharonov and Bohm introduced in an important paper
[2], among other questions, “a clock” to measure time from the position and
momentum of a freely moving test particle. The corresponding operator was
obtained by a simple symmetrization of the classical expression my/p,,, where
y and p, are, respectively, the position and momentum of the test particle. By
the same token, the operator obtained by symmetrizing the classical expres-
sion for the arrival time at = 0 of a freely moving particle having position
2 and momentum p, t = —ma/p, is given by [5] 28]

Tap = _T;‘ @' +p'7) ,

Note the minus sign in comparison to the clock time in [2]. In spite of the
somewhat subtle difference (in concept and sign) with the original time oper-
ator introduced in [2] we shall refer to this operator as the Aharonov-Bohm
(time-of-arrival) operator. Without regard for topological considerations, it
is clear that it has the correct commutation relation with the free particle
Hamiltonian on the line, Hy = p?/2m, namely

[Ho, Tap) = ih
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(notice that in Heisenberg’s picture this entails that deB(t) /dt = —1, so
it flows contrary to parametric time, which is the correct sign for a time of
arrival). It is thus a good candidate for a time operator, with the plausible
physical interpretation, given by the correspondence rule, that it is related
to the time of arrival (notice that other quantization rules might possibly
give a different result, although this is the operator obtained not just by
the symmetrization rule, but also by applying Weyl, Rivier, or Born-Jordan
quantizations [29]). However, it also follows, from Pauli’s theorem, that it
cannot be a self-adjoint operator acting on a dense space.

Let us then examine first the question of the domain of T4 3. In order to do
that, it is useful at this point to consider the Hilbert space of the free particle
in the momentum representation, H, := L?(R,dp) (on this space we know
how p~! acts, thanks to the spectral theorem). Formally, we then obtain

7 ihm (1 20
— - .
Ap 2 \p? pop

There are other alternative expressions, such as —ihmp~1/29,p~1/2 which
would be valid for p > 0, or for p < 0 by analytic continuation, see, e.g., [3].
At any rate, fAB understood as a differential operator presents a singular
point at p = 0, and this is the source of all the difficulties that have appeared
in the literature.

The differential operator written above can only be applied to absolutely
continuous functions, but there are further requirements. One such is that
Tapv belongs to Hy, i.e., that it be square integrable. This poses a restric-
tion due to the singularity of the operator at p = 0. On computation, one finds
that the singularity is avoided if the function ¢ has one of the following possi-
ble behaviours close to p — 0: either ¢ (p) ~ p'/2, or 9(p) /p*/? — 0. However,
this is not enough to fix the domain of the operator, as Paul noticed long ago
[11]. Given that, at least formally, T4 5 is symmetric, this should also be a re-
quirement on its domain. Integration by parts, and demanding that <<p|f4 BY)
be equal to (fABgokp) for all ¢ in the domain of fAB, leads us to exclude the
first possibility, thus defining the domain of fA B, D(fA B), as the set of abso-
lutely continuous square integrable functions of p on the real line, such that
Y(p)/p*/? — 0 as p — 0 and | Tapy|? is finite. As for the alternative ex-
pression —ihmp~/20,p~1/2, let us ask that (O(p) — iO(—p))v(p)//|p| be
absolutely continuous for ¥ to be in its domain. This, together with the fur-
ther requirement of symmetry, leads us to a domain that coincides with that
of T'ap. Since the respective actions also coincide over this domain, we see
that they are but equivalent differential expressions for the operator, once the
adequate domain is taken into account.

In order to apply von Neumann’s formula, we have to check whether there
are states ¢ in H, such that for all ¢ € D(Tup) the following expression
holds:

Wl (Tap+i) ¢) =0,
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since then ) is an eigenvector of fl;B with eigenvalue i. Analogously, we
also have to study the case with eigenvalue —i. By integration by parts, and
application of the condition that all functions in D (T4 p) satisfy, namely, that
©(p)/p*? tends to zero as p tends to zero, it is found that there are two
independent eigenvectors with eigenvalue i, and none with eigenvalue —i. The
relevant eigenvectors are

b (p) = O(£p) v/ Ape P /2

Notice that, contrary to the expectations of some authors [30] [3 [4], both of
them have to be taken into account: there are no requirements of derivability
or continuity for the functions in the domain of the adjoint.

The deficiency indices are therefore (2,0), and we have a maximally sym-
metric operator. As we have seen in the previous section, this implies that no
self-adjoint extension can exist, and we should redo for this case the analysis
performed for the momentum operator on the half-line. However, the most
convenient way of doing that is by passing to the energy representation, as
was already pointed out by Allcock in his seminal work [3T] [32] B3], and em-
phasized again by Kijowski [I0} B4]. This change of representation is useful,
from the mathematical point of view, because it implements a theorem [27]
which states that a simple symmetric operator with deficiency indices (n,0)
can be decomposed as a direct sum of n operators with deficiency indices
(1,0). Since each of these is in fact isomorphic to the momentum operator on
the half-line, we will be able to use directly the previous results.

The change of representation corresponds to the decomposition of the
Hilbert space H, into the subspaces of positive and negative momentum,
ie.,

L?(R,dp) = L* (R",dE) @ L* (R",dE)
=HidH_,

where the first subspace is that of positive momenta, whereas the second
corresponds to negative p. The explicit isomorphism is given by

¥+ (E) = (m/2E)"*p(£V2mE) |

o) = (") [ownes (2) vocme (2]

where ¢ € Hp, 1+ € Hy, and the isomorphism relates ¢ < (¢4, 9_). The fac-
tor E~1/4 is due to the change in the measure from dp to dE and reciprocally
for the factor (|p|/m)1/2. The interesting point is that given this isomorphism,
the time operator of Aharonov and Bohm takes the form —ihdg. The domain
of the operator, D(Tap), is sent by the isomorphism into the direct sums of
square integrable absolutely continuous functions in each subspace, such that
for each subspace we have the restriction that ¢, (E)E~'/? — 0 as E — 0.
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But this is exactly the case considered above, since the requirement 1,,(0) = 0
and the square integrability of ¢/, (E) imply the restriction stated before. In
other words, we have the isomorphism

Tap = (—ihdg) @ (—ihdg) =Ty & T_ |

where fi are isomorphic to the momentum operator on the half-line.

Therefore, the constructions carried out in the previous section can be im-
mediately translated to this situation, but taking into account that the energy
spectrum is degenerate whereas the position spectrum is not. For instance, the
complete nonorthogonal set of generalized eigenfunctions 1, is doubled here
into a set with a continuous parameter ¢ (the notation is intended to be sug-
gestive) and a discrete one, with values + or —, as follows:

(t) _ 1 iEt/h )
W0E) = [y, e

1 .
v(E) = <0, B ﬁ) .
(E) V2rh
In what follows we will not make the explicit distinction between the element
of the full Hilbert space and its component, if only one is zero.
These functions transform under the isomorphism to give the following
expressions:

and

~ v 1/2 .2
bO(p) = 6lap) (00 ) e, (10.3)

As Dirac’s notation will also prove useful in this context later, we shall also
denote these functions as

(plt,a) =4 (p) . (10.4)

thus defining the state |t, a).
It is straightforward to prove completeness, i.e., Y, ffooo dt 1[)3) (p’)djg) (p) =

(p — p'). Alternatively, 3>, [*_dt o (E") ¢ (E) = §(E — E')1, where 1 is
the two by two identity matrix (6(F — E’)1 is the identity operator on the full
Hilbert space Hy @ H_). In Dirac’s notation,

Z/ dt|t,a)(t,a| = 1.

Nonorthogonality is also a direct translation:

) / dEE (E)yw® (E) = / dp ") () (p) =
1

B N
_25m (6(t t>+7rPt—t')'
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It now behooves us to compute the POVM or, alternatively, the probability
distribution for measured values of the T'4p operator from which it can be
readily recovered. By direct translation, we can write the probability density as

0 e—z‘Et/h
dE E
/0 Jorh Yy (E)

oodE e—iEt/h 5
/0 Vorh v-(B)

2
+

K _
iy, (1) =

2

)

in the energy representation, or as

> p 1/2 ip2t/2mh ’
[T () )| -
0

2mmh

0 p vz 2
/ dp (%mh) e~ (p)

in the momentum representation. Using Dirac’s notation, it would read

I (8) = |{t, +) | + 1t —|o))* -

IS (t) =

3

This is, of course, the same as Kijowski’s probability density, introduced in
Sect. The essential property of covariance under transformations gen-
erated by the Hamiltonian is also evident and a direct translation of the
covariance property signaled in the previous section. Physically, it means that
the probability of arriving at ¢ for a given state is equal to the probability of
arriving at ¢ — 7 for the same state evolved a time 7. This is the reflection on
the probability density of the canonical commutation relation [H,Tsp| = ih.

The domain of fA B, now defined through the POVM, can be characterized
as the set of elements of the Hilbert space for which ffooo dt Hf (t)t? is finite,

and this quantity defines (fA B@[J|fA pt) (thus realizing the minimum variance
demanded by Kijowski and Werner [10] [35]).

As before, we would like to understand all these constructions in terms
of a generalized self-adjoint extension, by using the uniqueness of the POVM
associated with a maximally symmetric operator, and Naimark’s theorem.
From the structure of the time operator of Aharonov and Bohm, namely
Tap = (—ihdg) ® (—ihdg) on L? (R*,dE) ® L? (R*,dE), it follows that
a natural and simple extension (natural in the sense of following the nat-
ural extension in the analogy) is the operator (—ihdg) @ (—ihdg) acting
on L? (R,dE) ® L* (R,dFE), which is obviously self-adjoint. In other words,
we have introduced negative energies, respecting the twofold degeneracy of
the initial spectrum. On this space the (doubled) Fourier transform acts as
a unitary transformation that provides us with the time representation of
the states, and the probability density for the time of arrival over a pure
state in this extended space is nothing but the modulus squared of the
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wave function in the time representation. Notice that the time representation
corresponds to the doubled space L? (R,dt) @ L? (R,dt). We reobtain the
by now usual probability density for time of arrival, by restriction to the
initial Hilbert space. The restrictions to the initial Hilbert space of the ap-
plications of the spectral theorem are therefore related to ij (t), as stated
before.

The problems that the vicinity of p = 0 (alternatively £ = 0) pose for the
analysis of the operator of Aharonov and Bohm are thus seen to be due to
the (physically imposed) restriction to the space of positive energies. There is
a reminder of the negative energies in aspects such as the nonorthogonality
of the set of generalized eigenfunctions, similarly to what happens in the
paradigmatic example of the previous section.

10.5 Other Time Operators

As the perusal of the table of contents of this volume will have made clear,
there are many different time observables to consider. This entails the pos-
sibility that there be several other time operators to consider as well. Many
of those have indeed been examined in Chap. B, and it is not necessary to
reproduce here a detailed analysis of all those. However, it is instructive to
consider a number of those from the point of view of POVMs. In particular,
Grot, Rovelli, and Tate [3] proposed a self-adjoint modification of Aharonov
and Bohm’s time-of-arrival operator that deserves some attention, and whose
structure can be better understood after analyzing an operator with dimen-
sions of time that appears in periodic systems.

10.5.1 Periodic Systems

Following Pegg [36], let us consider a finite or infinite dimensional system,
with a Hamiltonian bounded from below, whose spectrum is purely discrete.
Without lack of generality, we can assume that the ground state energy is
zero. Assume furthermore that all the other eigenvalues of the Hamiltonian are
commensurate. That is, all the eigenvalues E; can be written as E; = 2mhr; /T,
with r; a natural number, and T is the period. In this case, the following
POVM will provide us with something akin to a time operator:

dov —2mi(r;i—rj)a
F(da) =" e’ (re=r)e/T | B;) (Ey| .
]
It is clearly true that
ao+T
[ wlpas) =1 (10.5)
g

for all normalized states.
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The operator constructed from the POVM is thus

N ap+T 1 aog+T ) ( )/T
A= F(d = d TeminmrIel S | B (B . (10.
[ Rt = g [ daa et g g (106)

0 ]

This operator is not canonically conjugate to the Hamiltonian, as can be
readily computed:

[H, 4] = iny_ e 2ot/ T By (B = i (Jag)aol = 1), (10.7)
i#]

where we have used the definition

|a> _ Zef2friari/T|Ei> )

Observe that using this definition we can write A = %f;;O—FT da ala)(al,
and that the set {|)}ac[ag,a0+71) giVes us an overcomplete resolution of the

identity,
1 ao+T .
T/a dala){al = 1.

0

This lack of canonical commutation relations, however, comes about be-
cause of the periodicity of the system. The fact that the energy eigenvalues
are commensurate leads to recurrence, and it is impossible to make out, in
this context, in which particular recurrence we are, just from observing the
system itself. In order to appreciate this point better, consider the derivative
of the expectation value of the operator A over a generic state |1}, (A),

d(A)

V=1 [wlao)l? (10.8)

The last term can be understood as the probability density of measuring
as the value of A at time ¢ modulo the period. Thus, the expectation value
of A follows time unless the overlap with oy becomes big, which forces the
resetting of this system clock.

This example shows one way of spoiling the canonical commutation rela-
tion so as to obtain a time operator; clearly, this is not the only method.

In order to clarify the construction of Pegg, and to understand better
some of the subtleties in interpreting POVMSs physically, let us consider a
system with two degrees of freedom. Let the energy eigenstates be written as
|0) and |1). The Hamiltonian is thus H = hw|1)(1]. A state |«) is given by
la) = |0 + exp(—iwa)|1), which leads to A as follows:

~ 1 ao+T o o .
A= T‘/ao O[|O[><Oé| = (O[0+w)1+w (6 0|1><0| —e 0|0><1|) ) (109)
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None of the |a) states is an eigenvector of A. The commutator of the
Hamiltonian and A is easily computed to be

[H, A] = ih (e7 0 [1)(0] + ¢ |0)(1]) = ih (|a0><a0| . T) . (10.10)

Let us consider the probability for the state to be found in state «) if the
state of the system is a generic normalized (|3|>+ |y|?) state [1/) = 3|0), +~|1):
it is simply |(a|¥)|?/2 (because of normalization of |a)). Since we have a
resolution of the identity in terms of the states |«), we can actually define
a different probability: the probability density for the measurement adapted
to the POVM to produce the result a. This is given by the the probability
density P(«)

P(a) = 71,|<a|w>|2 = 71, (14 Bye™® + Bye™") . (10.11)

Notice that the probabilities mentioned pertain to different measurements. In
the first case, we are asking whether the state is « or not, with probabili-
ties [(a1)|?/2 and 1 — [{a|h)|?/2; the operator being measured is |a)(a|/2.
Whereas in the second case we are asking with which probability will the
outcome a be the result of measuring the operator A. The process of carrying
out a number of measurements of A adapted to the POVM provides us with
the density P(«), and the expectation value and the second moment of this
distribution are computed to be

ao+T ; X X
(a) = / daaP(a) = ap + Z - Z) (vBe™0 — Bye~"0) (10.12)

9
apo+T

Aa? = / da (o — (a))® P(a) =
ap
7T2 1 2 02 2iwagp ~ _—iwag 2 iwag
— a2 ¥ (7 G220 4 98 +29Be 0 £ (10.13)
+77%e 2 — 2 2)6P) (10.14)

On the other hand, one can obtain
(V] Alg) = ag + Z: - ; (yBe™ 0 — fyetwee) (10.15)
(AA)* = (| A%[0) — (] A]¢)? =
= sz (149787 =2y |8)* + B4 *0) | (10.16)

which differs in the variance. This comes about because the experimental
arrangement is dedicated to measuring A and not A2 in other words, the
measurement is unsharp.

Notice that in this case a self-adjoint operator has been constructed, which
is not canonically conjugate to the Hamiltonian. This should be compared to
the construction by Grot, Rovelli, and Tate [3].
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10.5.2 Grot, Rovelli, and Tate

Instead of the operator fA 5 of Aharonov and Bohm, which can be written in
the momentum representation as —ihmp~/29,p~1/2, Grot, Rovelli, and Tate

proposed the set of operators ﬁ, with momentum representation

fe — —ihm\/fe(p)ap\/fe(p) )

where f.(p) equals 1/p for |p| bigger than a given e, and is regular at the
origin.

These operators are thus self-adjoint, after the adequate choice of domains
and closure, and do not present the problems that Aharonov and Bohm’s
operator have. However, physically they are nowhere as useful as T4 g, because
a state which should be arriving very close to a given time has its arrival
distribution very much spread out from that maximum: Oppenheim et al. [4]
pointed out that the particle, at the predicted time of arrival, is found far
away from the point of arrival with probability 1/2. This should be compared
with the analysis of the generalized states |¢, ) in [28]. In fact, this quirk of
the eigenstates of T. is due to the following expression:

[Ho,T.] = ihpf(p).

As in the case of Pegg’s operator, Pauli’s theorem is circumvented because
the commutation relation is not canonical. This means that this operator does
not fully flow with time, and this is the source of the difficulties mentioned
before.

10.6 Arrival States

Let us consider again Aharonov and Bohm’s time-of-arrival operator. It sat-
isfies the canonical commutation relation only with the Hamiltonian of the
free particle. Indeed, it has been purpose-built for such an instance, and it
becomes meaningless in an interacting context. However, having been able
to understand fully this observable in the free case, we are even more con-
vinced that similar observables can be given meaning for all circumstances.
A generic axiomatic approach a la Kijowski seems somewhat misplaced, since
for the generic case it is not certain that a particle will arrive at a given point,
there is no Galilei invariance, the generic stationary state will be radically
different from the momentum eigenstates, etc. We are thus forced to think
anew.

For this purpose, it is useful to recall the expression of Kijowski’s distri-
bution in terms of the states |t, ), defined in (I0.3]) and (I0.4):
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I () = [t alp) . (10.17)

a=+

The (nonnormalizable) states |t,a) have been obtained as (generalized)
eigenstates of Aharonov and Bohm’s operatorE and thus are inextricably
tied to the free particle. Notice in particular that the covariance property
of Kijowski’s distribution is transmuted into

eiﬁ"s/h|t,a> =[t+s,a),

where again I;TO = p%/2m is the free particle Hamiltonian. It follows that we
could rewrite expression (017 as

() =Y 0. alg@) .
a==+

Further note that instead of the labels @ = =+, which refer to the sign of
the components of momenta that make up the states |t, @), we might as well
use labels § = {L, R}, standing for arrivals from the left (corresponding to
positive momenta) or the right (negative momenta). Additionally, let us re-
mark that in all the preceding discussion the point of arrival has been fixed
at the origin of coordinates, while further generality might be achieved by
simple translation. All this suggests that we give a special emphasis to the
state |0, ) = e "0t/P|t o) and its (spatial) translates. To remark this em-
phasis we shall denote those states as |vg ), which we will refer to as “arrival
states from the {left,right} at point 27, or as “crossing states.” The relevance
of these states for our purposes lies in the first place in the fact that the

(formal) operator
> v} Vsl
B

is a quantization of the classical observable J* — J%, where J% is the flux
of particles from the {left,right}. Secondly, the rewriting of Kijowski’s distri-
bution for the free particle, (I0.I7), in terms of the crossing states,

() = D (@(O)vse) vsel(t) (10.18)

B=L,R

brings forward a change of emphasis: whereas in (I0.I7) the time-of-arrival
distribution is obtained from the overlap of the initial wave function with the
states associated with arrival of free particles at the instant ¢, from the left
(o = +) or from the right (o« = —), in (I8 it is computed as the overlap

4 Normalizable states formed by their linear combination behave as expected for
an arrival state, and its arrival becomes arbitrarily sharp in space—time as shown

in [28].
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of the evolved wave function with the constant states that measure arrivals
(from the left, 5 = L, or from the right, 5 = R). As it stands, for the free
particle case, this rewriting is utterly irrelevant. Not so, however, in a more
general context.

The actual procedure of measuring times of arrival could be naively
described as follows: set up a good particle detector at the point of arrival,
prepare the state with whichever preparing procedure one desires, start run-
ning the clock whenever the preparing procedure has been carried out, and
note down the instant the detector clicks. This entails a “waiting” disposition
of the detector. On the other hand, an expression such as (I0.IT) pertains
to a “predictive” measurement of the density of arrivals, which implies full
knowledge of the evolution of the particle after a measurement. Imagine that
we prepare a state and erroneously assume that the particle will evolve freely,
while in fact there is a potential which randomly changes in time. The pre-
dictive measurement would undoubtedly fail, while the “waiting” procedure
would describe adequately the different arrivals. This second perspective could
be also termed “unconditional”: the arrival or otherwise of a particle at point
x is directly measured in physical space at every instant, using local defini-
tions that are in no way conditioned by the different potentials in which the
particle might be moving.

This point of view, insisting on the form ([I0.I]]) of Kijowski’s distribu-
tion and its extension to situations different from the free particle, has been
put forward in [20], inspired by Wigner’s formalization of the time—energy
uncertainty relation [37], and further developed in [38]. In this latter work,
the realization that there are many different alternative quantizations of the
classical observable J* — J% led the authors to an analysis of several pro-
posals for generalizations to the interacting case of Kijowski’s distribution
[39, [40] [41] [42], using the concept of “crossing state.”

On the strength of the analysis carried out in [3§], in which we found that
for the class of crossing states studied there only the one described above
had the correct behavior in quasiclassical situations, we suggest that the best
“deal’l description of the measurement of times-of-arrival we have so far
consists of (I8, applied also to non-free particles, i.e. with states |¢(¢))
evolved with arbitrary (one-dimensional) Hamiltonians.

The interpretation of expression ([0.I8]) must also change when applied
to the interacting case. In such a situation, it is no longer a probability

5 We use the term “ideal” to denote quantities that are computed intrinsically to
the system, i.e., without introducing further couplings to measurement apparatus
or ancillary systems. Please note that otherwise this term is very often value-
laden and has been used by various authors in many different ways. In particular,
in the literature “ideal” detectors often denote other quantum systems used for
measurement, whereas here we are asserting that at this level of abstraction there
could exist a detector for which the measurement procedure can be described with
variables intrinsic to the system. In this manner, the position operator, to give
but an example, has an associated ideal measurement procedure.
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density, but simply an arrival density. For instance, in the harmonic oscillator
there might be many arrivals, or it could happen that there is hardly
any transmission through a potential barrier, thus depleting the number of
arrivals.

This procedure, and the interpretation of IT,;(t) as an arrival density, sug-
gests another extension to the ideal description of times of arrival to the many
particle case. When we have a system with, say, two particles, our ideal de-
tector (see footnote []) might click twice at different times. As before, the
number of actual arrivals is highly dependent on the potential and the prepa-
ration state. In the case of several free particles, the integral fjooj dt IT, ()
should be exactly the number of particles present. The ideal detector being
considered would have an individual response to the arrival of each individual
particle, and thus should be represented by a one particle operator in the
formalism of second quantization.

Before addressing this construction in the next section, let us point out
that the analysis we have just carried indicates that observable quantities
need not be associated with POVMs in a simple manner. Consider the case of
one single particle in a scattering situation. The density of arrivals does not
normalize to one in general: the particle might be reflected, and no arrival
detected behind the scattering barrier. This implies that the naive POVM
would not be normalized to one, i.e. the sum of the components will not be
the identity. Brunetti and Fredenhagen have proposed a way out for this case:
suitably redefine the corresponding operator, obtained as the first operator
moment of the density of arrivals, or else as

~

+oo
Tz,arrivals - Z / dttUT (t)|’ng><Ug)r|U(t) ’

B=L,R”~

with U(t) the applicable evolution operator. This operator fm)arrivals has a
kernel (a null subspace: the set of states which it sends to 0). Consider the
pre-Hilbert space obtained by quotienting the whole Hilbert space by this
subspace. Complete it to a Hilbert space in the usual manner. A new oper-
ator T, is defined over this new space as follows: let [¢)] be an element of
the quotient Hilbert space with representative ¢ in the original space. Then
T! (4] = [Ty arvivaist]. This operator will have an associated POVM adequately
normalized.

If the possibility of many arrivals exists, a similar construction might be
carried out, by sectoring the Hilbert space into subspaces according to the
value of fj:oo dt IT, (t). It is however far simpler to concentrate on the sim-
ple definition of the density of arrivals, without needing to have recourse to
POVMs, except to justify that we remain in the realm of standard quantum
mechanics.

In a similar manner, we need not be concerned about the POVM character
or otherwise of an extension to the case of many particles, to which we now
direct our attention.
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10.7 Times of Arrival for Identical Particles

We have made more explicit the many particle distribution sketched above in
[43], of which this subsection is an abbreviated version. Following the standard
construction of the formalism of second quantization (see [44] for reference),
adequate for one particle operators, we define creation and annihilation oper-
ators ﬁg (x) and vg(x), as those that connect the crossing state |vg ) and the
vacuum state |0),

jv5,0) = 05(2)|0)  and  Fs(@)|vg,e) = |0) -

In terms of the creation and annihilation operators for plane waves, these
operators are written as

N +oo R “+o0 o 1/2 R
Uﬁ($)=/ dz(va,zlpm,,:/ dp( p) O(ap)e™*a, ; (10.19)

o . 2mhm

+oo “+o0 1/2 )
’\T ~t__ ap —ipr T
vg(z)= / dp <p|v5,m>ap—/ dp (%hm) O(ap)e~*al (10.20)

— 00

(remember the correspondence f =L — a=+and f =R < a=—).
Now, by inspection of expression (I0.1]]) and following standard procedure,
we define an arrival density at time ¢ at point x as

Hy(tx) = Y @(0)Io)(2)0s@) () - (10.21)

B=L,R

In this definition we have obviated all topological considerations of domains,
closure and the like.

Actually, when dealing with more than one particle, there are other observ-
ables related with times of arrival, such as the time—time correlation function.
The quantum-mechanical description and computation of those quantities is
carried out, in the formalism of second quantization, as expectation values of
products of operators in Heisenberg’s or interaction representation. For this
purpose it is convenient to define the arrival density operator at instant ¢ and
point x,

O(tx) =U'(t) Y oh@)s(@)U) =

B=L,R

|pq|1/2 i(q—p)a/hgt
dpdq , . Opa)e' »()ag(t) (10.22)

where @ (£) and @4 (t) are the time evolved creation and annihilation operators
for plane waves, with evolution operator U (t), i.e., al(t) = Ut (t)ajU(t) and
similarly @,(t) = UT(t)a,U(t). Notice that

y(t,2) = (Y| (L))
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which is an alternative formulation of the covariance property of the density
of arrivals. From these operators II(t,x) we can construct a time operator
that would be a generalization of Aharonov and Bohm'’s, as follows:

I A Ipg
T, = dttIl(t,z) = [ dtdpdq orh
oo whm

1/2 .
| O(pq)e TP/ MGl (H)a,(t) .

By construction this is simply a one particle operator, which coincides with
Tsp over states whose content is just one free particle. A particularly impor-
tant property of the arrival density operator is that the density of arrivals
IT,(t,x) over any state is covariant in time if the Hamiltonian is independent
of time (as has been assumed all along). Even though the properties of covari-
ance and positivity do not, by themselves, completely fix the density of times
of arrival, they are minimal requirements, the lack of which would seriously
impair any proposal.

For the sake of completeness, let us note down the flux operator for many
particles:

50,0 = 3 (P @00 — (.91 () 9la)) =
- 47r;im /dp dg ei(q—p)m/h(p+ q)ﬁ;f,b?q ) (10.23)

At other times one obtains j (£, z) as

1

jta) = UiV =,

[ dvdaeta gyl 0, 0.
(10.24)
(again assuming that the Hamiltonian is independent of time).

A straightforward comparison of ([022) and [[024) reveals that in IT we
compute a geometric mean, to be contrasted to the arithmetic mean charac-
ter of the flux operator. The quantities being averaged are the incoming and
outgoing momenta, weighed with an oscillatory factor dependent on the posi-
tion of arrivals. As a matter of fact, the comparison is not as straightforward,
since the density of arrivals is positive, whereas this is not the case for the
flux. We thus see that the arrival density operator can be understood as a
quantization of the classical flux, but, more adequately, as a quantization of
JE — JB where {JX, JB} are the fluxes of {left,right} going particles.

The numerical computation of densities of arrivals for symmetric and an-
tisymmetric states of two particles (required for bosons and fermions, respec-
tively) reveals the behavior one would normally expect [43]. The full bosonic
or fermionic character of the particles considered, however, will only be ap-
parent in an arrival-arrival correlation function; in particular in the two point
function R N

(| : II(t,0)I1(0,0) : |¢) (10.25)
where : : stands for normal ordering (notice that : ﬁ(t, O)ﬁ(O, 0) : is in fact
the two particle part of ﬁ(t, O)IAY(O7 0)).
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10.8 How can Kijowski’s distribution be measured?

Within the standard interpretation, the predicted values of observable quan-
tities are only realized when the “proper” measurement is performed. It is
important to keep this in mind to avoid conceptual pitfalls such as the idea
that a zero probability density at a point is not compatible with ITx different
from zero there; in fact it is, since the corresponding operators do not com-
mute. This has generated some debate [45] [46]. What a measurement for some
abstract operator should really be in practice is not something that follows
directly from the formalism, and in fact the absence of systematic recipes to
achieve that goal was seen by Wigner as a major drawback of quantum the-
ory [47]. In the particular case of the arrival time, the measurement model of
Chap. 8 [48], provides in principle a set of operations to measure Kijowski’s
distribution: Assume first a sharply defined laser-illuminated region for x > 0
and ground state atoms incident from the left with positive momenta. The dis-
tribution of first (fluorescence) photons is distorted with respect to an ideal
distribution, such as ITx, because of the backaction of the laser which in-
duces atomic reflection from the laser region at very low incident energies. By
enhancing the relative weight of low-energy components in the initial state
to compensate for these lossesE the first photon distribution coincides with
Kijowski’s [49].

If the laser-illuminated region has, more reallistically, a finite width, there
will be undetected atoms both because of too low or too high incident energies
with respect to the characteristic atom—laser interaction energy. Applying a
similar modification of the initial state to compensate for the two effects and
taking the limit of a point-like laser, Kijowski’s distribution is again obtained
[50], but now for states with both positive and negative incident momenta. An
extension to the case with potential interaction has been considered in [50].

