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Abstract

We discuss the construction and interpretation of observables in quantum theories with
worldline diffeomorphism invariance, in which a preferred or absolute time parameter is absent.
These theories are also called time-reparametrization invariant, and they can be seen as me-
chanical toy models of quantum gravity. The interest in these models stems from the necessity
of understanding the so-called problem of time in a theory of quantum gravitation: how can the
dynamics of quantum states of matter and geometry be defined in a diffeomorphism-invariant
way? What is the relevant space of physical states and which operators act on it? How are the
quantum states related to probabilities in the absence of a preferred time? The restriction to
the mechanical case allows us to focus on this problem without further issues that accompany
field-theoretical treatments.

We first analyze the consequences of diffeomorphism invariance in the classical theory, and
we emphasize that it warrants a relational ontology of spacetime. Observers record the evolution
of physical fields in generalized reference frames that are defined from the readings of generalized
clocks and rods, which are themselves physical fields. As the only physical information that
is available in an experiment are the values of the fields and not the spacetime points, one
concludes that observables are relational: the outcomes of experiments can be described or
predicted by determining the values of the fields relative to (or conditioned on) the values of
the generalized clocks and rods (the reference fields that define a generalized reference frame).

The description of the dynamics in terms of relational observables is diffeomorphism invari-
ant, as it does not refer to the underlying abstract spacetime but rather solely to the physical
fields. Technically, relational observables can be seen as diffeomorphism-invariant extensions of
geometrical objects in analogy to gauge-invariant extensions of noninvariant quantities in the
usual gauge (Yang-Mills) theories. We take this analogy seriously and use it as a basis of a
method of construction of invariant operators in the quantum theory. These operators act solely
in the space of solutions to the quantum constraints (i.e., on the space of physical states) and,
as such, they are defined solely in terms of the physical states. Furthermore, we discuss how
the notion of a physical propagator may be used to define a unitary evolution in the quantum
theory, which is to be understood in terms of a generalized clock, as is the classical theory.
We then put forth a set of tentative postulates that dictate how an observer is to make use of
probabilities in the description of the quantum dynamics in a quantum generalized reference
frame. In this way, we emphasize that the dynamics is relational also in the quantum theory,
and we define a notion of relative initial data, which determine the quantum evolution of the
relational observables.

We also discuss under which circumstances the above mentioned formalism can be related
to the use of conditional probabilities in the quantum theory. These probabilities are defined
from the physical states, and we argue that our formalism can be regarded as a generalization of
the well-known Page-Wootters approach. On this subject, we show that the quantum averages
of relational observables can be related to conditional expectation values of worldline tensor
fields. We discuss how our formalism is related to the earlier literature.

We also illustrate the method presented here with conceptually useful examples, such as
the free quantum relativistic particle, the Kasner model, and a closed, recollapsing Friedmann-
Lamaitre-Robertson-Walker model. We construct the quantum relational observables for these
models and discuss their quantum evolution. In the context of cosmology, we also mention how
the notion of relative initial data may be used to establish a criterion for quantum singularity

avoidance, which we refer to as the conditional DeWitt criterion.



In the interest of making contact with observations, we also examine how our formalism can
be adapted to calculations of quantum-gravitational effects in the early Universe. To this end,
we show that the usual weak-coupling expansion used in the Born-Oppenheimer approach to
quantum gravity leads to a perturbative definition of the inner product on the space of physical
states, with respect to which the dynamics is unitary. This is important because the issue
of unitarity in the Born-Oppenheimer approach has been controversial. Interestingly, we also
show how this perturbatively defined physical inner product corresponds to a quantization of
the classical Faddeev-Popov determinant associated with the choice of background clock that
is used in the weak-coupling expansion. In this way, the usual results of the Born-Oppenheimer
approach coincide with a ‘choice of gauge’, and they can be extended beyond the semiclassical
level of the gravitational field. Time is to be understood relationally in the exact quantum
theory. We apply these results to the calculation of quantum-gravitational corrections to the
primordial power spectra in (quasi-)de Sitter space, comparing the results to the ones previously
obtained in the literature, and discussing the physical interpretation of such corrections.

Lastly, we conclude with some remarks about the relevance and usefulness of the approach
presented here, as well as its limitations. In particular, we mention how the approach may be
useful for the definition and interpretation of observables as diffeomorphism invariants in a full
quantum theory of gravitation, and we offer some comments on possible future directions of

research.



Zusammenfassung

Wir untersuchen die Konstruktion und Interpretation von Observablen in Quantentheorien
mit Weltlinien-Diffeomorphismus-Invarianz, bei der ein bevorzugter oder absoluter Zeitparam-
eter fehlt. Diese Theorien werden auch als invariant unter Zeitreparametrisierung bezeichnet
und konnen als mechanische Spielzeugmodelle der Quantengravitation angesehen werden. Das
Interesse an diesen Modellen ergibt sich aus der Notwendigkeit, das sogenannte Problem der Zeit
in einer Theorie der Quantengravitation zu verstehen: Wie kann die Dynamik von Quanten-
zustanden von Materie und Geometrie auf diffeomorphismusinvariante Weise definiert werden?
Was ist der relevante Raum physikalischer Zustande und welche Operatoren wirken darauf?
Wie hangen die Quantenzustande mit Wahrscheinlichkeiten zusammen, wenn keine bevorzugte
Zeit vorliegt? Die Beschrankung auf den mechanischen Fall ermdglicht es uns, uns auf dieses
Problem zu konzentrieren, ohne die zuséatzlichen Schwierigkeiten einer feldtheoretischen Be-
handlung.

Wir analysieren zunichst die Konsequenzen der Diffeomorphismusinvarianz in der klassis-
chen Theorie und betonen, dass dadurch eine relationale Ontologie der Raumzeit gerechtfertigt
ist. Beobachter zeichnen die Entwicklung physikalischer Felder in generalisierten Referenzrah-
men auf, die durch die Messwerte generalisierter Uhren und Stébe definiert werden, welche
selbst physikalische Felder sind. Da die einzigen physikalischen Informationen, die in einem Ex-
periment verfligbar sind, die Werte der Felder und nicht die Raumzeitpunkte sind, kommt man
zu dem Schluss, dass Observablen relational sind: Die Ergebnisse von Experimenten kénnen
durch die Werte der Felder relativ zu den Werten (oder bedingt durch die Werte) der gen-
eralisierten Uhren und Stdbe (die Referenzfelder, die einen generalisierten Referenzrahmen
definieren) beschrieben oder vorhergesagt werden.

Die Beschreibung der Dynamik in Bezug auf relationale Observablen ist diffeomorphismus-
invariant, da sie sich nicht auf die zugrunde liegende abstrakte Raumzeit bezieht, sondern auss-
chliellich auf die physikalischen Felder. Technisch gesehen konnen relationale Observablen als
diffeomorphismusinvariante Erweiterungen geometrischer Objekte angesehen werden, in Analo-
gie zu eichinvarianten Erweiterungen von nicht-invarianten Feldern in den tiblichen Eichtheorien
(Yang-Mills Theorien). Wir nehmen diese Analogie ernst und verwenden sie als Grundlage fiir
eine Methode zur Konstruktion invarianter Operatoren in der Quantentheorie. Diese Oper-
atoren wirken ausschliefllich auf den Raum der Losungen der Quanten-Zwangsbedingungen
(d.h. im Raum der physikalischen Zustédnde) und sind als solche ausschlielich im Bezug auf
die physikalischen Zusténde definiert. Dariiber hinaus diskutieren wir, wie der Begriff eines
physikalischen Propagators verwendet werden kann, um eine unitdre Entwicklung in der Quan-
tentheorie zu definieren, die wie die klassische Theorie im Sinne einer generalisierten Uhr zu
verstehen ist. Dann stellen wir eine Reihe vorlaufiger Postulate auf, die vorschreiben, wie ein
Beobachter Wahrscheinlichkeiten bei der Beschreibung der Quantendynamik in einem quanten-
generalisierten Referenzrahmen verwenden soll. Auf diese Weise betonen wir, dass die Dynamik
auch in der Quantentheorie relational ist, und definieren einen Begriff relativer Anfangsdaten,
die die Quantenentwicklung der relationalen Observablen bestimmen.

Wir diskutieren auch, unter welchen Umstanden der oben erwahnte Formalismus mit der
Verwendung konditionaler Wahrscheinlichkeiten in der Quantentheorie zusammenhangen kann.
Diese Wahrscheinlichkeiten werden aus den physikalischen Zustdnden definiert, und wir ar-
gumentieren, dass unser Formalismus als Verallgemeinerung des bekannten Page-Wootters-
Ansatzes angesehen werden kann. Zu diesem Thema zeigen wir, dass die Quantenerwartungswerte

relationaler Observablen mit bedingten Erwartungswerten von (Weltlinien-) tensorfeldern in



Beziehung gesetzt werden konnen. Wir diskutieren, wie unser Formalismus mit der fritheren
Literatur zusammenhéngt.

Wir veranschaulichen die hier vorgestellte Methode auch mit konzeptionell niitzlichen Beispie-
len wie dem freien quantenrelativistischen Teilchen, dem Kasner-Modell und einem geschlosse-
nen, rekollabierenden Friedmann-Lamaitre-Robertson-Walker-Modell. Wir konstruieren die
quantenrelationalen Observablen fiir diese Modelle und diskutieren ihre Quantenentwicklung.
Im Zusammenhang mit der Kosmologie erwahnen wir auch, wie der Begriff der relativen An-
fangsdaten verwendet werden kann, um ein Kriterium fir die Vermeidung von Quantensingu-
laritédten festzulegen, das wir als konditionales DeWitt-Kriterium bezeichnen.

Um Kontakt mit Beobachtungen aufzunehmen, untersuchen wir auch, wie unser Formalis-
mus an Berechnungen von Quantengravitationseffekten im frithen Universum angepasst werden
kann. Zu diesem Zweck zeigen wir, dass die im Born-Oppenheimer-Ansatz zur Quantengrav-
itation tbliche schwache Kopplungsentwicklung zu einer storungstheoretischen Definition des
inneren Produkts im Raum physikalischer Zustéande fihrt, fiir die die Dynamik unitér ist. Dies
ist wichtig, da die Frage der unitdre Entwicklung im Born-Oppenheimer-Ansatz kontrovers ist.
Interessanterweise zeigen wir auch, wie dieses storungstheoretisch definierte physikalische innere
Produkt einer Quantisierung der klassischen Faddeev-Popov-Determinante entspricht, die mit
der Wahl der Hintergrunduhr verbunden ist, die fiir die schwache Kopplungsentwicklung ver-
wendet wird. Auf diese Weise fallen die iiblichen Ergebnisse des Born-Oppenheimer-Ansatzes
mit einer ‘Eichwahl’ zusammen, und sie kénnen iiber das semiklassische Niveau des Gravita-
tionsfeldes hinaus erweitert werden. Die Zeit ist in der exakten Quantentheorie relational zu
verstehen. Wir wenden diese Ergebnisse auf die Berechnung von quantengravitativer Korrek-
turen der Leistungsspektren der kosmischen Hintergrundstrahlung im (quasi) de Sitter-Raum
an, und wir vergleichen die Ergebnisse mit der Literatur. Wir diskutieren auch die physikalische
Interpretation solcher Korrekturen.

Mit einigen Bemerkungen zur Relevanz und Niitzlichkeit des hier vorgestellten Formalismus
sowie zu seinen Einschrankungen schliefen wir diese Arbeit ab. Insbesondere erwéhnen wir,
wie der Ansatz fiir die Definition und Interpretation von Observablen als invariant unter Dif-
feomorphismen in einer vollstdndigen Quantentheorie der Gravitation niitzlich sein kann, und

schlagen Ansatze fiir zukiinftige Untersuchungen in diesem Feld vor.
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Notation, Conventions

Terminology

e Mathematical symbols:
denotes the empty set.

denotes the set of real numbers.

0
R
C denotes the set of complex numbers.
€ denotes set membership.

v

denotes universal quantification, i.e.,

“given any” or “for all”.

denotes equality.

~ denotes an approximate equality.
x denotes proportionality.
e denotes Euler’s number.

—

denotes the imaginary unit.

—~

and

-)*  denotes complex conjugation — the parenthesis may be

omitted. For example, given a,b € R, (a +1b)* = a — ib.

= denotes definition. For example, given ¢ € R,

f(q) == ¢* or ¢® =: f(q) defines the function
f:R=R, qg— ¢

o denotes composition of functions, e.g., f o g(q) = f(9(q)).
denotes identities, e.g., f(q) = g(q) if f(q) =

9(q) ¥V ¢;

also denotes equivalence between different notations,

see Conventions below.

Q

see Terminology below.
® denotes a tensor product.

d denotes an exterior derivative.

denotes Dirac’s weak equalities or on-shell identities,

C*  denotes the class of infinitely differentiable objects

(e.g., functions, manifolds).
{-,-} denotes a Poisson bracket.

[,-] denotes a commutator.
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NOTATION, CONVENTIONS AND TERMINOLOGY

viii

e Conventions:

— The metric signature for Lorentzian manifolds is (—,+,...,+).

— Summation over repeated indices is implied; e.g., A’B; = > A'B;.

— Local coordinates ¢ on a C*°-manifold are collectively denoted as gq. For
example, if f: R? = R, then f(q) = f(q',...,q%).

— The letter O is used to denote classical and quantum observables, but also
signifies the error of an approximation; e.g., cosz = 1 — 22/2 + O(a?).

— Linear operators that act on a Hilbert space are denoted with a circumflex,
eg., O.

— Unless specified otherwise, a dot denotes differentiation with respect to the
worldline time coordinate; i.e., - = d/dr.

— The pullback by a diffeomorphism ¢ is denoted by ¢* and is not to be confused

with complex conjugation.

Terminology:

— Given two phase-space functions A(q, p) and B(q,p), if {A, B} = 0, we say that:
A Poisson-commutes with B; B Poisson-commutes with A; A and B Poisson-
commute.

— Given two operators A and B, if [A, B] = 0 we say that: A commutes with B;
B commutes with fl; A and B commute.

— Identities that hold on the hypersurface defined by the constraints of a con-
strained Hamiltonian system are referred to as weak equalities or on-shell iden-
tities. For instance, if C(q,p) = p is a constraint on a two-dimensional phase
space, then the constraint hypersurface is defined by p = 0. In this case, p ~ 0,

q + p ~ q are examples of on-shell identities.

e Abbreviations:

BO Born-Oppenheimer

BRST  Becchi-Rouet-Stora- Tyutin

CMB Cosmic Microwave Background

FLRW  Friedmann-Lamaitre-Robertson- Walker
GR General Relativity

HJ Hamilton-Jacobi

QFT Quantum Field Theory

TDSE  Time-Dependent Schrodinger Equation
TISE Time-Independent Schrodinger Equation
WDW  Wheeler-De Witt

WKB  Wentzel-Kramers-Brillouin
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Introduction

Caminante, son tus huellas
el camino, y nada mds;
caminante, no hay camino:

se hace camino al andar.

— Antonio Machado, “Proverbios y cantares XXIX”
in Campos de Castilla, 1912

General relativity (GR) and quantum field theory (QFT) are two extremely success-
ful theories that form the basis of our current understanding of the Universe. Completed
by Albert Einstein over a hundred years ago, GR has withstood all experimental tests
at the time of writing and it remains our best description of spacetime, gravitation and
cosmology. Similarly, QFT is the theoretical framework which underlies the standard
model of particle physics. Both theories have led to various exciting developments,
such as the somewhat recent examples of the discovery of the Higgs boson, the de-
tection of gravitational waves and the first image of a black hole. Nevertheless, both
are currently applied and tested in fairly disjoint domains of validity. Whereas GR is
well-understood at scales ranging from our Solar System to astrophysics and cosmology,
the precise understanding of the gravitational interaction of particles and fields in the

quantum realm is still lacking.

How can we describe gravitation at the quantum level? It could be the case that
gravity is not a quantum phenomenon and, therefore, that the gravitational interaction
of quantum fields must be understood by a different type of theory yet to be fully
developed. Moreover, quantum theory itself may need to be modified at scales where
the gravitational interaction of fundamental fields becomes important. However, as we
currently know of no limitation to the linearity of quantum theory, we shall assume
throughout this thesis that the superposition principle holds at all scales and that
quantum theory is universal. Within this universal framework, it is reasonable to
consider that gravitation is a quantum phenomenon, as all other known interactions
admit a quantum-field-theoretical explanation. Thus, we assume that gravity can (and

should) be quantized.

What should a quantum (field) theory of gravitation achieve? Or, in other words,

what is the question that quantum gravity ought to answer? To paraphrase John
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Archibald Wheeler [1], this may be the most difficult question related to quantum
gravity. Ideally, quantizing gravitation should resolve or clarify long-standing problems
that provide compelling reasons to search for extensions of GR and of the standard
model. For example, due to the Hawking-Penrose singularity theorems [2], we know
that singularities in GR appear under reasonably general assumptions. The initial Big
Bang singularity found in the Friedmann-Lamaitre-Robertson-Walker (FLRW) cosmo-
logical models and the singularity featured in the Schwarzschild solution are well-known
particular examples. Thus, one expects that singularities would be absent in a more
fundamental account of gravitation, which could be a quantum theory of GR (or of
its classical modifications). Likewise, the standard model of particle physics does not
account for gravity, dark matter or dark energy. The presence of a Landau pole in the
running of the Higgs self-coupling motivates the search for an ultraviolet completion of

the model, which may well be related to the inclusion of quantum gravity.

In this way, there is the expectation that we might improve our understanding of the
origin of the Universe, of the evolution of black holes and of the fundamental interactions
of quantum fields if we properly understand the singularity-resolving quantum nature
of spacetime. Clearly, in order to determine whether these prospects are well grounded,
we must first understand the fundamentals of quantum gravity. What is the theory
about? What does it describe?

I.1 What is general relativity about?

To find clear answers, it is advisable to first ask the corresponding classical questions.
What it GR about? What does it describe? The theory portrays gravitation as geom-
etry and it arguably defines the dynamics of geometry (‘geometrodynamics’ [3]) and of
matter fields in a (partly) relational manner [4]. This assertion is, in fact, a synthesis
of several delicate features of GR, most notably the notions of ‘background indepen-
dence’, ‘general covariance’ and ‘diffeomorphism invariance’. In order to understand
these concepts and what role they might play in the corresponding quantum theory,

we first give a conceptual overview of the classical theory.

I.1.1 Background independence and diffeomorphism invariance

We consider a D-dimensional manifold M, which we refer to as the ‘abstract’ space-
time, and a set of fields ® defined on M (which we assume to be tensor fields for
simplicity). We then impose a set of laws that determine the histories of physically
allowed configurations of the fields, i.e., the trajectories. The laws are expressed as
differential equations called the field equations. If certain features of M, collectively
denoted as B, are not determined by the physical laws, we consider that they are part
of the definition of the theory and that they serve as a background with respect to
which the dynamics of fields is described [4,5]. In the absence of singularities or closed

time-like curves [6], the background B in GR includes the dimension D and topology
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of M, as well as its differential structure and metric signature [4]. The field equations,
F[®|B] = 0, then take the form of relations among the fields ® given the input of the

background structure B [5].

As the set ® includes the metric field, one finds that the geometry of the abstract
spacetime M is not fixed by the definition of the theory. Rather, it is a part of the
solution of the field equations. For this reason (and despite the fact that certain features
of M are fixed, i.e., B # (), one says that GR is a ‘background-independent’ theory, as
its definition does not rely on a geometry that is given a priori. Nevertheless, it must
be stressed that background independence is a rather subtle notion, one that has been

the source of physical and philosophical debates in the literature [4,5].

Since one assumes that all dynamical objects ® are geometric, one may cast the
field equations in a form that is also well-defined geometrically and that has well-defined
transformation properties (e.g., tensorial) under a general coordinate transformation
on M. This form of the equations is called ‘generally covariant’. General covariance
is simply a consequence of formulating the theory in terms of geometric entities such
as tensor fields [7]. However, the field equations of GR satisfy a stronger condition of
invariance. Namely, they have the same form (up to variable relabelings) regardless
of the choice of coordinate system in the abstract spacetime [8]. This is perhaps most
clearly seen if one adopts an ‘active’ point of view, i.e., if one considers diffeomorphisms
instead of (passive) coordinate transformations. In this way, if ® are solutions to
the field equations, F[®|B] = 0, and ¢ : M — M is a diffeomorphism, then its
action on tensor fields, ¢ - ®, also leads to solutions to the same field equations, i.e.,
Fl¢-®|B] =0 [5,8]. Thus, diffeomorphisms are a symmetry of the field equations and

one says that GR is a ‘diffeomorphism-invariant’ theory.

It is important to note that, by using composition as a binary operation, diffeo-
morphisms form a group, which is denoted by Diff(M) [5]. The symmetry group of
the field equations in GR is, in fact, larger than Diff(M). This is due to the fact that
one may generate solutions to the equations by iterating infinitesimal diffeomorphisms
that depend not only on points in M but also on the fields ® [9,10]. We refer to such
maps as field-dependent diffeomorphisms. They constitute a local symmetry of the field
equations because they generally vary in spacetime and they lead to a transformation
of the trajectories that maps solutions of the field equations into solutions. We denote
the group of field-dependent diffeomorphisms by Diff(M, ®).

What is the physical significance of diffeomorphism [or Diff(M, ®)] invariance? This
question is related to the meaning of coordinate choices in the abstract spacetime M
and, in fact, to the physical interpretation of M itself. Let us first briefly discuss the
meaning of coordinates in §I1.1.2 and the construction of associated quantities known
as relational observables in §1.1.3. Subsequently, we analyze the role of diffeomorphism

invariance in the interpretation of M in §1.1.4.
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1.1.2 Intrinsic coordinates

One might expect that coordinates could be interpreted as values to be read from
a set of measuring instruments (‘clocks’ and ‘rods’), which are used to locate events
in a certain region of space and time. If such measuring instruments are themselves
part of the dynamical degrees of freedom, the coordinate system determined by their
readings is called ‘intrinsic’ [11]. More precisely, one could attempt to build an intrinsic
coordinate system from certain combinations x of the dynamical fields ®, i.e., one
could seek to unambiguously identify points in M by the values of some ‘reference
fields’ x. To achieve this, one would need to construct a coordinate chart (i, x) for an
open subset U C M and choose the reference fields such that y is a homeomorphism
from U to an open subset of RP. For consistency, the reference fields should then
be invertible spacetime scalars [12], such that the numerical values of the coordinates
x would be independent of any arbitrary initial coordinatization, i.e., x should be
invariant under (passive) coordinate transformations. The y fields would then play the
role of ‘generalized clocks and rods’ that would define ‘generalized reference frames’.
We refer to (U, x) as an ‘intrinsic chart’ on M. Likewise, an ‘intrinsic atlas’ is a family

of intrinsic charts, the domains of which cover the abstract spacetime.

The construction of generalized reference frames would give an operational definition
of coordinates, as events would be described in relation to the values of the reference
fields. Alas, for generic situations in GR, it is not possible to find D scalar fields
that are invertible everywhere in M such that the generalized reference frames could
be defined globally [8,13]. This means that: (1) there is no preferred coordinate system
in GR; (2) an operational interpretation of coordinates is necessarily an approximate
one and, in general, coordinates are mere arbitrary labels (which, nevertheless, may

aid in the description of the dynamics).

Moreover, it is, in principle, possible to cast any theory in a diffeomorphism-
invariant form [5,7,8]. This procedure is sometimes called ‘parametrization’ [6] and
it involves the promotion of a system of coordinate labels to new physical fields, i.e.,
one includes new degrees of freedom, which then define a preferred intrinsic coordinate
system in the diffeomorphism-invariant version of the theory. Likewise, in the inverse
procedure of ‘deparametrization’, a diffeormorphism-invariant theory is redefined in a
non-invariant way. This is achieved by choosing an intrinsic coordinate system that is

set as an ‘absolute’ (fixed) standard of space and time.

Due to the possibility of (de)parametrizing a theory, one might question the sig-
nificance of diffeomorphism invariance in GR. Nevertheless, the above considerations
imply that, as there is no preferred coordinate system or generalized reference frame,
GR cannot be (globally) deparametrized [13] and, thus, diffecomorphism invariance is
a necessary feature. In this way, no global and absolute standard of space and time
can be fixed, which is another aspect of background independence. Although we focus

on GR, similar conclusions can be reached in modified theories of gravity that classi-
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cally extend GR and that do not violate background independence nor diffeomorphism

invariance.

I.1.3 Relational observables

What is observable in a diffeomorphism-invariant theory? Which measurable quantities
can be predicted in GR? One might expect that the tensor fields @, understood as so-
lutions to the field equations, are observable quantities because one could measure field
strengths in certain experiments. In particular, one could conceivably measure distances
and time intervals, which are related to the metric field. Although this expectation is
not entirely incorrect, one needs to take into account what are the consequences of the

diffeomorphism symmetry of the field equations to the interpretation of its solutions.

There is a is a well-known analogy between diffeomorphism invariance and usual
gauge symmetries, one that will also be of importance in the quantum theory. In-
deed, as it is a local symmetry, one may treat diffeomorphism invariance analogously
to the gauge symmetries of Yang-Mills theories featured in the standard model of par-
ticle physics. In fact, purely as a matter of terminology, we refer to local symmetry
transformations as ‘gauge transformations’. Likewise, a system that is invariant under
gauge transformations is called a ‘gauge system’. In this broad sense, both Yang-Mills

theories and GR are gauge theories.!

Due to the fact that the field equations of a gauge theory are not deterministic for
all degrees of freedom, it is necessary to construct gauge invariants in order to obtain a
deterministic evolution from a given set of initial data (cf. Chapter 1 and Appendix A).
In this way, physical observables must be invariant under gauge transformations and,
more generally, one may consider equivalence classes of dynamical degrees of freedom
under actions of the gauge group. The case of GR is similar and the ‘gauge group’ is

Diff(M, @) [9)].