10.9 Conclusions and Outlook

The different constructions presented in this chapter provide a good setting
for the time of arrival within the language of quantum mechanics, as the ideal
concept to which experiments might converge, in exactly the same manner
as operators such as the position operator provide the ideal concept to which
experiments might converge. In fact each relevant experiment will probably
have to be thought anew, and its most salient facts properly modeled. At
any rate, we believe ourselves justified in thinking that the long prevalent
view that there is no place for ideal time observables has been superseded,

6 This is formally done by the operator normalization procedure of Brunetti and
Fredenhagen [12] and requires the vanishing of wave packet component at zero
energy. In practice, the initial state modification, up to a normalization constant,
may be performed automatically, i.e., for arbitrary incident states, by “filtering”
the incident state with an appropriately chosen potential interaction previous to
the laser region.
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and that we do have the (admittedly elementary) tools for dealing with the
simplest ones without in any way distorting the standard framework of quan-
tum mechanics. Actually, measuring the ideal distribution of Kijowski in an
interesting case, i.e., when it differs significantly from the current density, is
still an open experimental challenge, but at least the limits in which an opera-
tional procedure would lead to that goal have been found. In a complementary,
opposite direction, we might also wonder what are present day time-of-flight
experiments actually measuring: what is the ideal quantity that we get from
them, possibly in some high accuracy limit? To answer this question it is nec-
essary to use models and describe specific measurements [52] 53] 54} B5] 56].
In particular, the measurement model in [48] [51] [57] has shown that from the
distribution of first spontaneous photons, and depending on the experimen-
tal setting (defined by different parameters such as laser intensity, incident
energy, laser detuning, or atomic lifetime) and on the realization of deconvo-
lutions to subtract expected measurement delays, different quantities may in
principle be obtained apart from arrival time distributions, such as current
densities, particle densities, kinetic energy densities and others [48] [58].

The theory of E. Galapon and coworkers [59] [60] 611 62} [63], based on self-
adjoint time-of-arrival operators for confined systems has also been shown to
lead to Kijowski distribution as the length of the confining box increases to in-
finity [62]. Moreover the confined time-of-arrival eigenfunctions evolve to have
point supports at the arrival point at their respective eigenvalues in the limit
of arbitrarily large confining lengths. A direct operational interpretation of the
discrete times of the confined case is still missing and is one of the challenges
for future research. In any case, the discrete—continuum smooth transition
found may be a useful tool to generate new theories of first time of arrival
with interacting potentials, that can be later translated to the continuum and
operationally interpreted or compared with existing operational proposals.
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11.1 Time Operators Versus Real Measurements

Time has a unique status in quantum mechanics. In general, to develop a
quantum-mechanical description of some observable, one writes down an op-
erator whose eigenvalues represent the possible outcomes of the measurement;
the operator is chosen to yield the classical results in the correspondence-
principle limit. Generally, this latter limit is unambiguous.

In the case of time measurements, there are in fact two problems with this
prescription. First, as is well known, it is not possible to construct a Hermitian
time operator canonically conjugate to the Hamiltonian (see the Introduction
for some of the subtleties, however, connected with this argument of Pauli’s).
Second, though less well appreciated, there is no such thing as a time mea-
surement in classical physics either. Just as in quantum physics, time plays
the role of a free parameter classically, while observables such as position and
momentum evolve as functions of time. When we measure “the time,” what
are we doing? We cannot measure the time of a particle; the particle exists at
all times, after all. We may look at a clock and measure the position of one
of its hands, and infer a statement about the time based on some (hopefully
good) assumptions as to how that position evolves temporally. If we measure
correlations between this clock-hand position and some other observable, such
as the state of a particle detector, we may interpret this in terms of detection
times, etc. But of course, this time must be referred to some origin. Therefore,
we really measure durations—whether this is the duration of an ion’s flight
in a time-of-flight mass spectrometer, or the length of time between a clock
being being synchronized to NIST and a detector observing neutrinos from a
distant supernova, it is always a duration.

In practice, there are many different experimental techniques for measuring
quantities with dimensions of time, but all involve measuring an observable
with some other dimensions and then relying on some calibration. Although
these techniques have various degrees of directness, and some rely on internal
degrees of freedom while others rely on external ones, the problem is generally
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not discussed at the classical level, because the different techniques always
yield the same results. Time is what a clock measures. We all have a long-
standing working definition of what this means, and when a new technique is
developed for measuring time, it is judged on whether or not it agrees with
existing clocks. Fundamentally, this is all we mean by the accuracy of a time
measurement; if it agrees with the steady evolution of the Earth around the
Sun and the moon around the Earth, and all the other processes we take to
proceed at a constant rate in nature, then it serves its purpose, because we
have no other direct access to the free parameter ¢.

A common paradigm for measuring delay times in practice is as follows.
One event serves as a “trigger.” This event (particle detection, for instance)
causes a circuit to fire, setting off a linear voltage ramp. A second event sends
a “stop” signal, halting the rise of the voltage; the final voltage is thus propor-
tional to the time delay between the “start” and “stop” signals. This voltage is
recorded, as a measure of the time[] Standard “time-to-amplitude convertors”
function in this fashion; for that matter, an oscilloscope operates the same way,
with the linear voltage ramp hooked up to control the horizontal sweep on a
display, so that a measurement of the position of a spot serves as an indirect
measurement of the time of an event relative to some trigger. Many practical
time measurements are even less direct. Optical time-of-flight measurements
may rely on interference between two waves with a given relative delay; our
understanding of interference and prior knowledge of the optical frequency
allows us to infer the delay time from the interference pattern. In the field of
ultrafast (femtosecond) lasers, extremely rapid nonlinear processes are used
to generate second-harmonic radiation if and only if two beams coexist in an
appropriate medium at the same time. To measure the duration and shape of
a laser pulse, one beam is alternately delayed and advanced by translation of
a mirror, and the intensity of second-harmonic light is monitored. Based on
our knowledge of the speed of light propagation in air and of the nonlinear op-
tical process, we infer temporal characteristics. In condensed-matter physics
and in nuclear magnetic resonance, many important measurements involve
determinations of the time it takes for a certain population or coherence to
decay. Such measurements frequently rely on a “pump-—probe” paradigm, in
which the delay between two pulses is varied, and the size of some resulting
effect (such as a pulse echo) is monitored. From the behavior of the directly
measured observable as a function of the adjustable delay time, one infers the
timescale of the microscopic process. (Even the “directly” adjustable delay
time must, of course, be measured using the sort of indirect technique de-
scribed early.) In these latter cases, as in situations where the particle’s own

L' N. of E.: There are two commonly found but different meanings for “time delay.”
The “delay” described here does not coincide with the the time delay of scattering
theory (cf. Chap. [2). The latter refers to the difference between the passage times
of wave packets with and without interaction.
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motion towards some detector is used to keep track of its time of flight, one
can think of the particle as carrying its own “clock.”

We all have certain intuitions about how such measurements behave, and a
quantum theory of observation ought to be constructed in order to reproduce
so far as possible the expected characteristics of the classical measurements.
One classical assumption is that the quantity being measured is independent
of the details of the measurement technique—mnote, however, that this is far
from obvious given the range of widely disparate experimental scenarios al-
luded to above. Measuring the time delay between a particle or a pulse peak
entering and leaving some medium may be classically equivalent to measuring
the magnitude of some effect the particle has on the medium or the medium
has on the particle, but the quantities being measured are in fact different
physical observables. There is no guarantee that when the corresponding ob-
servables are measured in the quantum limit, they will exhibit the same nu-
merical equality. In particular, quantum mechanics does not share the same
notion of “trajectory” as classical physics; for this reason, no straightforward
inference may be made about the time spent in a given region based solely
on observations of entry and exit times. The inescapable conclusion is that
while one can try to construct quantum—mechanical descriptions of specific
time measurements, it may not always be possible to construct a unique de-
scription of time measurement which will correctly determine the outcome
of different classes of experiment. Many different quantities with the dimen-
sions of time can be defined theoretically, but in the end, whether or not they
should be considered time measurements can only be determined by compar-
ing them with the types of experimental observation which are in fact used
to operationally define time even at the classical level.

11.2 Arrival-Time Measurements

11.2.1 Techniques for Measuring Arrival Time

In general, experimental determination of arrival time [I] relies on some refer-
ence. For relatively slow processes, the reference may be an accepted external
standard, such as a properly synchronized clock. When this is not feasible,
arrival-time measurements are in fact always determinations of the delay be-
tween some predetermined “trigger” event (particle emission, detection of the
particle prior to its traversal of the region of interest, or detection of some
other particle) and final detection of the particle. Rather than a von Neumann
interaction of the form H = g(t)P - O, where P is the canonical momentum of
the “pointer” or measuring device, and O is the operator to be measured, the
device here interacts with the particle at two different times. Furthermore, the
coupling Hamiltonian does not directly depend on the arrival time of the par-
ticle; the observable O more usually represents a function of particle position,
e.g., whether or not the particle is in the final region. Time enters instead
through the free evolution of the measuring device.
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If the delay of an electric or optical pulse is to be determined on an oscillo-
scope, the actual measurement is of field amplitude or intensity as a function
of time, and the propagation time is simply inferred from the spatial sep-
aration of points on the scope display. As described earlier, this processing
may also be performed automatically, as in a time-to-amplitude convertor,
in which case the overall time measurement is complete when a specific final
voltage is measured. Naturally, these techniques are limited not only by the
reliability of the pointer’s time evolution, but also by one’s practical ability
to trigger on the “start” and “stop” events. For measurements of very short
times, there is often no detector with sufficient time resolution. One technique
used in such cases is the “streak camera” method, in which the voltage ramp
is not terminated when the particle is detected, but is instead used directly to
alter where an image of the particle is formed. The particle, while in some in-
teraction region, experiences a time-dependent force, and when its position is
subsequently measured, this provides an indirect observation of the magnitude
of this force (and thus the time) at which the particle was in the interaction
region.

These arrival-time measurements generally reflect the “group delay” d¢/dw
of a wavepacket peakE although they are often triggered by a feature other
than the peak, for instance, the moment at which the waveform crosses a
preset amplitude, or a prearranged fraction of its peak height. Of course, if
one knows the transmission function 7T'(w) and its phase ¢(w) = argT'(w), one
can infer the group delay via differentiation. For limited bandwidths and suf-
ficiently well-behaved transmission functions, it is a fair approximation that
the entire pulse travels at the group velocity, but this naturally breaks down
once dispersion comes into play, necessitating a more careful definition of the
quantity to be measured.

Not infrequently, delay measurements are accomplished by directly mea-
suring the phase, and assuming the validity of the stationary-phase approxi-
mation. For instance, one of the first experimental studies of the delay time for
tunneling [2] Bl [ 5], in the guise of frustrated total internal reflection [6l [7} [§],
was carried out by measuring the phase shift as a function of frequency [l [10].
The observation that the phase shift varied little as a function of frequency
appeared to confirm the prediction that the delay time in tunneling could
be anomalously small. Similarly, some early work in the microwave regime,
on tunneling through waveguides beyond cutoff, relied on similar techniques
[11]. In the latter experiments, a numerical Fourier transform was performed
to calculate directly what a transmitted waveform would have resembled if
a broadband incident pulse had been used. More recently, measurements of
tunneling time via electron interferometry have also been discussed [12]. Tt
is important to note that since absolute phase cannot be measured, these
measurements invariably involve comparisons, electronic or interferometric,
between the delayed signal and some reference. At optical frequencies, this

2 This is a “delay” with respect to the passage of the free motion system.
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reference must generally be derived from the same source as the pulse being
studied; at lower frequencies, it can be possible to use independent sources
with well-known absolute frequency.

Interference techniques may also make a more-or-less direct determination
of the group delay, for a broadband source. “White-light” interference fringes
occur for broadband sources, provided that the path-length difference in the
interferometer is not larger than the coherence time of the light. This is be-
cause at zero path-length difference, all frequency components simultaneously
exhibit constructive interference, but once the distance AL > ¢/Aw (where
AL is the path-length difference between two arms of the interferometer; c is
the speed of propagation; and Aw is the bandwidth), some components experi-
ence constructive interference while others experience destructive interference.
The envelope of the interference pattern thus maps out the Fourier transform
of the spectrum, which may (in the case of a transform-limited pulse) be equiv-
alent to the temporal profile (or wave function) of the pulse itself. The peak
of the interference pattern occurs when frequencies centered around the peak
frequency all experience the same phase shift, i.e., when d‘i [p(w) —wt] = 0.
Adjusting external delays (i.e., the path-length difference) to find the peak of
the interference pattern after an obstruction has been placed in one arm of
the interferometer therefore allows a direct measurement of the group delay
time §7, = d¢(w)/dw relative to the transmission of the unobstructed path.
These techniques are sometimes appreciated for their single-particle nature,
although in linear propagation there is no important difference between the
predictions of a classical wave theory and those of quantum electrodynamics.

When the intensity (or probability density) varies on too short a timescale
to be determined by direct measurement, it may still be possible to use
intensity-dependent effects to determine by how much a pulse peak has been
delayed. In laser physics, a common technique for doing this with femtosec-
ond resolution is known as nonlinear autocorrelation or cross-correlation. In
a medium with a nonlinear polarizability Py = X(Q)El FE5, radiation may be
emitted at the sum of the frequencies of fields F; and Es (second-harmonic
generation, in the limit of degenerate frequencies). The intensity of this ra-
diation is proportional to the instantaneous product of the two intensities
|E1)? and |Es|?, and if in a pulsed experiment, the total energy radiated into
the second harmonic is measured, this provides a measure of the intensity—
intensity overlap [ dt|Ey(t)|?|E2(t)|* of the two fields. If one pulse is delayed,
it is possible to adjust the path length of the other pulse until this overlap is
once more maximized, thus providing an indirect measure of the arrival time
relative to the time of appearance of the unobstructed pulse. This technique
was used by Spielmann et al. to study the time delay for femtosecond laser
pulses to traverse an optical tunneling barrier [I3].

Higher-order correlation functions (as in intensity—intensity, or Hanbury—
Brown-Twiss, interferometry [I4]) may also be measured interferometrically.
For instance, there is a nonlinear optical effect discovered by Hong, Ou, and
Mandel [15] which can be thought of roughly as a time-reversed variant of the
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nonlinear autocorrelation technique. This effect relies on spontaneous para-
metric downconversion, a process in which a crystal with a x(?) nonlinearity
absorbs a pump photon at wg and emits in its place a pair of photons at fre-
quencies spread symmetrically about wg/2, energy conservation being assured
by the anticorrelation of the frequencies of the two photons. The photons are
emitted simultaneously to within their coherence lengths, which are typically
on the order of 10 or 20 fs. If the two photon wave packets meet simultaneously
at opposite sides of a 50/50 beam splitter, a quantum interference effect re-
lated to Bose statistics causes them to exit the beam splitter along the same
(randomly chosen) direction; detectors placed at the two exit ports of the
beam splitter will never register photons simultaneously. On the other hand,
if the two photons arrive at different times, each will make an independent
choice at the beam splitter, leading to coincidence counts in half of the cases.
Thus by changing the path length of one photon’s trip until the coincidence
rate is minimized, one can ensure that the photons are meeting simultane-
ously at the beam splitter [I5] [16] [I7] [I8]. If an obstruction such as a tunnel
barrier is placed in one arm of the two-photon interferometer, the coincidence
dip recorded as a function of external path length will shift, and this shift is
a measure of the delay time for traversing the barrier. It is interesting to note
that these experiments are typically performed with a continuous-wave argon
laser as the pump, so the state of the light is in fact stationary in time. It
is only the correlations between the photons which have the very fast (15 fs)
time dependence. Once a photon is detected, it is possible to say that its twin
has “collapsed” into a 15-fs wave packet, but prior to that time, the system
is better seen as a superposition of 15-fs wavepackets with centers at every
possible position. Nevertheless, these measurements (performed with detec-
tors thousands of times too slow to directly resolve femtosecond-scale delays)
reproduce the expected group delay, measuring the extra time taken by any
of these hypothetical wave packets to traverse the obstruction.

11.2.2 Superluminal Arrival Times

The question of operational definitions of experimentally accessible times
gained a sense of urgency due to the controversy over the process of tun-
neling alluded to above. Despite its absence from the overwhelming majority
of textbook descriptions of tunneling (one early exception being [19]), the
tunneling-time problem has a long and illustrious history. At the heart of the
problem is the fact that the classical expression for the kinetic energy of a par-
ticle inside a tunnel barrier is negative, so that a semiclassical estimate of its
velocity becomes imaginaryﬁ This makes it impossible to make the naive first
approximation that the duration of a tunneling event is the barrier width di-
vided by the velocity \/ 2E /m. Already, we see the first hint that the classical

% Such a local definition of kinetic energy becomes problematic in quantum
mechanics; see for instance [20] 211 22].
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equivalence of a broad range of definitions for traversal time cannot persist,
for this one yields an imaginary number, while most measurement techniques
will be certain to yield positive values.

Within a few years of the first predictions of tunneling, discussions ap-
peared of the time spent by a particle in a “forbidden” region, and of the
use of the stationary phase approximation to calculate properties of tunneling
wave packets [23] 2]. Wigner [3] and Eisenbud [24] studied the relationship
between scattering phase shifts and the delay time, making explicit the con-
nection between these quantities and the principle of causality. As discussed
in Sect. 2.4.4] Wigner observed that “the ‘retardation’ cannot assume arbi-
trarily large negative values, in classical theory it could not be less than —2a,”
where «a is the radius of the scattering potential; in other words, a classical
particle cannot leave the scattering center before it arrives. He notes that “It
will be seen that the wave nature of the particles does permit some infringe-
ment of [this inequality].” It is primarily with this very infringement that
we are concerned here. Does wave mechanics truly allow particles to exit a
barrier before they enter it, and in particular, do such effects violate relativis-
tic causality? One could reasonably suspect that the nonrelativistic nature
of the Schrodinger equation is at fault here, but more careful analyses using
the Dirac equation show that such superluminal transmission (which occurs
in cases where all relevant energy scales are far less than the electron rest
mass in the first place) persists [25]. The conflict is made even more clear
by turning to optical analogs of tunneling, as the same problems arise with
Maxwell’s (fully relativistic) equations, and since one begins in the relativistic
regime, it is relatively easy to achieve conditions under which the group delay
is predicted to be superluminal.

Of course, superluminal and even negative group velocities were already
known to occur in electromagnetism, and had been reconciled with causal-
ity by Sommerfeld and Brillouin [26]. Their work showed that no real signal
could propagate faster than the vacuum velocity of light ¢ in any medium
obeying the Kramers—Kronig relations, even in regions of anomalous disper-
sion. In these regions, the absorption and the strong frequency dispersion
cause the stationary-phase approximation to break down, as an incident pulse
is distorted beyond recognition and no single transmitted peak may be ob-
served. Conventional wisdom has it that such a breakdown occurs in every
limit where the group velocity exceeds c. Nevertheless, as early as 1970, Gar-
rett and McCumber showed theoretically that for short enough interaction
lengths, absorbing media could indeed transmit undistorted (but attenuated)
Gaussian pulses at superluminal, infinite, or even negative group velocities
[27]. This prediction was experimentally verified using the technique of non-
linear autocorrelation by Chu and Wong [28]. More recently, anomalous op-
tical delay times as large as 62 ns (large enough to be observed by direct
photodetection and storage of an oscilloscope trace) were observed by Wang,
Kuzmich, and Dogariu [29] in conditions of near transparency, following a
prediction by Chiao and others [30] [31]. This work has been followed up by
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several groups [32] 33], and various attempts have been made to distinguish
the speed of information from that of a pulse peak, confirming that the for-
mer is indeed causal [32]. With the advent of negative index “metamaterials,”
superluminal propagation has also been studied in microwave transmission-
like measurements [34]. In parallel, some novel proposals for unattenuated
superluminal reflection have been made [35, [36], although subtleties remain,
related to the proper treatment of the propagation of pulses in two or three
dimensions [37]. An excellent recent review on anomalous velocities in optical
propagation is [38].

Even before this work on anomalous dispersion, the question of superlu-
minal wave-packet transmission in tunneling was put on a firmer footing by
[39]. Hartman was not satisfied by MacColl’s 1932 observation that there is
“no appreciable” delay in tunneling, and he was concerned about the effects
of preferential transmission of higher energy components in a wave packet.
In a rigorous treatment of the tunneling of wave packets through a rectan-
gular barrier, he indeed found that for very thick barriers, such distortion
occurred that no peak could be identified which might appear at the group
delay time. For thin barriers, his results were in agreement with the stationary
phase prediction, but there was no conflict with causality. Roughly speaking,
the prediction is that for thicknesses smaller than one decay length of the
evanescent wave (d < 1/k), a transmitted particle of energy much less than
the barrier height (E < Vi; k < ko) will appear to have traveled at its initial
velocity of ik /m. This delay is related to the fact that phase is accumulated as
the evanescent (¢~"%) and antievanescent (e™*%) waves change in relative size,
as the two have different (but constant) phases. For thicker barriers (kd > 1),
there is no phase change across most of the barrier, since the wave function is
dominated by real exponential decay. The so called “phase time” (an unfor-
tunate term, as it is related to the group velocity and not the phase velocity,
but one which has become conventional and will therefore be adopted for the
sake of this book) is defined as the group delay plus the free motion term,
and therefore saturates at the finite value 2m/hkk, the time it would take the
free incident particle to traverse two exponential decay lengths 1/x. Hartman
confirmed that for intermediate barrier thicknesses, larger than 1/ but small
enough that the pulse was not significantly distorted, this saturation effect
did indeed occur. As the distance traversed continues to grow, but the time
required to traverse it remains roughly constant, it is clear that one eventually
reaches a regime where the apparent propagation speed exceeds c.

The quantum—mechanical tunneling problem is mathematically equivalent
to a number of situations in electromagnetism, including frustrated total in-
ternal reflection, transmission through a waveguide beyond cutoff, and trans-
mission through a “photonic bandgap” (in one dimension, also known more
prosaically as a dielectric mirror). Most examples of massive-particle tunnel-
ing occur on time and distance scales which have made direct arrival-time
measurements infeasible, and so much of the work on tunneling times has
taken place in the microwave and optical domains. Measurements of phase
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shifts [T0, @) [T1], quantum interferograms [40], pulse peaks and rising edges
[411/42], and nonlinear autocorrelation [13] all agree with one another and with
the phase time prediction, despite the superluminal nature of this quantity.
Similar results have since been obtained for other surprising examples of prop-
agation, in diffraction [43] [44], Bessel beams [45], and anomalous dispersion
in gain media [29].

While this state of affairs may seem surprising, it has been pointed out,
notably by Biittiker and Landauer, that no physical law guarantees that an
incoming peak turns into an outgoing peak [46]. Certainly there need not
be any causal connection between an incoming peak and an outgoing one,
as demonstrated in a striking electronics experiment [47]. As explained in [§]
and references therein, no information can be sent faster than light using these
effects. To sum the arguments up briefly, the wave exiting the barrier can be
expressed by integrating a perfectly causal response function:

U(z = d,t) :/OOO drf(r)(z = 0,t —dfc— 7). (11.1)

The behavior of ¥(x = 0) at times ty > ¢ — d/c has no impact whatever
on the behavior of ¥(x = d,t). Remarkably, the effect of a tunnel barrier is
to perform an extrapolation into the future (a Taylor expansion [48 [49]) by
combining paths with slightly different delays 180° out of phase with one an-
other [50, 51]. Whether for a Gaussian wave packet or a piece by Mozart, the
outcome is a convincing reproduction of the incident wave form; some work-
ers therefore argue that signal propagation for such frequency-band-limited
waves indeed occurs faster than ¢ [52]. Other workers take the more cautious
view that information velocity should refer to the arrival of “new” informa-
tion, and have experimented with modified pulses containing “abrupt” signals
[32], demonstrating experimentally that when these changes are sufficiently
sharp, they indeed propagate causally. However one chooses to think about
superluminal group delays, it is clear that the phase time is an accurate pre-
diction for the type of measurement it is designed to describe; it does indeed
indicate the time delay for a given wave or probability distribution to reach
its maximum value, and thus the most likely delay time observable via direct
detection of individual particles. The various measurement schemes which are
sensitive to this property all agree in the quantum regime as they do in the
classical one. In the cases of superluminal transmission without attenuation
[30, B1l 291 [32] B3], it is interesting to ask about the energy velocity, which
by standard definitions also appears to exceed c. Several interesting attempts
have been made [53] 54] [55] to clarify this situation by devising a more com-
plete definition of energy velocity. Some recent reviews [56 57, B8] offer a
variety of perspectives on superluminal tunneling and related issues. The re-
maining question is whether or not this delay is the only reasonable way of
defining the traversal time for a tunneling particle.
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11.3 Dwell or Interaction Time Measurements

11.3.1 Theoretical Proposals

Biittiker and Landauer were prominent among those arguing that in cases
where the delay time was anomalously small, it must not reflect the actual
duration for which the particle was in the region of interest. Of course, there is
nothing special about the particular barrier for which the phase time becomes
smaller than d/c, or the one for which it becomes negative; if in these cases, the
“dwell time” spent by the particle in the region differs from the measured time
of flight inferred from wave-packet peaks, then it is reasonable to suppose that
these times are in general different quantities. It so happens in the classical
regime that the time spent by a particle in a given region is equal to the
difference between its exit and entrance times; quantum mechanically, this
relation is true only as an approximation valid in certain parameter ranges,
and it must in fact be recognized that at least two different physical quantities
have been given the same name because of the accuracy of this approximation
in our familiar experience.

The “dwell” or “sojourn” time 74 seems the most natural answer to the
question “how much time does a particle spend in the barrier region?” It can
be defined alternately for the time-dependent or the time-independent case. In
the former, its natural statement is as the time integral of the instantaneous
probability that the particle is inside the barrier (assumed to extend from
—d/2 to d/2):

d/2
74 (time-dependent) _/ dt/ da|W(z,t)* . (11.2)
d/2

In the latter case, it is simply the probability density within the barrier,
divided by the incident flux J;:

74 (time-independent) = / dz|W (z)|? . (11.3)
JrJ—ase

In the limit of a monochromatic wave packet, these two formulas yield the
same result, although for packets of finite extent, corrections may be important
[59]. A variety of expressions for the dwell time is discussed in Chap. 2l The
importance of definitions in the quantum regime cannot be overexaggerated.
In the classical limit, 74 (the time spent within the potential step) and the
phase time 7" (the time between arrival at the leading edge of the step
and departure from the trailing edge) are of course identical, and equal to
d/v = md/hk, as can easily be verified analytically. There is only one sensible
quantity to term the “traversal time” in this case, but this fact does not follow
directly from the structure of the two quantum-—mechanical definitions.

The dwell time may appear unsatisfactory as a candidate for a traversal
time for several reasons. Foremost, it is a characteristic of an entire wave
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function, comprising both transmitted and reflected portions. One might well
expect that transmitted and reflected particles could spend differing amounts
of time in the barrier. (Without a doubt, one would expect them to spend
different amounts of time on the far side of the barrier—a finite amount
for the transmitted particles and none for the reflected ones—whereas the
formulations of (IT.2)) and (IT3]) leave no room to introduce this distinction.)
Its definition is so natural that many researchers have argued that it must at
least reflect the weighted average of transmission and reflection times, 7, =
|T|?m7 + |R|?Tr (with T and R the transmission and reflection amplitudes,
respectively), but even this assertion has been hotly disputed [60] [4] [61] [62]
63, 64, 5.

The second seeming problem with the dwell time is one it shares with
the phase time. It is not guaranteed to be greater than the barrier thickness
upon the speed of light, d/c. In fact, in the low-energy limit & — 0 of a
rectangular-barrier tunneling problem with barrier height Vo = h%k3 /2m, the
wave is almost entirely reflected by the first interface, and |¥|? is negligible in
the barrier, leading 74 to vanish as 2mk/hrk3.

Once more, one is led to approach the problem of defining a time by con-
sidering potential experimental schemes for its measurement. What do we
mean when we ask about the time a particle spent in a region, as distinct
from observations about its most likely appearance at the far side? We are
naturally considering some hypothetical interaction between the particle and
the barrier, or some other form of time-dependent interaction. In the 1982
paper which is widely viewed as having rekindled the tunneling-time fire,
Biittiker and Landauer proposed a Gedanken experiment which would allow
one to infer the duration of the tunneling process. Consider a particle tunnel-
ing through a rectangular barrier. Now modulate the height of the barrier by
a small amount, at some relatively low-frequency (2. Clearly, the transmission
is lowest when the barrier is highest, and vice versa. But now imagine that (2
becomes greater and greater, until 2 > 1/7;, that is, until the barrier goes
through more than one oscillation during the “duration” 7 of the tunneling
event. Naturally, the modulation of the transmitted wave will be washed out.
Biittiker and Landauer therefore solved the problem of the oscillating bar-
rier, and looked for this critical frequency (2.. They then postulated that the
traversal time was 751 = 1/62.. When the calculation was performed in the
opaque limit (kd > 1), they found the following result:

Bl = md/hk . (11.4)

This is a striking result. Recalling that the local wavevector inside the barrier
is ik, we see that this is exactly the time we would expect from a semiclassi-
cal or WKB (Wentzel-Kramers-Brillouin) approach (md/v/2mE)—aside from
the fact that we here find a real number, despite the imaginary value of the
wave vector. Due to the similarity of the formulas, nevertheless, the Biittiker—
Landauer time is also frequently referred to as the “semiclassical time.” (Far
above the barrier, both 77" and 74 in fact approach the semiclassical time
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7s = md/hlk|.) Since this time is proportional to d, it rarely becomes smaller
than d/e¢; in fact, it would only do so for m/hx > ¢, which is the relativistic
limit, where the Schrédinger equation should not be expected to be valid. (In
reality, for geometries more complicated than the rectangular barrier, it has
been noted that this time may vanish identically, leading once more to causal-
ity problems [65] [7, [40]; in addition, [66] have pointed out examples in which
no direct, general relation exists between the critical frequency 2. and the
duration of the tunneling process, thus casting doubt on the interpretation of
([ITH4) as the tunneling time.)

While above the barrier, the semiclassical time closely resembles the phase
time (missing only the oscillations due to multiple reflections at the barrier
edges, which become insignificant in the WKB limit), but it looks nothing at
all like 777 below the barrier, diverging when E = V; (where V, = h%k3 /2m is
the height of the barrier) and falling in the opaque limit (kd > 1) to md/hkg
as opposed to diverging like 77" — 2m/hkko. The phase time diverges for
k — 0, but is independent of d; the Biittiker-Landauer time is well-behaved
as k — 0, and is proportional to d.

Biittiker went on to consider another “clock,” to see if different types of
perturbations would bring to light the same timescale. Expanding on work
due to [67] and [68], he considered an electron tunneling through a barrier
to which a small magnetic field B = Bz is confined. Suppose the electron’s
spin is initially pointing along %X. The magnetic field causes it to precess in
the z—y plane at the Larmor frequency wy, = 2upBy/h, where pp is the Bohr
magneton. If one measures the polarization of the transmitted electron, one
will find it to have precessed through some angle 6,, and nothing could be
more natural than to ascribe this to precession at wy, for the duration 7, of
the tunneling event, leading to the “Larmor time” 7, = 6, /wy. This internal
clock is certainly closely related to many standard experimental measure-
ment techniques, and is of course reminiscent of nuclear magnetic resonance
studies of spin precession and associated decay times. It can be shown that
this time 7, = —h 8?/0 arg(T'), and is thus closely related to the phase time

P = dm/hk + h ), arg(T). The two times show superluminal behavior at
low energies.

Biittiker’s insight was that this early expression for the Larmor time made
the implicit assumption that by taking the By — 0 limit, one could neglect
the tendency of the electron to align itself with respect to the magnetic field.
In reality, due to the interaction Hamiltonian H;,; = +2upByS., a spin-
up electron sees an effective potential with a higher barrier than that seen
by a spin-down electron, and therefore has a lower transmission probabil-
ity. As the X-polarized electrons are equal superpositions of S, = +1/2, this
preferential transmission will tend to rotate the polarization out of the x—y
plane towards the —z-axis, so that the transmitted electron beam is slightly
spin-polarized antiparallel to the applied B field. Biittiker showed that both
this out-of-plane rotation and the in-plane precession were first order in By,
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and furthermore, that the former dominated the latter in the opaque limit.
Defining a second Larmor time related to the polar rotation according to
T, =0, wy = —ha‘?/o In|T|, he found this timescale to reproduce the md/hx
behavior he and Landauer had already calculated by considering the mod-
ulated barrier. Suggesting that the true interaction time should take into
account the full three-dimensional rotation of the electron’s spin, he proposed

that the interaction time was 7, = \/ 72+ 72. This time agrees with the

oscillating-barrier result 727 in both the low- and high-energy limits.

A fair number of other methods for defining the tunneling time have
been proposed on purely theoretical grounds, without direct connection to
any specific experimental scheme. For example, a Feynman-path approach in
which the durations of all relevant Feynman paths were averaged with the
weighting factor exp{iS[z(t)]/h} yielded the “complex time” 7. = 7, — iT,
[60L 621 [69], (70 (7T, [64]. Tt is easy to observe that the magnitude of this time is
Biittiker’s Larmor time, while its real and imaginary parts are (for the rect-
angular barrier) the dwell time and minus the semiclassical time, respectively.
(An earlier approach [72] [73] yielded a similar complex time, whose real part
was the group delay, rather than the dwell time.) Nevertheless, it is only by
comparison with the outcomes of actual or potential measurements that one
can judge the suitability of a theoretical proposal for the tunneling time.

11.3.2 Some Experimental Examples

The interest in tunneling times was largely driven by the condensed matter
community, and some effort went into attempting to carry out time mea-
surements in electronic systems. As has already been observed, the appropri-
ate techniques did not exist for measuring electronic wave-packet times, but
it was possible to measure various types of interaction times for tunneling
electrons [74].

While it did not prove feasible to carry out directly either the Larmor or
the Biittiker—Landauer proposal, Guéret et al. measured a related effect and
interpreted it in terms of barrier traversal time. They studied tunneling of elec-
trons through GaAs/GaAlAs heterostructures. Although the spin precession
of the tunneling electrons could not be studied directly, they argued that an
applied magnetic field also leads to a Lorentz force, deflecting the electron as
it tunnels, thereby increasing the distance it needs to travel, and consequently
exponentially suppressing the tunneling. By performing a series of static mea-
surements on the tunneling current as a function of applied magnetic field,
they were able to infer the energy dependence of the tunneling current, and
hence Biittiker’s 7.. They found good agreement with the theoretical predic-
tions, and some took this as support for the semiclassical time. Of course, this
measurement has a similar status to the time-independent determination of a
series of phase shifts for the sake of calculating the group delay by numerical
differentiation; it does not test the validity of the definition, and makes no
direct measurement of an interaction time.
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An ingenious experiment was carried out by Esteve et al. [75] in rough
analogy with the Biittiker—Landauer proposal. In this experiment, a current-
biased Josephson junction undergoes macroscopic quantum tunneling between
different local minima of the Josephson phase. When the system (not an in-
dividual particle!) tunnels, a voltage is produced. By terminating the circuit
at a resistor following a delay line, the researchers argued that reflections
would be introduced, and might alter the tunneling rate. If, however, the de-
lay line was sufficiently long, the reflections would arrive after the tunneling
event was complete. They therefore studied the mean rate of tunneling as a
function of delay line length, and determined a crossover time beyond which
the resistor appeared to have no further effect on the tunneling decay. Once
more, real measurements of time often involve not the direct determination of
some observable, but rather careful analysis of a large set of time-independent
measurements to estimate a parameter on which the overall system behavior
depends. And as in the case of the magnetic deflection of tunneling electrons,
such “interaction times” seemed to be in good agreement with the semiclas-
sical times, rather than the phase time.

More recently, some optical experiments have succeeded in measuring
quantities related to the Larmor or semiclassical times, as well as pulse—peak
arrival times. Deutsch and Golub [76] performed an experiment to measure
the Larmor tunneling time for photons. Their experiment utilizes an analogy
between the spin of an electron and the spin of a photon, whose polarization
state can be described by a point on the Poincaré sphere given by the Stokes
parameters S. The equation of motion for the Stokes parameters for a beam
of light propagating along the x-axis through a medium with an anisotropic
refractive index is given by dS/dx = Q xS, where € is the precession rate of
the tip of the S vector on the Poincaré sphere arising from the anisotropic in-
dex of refraction. This equation is formally identical to the one describing the
precession of the tip of the electron spin vector o on the Bloch sphere arising
from an applied magnetic field do/dt = Q,xo, when the optical precession
rate Q is identified (apart from a proportionality constant) with the rate of
Larmor precession 21,. This analogy between electron and photon spin pre-
cession led Deutsch and Golub to suggest an optical implementation of the
Larmor clock measurement of the tunneling time of Baz’ and Rybachenko
(latter corrected and generalized by Biittiker). The basic idea is to replace
electrons with photons, and to replace a uniform magnetic field confined to
the electron tunnel barrier region with a uniform birefringent medium con-
fined to the corresponding optical tunnel barrier. Thus instead of utilizing the
precession of the electron spin as an internal clock to measure the Larmor
tunneling time, they utilized the precession of the S vector of the photon as
an internal clock. In their experiment, they used frustrated total internal re-
flection between two glass prisms as the tunnel barrier. The gap between the
prisms, which served as the tunnel barrier, was filled with a birefringent fluid
(a liquid crystal). They then measured the Stokes parameters of the trans-
mitted light. In this way, they too confirmed the Larmor time predictions.
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In 1997, Balcou and Dutriaux [77] measured two quantities with dimen-
sions of a time in a single experiment on frustrated total internal reflection. In
this process, the angle of incidence plays the role of incident energy; and angles
closer to the critical angle are transmitted with higher probability than angles
further beyond critical. Since any bounded beam incident on the barrier has
a range of incident angles, it is found that the transmitted beam is deflected
relative to the incident one, in the same way that a tunneling electron will
on average have higher energy than the typical incident electron. By measur-
ing this angle, the researchers concluded, one can determine the Larmor time
(specifically, Biittiker’s 7). Simultaneously, the different angular components
pick up different phase shifts, which manifests itself as a transverse shift of
the center of the transmitted beam (as in the Goos—Hénchen effect [78]). This
shift was interpreted as an indirect measure of the actual time of flight, and
is clearly mathematically similar to both 7, and 7,. Here, then, was a clear
example where no unique definition of the tunneling time was possible, for
two simultaneous measurements on a system yielded two results, each in good
agreement with the appropriate theory. The ambiguity is not a theoretical
problem, but merely a recognition that there is a lack of defined terms. We
cannot, as in the classical regime, simply measure “the” time of a process; we
must decide precisely what measurement we are interested with, and use the
appropriate theoretical and experimental tools for that measurement.

11.4 Weak Measurements

11.4.1 Interpretational Aspects

4

A new light can be cast on dwell-time measurements by using the “weak mea-
surement” formalism of Aharonov et al. [79] [80]; see Chap. In quantum
mechanics, it is straightforward to define an operator ©p which is 1 if the
particle is in the barrier region and 0 otherwise. Such a projection operator
is Hermitian, and may correspond to a physical observable. Its expectation
value simply measures the integrated probability density over the region of
interest—it is this expectation value divided by the incident flux which yields
the dwell time, as defined earlier. The central problem, once more, is the ab-
sence of well-defined histories (or trajectories) in standard quantum theory: as
remarked above, the dwell time measures a property of a wave function with
both transmitted and reflected portions, and does not display a unique decom-
position into portions corresponding to these individual scattering channels
(see Chap. [l and [81]).

Some workers calculate the expectation value not for the initial state but
rather for the final state [82] [83] [84]. This answers questions about trans-
mitted particles known to be incident from the left no better than does the
usual dwell time; instead of discarding information about late times it dis-
cards information about early times. Approaches relying on projector algebra
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in general have been analyzed in [81] and [85]. Other related approaches follow

phase space trajectories [82], Bohm trajectories [86] [87] [88] 89 90 OT] ©2], or

Feynman paths [60, 62 [71] 64, 093], 69 [70]. No consensus has been reached as
to the validity and the relationship of these various approaches. Once more,

in order to choose among various theoretical definitions, we must return to
considering the type of measurement actually contemplated.

Weak measurement theory does precisely this, by showing one how to an-
alyze “conditional measurements” in quantum mechanics: that is, how to pre-
dict outcomes of measurements not for entire ensembles, but for subensembles
determined both by state preparation and by a subsequent postselection. In
the case which concerns us, the state is prepared with a particle incident from
the left, and selected to have a particle emerging on the right at late times. Due
to the time reversibility of the wave equation, results of intervening measure-
ments depend both on the initial and the final state. This formalism relies
only on standard quantum theory, and yields a result which is completely
general for any measurement arising from a von Neumann-style measurement
interaction, in the limit where the interaction strength is kept low enough to
avoid irreversibly disturbing the quantum evolution. This low strength implies
great measurement uncertainty on any individual shot, but an average may
be calculated for a large number of data runs. We have shown [94] [05] how
to apply this formalism to tunneling, and the time we find is identical to the
complex time of Sokolovski, Baskin, and Connor, 7. = 7, —i7,. But thanks to
the “weak measurement” formalism, it becomes clear what the physical sig-
nificance of the real and imaginary parts is: the real part (the in-plane Larmor
time) quantifies how strongly the tunneling particle will affect a clock with
which it interacts; this is the portion which corresponds to a classical measure-
ment outcome. The imaginary part, on the other hand, describes the amount
of back action the measuring apparatus will exert on the particle (the sensi-
tivity of the tunneling probability to small perturbations, in other words, as
in Biittiker’s out-of-plane Larmor rotation). While the former effect remains
constant as the measurement is made weaker and weaker, the back action
may be made arbitrarily small by resorting to extremely “gentle” (and con-
sequently uncertain) measurements. Among other attractive properties, these
conditional times automatically satisfy the relationship 74 = |T'|*rr + | R|*Tr.

The generality of the times obtained in this way suggests that it may be
possible to apply them to a broad variety of problems, at least approximately,
even in cases where exact solution would be intractable. It has already been
shown that not only are the Larmor times a clear subset of these “conditional
times,” but that the counterintuitive effects of absorption on light propagat-
ing through layered media can be qualitatively understood by application of
these complex times [95]. The equality of the Biittiker-Landauer time and
—Im7, makes sense given that the oscillating barrier approach in fact stud-
ies the sensitivity to perturbations in the barrier height. The direct connec-
tion to measurement outcomes lifts the ambiguity present in other “projector
approaches” and the Feynman-path formalism. Finally, it is possible using
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these methods to calculate conditional probability distributions for transmit-
ted or reflected particle positions as a function of time, and directly inves-
tigate questions about whether tunneling particles spend significant lengths
of time in the center of the barrier, whether only the leading edge of the
wave is transmitted, etc. Since these probability distributions may have large
values on both sides of the barrier simultaneously, and independent “weak
measurements” can be shown to add linearly (unlike “strong” measurements
of noncommuting observables), it is interesting to speculate about whether a
statistical demonstration that during tunneling, a particle is “in two places at
once” might be possible. Work continues on all of these issues. The connection
of superluminality, weak values, and “superoscillations” has been followed up
in [96, 97, [98]. Some work has also been carried out to analyze how to take a
step beyond these expectation-value-like tunneling times and calculate higher
moments, or entire distributions [99] [I00] [10T].

11.4.2 Potential Experimental Tests

We believe that in order to study these quantum subensembles, laser-cooled
atoms offer a unique tool. They can routinely be cooled into the quantum
regime, where their de Broglie wavelengths are on the order of microns, and
their time evolution takes place in the millisecond regime. They can be directly
imaged, and if they are made to impinge on a laser-induced tunnel barrier,
transmitted and reflected clouds should be spatially resolvable. With various
internal degrees of freedom (hyperfine structure as well as Zeeman sublevels),
they offer a great deal of flexibility for studying the various interaction times
and nonlocality-related issues. In addition, extensions to dissipative interac-
tions and questions related to irreversible measurements and the quantum-—
classical boundary are easy to envision [102].

We are working on an atom—optics experiment which will let us directly
test these questions. We start with a Bose condensate of Rubidium-87 atoms,
at a temperature of about 200 nK. We use a tightly focussed beam of in-
tense light detuned far to the blue of the D2 line to create a dipole-force
potential for the atoms [103] [I04] 105]. We can readily create repulsive po-
tentials with maxima much higher than the energy of the Rubidium atoms.
Acousto-optical modulation of the beam allows us to shape these potentials
with nearly total freedom, such that we can have the atoms impinge on a thin
plane of repulsive light, whose width would be on the order of the cold atoms’
de Broglie wavelength. This is because the beam may be focussed down to a
spot several microns across. This focus may be rapidly displaced [106] [107] by
using acousto-optic modulators. As the atomic motion is in the millimeter per
second range, the atoms respond only to the time-averaged intensity, which
can be arranged to have a nearly arbitrary profile.

Ultracold atoms thus provide a unique system in which to study tunnel-
ing. By using optical pumping, stimulated Raman transitions, and other such
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probes, we will be able to go beyond simple wave packet studies to investi-
gate the interactions of tunneling atoms while in the forbidden region itself
[108, 109]. This will allow us to study the direct analog of the Larmor times,
along with extensions to particles of higher spin. It should also provide an
arena in which to study the effect of dissipation and decoherence on quantum
measurement, as well as to make measurements at two locations at the same
time in order to further investigate the strange features of quantum tunneling
[110, [TTT] 00, TOT]. In this way, we hope to shed new light on this fascinating
phenomenon, but also on nonlocality in quantum mechanics more generally.

11.5 Conclusion

As we have seen several times now, the problem of time measurement in quan-
tum mechanics is difficult primarily because time measurement is a subtle and
indirect business even in the classical world. The fact that some of our famil-
iar intuitions about these indirect measurements should break down in the
quantum limit ought not surprise us terribly. In particular, it is observed time
and again that tunneling (for instance) may be described by two quite differ-
ent sorts of timescale. One is related to the variation of transmission phase
shifts—common examples are the phase time 7" and the 7, Larmor time—
while the other is related to the variation of transmission probabilities—the
Larmor time 7, is the standard example of this sort of “interaction time.”
While certain measurements which appear reliable at the classical level agree
with 7, in the tunneling regime, other equally valid classical measurements
tend to reproduce the phase time. Perhaps more interesting is to take the
correspondence-principle limit in the other direction. If a Larmor time mea-
surement is carried out on a particle undergoing classical propagation, what
do we expect? The spin precesses as usual, and it will be found that 7, = 7,
is the unique timescale for traversal. In this limit, transmission probability has
no dependence on energy, and therefore 7, vanishes. This definition of the
teraction time” measures an effect which does not exist at the classical level
(related not to the magnitude of the particle’s influence on some hypothetical
measuring device, but rather to the sensitivity of the particle to back action
from the measurement apparatus). It is therefore difficult to argue that such
a definition is the appropriate extension of classical concepts to the quantum
regime.

Certainly, nothing can be more clear than that there are various useful def-
initions of timescales for quantum events, which generally seem to be divisible
into the two rough categories described above. We should not be hampered
by the existence of only a single classical timescale to search perpetually for
a single “tunneling time” in quantum mechanics. Instead, we must accept
that theory can only answer well-posed questions about specific experimen-
tal arrangements, and that at least two different timescales (or the real and
imaginary parts of a single complex time) are necessary to fully describe the
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behavior of a tunneling particle. This does not mean that we are forced to
abandon any program of seeking universality. There are already strong hints
that this complex time is indeed universal, in that quite a few very differ-
ent experimental schemes for studying traversal times appear to yield either
its real or imaginary part, depending simply on which aspect of tunneling
is probed. As always, the definition of appropriate observables will have to
continue to be informed by the interplay between theory and experiment.
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Daniela Mugnai and Anedio Ranfagni

“Nello Carrara” Institute of Applied Physics, CNR Florence Research Area,
Via Madonna del Piano 10, 50019 Sesto Fiorentino, Italy

12.1 An Overview of Theoretical Models of Tunneling
in the Electromagnetic Framework

The tunneling process represents one of the most nonclassical predictions in
quantum mechanics. Within this process, one of the questions most debated
is that of the “traversal time,” that is, the time spent during the passage
through a barrier. The question of how much time tunneling takes is certainly
not new, but it is one that has not yet been resolved.

As is known, considerable difficulties are encountered when performing a
direct measurement of the tunneling time due to the very short time involved:
its scale is given by the ratio between a few wavelengths of the wave function
and a velocity comparable with that of the light in vacuum. With a solid-state
device the tunneling time involved may be, typically, of the order of femtosec-
onds. In Josephson junctions, this time seems to increase up to the order of
102 ps. However, only a few experimental results are currently available; fur-
ther investigations would, therefore, be worthwhile, also in connection with
novel theoretical aspects.

Tunneling also occurs in optics, so it is possible to establish a close anal-
ogy between particle motion and electromagnetic wave propagation, which
can be of help in understanding this intriguing problem. The implications
of this topic, which are ultimately related to the questions connected with
particle-wave dualism, have recently been connected also to relativistic prob-
lems, owing to the possibility of observing superluminal motions. In other
words, the question of whether quantum tunneling is faster than light has
now been brought to the fore [I] 21 B].

For optical tunneling in the visible region, the magnitude of the tunneling
time is still of the order of femtoseconds, but a decisive increase in this time
can be obtained by increasing the wavelength up to microwaves. In this way,
the timescale is magnified up to nanoseconds, and measurements can easily
be performed [4].
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An experimental device suitable for simulating quantum tunneling con-
sists of an undersized waveguide in which evanescent modes take place for
frequencies below the cutoff one (see Sect. [I2.2]). By analogy with the quan-
tum tunneling of a particle through a barrier, the waveguide can be regarded
as a one-dimensional barrier for electromagnetic waves.

The analogy, however, goes beyond what is outlined here, since quantum
tunneling and electromagnetic waves are described by closely related wave
equations. In fact, the time-independent Schrodinger equation for the motion
of a particle of energy FE in a potential 1 is formally identical to the Helmholtz
equation for the propagation of a scalar field (electric or magnetic component
of the wave). The only difference lies in the dispersive relation, which reflects
the different time dependence in the Schrédinger equation with respect to the
d’Alembert equation. Once the dispersion relations are properly taken into
account, the results of quantum mechanics can be adopted for waveguides
provided that the substitution (h/m) — (c?/27v) is made (m is the mass
of the particle, v is the frequency of the wave, and ¢ is the light velocity).
Even if the two wave equations describe the evolution of two quite different
quantities—the quantum wave function and the electromagnetic field—this
does not prevent a test being made of quantum-mechanical models, which are
based on the evolution of wave packets, provided that the above substitution
is made. There is, however, a limitation in this analogy since in contrast to
tunneling particle, an electromagnetic pulse consists of many photons and can
be probed in a noninvasive way.

The fact that the results of such a simulation are best described by
quantum-mechanical models, suitably translated into a classical electromag-
netic framework, constitutes the proof that quantum tunneling can actually
be simulated by these kinds of experiments. A model we are concerned with
is the phase time, that is, the group delay as calculated by the stationary
phase method. The predictions of this procedure can, within certain limits,
be paradoxically small, implying a barrier-traversal velocity greater than the
speed of light ¢ (Hartman effect)[5]. However, by working in the time do-
main, that is, by measuring directly the delay time, it is rather difficult to
perform measurements sufficiently below the cutoff frequency because of the
severe limitations caused by the attenuation of the signal. Thus, with this
kind of device it was not possible to obtain clear experimental evidence of
the existence of superluminal behavior. On the contrary, by performing mea-
surements of the phase shift as a function of frequency, it is possible to reach
regions appreciably below the cutoff; the tunneling time can then be derived
by means of a Fourier-transform analysis. The results obtained confirm that
the effective group velocity for evanescent waves can exceed ¢ [6].

Dispersion is always present, in the case of a waveguide, making the signal
analysis more complicated, especially in tunneling situations where the fore-
runners strongly influence the time of arrival (as explained in Sect. [2.1.3)).

We wish to recall that both in the presence and in the absence of disper-
sion, the upper limit of the signal velocity in classically allowed motions is
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represented by the speed of light, as demonstrated for wave propagation in
dispersive media [7]. However, such arguments do not appear clearly appli-
cable to classically forbidden situations such as tunneling processes or, more
generally, in the presence of evanescent waves (see below).

Tunneling time in superluminal cases could be considered as a practical
case of a weak value observable within the framework of the weak measurement
theory, where mean values which would be strictly forbidden for any complete
ensemble can be obtained for a small subensemble [g].

In dealing with the microwave simulation of tunneling, a theoretical in-
terpretation was modeled on the basis of a path-integral solution of the tele-
grapher’s equation, analytically continued to imaginary time [9]. The salient
features of this model can be summarized as follows. It is known that, in
the absence of dissipation, the semiclassical delay time is simply given by
Ts = L/|vg:|, where L is the length of the waveguide and vg, is the group ve-
locity, which for the T'Ey; mode is vy, = c\/l — w3 /w?, w = 27v the angular
frequency and wg = 271 the cutoff angular frequency. By taking into account
the fact that dissipation produces a shift in the cutoff from vy = ¢/2b (b is the
width of the rectangular waveguide) to an effective cutoff 7y = (1 + 6%)/2,
where § = a/\ (a is related to the dissipative parameter a entering the teleg-
rapher’s equation and A the free-space wavelength) (Fig. [2.1]). The question
is posed as to what extent model of this kind can account for the experimental
results. What clearly emerges from the comparison of the experimental results
obtained with microwave simulation (see Sect. [Z1]) with the existing theoreti-
cal models is the good agreement with the corresponding theoretical curves as
deduced from quantum-mechanical models [10]. In particular, delay-time data
are in agreement with the phase-time model 74 = 0A¢/0w, (which represents
the real part of the delay), while data for 7, (which represents the imaginary
part) are in agreement with the relative theoretical curve 7, = d(InT"/?) /dw,
the complex transmission amplitude of the barrier being T/2exp(iA¢) [T1].

As for the prediction of the above modified semiclassical model-based,
as said, on path-integral solutions of the telegrapher’s equation—the relative
curve of the delay vs frequency appears to be in rather good agreement with
the absolute value of the complex traversal time (742) + 72)Y/2, rather than
with each (real or imaginary) component. This is nothing but the Biittiker
model based on a Larmor clock [12] in agreement with the more sophisticated
path-integral treatments of the tunneling time [I3] [14]. Noteworthy is the
extreme brevity of 74 (the real part of the delay), throughout below the cutoff
Vg, which is confirmed by the experimental results. Superluminal effects can
be observed below a given frequency v. where the curve of 74 crosses the
constant value L/c (see the inset in Fig. [2.T)). Below 7, the Biittiker model
is practically coincident with 7, (the imaginary part of the delay) as well
as with the modified semiclassical model. So, on this basis, we can conclude
that the path-integral treatment of the telegrapher’s equation makes the semi-
classical model a plausible one for a qualitative interpretation of the tunneling
time.
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Fig. 12.1. Curves of delay time vs frequency for a length of the undersized waveguide
L = 15 cm, relative to different models. The heavy line represents the modified
semiclassical model resulting from the telegrapher’s equation with @ = 0.1 c. This
implies a shift in the cutoff frequency from vy = 9.494 GHz to vp ~ 9.54 GHz. The
dashed line represents the Biittiker model. In the inset the limit of superluminal
behavior is shown by continuous line; the dashed line represents the delay in a
waveguide of the same length with no narrowing

Within this framework, it was shown that in tunneling processes the effec-
tive velocity turns out to be increased by an (imaginary) dissipation and, well
below the cutoff frequency, can actually overcome the light velocity ¢. This
conclusion was also confirmed by an extension of the analysis made in order
to compare the traversal time results, relative to a beat-envelope signal, with
the ones deduced from the distribution function of the “randomized time” and
its analytical continuation in imaginary time. What clearly emerges from this
analysis is the inverted role of the dissipative parameter, which in tunneling
acts as an “accelerator” of the motion [I5] [16].

This apparent paradox can be explained by considering the fact that, when
we say dissipation in tunneling, we are not dealing with a true dissipation (as
when we consider the wave equation in allowed processes) but rather with
an imaginary quantity that was introduced in order to obtain the analytical
continuation of the wave equationEl By following the same procedure adopted

L A true dissipation, introduced ad hoc in a tunneling experiment, produces just
the opposite effect, that is, a slowing down of the motion [I7].
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Fig. 12.2. Trajectory of a stochastic motion for a classically allowed case (contin-
uous line) and a forbidden—or tunneling—case (dashed line). In the first case, we
have a reversal of the motion in the x space (bradionic motion), while in the second
case the reversal happens in the ¢ (imaginary) time (tachyonic motion)

by Kac [I8] in order to individuate a stochastic model related to the telegra-
pher’s equation, a stochastic model related to tunneling processes was found
[19]. The basic assumption for this model is the interchange of the space « with
the time ¢ (Fig. [22)); in this way, we obtain a new equation of motion suit-
able for describing superluminal behavior. In addition, a close correspondence
between quantum relativistic motion and wave propagation in the presence
of dissipation is established. In particular, it is shown that the telegrapher’s
equation is connected to the Klein-Gordon equation of a bradyonic type when
the transformation [20] 21]

p(z,t) = u(x,t)exp <— imfft) (12.1)

is made, where @(z, t) is the solution of the Klein-Gordon equation and u(x,t)
is the solution of the telegrapher’s equation. Analogously, a connection with
the Klein—Gordon equation of a tachyonic type can be established when the
transformation is

2
o(x,t) = u(z, t)exp (:F m; t) . (12.2)
A schematic representation of these connections is shown in Fig. The
attenuation of the wave function due to the exponential function in (22
represents an important practical limitation for the observation of superlumi-
nal behaviors (for further details about the stochastic model see Sect. [[2]).
Let us now consider the problem of the signal velocity analysis. According
to Fox, Kuper, and Lipson [22], the front edge of a superluminal wave packet
will never exceed light speed, even if the group velocity is greater than c. Simi-
lar conclusions have also been drawn in more recent works [23] 24]. Therefore,
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Fig. 12.3. Block diagram showing the connection between quantum relativistic
and telegrapher’s equations

even if it is well established that the upper limit of a signal velocity is repre-
sented by the light speed in vacuum, it is not fully understood whether these
conclusions also hold true for tunneling processes and/or propagation in the
presence of evanescent waves. By following Brillouin [7], the propagation of a
pulse in the z-direction can be described by a contour integral in the complex

plane of w[T9] 25]

W — Wj

U(x,t) = 217TRe/ exp[—i(wt — k)] dw (12.3)

where w; is the frequency of the incoming signal. The wave number for a
waveguide is k = y/w? — w2/c. For w — oo, we have k — w/c, and the
exponential function in the integral becomes exp[—iw(t — x/c)]. By deforming
the contour of the integration into an infinite semicircle, this implies that the
integral is zero for ¢ < x/c and that the first forerunner of the signal cannot
arrive before a time given by tg = z/c. In the case of evanescent waves,
the exponential function becomes exp(—iwt — rz) where k = /wg — w?/c.
The integral which gives the signal is again zero if the domain of integration
extends to infinity. However, if we limit this range (the range in which we
have evanescent waves), the integral is different from zero. We wish to point
out that, because of the dependence of the result on woty = 27x/Ao, the
contribution for ¢/ty < 1 is strongly attenuated by increasing the distance
x. Therefore, for sufficiently large distances—say of a few cutoff wavelenghts
Ao—the superluminal contribution becomes quite negligible, and we again
obtain the usual result that nothing arrives before ¢¢ (Fig. 12.4)) [19] 26].
Thus, by limiting the range of integration in the w domain, that is, by
considering the finite spectral extension of the pulse, we can actually obtain
that “something” arrives before the usual forerunner for 0 < ¢t < z/c and
for short distances. We are aware that a finite spectral extension does not
represent a “true signal” which, on the contrary, requires an infinite spectrum.
By limiting the spectral extension, the signal is profoundly modified, since
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Fig. 12.4. Behavior of the signal shape 1(z,t) as a function of the normalized time
A =t/to(to = x/c) for w; less than but comparable to the cutoff (angular) frequency
wo. Note that the contribution for A < 1 strongly depends on the value woto, that
is, on the distance x from the launcher, and tends to disappear when z is of the
order of a few wavelengths

its spatial and temporal extension (initially supposed to be finite) becomes
infinite. In this way ¢ (x,t) does not represent a true signal and, although its
profile is traveling with a group velocity vg: > ¢, there is no contradiction with
relativity. In the case of tunneling, the choice of limiting the frequency domain
is supported by the fact that evanescent waves have a finite spectral extension.
We wish to note, however, that any practical signal necessarily has a finite
spectral extension. The relative delay time, sometimes referred to as technical
signal or technical information delay [27], is not necessarily coincident with
the front edge delay which requires a consideration of the limit w — oo . This
is a delicate point since infinite frequencies, as well as infinite time duration,
do not exist in physical phenomena. However, in practical applications, such
as telecommunications, and radar, the propagation velocity involved is beyond
dispute. The case of tunneling for the role played by evanescent waves is a
different matter. These waves are not properly propagating; however, there is
no doubt that in the experiments to which we refer “something” is propagated,
even if the spectral extension of the “signal” is well confined within the w-
domain of evanescent waves.
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Let us try to focalize better this point. The deformation induced in a
signal due to the finiteness of the spectrum is known as the Gibb’s effect,
which consists of the appearance of damped oscillations before and after the
transition. The extension of the oscillations depends on the cutting frequency
w, and tends to disappear as the cutting frequency tends towards infinity. As
formulas, we have

ft) = 217r /_OO F(w)exp(iwt) dw , (12.4)

where F(w) is the Fourier transform (the spectrum) of f(t). In the presence
of a frequency limitation (as, for instance, in the response of a low-pass filter),
the pulse can be written as

£u0) 1/w Fw) expliwt) dw (12.5)

~ o Cw

and shows the Gibb’s effect in the presence of a discontinuity (the signal).
The behavior is well known and can be experimentally verified especially if
the output of the signal is sufficiently delayed with respect to the input one,
so that the oscillation before the transition does not violate the causality
principle. According to this principle, the value of the answer to an excitation
f(t) to a given instant ¢ cannot depend on the value that f(¢) takes after
t. What does happen if this principle, according to the prediction of (I2.1),
is not satisfied? Simply, the initial “acausal” oscillation is not observed, as
shown in Fig.