That there is some form of indeterminism in the dynamics of GR was already
noticed by Einstein in the ‘hole argument’ [8,15]. For example, this can be seen if the
field equations can be formulated as an initial-value problem. In this case, one notes
that @ and ¢ - ® may be solutions to the same initial-value problem if ¢ is a non-
trivial diffeomorphism that reduces to the identity in a neighborhood of the Cauchy
hypersurface on which the initial data are given [8] (see also the discussion in Chapter 1).
To obtain a unique solution from a given set of initial data, one can follow the example
of usual gauge theories and consider equivalence classes of the solutions ® under the
actions of diffeomorphisms. Thus, one is led to the view that only Diff(M, ®)-invariant

quantities are observable.

!Nevertheless, there are marked differences between them. A great deal of research is devoted to
the construction of a theory of gravity that resembles the usual Yang-Mills type of gauge theories, such
as Poincaré gauge theory [14]. We do not discuss this here.
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It is worthwhile to mention how the active and passive views of the symmetry of
the field equations affect the definition of observables. While tensor fields are invariant
under general coordinate transformations (passive view), they are not invariant under
general diffeomorphisms (active view).? In this way, it would seem that the definition
of observables as Diff(M, ®) invariants precludes the notion of observable tensor fields
and that it is more restrictive than simply requiring invariance under general coordinate
transformations. Nevertheless, if we consider that one does not measure tensor fields
in any experiment, but rather their components, we should inquire whether either the
passive or active views classify the general components of tensor fields as observable.
The answer is no. As the components of tensor fields depend on a choice of coordinates
or local basis, we conclude that they are generally not observable (invariant) in both

the passive and active views.3

Should we then discard this definition of observables? No. Although seemingly
exotic, Diff(M, ®) invariants include a more familiar notion of observable quantities,
which is that of the components of the dynamical fields ® evaluated in a local intrinsic
coordinate system. This partially satisfies the expectation that tensor fields could be
observable, but what one discovers is that the components of tensor fields are only
observable in a relational sense, i.e., if evaluated with respect to a certain choice of
reference fields. This is reasonable because arbitrary coordinate labels do not have, in
general, a physical interpretation. Only intrinsic coordinate choices can be given an
operational meaning. Indeed, by using physical fields as a generalized reference frame,
one intuitively sees that diffeomorphism invariance is guaranteed because one does not
introduce into the theory any arbitrary extraneous parameters, and one works solely
with the dynamical degrees of freedom. In other words, fields that can be measured
in relation to a set of generalized clocks and rods (the reference fields y) count as

observables, at least in principle.

To see how the relational description of ® relative to x is captured by diffeomorphism-
invariant quantities, we first note that, given an intrinsic chart (U, y), the reference
fields x can be used to identify a point p € U, which is determined by fixing the co-
ordinate values x = s. The quantity s € x(U) denotes a fixed collection of numbers
(the intrinsic coordinate representation of the point p), which is clearly invariant under
diffeomorphisms. More precisely, we can define a collection of constant functions in M,
fp: M = x(U) C RP, where f,(p') := s (¥p' € M). The functions f, are invariant
under diffeomorphisms and are defined to be trivial (or tautological) relational observ-

ables, which correspond to the values of x relative to y = s.* Instead of f,, we shall

2For example, vectors in an Euclidean plane are invariant under passive rotations but not under
active ones.

3The images of scalars (functions on M) and the integrals of top differential forms are, however,
invariant in both views, albeit their physical interpretation (e.g., as measurable quantities) may not be
immediately clear. In the rest of this section, in Sec. I.1.4 and, in fact, throughout this thesis, we will
see that, in some circumstances, these objects may be interpreted as ‘relational observables’.

“Incidentally, these tautological values can be measured but not predicted. For this reason, they
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denote these observables by O[x|x = s] := s.

More generally, let us schematically denote by ®|, the values of the components of
® relative to the intrinsic coordinates defined by x and let us assume that, for each
fixed value of x = s, there are d > D (not necessarily independent) ®|,—, quantities.
Note that, as x are included among the dynamical fields @, the set of values given by
®|,—, includes the trivial relational observables s. The quantities ®|,—, depend only
on the dynamics, i.e., they are functions solely of the dynamical fields ¢, and they do
not depend on any arbitrary choice of coordinate labels in M. For this reason, ®|, may
be seen as constant scalars in the abstract spacetime. As before, this is made precise
if one defines the functions O[®|x = s] : M — R4, O[®|x = s](p) := ®|y=s (Vp € M).

For each fixed value of s, the constant scalars O[®|x = s] are the relational observ-
ables of the theory (of which the trivial observables O[x|x = s| are a particular case).
They are diffeomorphism invariants that correspond to the values of the components
of ® relative to xy = s. Moreover, the relational observables for different values of s
form a D-parameter family of constant scalars, O[®|x] := {O[®|x = s],Vs € x(U)},
which may be used to define functions over the image of the reference fields, i.e.,
foy + x(U) — Rd,f@X(s) = ®|,—s. With no risk of confusion, we will also denote
fox(s) by O[®|x = s|, and the interpretation of relational observables as constant

scalars in M or as functions over the image of y should be clear from context.’

As is well-known, this construction of relational observables has its parallel in usual
gauge theories. Indeed, if one treats diffeomorphisms as a gauge symmetry, then a
local choice of intrinsic coordinate system (a choice of reference fields) is a ‘gauge
choice’.% In this way, the components of the fields ® are ‘gauge-fixed’ if evaluated in
an intrinsic coordinate system, i.e., in relation to the values of reference fields x. But,
for general gauge theories, gauge-fixed quantities may be seen as a particular type of
gauge invariants.” The same is true in GR, i.e., the gauge-fixed (relational) observables
are Diff(M, ®) invariants.

If we consider that every measurement involves a comparison between the values of
some quantities to be measured ® and some set of generalized clocks and rods y, then
relational observables O[®|x] provide a representation of the measurement outcomes.
An experiment is completely specified by a pair (x = s,O[®|xy = s]) comprised of

the values of the chosen generalized clocks and rods and the measurement outcomes.

correspond to quantities that are sometime called ‘partial observables’ [16]. However, this terminology
is more frequently used to simply denote the (noninvariant) fields ®.

®As we will argue that the abstract spacetime is only of an ancillary character, the fact that O[®|x]
is a constant on M is of little relevance and it does not erase the dynamics, which is encoded by the
intrinsic time defined by one of the x fields. This is the reason why relational observables are sometimes
called ‘evolving constants of motion’ [17].

5The impossibility to globally deparametrize GR is then analogous to the ‘Gribov obstruction’ in
usual gauge theories (cf. Appendix A).

"This holds due to the concept of invariant extensions (cf. Chapter 1 and Appendix A). See, in
particular, equation (A.75).
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In this way, results of local experiments, if expressed relationally, i.e., solely in terms
of the relations between the values of the dynamical fields ® and the readings of the
generalized clocks and rods, are observable (as expected). For this reason, the gauge-
theoretical definition of observables as invariants is justified, as it not only satisfies the
requirement of a well-posed initial-value problem, but also can, in theory, describe what

is observed empirically.

While it is, in principle, possible to construct more general diffeomorphism invari-
ants, the relational observables have a direct physical interpretation. Nevertheless, as
intrinsic coordinates cannot be constructed globally in M in the most general case, one
also concludes that the relational description necessarily only captures local aspects of
the dynamics (i.e., in the domain of an intrinsic chart or, as we shall see, only in a

region of the physical spacetime).

I.1.4 Physical events

As mentioned above, the diffeomorphism invariance of GR may also have implications
for the interpretation of the abstract spacetime manifold M. The issue is whether
M is considered to be a relevant physical entity in its own right or if it is only of an
auxiliary character, i.e., an ancillary construct used in the description of the dynamics
of fields. Similarly to the concept of background independence, this is a delicate and
much debated topic [4], and one may adopt a variety of views regarding the ontology of
M. We consider M to be a subsidiary object, a choice that motivates the terminology
‘abstract spacetime’. The reason for this is the well-known analogy between diffeomor-

phism invariance and usual gauge symmetries analyzed in the previous section.

As points are not invariant under general diffeomorphisms, the abstract spacetime
M is not observable (according to the gauge-theoretical definition) and, thus, it does not
correspond to the ‘physical spacetime’ M. This can be understood as follows. If the
only observable physical quantities are diffeomorphism invariants and, in particular, the
relations among the dynamical fields ® (e.g., as captured by the relational observables),
then the variations and dynamics (evolution) of ® should be defined solely in terms of
the fields themselves and their relations. There is no other physically meaningful object.
This means that the field equations, F[®|B] = 0, and the notion of events should be
expressible only in terms of the fields. For instance, this is the description one obtains
by using reference fields to define generalized reference frames, as was discussed in the

previous sections.

As there is no preferred generalized reference frame, and in order to describe all
possible relations among fields and their evolution, one can choose to use an abstract
description in which all fields are treated on equal footing, and instead of describing
the variations of ® relative to x, one describes the variations of all fields with respect
to a certain number of arbitrary parameters or labels. The number of labels should be

the same as the maximum number of independent reference fields used in a generalized
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reference frame. The field equations are then written as differential equations in terms
of D independent arbitrary parameters, which can be regarded as local coordinates
in a manifold. We identify this manifold with the abstract spacetime. Thus, the
abstract spacetime M is only a ‘parameter manifold’ that facilitates the description of
the dynamics [8]. The notion of a point p € M is then an abstract one (an “abstract
event”). Its purpose (e.g., via its local coordinate representations) is to describe the
variations of the fields ®. In this view, the background structure of GR (such as
dimension and differential structure) should be (indirectly) extracted from the relations
among the fields or, equivalently, from the field equations, and expressed as properties

of M as an abstraction [§].

One could contest this view by arguing that an operationally meaningful definition
of a point is, in fact, obtained with the use of intrinsic coordinates. In other words,
one might argue that dynamical reference fields “individuate” the points in M through
their role as homeomorphisms that define intrinsic coordinates. This is true, but is it
enough to guarantee that points in M are physical entities in their own right? Could
this be sufficient to grant M the status of a relevant physical object? In principle, the
answer is no. As was argued in the previous section and in the preceding paragraph,
the outcomes of measurements can be represented by relational observables, which are
physical quantities that obey a well-defined, deterministic evolution and that describe
the variations of ® only with respect to the values of reference fields. The dynamics
(and any discernible physical information) is described entirely by the relations among
the fields, whereas arbitrary coordinate labels or, in fact, the notion of points in M are

not required as a matter of principle, but can be used for convenience.

Can one then relinquish the abstract spacetime from the theory? The answer is a
tentative yes. It is tentative because one must take into account the caveats: (1) in
practical applications, it may be complicated to construct the relational observables
and to dispense with M; (2) if the notion of ‘physical events’ is to be expressed only
in terms of the relations between the fields ® and other diffeomorphism invariants, one
must devise a way to distinguish physical events solely in terms of the values of fields,
without recourse to domains of (intrinsic) charts in M. This might be challenging if

the fields assume the same values in several different domains.

In what follows, we will see how one can deal with both caveats (to some extent)
by defining physical events and the physical spacetime My, which is the set of all
physical events, in a suitable way. We will argue that: (1) the physical spacetime can
be identified with a notion of ‘physical trajectory’ defined from the solutions of the
field equations; (2) more generally, the relevant object is the equivalence class [M, ®]
obtained from (M, ®) under actions of Diff(M, ®) [4]; (3) this equivalence class may
be interpreted as the pair comprised of the physical spacetime and maps defined on

Mohys-

First, we discuss the notion of the physical trajectory. Let A := {(U;, xi),i € Z} be
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a smooth intrinsic atlas in M. For every chart (U, x;), the reference fields y; can be
used to identify a point p € U;, which is determined by fixing the values y; = s;. As
before, we assume that there are d > D quantities ®|,,—s, from which the relational
observables O[®|x; = s;](p) = Ply,=s; (Vp € M) are constructed (cf. Sec. 1.1.3).
Note that, if ® are solutions to the field equations F[®|B] = 0, then O[®|x; = si]
(Vs; € xi(U;)) represent the solutions written in the intrinsic chart (U, x;). Thus, for
each fixed value of x; = s;, the relational observables O[®|y; = s;] may take different
values for different solutions (e.g., due to different choices of initial conditions®). Let
us assume that the set of all possible values of the observables is an d-dimensional
manifold. More precisely, we assume that the possible independent? values of ®| xi=5;
(Vs; € xi(U;)) serve as local coordinates in a region of a manifold Q, which we refer to
as the ‘configuration space of independent scalar combinations of the dynamical fields’

or, simply, the ‘configuration space’.

We can then represent a solution to the field equations written in the chart (U;, x;)
as a map 3 : xi(Ui) = Q, Fi(si) = O[®|xi = si]. As Fi(s;) includes the trivial
observables O[xi|xi = si] = si, we see that %;(s}) # 7;(s;) if s, # s; and, therefore,
7; is injective. The image of 4; represents a subset of the physical trajectory, i.e., a
subset of the configuration space defined by all the values ®|,,—s, that are realized in
a solution. If this image is a submanifold in Q, we note that the map 4; corresponds
to a parametrized description of this submanifold; i.e., the choice of x; as intrinsic
coordinates in M corresponds to a parametrization of a subset of the physical trajectory.
As x; is invertible on U;, we may forgo the intrinsic coordinates and consider the
composition v; := 4; o x; : U; — Q, which is also injective and maps a region of M to
a region of the configuration space. Let us denote V; := ~;(U;) = 3 (xi(U;)). We define
the union of images My := U;V; to be the physical trajectory and we assume that it
is a smooth embedded submanifold in Q. As ~; is an injection (and a bijection onto its
image), we see that there is a correspondence between the abstract spacetime M and
the physical trajectory Mppys. For this reason, we define the physical trajectory to be

the physical spacetime, and one may forgo M.

Physical events are then defined to be the elements (points) of the physical space-
time. As My is a subset of Q, physical events are also points ¢ € Q, which can
be specified by d-tuples of scalar combinations of the dynamical fields. These d-tuples
represent ‘coincidences’ among the values of scalars and are sometimes referred to as
‘point-coincidences’ [8]. Is this a reasonable definition of physical events? If we un-
derstand a physical event to be an observable occurrence in the Universe, it should

correspond to the result of an experiment in the sense defined in the previous sec-

8 As discussed previously, the indeterminism of the field equations is eliminated by fixing the gauge,
which is equivalent to working with a class of Diff(M, ®) invariants.

“Note that the values of ®|y,—s,; (Vs; € xi(U;)) need not be independent for a given (fixed) solution.
However, we assume that the set of all possible solutions is in one-to-one correspondence with the set
of all possible independent values of ®|y,=s, (Vs; € x:(Us)).
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I.1. What is general relativity about?

tion, i.e., it should be specified by a complete set of relational observables O[®|yx = s]
(qua measurement outcomes). As a complete set of O[®|x = s] (including the trivial
observables O[x|x = s|) is by construction a point in Mys, we conclude that this defi-
nition of physical events is indeed sensible because it can, in theory, describe observable

occurrences.

This definition obviates any reference to the abstract spacetime as a physical object
in its own right. Rather than working with points p € M and intrinsic charts (U;, x;),
one describes the dynamics in terms of physical events ¢ € M. As we have discussed
above, the choice of x; as reference fields is equivalent to a choice of parametrization

of a subset V; of My via the map ;.

Physical events are, therefore, identified by the concomitant values of certain scalar
combinations of the dynamical fields (the reference fields y; are equal to s; and the
components of ® are equal to O[®|y; = s;]). In other words, “when and where”
something occurs is defined by the coincidence of values of the reference fields y;, and
“what” occurs is given by the components of ® relative to x;. This description clearly
distinguishes the set of independent variables (the values s;) from the set of dependent
variables (the relational observables, understood as functions of s;) on the physical

trajectory. Nevertheless, this distinction is not necessary.

The pair O[(xi, P)|xi = si] := (si, O[®|xi = si]) specifies an experiment according
to the above discussion, and it is an intrinsic coordinate representation of (p, ®(p)),
which is a representative of the equivalence class obtained from (p, ®(p)) under actions
of Diff(M, ®). Thus, the set O[(xi, ®)|xi(Ui)] = {(si, O[®|xi: = si]),Vsi € xi(Uhsi)}
encodes the dynamics of the equivalence class of pairs (U;, ®|y;) under diffeomorphisms
¢ : Ui — U;. Note that the set O[(xi, ®)|xi(U)] is invariant under arbitrary diffeo-
morphisms ¢ : M — M because the relational observables are constant scalars on

M.

Moreover, since any pair of intrinsic charts (U;, x;) and (Uj, x;) is smoothly com-
patible by hypothesis, then the transition map y; o X;l Cx (U N U) = xa(U N U) s
a diffeomorphism. The map from one set of relational observables to the other may
be obtained from the usual transformation properties of the tensor fields ® under a
(passive) change of coordinates on U; NU;. Indeed, O[®|x;] and O[®P|x;] are simply
the values of the components of ® relative to intrinsic coordinate systems defined by
xi and x;j, respectively, and the map O[®|x;] — O[®|x;] is a bijection that takes one
diffeomorphism invariant to another. For this reason, the sets O[(x;, ®)|x:(U; NU;)] and
O[(x;,®)|x;(U; NU;)] yield equivalent descriptions of the dynamics of the equivalence
class of pairs (U; NU;, Plyy;rus;) under diffeomorphisms ¢ : U;NU; — U;NU;. In this way,
the dynamics of the equivalence class [M, ®] is captured by relational observables, but
there is no preferred set O[(x;, ®)|x:(U; NU;)]. This corresponds to the fact that there
is no preferred intrinsic coordinate system, which, in turn, corresponds to the freedom

to choose different parametrizations of the physical trajectory, as was discussed above.
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For this reason, we may regard all the field values in a point-coincidence on equal

footing.

Does this notion of physical events avoid the above mentioned caveats? To some
extent, the answer is affirmative. Although the construction of relational observables
may indeed be complicated, the physical trajectory My, as manifold, is independent
of any particular choice of its parametrization or, what is the same, insensitive to the
separation of fields into generalized clocks and rods and nontrivial relational observ-
ables. The physical spacetime only depends on the point-coincidences; i.e., all the field
values considered democratically. Observers, in order to record their experiments, may
choose to work with a set of reference fields, but this is, in principle, a matter of con-
venience and convention. The selection of generalized reference frames simply assists
the description of physical events [8]. As any given choice of parametrization of the
physical trajectory may be applicable only to certain portions of My, local observers

in generalized reference frames can only describe a portion of the physical spacetime.

Thus, one may take the view that it is the set of events, identified by the coincidences
and relations among the ® fields, that constitutes the physical spacetime, which en-
codes the dynamics of geometry (gravitation) and of matter fields in a diffeomorphism-
invariant fashion. This is why GR is a relational theory (but only partly so, as some

features of M are fixed; i.e., some background elements B are present [4]).

Motivated by the above discussion, and inspired by the words of the poet Antonio

Machado, one could allow oneself an ever so momentary license to proclaim:

Wayfarer, only the physical trajectory
is the spacetime, and nothing more;
Wayfarer, there is no spacetime:

spacetime is made by coincidences.

Evidently, this view is not uncontroversial, and fruitful debates about the ontology
of spacetime, e.g., regarding the notions of ‘relationalism’, ‘spacetime substantivalism’

and ‘structuralism’, can be found in the literature [18].

It may seem that this discussion regarding the nature and definition of the physical
spacetime is not very useful for practical calculations and that it provides only an
interpretational framework. This may be the case in the classical theory. However, some
authors [4,16] are in favor of a relational description of the physical spacetime because,
among other reasons, it seems to provide a suitable interpretation for the observables
and dynamics in quantum gravity, one that guides the concrete calculations. This is a

view that we share and it will be adopted throughout this thesis.
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I.2 What quantum gravity ought to be about?

We may now return to the questions asked previously. What is quantum gravity about?
What does it describe? Although the exact answer remains elusive, any candidate the-
ory of quantum gravitation must establish what is the fate of diffeomorphism invariance
and background independence at the quantum level. It may be the case that these fea-
tures emerge semiclassically and that the fundamental quantum structure of spacetime
possesses other symmetries or must be described in a different way. Assuming that
diffeomorphism invariance and background independence should be central features of
quantum gravity is, nonetheless, a conservative and instructive option. In any case, a
proper understanding of the (emergence of the) diffeomorphism symmetry and back-
ground independence in the quantum theory is needed for the computation of quantum
corrections to the classical dynamics of tensor fields interacting with the gravitational

field or, more precisely, to the classical dynamics encoded in the physical spacetime

M, @].

Let us consider the classical pair (M, ®) of an abstract spacetime (parameter man-
ifold) and a set of tensor fields, which includes the metric field in M. The classical
dynamics is governed by the action S[®(z)], which is the sum of the Einstein-Hilbert
action with the action for matter fields. In analogy to the path-integral quantization
of field theories, a first attempt at quantizing gravity would be to define the formal
transition amplitude (‘propagator’) [19]

Z = /D@ enSe@)] (L1)

Heuristically, and in analogy to the usual gauge theories of the Yang-Mills type [20,21],
the diffeomorphism invariance of the classical field equations derived from S[®(z)] seems
to imply that one should functionally integrate only over Diff(M, ®) equivalence classes
to avoid ‘overcounting’ possible observable configurations of the fields. However, aside
from the obvious technical challenge of defining the functional integral in a rigorous
way, the physical interpretation of the amplitude (I.1) is rather obscure. The following
questions may be asked: (1) Does the amplitude (I.1) lead to a probability? If so, of
which event? (2) If (I.1) is a transition amplitude (propagator) analogous to the usual
transition amplitude in quantum mechanics or QFT, what are the in and out states?
(3) With respect to which time variable (if any) are the in and out states defined? (4) Is
the quantum evolution implied by the transition amplitude (propagator) unitary with

respect to some time variable? If not, do probabilities make sense in quantum gravity?

In general, due to the absence of a preferred coordinate system in GR and the
approximate nature of an operational interpretation of coordinates, there seems to
be no global preferred time standard with respect to which the quantum dynamics

encoded by the propagator (I.1) could be defined. This is an aspect of the well-known

13
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‘problem of time’ in quantum gravity [22-24]. This problem stands in stark contrast to
usual QFT and quantum theory, where a classical metric field (and, therefore, a time
standard) is part of the definition of the theory, i.e., it constitutes a background. Thus,
insisting on background independence and diffeomorphism invariance in the quantum
theory seems to make the notion of unitary time evolution an approximate one, at
best. Consequently, the conservation of probabilities or, in fact, their very definition,
would seem to be challenged in quantum gravity [6]. One sees that the problem of
time is inevitably intertwined with the measurement problem: not only the origin of
probabilities and the Born rule must be explained, but one must now explain how
quantum events are defined and with respect to which time variable (if any) the Born

rule should be applied.

If Z could be defined rigorously, it would define the inner product between a pair of
diffeomorphism-invariant states, Z = (out |in ). The invariance under diffeomorphisms
implies that Z cannot depend on any arbitrary choice of coordinates in M (just as the
classical relational observables) and, in particular, it cannot depend on an arbitrary time
coordinate. This implies that, if H is the quantum generator of time translations, then
(out |H|in ) = 0. This can, in fact, be enforced by the stronger condition H |in ) = 0,
which is an example of a quantum constraint equation (cf. Chapter 2). In the context of
quantum gravity, this constraint is called the Wheeler-DeWitt (WDW) equation, which
is a stationary Schrédinger equation, and it is another aspect of the problem of time.
If one attempts to construct a Hilbert space associated with the inner product Z =
(out |in ), the arduous task of constructing and interpreting quantum diffeomorphism-
invariant observables arises. In this way, one could say that quantum gravity is about

(overcoming) the problems of time, measurement and observables.

The lack of a global preferred time parameter has led to the view that quantum
gravity is a ‘timeless’ theory and that time, as the orderer of dynamics, and probability
should both be approximate or emergent concepts. DeWitt has suggested that both
could be phenomenological [25]. That this is a viable option becomes clear in the
so-called ‘Born-Oppenheimer’ (BO) approach to quantum gravity (cf. Chapters 5, 6
and Appendix B), where a ‘semiclassical’ time variable emerges in the limit where
some of the fields ®, denoted by ®yeavy, exhibit a semiclassical dynamics, which is
encoded in appropriate Wentzel-Kramers-Brillouin (WKB) factors in the amplitudes
(wave functions). In this particular case, the semiclassical time can be defined as
a parameter that: (1) labels the (approximately) classical trajectories of ®peavy; (2)
orders the dynamics of the rest of the fields ®. In the reasoning of the BO approach,
conserved probabilities can only be (approximately) defined if the semiclassical time
emerges. In its absence, the theory is generally considered to be strictly timeless and

amplitudes (wave functions) are not directly tied to probabilities.

While the BO approach addresses the problem of time, one could argue that it does
not offer a complete solution or, if the solution is complete, it is not the only possible

one. Indeed, if the origin of the problem is the insistence on background independence
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and diffeomorphism invariance in the quantum realm, it is reasonable to expect that its
solution will make prominent use of these concepts. As we have seen, one encounters a
kind of problem of time in the classical theory as a form of indeterminism (related to the
hole argument), which is analogous to the indeterminism found in usual gauge theories
for quantities that are not gauge invariant. In principle, the solution to this issue is
to construct the classical physical spacetime [M, ®], which captures the dynamics in a
diffeomorphism-invariant way. As was discussed in §1.1.4, the physical spacetime is the
physical trajectory, which encodes all the point-coincidences that occur in a solution
to the field equations. However, there are no trajectories in the quantum theory!©.
For this reason, both the abstract and the physical spacetimes would then seem to
disappear. The best one can hope for is to define a set of relational Heisenberg-picture
operators, which would be the counterparts of the classical relational observables, and
would describe the measurements performed by local observers. If this can be done, a
notion of quantum relational dynamics becomes available. In particular, the in and out
states should be understood in relational terms. This is the main idea to be pursued
in this thesis (cf. Chapter 2). We will see that states used in the BO approach are a

particular case of states for which a unitarity, relational time evolution is well-defined.

Although it is not obvious whether the traditional Hilbert space formulation of
quantum theory is applicable to a theory constrained by the WDW equation, we will
argue that a straightforward analogy between the classical and quantum theories shows
that one can define a physical Hilbert space (as opposed to a physical spacetime) on
which a notion of quantum relational evolution is available. The ambiguity of unitary
evolution may be seen as an aspect of indeterminacy in gauge theories, and is simply
related to ambiguity in the choice generalized reference frames with which observers

record the evolution of the physical fields.