This means that the pulses used in microwave tunneling simulations (pulse
duration ~ 1 us, pulse separation ~ 1 ms) for measuring delays of the order
of nanoseconds should be considered as causal signals (even if, because of the
frequency limitation, they do not have the features of a perfect signal). Thus,
by tending the pulse separation to infinity (and, therefore, the repetition fre-
quency to zero), the behavior should remain the same and superluminal effects
in the group velocity should continue to be observed. In fact, a signal can be
defined as a pulse which supplies information. In order to have this condition
it is necessary to have a wave packet (or pulse) which must be also a “single
event”.

An effective experimental check of this point has been performed by con-
firming the superluminal behavior also for single microwave pulses [28]. In
[28], the signal velocity is identified with that of the first forerunner which,
by following Sommerfeld, cannot overcame the light speed in vacuum. How-
ever, as said before, a different conclusion can be reached by limiting the
spectral extension. Moreover, a different analysis of the forerunner (based on
the Steven’s procedure) showed results very similar to those related to the
phase-time model which predicts superluminal behavior (see Sect. TZT13]). An
estimate of the timescale of the effect can be performed by considering that
the exponent in ([2.2)), that is, mc?*t/h, has to be of the order of some units
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Fig. 12.5. Experimental observation of the Gibb’s effect in delay-time measure-
ments. The initial “acausal” oscillation, before the transition, is not observed while
it appears only the one after the transition

in order to have a nonnegligible amplitude of ¢(z,t). For relativistic electrons
with mc? ~ 0.5 MeV, we have a timescale of the order of 102! 5. However,
this quantity is replaced by wyt in the optical analogy, and the timescale be-
comes more accessible. So, for microwave experiments with wg ~ 1019 s71, the
resulting time delay is in the range of nanoseconds, while for photon tunneling
experiments fiwy is of the order of few electronvolts and the time delay is of
the order of femtoseconds. Both these timescales have been experimentally
confirmed [0l (111 29] (30, [31].

Another kind of system in which optical tunneling takes place consists of
a grating followed by a paraffin prism: if the period of the grating is lower
than the wavelength of the incident wave, all the diffracted waves, except the
zero-order one, are evanescent ones which are transformed into ordinary waves
by refraction on the paraffin prism (see Sect. TZ3]).

A third kind of system which can be utilized for studying optical tunneling
consists of two prisms (with a refractive index greater than the refractive
index of air) facing each other and separated by an air gap. When the total
reflection takes place in the first prism, evanescent waves originate in the gap
(see Sect. [[2.4]). For this kind of experiment, a pure electromagnetic model
can be formulated.

12.1.1 Frustrated Total Reflection: An Electromagnetic Model

In order to analyze the experimental situation mentioned above, let us con-
sider a system formed by two half-spaces (two prisms in the experimental
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\ ’Yd
Fig. 12.6. Two prisms in the total reflection condition with the coordinate system
adopted in the theoretical analysis

setup), limited by plane-parallel boundaries, filled with a homogeneous and
nondispersive medium of refractive index n, and separated by a vacuum gap,
as shown in Fig.

A plane electromagnetic wave impinges on the gap with an incidence angle
larger than the limit angle 79 = sin~!(1/n). By using standard methods, it is
possible to evaluate the transmitted field E* (and H' too) and its deformation
with respect to the impinging wave. By comparing them, it is possible to
evaluate the time taken by the wave to “travel” through the gap.

By choosing an i, j, k (coordinates x, y, z) Cartesian reference system,
as shown in Fig. [2.6 from the boundary conditions (namely, the continu-
ity conditions of the tangential components of the fields at the surfaces of
discontinuity of the refractive index), we have

e In the half-space z < 0, the field is the superposition of two waves, the
impinging wave Ef, H' and a reflected wave E", H".

e In the gap, the field is the superposition of two evanescent waves, one
attenuated in the positive direction of k and the other attenuated in the
reverse direction —k . The former will be denoted as “progressive” wave
ET, H', the latter as “regressive” wave E—, H™.

e In the half-space z > d, the field is composed of a single transmitted wave,
E!, H?, propagating in the same direction as the impinging wave.

In the case of a monochromatic impinging wave, the incident E;, reflected
Ey, transmitted E}, progressive E and regressive E fields can be written

as |32
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E; = Epexp |i Lcu n(ax + ’yz)] exp(—iwt) (12.6)
E; = Eop exp z C(‘:J n(ax — ’yz)} exp(—iwt) (12.7)
E! = Eo7 exp z i n(ax +y(z — d))} exp(—iwt) (12.8)
EJ = Eyp exp chu (nor + zf'z)} exp(—iwt) (12.9)
E, = Egr exp chu (nax — ze)] exp(—iwt) (12.10)

where p denotes the amplitude reflection coefficient and 7 the transmission
coefficient of the gap. From the continuity conditions for the tangential com-
ponent of the electric fields across 117 and II5, we can derive the (complex)
transmission coefficient

(W) = dany I’

= 12.11
e1(I 4 iny)? — eo(I" — iny)? ( )

where
vy=V1-0a2 TI'=y/n2—1-n2y2 e = exp(—wl'd/c) ea =1/e; (12.12)

It appears from ([2IT)) that the gap behaves like a low-pass filter, since for
lw| — 00, T — 0.

The expression 7(w) allows us to evaluate the traversal time of the gap.
We consider the impinging wave front w; through O (at = 0, z = 0) and the
transmitted wave front w; passing through O’ (z = 0 and z = d), as in Fig.
According to (I2Z7) and (IZ8), the phase ¢; of the former is ¢; = —wt;
that of the latter is ¢y = arg(7) —wt. It follows that a given value of the phase
is at O at time ¢ = 0, and at O at time arg(7)/w.

The conclusion is that the phase takes a time

tpn = arg(7)/w (12.13)

in passing from O to O’, that is, to travel distance vd (note that even for
w = 0 the phase delay has a finite value, t,, = arctan[(n?y? — I'%)d/2nvc]).
For nonmonochromatic waves, the group delay is

. Otpn _ 0
tor = tph +V P [arg(T(w))] - (12.14)
From (IZTIT]) we have
n2vy2 — I'? wl'd
arg(7(w)) = arctan onl tanh ( . )} , (12.15)

hence t4, can be obtained as
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. 2nlyty (n?y2 — I'?) ; _Id
& (2nI'y)2? cosh® (tgw) + (n242 — I'?)2 sinh?(tqw) T e
(12.16)
In Fig. [27 we show results of ¢, as a function of I' for some values of
the frequency v (w = 27v), for d = 2 cm and n = 1.49.
Results of tg, as a function of I', are reported in Fig. [2.8] for the same
parameter values as in Fig. [2.71
The results obtained show a clear superluminal behavior both in phase
and group delays. This behavior is dependent on the frequency, as well as on
I': in particular, for I' = n7, that is, for 2 = (n? — 1)/2n?, the phase and
group delays go to zero. For higher values of I', they became negative.

12.1.2 More About the Stochastic Model

The stochastic motion of a particle moving along a line with constant velocity
v and suffering collision that can reverse its motion is described by an equation
of motion equal to the telegrapher’s one [I8]. In the absence of dissipation,
the said motion does not suffer reversal, and the delay time for a displacement
L is given by L/v. On the contrary, in the presence of dissipation, the time
is described by a randomized quantity, the distribution g(r,t) of which is a
two-variable time function. The first time, r, is a fictitious time that describes
the delay which a particle would take if the motion was without reversals.

incidence angle

42.16° 43.19° 46.29° 51.51° 59.26° 71.65°
60 T T T T

phase delay (ps)

r

Fig. 12.7. Phase delay (continuous line) between the wavefronts w; and wy, as
deduced from ([I2ZI3)), as a function of I' (or of incidence angle) for n =1.49,d = 2
cm and for some values of the frequency v ranging from 8 GHz (upper curve) to
11 GHz (lower curve). The dashed line represents the time ¢; of a wave traveling
distance vd at the light speed
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Fig. 12.8. Group delay, as deduced from ([2I6)), for the same parameter values as
in Fig. I2.7

The second time, t, is the true time, that is, the delay that a particle suffering
reversals spends in going from one given point to another.

By using the time distribution g(r,t), we can derive the average time r,
which results in [15]

r(t) = ;a (1—e2) (12.17)

where a is the friction coefficient that enters the telegrapher’s equation. For
classically forbidden processes, the average time ¢t can be evaluated as

[ it g(ir,it) d(it)
75 glir,it) d(it)
where g(ir,it) is the distribution function of a stochastic process analytically

continued to the imaginary time [33]. When developed, (I2Z18]) produces the
following result:

(t) = (12.18)

() = r[2sinar — ar] + ir[2cosar — 1 + 2a%r? /3]
N (2cosar — 1) + 2i(ar — sinar)
= Re(t) +ilm (t), (12.19)

where = L /v is the semiclassical time and v is the velocity in the forbidden
region (barrier). Thus, the average tunneling time is a complex quantity which,
for L/v tending to zero, can be expressed as

(t) :a<i>2+ii (12.20)
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where L/v represents the imaginary part and parameter a is responsible for
the real part, which is zero if @ = 0 and depends quadratically on L/v. How-
ever, if a is zero, must we believe that a real part of the tunneling time does
not exist? This is certainly not the case, since any dephasing through the
boundaries of the barrier can contribute to real time (phase-time model). An
alternative approach for evaluating this duration is represented by Feynman’s
transition elements [34]. By applying these, we can obtain a contribution to
the tunneling time of the (L/v)exp(—So/h) type, that is, a result according
to which the real-time duration is provided by the semiclassical time (L/v)
attenuated by the factor exp(—So/h), with Sy as the classical action. In typ-
ical cases, with Sy of the order of a few units of A, this factor is of the order
of 10721073, and a contribution of a few picoseconds is compatible with
semiclassical times of the order of 102 ps, as in Josephson junctions [35]. In
this work, it has been concluded that this contribution should be added to
the one evaluated by the stochastic model which, in this case, turned out to
be on the same scale of picoseconds. On the contrary, we have to believe that
the two contributions—mnamely the one given by the stochastic model and the
one evaluated by the transition elements—are really the same result. In fact,
even within the framework of the transition elements, we arrived at a result

of the type [36]
ime® [ L\
t) >~ 12.21
(=" (3 (12.21)

which, by identifying imc?/h with a [19], becomes

<t>R2a(L)2 (12.22)

v

exactly as the real part in (I220). This result tends to put the stochastic
model in a different light, one that is not limited by the presence of dissipation
(which is always present in macroscopic systems), but that is also capable of
interpreting situations in which dissipation is absent or negligible.

Another and perhaps more important result, one that is peculiar to the
stochastic approach, was obtained when the range of the variable L/v was not
limited to small values, but was extended, depending on the parameter a, to
large values of L/v. In this way, we found that real time as a function of L /v
shows the unexpected presence of a peak (Fig. 129, situated approximately
at a value of L, so that the semiclassical time L/v is nearly equal to the time
a~'. Behind this peak, the curve continues with a nearly quadratic law.

This behavior, that is, the presence of a peak in the real part of the traver-
sal time, supports the hypothesis of a kind of resonance, which is also con-
firmed by the curve of the imaginary part of the time. In fact, this curve shows
a typical shape (Fig. [2I0), with a zero in correspondence with the position
of the above-mentioned peak which is a characteristic of resonances. The ori-
gin of this resonance is not completely clear: we note that its occurrence, for
L/v =~ a~!, could be interpreted by rewriting this condition as aL ~ v, and
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Fig. 12.9. Real part of the traversal time as a function of the position L inside the
barrier (infinitely long) computed for several values of the frequency v below the
cutoff one at 10 GHz and for a fixed value of the dissipative constant ¢ = 2 ns™*.
The position of the peak (whose amplitude is equal to 3/a ns) is nearly coincident
with L = v/a, so by lowering a it tends to increase, while decreases increasing a.
So, the possibility to detect this peak depends on a suitable choice of the parameter

values. A and B indicate the stationary points in the curve

hypothesizing that it occurs—producing a strong increase in real time—when
the semiclassical (imaginary) velocity v becomes comparable with the quan-
tity aL. The latter has velocity dimensions and acts in the sense of slowing
down the motion, thus increasing the traversal time of the barrier.
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Fig. 12.10. Imaginary part of the traversal time as a function of the position L
inside the barrier for the same parameter values as in Fig. 9
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More important than the theoretical interpretation is the experimental test
of this behavior. Two experiments were performed in the microwave range
(wavelength, A ~ 3 cm). One measured the penetration time in a barrier
consisting of a rectangular waveguide excited below the cutoff frequency (see
Sect. [2.2.2)); the other measured the lateral shift of a microwave beam in the
case of frustrated total reflection (Sect.[[24]). For a more detailed theoretical
interpretation, see [37] and [38].

12.1.3 The Procedure of Stevens and the Role of the Forerunner

We analyze here a development of a theoretical model due to Stevens [39].
The essence can be summarized as follows. According to Brillouin [7], the
signal velocity in a dispersive medium can be determined by evaluating the
arrival of the main front of a uniform pulse. The latter is initially described
by a function of the type exp(—iw;t) for ¢ > 0 and zero for ¢ < 0; for a
propagation along the z axis, it can be expressed by the contour integral in
the complex plane of w (similar to (I23]) as

1 exp|—i(wt — k)]
bat) =, /7 o dw , (12.23)

where v is a closed path including w;. For a nonrelativistic particle of mass
m, the wave number is expressed as k, = h~'[2m(E — Vp)]*/? for E = hw
either for £ > V(z) = Vy or E < V(z) = V;. In order to evaluate the above
integral, it is suitable to introduce the new variables z? = w — Vy/h and
¢ = 2 (2m/h)'/2. Thus, by substituting in (I2Z23)), we obtain

exp(—iVot/h)/ expli(z€ — 2°t)]
' r

t) =
V(&) 2mi 22+ Voh 1 —wy

2zdz . (12.24)

The integral in (I2Z24]) can be evaluated by the method of the steepest
descent, by analyzing the behavior of the exponent in the neighborhood of
the saddle point of the function F(z) = z& — 2%t, that is, where z = £/2t.
The conformation of the saddle point, shown in Fig. [2.11] suggests that the
appropriate integration path I, at least in the region of the saddle point, is
the straight line z = (£/2t) + pexp(—in/4), where p is the distance from the
saddle point.

With increasing time, the saddle point moves along the real axis of z from
infinity (at ¢ = 0) toward the origin (for ¢ — co0) and the integration path I’
analogously behaves. The integrand in (I2.24]) has two poles situated on the
real and imaginary axes for £ = fw; >V and F < Vj, respectively, that is,

2=+ (w; — Vo HY2, E>V, (12.25)
z=+i(Voht —w)V?, E<VW (12.26)

For E > Vj, the main contribution to the integral (I2.24]) arises as soon
as the integration path arrives at one pole of ({227 and is given by
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Fig. 12.11. Integration path I" in the complex plane z at two different instants.
The integration path is coincident with the steepest descent line of the saddle point.
In the dashed area, the real part of the exponent of ([I2:24)) is greater than zero, in
the other one, the real part is less than zero. When the path arrives at the pole, its
contribution must be considered

explié(w; — Voh™1)Y/?] exp(—iw;t). This quantity is definitely larger than the
saddle point contribution constituting a small forerunner of the signal before
the integration path has reached the pole. The principal part of the front of
the pulse travels with a uniform velocity

1/2 1/2
v=" = < h ) §_ 2(w; —V0h1)1/2< n ) _ ik : (12.27)

t 2m t 2m m

in agreement with the semiclassical analysis, which gives the traversal time as

- m L
bk

T

(12.28)

For E < Vj, the situation is more complicated. When the integration
path arrives at one pole, now situated on the imaginary axis (I2.26]), the pole
contribution is now given by

exp[—&(Voh™t — wi)l/Q] exp(—iw;t) . (12.29)

This quantity describes the arrival of an important part of the pulse attenu-
ated in amplitude by the factor

exp[—&(Voh ™! — wi)V?] = exp{—[2m(Vo — E)|Y%x/h} = e Flz | (12.30)

which for x = L gives the expected result. More important, the time of arrival
of this contribution, as determined by the crossing of the integration path
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over the real axis (which has the same value of that of the crossing over the
imaginary axis, see Fig. [2.T1]), is given by

§

o = (Voh ™t — wy) /2. (12.31)

In this way we find that also in the case of tunneling an important part of the
front of the pulse travels with the uniform velocity

hlk|
v = .

. (12.32)

However, in tunneling cases in which the pole contribution is given by the
quantity (I2.29]), the contribution of the saddle point is definitely not smaller.
In fact, it can be seen that (I2:24]), in the saddle point approximation, gives

s0-(2) " (53]
X [(;)3/2 <45:2 + Voh! —wi) _11 : (12.33)

The modulus of ¢ decreases to zero either for ¢ — 0 or for ¢ — oo, and is
mainly characterized by the last factor in squared brackets, which reaches its
maximum near the coordinate value zy given by (I231)). At z = 2o, (I224)

becomes . 5
T
Ty t) ey = exp | —1 | wit + . 12.34
A B | (1230

and, by comparison with (IZ30), it turns out that the contribution of the
saddle point at z( is never negligible but rather comparable to or greater than
the one corresponding to the arrival of the attenuated pulse. More precisely,
on the basis of (I2.33), we find that in the forbidden region (hw; < Vp), the
contribution of the saddle point tends to anticipate the arrival of the signal
with respect to the prediction of (I2:28]), while in the allowed region (fuw; > Vp)
the influence of the saddle point contribution should be negligible.

Let us now consider the total solution of integral (I2.24]) by including
in the analysis the saddle point, the pole and the line-integral contributions
[40, 41]. By putting 2 = h~1(E — V;) we have that the two poles, as given by
[@227) and [[Z20), are situated at +021/2,

For 2 > 0 (allowed region), the main contribution to the integral arises
as soon as the integration path arrives at one pole (at a time given by
2t/¢ = - 2) with a constant oscillating expression of unitary amplitude
expli(§ o2 — w;t)]. Previously, during the approach to the pole, the integra-
tion gives an oscillating part the amplitude of which increases to about 1/2 the
final amplitude; afterwards, while leaving the pole, we have a contribution—in
opposition of phase—the amplitude of which decreases from 1/2 the final one
to very small values [7]. The superposition of the several contributions gives
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Fig. 12.12. Representation of the wave function after a barrier length ¢ =
z(2m/R)/? = 16 and 2 = 0.25 (classically allowed region) as a function of time.
The pole contribution is at 2t/ = 2712 This contribution is of unitary amplitude
and frequency w; = 0.9 and combined with the line contribution gives rise to a con-
tinuous oscillating function of increasing amplitude, which tends asymptotically to
unity

rise to a continuous oscillating function the amplitude of which increases con-
siderably around point £27/2, as shown in Fig.

The contribution due to the saddle point contributes to the forerunner
of the signal. The latter is given by the whole line integral, which mainly
consists of the saddle point contribution in the tunneling region ({2 < 0). For
the considered case of Fig. [2.12] inclusion of the saddle slightly modifies the
shape of the complete signal whose time of arrival, measured at the midpoint
of the maximum amplitude, can be also evaluated by simply considering the
total envelope (Fig. [213]).

For 2 < 0 (forbidden region), the situation is similar, but the results
are strongly influenced by the forerunners. When the integration path arrives
at one pole, now situated on the imaginary axis of z, the pole contribution
describes the arrival of a part of the pulse attenuated in amplitude by the
factor exp(—|k|z). In this way, a significant contribution is made to the signal
that travels with a uniform velocity v = f|k|/m. However, in this case, the
contribution of the saddle point, which constitutes part of the forerunner, is
not negligible but rather comparable to or greater than the one corresponding
to the arrival of the attenuated pulse. Moreover, whenever it is not negligible,
the latter is typically so deformed that at the instant of arrival of the pole
contribution, the signal shows nothing peculiar that would suitably recognize
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Fig. 12.13. Time dependence of the complete signal for the case of Fig. [[2.12
The saddle contribution and the envelope are also shown. The time of arrival, taken
halfway of the maximum amplitude, is marked

its presence. An example of a computed signal alone and then combined with
the saddle contribution is shown in Fig. [2.141

As before, the time of arrival of the complete signal can be determined sim-
ply by considering the envelope and taking the time required to reach 1/2 of
the maximum amplitude. For a classically forbidden region, this time is quite
near the one predicted by only considering the saddle point (which, sufficiently
below the barrier, tends to coincide with the forerunner). In Fig. [[2.15] several
computations of the arrival time of the complete signal have been performed
as a function of 2, for different values of the barrier length. We note that the
resulting behaviors are in qualitative agreement with the predictions of the
other models, especially the phasetime one in the tunneling region. More in-
terestingly, these theoretical predictions appear to be confirmed by the results
of delay-time obtained by a microwave simulation below the cutoff (see Sect.

1z3).

12.2 Sub cutoff Microwave Propagation in Waveguide

12.2.1 Delay Time Through a Rectangular Potential Barrier

We report here the results of an experiment in the microwave range in which a
step-narrowing in the waveguide simulates a quantum-mechanical rectangular
potential barrier, as shown in Fig.

This experiment represents a contribution toward an understanding of a
complicated problem mainly for the facility of performing a microwave exper-
iment, which magnifies the timescale up to nanoseconds. The measurements
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Fig. 12.14. Time dependence of the complete signal for £ = 4 and 2 = —0.01 (clas-
sically forbidden region) and w; = 1. The signal alone, without saddle contribution,
is also shown. The time of arrival, taken halfway of the maximum amplitude and
according to the semiclassical analysis, is marked

can be compared with theoretical predictions as deduced from the existing
models of quantum tunneling since the transposition is relatively easy, as ex-
plained in Sect. 1211

Let us consider the X-band microwave circuit of Fig. [2.17lin which there
is a step-narrowing represented by a portion of waveguide in P band of length
L, section a’ x b’ (7.9 x 15.8 mm?), less than the normal size in X band
a x b(10.16 x 22.86 mm?).

The signals S7 and S2 were detected before and after the narrowing, respec-
tively, and sent to an oscilloscope where the delay time is directly measured.
The microwave signal—like a step function—was supplied by a klystron mod-
ulated by a pin modulator the fall time of which (<10 ns) was suitable to
measure delay times down to <1 nanosecond. The delay time was measured
as the distance between the falls at half-height of the signal after and before
the narrowing, and was detected until the deformation of the signal between
the input and the output was modest and the measurement was still reliable.

Measurements of the delay time performed as a function of the frequency,
for L = 15 cm, are reported in Fig. [2.18 together with the theoretical predic-
tions relative to the quantum-mechanical models (see the following section).

We note that, although none of the theoretical curves is far from the exper-
imental results, above the cutoff, the experimental results tend to reproduce
both the 757, and 74 models. Below the cutoff, however, the phasetime model
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Fig. 12.15. Tunneling time duration determined by evaluating the arrival time of
the complete signal, for some values of the barrier length. In the classically allowed
region (£2 > 0), the results are more or less comparable with respect to the semi-
classical model (continuous line), while in the tunneling region (2 < 0) they differ
deeply from it having much smaller tunneling times

T4 appears to be most adequate. Measurements with L = 20, 10, and 5 cm
were also performed using the same experimental apparatus. In the first case
(L = 20 cm) the peak of the delay moves toward the cutoff and the value
of the maximum increases, as physically expected. However, for this distance
problems arose due to the great attenuation of the pulse; the delay was de-
tectable only in a small range below the cutoff, thus making it difficult to
discriminate among the models. For L = 10 and 5 cm, the peak of delay
was displaced toward the higher frequencies as theoretically expected, and
below the cutoff the data well followed the phasetime model in both cases. On
the other hand, the measurements were less reliable with shorter narrowing
lengths because of spurious effects due to the discontinuities where the guide
section changed abruptly from a x b to @’ x b’ and higher-order evanescent
modes may have played a role. These discontinuities act as parallel inductive
shunts and influence the phase behavior [42] even if their effect in the fre-
quency dependence is quite negligible. In fact, the variation in the height of
the guide introduced in the equivalent circuit a negligible capacitive reactance
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Fig. 12.16. TE(; mode propagating in the X-band waveguide with a narrowing
of length L which creates the barrier. The quantum-mechanical analog is shown

X ~ 13,0002 at 9.5 GHz where the characteristic impedance of the X-band
guide was ~ 5002. On the contrary, the width variation caused a considerable
inductive reactance X ~ 2000 {2. However, in order to eliminate or reduce
the effect of discontinuities at the connection between the X-band guide and
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Fig. 12.17. Experimental setup employed to measure the delay time with a pulse
like a step function. The pulse is created by modulating at 1000 Hz, with a square
wave, the continuous wave generated by a klystron. The delay time is measured from
the separation of the pulses S1 and S2 detected before and after the narrowing
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Fig. 12.18. Delay time (open circles) as a function of the frequency for L = 15
cm. The continuous lines are the theoretical curves of 751, 7, and 74 as given by

(240), IZ43), and ([I246), respectively

the P-band narrowing, an X-P adapter which allows a “soft” passage from
the X to P band was then employed. For L = 15 cm, the delay-time measure-
ments performed with the above-mentioned adapters almost coincided with
those performed without adapters, thus showing that the effect of disconti-
nuities, even if producing some disturbance, did not appreciably modify the
transmitted signal.

In order to compare the experimental results with the quantum-mechanical
models, let us consider that, for the mode T'Ey i, the refractive index in the
waveguide is given by n = [1 — (A/2b)?]'/2 (X is the wavelength in the free
space) and that the guide represents a dispersive medium with n < 1 for
A < 2b. When A\ > 2b, the index becomes imaginary and evanescent waves
originate. The experimental apparatus corresponds to a rectangular potential
barrier, as sketched in Fig. [2.16] with the substitution

21w 1

k="Tn— 2m(E - V)2 (12.35)

More precisely, the “momentum” of (IZ33)) is expressed as

2t v v? 1 12
k= B8 =2 - , 12.36
Ao i < 2 (2v )2) ( )
where vg, o = ¢ [1 — (A/26')%]'/2 is the group velocity in the narrowed guide, ¢
is the light velocity, and v is the frequency. The “momentum” for the section
of width b is
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1/2 1 1/2
kr =2 — 12.
=20 (= ) 1237
and the quantity

1/2
o= (e~ ) W 2a

corresponds to a potential step of height V.

The delay time can be derived simply by modifying the corresponding
quantum-mechanical results. This is easily done by considering that the dis-
persion relation, which for quantum waves in a region of constant potential
is w = (hk?/2m) + (Vo/h), becomes as [[236) and [I237) for electromag-
netic waves in a wave guide. By differentiating, the “group velocity,” which for
quantum waves is dw/dk = hk/m , becomes dw/dk = c¢*k/w for the waveg-
uide. Thus we can adopt the formulas of quantum mechanics for waveguides
by the substitution

h c?
N (12.39)

Accordingly, the Biittiker and Landauer traversal time [12], defined as the time
7, through a rectangular barrier expressed by means of the energy dependence
of the complex transmission amplitude that includes both phase changes and
amplitude, can be written as

— 2 2\1/2
1/2

s T e

where the transmission coefficient 7" and the phase change A¢ in transmission
through the barrier are given by

L0 IR
T = {1 + { 12k sin® (kL) (12.41)
k% + k?
2kk,
According to relation (I239) and (I236HI2.3]), 7, and 7, are given by
L 2rv 0A¢ 21y ky {ZkL(k% + k%) — k2 sin(ZkL)}
YUk 0k &k 4k2k3 + ki sin® (kL) ’

tan(A¢) = tan(kL) . (12.42)

(12.43)

_ 27 0

Ty =

V2 2™ k2 [(k% + k2?)sin®(kL) — (k3kL/2) sin(QkL)}
2k Ok o k2 4k2k? + ki sin® (kL)
(12.44)
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Note that for ky < k, ko and opaque barriers (kL >> 1), (I2.44)) tends to the

simple semiclassical result
_ 2mv L

: 12.4

Ts
On the other hand, in the cutoff region where ky ~ ko, 7, (named in the
literature as dwell time) as given by ([I2.43)) is practically coincident with the
phase-time delay 74 given by

_ 2w 9A¢ _2mv 1 [—kjsin(2kL) + 2k k(K + k2)L
T 2k Ok 2 kky ki sin?(kL) + 4k2k>

In all the above equations (IZZIHIZAA), k, ki, and ko are given by ([2.36-
[[238) even for frequencies lower than the cutoff (v = ¢/(20') = 9.494 GHz)

where k£ becomes imaginary.

Equations (I240), (I2-45)) and (IZ40]) are reported in Fig. [2I8] together
with the experimental results. As previously anticipated, we can see that the
phase-time model appears to be the most adequate one for reproducing the
experimental results, while, in other cases, this model appears inadequate (see
Sects. and [[2:4)

Measures of delay time and amplitude below the cutoff were performed also
in a different way, by utilizing a two frequencies method. The configuration
of the experimental setup is shown in Fig.