As there is no external, preferred time parameter, we refer to quantum theories
governed by a WDW constraint as ‘timeless’. However, this timelessness is not strict
(i.e., dynamics is not abolished), but rather a symptom of the underlying relationalism
of the theory. A strict timelessness may be overly restrictive. Although our usual expe-
rience of time is undeniably linked to a classical spacetime, we believe it is worthwhile
to consider what the possible phenomenological consequences of a quantum relational

evolution are.

1.3 What is this thesis about?

Efforts to build and understand quantum gravitation have been ongoing for nearly a
century. From the early insights of Einstein [28] in the days of old quantum theory to
the current sophisticated and elegant approaches [6,29], we presently have a multitude

of theories, each with its distinct advantages and shortcomings. Different approaches

10Unless one considers, for example, the de Broglie-Bohm theory [26,27].

15



INTRODUCTION

also rest on different sets of assumptions regarding how quantum gravity is to be built
and which quantities should be quantized: the metric or some related geometric object;
strings; or even some other entity. Nevertheless, the problems of time, measurement
and observables seem to cloud the proper implementation and interpretation of all the

known approaches.

In this thesis, we set out to present a (provisional) formalism for the construction
and interpretation of quantum relational observables and their dynamics. We restrict
ourselves to mechanical models in order to avoid the additional field-theoretical diffi-
culties of regularization and the possibility of anomalies. Although these are important
issues, we consider that they obscure the essence of the problem of time and diffeo-
morphism invariance and their interplay with quantum theory. Our interest is not to
develop the ultimate, most realistic formalism, but rather to work with a framework
which is as simple as possible and yet rich enough to capture the essence of the prob-
lem of time and a possible solution based on relationalism. Thus, we study “timeless
quantum mechanics” in its own right, as a toy model that captures essential features
of gravity (relationalism, diffeomorphism invariance) and quantum mechanics (proba-

bilities, operators, Hilbert space).

1.3.1 Outline of the thesis

In Chapter 1, we discuss the classical theory of mechanics with worldline diffeomorphism
symmetry, which is the analogue of the four-dimensional diffeomorphism symmetry
in GR. We extensively discuss the implications of this symmetry for the notion of
observables and their dynamics. Chapter 2 deals with the quantization of the results of
the previous Chapter. Our focus is on proposing a consistent formalism of construction
and interpretation of quantum relational observables. We believe that the framework we
present is useful to a wide variety of models, and may help us sharpen the appropriate
questions that we can ask in quantum gravity. We also compare our results with
other proposals in the literature. Chapter 3 deals with the simple example of the
free relativistic particle, which clearly illustrates the results of Chapters 1 and 2. In
Chapter 4, we apply our formalism to cosmological toy models and discuss how the
notion of relational quantum dynamics presented in Chapter 2 can be used to discuss
the quantum evolution of model universes and, in particular, to establish a criterion
of avoidance of the classical singularity in the quantum theory. Chapters 5 and 6 deal
with a weak-coupling expansion that can be used to extract quantum-gravitational
corrections to the relational dynamics in the early Universe. The general formalism is
established in Chapter 5 and, in particular, we show how the dynamics obtained via
the weak-coupling expansion procedure corresponds to the quantization of a classical
relational system. Finally, in Chapter 6, we discuss the interpretation and observability
of quantum-gravitational effects, which are embedded in a relational formalism, to a

simple model of cosmological perturbations over a (quasi-)de Sitter universe.
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Chapter 1

Classical Diffeomorphism

Invariance on the Worldline

In this Chapter, we present a general framework for the analysis of mechanical systems
with worldline diffeomorphism symmetry. The formalism presented here can be seen
as a (partly) relational account of classical mechanics, and it is based on a direct
application or extension of methods commonly used in constrained Hamiltonian systems

or, in particular, in gauge theories, which are reviewed in Appendix A.!

1.1 The abstract worldline

As discussed in the Introduction, we start with a pair (M, ®) comprised of the ab-
stract spacetime M and of tensor fields ® defined on M. The restriction to a mechani-
cal model is obtained by considering that M is a one-dimensional topological manifold
(D = 0+ 1), in which case it is referred to as the ‘abstract worldline’ or simply the
‘worldline’. We assume that M is equipped with a smooth structure (a maximal smooth
atlas A). An arbitrary choice of local coordinate on M is denoted by 7. More precisely,
we consider an arbitrary chart (U C M, () in A such that ¢ : U — ((U) CR, {(p) =T,
where () C R is an open interval. The corresponding coordinate basis is given by
d/dr. Given two charts (U1, (1), (U2, (2) € A, the local coordinate representation of a
map F : M — M is Feye, i=CGoFolyt: (U NF~ (Us)) — Ca(Ue). Tf the two coor-
dinate maps are the same, (3 = (1 = ¢, we write F¢,¢, = F¢. Without risk of confusion,
we will identify F' with F¢,¢, or we will write “F' in the local coordinate 7" instead of
F¢. Analogously, the local coordinate representation of a function f : M — R in a
chart (U, ¢) is fe:= fo(¢ 1 : ¢((U) — R. We will identify f with f; or write “f in the

local coordinate 7" instead of f.

Let e(7) be a nonvanishing and continuous worldline scalar density; i.e., one with a

constant sign on (). Then w, := e(7)dr defines an orientation and it can be seen as

'Part of this Chapter is based on [30, 31].
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a ‘volume form’ on M. The quantity

() ::/uwe :/C(U) dr e(r) (1.1)

is the (signed) volume, more commonly referred to as the ‘proper time’, that corre-
sponds to the region &4 C M. We may also define the proper time as the antiderivative
of e(7),

n = /dT e(r), S—Z(T) =e(7) . (1.2)

Furthermore, e(7) can be used to define a notion of distance on the worldline. For
an arbitrary pair of worldline vector fields, V(1 9y = €(1,2)(7)d/d7, one can define the
worldline metric as g(V(1), V(2)) = €*(7)e(1)(T)e(2)(1).? For this reason, we refer to e(r)

as the ‘einbein’. The transformation
e(r) =ée(m)Qr) , (1.3)

where Q(7) is a nonvanishing worldline scalar (with constant sign), corresponds to a

‘change of einbein frame’.?

In principle, a general tensor field on the worldline is defined as T := T'(7) (®§,d7)®
(®;-8:1d/ dT). Under a general coordinate transformation, 7 — 7/, its component trans-

forms as T(r) — T'(7') = T(7) (dr/dr")* P, For arbitrary values of o — 3, this also
coincides with the general transformation of an arbitrary tensor density in the world-
line. Without loss of generality, we may use the einbein to write the tensor component

in terms of a worldline scalar f(7),

T(7) = f(7) (e(r)*" (1.4)
because e(7) is nonvanishing.

1.2 Dynamics and gauge symmetry

A concrete choice of the fields ® and of the dynamics defines the ontology of the (04 1)-
dimensional universe modeled by (M, ®). For simplicity, let us consider a family of d

scalars denoted by ¢*(7) (i = 1,...,d), the dynamics of which is obtained by imposing

2This is to be compared to the vielbein formula g,., = eZeﬁnab for a general (pseudo-)Riemannian
manifold.
3This is the counterpart of the transformation e, = Q‘géz, Juv = éZéf’,ﬁab.
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a set of field equations that may be derived by extremizing the action functional

b
SZZ/(J.)g:/dTﬁ, (1.5)
u a

where we have defined the interval {(U/) := (a,b) C R. We have also defined w, := £dr;
i.e., the Lagrangian is a worldline scalar density. How can we construct £7 First, we
make the simplifying assumption that the dynamics of the scalar fields is described by
differential equations which are, at most, of second order in 7. In this way, we consider
that £ depends on ¢(7) and, at most, on ¢(7), where - = d/dr. Second, we define a
reparametrization to be a change of worldline coordinate, 7 — 7/(7). A field-dependent
reparametrization is one in which 7/ has a functional dependence on a solution to the
field equations. This means that it depends on 7 and on the boundary conditions, and

we adopt the condensed notation

T 7 (7) =7(134(7), (7)) = f(Ti9(a), a(b)) , (1.6)

where f is an arbitrary function. We will often omit the field dependence and simply
write 7 +— 7/(7). We note that (possibly field-dependent) reparametrizations consti-
tute a symmetry if the functional form of the action (1.5) remains the same (up to
a boundary term) under the transformations (1.6) [see also (A.6)]. This means that
these transformations amount to relabeling the arguments of the Lagrangian, whereas
the structure of the action remains the same. What can be said of the functional form

of £ in this case?

If £ = L(q,q;7) has an explicit time dependence, a reparametrization (1.6) would
not only correspond to a relabeling of the arguments of the Lagrangian, but also to a
change in the structure of the action, as the explicit dependence on 7 would generally
acquire a different functional form, 7 +— 7/(7).* For this reason, in order to guarantee
the form invariance of the action, we discard the possibility of an explicit dependence
on 7 in the Lagrangian; i.e., £L = £(q, ). Furthermore, we note that a scalar-density
potential term, which only depends on ¢(7), cannot be constructed solely from worldline
scalars.” All terms in £ must then depend on the velocities, such that the Lagrangian £

must be a ‘generalized kinetic term’, which we denote by £ = K(q, ¢). The requirement

4For example, the worldline scalar density K(g¢; ) = 74, which is the identity function times a veloc-
ity, is mapped to (7' +1)dq’/dr’ =: K'(dq’/d7’; 7") [with ¢'(7') = q(7(7"))] under the reparametrization
7/(1) = 7 — 1. In this way, the form of the coefficient of the velocity is changed and the transformation
does not amount to a relabeling of 7 by 7’ and of ¢(7) by ¢'(7').

"Evidently, one can define the worldline one-form V(q(7))dr. However, if this one-form is used to
define a scalar-density potential term, then the functional form of the action (1.5) will not be invariant
under (1.6) because the potential term acquires a Jacobian factor dr/dr’ under reparametrizations,
which alters the structure of (1.5). In this way, reparametrizations would not correspond to a mere
relabeling of the physical fields. See also the discussion after (1.9).
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of form invariance of the action then implies that K must satisfy

£ (160 550) =k (a0, 5540 ) = 5k (a0 o))

under the reparametrization (1.6). This corresponds to the conditions that: (1) K
is a homogeneous function of the velocities; (2) the scalar-density character of K is
derived solely from its field constituents and not from an ad hoc definition (such as in

footnote 5). For every fixed value of 7, we find from (1.7) the relation

: oK ;
Kla(r),4(r)) = 554'(7) , (1.8)
q
where ¢ = 1,...,d and a summation over repeated indices is implied. From (1.8),

we also conclude that the quantities K/0¢' are worldline scalars.® Due to (1.7),
it is straightfoward to verify that the functional form of the action (1.5) is indeed
invariant under the reparametrizations (1.6), without an additional boundary term,
if 7/(a) = a,7'(b) = b. One then says that the action is invariant under (possibly

field-dependent) time reparametrizations that preserve the endpoints.

To construct a potential term V for the scalars, we allow the introduction of the

einbein as an extra degree of freedom, such that

V(g(r);e(r)) = e(m)V(q(7)) , (1.9)

where V' (q(7)) is a scalar. In this way, we may define £ := K — V. Note that the
functional form of the action (1.5) is only invariant under reparametrizations (1.6)
[with 7/(a) = a,7'(b) = b] if e(r) is considered as a dynamical variable (with its
own field equation). Otherwise, if e(7) is taken as a ‘background’ element (an en-
tity that is not subject to dynamical law), the functional form of (1.5) may change
under reparametrizations, as the transformations would amount not only to relabeling
the arguments of the Lagrangian [in this case, ¢(7) and ¢(7)], but also to changing its
structure [e.g., the form of the background pre-factor of V' (¢(7)); see also footnote 5].
Thus, although e(7) serves as an auxiliary quantity in the description of the dynamics
of the scalars, it must be considered as an additional physical field. Then, our choice

of fields is ®(¢71(7)) = (¢(7), we = e(7)dT).

More generally, we can also allow a dependence on e(7) in the kinetic term” and

Tn addition to g(7), the functions K/0¢" may depend on scalar combinations of the velocities,
such as ¢'/¢’ or ¢'¢’ /(¢*)? (4,5, k=1,...,d).

"Note that, if the only dependence of the Lagrangian on e(7) is in the potential term, the field
equation for the einbein is the constraint V(g(7)) = 0. If the kinetic term also depends on e(7), the
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in the reparametrizations (1.6), 7/(7) = 7/(7;¢(7),4(7);e(7)). Then, the Lagrangian
could have a general functional form £ = L(q(7),¢(7);e(7)). Similarly to (1.8), we find

oL oL

5 (1) + Goen) (1.10)

£(g(r).d(r)ie(r) = 5

as a consequence of the requirement of form invariance. Thus, £ it is a homogeneous
function of ¢(7) and e(r). From (1.10), the quantities L/3¢' and OL/de are are
seen to be scalars.® Although one might attempt to include other types of fields or
different kinds of dynamics [such as higher derivatives of ¢(7) or, perhaps, of e(7)],
this will not be done here, and (1.10) will be sufficient for our purposes [see discussion
preceding (1.19)].

As already mentioned, the action (1.5) with Lagrangian (1.10) and with e(7) as a
physical field is invariant under the (passive) reparametrizations (1.6) with 7/(a) = a
and 7/(b) = b. The action is also invariant under (active) worldline diffeomorphisms
that preserve U. As before, this is a consequence of the fact that the scalar-density
character of £ is derived solely from its field constituents. Indeed, let ¢ : M — M be

a diffeomorphism, then the action (1.5) can be rewritten as

S:/wg :/ dwr (1.11)
u ¢~ (U)

where ¢* is the pullback by ¢. Moreover, in the local coordinate 7, we obtain

L(¢*q(1),¢"q(7); ¢%e(7)) = ¢"L(q(7),4(7); €(7)) , (1.12)

in a similar fashion to (1.7). Thus, if ¢(U) = U, then (1.11) leads to

b b
s= [ dar catriier) = [ ar Lo sarreen) s (113)

i.e., the functional form of the action is invariant under ¢, and the diffeomorphism
amounts to a relabeling of the arguments of the Lagrangian. Thus, the field-dependent
(passive) reparametrizations and (active) diffeomorphisms constitute the gauge (local
symmetry) transformations of the theory [9,10], which can then be seen as a toy model
of GR [32,33].

Let S(7) := (¢(7), e(7)) be a solution to the field equations derived from (1.5). Then,

constraint will involve the velocities and, in the canonical theory, the momenta (cf. §1.3.1).
8As in the case of K, the functions 8£/_8ql and JL/0e may depend on scalar combinations of the
velocities and the einbein, such as ¢*/e or ¢'¢’ /(¢%e) (3,5,k =1,...,d).

21



1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

due to (1.13), we note that S'(17) = ¢*S(7) = (¢*q(7), ¢*e(7)) is another solution. We
refer to the equivalence classes of solutions under diffeomorphisms as ‘gauge orbits’.
In this way, we denote the gauge orbit of S(7) as [S(7)], and any solution on [S(7)]
can be written as §'(7) = ¢*S(7) for ¢ € Diff(M, ®). We can regard S(7) as a choice
of ‘origin’ in the gauge orbit. Clearly, this choice is arbitrary, since S(7) = ¢;So(T)
implies that S'(7) = ¢*S(7) = (po 0 $)*So(7) =: ¢ So(7). We assume that it suffices
to consider diffeomorphisms that are connected with the identity, which amounts to
the hypothesis that gauge orbits have a trivial topology. In this way, it is useful to
consider the one-parameter family of diffeomorphisms ¢; : M — M generated by a
vector field V' = v(7)d/dr, where v(7) = 9(7;4(7),¢(7),e(7)). In the local coordinate
7, we have ¢;(7) = 7(l), where 7(I) is an integral curve of V; i.e., it is a solution to
dr(l)/dl = v(7(1)) with 7(0) = 7, and thus ¢ is the identity. The transformed scalars

and scalar densities are, respectively, given by

() = 6i(7) = ¢ (1) -
() = gfo(r) = ey |

and, in particular, the transformed Lagrangian reads [cf. (1.12)]

L), )€ (0) = T (gm0, dlr @) elr ) (1.15)

Infinitesimal displacements along the integral curves of V' can be seen as local time

translations,

=700l =1+ v(T)dl =T+ €(1) , (1.16)

and the infinitesimal change of worldline scalars and scalar densities is found from (1.14)
to be

dg(7)
0e(ryq(7) := 6lLyq(T) = €(T) p
. (1.17)

Se(ryw(T) = 0l Lyw(T) = - (e(T)w(T)) ,

where £y is the Lie derivative along V.° In particular, the change in £ is found to be

[cf. (1.10), (1.15) and (1.17)]

Se(r) £ = d%_(e(T)E) . (1.18)

9Note that (1.16) and (1.17) are, respectively, particular cases of the general transformations (A.3)
and (A.4) considered in Appendix A. In this case, there are N = 1 arbitrary functions e;(7) = e(7),
and e(7) = (7).
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1.3. The total Hamiltonian

Due to (1.18), the action (1.5) is seen to be invariant up to a boundary term, and the

field equations remain of the same form.'°

Incidentally, if one introduces more general worldline tensors as fundamental degrees
of freedom, it is possible to construct potential terms solely from the scalars. For
example, let K(7) be a field that transforms inhomogeneously as 0.(;)K(7) = €K + e.
The Lagrangian Lr = —V(q)K + a;(q)¢* — V(q), where V(q) and «;(q) are scalars,
then transforms as in (1.18); i.e., its scalar-density character follows solely from its
field constituents [cf. discussion after (1.7)]. In [33], a similar example was considered
in section 4.3.3, where it was noted that Lx can be obtained from a Lagrangian of
the form —V (q)¢* + cviz1(q)§"7 ! [cf. (1.10)] via the field redefinition ¢'(7) = K(7) + 7.
Notice, however, that this redefinition is not to be interpreted as expressing ¢'(7) as the
sum of an object K (7) with the identity function f(7) = 7, since K (1) would otherwise
be a scalar; i.e., K(7) = ¢'(7) — 7 would imply K'(7) = ¢"(7) + 7/(7) [cf. (1.16)
and (1.14)]. Rather, the redefinition is to be seen as definition of K(7) at all points of
the gauge orbit; i.e., K(7) = ¢*(7) — 7 implies K’(7) = ¢"(7) — 7. This then leads to

the inhomogeneous transformation
b K (1) = K'(1) = K(7) = €(7)4(1) = (1) (K(7) + 1) . (1.19)

As already mentioned, our choice of fields is comprised of the scalars ¢(7) and the

einbein e(7), and we will not consider degrees of freedom such as K (7).

1.3 The total Hamiltonian

The local symmetry (1.17) implies that the canonical theory is constrained. This is a
general feature of canonical gauge systems (cf. Appendix A).'! The constraints follow
from the fact that the Lagrangian is ‘singular’; i.e., the determinant of its Hessian ma-
trix with respect to the velocities vanishes [34]. Indeed, we find from (1.10) the identity
0?L£/0¢% = 0. In this case, some of the field equations do not involve accelerations,
and they constrain the possible values of the fields and velocities. In the corresponding
canonical theory, the possible values of the fields and conjugate momenta are con-
strained, and this signals that not all points of phase space correspond to physically

allowed motions.

The action (1.5) is, in general, only invariant if e(a) = e(b) = 0; i.e., if the diffeomorphisms ¢;
reduces to the identity at the endpoints. This can be obtained if v(r) = 0 for 7 ¢ ((U) = (a,b). If
this is not the case, the action can be made invariant if one adds appropriate boundary terms in the
right-hand side of (1.5), but this will not be done here (see [35] for details).

"However, not all constrained Hamiltonian theories correspond to gauge systems due to the presence
of second-class constraints (cf. §A.2.4).
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

1.3.1 General case and gauge indeterminism

To construct the constrained canonical theory, we first define canonical momenta via

the usual Legendre map,

—aﬁ—o,m;:@;u:L”w@. (1.20)

Pe =g =

We note that the momenta p;(7) conjugate to ¢*(7) are also worldline scalars because
they are equal to dL/9¢* (i = 1,...,d). The momentum conjugate to the einbein is
constrained to vanish, and thus p. = 0 is a primary constraint of the theory (according
to the terminology used in the Rosenfeld-Dirac-Bergmann algorithm [36-39]; cf. §A.2.3).
We assume this is the only primary constraint.!? It determines a hypersurface in T,
the unconstrained phase space of the theory (also called the auxiliary phase space;
cf. §A.2.1). We refer to this hypersurface as the ‘primary constraint hypersurface’ and

we denote it by X(q).

The primary constraint implies that one cannot invert p. = 9L£/0é to find é(7) in
terms of e(7),p.(7) and ¢(7),p(7), and é(7) remains undetermined. In contrast, it is
possible to invert p; = dL/d¢" to express the velocities ¢*(7) in terms of ¢*(7), p;(7) and
e(7) because no other primary constraints are present. Due to the arbitrariness of é(7),
the Legendre transform that defines the canonical Hamiltonian is only well defined on

the primary constraint hypersurface. In this way, the canonical Hamiltonian reads

H(a(7),p(r):e(r)) = pir)d(7) — £(a(r), (s elr)) = ~Sce(), (121)

where a summation over repeated indices is implied. We used (1.10) and (1.20) to
obtain the last equality in (1.21). Thus, the canonical Hamiltonian is a worldline scalar
density (as it should be).

Furthermore, the primary constraint must be conserved by the time evolution if the

dynamics defined by (1.5) is consistent. Using the Euler-Lagrange equation

0L _dpe _ (1.22)
Oe dr
we find that the conservation of p. = 0 leads to a new (secondary) constraint,
oL
Cla(r),p()) = —5-=0. (1.23)

1286e the comment on footnote 13.
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1.3. The total Hamiltonian

As OL/0e is a scalar, the secondary constraint cannot depend on e(7); i.e., it is a
function solely of ¢(7) and p(7). For simplicity, we assume that the Rosenfeld-Dirac-
Bergmann algorithm (cf. §A.2.3) terminates at this stage. This means that demanding
conservation of the secondary constraint does not lead to new constraints. In this way,
the theory only has one primary and one secondary constraint.!®> We will see how these
two constraints are related to the gauge symmetry in §1.6. From (1.21) and (1.23),

we note that the canonical Hamiltonian is proportional to the secondary constraint,
He(q(7),p(7);e(7)) = e(7)C.

The dynamics dictated by the canonical Hamiltonian, which is only well-defined on
the primary constraint hypersurface X1, can be determined by considering variations
of q(7),p(7),e(7) and p(7) that are tangent to ¥(;) but otherwise arbitrary [33]. Since
Y1) is defined by p. = 0, we may take dq(7),dp(7) and de(7) to be arbitrary, and
0pe = 0. From (1.21) and (1.23), we find

0H. + 84 5q + OH. _ i’ ) dp; + Coe =0, (1.24)
d9q  Og Ip;

which leads to the equations

., _OH. . 0L  OH.
T g T g aq" (1.25)
Clq(r),p(1)) =0

We note that (1.25) are valid on Y(1); 1.e., they hold if p. = 0. Let X be the hypersurface
defined by the constraints p. = 0 and C' = 0. From (1.25), we can then define the

evolution of any function f(q,p;e,pe;7) on the auxiliary phase space as follows:

f

or aqiq + 8p¢pi + &6 + apepe

df:<8f+0f.i of . of, 8f.> | 120
dr 9

The restriction to ¥ implies, in particular, that p. = —C = 0 [cf. (1.22) and (1.23)].
Moreover, as é is undetermined, we may define it to be an arbitrary function in the

auxiliary phase space I'; i.e., € = \(q, p; €, pe; 7). Finally, we may recast (1.26) in terms
of the Poisson brackets defined in T" [cf. (A.24)],

_0f0g 0f09g 0f0dg Of9g
" 9¢'Opi  Opi0¢t  de Op.  Ope Oe

{f.9} (1.27)

3Following the comment on footnote 7, if the Lagrangian is of the form K(q,q) — ¢V (q), then a
secondary constraint is V(¢) = 0. In this case, further constraints will be present due to the structure
of the kinetic term (cf. §1.3.2). For simplicity, we assume that this is not the case here.
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

We find

/

L= (Frvrmyatin) (129

from (1.25). In what follows, identities that are only valid on ¥ will be denoted by
Dirac’s weak equality sign ~ [40] (cf. Notations, Conventions and Terminology
and Appendix A). For example, if f, g, « and § are auxiliary phase-space functions such
that {f,g} = aC + Ppe, then we write {f, g} ~ 0. Similarly, for A\ = A(q, p; e, pe; 7),
we obtain A{-,pe} =~ {-, \pe}. Note that we set the constraint functions to zero only

after the Poisson brackets are evaluated. In this way, we can rewrite (1.28) as [see
also (A.41)]

. df _of of
=~ - ~ 2L 1.29
f=4 aT+6{f,C}+/\{f,pe} 8T+{f,HT}, (1.29)
where we defined
Hr(q,p;e,pe; 7) :=eC(q,p) + Aq, p; €, De; T)Pe - (1.30)

We refer to this function as the total Hamiltonian (cf. §A.2.2), and we note that it is
a combination of the primary and secondary constraints of the theory. Thus, Hr ~ 0;
i.e., Hy vanishes on the constraint hypersurface (one also says that it vanishes ‘on
shell’). The total Hamiltonian is a worldline tensor of the same type as H. and L; i.e.,

it is a scalar density.

In the particular case in which f(q,p;e,pe;7) = e(7), we find from (1.29) the con-
dition é = X, as expected.!* Due to the arbitrariness of \, the total Hamiltonian Hrp
can be seen as an arbitrary extension of the canonical Hamiltonian H, off the primary
constraint hypersurface.'® A choice of A corresponds to a choice of this extension and

to a choice of gauge, as we will see in §1.6.

Is the evolution determined by Hr(q,p;e,pe;7) well defined? From (1.27), it is
straightforward to verify that the constraint functions Poisson-commute, {p.,C} = 0,
which means that: (1) the constraint algebra is Abelian; (2) the constraint functions
are first class (cf. §A.2.4). The first property is a special feature of 0 4+ 1 dimensions,
and the algebra of constraints in higher dimensions (e.g., in GR) is more complicated
(more constraints are present, and they are associated with a non-trivial algebra) [6].

As reviewed in Appendix A, property (2) is related to the gauge symmetry, a topic we

14 This result, together with (1.21), (1.23) and (1.30), implies that we can write the total Hamiltonian
in the suggestive form Hr = p.é + piG° — L. Nevertheless, this is not a proper Legendre transform
because é = ) is arbitrary.

'5See Theorem 1.1 and Appendix 1.A of [33] and the derivation of (A.42) in Appendix A for a
general procedure to extend functions off the constraint hypersurface.
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1.3. The total Hamiltonian

discuss in §1.6. Due to (1.30), the total Hamiltonian weakly Poisson-commutes with

the constraint functions, and thus it is also first class.

In particular, we obtain from (1.29) the equations dC/dr ~ 0, dp./d7 ~ 0 and
dHp/dr = 0; i.e., the constraint functions are weakly conserved by the time evolution
or, equivalently, the constraint hypersurface is invariant under time translations because
Hr is first class. We conclude from this that the constraints are satisfied at all times
provided the initial data (q(79), p(70),pe(70)) are chosen such that C(q(19),p(70)) = 0
and p(70) = 0 at an arbitrary instant of time 7. Thus, the constraints are seen to be
restrictions on the initial values of the fields or, equivalently, on the allowed (physical)
motions. This holds irrespective of the values of e(7) and A(q, p; e, pe; 7), and it follows
from the consistency of the theory ensured by the Rosenfeld-Dirac-Bergmann algorithm
(cf. §A.2.3).

As )\ is arbitrary, we conclude that the evolution of the einbein and, consequently,
of the scalars ¢(7) and p(7) is also arbitrary [cf. (1.25) and (1.29)]. In this way, the
specification of initial data at an arbitrary coordinate instant 7y is not sufficient to
determine the physical trajectory, as different solutions associated with the same set of
allowed initial values can be obtained if different choices of A are made. Equivalently,
one can state that the solutions of the field equations generally depend on arbitrary
functions of time 7. We will see that this kind of indeterminism is related to the
gauge symmetry of the theory (cf. §1.6 and §A.2.5) and that it warrants a discussion
on the definition of observables, the evolution of which is well-defined (cf. §1.7, §1.8
and §A.2.7).

Finally, the evolution (1.29) determined by the total Hamiltonian on the constraint
hypersurface ¥ may be derived by extremizing an action [33] as follows: from (1.21),

we can rewrite the action (1.5) as

b .
S:/ dr [pi(7)¢" (1) — e(7)C(q(7),p(7))] - (1.31)

The field equation associated with e(7) is the secondary constraint, and e(7) is arbi-
trary. The primary constraint has been tacitly solved. However, we can include an
additional field A(7) to obtain both the primary constraint and the equation é = A

from a variational principle. The modified action reads

b
S = / dr [pi(7)d" (1) + pe(1)é(r) — e(1)C(q(7), p(T)) = A(T)pe(T)]
. (1.32)

::/ dr [pi(7)q" (1) + pe(r)é(r) — Hr(q,pi e, pe; V)] -

In the variational principle associated with (1.32), the variations of the fields are only
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

constrained to vanish at the endpoints, but the primary constraint is no longer im-
posed. Rather, it follows as the field equation associated with the arbitrary field \(7),
which serves as a Lagrange multiplier. Note that, by considering A(7) as one of the
dynamical fields (with its own field equation), the functional form of the action (1.32)
is invariant under diffeomorphisms, which correspond to a relabeling of the arguments
of the Lagrangian [including A(7); see footnote and 5 and the discussion after (1.9)].
Furthermore, as already mentioned, we will see in §1.6 that the fixation of a choice of
A7) = Mg, p;e,pe; T) (i.e., of a particular extension Hr(q,p;e,pe;T) of the canonical
Hamiltonian) corresponds to fixing the gauge freedom. Finally, in the variational princi-
ple associated to (1.32), e(7) and A\(7) are independent fields. The relation é(7) ~ A\(7)

follows as a field equation, rather than a definition.

1.3.2 A particular case

Let us briefly consider the particular case in which £ does not depend on e(7); i.e.,
the Lagrangian is a function solely of ¢(7) and ¢(7) [it is a generalized kinetic term;
cf. (1.7)]. Then, we do not include the pair (e, p) in the auxiliary phase space of the
theory. Using 0L/de =0 in (1.21), we see that the canonical Hamiltonian H. vanishes
identically [32,33].16 Moreover, by taking derivatives of (1.21) and using H. = 0, we
obtain the condition
0’L
liRelrY

@ =0, (1.33)

which implies that the Lagrangian is singular also in this case [34]. Due to (1.33), it is
not possible to invert p;(7) = L/0¢", and thus the velocities cannot all be expressed in
terms of the configuration variables and momenta. Rather, the momenta p;(7) obey a
set of primary constraints (cf. Appendix A). As before, we assume that there is only one
primary constraint. Thus, instead of p. = 0, one now finds a primary constraint on the
values of the scalars, C'(q,p) = 0. Although the canonical Hamiltonian is zero in this
case, one can still extend it off the primary constraint hypersurface in analogy to (1.30)
[see also (A.42)] if C'(q,p) obeys suitable regularity conditions (see §A.2.1 and [33, 34]
for details). Here, these conditions correspond to requiring that the primary constraint
function obeys
oC dgi + oC

o 5, P 70 (1.34)

161 principle, it is possible to obtain a nonvanishing canonical Hamiltonian as a function of q(T)
and p(7) if one includes a field that transforms inhomogeneously [cf. discussion preceding (1.19)], but
this will not be done here. See, for example, section 4.3.3 of [33].
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1.3. The total Hamiltonian

on a family of open regions that cover the primary constraint hypersurface [33].17
Notice that there is, in principle, no preferred functional form of C'. The constraint
hypersurface can be described by f(C) = 0, where f is a function that obeys f(0) =0
and df/dC|c=p # 0, because f(C) locally obeys (1.34) on the primary constraint

hypersurface provided C also obeys the regularity condition.®

By varying (1.21) with H. = 0, we obtain

6q" = ¢'0pi — pidq" (1.35)

L oc

where the Euler-Lagrange equations were used to reach the last equality. The variations
dp; and d¢* in (1.35) must be tangent to the primary constraint surface ¥ (1) defined by
C = 0, where the canonical Hamiltonian is well-defined. Since we assume there are d
scalar fields ¢(7), the tangent space T, p>(1) at a point p in the primary constraint surface
is (2d — 1)-dimensional. Due to (1.34), the vector gradient (0C/0q"',0C/0p;) forms a
basis for the orthogonal complement of T},% ;). Together with (1.35), this implies that
(—pi, ¢") must be proportional to (0C/dqt, dC/dp;). In this way, the following equations
must be satisfied:

g oC ) oC
q :wap , —Pi :wﬁiqi’ (136)

where w = w(q, p; 7) is an arbitrary function in the auxiliary phase space I'. By using
the Poisson brackets (1.27) [without the pair (e,p.)] and (1.36), the evolution of a

function f(q,p;7) in T' can then be written as

. d 0
== (F+etr0)
2 (1.37)
N af . of
~ E—i_{fawc} —- E+{f7HT} 5
where the total Hamiltonian is now defined as
Hr(q,p;7) == w(q,p;7)C(q,p) =0 . (1.38)

17This ensures that one can locally perform a canonical transformation to bring the constraint to
the form C(gq,p) = p1. Subsequently, one can repeat the construction given in (A.42) to define the
total Hamiltonian (1.38). Omnce (1.38) has been constructed, it is not necessary to assume that the
constraint coincides with one of the momenta, and one may invert the local canonical transformation
such that the functional form of C(q,p) is only restricted by regularity condition (1.34).

181t is also possible to describe the constraint hypersurface in a redundant manner [33]. For example,
one can define the hypersurface by the pair of equations C' = 0 and C? = 0. For simplicity, we do not
consider such redundant constructions.
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As only one constraint C(q,p) = 0 is present in this particular case, the constraint
function is trivially first class and Abelian. As before, we conclude that the evolution
generated by the total Hamiltonian (1.38) is indeterministic because w is arbitrary. The

variational principle in the canonical theory can be written as

b
S / dr ps(F)i () | (1.39)

where the primary constraint is tacitly solved. Alternatively, we introduce w as an
additional field that serves as a Lagrange multiplier. The primary constraint is not
imposed, but it follows as the field equation associated with w. The modified action

reads
b .
S—/ dr [pi(1)d' (1) — w(T)C(q(1),p(7))] . (1.40)

Notice that field w(7) must be a scalar density, such that the Lagrangian in (1.40) is
well-defined. In this case, we may choose w(7)dr as the volume form and w(7) as the
einbein (cf. §1.1), such that (1.40) becomes identical to (1.31). Incidentally, a change

of einbein frame [cf. (1.3)] induces a change in the functional form of the constraint

function,
c=_Le¢ 1.41
CQ(r) (1.41)
such that wC = (@WQ)(Q"'C) = @C is invariant under changes of einbein frame.

Eq. (1.41) is a particular case of the general representation of the constraint function
f(C) with f(0) =0 and df/dC|c=¢ # 0 [cf. discussion after (1.34)].

As before, the functional form of the action (1.40) is invariant under diffeomorphisms
because w(7) is an additional dynamical field, and thus the symmetry transformations
merely relabel the arguments of the Lagrangian. We will see in §1.6 that a choice of
w(T) = w(q, p; ) corresponds to a fixation of the gauge freedom.'® Moreover, we note
that the total Hamiltonians (1.30) and (1.38) are similar. In fact, we will also see in

§1.6 that (1.38) can be seen as a ‘gauge-fixed’ version of (1.30).

19 As we will see in §1.6, the fixed function w(q, p; 7) is a worldline scalar. This does not contradict the
fact that the multiplier w(7) is a scalar density because the fixation of the gauge freedom corresponds
to a definition of the (arbitrary) coordinate 7 on the worldline (cf. §1.6). In this way, fixing w(7) =
w(q,p;T) simply corresponds to defining the value of the scalar density for a particular choice of
coordinate.
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1.4 Parametrization of noninvariant models and Jacobi’s

principle

As mentioned in the Introduction, it is possible to elevate a theory that is not dif-
feomorphism invariant to one in which diffeomorphisms are a symmetry of the field
equations through a procedure that is sometimes called parametrization [6]. This con-
sists of promoting the spacetime coordinates to physical fields. In the case of mechanical

theories, we start from a noninvariant action

Sun= [ 1 (f<n>, jj:mm) | (1.42)

Na

where f(n) denotes a collection of d — 1 worldline scalar fields. The Lagrangian L is
not a scalar density by hypothesis, and thus the action (1.42) is not invariant under
worldline diffeomorphisms. In particular, a reparametrization n — 7(n) [cf. (1.6)] not
only corresponds to a relabeling of the arguments of L, but it also changes the functional
form of the action (1.42) through the introduction of factors of dn/dr = 7. For this
reason, the time coordinate 7, although arbitrary, acquires a preferred status (e.g.,

Newton’s absolute time).

Let us denote derivatives with respect to the time coordinate 1 by a subscript; i.e.,
fé(n) =dfi/dy (i=1,...,d —1). Furthermore, we assume that L is regular; i.e., that
the determinant of its Hessian matrix with respect to f; is not zero. The canonical
momenta with respect to 1 are defined as m; := 9L/9 f,é, and it is possible to invert this
relation to find f, in terms of f and w. The canonical Hamiltonian, h(f(n),n(n);n),
may then be defined via the Legendre transform. As L is not a scalar density, the
canonical Hamiltonian will also not have the necessary transformation law to render
the action invariant. Nevertheless, the theory can be redefined in an invariant way if we
perform an arbitrary reparametrization, n — 7(n), and we promote 7(7) to a worldline
scalar field [cf. (1.2)]. The result is

b ~ Flr
Snon — Spar 1= / dr ()L (f(T), £(T§ n(T))
a (1.43)

b .
- / dr L(f(r), f(7),n(r), (7))

where f(7) := f(n(7)) and a = 7(n,), b = 7(m). The action (1.43) is invariant because
L is a worldline scalar density. As 7(7) is now a physical entity (with its own field equa-
tion), the functional form of the action (1.43) does not change under reparametrizations
that preserve the endpoints. We refer to (1.43) as the parametrization of the nonin-

variant model [6].
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

The canonical momenta with respect to 7 are

f['l' = 8{’ = 8-[; =T,
ofi  Of (1.44)
oL |
™= gy T L(f, fim) —Wij,,; = —h(f,mn) ,

where a summation over repeated indices is implied. In this way, the momentum
conjugate to n(7) is constrained to be equal to the Hamiltonian of the noninvariant
model. As h only depends on f(n) and m(n), we cannot invert (1.44) to find 7n(7) as
a function of the fields and their momenta. For this reason, m, = —h is the primary
constraint of the parametrized theory. From the Euler-Lagrange equation 7, = 0£/0n,
we see that a secondary constraint is present if L and h have an explicit dependence on 7.
If this is not the case, then 7, = 0, and the primary constraint implies that A = const.,

which is consistent with the conservation of the Hamiltonian in the noninvariant model.

From (1.44) and the primary constraint, we also note that £ = n(m;f'/n — h) =
mift + pyn- Thus, the Lagrangian £ is a generalized kinetic term [cf. (1.8)], and the
parametrized theory is an instance of the particular case analyzed in the previous
section (cf. §1.3.2). The d scalar fields consist of fi(7) (i = 1,...,d — 1) and n(7);
ie., q(t) = (f(r),n(r)). The primary constraint, C' = m, + h, obeys the regularity
condition (1.34), and the total Hamiltonian is Hy = w(m, + h). In particular, the field
equation for n(7) is ) = w. As w is an arbitrary worldline scalar density, we may choose
it as the einbein, in which case n is the proper time [cf. (1.2)]. Thus, the procedure
of parametrization is equivalent to assuming the existence of a worldline scalar that
varies monotonically along the worldline and serves as a global time coordinate. As
was discussed in the Introduction, this corresponds to the assertion that the model
can be globally deparametrized. This is true by construction because the model was
built from a noninvariant action by parametrization. Nevertheless, this is a particular

case of the formalism we present, both in the classical and quantum theories.

It is worthwhile to mention that there is another way to cast a noninvariant theory

in invariant form. Instead of (1.42), let us consider the action
~ B dq
Swon = | dn L { a(m), 3 (1) ) (1.45)

i.e., we now consider a theory with d scalar fields ¢*(n) (i = 1,...,d) and a Lagrangian L
that is not a scalar density and does not depend explicitly on the preferred time 1. We
assume that L is regular and, in addition, that the canonical Hamiltonian h(g(n),p(n))
may equal zero for certain nontrivial field configurations. If these conditions are met, we

can redefine the theory in an invariant form if we perform an arbitrary reparametriza-
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tion, n — 7(n), and we promote e(7) := 1(7) to an auxiliary field that is a worldline

scalar density. The result is

(1.46)

where ¢(7) := G(n(7)) and a = 7(n,), b = 7(np). In other words, instead of promoting
n(7) to a physical field, one introduces an arbitrary einbein into the theory. In this
way, it is not necessary to assume the existence of an extra scalar degree of freedom
that serves as a global time parameter, and the resulting Lagrangian £ is of the type
considered in §1.2 and §1.3.1. In particular, one finds the primary constraint p, = 0

and the secondary constraint (cf. §1.3.1)

o, oLy
de oq; e

0=Cl(q,p) :=— = h(q(n),p(n)) ; (1.47)

i.e., the canonical Hamiltonian of the noninvariant theory becomes the secondary con-
straint associated with the invariant action. A well-known example of this kind of
parametrization is given by Jacobi’s variational principle, which can be constructed as
follows: we consider that the configuration space of the scalars ¢(n) has the line element
ds? = G;j(§)dd’dg’ and the action (1.45) reads

Suni= [ [1Gij<q<n>>dq’dq]—v<q<n>>+A | (1.48)

where V(¢(n)) is a potential term and A is a constant that plays the role of a “cosmolog-
ical constant” in this model universe. Upon introduction of the einbein, the invariant
action is [cf. (1.46)]

- b i dg?
Spar = /a dr [QJ(T)GM(Q(T))(;(IT?;]TJ —e(n)V(q(r)) +e(r)A]| . (1.49)

The secondary constraint, which coincides with the Hamiltonian of the noninvariant
theory, is C(q,p) = 1/2GY(q)pip; + V(q) — A, where G (q) are the components of
the inverse configuration-space metric and p;(7) are the momenta conjugate to ¢'(7)
(i=1,...,d). Note that C = 0 corresponds to the conservation of 1/2G% (q)p;p;+V (q)
with value A. It is also possible to use the Euler-Lagrange equation for e(7) to eliminate

the einbein and rewrite the Lagrangian in (1.49) as a generalized kinetic term. Indeed,
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

one finds the Euler-Lagrange equation

0= gﬁ - _zezl(T)Gij(q(ﬂ)iiiq: ~V(a(r)) + A, (1.50)

the solution of which reads e(7) = £{G;;¢’¢’ /[2(A — V))]}!/2. If we insert this solution
back into (1.49), we obtain

b
Spor = [ a7 A= V) Gia(ME B () (151)

which is the action considered in Jacobi’s principle [41].2° In particular, the action
of a free relativistic particle with mass m is of the form (1.51) with V(g(7)) = 0 and
A =m?/2. In GR, a similar elimination of the einbein (which coincides with the lapse
function) is possible in principle. The result is the so-called Baierlein-Sharp-Wheeler
action [6,42]. In string theory, the analogues of (1.49) and (1.51) are, respectively, the

so-called Polyakov and Nambu-Goto actions [6].

Clearly, the two parametrization strategies above are related. Assuming the same
form of the Lagrangian L and the same number of scalar fields, one can map (1.46)
into (1.43) by replacing e(7) = 7(7) and promoting 7(7) to a physical field. Conversely,
the action (1.43) is taken to (1.46) if we replace 77 = e(7) and consider that e(7) is an
auxiliary field. In the particular case of Jacobi’s principle, we also note that the total
Hamiltonian associated with (1.49) is Hy = e(1/2GY(q)pip;+V (q)—A)+Ape [cf. (1.30)].
As was mentioned in the previous section (§1.3.2) and as will be shown in §1.6, the total
Hamiltonian H; = w(1/2GY(q)pip; + V(q) — A) can be obtained from Hr by gauge
fixing. Thus, if we treat A as a free (rather than fixed) parameter, then we may formally
set it to A = —py;; i.e., we may consider that the cosmological constant is the opposite of
the conserved momentum conjugate to proper time. In this way, one recovers the form
of the total hamiltonian associated with (1.43), Hy = w(p, + 1/2GY (q¢)pip; + V(q)).
One can then globally deparametrize the theory to obtain a noninvariant model with
canonical Hamiltonian equal to 1/2G%(q)p;p; + V(q). As will be discussed in §2.2,
this is sometimes used as a point of departure for the quantization of theories based
on Jacobi’s principle [43-47], and it can be seen as a particular case of the general

framework presented here.

2°0One can interpret (1.51) as the ‘arc length’ between two points in a curve (the physical tra-
jectory) in the configuration space of the scalar fields, provided the metric is redefined as éi]' =
2[A — V(q(7))]Gi;. The coordinate 7 is then simply a parametrization of this curve (cf. discussion
in the Introduction).
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1.5. The gauge generator

1.5 The gauge generator

To understand the physical interpretation and dynamical consequences of the arbitrary
auxiliary phase-space function A in (1.30), we must analyze how the constraints are
related to the gauge symmetry of theory, and what this implies for the notion of ob-
servables. In this section, we examine the connection between the constraint functions
and the gauge transformations. In §1.6, we discuss how the gauge freedom can be in-
terpreted in terms of a notion of ‘generalized frames of reference’. Finally, we address
the definition of observables in §1.7 and §1.8.

First, we note that the transformation laws (1.7) and (1.12) imply that the primary

constraint p. = 0 is invariant under diffeomorphisms,

0 . / 8 ANy BN
= — N = e = —_— N = N ].52
0= 5:L(a,4:¢) =t pe = e := 55L(¢,¢5¢) =0 (1.52)

i.e., d¢(r)pe = 0. Notice that the pullback of the fields by a general diffeomorphism is
denoted by a prime in (1.52) [cf. (1.14)]. In this way, the gauge transformation of an

auxiliary phase-space function f(q,p;e, pe; T) reads

of
g
of
0q* ¢

of af of
p; 56(7’)pi + %56(7')6 + 87]?566(7)1)6

A, of L dp 0fd
(7) dr + 8pi€(7—> dr + Oe dt (e(7)e)
of O0Hy  Of OHr  Of OHr of

:5gz<f)1f+e(r) (aqi opi  Ops Oq + 5 o, > +é(r)es (1.53)
~ SSf 4 e(){f. Hr} + e(r)e{ f.pe)

~ 0GB + {f,e(r) Hr + é(T)epe}

= 0GB f +{£,G},

Se(r)f = OS5 S + 520erd’ +

= o+

where 5:229)1' f corresponds to the transformation of the explicit dependence of f on 7,

and we used (1.17) and (1.29) together with the fact that 0Hr/0e = C + p.0\/de ~ 0.
The quantity G := €(7)Hp + é(7)epe is called the ‘gauge generator’ [9, 11,12, 48].

From (1.53), we conclude that infinitesimal worldline diffeomorphisms can be repre-

21

sented as on-shell canonical transformations; i.e., they coincide with canonical trans-

21The explicit time dependence of f(q,p;e,pe; T) could conceivably involve a general worldline ten-
sor. However, since any worldline tensor can be written in terms of a scalar and powers of the einbein
[cf. (1.4)], there is no loss of generality in assuming that the explicit dependence on 7 of a general auxil-
iary phase-space function is of scalar type; i.e., (szcf)l'f(q,p; e,pe;T) = €(1)0f /0T [cf. (1.16) and (1.17)].
More precisely, given any solution S(7) to the field equations, in which e(7) is equal to some function
w(7), we can use (1.4) to define an auxiliary phase-space function T'(7)(e/w)®? that coincides with
the tensor T'(7) in the solution S(7), and that has an explicit time-dependence given by the scalar
T(T)w(r)?~,

35



1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

formations in the auxiliary phase space that are restricted to solutions to the field
equations and, in particular, to the constraint hypersurface. For example, the transfor-
mation {e, G} ~ €(7)\ + é(7)e only coincides with the correct gauge transformation of
the einbein if restricted to a solution, since then A(7) ~ é(7) [cf. discussion after (1.32)],
and we find {e, G} ~ d(e(7)e(7))/dT = 0¢(rye(T) [cf. (1.17)].

As ¢(7) can depend on the fields, we may alternatively define £(7) := €(7)e(7) as an
independent infinitesimal quantity, which is arbitrary but possibly dependent on ¢(7)
and p(7). This amounts to considering diffeomorphisms generated by the vector field
[cf. (1.16)]

&) d _gnd

_ &)
V= e(t)dl dr 5l dn’

(1.54)

where 7 is the proper time [cf. (1.2)]. In this case, we can rewrite the gauge generator

G = G(q(7), (1), pe(7): £(7)) := E(T)C(q(7), p(7)) + E(T)pe (1.55)

where we used (1.30) and the fact that A\ ~ é(7) on solutions. The connection between
the constraints and the gauge symmetry is thus clarified by (1.55), as we see that the
generator of on-shell canonical transformations that correspond to gauge transforma-
tions is a combination of the (primary and secondary) first-class constraints of theory.
Indeed, this derivation of the functional form of the gauge generator is a particular
case of the one reviewed in §A.2.5, and (1.55) is an instance of (A.60). Our hypothesis
that only one primary and one secondary first-class constraints are present then corre-
sponds to the assumption that the only gauge (local) symmetry of the theory is given

by worldline diffeomorphisms.

At first, the focus on diffeomorphisms generated by (1.54) may seem restrictive
because £(7) is taken to be an arbitrary function that possibly depends on ¢(7) and p(7)
but not on e(7). Nevertheless, there is no loss of generality in the description of gauge
transformations of solutions to the field equations. As was emphasized in [9,11,12,49],
the change in a solution ¢(7),e(7) under any infinitesimal diffeomorphism associated
with an arbitrary €(7) can be described by the gauge generator (1.55) with &(7) =
e(7)e(), where e(7) is understood as a specific (fixed) function given in the solution [49].
As before, we note that {e, G} = £(7) coincides with the correct transformation on a
solution, {e, G} = £(1) = d(e(7)e(r))/dT = be(re(7).# As a scalar density of the form
w(q(7),p(7);e(7)) can be written, without loss of generality, as the product of a scalar
f(q(7),p(7);e(r)) with the einbein, w = fe, it follows that G generates the correct

transformation of any scalar density (with no explicit time dependence) on shell. In

22The change from the arbitrary functions €(7) to £(7) is an instance of the redefinition (A.5). In
this case, the arbitrary functions considered in (A.4) correspond to &(7).
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fact, due to (1.4) (see also footnote 21), one may verify that the correct transformation
of any worldline tensor (with no explicit dependence on 7) is generated by G. Moreover,
it is clear from (1.55) that gauge transformations preserve the constraints: {C,G} ~ 0
and {p.,G} = 0.

The set of diffeomorphisms generated by vectors of the form (1.54) is a proper
subgroup of Diff(M, @) that is often referred to as the ‘Bergmann-Komar group’ [9].
Incidentally, one notes that global translations in 7, which are generated by the vectors
V = ed/dr with € = const., are not of the form given in (1.54), and thus are not
elements of the Bergmann-Komar group [49]. Nevertheless, as mentioned above, the
pullback of solutions in phase space by any diffeomorphism can be recovered from the
elements of the Bergmann-Komar group.?? Moreover, it is important to note that, in
contrast to the case of a general coordinate 7, global translations in proper time are of
the form (1.54) (with £ = const.).