The beat envelope of the two signals at two very near frequencies v; and
vo is detected. Because of the nearly quadratic characteristic of the detectors,
the ratio of the components of the amplitude of the beat V5 and V; (measured
after and before the narrowing, respectively) is proportional to the product of

(12.46)

the square root of the transmission coefficient at the two frequencies Tl1 / 2T21 /2
[44]. Thus, for a given frequency vy, by varying v» and by determining with
a fitting procedure the slope of the curve In T21 /2 as a function of v in the
neighborhood of vy, we get 7. by means of the second term in (I2Z40). The
results obtained for L = 15 cm are reported in Fig.

As expected, one can observe that the data derived from the beat-envelope
amplitudes reasonably follow the theoretical curve of 7, while the experimen-
tal data of beat delay better follow the curve of 74. In the same figure, the
semiclassical model, obtained in the framework of telegrapher’s equation (see
Sect. [270)) is also reported.

12.2.2 Penetration Time Inside a Barrier of Infinite Length

We describe here an experiment, at microwave scale, which simulates a
quantum-mechanical rectangular barrier of infinite length [36]. In this experi-
ment, the signal is constituted by squared pulses, which modulate the carrier
and is measured simultaneously before the barrier edge and inside the bar-
rier, in a variable position [ (see the inset in Fig. [2.2T]). The waveguide in the
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Fig. 12.19. Experimental setup employed to measure the delay time and the beat-
envelope amplitude Vi and V2 with two slightly different frequencies generated by
two klystrons. From V; and V> the time 7, is derived

P-band was filled by a dielectric, Teflon, so that the frequency of the carrier
was above the cutoff. The two signals were sent to a dual channel oscilloscope
suitable for measuring the temporal delay between the two signals with suf-
ficient accuracy. Reliable measurements required the use of frequencies near
the cutoff one (v = 9.494 GHz) and a penetration depth in the barrier of a
few centimeters, in order to have an acceptable attenuation of the waves.

The measurements were performed at several values of the frequency car-
rier that ranged between 9.46 and 9.28 GHz. They were then compared with
the curve of the real part of the traversal time as given by the stochastic model
(@ZI9) in Sect. IZT2). This was computed for a given frequency v, which
determined the velocity through the relation v = |vg 4| = c\/(P0/v)2 — 1,
with 7 as the effective cutoff frequency given by 7y = /192 + a2v2/c2, by
selecting the value for @ which best described the experimental data.

In extreme cases (v = 9.46 and 9.28 GHz), the results obtained showed a
clear monotonic (nearly quadratic) behavior, increasing with [, the description
of which by the stochastic model required values for a of the order of 1 ns~!
or less. More interesting were the cases at intermediate frequencies (9.39, 9.33
GHz), which exhibited more complicated behavior, with the presence of a
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Fig. 12.20. Experimental results of 7. vs frequency (open circles) as deduced from
beat envelope amplitude data for L = 15 cm, compared with the relative theoretical
curve and beat-delay data (full circles) compared with the curve of 74. The heavy
continuous line (75) represents the modified semiclassical model resulting from the
solution of the telegrapher equation with @ = 0.1¢ which produces a shift of the
cutoff frequency from vy ~ 9.49 GHz to vp ~ 9.54 GHz

more or less pronounced peak as predicted by the theoretical model in some
cases (see Fig. [2.27)).

In Fig. [22T] we report the results obtained for v = 9.33 GHz. These
showed a clear increase in the delay up to values of [ around 2.5 cm. However,
for larger values of [, the delay tended to decrease or, at least, to saturate.
The resulting peak was, however, not as accentuated as predicted by the above
theory, but rather was damped as if a damping coefficient were present in the
resonance (a phenomenon analogous to the lowering of the coefficient @ of a
resonant circuit or cavity [43]). By taking into account that in tunneling cases
the dissipative parameter a represents an imaginary dissipation, that is, not
dissipative but rather reactive, it is plausible to introduce a truly dissipative
effect by including a suitable imaginary part in parameter a, so that a — a+ib.
In this way, we obtained more damped peaks in the curves of the real part
of the time, as shown in Fig. [2.21] where the lower curve is obtained for
a=2.25—1i0.5ns"!.

It seems, therefore, that by means of this experiment we have obtained
a sufficiently clear demonstration of the validity of the stochastic model for
tunneling, even independently of the existence of the peak in the curve of
the delay time. This peak, however, strongly supports the theoretical model,
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Fig. 12.21. Penetration time results (small crosses, triangles and circles refer to
different series of measurements) as obtained with the experimental setup shown in
the inset. The carrier frequency was v = 9.33 GHz, the cutoff frequency vy = 9.494
GHz. The upper curve refers to a = 2.25 ns~!; the lower curve is obtained by
including an imaginary part, namely a = 2.25 — 0.5 ns~ !

even if its implications are rather surprising. In fact, the traversal time of
the forbidden region tends to decrease for certain values of [, while the dis-
tance increases. This unusual behavior deserves further investigation before
any definitive conclusion can be safely drawn. It is worth noting, however,
that in the region of the resonance peak the punctual velocity, as given by
the inverse of the derivative, supplies velocities which are infinite in the two
stationary points (A and B in Fig. I20] Sect. [2.1.2]) and negative in the
intermediate interval.

12.3 Delay-Time Measurements
in a Diffraction Experiment

Here we describe an experiment of optical tunneling performed in order to
measure the delay time for evanescent waves generated by diffraction. In the
experiment, the phase-delay time was directly measured and group delay was
then deduced from the previous results. Microwaves with a wavelength of
about 3 cm were used in connection with a metal-strip grating, the period of
which was chosen so that all the diffracted waves, except the zero-order one,
were surface (evanescent) waves attenuated along the direction perpendicular
to the grating. One of the first-order waves was transformed into an ordinary



384 D. Mugnai and A. Ranfagni

P

G

I ?
> |

I

I

I

I

|

ordinary
zero - order wave
from the generator launcher | incident wave

diffracted
first - order wave

) D Sdle

receiver

slotted
waveguide

coaxial cable x\4

(reference signal) to detector

and meter
Fig. 12.22. Experimental setup consisting of a grating G and a paraffin prism
P separated by a gap whose width is d. Two horn antennas (the launcher and the
receiver) allow accurate phase measurements by means of a slotted waveguide where
the reference signal is combined with the signal picked up by the receiver

wave by refraction on a paraffin prism; it was then revealed by means of a
receiver. The experimental setup is shown in Fig.

Besides the grating and the prism, it includes two horn antennas, one as
launcher and the other as receiver. The latter is followed by a slotted waveg-
uide in which the signal picked up is combined with a reference signal derived
from the generator. In this way, we could make accurate phase measurements
by detecting the probe position corresponding to a minimum (which exactly
indicates the opposition of phases of the two waves) of the amplitude of the
resulting signal [44].

The results are shown in Fig. Here, the probe position x is reported
as a function of the distance d between the grating and the prism. The period
of the grating is p = 3 cm and the measurements were made at a frequency
v = 9.24 GHz, below the cutoff frequency vy = ¢/p = 10 GHz.

The measurements were performed while keeping all components at fixed
position; only the gap distance d was varied. Since Dy = d+ D = 52 cm was
taken to be constant, the distance D between the grating and the launcher
also changed.

By performing a set of measurements like the one shown in Fig. [2.23]
each for a different frequency, we could derive the delay as a function of the
frequency. The results are shown in Fig. [2.24] together with the theoretical
curves. In the absence of a grating, a prism, etc., the total propagation time of
the wave for the indicated distance would be Dy /c¢; thus, the time attributable
to the traversal of the gap would be d/c = (Dg/c¢) — (D/c). Consider that
for large D/X the velocity prior to reaching the grating is, in an excellent
approximation, just c. However, as the gap varies away from zero, the relative
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Fig. 12.23. Probe position z, relative to a constant phase value, as a function of
gap width d for v = 9.24 GHz. The probe position is approximately linear in the gap
size and it is only the average slope of the curve that is ultimately used in (I2:49).
For this reason our results are not sensitive to slight deviations from straight line
behavior (the waviness in the curve) nor to the zero position of the z variable. In
practice, we used the variation Az for a gap width d = 3 cm

phase of the reference signal and the wave that actually passes through the
grating, etc., change and the probe is moved until they match again.

A probe displacement Ax means that the wave through the prism has
gained some time (with our sign convention). Therefore, by using the phase
velocity vpn,g within the slotted waveguide (where the probe is located), this
yields

d A
(V) = — =) , (12.47)
¢ Uph,g
for the time in the gap (as a function of frequency), where vpn, = ¢/

V/1 = (A\/2D)2, X is the free-space wavelength and b =22.86 mm is the width
of the waveguide. The quantity Ax is positive when the x position increases
as it goes away from the receiver horn (see Fig. [222]).

By substituting vpn,¢ in (IZ47), the phase delay can be rewritten as

d Ax(v)
Tpn(V) = . [1 — Ax’(l/)} , (12.48)
where, by denoting the wavelength in the waveguide with Ag,
A d
Ar'(N)=d"# (12.49)

A /1= ()\/2b)2
is the variation of the probe position in the waveguide corresponding to the
variation d in free space. This means that if Az turns out to be equal (or
nearly equal) to Az’, the phase delay in the gap is equal (or nearly equal)
to zero. In the example of Fig. [2.23] when referring to a frequency below
the cutoff, the phase delay for a gap of 3 cm turns out to be ~ 10 ps, while
the phase delay for the same distance in free space is 100 ps. This shows—as
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expected—that the phase delay of an evanescent wave is very much shorter
than the phase delay of a free propagation.

As for the group delay, we have to consider that in free space it coincides
with the phase delay, while in the gap, which is a dispersive system, it is
different. By fitting each data set with a straight line as in Fig. [2.23] we
can determine, through ([I248]), the phase delay for selected values of d. The
results obtained for d = 3 c¢cm are reported (full circles) as a function of the
frequency in Fig. From these values, we can evaluate the group delay as

ATph
Av

The group delays are shown in Fig. [2.24] by means of open circles with
fiducial bars. The fiducial bars have been estimated by the y? criterion as

1/2
o~ (Zf;l A?/N ) where A; are the differences (residuals) between the

Tgr = Tph TV (12.50)
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Fig. 12.24. Delay-time results and associated theoretical curves for a gap width of
d = 3 cm for which the corresponding time for light velocity propagation would be 0.1
ns (dotted line). Solid circles are the experimental phase-time delays obtained from
phase measurements. The two lower curves are the fitting of the experimental data
(dashed line) and the phase delay (continuous line) as predicted by the theoretical
model 7pn = A¢/w. Open circles with fiducial bars represent group-delay results
derived from phase-delay data. The two upper curves are the group-delay model
(continuous line) and the group delay deduced from the fitting curve below (dashed
line)
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theoretical and the NV experimental values of 7. It is interesting to note that
the group delay understood to be the ratio of the variation of A¢ over the
frequency variation Aw, is exactly what we could obtain by operating simul-
taneously with two waves at frequencies w and w + Aw and by measuring the
delay of the beat (a way of obtaining the group delay) in both the allowed
and forbidden regions. In this way, our procedure for determining the group
delay is directly connected to a real physical situation.

Since calculation of the group delay involves the derivative of the measured
quantities, it is reasonable to calculate first a smoothing of the data, and to
deduce then the group delay from that. Ideally, if a theoretical description of
the experiment which depended on one or two parameters were available, the
measured data could be used to establish the values of those parameters. Then
for the group velocity the derivative of the phase velocity could be taken as
given by a theoretical function dependent on the measured parameters (and
the error bars would reflect uncertainty in the values of the parameters). In
contrast, a straightforward calculation of the derivative by considering the
differences of the experimental values would exaggerate the normal variation
of the experimental output. Unfortunately, an exact theoretical calculation of
the phase shift would be difficult, mainly because the prism is in the near
field of the grating and the wavelength is close to the critical value for the
grating. Moreover, the slits themselves are of intermediate geometry, being
neither infinite slits nor circles; each of them carries different phase factors.

It is convenient to proceed along both lines. We used a phenomenological
model to motivate reasonable curve fitting and then use the fitted curve to
calculate the derivative. However, we also took the data and performed the
most naive kind of derivative calculation. As will be seen below, the latter did
not place 7 quite so deeply into the superluminal regime, although over a
significant range even this leaves no doubt that the delays are less than would
be obtained from velocity c.

The phenomenological model is based on the theoretical description of
tunneling, namely [45]

nk? — K2

tan(A¢) = (14+n)kk

tanh(kd) (12.51)
where k = 2mv/c, k = (21/c)\/v3 — V2, and n = 1.49 is the refractive index
of the paraffin. In addition to the above phase change calculated, there is
a contribution due to the passage from forbidden to allowed propagation.
These contributions have been calculated in a variety of situations, although
not for the intermediate type geometry (nonrectangular, finite slits) of this
experiment. We therefore assumed that an additional phase change occurred,
that it went smoothly from zero to its full value (like a hyperbolic tangent).
We let the actual value of the phase shift be one of the parameters for the
curve fitting.

The resulting data fit (with net phase change close to 27/5) is shown in
the figure. It is the associated curve the derivative of which is used in the
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calculation of group velocity. As indicated, the figure also displays (as circles)
a calculation of the group-delay that does not depend on any curve-fitting
assumptions. For both the minimalist and the “informed” calculations and
for frequencies below the cutoff, the group delay fell convincingly below that
associated with the velocity of light.

When the delay measurements were made by using pulse modulation (like
a “step” function in which the transition has a duration of about 10 ns and
the spectral width ~ 100 MHz), the experimental setup of Fig. turned
out to be not very suitable when the measurements were made by varying d
and D (the sum d 4+ D kept constant). In fact, standing wave effects, which
gave rise to the small undulation shown in Fig.[12.23] became amplified in the
group-delay data since they are related to the derivative of the phase delay.

In addition, there was a modification in the results of delay measurements
because of the so-called speed-up effect. This was due to the variation of the
transmission coefficient in the frequency interval corresponding to the spectral
width of the pulse. In fact, the barrier acted as a high-pass filter enhancing
the transmission of the high-frequency components of the signal. This effect
could be evaluated by noting that the transmitted pulse turned out to be
shifted toward the high-momentum values by an amount given by [46]

Ak (Asp)? 2 0 1
= In T/ 12.52
k 2 wow ’ ( )
where Asy is the spectral width in momentum space. Since (9/0w)InT*/?
is 7, that is, the imaginary component of the delay, and assuming Ak/k ~
At/t (t being the duration of the complete travel in the experiment), we ob-

tained an enhancement given by
t [ Aw\?
) ( w‘”) w] 7. (12.53)

For the considered frequencies we estimated the factor in parentheses to be of
the order of 1072 so that the measured delay should be shortened by about
1% of the imaginary component. This, in turn, could be assumed to be nearly
coincident with the semiclassical time given by

0T =

2nv L

12.54
o (1254)

Ts =
where the quantity o is obtained from amplitude measurements. Some results
are reported in Table [2.1] together with the corresponding 7, which are in
rather good agreement with the theoretical value of k. Therefore, even if
appreciable, this interesting effect does not represent an important deviation
from the expected results.

More reliable results of group delay were also obtained by measuring, using
a lock-in amplification technique, the phase delay of a sinusoidal modulation
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Table 12.1. Attenuation constant xo and semiclassical traversal time 75 as deduced
from amplitude measurements. The variation A7y of the real delay time 74 with
respect to the free-motion time L/c, as measured for L = 3 cm by modulating
at 10 MHz, is compared with the value deduced from phase measurements of the
carrier (best fit procedure). The reported error is consistent with the resolution of
the lock-in amplifier

v K2 Ts Aty =14 — L/c Aty
(GHz) (cm™') (ps) lock-in measurements. (ps) phase measurements. (ps)

9.01 — — —97 £ 55 ~ —48
9.30 0.84 235 — ~ —46
9.42 0.71 279 — ~ —43
9.82 0.575 357 — ~ —38
11.0 — — 186 £+ 55 ~ 171

which directly supplied the group delay or, more exactly, the variation A7y
with respect to the free motion time L/c¢ (see Table [2.T]).

The modulation frequency v, was fixed at 10 MHz so that the spectral
width of the signal was only 20 MHz. The sensitivity of this measurement was
not high, since a delay of 100 ps corresponds to a dephasing of only 0.36°.
Each result was obtained by a best fit of the data, relative to measurements
of delay time vs the gap width d, and was affected by a large error as reported
in Table T2l for only two frequency values. This was due to the complexity of
the procedure. Nevertheless, we can conclude that the results obtained in this
way are in agreement with those derived from the phase-delay measurements
reported in the last column of Table 1211

12.4 Tunneling Time in Frustrated Total Reflection

Let us now consider two microwave experiments that deal with tunneling time
in the presence of frustrated total reflection.

The first experiment consists in measuring the delay in a gap of a few
centimeters between two paraffin prisms when total reflection takes place in
the first prism and evanescent waves originate in the gap. The experimental
setup is shown in Fig.

In addition to two paraffin prisms (refractive index n = 1.49, angles: 30°,
60°, 90°), it consists of two horn antennas, with relative detectors, one as
launcher and the other as receiver. For angles of incidence 7 ~ 60° greater
than the critical angle ig = sin™!(1/n) ~ 42°, total reflection takes place, and
evanescent waves, moving along the z-direction and amplitude attenuating in
z-direction, originate in the gap. In this way, the gap acts like a quantum-
mechanical potential barrier, and the traversal time can be identified with
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Fig. 12.25. Experimental setup consisting of two paraffin prisms separated by a
gap, the width of which is d. Two horn antennas, the launcher and the receiver,
allow accurate phase measurements by means of a slotted waveguide, in which the
reference signal is combined with the signal picked up by the receiver. The reference
axes for the theoretical analysis are also indicated

the tunneling time [47] 48]. For frequencies around 10 GHz (the wavelength
A =~ 3 cm), we first performed phase-delay measurements from which the group
delay could be deduced. For this purpose, after the receiver horn, we placed a
slotted waveguide in which the signal picked up was combined with a reference
signal derived from the generator. Phase measurements, as a function of the
gap width d, were carried out by detecting a probe position corresponding to
a minimum of the amplitude of the resulting signal, according to a procedure
described in Sect. We repeated this kind of measurement for several
frequency values in the v =9-10 GHz range for gap widths from zero to d = 2
cm (the strong attenuation prevented our obtaining reliable results for larger
values) [49].

The phase delays 71, obtained were very small, limited within the 4—6 ps
range, and slightly dependent on the frequency, as shown in Fig. The
group delay could be deduced from the phase delay according to the relation
Ter = Tph + V(dTph /dv). However, the relative errors in the 7, data made an
evaluation of the derivative of 7, uncertain. On the other hand, according
to the theoretical analysis reported in Sect. IZ.I.1] the term containing the
phase-delay variation turned out to be nearly equal to the phase delay and,
consequently, the group delay tended to zero in this case.

Confirmation of this result was obtained by direct group-delay measure-
ments, which were carried out with pulse modulation of the carrier, rather
than with monochromatic microwaves as in the phase-delay measurements.
In view of the smallness of the quantity being measured, it is very important
to check that the pulse shape (width, rise and fall-time) does not appreciably
change when passing through the barrier; otherwise, the group-delay loses its
meaning. Moreover, the geometry of the experimental setup had to be care-
fully controlled. Reliable results were obtained with pulse modulation, ~ 80
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Fig. 12.26. Phase-delay results for several frequency values, obtained by varying
the gap width from zero to d = 2 cm and maintaining constant s, the position of
the receiver horn relative to the movable prism

ns width, rise and fall time of few nanoseconds, frequency repetition of ~100
kHz, by comparing the input and the output pulses with a two-channel dig-
ital real-time oscilloscope, the time resolution of which was down to a few
picoseconds. After almost compensating for the delay due to the travel before
and after the gap, we measured a delay of 134 + 8 ps when a gap of ~ 2 cm
was filled with a paraffin slab. The delay decreased to 87 + 7 ps when the
gap was empty. We thus obtained a net advance in time of 47 & 15 ps. Since
the increase of the path ray in the paraffin was ~ 1 cm (see Fig. [227]), a
value which implies a delay of ~ 50 ps, we concluded that the group delay
in the gap was of the order of a few picoseconds, thus demonstrating a clear
superluminal behavior, in both the phase and group velocities.

In terms of electromagnetic waves, an analysis of what occurred in the
experiment described above was made by considering a system formed by two
half-spaces, limited by plane-parallel boundaries, at z = 0 and z = d, re-
spectively, filled with a homogeneous and non dispersive medium of refractive
index n, and separated by a vacuum gap. As described in Sect. [I2.T.1] from a
comparison of the impinging and transmitted pulses, it is possible to evaluate
the time taken by the pulse to travel across the gap. Here, we limit ourselves
to reporting the most significant results. If the impinging wave is a §-like func-
tion of the time, picked on the wave front that at ¢ = 0 passes through the
origin O in Fig.[I2.0], the transmitted pulse at z = d can be simply expressed
analytically, for I' < ~, as [32] [49]

2c exp(— ,f,cytd)

_ﬂct)

12.55
nyd 1+ exp(—75 ( )

t =~

where I' = v/n2a2 — 1 and (w/c)I is the attenuation constant of the evanes-
cent wave along the z-coordinate in the gap. Equation (I2.55)) tells us that our
system behaves approximately like a low-pass filter [50], the time constant of
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which is 7 = nyd/2c. It is thus expected that the delay of a signal crossing the
gap should be of the order of 7. More precisely, the delay coincides consider-
ably with the time-constant difference 7—7', where 7/ = I'd/7c. Since 7 and 7/
are typically of the same order of magnitude (tens of picoseconds), we obtain
very small delays. In Fig. a general view of the propagation of a pulse
impinging on the gap is shown, with its reflected part and its transmitted part
through the gap.
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Fig. 12.27. General view of the propagation of a Gaussian pulse (half-width in
time is 0.2) for an angle of incidence on the gap i ~ 43°, v = 0.73, I" = 0.16, taking
the light velocity to be ¢ = 1. The impinging and reflected pulses, are shown in
(a), the field in the gap, in (b), the transmitted pulse, in (¢). We note that, while
in (a) and (c¢) the pulse velocity is nearly equal to the unity, in (b) the velocity
is approximately five times greater. This value is demonstrated by the small delay
(~ 0.2) at the end of the gap. We note, however, that with these parameter values
(especially ¢ = 1), the deformation of the pulse is not negligible
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What emerges from this three-dimensional representation is that, while the
velocity is unitary (At ~ 1 for Az = 1 corresponding to a velocity ¢/ny ~ 1
before and after the barrier), the velocity during the traversal of the barrier
is indubitably higher. This is because on this scale the delay for travelling a
unitary gap width (Az = 1) is much smaller (say, At ~ 0.2, which corresponds
to a velocity ~ 5¢).

More accurate results can be obtained by properly integrating (I2.57]),
in its exact expression, over time. This can make it possible to obtain the
shape of the output in the case that the input signal is, for example, a step
function or a ramp. The results are reported in Fig. [12.28 and show that the
delay varies from 36 ps for I' = 0.1 (that is in proximity of the limit angle
of incidence iy ~ 42°) to nearly zero for I" = 0.8, which corresponds to the
experimental situation in which we obtained a delay of few picoseconds.

A detailed analysis of the propagation inside the forbidden region is re-
ported in [5I] and [52]. A different approach, based on the path integral
method, is given in [53] and [54].

The second experiment consisted of measuring the shift of the microwave
beam outgoing from the launcher and traversing the gap of a few centimeters
between the two paraffin prisms, still in total reflection condition. This ex-
periment is an extension to the microwave range of an analogous experiment
already made in the optical range [48]. With reference to the inset in Fig.
(incidence and critical angles ~ 60° and 42°, respectively) we have quantity
D—which is a measure of the traversal time—as twice displacement J. The
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Fig. 12.28. Group-delay results (squares) computed by properly integrating (IZ.53))
for several values of I" and d = 2 cm. The inset shows the determination of the delay
in the case that the input signal (as well as the output) is a ramp
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Fig. 12.29. Traversal time results as a function of the gap width d between the
two paraffin prisms. The experimental setup is shown in the inset. The microwave
beam at 9.33 GHz, in conditions of frustrated total internal reflection, exhibits a
shift As, in the transmitted part through the gap, which is related to the traversal
time. The curves correspond to the real part of the tunneling time as given by the
theoretical model of Sect. 2L for a = 35 ns~* (continuous line), and a = (35—i2.5)
ns~ ! (shaded line)

latter could be determined by measuring the shift As of the beam while the
gap was varied from zero to d. If we put this into a formula, we have

D =26 =2(dsini — As). (12.56)
Once the shift ¢ is known, we could determine the traversal time as [48]

o "D (12.57)
csint

where n = 1.49 is the refractive index of the prisms and c is the light velocity
in vacuum. In Fig. we report results of 7 as a function of d as they
resulted from the measurements. We note that, in spite of a nonnegligible
uncertainty (mainly due to the uncertainty in the determination of As) in
determining the duration of the process, the data exhibit a peak as predicted
by the theoretical model described in Sect. In the same figure we also
report the curves as given by the theoretical model (see (IZI8) and (ITZ19))),
where the velocity is given, in this case, by v = ¢/1/(sini)2n2 — 1. The value
of a which best fit the experimental data is between 30 and 35 ns™!. A small
imaginary part, say b = —2.5 ns~!, was also admissible. While confirming the
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data previously obtained, these results seem to give further confirmation of
the validity of the stochastic model in relation to tunneling processes.

12.5 Concluding Remarks

On the basis of the experiments reported here, we can conclude that the
optical tunneling (at microwave scale) is a useful method for investigating
tunneling processes. Since the wave equations which govern the waves evo-
lution are formally equal to those related to quantum-mechanical particles,
optical tunneling can be usefully utilized for simulating quantum tunneling.

It

therefore represents a good observatory for investigating processes that, in

quantum mechanics, are difficult to observe directly.

th

in

However, there are some important differences. The first is due to the fact
at measurements are always invasive in quantum-mechanical systems, while
optical tunneling, when the system is macroscopic (as in the microwave

experiments here presented), measurements are noninvasive.

Another difference is related to the velocity of the processes. Within the

electromagnetic framework, the wave equations are relativistic, while quan-

tu

m particles seldom need the relativistic formalism. Indeed, they are usually

described by the Schrodinger equation, rather than by the Klein—Gordon or
Dirac ones.

A third difference is connected to the different timescale in which the

superluminal effects can be observed. This timescale is confined within a range

th
to

at is accessible for microwave scale and photon tunneling, while it appears
be rather inaccessible even for light relativistic particles, such as electrons,

for which the time scale is of the order of 102! s.

ve

The fast behavior observed in optical tunneling is attributed to group
locity. The question as to whether the superluminality can be extended to

signal velocity is still open, and needs further investigations.
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13.1 Introduction

The two-state vector formalism of quantum mechanics is a time-symmetrized
approach to standard quantum theory particularly helpful for the analysis
of experiments performed on pre- and post-selected ensembles. It allows to
see numerous peculiar effects which naturally arise in this approach. In par-
ticular, the concepts of “weak measurements” (standard measurements with
weakening of the interaction) and “weak values” (the outcomes of weak mea-
surements) reveal a very unusual but consistent picture. Recently, more and
more effects are viewed as manifestations of weak measurements and more
and more weak measurement experiments have been performed. The polemic
about the validity of the approach and the meaning of its concepts never
stopped. The number of papers written on the subject almost doubled since
publication of the first version of the review. The current review does not ex-
plain in details the new results, but it puts the development of the approach
in the proper context and provides citations for further reading.

13.2 Descriptions of Quantum Systems

13.2.1 The Quantum State

In the standard quantum mechanics, a system at a given time ¢ is described

completely by a quantum state
) | (13.1)

defined by the results of measurements performed on the system in the past
relative to the time ¢. (It might be that the system at time ¢ is not described
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by a pure quantum state, but by a mixed state (density matrix). However,
we can always assume that there is a composite system including this system
which is in a pure state.) The status of a quantum state is controversial: there
are many papers on reality of a quantum state and numerous interpretations
of this “reality.” However, it is noncontroversial to say that the quantum state
yields maximal information about how this system can affect other systems
(in particular, measuring devices) interacting with it at time ¢. Of course, the
results of all measurements in the past, or just the results of the last complete
measurement, also have this information, but these results include other facts
too, so the quantum state is the most concise information about how the
quantum system can affect other systems at time t.

The concept of a quantum state is time-asymmetric: it is defined by the re-
sults of measurements in the past. This fact by itself is not enough for the
asymmetry: in classical physics, the state of a system at time ¢ defined by the
results of the complete set of measurements in the past is not different from
the state defined by the complete measurements in the future. This is because
for a classical system the results of measurements in the future are defined by
the results of measurements in the past (and vice versa). In quantum mechan-
ics this is not so: the results of measurements in the future are only partially
constrained by the results of measurements in the past. Thus, the concept
of a quantum state is genuinely time-asymmetric. The question arises: does
the asymmetry of a quantum state reflects the time asymmetry of quantum
mechanics, or it can be removed by reformulation of quantum mechanics in a
time-symmetric manner?

13.2.2 The Two-state Vector

The two-state vector formalism of quantum mechanics (TSVF) originated in
a seminal work of Aharonov, Bergmann, and Lebowitz (ABL) [I] removes this
asymmetry. It provides a time-symmetric formulation of quantum mechanics.
A system at a given time ¢ is described completely by a two-state vector

(9] |¥) , (13.2)

which counsists of a quantum state |7) defined by the results of measurements
performed on the system in the past relative to the time ¢ and of a backward
evolving quantum state (®| defined by the results of measurements performed
on this system after the time ¢. Again, the status of the two-state vector
might be interpreted in different ways, but a noncontroversial fact is that it
yields maximal information about how this system can affect other systems
(in particular, measuring devices) interacting with it at time ¢.

The description of the system with the two-state vector (I3.2) is clearly
different from the description with a single quantum state (I31I), but in both
cases we claim that “it yields maximal information about how this system
can affect other systems (in particular, measuring devices) interacting with it
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at time ¢.” Does it mean that the TSVF has different predictions than the
standard quantum approach? No, the two formalisms describe the same theory
with the same predictions. The difference is that the standard approach is time
asymmetric and it is assumed that only the results of the measurements in
the past exist. With this constraint, |?) indeed contains maximal information
about the system at time ¢. The rational for this approach is that if the results
of the future measurements relative to the time ¢ exist too, then “now” is
after time ¢ and we cannot return back in time to perform measurements at ¢.
Therefore, taking into account results of future measurements is not useful. In
contrast, the TSVF approach is time symmetric. There is no preference to the
results of measurements in the past relative to the results of measurements
in the future: both are taken into account. Then, there is more information
about the system at time ¢. The maximal information (without constraints)
is contained in the two-state vector (@] |¥).