If G generates gauge transformations, then it must map a solution to the field
equations to another solution. To see that this is the case, let f(gq,p;e,pe;7) be an
auxiliary phase-space function that solves (1.29) for a given choice of A, and define
flr=f+onf=f+ 52‘7?)1']‘ + {f,G}. Note that, in general, G introduces an explicit
dependence on 7 through £(7). In this way, f’ generally has an explicit time dependence
even if df /0T = 0. The time derivative of f’ reads

frafe S (s ir6))
oy

8 expl. expl.
= oo+ L Hr o+ o 00+ {0 f Hr) (1.56)

H{ob+ {nE e

It is straightforward to show that (1.56) is equivalent to f' ~ df'/dr + {f', Hr} (as
it should be). However, we must show that f’ is a solution to (1.29) in terms of the
transformed variables ¢’ = ¢+ 0¢(r)q, P’ = p+0¢(r)p and €’ = e+ (e [cf. (1.14)]. This

means that the total Hamiltonian should also be written as a function of ¢'(7),p/(7)

23 As explained in [9,49,50], one motivation to consider the Bergmann-Komar group is the require-
ment of ‘Legendre projectability’. This means that one should consider gauge transformations in the
Lagrangian formalism that are projectable under the Legendre map (1.20). A function f(q,¢;e,é) is
projectable if it is the pullback of an auxiliary phase space function g(q, p; e, pe) by the Legendre map;
ie., if f(q,q;e,€) = g(q,p;e,Pe)|p=0r/04,p.—0c/0e- This implies that f cannot change in the direction
of the null eigenvector(s) of the singular Lagrangian, since 9f/0é = 625/8é26g/6pe|pe:65/@é =0
(a similar conclusion holds for Lagrangians that are purely kinetic terms, as considered in §1.3.2).
Thus, the infinitesimal transformations d.(-ye(r) = é(7)e(T) + ¢(7)é() are not projectable, whereas
de(mye(r) = £(7) are, since £(7) is taken to be independent of e(7).
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

and ¢€/(7); i.e., we must use the identity [cf. (1.30)]

Hp ~ Hp + 058 Hr + {Hr, G}

(1.57)
expl.

~ Hr + (055N ) pe — {G. Hr} .
Moreover, for consistency, we demand that f'/dr = 0 if, and only if, 9f /0T = 0. In
other words, we will not include the explicit time dependence induced by G in f’. This
amounts to the substitution df'/0r — Of'/or + {f',0G/d7}.2* In this way, we can
rewrite (1.56) as

Pl G2y 4 {re m - (6323) 0}

L 9f
T oor

, . (1.58)
HU O+ {1,574 (G ) + (Gl

where we used the definition of the transformed variables together with (1.57) and the
fact that the pullback of the initial choice of A leads to 5?22))1')\ + {\, G}. Subsequently,

we compute

oG 0¢,, 0 de
ar 87’C+ ordrte” (1.59)

{G) HT} - {G7 )\}pe + {57 HT}C - fC + {57 HT}pE ’
from which we find

O (G Hr) + {0 Glpe = G+ 002) (1.60)

where we used (1.29), and the symbol O(2) denotes terms that are quadratic in the
constraints [49], which satisfy {-,O(2)} ~ 0. Equation (1.60) is an instance of the
general case found in (A.52). Due to (1.60), we may rewrite (1.58) as

S (ZJ: +{rec+ (A +8)n} (1.61)

which motivates us to define the transformed multiplier as

Ni=XA+¢, (1.62)

24Notice that, up to first order in £(7), we can replace f by f' in {f,dG/d7}.
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and, instead of (1.57), we define the transformed total Hamiltonian as H. := €/C'+ (A +
€)pe, such that (1.61) becomes f' ~ df' /0T + {f',H}}. In particular, the multiplier
A(7) is an independent field. It transforms according to (1.62), which is consistent with
the fact that A ~ ¢ and X ~ ¢/, since /(1) = e(7)+£&(7) implies that &' (1) = é(7)+£(7).
We thus see that any solution f to (1.29) is mapped to another solution, written in
terms of the transformed variables, and the field equations remain of the same form

under the transformation. In this way, G indeed generates gauge transformations.

1.6 Gauge fixing, intrinsic coordinates, and generalized

reference frames

The considerations in §1.5, particularly those following (1.62), lead us to the conclusion
that the arbitrariness of the multiplier A\(7) in the canonical theory corresponds to
the arbitrariness in the choice of diffeomorphism ¢ in (1.13), which determines the
functional form of the dynamical variables via the pullback. Notice that, in principle,
the choice of coordinate 7 in (1.13) [and (1.32)] is inessential. It is the functional form
of fields, ¢*q(7),¢*p(T) and ¢*e(7), that is of relevance to the solutions to the field
equations and to the definition of observables, as we will examine in §1.7 and §1.8. A
particular choice of ¢ can be enforced by imposing extra constraints (in addition to C'
and p.) on the dynamical variables that fix their functional form (i.e., their dependence
on 7). These additional constraints are called ‘gauge conditions’ or simply ‘gauges’ (cf.
§A.2.7). In particular, the gauge conditions should fix the multiplier and thus render
the evolution determined by the total Hamiltonian (1.30) well-defined. The process of
choosing a gauge condition and thereby fixing A is referred to as ‘gauge fixing’ or ‘gauge

fixation’.

Let us consider a gauge condition of the form xi(g,p;e;7) = 0. Due to (1.4),
we may assume that any explicit dependence on 7 is of scalar type (see comment on
footnote 21). In this way, if we assume that x1(q,p;e;7) = 0 can be solved in terms of

the einbein, we may rewrite it as

xi1(g,pie;7) :==e(1) —wlq,p;7) , (1.63)

where w(q, p; 7) is a fixed, nonvanishing auxiliary phase-space function with a constant
sign, which is a worldline scalar because it only depends on ¢(7),p(7) and 7 [cf. (1.16)
and (1.17)]. As e(7) is a scalar density, we can only impose x1 = 0 for a certain class of
charts.?> Below, we will see how this is achieved (see also the comment in footnote 19).

If we impose that (1.63) is satisfied at all instants of time, we obtain another constraint

?Notice that (1.63) corresponds to a fixation of e(r) irrespective of the chosen einbein frame
[cf. (1.3)]. We tacitly choose Q(7) = 1.
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[cf. (1.29)]

O=x1~A—0a, (1.64)

which fixes A. Let ¥|, be the subspace of the auxiliary phase space I" determined by C' =
pe = x1 = 0 (for all instants of time). We can then rewrite the total Hamiltonian (1.30)

as
Hr = wC + wpe + x1C + X1pe = wC + wpe + O(2) =: H%f +0(2), (1.65)

where the symbol O(2) now denotes terms that are quadratic in all the constraint
functions (including x1, x1) [49], such that {-,O(2)} ~ 0 on X|,. For this reason, the
evolution determined by Hrp is well-defined on X|,, where it also coincides with the
evolution determined by the function H{,c‘y«f = wC + wpe, which we call the ‘gauge-fixed
Hamiltonian’. Notice that, due to (1.29), w =~ {w,wC} on X|,. In particular, as the

scalars ¢(7) and p(7) Poisson-commute with pe, we find that any function of the form

f(q(r),p(7); ) obeys
of

ary _
E‘X aT

dr

, +{f,wCly, » (1.66)

which is precisely the evolution determined by (1.38). It is in this sense that the
canonical theory presented in §1.3.2 can be seen as a gauge-fixed version of the one
presented in §1.3.1. The gauge freedom associated with the total Hamiltonian (1.38)
corresponds to the freedom in choosing the specific form of the function w. More
precisely, we note that the condition (1.63) does not completely fix the gauge freedom
associated with the total Hamiltonian (1.30) and the gauge generator (1.55). In other
words, it does not completely fix the functional form of the fields in terms of an arbitrary
coordinate 7 [in the chart (U, (); cf. §1.1]. This is a consequence of the fact that there
exist diffeomorphisms ¢ : U — U that preserve the gauge condition (1.63), and thus
a ‘residual’ gauge (local) symmetry remains in theory even after (1.63) is fixed [49].
To see that this is true, we need to show that there exists a one-parameter family of

diffeomorphisms ¢; such that

x1(d1q, oip; dre;7) = dre(r) —w(d;q, ¢yp;7) =0 (1.67)

holds if x1(g,p;e;7) = 0 is satisfied for a given solution (q(7),p(7),e(7)) to the field
equations obtained from (1.32) [or from (1.13)]. Notice that the explicit time depen-
dence in (1.67) is not transformed [in relation to xi(q,p;e;7) = 0] because we are
interested in the possibility that a different solution (¢;q(7), ¢;p(7), ¢;e(7)) to the field
equations (a different functional form of the fields), written with respect to the same

arbitrary coordinate 7, may still satisfy the gauge condition. This is line with the sym-

40



1.6. Gauge fixing, intrinsic coordinates, and generalized reference frames

metry exhibited in (1.13). As before, we consider that ¢; are generated by the vector
field (1.54). In this way, the residual symmetries are found as solutions to the equation
[cf. (1.16), (1.17) and (1.53)]

0~ x1(054, D5p; de; T) — x1(a, pi e;7) = {x1,G} ~ —{w, CY(1) +£(1) . (1.68)

It is straightforward to verify that the solution to (1.68) is

€(7) = €(r0) exp [ [ o (waye)| . (1.69)

70

and the initial value {(79) is arbitrary. The residual gauge transformations are generated
by G = &(7)C +£(7)pe with £(7) given by (1.69). In particular, due to the arbitrariness
of £(79) and the fact that the value of 79 may be freely chosen, the residual gauge
transformations of scalars at 7o, d¢(r)f(q,p;7) = 52(;1)'f + &(10){f,C}, encompass all
the gauge freedom of the theory presented in §1.3.2. Indeed, for any value of 79, £(79)C
is the gauge generator associated with the total Hamiltonian (1.38). If one repeats
the derivation of (1.61) for this particular case (with w understood as a multiplier),
one finds that the field equations with respect to 7y remain of the same form under
the transformations generated by &(79)C, provided the multiplier is transformed as
wr— w = w+d¢/dr [instead of (1.62)]. This is consistent with the fact that the

multiplier w(7) can be chosen as the einbein in this particular case [cf. (1.40)].

In order to eliminate the residual gauge symmetry, it is necessary to impose an
additional gauge condition. As the einbein has been fixed by (1.63), we consider a
condition on the scalars, x2(gq,p;7) = 0, which must be chosen so as to remove the
residual diffeomorphisms and to be preserved by the evolution determined by (1.65)
[49]. The residual gauge transformations that preserve x2(q,p;7) are solutions to the

equation

0~ x2(059, o50:7) — x2(q, 05 7) = {x2, G} = &(T){x2,C} , (1.70)

where £(7) is given by (1.69). If (1.70) only admits the trivial solution ({(7) = 0), then
the residual symmetry has been eliminated. This corresponds to setting the arbitrary
initial value in (1.69) to zero, {(m9) = 0. We note that (1.70) only admits the trivial
solution if {x2, C'} # 0. Furthermore, we now use the symbol ¥|, to denote the subspace
of the auxiliary phase space determined by C' = p. = x1 = x2 = 0 (for all instants of
time). The condition x2(g,p; 7) = 0 is preserved by the evolution in |, if

X2 gty . OX2
~N = ~ 22 : 1.71
0 or + {X27HT} or +W(Q7p7 T){X27C} ) ( )
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

where we used (1.65) and the constraints are imposed only after the Poisson brackets
are computed. If x5 satisfies (1.71) and {x2,C} # 0, then the set of gauge conditions
(x1,x2) completely fixes the gauge freedom of the theory presented in §1.3.1 (and x2
completely fixes the freedom of the particular case discussed in §1.3.2). In this case,
there are no nontrivial diffeomorphisms that preserve the gauge conditions (x1,x2)-
Nevertheless, we must still ascertain if these conditions are accessible; i.e., if it is possible
to start with a solution S(7) = (q(7),p(7),e(7)) to the field equations [written in an
arbitrary chart (U, () in the worldline] for which x; # 0 and x2 # 0, and subsequently
perform a well-defined diffeomorphism to reach a solution Sy(7) for which the conditions
are satisfied. In other words, the gauge conditions are accessible if there exists a

diffeomorphism ¢g that fulfills

0 = xi(¢59, 95p; P56, T) (L.72)
0# xi(g, p;e;7) ,
for i = 1,2. If the pair (x1,x2) is chosen such that (1.72) has a solution for ¢g
without a residual gauge symmetry, then we say (x1, x2) forms a complete gauge fixing
(cf. §A.2.7).26 Notice, however, that the diffeomorphism ¢s that solves (1.72) will
generally depend on the arbitrary solution S(7) = (¢(7),p(7),e(7)). For this reason,

the complete gauge fixing induces a map on the gauge orbit of S(7),

Praxe) # [S(M)] = [S(7)] (173)
S(r) = $58(r) = So() |

which projects any solution on the gauge orbit to the solution Syp(7) that satisfies the
gauge conditions. This map is not injective, as different arbitrary solutions are mapped
to the same Sy(7). In this way, we conclude that the transformation (¢(7),p(7),e(7)) —
(95q(T), osp(T), p%e(T)), where ¢s solves (1.72), is not canonical because it is not
invertible, and thus the fixation of the gauge freedom does not preserve the Poisson
brackets.?” This stands in contradistinction to (1.53), which is an on-shell canonical
transformation. The crucial difference between (1.53) and (1.73) is that any worldline
tensor is pulled back by the same diffeomorphism in (1.53). This induces an invertible
map on the gauge orbit, S(7) — ¢*S(7); i.e., any solution on [S(7)] is pulled back
by the same ¢, and this simply corresponds to a “displacement” along the orbit. In

contrast, different solutions are “displaced” differently (pulled back by a different ¢g)

26More precisely, the condition {x2,C} # 0 may only be fulfilled in certain regions of the auxiliary
phase space. The pair (x1, x2) only forms a complete gauge fixing when restricted to such regions. See
the comments following (A.71).

2"This observation was discussed and clarified in [11], where Pons et al. use a formalism that,
although different from the one we present here, yields results that are equivalent to ours at the
classical level. The quantum theory was not discussed. See also footnote 30.
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in (1.73).

What is then the significance of (1.73)7 It corresponds to a choice of origin in the
gauge orbit, as was discussed in the paragraph preceding (1.14). Indeed, any solution

on [S(7)] = [So(7)] can be written as

S(r) = (¢5") Solr) (1.74)

and the fact that ¢g differs from one solution to another simply means that it encodes
the “displacement” along the gauge orbit from the origin So(7) to S(7). If S(7) coin-
cides with Syp(7), then ¢g is the identity. Moreover, if the choice of origin is changed,
So(1) = ¢3So(7), then the “displacement” is also changed, ¢s = ¢s o $y ', S0 as to
keep S(7) invariant. Conversely, for a fixed choice of origin, the gauge transformation
S(t) = S(r) = ¢*S(r) implies that ¢s — ¢s = ¢! o ¢s, such that the origin is

invariant
$58(7) = ¢58(r) = So(7) - (1.75)

This is merely a rewriting of (1.73), and it means that the map P is constant

X1,X2
along the gauge orbit (by definition). As the gauge transformations (1.53)) are on-shell
canonical transformations [expressed in terms of the Poisson brackets with respect to
the S(7) = (q(7),p(7),e(7)) fields as well as p.], one then expects that Py, ,,)(S(7))
(understood as a function on the auxiliary phase space) weakly Poisson-commutes with
the gauge generator. We will see that this is indeed the case in §1.8. Finally, we note
that the choice of origin on each gauge orbit corresponds to a choice of section ¢ that

selects a representative in each equivalence class, ¢([S(7)]) = So(7).

Let us now analyze how a complete gauge fixing (x1, x2) can be seen as a definition
of a chart (Uy, () in the worldline. Notice that (1.71) implies that the gauge condition
X2 must have an explicit time dependence, dx2/07 # 0, because {x2,C} # 0 and w # 0.
This well-known fact [49,51] has important consequences for the definition of observ-
ables and the physical interpretation of the theory, as we will discuss in §1.7. Indeed,
as it depends explicitly on time, we may interpret x2(q,p;7) = 0 as a definition of the
arbitrary worldline coordinate 7 in terms of the canonical scalars ¢(7), p(7) [49]. To see
this, let us assume that one can solve x2(q,p;7) = 0 for its explicit time dependence,

such that we may rewrite this constraint as

x2(¢,p; 7) = x(q(7),p(7)) — T, (1.76)

where x(q(7),p(7)) is a worldline scalar with no explicit dependence on 7. Given
a certain solution to the field equations (with fixed boundary conditions), we may

interpret x as a function solely of 7, x(7) = x(q(7),p(7)). The condition {x2,C} # 0
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is then translated to

1 ¢ 1 dy dy
——{HY} e —— ===, 1.77
w(q,p;T) o Hry w(g,p;T)dr  dn (1.77)

0#{x.C}~
which is the condition that x(7) is invertible (w # 0). Let us then assume that there
exists an interval Z,, = (79, 71) in which x(7) is a diffeomorphism; i.e., it is smooth with
a smooth inverse. There may be several such intervals, and they may depend on the
boundary conditions that define the solution to the field equations (cf. footnote 26).
If xo = 0 is not fulfilled for the solution in question, we may use (1.72) to reach a
functional form of the fields that enforces this gauge condition. It is straightforward to
see that the solution to 0 = x(¢%q, psp) — 7 = ¢Ex(7) — 7 is simply ¢s = x'; i.e., the

diffeomorphism corresponds to the function that is the inverse of x (7).

The above considerations can be used to define a chart (i, ¢) as follows: first, we let
¢ be an arbitrary homeomorphism, and we define U,, := (~(Z,,), where Z, is an interval
in which (1.77) holds. Second, we define the composition x := xo( : Uy, — x(Z,), which
is assumed to be a smooth function. Under an arbitrary diffeomorphism ¢ : U, — U,,
we obtain Y’ := ¢*x = Xxo0¢, such that X'(U,) = x(Uy); i.e., the image of X is preserved.
If the condition x = ( is not satisfied for the given solution to the field equations, we
consider the diffeomorphism ¢gs := (" tox lo(: U, — UX,28 such that ¥/ = yo¢s = C.
Although this may be interpreted as the condition that enforces that Y’ is equal to an
arbitrarily chosen coordinate map, it may alternatively be seen as the definition of the
coordinate map in terms of a combination of the dynamical fields. The possible values
of the time coordinate 7 are elements of the image of this combination, x (¢, ), which
is invariant under diffeomorphisms. In this way, a complete gauge fixing corresponds

to a choice of chart in the worldline.

There may be more than one choice of x2(q, p; 7) that is compatible with x1(q, p; €; 7),
in the sense of providing a complete gauge fixing. First, notice it is often more conve-
nient to consider that (1.71) determines which function w(q, p;7) can be used in (1.63)
for a given choice of x2(q,p;7). For example, we find w(q,p;7) = w(q(7),p(1)) ~
1/{x,C} from (1.71) for the choice (1.76). Furthermore, let us consider the choices

Xél)(q,p; 7) := x(¢,p) — T and X§2) (¢,p;7) = x(q,p) + O(q,p) — 7 where O(q, p) weakly

Poisson-commutes with C. Due to (1.77), both choices determine the same function
w(g,p;7) = w(q(1),p(1)) = 1/{x,C} to be used in (1.63). Therefore, both Xgl)(q,p; T)

and XéQ) (¢, p; ) form a complete gauge fixing in conjunction with x1(q, p; e; 7). Never-

28Recall that, as we are considering a smooth atlas on M, for any two charts (U1, ¢1) and (U, Co)
with Uy NUz # @, the transition map (2 0 (; ! is a diffeomorphism. The local coordinate representation
of ¢ is ey, = C2o¢ tox™? o(o({l (cf. §1.1), which is a composition of smooth maps, and is therefore
smooth. Its inverse, ¢C_11<2 =(o¢toyo(o (2_1, is also smooth. In particular, for the single chart
(Uy,¢), we obtain ¢¢ = x ™', which is itself assumed to be a diffeomorphism, as we discussed in the
preceding paragraph.
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theless, the coordinate maps that are determined by Xgl)(q,p; 7) and x§2) (¢, p; 7) may

be different. It is in this sense that the gauge condition y; = 0 can only be imposed in
a certain class of charts, as mentioned before. Likewise, the fixation of the multiplier

A(7) through (1.64) corresponds to the definition of a class of charts in the worldline.

The above discussion leads us to the conclusion that a complete gauge fixing yields
an intrinsic definition of the time coordinate, as explained in the Introduction. The
level sets of x(q(7),p(7)) in (1.76) represent of instants of time in the regions of the
auxiliary phase space where {x,C} # 0 [cf. footnote 26 and (1.77)]. In this way,
instants are defined ‘intrinsically’ from the dynamics, and one does not invoke extrinsic
absolute notions of time. The function x(q(7),p(7)) serves as a ‘generalized clock’ with
respect to which the dynamics can be described, and (U, X’ = ) is an intrinsic chart
(cf. the Introduction). In general, a function of the dynamical degrees of freedom
that is continuous in M is a generalized clock if it serves as a local coordinate map on
the worldline; i.e., if there exists an open region U, C M where  is a homeomorphism
(invertible with a continuous inverse). Thus, a complete gauge fixing entails a choice

of generalized clock.

In the (0 + 1)-dimensional universe modeled by (M, ®), experiments consist of
measurements of the dynamical fields at certain instants of time. Different instants are
distinguished solely by the readings of generalized clocks defined from the dynamical
degrees of freedom. Each observer (experimenter) uses a choice of generalized clock to
record the experimental results. Therefore, observers employ complete gauge fixings in
their description of the dynamics. For this reason, we consider that that a complete
gauge fixing defines a ‘generalized reference frame’ with respect to which an experi-
menter makes observations. We will take the following terms as synonyms: complete
gauge fixing; generalized clock; generalized reference frame; intrinsic chart. Moreover,
even though the fixation of the multiplier A(7) corresponds to a class of charts (gener-
alized clocks), we will also refer to a choice of \(7) as a choice of generalized reference
frame (cf. §A.2.5). The fact that A\(7) is undetermined signals that the theory does
not depend on a preferred choice of frame. Due to (1.61) and (1.62), we see that G

generates changes of reference frames.

Finally, we note that the number of gauge conditions in a complete gauge fixing (that
are independent at each instant of time) is equal to the number of first-class constraints
(pe = 0 and C = 0). This is a general feature of canonical gauge systems (cf. §A.2.7).
Although conditions of the form (1.63) and (1.76) are well motivated, it is possible
consider more general gauge conditions, which may depend on A and the canonical
variables, as well as on their time derivatives. We will focus on the so-called ‘canonical
gauge conditions’ (or ‘canonical gauges’), which have the form x(q,p;e;7) = 0. From
the above discussion (see also §A.2.7), we conclude that a set of independent canonical
gauge conditions (x1, x2) is admissible or forms a complete gauge fixing if: (1) they are
accessible, which means that any arbitrary set of canonical variables can be mapped

to one that satisfies x(12) = 0 by a finite gauge transformation associated with a
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definite choice of £(7); (2) the conditions x(19) = 0 are only preserved by the gauge
transformations that correspond to on-shell identity transformations, which are the

ones determined by £(7) ~ 0 for all instants of time. Clearly, this only holds if

det <{X1’p“"} {Xl’c}> £0. (1.78)
{x2,pe} {x2,C}
The determinant (1.78) is an instance of (A.70), and it is called the ‘Faddeev-Popov
determinant’ [20,21]. In the particular case in which x; and x2 are given by (1.63)
and (1.76), respectively, we find that the determinant (1.78) coincides with {x,C} # 0,
as we have previously discussed. As in the case of {x,C} # 0, the determinant (1.78)
may be nonvanishing only in certain regions of the auxiliary phase space, and it may be
impossible to define gauge conditions which globally satisfy (1.78). This impossibility
is the well-known ‘Gribov obstruction’ (cf. §A.2.7), and it implies that complete gauge

fixings (and thus generalized reference frames) are typically local constructions.

1.7 Observables and invariant extensions

We have seen in §1.5 and §1.6 that the arbitrariness of the multiplier A(7) is equivalent
to the arbitrariness in the choice of diffeomorphism in (1.13), which in turn corresponds
to a choice of generalized reference frame (complete gauge fixing; intrinsic chart). It
is precisely the arbitrariness in the choice of reference frames that must be addressed
by the definition of observables in gauge theories. Observable quantities must have a
well-defined time evolution, in contrast to the indeterministic character of the evolution
dictated by the total Hamiltonian (1.30) [or (1.38)].

In the usual gauge theories of internal symmetries (such as the Yang-Mills theo-
ries of the standard model of particle physics), in which the gauge freedom does not
involve a definition of the time coordinate nor the functional form of the fields with re-
spect to their time dependence, it is customary to define observables as gauge-invariant
quantities. The reason for this is simple: in these theories, the total Hamiltonian in-
volves a term that does not vanish on the constraint hypersurface, denoted by Hy,
and a term 0 H which is a combination of constraints and involves the arbitrary mul-
tipliers [see (A.47) and (A.66)]. If an auxiliary phase-space function O is gauge in-
variant, it must weakly Poisson-commute with the constraints (cf. Definition A.1),
and thus it weakly Poisson-commutes with d H. In this way, the evolution of a gauge-
invariant function is well-defined because it is independent of the arbitrary multipliers,

O~ 00/0t + {0, Hr} ~ 00/t + {f, Hy}.

Is there an analogous result for the case of diffeomorphisms? The answer is yes,
although a few preliminary comments are in order. First, diffeomorphisms constitute

an ‘external’ symmetry, in the sense that they involve a definition of the time coor-
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dinate or the functional form of the fields with respect to their 7 dependence, as we
have seen in the preceding sections. Second, the total Hamiltonian is a combination
of the (primary and secondary) constraints [cf. (1.30) or (1.38)], such that it vanishes
on the constraint hypersurface and Hy = 0. In this way, if one requires that observ-
ables weakly Poisson-commute with all the constraints [and, therefore, with the gauge
generator (1.55)], one reaches the apparently unsatisfactory conclusion that the evo-
lution of an observable O is solely encoded in its explicit time dependence [9,11,12],
O ~ 00/dr + {0, Hr} ~ 80 /7. Although this evolutionary law is well-defined (as
it does not depend on arbitrary multipliers), it hardly fits the canonical paradigm of
orbits in phase space generated by a Hamiltonian vector field. Third, it is important to
note that the requirement that O Poisson-commutes with the constraints does not ren-
der it gauge (diffeomorphism) invariant, in contrast to the case of internal symmetries,
because of its explicit time dependence. Indeed, we find from (1.53) the transforma-
tion d¢(-)O = (5?22))1'(9. Then, if one further requires that O does not have an explicit
dependence on 7, such that it is a diffeomorphism invariant, one reaches the seem-
ingly paradoxical conclusion that only constants can be observed; i.e., one finds @ ~ 0.
These difficulties with the determination of a well-defined evolutionary law for observ-
ables in a diffeomorphism-invariant theory are collectively referred to as the ‘problem
of time’ [22-24].

It is the opinion of the author of this thesis that the classical problem of time is
nothing but a confusion (or, at best, a matter of semantics), although its quantum coun-
terpart is more serious due to the measurement problem. Let us then analyze a solution
to the classical “problem”, which will inspire us to develop a method of construction
and interpretation of dynamical observables in the quantum theory (cf. §2.5.1, §2.5.2).
We will see that the aforementioned pictures of evolution, © ~ 9O /0T or O ~ 0, can be
reconciled with the usual picture of orbits generated by a Hamiltonian vector field (in
principle), and that this also informs us on how the quantum theory can be built. The
key is to primarily define observables as quantities that can be, in principle, measured
in an experiment and that have a well-defined time evolution. Their diffeomorphism

invariance (or lack thereof) follows as a secondary quality.

To begin with, let us note that diffeomorphism invariants can be obtained by inte-

grating worldline one-forms w(7)dr over an interval Z = (19, 71) C M,

0, = /Tl dr w(r) , (1.79)

0

as was discussed in [52-56]. Note that the proper time (1.2) and the action (1.5)
are particular examples of such objects. It is straightforward to verify that (1.79) is
invariant under arbitrary diffeomorphisms if the integral converges and appropriate
boundary conditions for w(7) are adopted. Alternatively, as in the case of the action

(cf. footnote 10), one could leave the boundary values w(7y) and w(71) unspecified
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and add suitable boundary terms to the right-hand side of (1.79). It is also possible to
restrict the (infinitesimal) diffeomorphisms considered by selecting boundary conditions
for e(7). For example, one notes from (1.17) that (1.79) remains invariant if €(7) and
w(7) satisfy periodic boundary conditions, €(19) = €(71),w(79) = w(71). Moreover, if
M is isomorphic to R and w(7) is integrable, one could take 79 — —oo and 71 — +00

and consider the condition lim| |, w(7)e(T) = 0 such that (1.79) is invariant.

The physical relevance of (1.79) is, however, often elusive. As was argued in the
Introduction, the diffeomorphism invariants that have a straightforward physical in-
terpretation are relational observables, which encode the values of the dynamical fields
relative to a choice of generalized clock. Following the arguments in the Introduction
and §1.6, we conclude that one should consider complete gauge fixings, which corre-
spond to the definition of generalized reference frames adopted by an observer in the
description of an experiment. We will see how these gauge fixings lead to diffeomor-

phism invariants.

It is worthwhile to mention that, although the diffeomorphism and reparametriza-
tion invariance of the action (1.5) implies that any arbitrary choice of coordinate map
is permissible, it is crucial that the complete gauge fixing be based on canonical gauge
conditions; i.e., it is paramount that time be defined through a combination of the
canonical fields of the theory. An arbitrary coordinate map has no direct physical in-
terpretation, it is merely a choice of parametrization. In contrast, if time is defined by
(the level sets of)) a generalized clock x, this corresponds to an experimental setup that
can, in principle be realized: the dynamics is described with respect to the evolution of
the clock. In this way, as was remarked in the Introduction and [33], the dynamics
of a gauge theory admits a relational interpretation in the sense that the degrees of
freedom can be understood with respect to (or relative to) a generalized reference frame

(complete gauge fixing).2

Let us then consider an observer who describes experiments and measurements with
respect to a generalized clock x(q(7),p(7)). The observer adopts a complete gauge
fixing defined by the conditions (1.63) and (1.76), with w(q,p;7) = w(q(7),p(7)) =
1/{x,C} = 1/{x + O,C}, where O is any auxiliary phase-space function that weakly
Poisson-commutes with C. Note that w(q(7),p(7)) # 0 has a constant sign due to
the gauge condition (1.63). The dynamics recorded by the observer can be written in
terms of a solution S(7) = (q(7),p(7), e(7)) to the field equations written in an arbitrary
frame as So(7) = (¢'(7) := ¢5q(7), P/ (1) = ¢%p(7),€/(7) := ¢Se(T)), where ps = x !
[cf. discussion after (1.77)]. Thus, the solution So(7) = (¢'(7),p/(7), €/(7)) satisfies the
gauge conditions, and we say it is ‘gauge-fixed’. In the generalized reference frame of

the observer, any auxiliary phase-space function of the form f’ := f(q¢’,p’;€’; 7) evolves

2%Notice that, in theory, the generalized reference frame or gauge conditions can be arbitrarily chosen
at each instant. Nevertheless, in a feasible experimental arrangement, one expects that a generalized
clock is used to record the dynamics throughout a certain succession of instants.
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according to

fa

~ E 5 +w(q/7p/){f7 C}E|X +w(q/>p/){f7pe}2|x ’ (180)

where we used (1.29) and (1.65) and, as before, all the constraints (including the gauge
conditions or the pullback by ¢s) are imposed only after the partial time derivative
and the Poisson brackets are evaluated. This is a well-defined evolution law because no
arbitrary multipliers are present [w(q’,p’) is fixed]. In this way, we assume that (1.80)
is integrable and a choice of initial conditions uniquely determines the solution (see also
the discussion in §1.9.2). As was mentioned in the end of §1.6, the gauge indeterminism
of the evolution law (1.29) is then understood as the indetermination in the choice of
reference frame (there is no preferred frame). This choice is left to the observer. Any ob-
server who employs x as a generalized clock will record the dynamics according to (1.80),
and the observations will be cast in terms of the solution So(7) = (¢'(7),p' (1), € (7)).
In this way, it is reasonable to define any function f' = f(¢/,p’;€’;7) as an observable.
There is no “problem” of time for this definition, although there is the need to specify
with respect to which clock x (or, more precisely, which intrinsic chart) the dynamics is
described. To be clear, we consider that the solution to the classical “problem” of time
is to define observables as gauge-fixed quantities. But how is this definition related
to diffeomorphism invariants? And how can the evolution (1.80) be connected with
the laws O ~ 0/87 or @ ~ 0? The answer depends on the concept of ‘invariant
extensions’, which we now briefly discuss (see§A.2.6 for a general discussion on gauge

orbits and §A.2.7 for further details on invariant extensions).

First, let us consider a function f : M — M that only has an explicit time
dependence. As it is a scalar, this function is not invariant under diffeomorphisms,
Oe(r) (1) = e(r)df/dr [cf. (1.17)]. Nevertheless, for any fixed instant 7 = s, we can de-
fine a constant function O[f|T = s] : M — R, O[f|T = s](17) = f(s) that coincides with
f at 7 = s. This constant worldline scalar is trivially invariant, o, O[f|T = s] = 0,

and it is called the invariant extension of f(7) at 7 = s.

Second, let us consider an auxiliary phase-space function without explicit time
dependence, f(q(7),p(7);e(7)) = f(S(7)). Under a gauge transformation, S(7)
¢*S(7), the function is transformed, f — ¢*f = f(¢*S(7)). We may regard f(S(71))
as a function on the gauge orbit [S(7)], in which case the gauge-fixed function [’ :=
osf = f(¢5S(1)) = f(So(7)) corresponds to the image of a single point in the orbit.
Due to (1.74) and (1.75), this point can be seen as an invariant choice of origin in
[S(7)], and thus f(Sp(7)) is also invariant. More precisely, we can define the constant
map O[f|x = 7| : [S(1)] — [S(7)], O[flx = 7/(S(1)) := f(So(7)), of which the
map (1.73) is a particular case. Notice that the image of O[f|x = s] is a function on
the worldline that is not necessarily constant. Since O[f|x = 7] is constant along the

gauge orbit (by definition) and it coincides with f at the origin Sp(7), it is called the
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invariant extension of f in the gauge ¢5x = 7 [33]. Notice that invariance here refers
only to the fact that O[f|x = 7] remains the same under changes in the functional
form of the fields S(7) = (q(7),p(7),e(7)) generated by G [cf. (1.53)], but it does
not concern a possible explicit time dependence that O[f|x = 7] may acquire when
expressed in terms of S(7) (see §1.8 and §1.9.1). For this reason, we expect that
O[f|lx = 7] (understood as a function in the auxiliary phase space) weakly-Poisson
commutes with the gauge generator, given that the Poisson brackets are written in terms
of the (q(7),p(7),e(7),pe(7)) fields [cf. (1.27)], but it may have a nonvanishing explicit
time derivative. We will confirm this in §1.8 and §1.9.1. Intuitively, the invariance
under changes in the functional form of the fields generated by G follows from the fact
that, in fixing the generalized reference frame defined by x, all other frames become

“irrelevant”.

Third, let us now consider the general case of an auxiliary phase-space function
with an explicit time dependence, f(q(7),p(7);e(7);7) = f(S(7);7). Combining the
results of the two previous paragraphs, we conclude that the gauge-fixed observable f’ =
f(d (1), p'(7);€(7);7) = f(So(7); ) may be promoted to a diffeomorphism invariant at

a fixed instant of time 7 = s; i.e., we define its invariant extension as

Olflx=s]: M—=R

(1.81)
p flle=s = f(So(s);5)

for a fixed value of s. In (1.81), the letter p stands for a point in the worldline,
the coordinate representation of which is 7 in the intrinsic chart (U, x’) defined by
the gauge condition (cf. §1.6). In this way, the quantity O[f|x = s] is a constant
worldline scalar, which is defined from a solution to the field equations. It can also be
understood as a constant function on the gauge orbit [Sp(7)], the image of which is the
constant worldline scalar f(So(s);s) (as opposed to the function f(So(7);7), which is
not necessarily constant on the worldline). Therefore, it trivially satisfies the invariance
properties: O[f|y = s] ~ 0 and Se(nOlflx = s] = 0; ie, it is a diffeomorphism
invariant. In this sense, one recovers the “frozen time” picture O ~ 0 mentioned above.
Nevertheless, this picture is hardly illuminating: time is frozen simply because one is

focusing on a single instant. Indeed, the invariant extension encodes the value of the

quantity f’ in the instant in which the generalized clock x has the value s.

As it represents f’ in relation to a (fixed) value of the clock, it is more customary
to refer to O[f|x = s| as a relational observable [57,58]. It is also important to
mention that, although gauge invariant, relational observables are gauge-dependent
objects (in the sense explained in Definition A.2). This simply means that their physical
interpretation and functional form refer to a choice of gauge (generalized clock), as
a consequence of the fact that they are extensions of a gauge-fixed quantity f/ =

f(So(7);7). The gauge dependence of observables is expected because, as already
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mentioned, time is defined intrinsically from the dynamical degrees of freedom (cf. §1.6),
and any observer will perceive the dynamics in a gauge-fixed (i.e., relational) way.
As mentioned in Remark A.3, we use the terms ‘relational’, ‘gauge-fixed’ and ‘gauge

dependent’ as synonyms.

The above discussion implies that the definition of observables as gauge-fixed quan-
tities is reasonable, and it is, in fact, equivalent to a class of diffeomorphism invariants
(the relational observables). However, it seems that emphasizing the invariance aspect
of this definition is a matter of convenience (or even semantics) in the classical the-
ory. One could decide to work solely with (1.80) and its solutions, without mentioning
their equivalence to invariant extensions. This is often done in practical calculations.
Furthermore, it is important to mention that some researchers even argue against the
definition of observables as invariants, as they take the position that an analogy with
gauge theories of internal symmetries is unjustified (see, for instance, the discussions
in [59-61]). Following [59-61], we could simply define observables as worldline tensors,
which are not invariant under general diffeomorphisms. Intuitively, observables would
be quantities that transform “covariantly”. How can we reconcile this with the above

definition of relational observables? There are two points of reconciliation.

The gauge-fixed auxiliary phase-space function f' = f(Sp(7);7) is the component
of a worldline tensor field evaluated in the intrinsic coordinate determined by the gen-
eralized clock. As we have seen, Sy(7) is an invariant along the gauge orbits, and f’|,—s
defines a diffeomorphism invariant for each fixed instant s. As we will see in §1.9.1,
however, the family of relational observables (for all instants in the domain of the in-
trinsic chart) does not correspond to a diffeomorphism invariant due to its explicit time
dependence, which recovers the law @ = 90/t (see also the discussion in [11,12]).
Thus, although gauge-fixed observables correspond to invariants at each instant, the
dynamics encoded in the family of observables is clearly “covariant”, and this marks
the first point of contact of the definition of relational observable with the view that

observables should transform “covariantly”.

The second point concerns the tensor character of f/. It is straightforward to
verify that f' = f(¢,p';€/;7) transforms as the solution Sy(7) = (¢'(7),p'(1),€' (7))
is mapped to another via a diffeomorphism ¢y. One finds that the transformation
I = f1(05So(T); do(T)), where we assumed the explicit time dependence is of scalar
type. However, this transformation merely corresponds to a change of origin in the
gauge orbit, as was argued in the paragraphs that precede (1.14) and follow (1.74),
respectively. Once the new origin is fixed, one can in principle establish its invariance
as in (1.75) and proceed to construct new invariant extensions. This means that the
“covariance” of observables may be assigned to the freedom in choosing the origin in the
gauge orbit or, in particular, in choosing the complete gauge fixing, whereas the invari-
ance refers to the irrelevance of the functional form of the fields S(7) = (¢(7), p(7), e(T))
written in an arbitrary frame. In other words, G generates transformations in the arbi-

trary frame of the solution (q(7),p(7),e(7)), which do not affect f' = f(¢/,p’;€¢/;7). A
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similar remark was made in [9,11,12]. Therefore, the views regarding the definition of
observables discussed above (observables as gauge-fixed quantities; relational observ-

ables; observables as quantities that transform “covariantly”) are, in fact, equivalent.

Despite the equivalence of the above definitions of observables, we will see that the
quantum theory demands (under reasonable assumptions) that observables commute
with the constraint operators. It is, therefore, worthwhile to understand how to con-
struct and interpret objects that Poisson-commute with the constraint functions in the
classical theory before we proceed to quantization. For this reason, the classical analy-
sis of relational observables is worthwhile. In the next section, we discuss a convenient

representation of relational observables.

1.8 Integral representations of relational observables

Let the domain of the intrinsic chart associated with the generalized clock be U, . Its
coordinate representation is an interval Z, = (79, 71) in which x(q(7),p(7)) is invertible.
Therefore, we assume that 7y and 71 are chosen such that x(¢q(7),p(7)) = s only once in
Z,, and x(q(70), p(70)) # s, x(q(71),p(71)) # s by hypothesis. From its definition (1.81),

we then note that we can rewrite the relational observable as

O[fIx = s] 1= f(¢%a(s), 6"p(s); ¢"e(s); )
= [ ar e = o)1 (atr)pios Petrris)

70

(1.82)

where we recall that ¢(s) = x~!(s), which is the inverse function of x(s) = x(q(s),p(s)),
and the Dirac delta distribution (henceforth referred to as ‘Dirac delta’ or ‘delta func-

tion’) is a worldline scalar density defined by

o0 (1.83)
/ dr 6(r)f(r) = £(0) .

We note that (1.82) is of the form (1.79), and it expresses the relational observable
in terms of the solution (¢(7),p(7),e(7)) to the field equations written in an arbitrary

frame. The integral formula (1.85) holds for any type of worldline tensor due to (1.4).

Even though O[f[x = s] satisfies 6. O[f[x = s] = 0 by construction, it is now
worth verifying that it is indeed a diffeomorphism invariant and, in particular, that it
weakly Poisson-commutes with the constraint functions p. and C. To this end, we first

compute

d¢ _ (dx> L wl(@a(s).6p(s) (L84

dS a dT T=¢(S) - {X, eC}r:qﬁ(s) ~ €(¢ 8))
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from (1.29) and the fact that ¢(s) = x~!(s). If we substitute (1.84) into (1.82), we find
that O[f|x = s] does not, in fact, depend on e(7) and, as a result, {O[f|x = s],pe} = 0.
Furthermore, we can compute {O[f|x = s], C'} in the following way: given the solution
(q(7),p(7),e(7)) in an arbitrary frame, where e(7) is some fixed, nonvanishing function
(with constant sign), we can use the properties of the Dirac delta to cast (1.82) into

the useful form

ol == ["ar || (ctatrroptr) o) (atrhoptr): Letrris) 1.9

0

where dy/dr =~ e(7){x, C} [cf. (1.29)]. If we use (1.84), we can rewrite the integrand
in (1.85) as sgn(e)e(7)g(7;s), where sgn(e) = £1 is constant, e(7) is a fixed function,

and we have defined

g(755) = g(a(1),p(1);5) := {x, C} 6 (x — 8) f (¢(7),p(7);w(q(7),p(7));5) . (1.86)

Notice that ¢g(79;s) = g(71;s) = 0 because of the assumption that x(q¢(70),p(70)) #
s and x(q(11),p(71)) # s. For a fixed value of s, we also obtain dg/dr =~ {g,eC}
[cf. (1.29)]. In this way, we find

T1

G
dr {g,eC} =~ sgn(e)/ dr dg

{O[f|x = s],C} = sgn(e)/ W dr (1.87)

70

= sgn(e) (g(1;5) — g(70;5)) =0

from (1.85). Thus, the relational observables indeed weakly Poisson-commute with
the constraint functions p, and C, and thus with the gauge generator [cf. (1.55)]. It is
important to emphasize, as before, that the Poisson brackets are evaluated with respect
to the (¢(7),p(7),e(7)) fields instead of the pulled back (gauge-fixed) variables. Thus,
the weak Poisson-commutation property of O[f|x = s| follows from the fact that the
gauge freedom has been fixed, as was discussed in the paragraphs preceding (1.81).
Finally, we note that O[f|x = s] has no explicit time dependence for a fixed value of
s, and 55;‘;’)10[ flx = s] = 0 is trivially satisfied. Then, d.»O[f|x = ] ~ 52331'(9[ flx =
s| +{O[f|lx = s|,G} = 0; i.e., O[f|x = ] is a diffeomorphism invariant, as it should
be.

Notice that dy/dr =~ e(7){x, C} is proportional to the Faddeev-Popov determinant
[cf. discussion after (1.78)]. Due to the Dirac delta in (1.85), we can replace the
Jacobian factor by its invariant extension; i.e., |dx/d7r| — A, = |¢p*dx/d7|;=s. If

there is no risk of confusion, we refer to A, itself as the Faddeev-Popov determinant.
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Its inverse can be written as [cf. (A.78)]

_ dX
1
AL ="

= [T arstatr)ptr) - ). (159

Using (1.88), the integral formula (1.85) can be rewritten as

ds
le dr 8 (x(q(7),p(T)) —8) f <q(7’),p(7’); %6(7); s)
f;} dr 6(x(q(7),p(1)) — s) ’

Olflx = 5] = A, / " 8 (xlg(m)p(r)) — 5) f <q<r>,p<f>; 49, )

which is an instance of the general formula (A.79). The formula (1.89) expresses the
relational observable as an “average” over the intrinsic chart domain. It is an instance

of a general averaging procedure that can be used in gauge theories [cf. the discussion
after (A.79)].30

In addition to (1.81), we may take (1.82), (1.85), or (1.89) as alternative definitions
of O[f|x = s|]. As important particular cases, we find that the relational observable
associated with the generalized clock itself is trivial, O[x|x = s] = s, whereas the
invariant extension of the identity is still the identity; i.e., O[l|x = s] = 1. This
preservation of the identity is a crucial aspect of the formalism, one that will also be
of importance in the quantum theory, and it is more commonly called the ‘Faddeev-
Popov resolution of the identity’ [20,21] for the generalized clock x. Due to (1.88), the

resolution of the identity can be expressed as
T1
1=A, / dr 6(x(q(7), p(r)) — s) - (1.90)
70

We have seen that the relational observables recover the “frozen time” picture of
evolution, @ ~ 0. In what follows, we will discuss how the law @ & 00 /0T may be
recovered (cf. §1.9.1), as well as a picture of orbits in phase space that are generated
by a suitable Hamiltonian vector field (cf. §1.9.2).

30Tnstead of using integral formulas such as (1.89), Pons et al. show in [11] that invariant extensions
can be recovered from a limiting procedure for a one-parameter family of canonical transformations.
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1.9. Dynamics of relational observables

1.9 Dynamics of relational observables

1.9.1 Gauge-fixed evolution

As mentioned in §1.7, the relational observable O[f|x = s] is a worldline constant
that captures a single instant and is, therefore, “frozen” in time. Nevertheless, the
family of all relational observables that refer to the generalized clock x, O[f|x(Zy)] :=
{O[fIx = s],s € x(Zy)}, is clearly dynamical: it encodes the relational evolution of
on-shell worldline tensor fields (i.e., solutions to the field equations) for all the different
instants that are in the domain of the intrinsic chart. For this reason, one sometimes

refers to (the family of) relational observables as ‘evolving constants of motion’ [17].

From the definition (1.81), we see that the family O[f|x(Zy)] is equivalent to the
(image of the) gauge-fixed function f' = f(q¢’,p’; €’;7), which is a solution to (1.80). In
this way, each moment of time in the evolution of f’ in the generalized reference frame
of the observer is captured by the family of invariant extensions O[f|x(Z,)]. As each
member of the family Poisson-commutes with the constraint functions (cf. §1.8), their

evolution is captured by the equation [cf. (1.29)]

d 0 0
3Ol Ix = sl = 5-OlfIx = s] + {OlfIx = s], Hr} = 7-OlfIx = 3], (1.91)

which recovers the law @ ~ O /Ot discussed previously. As was mentioned in the
paragraphs that follow (1.81), this explicit time dependence signals that the family
of relational observables is not diffeomorphism invariant in a strict sense, as we may
consider the explicit gauge transformation . O[f|x = 7] = 52?)1'(9[ flx = 7]. Strict

invariance is only obtained for a fixed instant 7 = s (i.e., for each member of the family).

Can we compute the value of dO[f|x = s]/0s? The answer is yes. First, let us
note that the partial derivative of the relational observable is not, in general, equal to
relational observable associated with the partial derivative. To see this, consider the
example of the function f(q(7),p(7);7) = x(q(7),p(7)) + 7, which satisfies df /0T = 1,
and the associated relational observable is O[0f/Js|x = s] = O[l|x = s] = 1. In
contrast, we obtain O[f|x = s|] = f(¢*q(s),9*p(s);s) = ¢*x + s = 2s, such that
00|[f|x = s]/0s = 2 # 1. Second, let us define the convenient abbreviated notation
f$= f(q(1),p(7);e(7);s). Third, we use the integral formula (1.82) together with (1.84)
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to compute

SO =s1= . [ ar s(r o) (o). p(rYla(r) )i

= [Tar |12 g0t = ot +alr — o) 5

= [ S ot — st + 8l o)

T1 d d W a w
= ["ar ot oo | LU+ 2]

(1.92)

where we denoted w = w(q(7),p(7)) for brevity. The integration by parts needed to
reach the last line in (1.92) is permissible because we assume that x(q(70),p(70)) # s
and x(q(71),p(m1)) # s. Moreover, we obtain

dfv d w+1
= [ b - et

wtl w—+1 -
= o) fett —o(=1)fet +/ da ffié(az—w)+/ de 5(x_w)dd§
w—1 w1l
w+1 . d w1 )
— /w_1 dz f3 (—w)dxcs(x—w)Jr/w_l dz 6(z — w){f%, e(r)C}

w—+1

= (o) B a0 + [

w—1

dz §(x — w) [{ff,e(T)C} +w%

w+1
~ / dz 5(z — w) [e(MS7, O + LS, peYes]

w—1

= e(T){f¢, C} + {fS, pe}e—w »

such that (1.92) becomes

SOl =+
~ ["ar ot oo | Pents o+ Lotsimden+ | o
= [ ar it - o6 [l O + P b+ T

where we used (1.84), and we denoted w(¢(s)) = w(¢p*q(s),¢*p(s)). The derivative
of w(¢(s)) with respect to s is dw/ds = W|,—g5)dd/ds = {w,wC},_4) [cf. (1.29)
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and (1.84)]. Finally, we can rewrite (1.93) in two equivalent ways. The first reads

d
&O[flx = s

. ; (1.94)
~0 m \ = ] T (B Chrmots) + AT Pebrmots)emstss)

By virtue of (1.81) and (1.82), the evolution determined by (1.94) for the family of rela-
tional observables is the same as the evolution dictated by (1.80) for f' = f(¢',p’;¢’;7),
as it should be. As the evolution of gauge-fixed observables is well-defined, we see that
the evolution encoded in the family of relational observables is deterministic. Further-

more, we note that the second way to rewrite (1.93) is

d Al Of f
Souh=s~0| G

x:%, (1.95)

where H%f is the gauge-fixed Hamiltonian given in (1.65), with w = {w,wC}. Equa-
tion (1.95) is a central result of the classical theory of relational observables. In [11],
Pons et al. used another method to arrive at essentially the same result (at the classi-
cal level). In fact, the same result can be derived for general canonical gauge systems
[see (A.83)]. We also note that (1.95) is expected to be promoted to an operator
equation in the quantum theory in analogy to the Heisenberg picture of the usual (non-
invariant) treatments of quantum mechanics. In §2.5.1, we show that this expectation

is fulfilled and we discuss the notion of time evolution in the quantum theory.