If the TSVF has the same predictions as standard quantum mechanics,
what is the reason to consider it? And what about the argument that when
the results of future measurements are known it is already too late to make
measurements at time ¢? How might the two-state vector be useful? The an-
swer to the first question is that it is important to understand the time sym-
metry of nature (described by quantum mechanics). The time asymmetry of
the standard approach might be solely due to the usage of time-asymmetric
concepts. The answer to the second question is that there are many situa-
tions in which we want to know how a system affected other systems in the
past. The TSVF proved to be particularly useful after introduction of weak
measurements [2 [3, 4] which allowed to see that systems described by some
two-state vectors can affect other system at time ¢ in a very peculiar way.
This has led to the discovery of numerous bizarre effects [5l [6] [7, §]. It is
very difficult to understand these effects in the framework of standard quan-
tum mechanics; some of them can be explained via a miraculous interference
phenomenon known as super-oscillations [9, [10].

13.2.3 How to Create Quantum Systems Corresponding
to Various Complete Descriptions?

The maximal complete description of a quantum system at time ¢ is a two-
state vector ([I3.2). We will name the system which has such a description
as pre- and postselected. (Again, it might be that at time ¢ the system is not
described by a “pure” two-state vector. However, we can assume that there
is a composite system including this system which is described by a two-
state vector.) In some circumstances, the system might have only a partial
description. For example, if time ¢ is “present” and the results of the future
measurements do not exist yet, then at that time, the system is described only
by a usual forward evolving quantum state ([I3): the preselected system.
Later, when the results of the future measurements will be obtained, the
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description will be completed to the form ([I3.2]). It is also possible to arrange
a situation in which, until some measurements in the future, the complete
description of the system at time ¢ is the backward evolving quantum state
(@|: the postselected system. We will now explain how all these situations can
be achieved.

Single Forward-Evolving Quantum State
In order to have now a system the complete description of which at time
t is a single quantum state (I3]), there should be a complete measurement
in the past of time ¢ and no measurement on the system after time ¢, see
Fig. 3] a. The system in the state [¥) is obtained when a measurement of
an observable A at time t¢; is performed, t; < ¢, obtaining a specific outcome
A = a such that the created state |a) performs unitary evolution between t;
and t governed by the Hamiltonian H,
Ulti,t) = e o Hdt (13.3)
to the desired state:
@) = Ul(ts,t) |a) . (13.4)

The time “now,” t,0, should either be equal to the time ¢, or it should be
known that during the time period [t, ;0] N0 measurements have been per-
formed on the system. The state |¥) remains to be the complete description
of the system at time ¢ until the future measurements on the system will be
performed yielding additional information.
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Fig. 13.1. Description of quantum systems: (a) pre-selected, (b) pre- and postse-
lected, (c) postselected, and (d) generalized pre- and postselected
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The Two-State Vector

In order to have now a system the complete description of which at time
t is a two-state vector (I3:2)), there should be a complete measurement in the
past of time ¢ and a complete measurement after the time t, see Fig. [3.Ib.
In addition to the measurement A = a at time ¢y, there should be a complete
measurement at to, to > t, obtaining a specific outcome B = b such that the
backward time evolution from 9 to t leads to the desired state

(@ = (bl UT(t,t2) - (13.5)

The time “now”, ¢,y is clearly larger than t5. The two-state vector (@] |¥)
is the complete description of the system at time ¢ starting from the time ¢,
and forever.

A Single Backward-Evolving Quantum State

We have presented above a description of quantum systems by a single
forward-evolving quantum state (I3 and by a two-state vector (I3.2)). Tt
is natural to ask: Are there systems described by a single backward-evolving
quantum state? The notation for such a state is

(@] . (13.6)

A measurement of B at time to, even in the case it yields the desired outcome
B = b, is not enough. The difference between preparation of (I3.1]) and (I3.2])
is that at present, ¢, the future of a quantum system does not exist (the future
measurements have not been performed yet), but the past of a quantum sys-
tem exists: it seems that even if we do not know it, there is a quantum state
of the system evolving towards the future defined by the results of measure-
ments in the past. Therefore, in order to obtain a quantum system described
by a backward-evolving quantum state (I3:2)), in addition to the postselection
measurement performed after time ¢, we have to erase the past.

How to erase the past of a quantum system? A complete measurement
before the time t certainly partially erases the information which the system
had before the measurement, but it also creates the new information: the re-
sult of this measurement. It creates another quantum state evolving forward
in time, and this is, really, what we need to erase. We have to achieve the
situation in which no information arrives from the past. It seems impossible
given the assumption that all the past is known. However, if we perform a
measurement on a composite system containing our system and an auxiliary
system, an ancilla, then it can be done, see Fig. [I3.Ik. Performing a Bell-type
measurement results in one of a completely correlated states of the system
and the ancilla (the Einstein-Podolsky-Rosen (EPR)-type state). In such a
state, each system has equal probability to be found in any state. However,
the measurement on one system fixes the state of the other, so, in addition to
the Bell-type measurement we need to “guard” the ancilla such that no mea-
surement could be performed on it until now. Again, the complete description
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of a quantum system by a single (this time backward-evolving) quantum state
can be achieved only for a period of time until the measurements on the ancilla
would fix the forward-evolving quantum state for the system.

The backward evolving state is a premise not only of the two-state vector
formalism, but also of “retrodictive” quantum mechanics [111 [12] [13] [14] [15],
which deals with the analysis of quantum systems based on a quantum mea-
surement performed in the future relative to the time in question. It is also rel-
evant to “consistent histories” and “decoherent histories” approaches [16] [17].

13.2.4 The Generalized Two-State Vector

The descriptions we described above correspond to an “ideal” case. We have
assumed that complete measurements have been performed on the system in
the past, or in the future or both. The philosophical question is this: can we
assume that going sufficiently far away to the past, far away to the future
and far in the sense of considering composite systems larger and larger, at the
end there always be a complete description in the form of a two-state vector.
Usually we do put constraints on how far we go (at least regarding the future
and the size of the system). In constructing the situation in which a system
is described by a backward-evolving quantum state only, we already limited
ourselves to a particular system instead of being satisfied by the correct claim
that our system is a part of a composite system (which includes also the an-
cilla) which does have forward-evolving quantum state. As in the standard
approach, limiting our analysis to a particular system leads to descriptions
with mized states. There are situations in which the forward-evolving state
is a mixed state (the system is correlated to an ancilla) and the backward-
evolving state is another mixed state (the system correlated to another an-
cilla). Although the generalization to the mixed states is straightforward, it is
not obvious what is its most convenient form. For a powerful, but somewhat
cumbersome formalism, see [I8]. However, there is a particular case which is
not too difficult to describe. It corresponds to another “pure” two-state vector
description: generalized two-state vector.

Generalized two-state vector [4] is the name for the superposition of two-

state vectors
Z%‘@H @) . (13.7)

In general, the sets {|%;)}, {(®;|} need not be orthogonal. Then, the nor-
malization should be chosen consistently, although it is not very important
since in main applications of this concept the normalization does not affect
anything.

For simplicity, we will consider the case of zero free Hamiltonian for the
system and for the ancilla. In order to obtain the generalized two-state vector
([I3) we have to prepare at ¢; the system and the ancilla in a correlated state
> «i|¥;) i), where {|7)} is a set of orthonormal states of the ancilla. Then we
have to “guard” the ancilla such that there will be no measurements or any
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other interactions performed on the ancilla until the postselection measure-
ment of a projection on the correlated state 1/v/N . |®;)i), see Fig. [3IH.
If we obtain the desired outcome, then the system is described at time ¢ by
the generalized two-state vector (I37).

13.3 Ideal Quantum Measurements

13.3.1 Von Neumann Measurements

In this section I shall discuss how a quantum system characterized by a certain
description interacts with other systems. Some particular types of interactions
are named measurements and the effect of these interactions characterized as
the results of these measurements. The basic concept is an ideal quantum
measurement of an observable C. This operation is defined for preselected
quantum systems in the following way:

If the state of a quantum system before the measurement was
an eigenstate of C' with an eigenvalue ¢,, then the outcome of the
measurement is ¢,, and the quantum state of the system is not changed.

The standard implementation of the ideal quantum measurement is modeled
by the von Neumann Hamiltonian [19]:

H = g(t)PC | (13.8)

where P is the momentum conjugate to the pointer variable ), and the nor-
malized coupling function ¢(t) specifies the time of the measurement inter-
action. The outcome of the measurement is the shift of the pointer variable
during the interaction. In an ideal measurement the function g(t) is nonzero
only during a very short period of time, and the free Hamiltonian during this
period of time can be neglected.

13.3.2 The Aharonov-Bergmann—Lebowitz Rule

For a quantum system described by the two-state vector (I3.2]), the probability
for an outcome ¢, of an ideal measurement of an observable C' is given by [I] 4]

_ KoPe—, 7))
Prob(cy,) = S (@{P e, Y2 (13.9)

For a quantum system described by a generalized two-state vector (3.7
the probability for an outcome ¢, is given by []

i (D Pec, |:)|?
Prob(cy) = | 2 %il®ilPo=c, )" (13.10)

a Zj |2 ai{@ilPo=c, |¥)|?
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Another important generalization of the formula (I3.9)) is for the case in
which the postselection measurement is not complete and therefore it does
not specify a single postselection state (®|. Such an example was recently
considered by Cohen [20] in an (unsuccessful [2I]) attempt to find constraints
to the applicability of the ABL formula. In this case, the postselection mea-
surement is a projection on a degenerate eigenvalue of an observable B = b.
The modified ABL formula is [21]:

[Ps=tPco—c, |¥)|?
Prob(c,) = " . 13.11
10be) = Py P, 7)) (13.11)

This form of the ABL formula allows to connect it to the standard formalism
of quantum theory in which there is no post-selection. In the limiting case
when the projection operator P p_; is just the unity operator I, we obtain the
usual expression:

Prob(c,) = ||Pc=c, [P)||* . (13.12)

13.3.3 Three-Boxes Example

Consider a particle which can be located in one out of three boxes. We denote
the state of the particle when it is in box 4 by [|i). At time t; the particle is
prepared in the state

1
Y

At time to the particle is found to be in the state

)= (D +2)+13). (13.13)

1
|P) = \/3(|1> +12)=13) - (13.14)

We assume that in the time interval [t1, 2] the Hamiltonian is zero. Therefore,
at time ¢, t; <t < t9, the particle is described by the two-state vector

(@] |¥) = i{)(<1I +2[=6D (D) +12) +13)) - (13.15)

Probably the most peculiar fact about this single particle is that it can be
found with certainty in two boxes []. Indeed, if at time ¢ we open box 1, we
are certain to find the particle in box 1; and if we open box 2 instead, we are
certain to find the particle in box 2. These results can be obtained by straight-
forward application of the ABL formula (I3:9). Opening box ¢ corresponds to
measuring the projection operator P; = |i)(i|. The corresponding operators

appearing in (I3.9]) are

Pp,—1 = [i)(il, Pp—o =Y |5l (13.16)
J#
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Therefore, the calculation of the probability to find the particle in box 1 yields:

[(@[1)(1])? P
[(BI1) ()P + (B[2) (210) + (S[3) B2 ~ |12 + o
(13.17)
Similarly, we obtain Prob(P3 = 1) = 1. Note, that if we open both box 1 and
box 2, we might not see the particle at all.
This example can be generalized to the case of a large number of boxes N.
A single particle described by a two-state vector

Prob(P; =1) =

]1[(<1| L= VN 2N (1) 4 [2) + e VN —2N)) . (13.18)

This single particle is, in some sense, simultaneously in N — 1 boxes: whatever
box is opened (except the last one) we are certain to find the particle there.

Recently, we found that the particle is simultaneously in several boxes even
in a more robust sense [22]. We cannot find it simultaneously in all boxes if
we look at all of them, but a single photon can! We found that a photon will
scatter from our pre- and postselected particle, as if there were particles in all
boxes.

The analysis of the three-boxes example has interesting features also in
the framework of the consistent histories approach [23] 24] 25]. On the other
hand, it generated significant controversies. The legitimacy of counterfactual
statements were contested, see discussion in Sect [£.4], the Kastner criticism
[26] and Vaidman’s reply [27], and it was claimed by Kirkpatrick [2§] that the
three-boxes example does not exhibit genuine quantum paradoxical feature
because it has a classical counterpart. Very recently Ravon and Vaidman [29]
showed that Kirkpatrick’s proposal fails to mimic quantum behavior and that
the three-box example is one of not too many classical tasks which can be done
better using quantum tools. (We could not see a refutation of this statement
in Kirkpatrick’s reply [30].) This is the paradoxical feature of the three-box
experiment which was overlooked by Leavens et al. [31] who considered varia-
tions of the three-box experiment with modified pre- and postselected states.

Recently, a setup equivalent to the three-box example was presented as a
novel counterfactual computation method [32]. The analysis of this proposal in
the framework of the two-state vector formalism [33] shows that one cannot
claim that the computer yields the result of computation without actually
performing the computation and therefore, the proposal fails to provide coun-
terfactual computation for all possible outcomes as it was originally claimed.

13.3.4 The Failure of the Product Rule

An important difference between pre- and postselected systems and prese-
lected systems only is that the product rule does not hold [34]. The product
rule, which does hold for preselected quantum systems is that if A = a and
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B = b with certainty, then it is certain that AB = ab. In the three-boxes case
we know with certainty that Py = 1, Py = 1. However, PPy = 0.

Another example of this kind in a which measurement in one place affects
the outcome of a measurement in another place is a pre- and postselected
pair of separate spin—; particles [35]. The particles are prepared, at time t1,
in a singlet state. At time t; measurements of o1, and o3, are performed
and certain results are obtained, say o1, = 1 and o2, = 1, i.e., the pair is
described at time t, t1 < t < ta, by the two-state vector

1
V2

If at time ¢ a measurement of o1, is performed (and if this is the only measure-
ment performed between t; and ¢2), then the outcome of the measurement is
known with certainty: o1, (t) = —1. If, instead, only a measurement of o2, is
performed at time ¢, the result of the measurement is also certain: o9, () = —1.
The operators o1, and o3, obviously commute, but nevertheless, measuring
02,(t) clearly disturbs the outcome of the measurement of oy, (t): it is not
certain anymore.

Measuring the product o1,02,, is, in principle, different from the mea-
surement of both o1, and o2, separately. In our example, the outcome of
the measurement of the product is certain, the ABL formula (I39) yields
01402, = —1. Nevertheless, it does not equal the product of the results which
must come out of the measurements of o1, and o2, when every one of them
is performed without the other.

Note measurability of the product o1,02, using only local interactions.
Indeed, we may write the product as a modular sum, o1,02, = (01, +
09,)mod4d — 1. Tt has been shown [36] that nonlocal operators such as
(014 + 02,)mod4 can be measured using solely local interactions.

Hardy [37] analyzed another very spectacular example in which an electron
and a positron are found with certainty if searched for in a particular place,
but, nevertheless, if both are searched simultaneously, there is certainty not
to find them together. Again, the failure of the product rule explains this
counterintuitive situation and the far reaching conclusions of Hardy’s paper
seem not to be warranted [34].

The two spin—; particles example with a small modification of omitting the
measurement at time to performed on a second particle, but instead, “guard-
ing” it starting from time ¢; against any measurement, is a demonstration of
obtaining a quantum system described only by a backward-evolving quantum
state (1, |. The probability distribution for outcomes of spin-component mea-
surements performed at time t is identical to that of a particle in a preselected
state | ;). Note that for quantum systems which are postselected only, the
product rule does hold.

Recently [38] it has been shown that pre- and postselection allows an-
other related peculiar feature: “a posteriori” realization of super-correlations
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maximally violating the CHSH bound, which have been termed as Popescu—
Rohrlich boxes [39].

13.3.5 Ideal Measurements Performed on a System Described
by Generalized Two-State Vector

Another modification, replacing the measurements at to on two particles by
measurement of a nonlocal variable such as a Bell operator on both particles
and guarding the second particle between t; and to produces a generalized
two-state vector for the first particle. Such particles might have a peculiar
feature that the outcome of spin component measurements is certain in a
continuum of directions. This is a surprising result because the preselected
particle might have definite value of spin component at most in one direction
and the particle described by two-state vector will have definite results of spin
component measurements in two directions: one defined by preselection and
one defined by postselection (the directions might coincide). For example [4],
the particle described by a generalized two-state vector

cosx(Tz | | T2) —sinx(lz | | ]2) X € (0, g) , (13.20)

will yield the outcome o, = 1 for the cone of directions 7 making angle 6 with
the z axes such that 8 = 4arctan/tan x. This can be verified directly using
the formula (I3.10]), but we will bring another argument for this result below.

The generalized two-state vector is obtained when there is a particular
result of the nonlocal measurement at time ¢5. It is interesting that we can
construct a particular measurement at time ¢, such that whatever the outcome
will be there will be a cone of directions in which the spin has a definite value.
These cones intersect in general in four lines. It can be arranged that they
will “touch” on, say z-axis and intersect in y- and z-axes. Then, in all cases
we will be able to ascertain the value of 0., oy, and o, of a single particle [5].

The problem was also analyzed in the framework of the standard approach
[40, [41] and after coining the name “The Mean King Problem” continued to be
a topic of an extensive analysis. It has been generalized to the spin-1 particle
[42] and to a higher dimentional case [43] [44]. The research continues until
today [45] 46| [47] 48] [49] [50]. Moreover, today’s technology converted from
gedanken quantum game to a real experiment. Schulz et al. [51] performed
this experiment with polarized photons (instead of spin—% particles).

13.4 Weak Measurements

13.4.1 Introduction

The most interesting phenomena which can be seen in the framework of the
TSVF are related to weak measurements [3]. A weak measurement is a stan-
dard measuring procedure (described by the Hamiltonian (I3.8))) with weak-
ened coupling. In an ideal measurement, the initial position of the pointer
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Q is well localized around zero and therefore the conjugate momentum P
has a very large uncertainty which leads to a very large uncertainty in the
Hamiltonian of the measurement ([I3:8]). In a weak measurement, the initial
state of the measuring device is such that P is localized around zero with
small uncertainty. This leads, of course, to a large uncertainty in @@ and there-
fore the measurement becomes imprecise. However, by performing the weak
measurement on an ensemble of IV identical systems we improve the precision
by a factor v/ N and in some special cases we can obtain good precision even
in a measurement performed on a single system [2].

The idea of weak measurements is to make the coupling with the measuring
device sufficiently weak so that the change of the quantum state due to the
measurements can be neglected. In fact, we require that the two-state vector is
not significantly disturbed, i.e., neither the usual, forward-evolving quantum
state, nor the backward-evolving quantum state is changed significantly. Then,
the outcome of the measurement should be affected by both states. Indeed,
the outcome of a weak measurement of a variable C' performed on a system
described by the two-state vector (@] |¥) is the weak value of C:

(@|C|w)

=)

(13.21)
Strictly speaking, the readings of the pointer of the measuring device will
cluster around Re(C,). In order to find Im(C,) one should measure the shift
in P [3].
The weak value for a system described by a generalized two-state vector
@33 is [
> (P |C%;)
> i @il ;)
Next, let us give the expression for the weak value when the postselection
measurement is not complete. Consider a system preselected in the state |¥)
and postselected by the measurement of a degenerate eigenvalue b of a variable
B. The weak value of C' in this case is:

(V|Pp=p,C|¥)
(WP p—s|¥)

Cw = (13.22)

Cow = (13.23)

This formula allows us to find the outcome of a weak measurement per-
formed on a preselected (only) system. Replacing P z—; by the unity operator
yields the result that the weak value of a preselected system in the state |¥)

is the expectation value:
Cy = (T|C|P) . (13.24)

Let us show how the weak values emerge as the outcomes of weak mea-
surements. We will limit ourselves to two cases: first, the weak value of the
preselected state only (I3.24]) and then, the weak value of the system described
by the two-state vector (I3.21]).
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In the weak measurement, as in the standard von Neumann measurement,
the Hamiltonian of the interaction with the measuring device is given by
([I31). The weakness of the interaction is achieved by preparing the initial
state of the measuring device in such a way that the conjugate momentum of
the pointer variable, P, is small, and thus the interaction Hamiltonian (I3.8])
is small. The initial state of the pointer variable is modeled by a Gaussian
centered at zero:

wMP(Q) = (A%r)~Viem @247 (13.25)

The pointer is in the “zero” position before the measurement, i.e., its initial
probability distribution is

Prob(Q) = (A%r)~1/2e~@°/4% | (13.26)

If the initial state of the system is a superposition |¥) = X«;|¢;), then after
the interaction (I3.8)) the state of the system and the measuring device is:

(A27) VA Doy |e;)e~(@—e)?/24% (13.27)

The probability distribution of the pointer variable corresponding to the state
@I327) is:
Prob(Q) = (A%r) /2 5|qy|2e~(@—c)* /A% (13.28)

In case of the ideal measurement, this is a weighted sum of the initial proba-
bility distribution localized around various eigenvalues. Therefore, the reading
of the pointer variable in the end of the measurement almost always yields
the value close to one of the eigenvalues. The limit of weak measurement cor-
responds to A > ¢; for all eigenvalues ¢;. Then, we can perform the Taylor
expansion of the sum (I3:28)) around @ = 0 up to the first order and rewrite
the probability distribution of the pointer in the following way:

Prob(Q) = (Azﬂ')*l/22|o<i|267(Q7”)2/A2 =
_ _ —(Q—3a;|?es)? A2
(A%7) 1/22|ai|2(1 —(Q — ¢:)?/A%) =(A%r) V2em (@ Hlaile) /A(13'29)
But this is exactly the initial distribution shifted by the value X|a;|?c;. This is
the outcome of the measurement, in this case the weak value is the expectation
value:

Cw = Ylai|*c; = (w|C|W) . (13.30)

The weak value is obtained from statistical analysis of the readings of the
measuring devices of the measurements on an ensemble of identical quantum
systems. But it is different conceptually from the standard definition of ex-
pectation value which is a mathematical concept defined from the statistical
analysis of the ideal measurements of the variable C' all of which yield one of
the eigenvalues c;.
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Now let us turn to the system described by the two-state vector (I3.2)).
As usual, the free Hamiltonian is assumed to be zero so it can be obtained by
preselection of |¥) at t; and postselection of |®) at to. The (weak) measure-
ment interaction of the form (I3 takes place at time ¢, t; < t < to. The
state of the measuring device after this sequence of measurements is given (up
to normalization) by

PMP(Q) = (Bl PC|p)e=@ /24T (13.31)

After simple algebraic manipulations we can rewrite it (in the P-represent-
ation) as

GMP (P) = (|w) ¢~iCuP =A P72 (13.32)

= (iP)" 2 p2
—A%P?/2
@) Y IO = (Cu)le
n=2
If A is sufficiently large, we can neglect the second term of (I3.32]) when we
Fourier transform back to the Q-representation. Large A corresponds to weak
measurement in the sense that the interaction Hamiltonian (I3.8]) is small.
Thus, in the limit of weak measurement, the final state of the measuring

device (in the Q-representation) is
PMP(Q) = (A%r)~ e (@-Cu)?/24% (13.33)

This state represents a measuring device pointing to the weak value (I3:21]).

Weak measurements on pre- and postselected ensembles yield, instead of
eigenvalues, a value which might lie far outside the range of the eigenvalues.
Although we have shown this result for a specific von Neumann model of
measurements, the result is completely general: any coupling of a pre- and
postselected system to a variable C, provided the coupling is sufficiently weak,
results in effective coupling to C,,. This weak coupling between a single system
and the measuring device will not, in most cases, lead to a distinguishable
shift of the pointer variable, but collecting the results of measurements on
an ensemble of pre- and postselected systems will yield the weak values of a
measured variable to any desired precision.

When the strength of the coupling to the measuring device goes to zero,
the outcomes of the measurement invariably yield the weak value. To be more
precise, a measurement yields the real part of the weak value. Indeed, the weak
value is, in general, a complex number, but its imaginary part will contribute
only a (position dependent) phase to the wave function of the measuring
device in the position representation of the pointer. Therefore, the imaginary
part will not affect the probability distribution of the pointer position which
is what we see in a usual measurement. However, the imaginary part of the
weak value also has physical meaning. It is equal to the shift of the Gaussian
wave function of the measuring device in the momentum representation. Thus,
measuring the shift of the momentum of the pointer will yield the imaginary
part of the weak value.
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The research of weak measurements continues until today. Recently, Botero
[52] noted that in some cases the pointer of the weak measurements in some
cases has narrower distribution after the weak measurement interaction than
it has before. Note also recent different ways of the analysis of the weak

measurement effect [53] (54 [55] (56 57, 58] [59, [60].

13.4.2 Examples: Measurements of Spin Components

Let us consider a simple Stern—Gerlach experiment: measurement of a spin
component of a spin—% particle. We shall consider a particle prepared in the
initial state spin “up” in the & direction and postselected to be “up” in the gy
direction. At the intermediate time we measure, weakly, the spin component
in the ¢ direction which is bisector of & and ¢, i.e., o¢ = (0, + 0,)/V/2. Thus
@) = [12), |®) = |1y), and the weak value of o¢ in this case is

(TylT2) V2 (TylTz)

This value is, of course, “forbidden” in the standard interpretation where a
spin component can obtain the (eigen)values +1 only.
An effective Hamiltonian for measuring o¢ is

H = g(t)Poe . (13.35)

Writing the initial state of the particle in the o¢ representation, and assuming
the initial state (I3:25]) for the measuring device, we obtain that after the
measuring interaction the quantum state of the system and the pointer of the
measuring device is

cos (m/8)[T¢)e™ Q1728 L igin (/8)||¢)e~ (@H17/247 (13.36)

The probability distribution of the pointer position, if it is observed now
without postselection, is the sum of the distributions for each spin value. It
is, up to normalization,

Prob(Q) = cos? (1/8)e~ (@ /A% 4 gin? (7/8)e~(@TDT/A*  (13.37)

In the usual strong measurement, A < 1. In this case, as shown on Fig. 3.2k,
the probability distribution of the pointer is localized around —1 and +1 and
it is strongly correlated to the values of the spin, o, = +1.

Weak measurements correspond to a A which is much larger than the
range of the eigenvalues, i.e., A > 1. Figure shows that the pointer
distribution has a large uncertainty, but it is peaked between the eigenvalues,
more precisely, at the expectation value (1,|o¢|T.) = 1/v/2. An outcome of an
individual measurement usually will not be close to this number, but it can
be found from an ensemble of such measurements, see Fig. [[3.2k. Note, that
we have not yet considered the postselection.
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Fig. 13.2. Spin component measurement without post-selection: Probability distri-
bution of the pointer variable for measurement of o when the particle is preselected
in the state |T.). (a) Strong measurement, A = 0.1. (b) Weak measurement, A = 10.
(c) Weak measurement on the ensemble of 5000 particles. The original width of the
peak, 10, is reduced to 10/4/5000 ~ 0.14. In the strong measurement (a) the pointer
is localized around the eigenvalues £1, while in the weak measurements (b) and (c)
the peak is located in the expectation value (14|o¢|T2) = 1/v/2
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In order to simplify the analysis of measurements on the pre- and postse-
lected ensemble, let us assume that we first make the postselection of the spin
of the particle and only then look at the pointer of the device that weakly
measures o¢. We must get the same result as if we first look at the outcome
of the weak measurement, make the postselection, and discard all readings
of the weak measurement corresponding to the cases in which the result is
not o, = 1. The postselected state of the particle in the o¢ representation is
(Ty| = cos (1/8)(T¢| — isin(m/8)(|¢|. The state of the measuring device after
the postselection of the spin state is obtained by projection of (I3.36]) onto
the postselected spin state:

P(Q) :N(cos2 (r/8)e(@-17/248% _gin? (W/S)e*<Q+1>2/2A2) . (13.38)

where AV is a normalization factor. The probability distribution of the pointer
variable is given by

2
Prob(Q) = N*? (c052 (7r/8)e_(Q_1)2/2A2 —sin? (W/S)e_(QH)Z/ZAz) . (13.39)

If the measuring interaction is strong, A < 1, then the distribution is
localized around the eigenvalues 1 (mostly around 1 since the pre- and post-
selected probability to find o = 1 is more than 85%), see Fig. and b.
But when the strength of the coupling is weakened, i.e., A is increased, the
distribution gradually changes to a single broad peak around /2, the weak
value, see Fig. [33k-e.

The width of the peak is large and therefore each individual reading of the
pointer usually will be far from v/2. The physical meaning of the weak value
can, in this case, be associated only with an ensemble of pre- and postselected
particles. The accuracy of defining the center of the distribution goes as 1/ VN,
so increasing N, the number of particles in the ensemble, we can find the weak
value with any desired precision, see Fig. [[3.3f.

In our example, the weak value of the spin component is /2, which is only
slightly more than the maximal eigenvalue, 1. By appropriate choice of the
pre- and postselected states we can get pre- and postselected ensembles with
arbitrarily large weak value of a spin component. One of our first proposals
[6] was to obtain (o¢),, = 100. In this case the postselected state is nearly
orthogonal to the preselected state and, therefore, the probability to obtain
appropriate postselection becomes very small. While in the case of (o¢ ), = V2
the pre- and postselected ensemble was about half of the preselected ensemble,
in the case of (o¢), = 100 the postselected ensemble will be smaller than the
original ensemble by the factor of ~107%.