The equivalence of (1.80), (1.94) and (1.95) implies that each can be used as a
description of dynamics in the generalized reference frame associated with the clock
field x. Nevertheless, in each of these equations, the Poisson brackets are evaluated with
respect to the (q(7),p(7), e(7)) fields instead of the pulled back (gauge-fixed) variables.
One enforces the gauge fixing 7 = ¢(s), as well as the constraints C' = p, = 0, only at
the end of the computation. For this reason, the evolution of observables is captured
by the law O = d0/d7 [cf. (1.91)], and one does not make use of Poisson brackets of
the invariants themselves; i.e., one does not impose the constraints before evaluating
the brackets. In what follows, we will see how the evolution of gauge-fixed or relational

observables can be captured by brackets of the invariant extensions.

1.9.2 The reduced phase space, the physical Hamiltonian, and the

physical worldline

Due to the presence of constraints, the auxiliary phase space I' plays only an ancil-
lary role in the theory. All physical motions satisfy the constraints and, therefore, are
defined in the subspace 3 (the constraint hypersurface) of I'. It is then reasonable to

seek a description of the dynamics that dispenses with the extra structure present in
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

the auxiliary phase space. At first, one could attempt to define the theory on X or
directly in the space of solutions S(7). However, we have seen in §1.9.1 that families
of relational observables capture the dynamics in their explicit time dependence, and
that relational observables (for a fixed instant) can be regarded as constant functions
on each gauge orbit [cf. the discussion that follows (1.81)]. For this reason, we can
alternatively understand the relational observables as functions on the space of orbits,
i.e., on the space of equivalence classes [S(7)] of solutions under the gauge transforma-
tions generated by G. This brings us to the question: can we define a Poisson-bracket
structure and a suitable Hamiltonian vector field on the space of orbits to describe the
dynamics of relational observables? The answer is yes [33]. Let us now analyze how

this can be achieved.

We refer to the space of orbits as the ‘reduced phase space’ or the ‘physical phase
space’, and we denote it by I'ppys. We assume that I'ppy is a smooth manifold and that
there exists a continuous surjection 7 from the space of solutions S(7), which we denote
by §, and the reduced phase space; i.e., 7 : § — I'phys. We can define the relational
observable O|[f|x = s] as the function

O[f‘x = 8] : thys — R

(1.96)

[S(T)] = f'lr=s = f(So(s); ) ,
for each solution Sp(7). Notice that we use the same notation in (1.96) as in (1.81)
without risk of confusion. Thus, there are three views on the relational observables: (1)
they are worldline constants; (2) they are constant functions on the gauge orbits; (3)
they are functions on the reduced phase space. In fact, any function that is invariant
under the transformations generated by G is constant along each gauge orbit and,

therefore, may be seen as a function on I'j,ys.

To define the Poisson-bracket structure and a Hamiltonian vector field in the re-
duced phase space, it is convenient to adopt a system of local coordinates in I'ppys that

are related to the relational observables. We proceed in a series of steps.

First, let S(7) = (¢(7),p(7), e(7)) be a solution to the field equations in an arbitrary
frame, and let x(q(7),p(7)) be a choice of generalized clock. Without loss of generality,
we can suppose that x(q(7),p(7)) = ¢*(7) (possibly after a canonical transformation).
We also assume that we can solve the secondary constraint C' = 0 for pi(7), the

canonical momentum conjugate to the clock, to obtain

pi(r) = —HZ(q(7),p(7)) , (1.97)
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1.9. Dynamics of relational observables

where ¢ denotes a possible discrete degeneracy of the solution.?! Evidently, the auxil-
iary phase-space function Hy (¢(7), p(7)) does not depend on p; (7). The solutions (1.97)
can be found if 0 # 9C/9p1 = {x,C}, which is the same condition for the complete
gauge fixing associated with the generalized clock to be admissible [cf. (1.77)]. As al-
ready mentioned, this condition is, in general, only satisfied in a certain region W of

the auxiliary phase space I'.

Second, let us collectively denote the canonical pairs that are different from (¢, py)
by (g, p). Then, a point in the auxiliary phase space reads (¢, p, e, pe) = (¢*, p1,q, D, €, pe),
whereas a point on the constraint hypersurface ¥ can be written as (¢*, —HY,q,p,e,0)
due to (1.97). We omit the last (vanishing) entry without loss of generality. Moreover,
as discussed in §1.6, the complete gauge fixing associated with ¢5x = 7 corresponds to

a choice of origin Sy(7) in each gauge orbit. We can write this gauge-fixed solution as

SO (T) = (Q*sql(ﬂv ¢:§p1 (T)7 ¢:§Q<T)7 (bgﬁ(’r)v ¢:§€(7_))
(7, —HY (¢5q(7), ¢5p(7); 7), 654(7), ¢5D(T), w(¢5q(7), #5p(7); 7)) (1.98)
(7—7 _¢§H;7 ¢TS'C.7(T)’ (Z)Z'p(T)v qbfgb.))

where we used (1.84) and (1.97) to write

¢5e(r) = w(sq' (1), 65p1(7), 54(T), 95p(7)) = w(P54(7), P5(T); T) -

It is straightforward to see that So(7) € ¥|, C X for each value of 7. As ¢5HY and
¢psw are functions of 7 and ¢5q(7), ¥5p(7) only, we conclude that the independent
initial values of the solution Sy(7) are given by ¢5q(s), p5p(s) (for a fixed value of
s), which correspond to (the images of) the relational observables O[g|x = s] and
O[p|lx = s]. In this way, a complete set of independent relational observables can be
seen as a set of invariant extensions of initial data [30,31]. For this reason, we also
refer to ¢5q(s), p5p(s) as ‘relative initial data’, and we denote Q := (¢5q(s), d5p(s)).
We assume, for simplicity, that the space of all possible values of Q is I' ¢ R2(d-1),
Furthermore, a general relational observable can be written in terms of the relative
initial data, O[f|x = s] = f(So(s);s), due to (1.96) and (1.98). The idea is then to use

the relative initial data as local coordinates in I'ppys.

Third, as mentioned after (1.80), we assume that the gauge-fixed field equations
(1.80), (1.94), or (1.95) are integrable, and that a unique solution Sy(7) exists for each
choice of (independent) initial conditions. This means that there exists a bijection &

between a choice of relative initial data at 7 = s and a solution Sy(7); i.e., we define

31For example, the sectors of positive and negative frequencies in the case of the relativistic particle
(see Chapter 3).
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E(Q) = Sp and E;71(Sy) = Q, where Sy : M — R stands for the function given
in (1.98) in the local coordinate 7. In this way, different choices of the initial values
lead to different solutions Sy(7), which are mapped to different gauge orbits by the
surjection .32 For example, we note that if one performs a global time translation

solely in ¢5q(7), ¢5p(7), one reaches the solution

So(7) = (1, —¢sHy , p59(T + €), psP(T + €), Ppsw) (1.99)

where € is a nonvanishing constant and the dependence of ¢5HY and ¢5w on o5q(T +
€), p5p(T + €) has been suppressed. The solution (1.99) is different from (1.98) because
the initial data differ, and it is not on the same gauge orbit of (1.98) because it does not
correspond to a pullback of Sy(7) (only the relative initial data are globally translated,
but not the clock ¢5x = 7).

Finally, as was mentioned after (1.75), the complete gauge fixing also corresponds
to a choice of section ¢ : T'ppys — &, £([S(7)]) = So such that mo £ : Tppys — Tphys is
the identity. In this way, we can consider the mapping I'phys 2 [S(7)] N So 5'5; Qerl
with the inverse I' > Q £ Sy 5 [S(7)] € Tpnys->® Assuming that it is, in fact, a
homeomorphism, we interpret this mapping as a choice of local coordinates in I'ppys,
which are the relative initial data. Incidentally, this implies that the dimension of I',p,ys
is 2(d — 1), which is equal to the number of dimensions of the auxiliary phase space
(2d + 2) minus the number of first-class constraints (2) minus the number of gauge
conditions in a complete gauge fixing (2). This is the standard counting of the number
of physical degrees of freedom in a system without second-class constraints [33]. As the
relational observables O[f|x = s| can be written in terms of the relative initial data, it

is sufficient to determine the Poisson-bracket structure in these local coordinates.

A straightforward way to simultaneously define the bracket structure and a Hamilto-
nian vector field in I'phys is to analyze the on-shell action, which is obtained from (1.32)
when the paths are restricted to be solutions to the field equations (and, in particular,

they are defined in the constraint hypersurface ¥). We find

b d ,
Son-shell :/ dr [Z pi(1)q" (1) — HY (q(7),p(7))x(T)| , (1.100)
@ i=2

where we used (1.97). Notice that (1.100) coincides with the on-shell value of (1.39).

321t is worthwhile to emphasize that the gauge fixing is a fixation of the functional form of the
fields via the pullback by ¢s, but it is not a fixation of the independent initial data that label different
solutions.

33Notice that, although £ o 7 : § — & is not the identity, we find that £ ' o £ o 7 0 &, is the identity
because the image of & is a gauge-fixed solution (the origin of a gauge orbit) by definition.
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Due to (1.11), we can rewrite (1.100) as

o570 [ 4 i(hels
Son-shell _/qj ds [sz(¢3(3>)dQ(¢S()) — H;(q(¢3(s)),p(¢g(s)))] . (1101)

gl(a) — ds

One readily recognizes (1.101) as the usual action of an unconstrained system with
degrees of freedom comprised of the relative initial data Q@ = (¢5q(s), ¢%p(s)). For a
fixed value of s, this leads to the definition of the Poisson bracket3

N~ 0f of
Uttt =3 (Gtasemamiot ~ amicemiontoswn) 01

for any two reduced phase-space functions f,g in the local coordinates Q in [ phys-
Furthermore, the on-shell action (1.101) also implies that the evolution of ¢5G(s), $5p(s)
with respect to changes in the value of s is a canonical transformation in I'pp,ys generated
by the vector field {-,¢5HY }r,, ., Where ¢5H is called the ‘physical’ or ‘reduced’
Hamiltonian. Notice that the functional form of the physical Hamiltonian will generally
differ for different gauge fixings. Moreover, the physical Hamiltonian coincides with
(the image of) a relational observable, ¢5Hy = O[H{|x = s|, which is the invariant
extension of the on-shell value of —p;(7). As any relational observable O[f|x = s| can
be written in terms of the relative initial data, we conclude that, instead of (1.95),
we can describe the evolution of the family of relational observables with respect to

changes in the value of s with the physical Hamiltonian vector field,

d

SOl = 5] = 2Ol =] + {0l = 8, O[HIx = sl}ry,, - (1103)

In this way, the evolution is described solely in terms of brackets of diffeomorphism

invariants.3?

Lastly, following the discussion in the Introduction, we define a region ~, of the
‘physical worldline’ Myys as the image of the solution So(7) for a fixed choice of

relative initial data. As Sp(7) is only valid in the intrinsic chart (U, x’) associated

34 A similar construction is reviewed in §A.3, where it is explained that the reduced phase space can
also be understood as the quotient space of the constraint hypersurface 3 by the orbits generated by
{,C} and {-,pc}.

3%In fact, the physical Hamiltonian can also be used to define the bijection £ between the relative
initial data at 7 = s and the solution So(7). For example, suppose that O[Hy |x = s| does not explicitly
depend on s for simplicity. Then, given a choice of Q = (¢5G(s), #5p(s)), we obtain a trajectory in the
reduced phase space via the invertible mapping Q — Q(7) := exp ((T —s){-, O[HY|x = s]}) Q, which
can be composed with the map that takes the function (worldline scalar) 7 — Q(7) to the (2d+1)-tuple
of functions (worldline scalars) that form 7 — So(7) [as given in (1.98)]. Notice that, for a fixed gauge
fixing (a fixed choice of origin in each gauge orbit), this map is invertible.
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

with the complete gauge fixing, the image is v, := So(X'(Uy)), which is invariant under
diffeomorphisms in M, since X'(U,) and So(7) are invariant [cf. (1.75) and discussion
after (1.77)]. More precisely, let A be a smooth intrinsic atlas on M. We note that
T = So(1) € ¥y C ¥ is a description of the physical trajectory as a parametrized
curve in the constraint hypersurface, and for any two charts (Uy,, X)), (Uy,, X5) in A
that are smoothly compatible (with U, NU,, # 0), a change of intrinsic coordinates
corresponds to a change of gauge, which induces a change Sy(7) = ng;S’o(T) in the
origin of the gauge orbit (it also induces a change in the local coordinates of I'ppys,
understood as relative initial data). This, in turn, is a reparametrization of the curve
in ¥. As So(7) is a (2d + 1)-tuple of worldline scalars [cf. (1.98)], its image is invariant
under diffeomorphisms, such that v, is insensitive to diffeomorphisms on the abstract
worldline or changes of gauge conditions. Furthermore, we see from (1.98) that 7 —
So(7) is a bijection onto its image; i.e., it is a bijection between U, and v,. We
then assume that the union U7y, =: Mppys is a smooth, one-dimensional manifold,
which we define to be the physical worldline. Note that M,y is constructed from
diffeomorphism-invariant (extensions of) quantities, which are the relational objects

that are accessible to any observer (see also the discussion in the Introduction).

1.10 Hamilton-Jacobi formalism

Before we proceed to the quantum theory, is it useful to discuss one of its closest
classical analogues: the Hamilton-Jacobi (HJ) formalism (cf. §A.3.3). It is defined by
a canonical transformation to the set of independent initial conditions. The generating
function reads F = S(q, P;e, Py; 7) — Q' P; — eg P., where the new canonical coordinates
are (@, P;eq, P.) and S is Hamilton’s principal function. The Lagrangian in (1.32) is
transformed according to p;¢* + peé — Hp = P,Q' + Py — Kp + dF/dr, where A(T)
is considered as an arbitrary multiplier. If we require that the new total Hamiltonian

vanishes identically, we find the HJ equations

= — , Q' = , 1.104

Pi= 5 Q P, (1.104)
0S 0S

Pe =750 €0 = op. (1.105)
0S oS 0SS

O_E—I_HT (q,aq,e,aeﬂ‘) . (1106)
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1.10. Hamilton-Jacobi formalism

As is well-known, Eq. (1.106) is the classical analogue to the Schrédinger equation.
Using (1.106) and Hr = eC' + A(T)pe, an ansatz for S is found to be

S(q, P;e, P.;7) := W(q, P) + (P. — ET) [e - /T dT/A(T/):|

—E/ dT’/ dr"\(7")

where the multiplier A\(7) is understood as an arbitrary function of 7, and we have

(1.107)

defined W as a solution to

oW
C (q, 8(]) —E, (E€R). (1.108)

We can evaluate Hamilton’s principal function on a solution S(7) = (¢(7),p(7), e(7))
to the field equations in order to find its on-shell value, Sy, shen- For any given solution
S(7), we must have p. = 0 and C = 0. Due to (1.105) and (1.108), the primary
constraint implies that 9S/0e = 0, whereas the secondary constraint implies that £ = 0.

If we impose these conditions on (1.107), we find
Son—shell = W(Q(T)7 P) . (1109)

We thus see that Sgpnshenl has no explicit time dependence; i.e., due to the imposition
of the constraints, we find from (1.106) that OSonshen/07 = 0. As we will discuss in
Chapter 2, this has a direct analogue in the quantum theory: physical wave functions
must be independent of 7, which is often interpreted as a lack of quantum dynamics [6].
However, the classical condition Sy shel/OT = 0 does not preclude evolution. It simply

implies that the on-shell value of Hamilton’s principal function obeys

d 8Vvon—shell i i
S Sunchel = ——on-shell i — i 1.11
ar hell aq q =Dpiq ( 0)

i.e., W is what is usually referred to as Hamilton’s characteristic function, and it is the

antiderivative of the Lagrangian featured in the actions (1.39) and (1.100),
Won-shell = /dT pid" - (1.111)

How are the new canonical coordinates (Q, P;eq, P.) in the auxiliary phase space

related to the independent initial conditions? First, we note that (1.105) together

63



1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

with (1.107) implies
eg=e / dr'X(7") , P. =pe+ ET . (1.112)

Thus, ep is simply the initial value of the einbein [cf. (1.30)], which is arbitrary due
to the arbitrariness of the multiplier A(7). Moreover, P. = 0 on shell. Second, to
determine the interpretation of (@, P), we note from (1.108) that the HJ analogue
of (1.97) is

oW b [~ OW
b1 = o' = —HX’E <q7 8q_;q1> ’ (1.113)

where we allow a general value of F, although E = 0 for any solution to field equations.
Notice that (1.113) is of the same form as the ordinary time-dependent HJ equation
[cf. (1.106)]. Here, the clock ¢' plays the role of time, and W can be seen as Hamilton’s
principal function for the variables (g, ), even though it is Hamilton’s characteristic
function for the whole system because it has no explicit dependence on 7 [cf. (1.109)].
From the discussion in §1.9.2, we know that the invariant extensions of (g,p) for a
certain value of the generalized clock comprise the independent initial data of the
system, which serve as local coordinates in the reduced phase space. Therefore, we can
choose d — 1 pairs among the (@, P) to be (functions of) the relative initial data, i.e.,
the initial values of (g, p) relative to the clock. Let us denote these pairs by (z, k), such
that (Q, P) = (z,k;t, h).

What is the interpretation of the remaining pair (¢,h)? To find the answer, let us
first note that, in terms of the new canonical coordinates, the Poisson bracket of two

functions in the auxiliary phase space reads

d
{f}g}:'z(af@g 8f89>+8f89 0799 | 0f 99 0F D9 (1

00t Ok; Ok oxi) T 0toh  Ohot | degdP.  OP. ey

=2
Moreover, the pairs (z, k) are invariants by definition and may be used as local coordi-

nates in I'ppys. Thus, the bracket (1.114) coincides with (1.102) if f and g only depend

on (z,k) and are, therefore, invariants. Subsequently, let us rewrite (1.104) as

oW

pi = a0 (i=1,...,d), (1.115)
. OW
J — — | —
x o; (1=2,...,d), (1.116)
08
t=or - (1.117)
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1.10. Hamilton-Jacobi formalism

Due to (1.113), we assume that we can invert (1.116) and use (1.115) to find
¢ =q (2. k¢ B, 0) , pj=pi(e, kg Byo) (j=2,....d) (1.118)

for fixed values of E and o. If we fix ¢! = s and E = 0, the quantities in (1.118) become
invariants (for a fixed value of s), which coincide with the relational observables. Due
to (1.103), we know that their evolution with respect to s is generated by a physical
Hamiltonian O[HY|x = s, which we assume may be written solely in terms of z, k and
s due to (1.118).

Finally, let us compute (1.117). We note that, without loss of generality, we can
consider that the parameter F in (1.108) is a function of the invariants z, k, as well as
of h and s; i.e., E = E(h,x,k;s). The simplest case is E = h. In general, we assume
that E = E(h,x, k;s) can be inverted for h such that we obtain

oF

h = —HU,(E,x,k‘;S) ) %

40, (1.119)

where ¢’ is a discrete degeneracy. This means that o # o, implies that Ho\(E, z, k; s) #
H"é(E, x, k; s) for all possible values of (F, z, k) and s. In this way, Eq. (1.119) is anal-
ogous to (1.97) and (1.113). In particular, we may choose H? (F, x, k; s) such that its
restriction to & = 0 coincides with the physical Hamiltonian O[HY |y = s, which is the
invariant extension of Hy. As E coincides with the secondary constraint [cf. (1.108)],
we conclude that h = —H "'(O,x,k) is a representation of the hypersurface C' = 0.
For later reference, we also assume that the function H% (E,z,k; s) in (1.119) can be

expanded in powers of FE,

H (E,z,k;s) = HY (z,k; s) + H{ (z,k; s)E + O(E?) | (1.120)
-1
HY (2, k;s) = — (gf) £0 . (1.121)

Evidently, for a solution to the field equations, we have the on-shell values £ = 0,
h=—-H?(0,z,k;s) = —H{(x,k;s). Using (1.119), Eq. (1.117) then yields

= aS — — aE _ i / / T / ™ 1 "
t=on =X~ 2n T(e /dTA(T)>+/ dT/ ar’A(m")| (1.122)
where
X = x(x,k; ¢ E,0) = %V]j (1.123)
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1. CLASSICAL DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

can be considered a function of ¢',z,k E and ¢ due to (1.118). Moreover, if we
use (1.112) together with (1.2) and é = A, we can rewrite (1.122) in terms of proper

time
OF
—¢ 1.124

such that y is a canonical representation of proper time (as an auxiliary phase-space
function) if E' = h, and ¢ is its “initial” value, which is arbitrary due to the freedom to
globally shift n. If £ # h and a more general relation is chosen [cf. (1.119)], then the
interpretation of y and t is less straightforward (see, however, the comments in §2.5.2).
Nonetheless, if H? is chosen to coincide with O[H7|x = s| (at least for E' = 0), then
x is a generalized clock that is conjugate to the physical Hamiltonian, which is the
invariant extension of the on-shell value of p;. In this case, x is not necessarily equal to
q' because p; is not generally invariant and, therefore, equal to its invariant extension.
Nevertheless, one may invert (1.123) to find the evolution of ¢* in terms of x or proper
time [cf. (1.124)]

¢ =4t (t—f—a x,k‘;E,J) . (1.125)

This implies that fixing ¢' = s corresponds to fixing x = x(x,k;s; E,c). If one in-
serts (1.125) back into (1.118), one may also express the other variables in terms of

proper time.

We have thus seen that relational observables and relative initial data can be re-
covered from the (off-shell) HJ formalism. In particular, the dynamics can be defined
regardless of the condition OSon shen/07 = 0. This is important because an analogous
construction of relational observables will be available (under certain circumstances) in
the quantum theory due to its similarity to the HJ formalism, and the 7-independence

of on-shell quantum states will be irrelevant to the definition of the quantum dynamics.

If one wishes to find the classical solution to the field equations using the HJ for-
malism, we suggest the following strategy (which will have its quantum counterpart;
cf. §2.5.5): first, find the solutions (1.118) and (1.125) using the simple choice E = h,
such that x is a canonical representation of proper time. For a fixed value of y, these
solutions only depend on invariants (z,k, E, o), and thus constitute functions on the
reduced phase space if F = 0. Second, a change of functional form of these solutions
via the pullback by a diffeomorphism can be described by the integral formula (1.89),
with which one may obtain the invariants relative to the generalized reference frame of

an arbitrary observer, instead of relative to the value of x.
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Chapter 2

Quantum Diffeomorphism

Invariance on the Worldline

We now discuss the quantization of the general theory presented in Chapter 1, and
we present a formalism for the construction and interpretation of quantum relational
observables by closely following the analogy with the classical theory and, in particular,
the HJ formalism.!

2.1 The auxiliary Hilbert space

The canonical quantization of the classical system defined by the action (1.32) is ob-
tained by promoting the fields ¢(7),e(7) and their conjugate momenta p(7),p.(7) to
self-adjoint operators ¢, €, p, P acting on a Hilbert space H, which we refer to as the
auxiliary Hilbert space in analogy to the auxiliary phase space I'. The inner product
(-|-) in H is called the auxiliary inner product, and we assume that the secondary con-
straint function is also mapped to an operator C that is self-adjoint with respect to

(-|-). The dynamics is given by the Schrédinger equation
im0 |g) = Fir ) (2.1)
or ’
where [1)) is a state in #H, and [cf. (1.30)]
Hy := éC + \(7)pe (2.2)

it the total Hamiltonian operator. The multiplier A\(7) is taken to be an arbitrary

c-number-valued function of 7, and [é, C’] = 0. The Schrédinger equation (2.1) is the

!This Chapter is based on [30,31,62].
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quantum counterpart to (1.106). Furthermore, we can also define the quantum gauge
generator [cf. (1.55)]

G = &(r)C + &(T)pe , (2.3)

where £(7) is an arbitrary c-number-valued function of 7. The quantum gauge orbits are
defined to be solutions to the equation i%d |1)) = G |1b) [cf. (A.89)], where § designates

a variation of the state at a fixed instant of 7.

In this construction, the quantum analogues of the constraint equations have not
yet been imposed. Classically, the primary constraint follows from the extremization
of action (1.32) with respect to the multiplier A(7), whereas the secondary constraint
follows from the preservation of the primary in time (ensured by the Rosenfeld-Dirac-
Bergmann algorithm; cf. §A.2.3). In the quantum theory, it seems reasonable to impose

the conditions
Pelr) =0, Cly) =0 (2.4)

as analogues of the classical definition of the constraint hypersurface. The condi-
tions (2.4) define the so-called ‘Dirac quantization’ procedure [cf. §A.3.4]. In analogy
to the fact that classical solutions to the field equations must satisfy the constraints, we
define the ‘physical’ or ‘on-shell’ quantum states to be solutions to the conditions (2.4),
and we denote them as |¥). There are two paramount consequences of this definition.
First, due to (2.3), physical states are automatically gauge invariant; i.e., G &) = 0.
Second, due to (2.1) and (2.2), physical states are annihilated by the total Hamiltonian,
and thus they are independent of 7, 9 |¥) /0T = 0.

The independence of on-shell states on the worldline time coordinate 7 leads to the
notorious problem of time in the quantum theory, as it seems to indicate an absence
of dynamics. However, we stress that 0 |¥) /0T = 0 is the quantum counterpart to the
classical condition OSon shen/O7 = 0. As we have seen in §1.10, this condition does not
mean that there is no evolution, but rather that the evolution is relational. Indeed,
we will see that the quantum evolution can be understood in direct analogy to the
HJ formalism (and its connection to relational observables and relative initial data),
and we will propose a method of construction and interpretation of quantum relational

observables.

2.2 To constrain or not to constrain? Stiickelberg’s
approach

Before we proceed to the definition of quantum observables and their dynamics, it is

worthwhile to mention an alternative to the Dirac quantization conditions (2.4) that

is sometimes considered in the literature [43-47]. As was discussed in §1.4, we can

examine a class of theories that can be globally deparametrized due to the introduction
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2.2. To constrain or not to constrain? Stiickelberg’s approach

of a “cosmological constant” A in the secondary constraint. Concretely, let

C = 5G9 @pin; + V() (25)

be the secondary constraint, and let the primary p. = 0 be tacitly solved. Subsequently,
introduce a “cosmological constant” term, C' +— Cp = 1/2G% (q)p;p; + V(q) — A. The
idea is to take A to be a free parameter instead of a fixed constant. As Cy is an initial
value constraint, the value of A is then determined by the initial conditions on the
scalars ¢, p (rather than by law).? In this case, the role of the constraint is simply to
assign a value to a constant (conserved quantity), which may be identified with the
total energy of the system. Indeed, following the discussion at the end of §1.4, we
see that this procedure corresponds to a deparametrization if we formally identify A
with the opposite of the momentum conjugate to a proper-time field, such that the
physical Hamiltonian that dictates the dynamics of the scalars is equal to Hppys =
C = 1/2G% (q)pipj + V(q) [cf. (2.5)]. If one quantizes Hppys, the result is an ordinary
(unconstrained) quantum theory, governed by the Schrédinger equation ihd |¢) /dT =
Cly).