13.4.3 Weak Measurements Which Are not Really Weak

We have shown that weak measurements can yield very surprising values
which are far from the range of the eigenvalues. However, the uncertainty of
a single weak measurement (i.e., performed on a single system) in the above
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Fig. 13.3. Measurement on pre- and postselected ensemble: Probability distribution
of the pointer variable for measurement of o¢ when the particle is preselected in the
state |1-) and postselected in the state |1y). The strength of the measurement is
parameterized by the width of the distribution A. (a) A = 0.1; (b) A = 0.25; (c)
A=1;(d) A=3; (e) A =10. (f) Weak measurement on the ensemble of 5000
particles; the original width of the peak, A = 10, is reduced to 10/\/5000 ~ 0.14.
In the strong measurements (a)—(b) the pointer is localized around the eigenvalues
+1, while in the weak measurements (d)—(f) the peak of the distribution is located
in the weak value (0¢)w = (Tyloe|T2)/{Ty|Te) = V2. The outcomes of the weak
measurement on the ensemble of 5000 pre- and postselected particles, (f), are clearly
outside the range of the eigenvalues, (-1,1)
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example is larger than the deviation from the range of the eigenvalues. Each
single measurement separately yields almost no information and the weak
value arises only from the statistical average on the ensemble. The weakness
and the uncertainty of the measurement goes together. Weak measurement
corresponds to small value of P in the Hamiltonian (I3.8]) and, therefore,
the uncertainty in P has to be small. This requires large A, the uncertainty
of the pointer variable. Of course, we can construct measurement with large
uncertainty which is not weak at all, for example, by preparing the measuring
device in a mixed state instead of a Gaussian, but no precise measurement with
weak coupling is possible. So, usually, a weak measurement on a single system
will not yield the weak value with a good precision. However, there are special
cases when it is not so. Usual strength measurement on a single pre- and
postselected system can yield “unusual” (very different from the eigenvalues)
weak value with a good precision. Good precision means that the uncertainty
is much smaller than the deviation from the range of the eigenvalues.

Our example above was not such a case. The weak value (0¢), = V2 is
larger than the highest eigenvalue, 1, only by ~0.4, while the uncertainty, 1, is
not sufficiently large for obtaining the peak of the distribution near the weak
value, see Fig.[[3.3k. Let us modify our experiment in such a way that a single
experiment will yield meaningful surprising result. We consider a system of N
spin- particles all prepared in the state |1,) and postselected in the state |T,,),

e, |¥) = Hf\;l [T4): and (@] = HZJ\;(TyL The variable which is measured

at the intermediate time is C' = (Zﬁil(ai)g)/]\f. The operator C' has N + 1
eigenvalues equally spaced between —1 and +1, but the weak value of C' is

_ IdMule S5 (@0 + @) TEL ) _

Cuw (13.40)
V2 N((Ty[1=)V
The interaction Hamiltonian is
N
_9(t)
H="4 PZ(Uz‘)g : (13.41)

The initial state of the measuring device defines the precision of the measure-
ment. When we take it to be the Gaussian (6), it is characterized by the width
A. For a meaningful experiment we have to take A small. Small A corresponds
to large uncertain P, but now, the strength of the coupling to each individual
spin is reduced by the factor 1/N. Therefore, for large N, both the forward-
evolving state and the backward-evolving state are essentially not changed by
the coupling to the measuring device. Thus, this single measurement yields
the weak value. In [7] it is proven that if the measured observable is an average
on a large set of systems, C' = (va Ci) /N, then we can always construct a
single, good precision measurement of the weak value. Here let us present just
numerical calculations of the probability distribution of the measuring device
for N pre- and postselected spin—; particles. The state of the pointer after the
postselection for this case is
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i

S i i 2N —i)\2 2
N; (Z.!((]f_)i)!) (cos?(m/8)) " " (sin2(r/8))" e~ (@~ "N /247 1 (13.49)

The probability distribution for the pointer variable @ is

ad ‘ i ; 2N —i)\2 2\ 2
prob(Q)=N?(3" (i!((]:fl_)i)!)(cosz(w/B))Nl(sinz(w/S))ze—(Q—( wOrpan)’
i=0

(13.43)
The results for N = 20 and different values of A are presented in Fig. 3.4
We see that for A = 0.25 and larger, the obtained results are very good:
the final probability distribution of the pointer is peaked at the weak value,
((Zij\il(ai)g)/N)w = /2. This distribution is very close to that of a measur-

ing device measuring operator O on a system in an eigenstate |O:\/ 2). For
N large, the relative uncertainty can be decreased almost by a factor 1/v/N
without changing the fact that the peak of the distribution points to the weak
value.

Although our set of particles preselected in one state and postselected
in another state is considered as one system, it looks like an ensemble. In
quantum theory, measurement of the sum does not necessarily yield the same
result as the sum of the results of the separate measurements, so conceptually
our measurement on the set of particles differs from the measurement on an
ensemble of pre- and postselected particles. However, in our example of weak
measurements, the results are the same.

A less ambiguous case is the example considered in the first work on weak
measurements [2]. In this work a single system of a large spin N is considered.
The system is preselected in the state [@) = |S,=N) and postselected in the
state |®) = |Sy=N). At an intermediate time the spin component S¢ is weakly
measured and again the “forbidden” value /2N is obtained. The uncertainty
has to be only slightly larger than v/N. The probability distribution of the
results is centered around /2N, and for large N it lies clearly outside the
range of the eigenvalues, (—N, N). Unruh [61] made computer calculations of
the distribution of the pointer variable for this case and got results which are
very similar to what is presented in Fig[I3.4l

An even more dramatic example is a measurement of the kinetic energy
of a tunneling particle [§]. We consider a particle preselected in a bound state
of a potential well which has negative potential near the origin and vanishing
potential far from the origin; |¥) = |E=Ey). Shortly later, the particle is
postselected to be far from the well, inside a classically forbidden tunneling
region; this state can be characterized by vanishing potential |®) = |U=0).
At an intermediate time, a measurement of the kinetic energy is performed.
The weak value of the kinetic energy in this case is

(U=0|K|E=E,)  (U=0|E — U|E=Ey)

K,w = =
(U=0|E=Eq) (U=0|E=Ey)

= Ep. (13.44)
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Fig. 13.4. Measurement on a single system: Probability distribution of the pointer
variable for the measurement of A = (322%,(0i)¢)/20 when the system of 20 spin-
5 particles is preselected in the state [¥1) = 122, [1): and postselected in the
state [W2) = [[72, |1y):- While in the very strong measurements, A= 0.01-0.05, the
peaks of the distribution located at the eigenvalues, starting from A = 0.25 there is

essentially a single peak at the location of the weak value, A, = /2
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The energy of the bound state, Ey, is negative, so the weak value of the ki-
netic energy is negative. In order to obtain this negative value the coupling
to the measuring device need not be too weak. In fact, for any finite strength
of the measurement we can choose the postselected state sufficiently far from
the well to ensure the negative value. Therefore, for appropriate postselec-
tion, the usual strong measurement of a positive definite operator invariably
yields a negative result! This weak value predicted by the two-state vector
formalism demonstrates a remarkable consistency: the value obtained is ex-
actly the value that we would expect a particle to have when the particle
is characterized in the intermediate times by the two wave functions, one in
a ground state, and the other localized outside the well. Indeed, we obtain
this result precisely when we postselect the particle far enough from the well
that it could not have been kicked there as a result of the intermediate mea-
surement. A peculiar interference effect of the pointer takes place: destructive
interference in the whole “allowed” region and constructive interference of the
tails in the “forbidden” negative region. The initial state of the measuring de-
vice @(Q), due to the measuring interaction and the postselection, transforms
into a superposition of shifted wave functions. The shifts are by the (possi-
bly small) eigenvalues, but the superposition is approximately equal to the
original wave function shifted by a (large and/or forbidden) weak value:

> an P (Q =) = UMP(Q - Cu) . (13.45)

These surprising, even paradoxical effects are really only gedanken exper-
iments. The reason is that, unlike weak measurements on an ensemble, these
are extremely rare events. For yielding an unusual weak value, a single pre-
selected system needs an extremely improbable outcome of the postselection
measurement. Let us compare this with a weak measurement on an ensemble.
In order to get N particles in a pre- and postselected ensemble which yield
(0¢)w = 100, we need ~ N10* particles in the preselected ensemble. But, in
order to get a single system of N particles yielding (S¢),, = 100N, we need
~10*V systems of N preselected particles. In fact, the probability to obtain
an unusual value by error is much larger than the probability to obtain the
proper postselected state. What makes these rare effects interesting is that
there is a strong (although only one-way) correlation: for example, every time
we find in the postselection measurement the particle sufficiently far from the
well, we know that the result of the kinetic energy is negative, and not just
negative: it is equal to the weak value, K,, = Ey, with a good precision.

13.4.4 Relations Between Weak and Strong Measurements

In general, weak and strong measurements do not yield the same outcomes.
The outcomes of strong measurements are always the eigenvalues while the
outcomes of weak measurements, the weak values, might be very different from
the eigenvalues. However, there are two important relations between them [4].
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(i) If the description of a quantum system is such that a particular eigen-
value of a variable is obtained with certainty in case it is measured strongly,
then the weak value of this variable is equal to this eigenvalue. This is correct
in all cases, i.e., if the system described by a corresponding single (forward or
backward evolving) eigenstate, or if it is described by a two-state vector, or
even if it is described by a generalized two-state vector.

(ii) The inverse of this theorem is true for dichotomic variables such as
projection operators of spin components of spin—% particles. The proofs of
both statements are given in [4].

Let us apply the theorem (i) for the example of three boxes when we have
a large number of particles all pre- and postselected in the two-state vector
([3I3). The actual story is as follows: A macroscopic number N of particles
(gas) were all prepared at ¢; in a superposition of being in three separated
boxes ([I3I3]). At later time ¢y all the particles were found in another su-
perposition (I3I4]) (this is an extremely rare event). In between, at time ¢,
weak measurements of a number of particles in each box, which are, essen-
tially, usual measurements of pressure in each box, have been performed. The
readings of the measuring devices for the pressure in the boxes 1, 2, and 3
were

pb1=2p,
b3 = —D,

where p is the pressure which is expected to be in a box with N particles.

We are pretty certain that this “actual” story never took place because
the probability for the successful postselection is of the order of 37: for a
macroscopic number N it is too small for any real chance to see it happen-
ing. However, given that the postselection does happen, we are safe to claim
that the results (I3:40]) are correct, i.e., the measurements of pressure at the
intermediate time with very high probability have shown these results.

Indeed, the system of all particles at time ¢ (signified by index ) is de-
scribed by the two-state vector

=N

(@] W) = 3NH ((1]; + ¢ 1:[1 P 12)i +13)) (13.47)

Then, intermediate measurements yield, for each particle, probability 1 for
the the following outcomes of measurements:
P,=1,
P,=1, (13.48)
P,+Py+Ps=1,

where P is the projection operator on the state of the particle in box 1, etc.
Thus, from ([348)) and theorem (i) it follows:
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(Pl)w =1 P
(P2)w =1, (13.49)
(P1+Py+Ps3), =1.

Since for any variables, (X +Y),, = X,, +Y,, we can deduce that (P3),, = —1.

Similarly, for the “number operators” such as N7 = E{LP?), where sz‘)
is the projection operator on the box 1 for a particle i, we obtain:

(Nl)w Na
(NM2)w = N, (13.50)
N3)y = =N .

In this rare situation the “weak measurement” need not be very weak: a
usual measurement of pressure is a weak measurement of the number operator.
Thus, the time-symmetrized formalism yields the surprising result ([3:46): the
result of the pressure measurement in box 3 is negative! It equals minus the
pressure measured in the boxes 1 and 2.

Of course, the negative pressure was not measured in a real laboratory (it
requires an extremely improbable postselection), but a nonrobust weak mea-
surement for three-box experiment has been performed in a laboratory [62].

Another example of relation between strong and weak measurements is
Hardy’s paradox [37]. The analysis of strong measurements appears in [34]
and the weak measurements are analyzed in detail in [63]. See also discussions
of a realistic experimental proposals [64], [65] [66] [67].

An application of the inverse theorem yields an alternative proof of the
results regarding strong measurements of spin components of a spin—é particle
described by the generalized two-state vector (I3.20). Indeed, the linearity
property of weak measurements yields a “geometrical picture” for weak values
of spin components of a Spin-é particle. The operators oy, o,, and o, are
a complete set of spin operators and they yield a geometry in the familiar
three-dimensional space. Each generalized two-state vector of a spin—% particle
corresponds to a vector in this three-dimensional space with components equal
to the weak values of o, oy, and o,. We call it “weak vector.” The weak
value of a spin component in an arbitrary direction, then, is given by the
projection of the weak vector on this direction. If the weak vector is real
and its value larger than 1, then there is a cone of directions the projection
on which is equal 1. This yields an alternative proof that in some situations
there is a continuum of directions forming a cone in which the result of a
spin-component measurements are known with certainty, see Sect.

13.4.5 Experimental Realizations of Weak Measurements

Realistic weak measurements (on an ensemble) involve preparation of a large
preselection ensemble, coupling to the measuring devices of each element of
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the ensemble, postselection measurement which, in all interesting cases, se-
lects only a small fraction of the original ensemble, selection of corresponding
measuring devices, and statistical analysis of their outcomes. In order to ob-
tain good precision, this selected ensemble of the measuring devices has to be
sufficiently large. Although there are significant technological developments
in “marking” particles running in an experiment, clearly the most effective
solution is that the particles themselves serve as measuring devices. The in-
formation about the measured variable is stored, after the weak measuring
interaction, in their other degree of freedom. In this case, the postselection of
the required final state of the particles automatically yields the selection of
the corresponding measuring devices . The requirement for the postselection
measurement is, then, that there is no coupling between the variable in which
the result of the weak measurement is stored and the postselection device.

An example of such a case is the Stern—Gerlach experiment where the
shift in the momentum of a particle, translated into a spatial shift, yields
the outcome of the spin measurement. Postselection measurement of a spin
component in a certain direction can be implemented by another (this time
strong) Stern—Gerlach coupling which splits the beam of the particles. The
beam corresponding to the desired value of the spin is then analyzed for the
result of the weak measurement. The requirement of nondisturbance of the
results of the weak measurement by postselection can be fulfilled by arranging
the shifts due to the two Stern—Gerlach devices to be orthogonal to each other.
The details are spelled out in [6].

An analysis of a realistic experiment which can yield large weak value Q.
appears in [68]. Duck, Stevenson, and Sudarshan [69] proposed a slightly dif-
ferent optical realization which uses a birefringent plate instead of a prism.
In this case the measured information is stored directly in the spatial shift
of the beam without being generated by the shift in the momentum. Ritchie,
Story, and Hulet [70] adopted this scheme and performed the first successful
experiment measuring the weak value of the polarization operator. Their re-
sults are in very good agreement with theoretical predictions. They obtained
weak values which are very far from the range of the eigenvalues, (—1, 1), their
highest reported result is @, = 100. The discrepancy between calculated and
observed weak value was 1%. The RMS deviation from the mean of 16 trials
was 4.7%. The width of the probability distribution was A = 1000 and the
number of pre- and postselected photons was N ~ 108, so the theoretical
and experimental uncertainties were of the same order of magnitude. Their
other run, for which they showed experimental data on graphs (which fitted
very nicely theoretical graphs), has the following characteristics: Q,, = 31.6,
discrepancy with calculated value 4%, the RMS deviation 16%, A = 100,
N ~ 10°. A similar optical experiment has been successfully performed sev-
eral years ago [71].

Recently, optical weak measurement experiments moved to the field of
fiber optics [72] [73] [74]. Another step prevents now any sceptic to argue
that the unusual outcomes of weak measurement are a classical effect because
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macroscopic number of photons are involved in these experiments. The weak
measurement of photon polarization have been performed with single particles
[75]. Note also a more controversial issue of measurement of “time of arrival”
[7€] for which weak measurement technique were also applied [77] [78] [79].

Already at 1990 [3] we gave an example of a gedanken experiment in which
pre- and postselection lead to a superluminal propagation of light. Steinberg
and Chiao [80, BI] connected this to superluminal effect observed for tunnel-
ing particles. The issue was analyzed recently by Aharonov et al. [82] and
Sokolovsky et al. [83]. Rohrlich and Aharonov [84] also predicted that there is
really a physical meaning for this superluminal propagation: we should expect
Cherenkov radiation in such experiment.

Note also proposals for weak nonlocal measurements [85] 86]. In these
works it was pointed out that observation of correlations between outcomes
of local weak measurements can yield values of nonlocal variables. However,
these methods are very inefficient, and the methods of efficient nonlocal
measurements [36] require conditions which contradict conditions of weak
measurements, so we doubt that there will be efficient weak nonlocal mea-
surement proposals suitable for realization in a laboratory.

13.5 The Quantum Time-Translation Machine

13.5.1 Introduction

To avoid possible misinterpretations due to the name “time machine,” let us
explain from the outset what our machine [7] can do and how it differs from
the familiar concept of “time machine.” Our device is not for time travel. All
that it can accomplish is to change the rate of time flow for a closed quantum
system. Classically, one can slow down the time flow of a system relative to
an external observer, e.g., by fast travel. Our quantum time machine is able
to change the rate of time flow of a system for a given period by an arbitrary,
even negative, factor. Therefore, our machine, contrary to any classical device,
is capable of moving the system to its “past.” In that case, at the moment the
machine completes its operation the system is in a state in which it was some
time before the beginning of the operation of the time machine. Our machine
can also move the system to the future, i.e., at the end of the operation of the
time machine the system is in a state corresponding to some later time of the
undisturbed evolution.

A central role in the operation of our time machine is played by a peculiar
mathematical identity which we discuss in Sect. In order to obtain
different time evolutions of the system we use the gravitational time dilation
effect which is discussed in Sect. In Sect. [35.4] we describe the de-
sign and the operation of our time machine. The success of the operation of
our time machine depends on obtaining a specific outcome in the postselec-
tion quantum measurement. The probability of the successful postselection
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measurement is analyzed in Sect. [3.5.5] The concluding discussion of the
limitations and the advantages of our time machine appear in Sect. [[3.5.0]

13.5.2 A Peculiar Mathematical Identity

The peculiar interference effect of weak measurements (I3.45]), that a par-
ticular superposition of identical Gaussians shifted by small values yields the
Gaussian shifted by a large value occurs not just for Gaussians, but for a large
class of functions. Consider now that the system is described by such a wave
function and the shifts are due to the time evolutions for various periods of
time. Then, this effect can be a basis of a (gedanken) time machine. A specific
superposition of time evolutions for short periods of time §t,, yields a time
evolution for a large period of time At

N
> anU(6tn) W) ~ U(At)|P) . (13.51)
n=0

This approximate equality holds (with the same dt,, and At) for a large class
of states |?7) of the quantum system, and in some cases even for all states of
the system.

In order to obtain different time evolutions U (d%,,) we use the gravitational
time dilation effect. For finding the appropriate dt,, and «, we will rely on

Fig. 13.5. Demonstration of an approximate equality given by (I3.53): The sum of a
function shifted by the 14 values ¢, between 0 and 1 and multiplied by the coefficients
an (¢n and ay, are given by ([I352) with N = 13, n = 10) yields approximately the
same function shifted by the value 10. The dotted line shows f(t); the dashed line
showsf(t — 10), the RHS of (I353)); and the solid line shows the sum, the LHS of

(@3.53)
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the identity (I3:45]) for a particular weak measurement. We choose

N!

(N—n e

cn =n/N, «a,= )!n!n”(l -7 , (13.52)
where n = 0,1, ..., N. Note, that the coefficients «,, are terms in the binomial
expansion of [n+(1—n)]" and, in particular, Zﬁ/:o o, = 1. The corresponding
“weak value” in this case is n and for a large class of functions (the functions
with Fourier transform bounded by an exponential) we have an approximate

equality
N
S anflt—ea) = f(t—n). (13.53)
n=0

The proof can be found in [87]. Here we only demonstrate it on a numerical
example, Fig. Even for a relatively small number of terms in the sum
(14 in our example), the method works remarkably well. The shifts from 0 to
1 yield the shift by 10. The distortion of the shifted function is not very large.
By increasing the number of terms in the sum, the distortion of the shifted
function can be made arbitrarily small.

13.5.3 Classical Time Machines

A well-known example of a time machine is a rocket which takes a system to
a fast journey. If the rocket is moving with velocity V' and the duration of the
journey (in the laboratory frame) is 7', then we obtain the time shift (relative
to the situation without the fast journey):

6t:T<1—\/1— Z;) . (13.54)

For typical laboratory velocities this effect is rather small, but it has been
observed experimentally in precision measurements in satellites and, of course,
the effect is observed on decaying particles in accelerators. In such a “time
machine,” however, the system necessarily experiences external force, and we
consider this a conceptual disadvantage.

In our time machine we use, instead of the time dilation of special relativ-
ity, the gravitational time dilation. The relation between the proper time of
the system placed in a gravitational potential ¢ and the time of the external
observer (¢ = 0) is given by dr = dt\/1+ 2¢/c2. We produce the gravi-
tational potential by surrounding our system with a spherical shell of mass
M and radius R. The gravitational potential inside the shell is ¢ = —GM/R.
Therefore, the time shift due to the massive shell surrounding our system, i.e.,
the difference between the time period T' of the external observer at a large
distance from the shell and the period of the time evolution of the system (the
proper time), is
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2GM
5t:T<1—\/1— 62R> . (13.55)

This effect, for any man-made massive shell, is too small to be observed by
today’s instruments. However, the conceptual advantage of this method is
that we do not “touch” our system. Even the gravitational field due to the
massive spherical shell vanishes inside the shell.

The classical time machine can only slow down the time evolution of the
system. For any reasonable mass and radius of the shell, the change of the rate
of the time flow is extremely small. In the next section we shall describe our
quantum time machine which amplifies the effect of the classical gravitational
time machine (for a spherical shell of the same mass), and makes it possible
to speed up the time flow for an evolution of a system, as well as to change
its direction.

13.5.4 Quantum Gravitational Time Machine

In our machine we use the gravitational time dilation and a quantum interfer-
ence phenomenon which, due to the peculiar mathematical property discussed
in Sect. [3.5.2, amplifies the time translation. We produce the superposition
of states shifted in time by small values dt,, (due to spherical shells of different
radii) given by the left-hand side of (I3.51]). Thus, we obtain a time shift by
a possibly large, positive or negative, time interval At.

The wave function of a quantum system ¥(q, t), considered as a function
of time, usually has a Fourier transform which decreases rapidly for large
frequencies. Therefore, the sum of the wave functions shifted by small periods
of time dt,, = dtc,, and multiplied by the coefficients a,, with ¢, and a,, given
by ([I3.52), is approximately equal to the wave function shifted by the large
time At = tn). Since the equality (I3.53) is correct with the same coefficients
for all functions with rapidly decreasing Fourier transforms, we obtain for
each ¢, and therefore for the whole wave function,

N
> anW(q.t - oty) ~W(g,t — At) . (13.56)
n=0

Thus, a device which changes the state of the system from ¥(q, t) to the state
given by the left-hand side of (I3.50) generates the time shift of At. Let us
now present a design for such a device and explain how it operates.

Our machine consists of the following parts: a massive spherical shell, a
mechanical device—“the mover”—with a quantum operating system, and a
measuring device which can prepare and verify states of this quantum oper-
ating system.

The massive shell of mass M surrounds our system and its radius R can
have any of the values Ry, R1, ..., Ry. Initially, R = Ry.
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The mover changes the radius of the spherical shell at time ¢ = 0, waits
for an (external) time T, and then moves it back to its original state, i.e., to
the radius Ry.

The quantum operating system (QOS) of the mover controls the radius to
which the shell is moved for the period of time 7. The Hamiltonian of the
QOS has N + 1 nondegenerate eigenstates |n), n = 0,1,..., N. If the state of
the QOS is |n), then the mover changes the radius of the shell to the value R,,.

The measuring device preselects and postselects the state of the QOS. It
prepares the QOS before the time ¢ = 0 in the initial state

N
Win)gos =Ny _ anln) (13.57)

n=0
with the normalization factor

N = ! . (13.58)

N
VEY lan?

After the mover completes its operation, i.e., after the time ¢t = T, we per-
form another measurement on the QOS. One of the nondegenerate eigenstates
of this measurement is the specific “final state”

1 N
¥f)qos = UN 11 nz:% n) . (13.59)

Our machine works only if the postselection measurement yields the state
([I33159). Unfortunately, this is a very rare event. We shall discuss the proba-
bility of obtaining the appropriate outcome in the next section.

Assume that the postselection measurement is successful, i.e., that we do
obtain the final state (I3:59). We will next show that in this case, assuming an
appropriate choice of the radii R,,, our “time machine” shifts the wave function
of the system by the time interval At. The time shift is defined relative to the
situation in which the machine has not operated, i.e., the radius of the shell
was not changed from the initial value Ry. In order to obtain the desired time
shift At = dtn we chose the radii R,, such that

nét 2GM 2GM
dtn= =T <\/1— o L CZRH> . (13.60)

The maximal time shift in the different terms of the superposition (the left-
hand side of (I351) is oty = 0t. The parameter n is the measure of the
“quantum amplification” relative to the maximal (classical) time shift t. If
the radius Ry of the shell is large enough that the time dilation due to the
shell in its initial configuration can be neglected, (I3.60]) simplifies to
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2GM
5tn—T<1—\/1— c2Rn> . (13.61)

Let us assume then that we have arranged the radii according to (I3.61)
and we have prepared the quantum operating system of the mover in the state
(I3E1). Then, just prior to the operation of the time machine the overall state
is the direct product of the corresponding states of the system, the shell, and
the mover,

N
NZ(g,0)|Ro) > ann) , (13.62)
n=0

where |Ry) signifies that the shell, together with the mechanical part of the
mover, is at the radius Ry. Although these are clearly macroscopic bodies.
we assume that we can treat them quantum—mechanically. We also make an
idealized assumption that these bodies do not interact with the environment,
i.e., no element of the environment becomes correlated to the radius of the
shell.

Once the mover has operated, changing the radius of the spherical shell,
the overall state becomes

N
N|#(g,0) Y an|Rn)ln) - (13.63)
n=0

For different radii R,,, we have different gravitational potentials inside the
shell and, therefore, different relations between the flow of the proper time of
the system and the flow of the external time. Thus, after the external time T’
has elapsed, just before the mover takes the radii R,, back to the value Ry,
the overall state is

N
N anl(q, T = 6tn))|Rn)n) - (13.64)

n=0

Note that now the system, the shell, and the QOS are correlated: the system
is not in a pure quantum state. After the mover completes its operation, the
overall state becomes

N
N anl(q,T = 6tn))|Ro)|n). (13.65)

n=0

There is still a correlation between the system and the QOS.

The last stage is the postselection measurement performed on the QOS. It
puts the QOS and, consequently, our quantum system, in a pure state. After
the successful postselection measurement, the overall state is

N 1 N
(Z ozn|u7(q,T—5tn)>> |Ro) <\/N+1 nz_%|n>> . (13.66)

n=0
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We have shown that the wave function of the quantum system ¥(q,t) is
changed by the operation of the time machine into 211:/:0 an|W(q, T—0ty,)). Up
to the precision of the approximate equality (I3.53) (which can be arbitrarily
improved by increasing the number of terms N in the sum), this wave function
is indeed |¥(q, T — At))! Note that for At > T, the state of the system at the
moment the time machine has completed its operation is the state in which
the system was before the beginning of the operation of the time machine.

13.5.5 The Probability of the Success
of the Quantum Time Machine

The main conceptual weakness of our time machine is that usually it does
not work. Successful postselection measurements corresponding to large time
shifts are extremely rare. Let us estimate the probability of the successful
postselection measurement in our example. The probability is given by the
square of the norm of the vector obtained by projecting the state (I3.60l) on
the subspace defined by state (I3.59) of the QOS:

N

Prob = ||\/N—|—1

N
O~ ol #(q. T — 6t2))| Ro)|* - (13.67)
n=0

In order to obtain a time shift without significant distortion, the wave
functions shifted by different times dt,, have to be such that the scalar products
between them can be approximated by 1. Taking then the explicit form of «,,
from ([[3.52)), we evaluate the probability (I3.67), obtaining

2

N
P ~ . 13.
rob N (13.68)

The normalization factor A given by ([I3.58)) decreases very rapidly for large
N. Even if we use a more efficient choice of the initial and the final states of
the QOS (see [3]) for the amplification, n > 1, the probability decreases with
N as1/(2n—1)N.

The small probability of the successful operation of our time machine is,
in fact, unavoidable. At the time just before the postselection measurement,
the system is in a mixture of states correlated to the orthogonal states of
the QOS (see ([I3.63). The probability of finding the system at that time
in the state |¥(q, T — At)), for At which differs significantly from the time
periods dt,, is usually extremely small. This is the probability to find the
system, by a measurement performed “now,” in the state in which it was
supposed to be at some other time. For any real situation this probability is
tiny but not equal precisely to zero, since all systems with bounded energies
have wave functions with nonvanishing tails. The successful operation of our
time machine is a particular way of “finding” the state of the quantum system
shifted by the period of time A = nd. Therefore, the probability for success
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cannot be larger than the probability of finding the shifted wave function by
direct measurement.

One can wonder what has been achieved by all this rather complicated
procedure if we can obtain the wave function of the system shifted by the
time period At simply by performing a quantum verification measurement
at the time T of the state |¥(q, T — At)). There is a very small chance for
the success of this verification measurement, but using our procedure the
chance is even smaller. What our machine can do, and we are not aware of
any other method which can achieve this, is to shift the wave function in
time without knowing the wave function. If we obtain the desired result of the
postselection measurement (the postselection measurement performed on the
measuring device), we know that the wave function of the system, whatever it
is, is shifted by the time At. Not only is the knowledge of the wave function of
the system inessential for our method, but even the very nature of the physical
system whose wave function is shifted by our time machine need not be known.
The only requirement is that the energy distribution of the system decreases
rapidly enough. If the expectation value of the energy can be estimated, then
we can improve dramatically the probability of the success of our procedure.
The level of difficulty of the time shift without distortion depends on the
magnitude of the energy dispersion AE and not on the expectation value of
energy (E). For quantitative analysis of this requirement see [87].

The operation of our time machine can be considered as a superposition
of time evolutions [T] for different periods of time 6t,,. This name is especially
appropriate if the Hamiltonian of the system is bounded, since in this case
the approximate equality (I3.51) is correct for all states |¥).

13.5.6 Time Translation to the Past and to the Future

Let us spell out again what our machine does. Assume that the time evolution
of the state of the system is given by |¥(¢)). By this we mean that this is
the evolution before the operation of the time machine and this is also the
evolution later, provided we do not operate the time machine. The state |7 (t))
describes the actual past states of the system and the counterfactual future
states of the system, i.e., the states which will be in the case we do not disturb
the evolution of the system by the operation of our time machine. Define
“now,” t = 0, to be the time at which we begin the operation of the time
machine. The time interval of the operation of the time machine is 7. Moving
the system to the past means moving it to the state in which the system
actually was at some time ¢t < 0. Moving the system to the future means
moving it to the state in which it would have wound up after undisturbed
evolution at some future time ¢ > 7. Evidently, the classical time machine
does neither of these, since all it can achieve is that at time T the system is
in the state corresponding to the time ¢, 0 <t < T.

When we speed up or slow down the rate of the time evolution, the system
passes through all states of its undisturbed evolution only once. More bizarre
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is the situation when we reverse the direction of the time flow, thus ending up,
after completing the operation of the time machine, in the state in which the
system was before ¢ = 0. In this case the system passes three times through
some states during its evolution.

For our time machine to operate properly, it is essential that the system
is isolated from the external world. In the case of the time translation to the
state of the past, the system has to be isolated not only during the time of the
operation of the time machine, but also during the whole period of intended
time translation. If the system is to be moved to the state in which it was
at the time ¢, ¢ < 0, then it has to be isolated from the time ¢ until the end
of operation of the time machine. This seems to be a limitation of our time
machine. It leads, however, to an interesting possibility. We can send a system
to its counterfactual past, i.e., to the past in which it was supposed to be if it
were isolated (or if it were in any environment chosen by us).

Consider an excited atom which we isolate in the vacuum at time ¢ = 0
inside our time machine. And assume that our time machine made a successful
time translation to a negative time ¢, such that |¢| is larger than the lifetime
of the excited atomic state. Since the atom, now, is not in the environment
it was in the past, we do not move the atom to its actual state in the past.
Instead, we move the atom to the state of its counterfactual past. By this
we mean the state of the isolated atom which, under its normal evolution in
the vacuum during the time period |¢t| winds up in the excited state. In fact,
this is the state of the atom together with an incoming radiation field. The
radiation field is exactly such that it will be absorbed by the atom. Although
our procedure is very complicated and only very rarely successful, still, it
is probably the easiest way to prepare the precise incoming electromagnetic
wave which excites a single atom with probability one.

13.5.7 Experimental Realization of the Quantum
Time-Translation Machine?!

Suter [88] has claimed to perform an experimental realization of the quantum
time-translation machine using a classical Mach—Zehnder interferometer. The
experimental setup of Suter, however, does not fall even close to the definition
of the time machine. In his setup we know what is the system and what is its
initial state. What he shows is that if we send a single mode of a radiation field
through a birefringent retardation device which yields different retardations
for two orthogonal polarizations, then placing the preselection polarization
filter and the postselection polarization filter will lead to a much larger effect
than can be achieved by preselection alone. Thus, it might seem like speeding
up the time evolution, but this procedure fails all tests of universality. Dif-
ferent modes of radiation field speed up differently, an arbitrary wave packet
is usually distorted, and for other systems (other particles) the device is not
supposed to work at all.
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Thus, the first basic requirement that the time machine has to work for
various systems is not fulfilled from the beginning. And it cannot be easily
modified since the “external” variable (which is supposed to be a part of
the time machine) is the property of the system itself—the polarization of
the radiation field. The next necessary requirement, that it works for a large
class of the initial states of the system, cannot be fulfilled too. Indeed, he
considers a superposition of only two time evolutions. This superposition can
be identical to a longer evolution for a particular state, but not for a large
class of states. As it has been shown [7, [87] a superposition of a large number
of time evolutions is necessary for this purpose.

Suter, together with R. Ernst and M. Ernst, performed in the past another
experiment which they called “An experimental realization of a quantum time-
translation machine” [89]. In this experiment a very different system was
used: the effect was demonstrated on the heteronuclear coupling between two
nuclear spins. But the experimental setup was also applicable only to a specific
system and only for a certain state. Therefore, the same criticism is applicable
and, therefore, one should not call it an implementation of the time-translation
machine.

Although the experiments of Suter are not implementations of the quan-
tum time machine, still, they are interesting as weak measurements. The ex-
periment of Suter with a birefringent retardation device can be considered as
a weak measurement of a polarization operator. In fact, this is a variation of
the experiments which were proposed [68] and performed [T0] previously. The
“weakness condition” of these two experiments follows from the localization
of the beam (which was sent through a narrow slit). The “weak” regime of the
experiment of Suter is achieved by taking the retardation small. The second
experiment of Suter can be considered as the first weak measurement of a
nuclear spin component.

13.6 Time Symmetry

13.6.1 Forward- and Backward-Evolving Quantum States

Before discussing the time symmetry of the pre- and postselected systems
which are usually discussed in the framework of the two-state vector for-
malism, we will consider the question of differences between possibilities for
manipulating forward-evolving quantum states (I3.1]) and backward-evolving
state (I3.6) which has been recently analyzed [90]. It is particularly impor-
tant in the light of recent argument of Shimony [91] against equal status of
forward- and backward-evolving quantum states.

A notable difference between forward- and backward-evolving states has
to do with the creation of a particular quantum state at a particular time.
In order to create the quantum state |A = a) evolving forward in time, we
measure A before this time. We cannot be sure to obtain A = a, but if we
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obtain a different result A = a’ we can always perform a unitary operation and
thus create at time ¢ the state |[A = a). On the other hand, in order to create
the backward-evolving quantum state (A = a|, we measure A after time ¢. If
we do not obtain the outcome A = a, we cannot repair the situation, since the
correcting transformation has to be performed at a time when we do not yet
know which correction is required. Therefore, a backward-evolving quantum
state at a particular time can be created only with some probability, while
a forward-evolving quantum state can be created with certainty. (Only if the
forward-evolving quantum state is identical to the backward-evolving state we
want to create at time ¢, and only if we know that no one touches the system
at time ¢, can the backward-evolving state be created with certainty, since
then the outcome A = a occurs with certainty. But this is not an interesting
case.)

The formalism of quantum theory is time reversal invariant. It does not
have an intrinsic arrow of time. The difference with regard to the creation of
backward and forward evolving quantum state follows from the “memory’s”
arrow of time. We can base our decision of what to do at a particular time only
on events in the past, since future events are unknown to us. The memory time
arrow is responsible for the difference in our ability to manipulate forward-
and backward-evolving quantum states. However, the difference is only in
relation to creation of the quantum state. As we will see below there are no
differences with measurements in the sense of “finding out” what is the state
at a particular time.

The ideal (von Neumann) measurement procedure applies both to for-
ward evolving quantum states and to backward-evolving quantum states. In
both cases, the outcome of the measurement is known after the time of the
measurement. All that is known about what can be measured in an ideal (non-
demolition) measurement of a forward-evolving quantum state can be applied
also to a backward-evolving quantum state. There are constraints on the mea-
surability of nonlocal variables, i.e., variables of composite systems with parts
separated in space. When we consider instantaneous nondemolition measure-
ments (i.e., measurements in which, in a particular Lorentz frame during an
arbitrarily short time, local records appear which, when taken together, spec-
ify the eigenvalue of the nonlocal variable), we have classes of measurable and
unmeasurable variables. For example, the Bell operator variable is measur-
able, while some other variables [02], including certain variables with product
state eigenstates [93] [94], cannot be measured.

The procedure for measuring nonlocal variables involves entangled ancil-
lary particles and local measurements, and can get quite complicated. Fortu-
nately, there is no need to go into detail in order to show the similarity of
the results for forward- and backward-evolving quantum states. The opera-
tional meaning of the statement that a particular variable A is measurable is
that in a sequence of three consecutive measurements of A—the first taking
a long time and possibly including bringing separate parts of the system to
the same location and then returning them, the second being short and non-
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local, and the third, like the first, consisting of bringing together the parts of
the system—all outcomes have to be the same. But this is a time symmetric
statement; if it is true, it means that the variable A is measurable both for
forward- and backward-evolving quantum states.

We need also to obtain the correct probabilities in the case that differ-
ent variables are measured at different times. For a forward-evolving quan-
tum state it follows directly from the linearity of quantum mechanics. For a
backward-evolving quantum state, the simplest argument is the consistency
between the probability of the final measurement, which is now B = b, given
the result of the intermediate measurement A = a, and the result of the inter-
mediate measurement given the result of the final measurement. We assume
that the past is erased. The expression for the former is | (A = a|B = b)|2.
For consistency, the expression for the latter must be the same, but this is
what we need to prove.

In exactly the same way we can show that the same procedure for tele-
portation of a forward-evolving quantum state [95] yields also teleportation of
a backward-evolving quantum state. As the forward-evolving quantum state
is teleported to a space—time point in the future light cone, the backward-
evolving quantum state is teleported to a point in the backward light cone.
Indeed, the operational meaning of teleportation is that the outcome of a
measurement in one place is invariably equal to the outcome of the same
measurement in the other place. Thus, the procedure for teleportation of the
forward-evolving state to a point in the future light cone invariably yields tele-
portation of the backward-evolving quantum state to the backward light cone.

The impossibility of teleportation of the backward-evolving quantum state
outside the backward light cone follows from the fact that it will lead to
teleportation of the forward-evolving quantum state outside the forward light
cone, and this is impossible since it obviously breaks causality.

Another result which has been proved using causality argument is the no
cloning theorem for backward-evolving quantum quantum states [90]. So, also
in this respect there is no difference between forward- and backward-evolving
quantum states.

The argument used above does not answer the question of whether it is
possible to measure nonlocal variables in a demolition measurement. Demoli-
tion measurements destroy (for the future) the state and may be the quan-
tum systems itself. Thus, obviously, a demolition measurement of a nonlocal
variable of a quantum state evolving forward in time does not measure this
variable for a quantum state evolving backward in time. Any nonlocal variable
of a composite system can be measured with demolition for a quantum state
evolving forward in time [96]. Recently, it has been shown [07] also that any
nonlocal variable can be measured for a quantum state evolving backward
in time. Moreover, the procedure is simpler and requires fewer entanglement
resources.

The difference follows from the fact that we can change the direction of
time evolution of a backward-evolving state along with complex conjugation of
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the quantum wave (flipping a spin). Indeed, all we need is to prepare an EPR
state of our system and an ancilla. Guarding the system and the ancilla ensures
that the forward-evolving quantum state of the ancilla is the flipped state of
the system. For a spin wave function we obtain o (1| + 8(l| — —8*|T) + a*|]).
For a continuous variable wave function ¥(q) we need the original EPR state
l¢g —G =0, p+p=0). Then, the backward-evolving quantum state of the
particle will transform into a complex conjugate state of the ancilla ¥(q) —
7 (G).

If the particle and the ancilla are located in different locations, then such
an operation is a combination of time reversal and teleportation of a backward-
evolving quantum state of a continuous variable [98].

We cannot flip and change the direction of time evolution of a quantum
state evolving forward in time. To this end we would have to perform a Bell
measurement on the system and the ancilla and to get a particular result
(singlet). However, we cannot ensure this outcome, nor can we correct the
situation otherwise. Moreover, it is easily proven that no other method will
work either. If one could have a machine which turns the time direction (and
flips) a forward-evolving quantum state, then one could prepare at will any
state that evolves toward the past, thus signaling to the past and contradicting
causality.

Let us consider now a pre- and postselected system. It is meaningless
to ask whether we can perform a nondemolition measurement on a system
described by a two-state vector. Indeed, the vector describing the system
should not be changed after the measurement, but there is no such time: for a
forward-evolving state, “after” means later, whereas for a backward-evolving
state, “after” means before. It is meaningful to ask whether we can perform
a demolition measurement on a system described by a two-state vector. The
answer is positive [97], even for composite systems with separated parts.

Next, is it possible to teleport a two-state vector? Although we can teleport
both forward- and backward-evolving quantum states, we cannot teleport the
two-state vector. The reason is that the forward evolving state can be tele-
ported only to the future light cone, while the backward-evolving state can
be teleported only to the backward light cone. Thus, there is no space—time
point to which both states can be teleported.

Finally, the answer to the question of whether it is possible to clone a two-
state vector is negative, since neither forward-evolving nor backward-evolving
quantum states can be cloned.

13.6.2 Time-Symmetric Aspects of Pre- and Postselected Systems

When a quantum system is described by the two-state vector (I3.2) or the gen-
eralized two-state vector ([I37), the backward-evolving states enter on equal
footing with the forward-evolving states. Note that the asymmetry in the pro-
cedure for obtaining the state (I3.7) is not essential: we can start preparing
1L/VNY, |®:)]i) instead.
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We will analyze now the symmetry under the interchange (@] |¥) « (¥| |P).
This will be considered as a symmetry under reversal of the direction of the
arrow of time. It is important to note that in general this interchange is not
equivalent to the interchange of the measurements creating the two-state vec-
tor A = a and B = b. An example showing the nonequivalence can be found
in [99]. However, in order to simplify the discussion, we will assume that the
free Hamiltonian is zero, and therefore |#) = |A =a) and (§| = (B=1b[.In
this case, of course, the reversal of time arrow is identical to the interchange
of the measurements at t; and t5. If the free Hamiltonian is not zero, then an
appropriate modification should be made [100].

The ABL rule for the probabilities of the outcomes of ideal measurements
([@33) is also explicitly time-symmetric: First, both (@| and |¥) enter the
equation on equal footing. Second, the probability (I3.9]) is unchanged under
the interchange (@| |¥) < (¥| |D).

The ABL rule for a quantum system described by a generalized two-
state vector (I3.71) is time-symmetric as well: (@;| and |¥;) enter the equa-
tion on equal footing. The manifestation of the symmetry of this formula
under the reversal of the arrow of time includes complex conjugation of
the coefficients. The probability (I3.10]) is unchanged under the interchange
20 @il W) < 32, al(F] @),

The outcomes of weak measurements, the weak values, are also symmetric
under the interchange (@| |W) < (¥| |®) provided we perform complex
conjugation of the weak value together with the interchange. This is similar to
complex conjugation of the Schrédinger wave function under the time reversal.
Thus, also for weak measurements there is the time reversal symmetry: both
(@] and |¥) enter the formula of the weak value on the same footing and there
is symmetry under the interchange of the pre- and postselected states. The
time symmetry holds for weak values of generalized two-state vectors (I3.22):
i.e., the interchange ), i (®;| |¥;) « .o (W] |@;) leads to C, « Cy.

13.6.3 The Time Asymmetry

The symmetry is also suggested in using the language of “preselected” state
and “postselected” state. In order to obtain the two-state vector (I3:2) we
need to preselect A = a at t; and postselect B = b at to. Both measurements
might not yield the desired outcomes, so we need several systems out of which
we pre- and postselect the one which is described by the two-state vector
(I32). However, the symmetry is not complete and the language might be
somewhat misleading. It is true that we can only (post)select B = b at to,
but we can prepare instead of preselect A = a at t;. For preparation of |a) a
single system is enough. If the measurement of A yields a different outcome
a’ we can perform a fast unitary operation which will change |A = ') to
|A = a) and then the time evolution to time ¢ will bring the system to the
state [@). This procedure is impossible for creation of the backward-evolving
state (@|. Indeed, if the outcome of the measurement of B does not yield b,
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we cannot read it and then make an appropriate unitary operation before
to in order to get the state (@] at time t. We need several systems to post-
select the desired result (unless by chance the first system has the desired
outcome).

Although the formalism includes situations with descriptions by solely
forward-evolving quantum state and by solely backward-evolving quantum
states, here also there is a conceptual difference. For obtaining backward-
evolving state it was necessary to have a guarded ancilla in order to erase
the quantum state evolving from the past. Of course, there is no need for
this complication in obtaining forward-evolving quantum state. The differ-
ence is due to fixed “memory” arrow of time: we know the past and we
do not know the future. This asymmetry is also connected to the concept
of a measurement. It is asymmetric because, by definition, we do not know
the measured value before the measurement and we do know it after the
measurement.

13.6.4 If Measurements are Time-Asymmetric, How the Outcomes
of Measurements are Time-Symmetric?

Taking this asymmetry of the concept of measurement into account, how one
can understand the time symmetry of the formulae for the probability of an
intermediate measurements ([3.9]), (I3.10) and for the formulae of weak values
@20, [E2)?

This is because these formulae deal with the results of the measurements
which, in contrast with the concept of measurement itself, are free from the
time asymmetry of a measurement. The results of measurements represent
the way the system affects other systems (in this case measuring devices) and
these effects, obviously, do not exhibit the time asymmetry of our memory.
The time asymmetry of measurement is due to the fact that the pointer vari-
able of the measuring device is showing “zero” mark before the measurement
and not after the measurement. But the result of the measurement is repre-
sented by the shift of the pointer position. (If originally the pointer showed
“zero” it is also represented by the final position of the pointer.) This shift
is independent of the initial position of the pointer and therefore it is not
sensitive to the time asymmetry caused by asymmetrical fixing of the ini-
tial (and not final) position of the pointer. The relations described in the
formulae of the two-state vector formalism are related to these shifts and,
therefore, the time symmetry of the formulae follows from the underlying
time symmetry of the quantum theory. The shifts of the pointer variable in
weak measurements were considered as “weak-measurements elements of re-
ality” [I01] where “elements of reality were identified with “definite shifts.”
This approach was inspired by the EPR elements of reality which are def-
inite outcomes of ideal measurements, i.e., definite shifts in ideal measure-
ment procedures. The next section discusses a controversy related to ideal
measurements.
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13.6.5 Counterfactual Interpretation of the ABL Rule

Several authors criticized the TSVF because of the alleged conflict between
counterfactual interpretations of the ABL rule and predictions of quantum
theory [102] 20 103} 104]. The form of all these inconsistency proofs is as
follows: The probability of an outcome C = ¢, of a quantum measurement
performed on a preselected system, given correctly by (I3.12)), is considered.
In order to allow the analysis using the ABL formula, a measurement at a later
time, to, with two possible outcomes, which we denote by “1;” and “2;,” is
introduced. The suggested application of the ABL rule is expressed in the
formula for the probability of the result C' = ¢,

Prob(C = ¢,) = Prob(15) Prob(C = ¢, ;1) (13.69)
+Prob(2y) Prob(C = ¢, ;2y),

where Prob(C' = ¢, ;1) and Prob(C = ¢, ;2¢) are the conditional prob-
abilities given by the ABL formula, (I3.9), and Prob(1y) and Prob(2y) are
the probabilities of the results of the final measurement. In the proofs, the
authors show that (I3.69)) is not valid and conclude that the ABL formula is
not applicable to this example and therefore it is not applicable in general.

One us (L.V.) has argued [105] [106] 2] that the error in calculating equal-
ity ([3.69)) does not arise from the conditional probabilities given by the ABL
formula, but from the calculation of the probabilities Prob(1y) and Prob(2y)
of the final measurement. In all three alleged proofs, the probabilities Prob(1y)
and Prob(2¢) were calculated on the assumption that no measurement took
place at time t. Clearly, one cannot make this assumption here since then
the discussion about the probability of the result of the measurement at time
t is meaningless. Thus, it is not surprising that the value of the probabil-
ity Prob(C = ¢,,) obtained in this way comes out different from the value
predicted by the quantum theory. Straightforward calculations show that the
formula (I3:69) with the probabilities Prob(1¢) and Prob(2y) calculated on
the condition that the intermediate measurement has been performed leads
to the result predicted by the standard formalism of quantum theory.

The analysis of counterfactual statements considers both actual and coun-
terfactual worlds. The statement is considered to be true if it is true in coun-
terfactual worlds “closest” to the actual world. In the context of the ABL
formula, in the actual world the preselection and the postselection has been
successfully performed, but the measurement of C' has not (necessarily) been
performed. On the other hand, in counterfactual worlds the measurement of
C has been performed. The problem is to find counterfactual worlds “closest”
to the actual world in which the measurement of C' has been performed. The
fallacy in all the inconsistency proofs is that their authors have considered
counterfactual worlds in which C' has not been measured.

Even if we disregard this fallacy there is still a difficulty in defining the
“closest” worlds in the framework of the TSVF. In standard quantum theory
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it is possible to use the most natural definition of the “closest” world. Since
the future is considered to be irrelevant for measurements at present time ¢,
only the period of time before ¢ is considered. Then the definition is:

(i) Closest counterfactual worlds are the worlds in which the sys-
tem is described by the same quantum state as in the actual world.

In the framework of the TSVF, however, this definition is not acceptable. In
the time-symmetric approach the period of time before and after ¢ is consid-
ered. The measurement of C' constrains the possible states immediately after
t to the eigenstates of C'. Therefore, if in the actual world the state immedi-
ately after ¢ is not an eigenstate of C, no counterfactual world with the same
state exists. Moreover, there is the same problem with the backward- evolving
quantum state (the concept which does not exist in the standard approach)
in the period of time before t. This difficulty can be solved by adopting the
following definition of the closest world [106]:

(ii) Closest counterfactual worlds are the worlds in which the re-
sults of all measurements performed on the system (except the mea-
surement at time t) are the same as in the actual world.

For the preselected only situation, this definition is equivalent to (i), but it is
also applicable to the symmetric pre- and postselected situation. The defini-
tion allows to construct time-symmetric counterfactuals in spite of common
claims that such concept is inconsistent [T07].

An important example of counterfactuals in quantum theory are “elements
of reality” which are inspired by the EPR elements of reality. The modification
of the definition of elements of reality applicable to the framework of the TSVF

[34] is:
(iii) If we can infer with certainty that the result of measuring at

time t of an observable C' is ¢, then, at time t, there exists an element
of reality C' = c.

The word “infer” is neutral relative to past and future. The inference about
results at time ¢ is based on the results of measurements on the system per-
formed both before and after time ¢. Note that there are situations (e.g., the
three-boxes example) in which we can “infer” some facts that cannot be ob-
tained by neither “prediction” based on the past results nor “retrodiction”
based on the future results separately.

The theorem (i) of Sect. [344 now can be formulated in a simple way:
If A = a is an element of reality then A,, = a is the weak-measurement of
reality. The theorem (ii) of Sect. [3.:4.4] can be formulated as follows. If A
is a dichotomic variable, a is an eigenvalue of A, and if A,, = a is a weak-
measurement element of reality, then A = a is an element of reality.

The discussion about the meaning of time symmetric counterfactuals con-
tinues until today. Kastner changed her view on such counterfactuals from
“Inconsistent” to “trivial” [I08]. See Vaidman’s reply [109] and other very
recent contributions on this issue [110} 11T} [112].
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13.7 Protective Measurements

Several years ago we proposed a concept of protective measurements [113]
[IT4] [I15] which provides an argument strengthening the consideration of a
quantum state as a “reality” of some kind. We have shown that “protected”
quantum states can be observed just on a single quantum system. On the other
hand, if a single quantum state is “the reality” how “the two-state vector”
can be “the reality”?

13.7.1 Protective Measurement of a Single Quantum State

In order to measure the quantum state of single system one has to measure
expectation values of various observables. In general, the weak (expectation)
value cannot be measured on a single system. However, it can be done if the
quantum state is protected [113] [I14]. The appropriate measurement interac-
tion is again described the Hamiltonian ([I3:8]), but instead of an impulsive
interaction the adiabatic limit of slow and weak interaction is considered:
g(t) = 1/T for most of the interaction time T and g(t) goes to zero gradually
before and after the period T

In this case the interaction Hamiltonian does not dominate the time evo-
lution during the measurement, moreover, it can be considered as a perturba-
tion. The free Hamiltonian Hy dominates the evolution. In order to protect a
quantum state this Hamiltonian must have the state to be a nondegenerate
energy eigenstate. For ¢g(¢t) smooth enough we then obtain an adiabatic pro-
cess in which the system cannot make a transition from one energy eigenstate
to another, and, in the limit 7" — oo, the interaction Hamiltonian changes
the energy eigenstate by an infinitesimal amount. If the initial state of the
system is an eigenstate |E;) of Hy then for any given value of P, the energy
of the eigenstate shifts by an infinitesimal amount given by the first-order
perturbation theory: §F = (E;|H;n:|E;) = (E;|A|E;)P/T. The corresponding
time evolution e~ *F{FilAIE:) ghifts the pointer by the expectation value of A
in the state |E;). Thus, the probability distribution of the pointer variable,
e~ (@=a)%/4% remains unchanged in its shape, and is shifted by the expectation
value <A>l = <E1|A|EZ>

If the initial state of the system is a superposition of several nonde-
generate energy eigenstates |¥1) = XYq;|E;), then a particular outcome
(A); = (E;|A|E;) appears at random, with the probability |o;|? [61]. (Subse-
quent adiabatic measurements of the same observable A invariably yield the
expectation value in the same eigenstate |E;).)

13.7.2 Protective Measurement of a Two-State Vector

At first sight, it seems that protection of a two-state vector is impossible.
Indeed, if we add a potential that makes one state a nondegenerate eigenstate,



442 Y. Aharonov and L. Vaidman

then the other state, if it is different, cannot be an eigenstate too. (The states
of the two-state vector cannot be orthogonal.) But, nevertheless, protection
of the two-state vector is possible [116].

The procedure for protection of a two-state vector of a given system is
accomplished by coupling the system to another pre- and postselected sys-
tem. The protection procedure takes advantage of the fact that weak values
might acquire complex values. Thus, the effective Hamiltonian of the protec-
tion might not be Hermitian. Non-Hermitian Hamiltonians act in different
ways on quantum states evolving forward and backwards in time. This allows
simultaneous protection of two different states (evolving in opposite time di-
rections).

Let us consider an example [IT6] of a two-state vector of a Spin—; parti-
cle, (Ty||T2)- The protection procedure uses an external pre- and postselected
system S of a large spin N that is coupled to our spin via the interaction

Hyprot = —AS -0 . (13.70)

The external system is preselected in the state | S, =N) and postselected in the
state (Sy=N]|, that is, it is described by the two-state vector (S,=N||S,=N).
The coupling constant A is chosen in such a way that the interaction with
our Spin—% particle cannot change significantly the two-state vector of the
protective system S, and the spin—% particle “feels” the effective Hamiltonian
in which S is replaced by its weak value,

(Sy = N|(Sz; Sy, 52)[Sz = N)

Sy = = (N,N,iN) . 13.71
(S, = N|S, = N) (N,N,iN) (13.71)

Thus, the effective protective Hamiltonian is
Hepp = —AN(0y + 0y +i02) . (13.72)

The state |1,) is an eigenstates of this (non-Hermitian) Hamiltonian (with
eigenvalue —AN). For backward-evolving states the effective Hamiltonian is
the hermitian conjugate of (I3.72]) and it has different (nondegenerate) eigen-
state with this eigenvalue; the eigenstate is (1.

In order to prove that the Hamiltonian (I3.70]) indeed provides the protec-
tion, we have to show that the two-state vector (1,||1,) will remain essentially
unchanged during the measurement. We consider measurement which is per-
formed during the period of time, between pre- and postselection which we
choose to be equal one. The Hamiltonian

H=-\S-0+ Po¢ (13.73)
can be replaced by the effective Hamiltonian

Heff:—/\N(Um+Uy+iCTz)+PCT§ . (13.74)
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Indeed, the system with the spin S can be considered as N spin-1/2 particles
all preselected in |1,) state and postselected in |T,) state. The strength of
the coupling to each spin-1/2 particle is A < 1, therefore during the time
of the measurement their states cannot be changed significantly. Thus, the
forward-evolving state |S;=N) and the backward-evolving state (S,=N| do
not change significantly during the measuring process. The effective coupling
to such system is the coupling to its weak values.

Good precision of the measurement of the spin component requires large
uncertainty in P, but we can arrange the experiment in such a way that
P < AN. Then the second term in the Hamiltonian (I3.74]) will not change
significantly the eigenvectors. The two-state vector (1,||1,) will remain essen-
tially unchanged during the measurement, and therefore the measuring device
on this single particle will yield (o¢),, = ”&‘jﬁljf ).

The Hamiltonian (I3773), with an external system described by the two-
state vector (S, = N||S; = N), provides protection for the two-state vec-
tor (Ty]/Tx). It is not difficult to demonstrate that any two-state vector ob-
tained by pre- and postselection of the spin—% particle can be protected by
the Hamiltonian (I373]). A general form of the two-state vector is (Tg/|Ta)
where & and 3 denote some directions. It can be verified by a straightforward
calculation that the two-state vector (13]|T4) is protected when the two-state
vector of the protective device is (Sg = N||S, = N).

At least formally we can generalize this method to make a protective mea-
surement of an arbitrary two-state vector (Wo||¥;) of an arbitrary system. Let
us decompose the post-selected state [Wa) = a|¥1) +b|¥ ). Now we can define
“model spin” states: [#;) = |1.) and [#,) = |].). On the basis of the two
orthogonal states we can obtain all other “model spin” states. For example,
1T.) = 1/v/2 (|1.) +|1.)), and then we can define the “spin model” opera-
tor o. Now, the protection Hamiltonian, in complete analogy with the Spin—%
particle case is

Hprot = —AS -G . (13.75)
In order to protect the state (Ws||¥;), the pre-selected state of the external
system has to be |S,;=N) and the postselected state has to be (S, =N| where
the direction x is defined by the “spin model” representation of the state [Ws),

1T,) = [W2) = (W1 |2)|T,) + (TL|W)|1,) - (13.76)

However, this scheme usually leads to unphysical interaction and is good
only as a gedanken experiment in the framework of nonrelativistic quantum
theory where we assume that any Hermitian Hamiltonian is possible.

13.8 The TSVF and the Many-Worlds Interpretation
of Quantum Theory

The TSVF fits very well into the many-worlds interpretation (MWTI) [I17],
the preferred interpretation of quantum theory of one of us (L.V.) [I1§]. The
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counterfactual worlds corresponding to different outcomes of quantum mea-
surements have in the MWI an especially clear meaning: these are subjectively
actual different worlds. In each world, the observers of the quantum measure-
ment call their world the actual one, but, if they believe in the MWI they have
no paradoxes about ontology of the other worlds. The apparent paradox that a
weak value at a given time might change from an expectation value to a weak
value corresponding to a particular postselection is solved in a natural way:
in a world with pre-selection only (before the postselection) the weak value
is the expectation value; then this world splits into several worlds according
to results of the postselection measurement and in each of these worlds the
weak value will be that corresponding to the particular postselection. The
time-symmetric concepts of “elements of reality,” “weak-measurements ele-
ments of reality” are consistent and meaningful in the context of a particular
world. Otherwise, at time ¢, before the “future” measurements have been
performed, the only meaningful concepts are the concepts of the standard,
time-asymmetric approach.

One of us (Y.A.) is not ready to adopt the far reaching consequences of
the MWI. He proposes another solution [I19]. It takes the TSVF even more
seriously than it was presented in this paper. Even at present, before the “fu-
ture” measurements, the backward evolving quantum state (or its complex
conjugate evolving forward in time) exists! It exists in the same way as the
quantum state evolving from the past exists. This state corresponds to partic-
ular outcomes of all measurements in the future. An element of arbitrariness:
“Why this particular outcome and not some other?” might discourage, but the
alternative (without the many-worlds)—the collapse of the quantum wave—is
clearly worse than that.
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