The above deparametrization procedure results in the same quantum theory that
is obtained if we start with the constraint function (2.5), but instead of imposting the
Dirac condition (2.4), we allow the quantum states to be in arbitrary superpositions
of the eigenstates of C. In other words, the (secondary) quantum constraint is not
imposed and off-shell states are permitted in the quantum theory. Why is this so? In
the same way that the value of A (which is the classical value of C) is a constant of
motion that is taken to depend on the initial conditions of the scalars, the expectation
value (and other correlation functions) of C depend on the choice of initial quantum
state |1p). For certain peaked states, one can recover, for example, (C') = 0. Evidently,
this procedure rests on the assumption that a “free cosmological constant” exists (it is
determined by the initial conditions of the universe) or, equivalently, that a proper-time

field exists, which respect to which a global deparametrization is possible.

This approach to the quantization of a constrained system was originally proposed
by Stiickelberg in [43], in the context of the quantization of the free relativistic particle.
In this example, the “cosmological constant” is simply related to the particle’s mass,
A = m?/2, which is considered not to be fixed a priori, but rather determined by the
initial position and momentum of the particle. Over the years, Stiickelberg’s approach
has been reincarnated in various different proposals [44-47]. Although it is certainly an

interesting approach, it is a particular case of the general framework considered in this

2If A is considered as a fixed constant, it acquires the status of law in the sense that it defines the
constraint C'a, and its value determines which independent initial conditions on the scalars are allowed
by the theory.
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thesis because it involves a certain choice of worldline time coordinate (complete gauge
fixing) related to proper time, as was also mentioned in §1.4. We will see below that
this choice of time coordinate (and possibly others) can be, in principle, accommodated
in the quantum theory based on Dirac’s conditions (2.4) if one follows the analogy with
the HJ formalism discussed in §1.10.3

2.3 The physical Hilbert space

Our task is now to construct and examine the space of solutions of the Dirac condi-
tions (2.4). Since p. and C commute and are assumed to be self-adjoint operators with
respect to the auxiliary inner product, it is possible to find a system of eigenstates that

is complete and orthonormal with respect to (-|-); i.e.,

ﬁe |pe;E7 k> :pe ‘p€7E7k> 9 (26)
C |pe, E,k) = E |pe, E,k) , (2.7)
(0, E' X |pe, B,X) = §(pL, pe)d(E', E)d(K k) | (2.8)

where k denotes degeneracies* that can be regarded as local coordinates in the reduced
configuration or momentum space [i.e., they can be chosen to be either of the (z, k) co-
ordinates considered in the HJ formalism, cf. (1.114)], and d(-, ) is a Dirac (Kronecker)
delta if the labels are continuous (discrete). Let us denote a basis on the space of
solutions of (2.4) as |k) = [pe = 0, E = 0,k). This basis can be used to define on-shell,

gauge-invariant states. We find the auxiliary overlap

K'[K) = (p. =0,E = 0,K|p. =0, E = 0,k) = 6(0,0)5(0,0)5(k", k). (2.9)

As the primary constraint operator p. is assumed to have a continuous spectrum, the
corresponding factor §(0,0) in (2.9) diverges. This is physically irrelevant because the
physical solutions are those that satisfy the constraints [cf. (2.4)]. The auxiliary Hilbert
space H is taken to be a merely ancillary construct, similarly to the auxiliary phase
space in the classical theory. The divergence in (2.9) is simply a consequence of the
way H was defined. Moreover, if zero is in the continuous part of the spectrum of the
secondary constraint operator, the second 6(0,0) in (2.9) also diverges. This shows that
the auxiliary inner product is, in fact, inadequate, and we must regularize it in order

to define the norm of physical states.

3Tt is also worthwhile to mention Komar’s approach [63], in which the Dirac conditions (2.4) are
imposed, but the constraints are not self-adjoint, and the evolution is defined by an operator which is
proportional to the Hermitian conjugate of the constraints.

4We assume that the labels k are independent of p. and F.
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We can define the so-called Rieffel induced inner product (-|-) by requiring that the
states |k) are orthogonal (see [64-71]). Thus, we define

(p., E' X |pe, E,X) =: §(pl,, p.)d(E', E)(pl, E', X |pe, E, k) , (2.10)

where, in particular, we obtain

(K|k) = (p. =0,E = 0,K|p. = 0,E = 0,k) = §(K, k) . (2.11)

The induced inner product can be used to define the overlap of arbitrary physical states.

Given the superpositions

W) =) VoK) k) , (2.12)
k
their induced overlap is
(1) P2)) Z Ui (k)W) (k) - (2.13)

If the labels k are continuous, an integration replaces the summation in (2.13). In this
way, the induced inner product can be seen as the physical inner product on the space
of the superpositions (2.12). More precisely, we define the vector space of solutions

of (2.4) that have finite induced norm to be the physical Hilbert space Hppys.

Although the auxiliary Hilbert space and inner product are not physical, it is often
useful to express the induced inner product in terms of (-|-). Let us examine two possible

ways in which this can be done. First, we define the (improper) projectors

Pe, Z ’peaE k> <p67E k|
k (2.14)

pp;E’ppe,E = 5(p/e - pe)é(E’, E)ppe,E )

such that physical states satisfy [cf. (2.12)]

Py 5 10(12) = 8(pe)S(E,0) [W(10) (2.15)
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Notice that |pe, E, k) = |pe) ® |E, k), and we can also define

e = [pe) (el = 5 pes By ) (pe, B K /dpeﬁezi,
Ek

Pg:=) |E k) <E,k|zz/ dpe |pe, E,K) (pe, B k| , > Pp=1,
k k VT E

(2.16)

where an integral replaces the sum if E is continuous. Let us now adopt the sign e
to denote the action of operators with respect to (+|-), and let us use the short-hand
notation Py = Pp,—o p=o. Then, from (2.14), (2.15) and (2.11), we find

Po i |‘If(1,2)> = \‘1’(1,2)> )

. . (2.17)
PO o P() = Po .
This means that ]50 is the identity in Hpnhys. Now suppose that
@(1,2)(k) = <pe =0,FE= O,kW(1,2)> )
for some off-shell states [1(1 2)). Then, Eqs. (2.12) and (2.13) imply that
P 12>:P0|¢12> )
(2.18)

) = (s ) -

This establishes a relation between the induced and auxiliary inner products. Inciden-
tally, Eq. (2.18) is related to what is often called the “group averaging” procedure [69].

To see this, let us consider the particular case in which E spans the real line, such that

Po/ dpe/ AE B(p)3(E) B e B (e Bk

= L \pe ,i7C
= (27Tﬁ) /d)\depedE eriMeer Z |pe, E, k) (pe, E, K| (2.19)

1 > TC
(2 PE / d\ eﬁ / dr en

due to the fact that |p., F, k) are a complete system. Then, Eq. (2.18) becomes the
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“group averaging” formula®

1 o iy A o0 P A
)R ﬁ)2/ dA erﬂpe/ dr en™
Q —00 —00

Another way to express (-|-) in terms of (:|-) is obtained is by “gauge fixing” in the

(Y)Y (o)) = <¢(1) w(2)> . (2.20)

following sense: let us define the states

_ipy _igy [ dpe _i
h ‘G,E, k) = Ze h — € h Pe ’pe;E7k> . (221)
E

le,t, k) :=
oo 2Th

1
— e
V2rh ;
These states satisfy the properties

1
(pe = 0.E = 0,Ke,t,k) = 5 —-3(K. k) . (2.22)

ei*een™ et k) = e — A\, t — 7,K) . (2.23)

The second property is called ‘covariance’ [72-75]. Note that the values of ¢ should
be chosen so as to parametrize the unitary flow of C [75]. However, depending on
the properties of the spectrum of C' and its unitary flow, it may be impossible to
construct a complete orthonormal system (in the auxiliary Hilbert space H) from the
states |e,t,k) [72,75]. Nevertheless, it is sufficient for our purposes to assume that a
set of states with the properties given in (2.22) and (2.23) exists. Completeness and
orthonormality with respect to the auxiliary inner product are not mandatory due to

the ancillary character of . Let us then define the operator

[L = (27Th)2 Z |€ = 60,75 = to, k) <€ = 60,t = to, k| = QWhpe:eo,t:to s (224)
k

for arbitrary values of ey and ty. Due to (2.22), we see that the induced overlap of two

physical states can be written as

(U)W ) = (TP (g) , (2.25)

and this yields another relation between the induced and auxiliary inner products.

This can be regarded as a “gauge fixing”, in the sense that the states |e, ¢, k) can be

5If the spectrum of Cis discrete, it may be possible to obtain a formula that is analogous to (2.20),
where the integral over 7 is performed over a finite interval. For example, if E spans the integers, we
can integrate 7 over the interval (0, 27).
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used to define operators that are formally conjugate to the constraints if they form a
complete system [72,73,75]. Thus, fixing arbitrary values of ey and t( is analogous to
a classical gauge fixing procedure in which one fixes the values of the einbein and of a
canonical representation of proper time [cf. (1.122)]. Even in the case in which the set
of states |e, t,k) is not complete and orthonormal (in the auxiliary Hilbert space), we

still consider this analogy to be valid.

2.4 On-shell and invariant operators

The only operators that are physically relevant are those that act solely on Hppys
and, therefore, define linear transformations between physical states. We refer to such

operators as ‘on shell’. A general on-shell operator can be written as

O = }:Ok' ) K (K|

/ / (2.26)
_E:Ok Ype =0,E =0,K) (p. =0,E =0,k| .

Notice that f)e@ = @ﬁe =CO = OC = 0. More generally, we can define invariant

operators, which commute with the constraints, as

O =X [ dpe Ousll s ) e ) (e K (2.27)

E k' k

Clearly, on-shell operators are obtained from invariants by the relation

O = PyOuny (2.28)

such that O(k’, k) = Oy (K, k; 0,0). Furthermore, given an operator f that does not

commute with p. nor with C, we can define the invariant
A o0 A A A
O fsiny = Z/ dpe Pp..& f Pp..5 (2.29)
E —0o0

for which Opiny (k' k;pe, E) = (pe, B, K| f|pe, E,K). This is a well-defined operator
if Ofiny(k',k;pe, E) < 0o. The associated on-shell operator has the induced matrix
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2.4. On-shell and invariant operators

elements Of(k/, k) = (p. =0,E = 0, K'|f|pe = 0, E = 0,k) and can be written as®
Op = Py fBy . (2.30)

For our purposes, it will be sufficient to consider operators f that are defined solely from
the scalars ¢ and p, which commute with p. but not with C. In this case, f = f(4,p),
and we define [cf. (2.16)]

Ofjiny = 21h Y _ Pp f Py (2.31)
E

instead of (2.31). The associated on-shell operator is
@f = 27Thp0pr:0 = QWHPE:()JEPO (232)

instead of (2.30). What is the classical analogue of (2.31) and (2.32)7 To find the

answer, let us consider again the particular case in which E spans the real line, such
that (2.31) becomes”

oo
O fuiny = 27rh/ dE Pp f Py

= 21th / dEJE' §(E' — E)Pg f Py

= / dEdE'dr en™ ' -E) Py, § Py

- / AEAE'dr P ei ™ fe=i7C Py
&0 A A oA

= / dr eETCfe_ﬁTC , (233)
—00

where we used (2.16) to reach the last line. Notice that the integrand in (2.33) can
be regarded as an auxiliary Heisenberg-picture operator, that encodes the evolution
of f = f(¢,p) in terms of proper time.® In this way, Equation (2.33) is a quantum
version of (1.79), where the worldline time coordinate 7 is chosen to be the proper
time (1.2), and the integration limits are 79 — —oo and 71 — oo. For this reason, we
take (2.29), (2.30), (2.31) and (2.32) to be the quantum counterparts to the classical

invariants (1.79) (even in the case in which the spectrum of C' does not coincide with

5Tn [33], on-shell operators were considered with a different notation and they were called ‘projected
kernels’ (see Eq. 13.32 in [33]).

"See also [30, 53].

8The corresponding classical evolution is dictated by the gauge-fixed total Hamiltonian (1.65) with
w =1, such that Hqgf = (C'. This is referred to as the ‘proper-time gauge’.
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the reals?).

As we have argued in §1.7, the classical invariants that have a clear physical inter-
pretation are the relational observables. Therefore, we set out to construct quantum
relational observables as on-shell operators of the form (2.30) or (2.32). We present
three closely related methods of construction, and we examine the quantum dynamics

of the ensuing observables.

2.5 Quantum relational observables

We expect that quantum relational observables will satisfy a quantum version of the
classical evolution dictated by (1.95), which is based on the picture of observables evolv-
ing according to an explicit time dependence [cf. (1.91)]. As was argued in §1.9.1, one
evades the classical “problem” of time due to the fact that families of relational ob-
servables encode the gauge-fixed evolution in their explicit dependence on the worldline
time parameter and, as such, these families are not diffeomorphism invariant in a strict
sense (although each member Poisson-commutes with the constraints and is, moreover,
a worldline constant that encodes a fixed instant). In similar way, we will see that one
can construct a family of operators that commute with the constraints [and, therefore,
with the total Hamiltonian (2.2)], the dynamics of which is encoded in their explicit 7

dependence.

Furthermore, it is also reasonable to anticipate that quantum observables will obey
a counterpart of the classical reduced phase-space equation (1.103), which encodes their
evolution in the orbits generated by the physical Hamiltonian. Correspondingly, we will

see that one can, in principle, define a physical propagator in the quantum theory.

2.5.1 Proper-time evolution

Let us begin with the ‘proper-time gauge’ in which the classical, gauge-fixed total
Hamiltonian coincides with C' [cf. (1.65) with w = 1]. More general gauges will be
analyzed in §2.5.2 and §2.5.6. In the proper-time gauge, the classical einbein is equal
to unity [cf. (1.63)], and we consider that the corresponding quantum observable is
simply the identity operator [or, more precisely, the corresponding on-shell operator
is the identity in Hppys, which corresponds to Py; cf. (2.17) and (2.28)]. Let us then
take a general operator f = f(q,p; s) that depends solely on the scalar fields and on a
parameter s together with the “gauge-fixed” measure (2.24) with ¢y = 1 and tg = s to

9As was mentioned in footnote 5, it may be possible to obtain a formula similar to (2.33), where
the integral is performed over a finite interval if the spectrum of C is discrete. For instance, if E spans
the integers, the integral over 7 may be performed from 0 to 2.
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define the invariant operator [cf. (2.29)]

A~

. 1 . .
Oinv[f‘X = 3} = 5 Z/dpe Ppe,E [faﬂ]-i- Ppe,E , (2.34)
E

where [-, |4 is the anticommutator. Let us now use the fact that f commutes with p,
together with (2.16), (2.21), and (2.24) to rewrite (2.34) as

éinv[fb( = S] = ﬂ-hZPE [f,Pt:3]+pE ;
E

P, ::Z|t:s,k) (t=sk| .
k

(2.35)

In the particular case in which the spectrum of C is R, we can develop (2.35) in a

similar way as (2.33) to obtain

o0 .
i

~ 1 i A A A _is
Oumlfix =)= [ dr el Cf, Pyei . (2.36)

—0o0

Finally, we can rewrite (2.36) as'?

@inv[f\x =s|:= / dr e%Téfﬁ’t:se_%Té +h.c.
0 (2.37)

= / dr f(T)ptzs_T-i-h.C. )

— 00

where we used (2.23). We take Pi—,_; to be the quantum analogue of the gauge-
fixing Dirac delta in (1.89), even if the states |t,k) are not orthonormal.!! In this
way, Eq. (2.37) is the quantum analogue of (1.89) for the particular case in which
o — —00, 71 — 00, and the generalized clock x(7) = t + 7 is a canonical representa-
tion of proper time [cf. (1.124)],'? such that the Faddeev-Popov determinant is unity
[cf. (1.88)]. For this reason, we consider that (2.35) is the quantum counterpart to
the classical relational observable (1.89) in the proper-time gauge, even in the case in
which the states |e, t, k) do not form a complete orthononormal system in the auxiliary
Hilbert space H and the spectrum of C does not coincide with R. As was remarked af-
ter (2.23), the requirement of completeness and orthornormality in # is not obligatory

due to its auxiliary character.

10The abbreviation “h.c.” is a short-hand for “Hermitian conjugate”. Here, the term Hermitian
refers to the auxiliary inner product.

"Specifically, Pies—r = >, [dt 8(t — s + 1) |t, k) (¢, Kk|.

2Notice that T(7) = s implies that ¢ = s — 7, which is the condition enforced by P ..
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From (2.35), we define the on-shell quantum relational observables in the proper-

time gauge as [cf. (2.32)]

A

Olf|x = s] = 7hPy [f, Pi=s]4 Pe— - (2.38)

In particular, if f = 1, we can use (2.21) and (2.22) to find the quantum Faddeev-Popov

resolution of the identity,
O[l|x = s] = 2nhPyP,—yPp—o = Py , (2.39)

which is the counterpart of (1.90) because Py acts as the identity in Hpnys [cf. (2.17)].
Equation (2.39) also implies that, if f is itself an invariant, then (2.38) becomes

Olflx=s=FPf ; (2.40)

i.e., the on-shell relational observable associated with an invariant f = f(g,p) is simply

its restriction to the physical Hilbert space, as expected.

The quantum dynamics of (2.38) can be found by using (2.4), (2.23) and (2.32) to
obtain
@[f\x =s| = ThPy fﬁt:s Pp_o +h.c.
= 1hPy fe_ih(s_to)éptzto Pp_o +h.c. (2.41)
= Whpo e%(s_tO)éfe_%(S_to)épt:to PE:O + h.c. ‘

= Whp() f(s — tO)Pt:to PE:() + h.c.

where, in the last line, we defined the auxiliary Heisenberg-picture operator f (s—to) :=
exp(i(s — to)C/h) f exp(—i(s — to)C/h). If we now differentiate (2.41) with respect to

s, we find

Ld oA P Y« A
1h£(’)[f\x = s| = whP [Jidsf(s —to), Ptto] Pr_g

Jr
5 | Of ;- ; :
= mhFP, 1h% —i—[f,C”s_to,Pt:to Pr_g (2.42)
s—to +
A af A A
= hi =
0 [ingl +17.¢1x =4
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which is the quantum version of (1.95) in the proper-time gauge.'?

We can also define an analogue of (1.103) in terms of a physical propagator. More
precisely, just as (1.103) expresses the evolution of classical relational observables in
terms of orbits in the reduced phase space I'yys, we now seek a description of the
evolution of quantum relational observables in terms of orbits related to a unitary
flow in Hpnys. First, notice that (2.38) is symmetric with respect to the auxiliary inner
product by construction. It is also symmetric with respect to the induced inner product

because, given two physical states |¥(; 9)) = |pe = 0) ® |\il(172)> [cf. (2.12)], we obtain4

|O‘I’(1,2)> = @[flx =s|e "I’(1,2)> =7h|pe =0) ® PE:O[fa Pt:s]-‘r |‘I’(1,2)> ) (2.43)
(0T ()| Ta) = (U (1)|OF2)) = 7h (T 1y |[f, Pes]+ [T () -

If we assume that @[ flx = s] is not only symmetric but, in fact, self-adjoint with
respect to (+|-) (or that a self-adjoint extension can be defined) for all possible values

of s, then we can write its spectral decomposition as

@[f|X:S] :5Zf ]f,n;s> <f7n55| ’ (2.44)
fn

where the sums are formal and n are degeneracies. The states | f, n; s) form a complete

and orthonormal system in Hpys for all possible values of s by hypothesis; i.e., we have

(f's0'ss|f,n;s) = 6(f, f)o(n',n) , (2.45)
S olfms) (fgs|=Fy . (2.46)
fin

Incidentally, Eq. (2.46) is another representation of the Faddeev-Popov resolution of
the identity (2.39).

Given two instants s and sg, we define the physical proper-time propagator to be the
overlap (f,n; s|fo, no; sp). Formally, this has the correct properties: (1) due to (2.45),
it reduces to the identity kernel function in the limit s — sg; (2) it corresponds to a

unitary transformation in Hpyys in the following sense: if we define the physical states
W) = X W(Fim) [, ms50) and [Wis) i= X, W(fms s) £, s0), where

U(f,m58) := Y (f,m;8]fo,m0;50)¥(fo, o) , (2.47)

fo,mo

BNotice that po [f7 é}pt:to pE:() = pofépt:tu ]SE:().
“In the particular case in which f = 1, the second line of (2.43) coincides with (2.25).
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then they have the same induced norm

(U;5]W;8) = > |¥(f,m;9)
fn

= Z \I/*(fé,l’l6) (f67n6;50|fan58)

o, fo,no, f,nf

X (f7 n;s|f0,n0;50) \Il(f07n0) (248)
= > W(f5.np) (£ 10 0] fo, o5 50) ¥ (fo, o)

fo,mo, fj,ng

=) [¥(fo,mo)|* = (¥|T)

Jo,no

due to (2.45) and (2.46). We can regard |V; s) as the physical Schrodinger-picture state
with initial condition |¥;sg) = |¥), and its evolution given by the physical propagator
(f,m;s|fo,no; s0) is unitary due to (2.48). Moreover, we can write the matrix element
of (2.44) as

(#1550 |OLfIx = 51| f.mi 50)
— Z f// (f',n’;30|f”,n";s)( ”,n”;s|f, n, 50) 7

fl/7nll

(2.49)

which has the form of a kernel function for a (physical) Heisenberg-picture operator.
In this way, we see that the physical proper-time propagator (f,n;s|fo, ng; sp) encodes
the evolution of @[ flx = s| as a unitary flow in the physical Hilbert space, in analogy
to the physical Hamiltonian in (1.103), which encodes the evolution of the classical

observable as an orbit in the reduced phase space.

Before we proceed to discuss other gauges, a few comments regarding (2.45), (2.46),
and the definition of the physical propagator are in order. First, the physical propaga-
tor constructed above may be trivial. For example, as the observable O[1|y = s] = ]50
coincides with the identity in Hpnys [cf. (2.39)], its spectral decomposition is simply
>k [k) (k| [cf. (2.14)], and the overlap (k'|k) = 6(k’, k) of its eigenstates is indepen-
dent of s. This does not signal that the evolution cannot be defined in the physical
Hilbert space but rather that the observable in question is constant [cf. (2.44)]. Second,
in the classical case (1.103), it was possible for the observable O[f|x = s] to exhibit an
explicit time dependence in addition to its variation along the orbits generated by the
physical Hamiltonian vector field. This is also, in principle, possible in the quantum the-
ory, but the physical propagator (f,n;s|fo, ng; sp) constructed above encodes both the
explicit and implicit time dependence of O[f|x = s] [cf. (2.44)] because it is constructed

directly from the spectral decomposition (2.44) and we assume self-adjointness of the

80
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observable.'® Third, if we compute the propagators from two different observables in
the proper-time gauge, the resulting overlaps may be different. We take them to be
simply different representations of the physical propagator in different bases (complete
orthonormal systems in Hppys, which are determined by the spectral decompositions),

also in the case in which the observables have an explicit time dependence.

The above subtleties regarding the physical propagator are consequences of the fact
that we started with the proper-time gauge but did not quantize a physical Hamiltonian
directly. Alternatively, we could start by defining some invariant operator to be the
quantum physical Hamiltonian, such that, instead of solely the physical propagator, we
could derive explicitly the physical Heisenberg equations that are analogous to (1.103).

A possible formalism for this is discussed next.

2.5.2 Evolution in other gauges

Following the construction of observables in the HJ formalism (cf. §1.10), we can iden-
tify the states |k) and |x) = >, exp(—ix - k/h) [k) /v27h as the quantum analogues
of the (z,k) coordinates used in (1.114). The counterpart of the h and ¢ coordinates
can be defined as follows. For a moment, let us assume that zero is in the continuous
part of the spectrum of C, in order to follow the analogy with HJ formalism. We then
define h as the invariant [cf. (2.27)]

h= Z /dEdpe h(klkaPeaE) |p67E7k/> (Pe; E, K| (2.50)
k’ .k

which obeys the symmetry condition h(k’,k;p., E) = h*(k,K'; pe, E). As h commutes

with the constraints, it is possible to find a simultaneous eigenbasis |pe, h, n) such that

De |pe> h, 1’1> = Pe |pea h, n> >
é ‘p€7 h7 Il> - C(h7n) ‘p& h7 Il> I (251)
It[pe; h,n) = h|pe, h,m)

where C'(h,n) € R is the expression of the eigenvalue of C in terms of the eigenvalue
of h and the degeneracies n. As in the classical theory (cf. §1.10), we may choose
h to be the invariant extension of some operator with respect to a certain previously
defined gauge (e.g., the proper-time gauge analyzed in §2.5.1). In particular, if we

choose h = C , then we recover the proper-time gauge. In general, we assume that we

5Tnstead of (2.44), one could consider, in principle, a decomposition in which the eigenvalue f also
has an explicit dependence on s. This is not discussed here. See, however, the developments of §2.5.2.
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can solve C'(h,n) = E to find the real solutions

h=—H(E,n) = —HJ(n) — H (n)E + O(E?) (2.52)
H?(n) #0, (2.53)

at least if E is in an interval that contains zero. Equation (2.52) is a quantum ana-
logue of (1.119) and (1.120). Notice that the degeneracies n replace the classical (z, k)
coordinates, and we have assumed for simplicity that h does not depend explicitly
on s. Similarly to (1.121), we require that H{(n) # 0 for all values of n and o
[cf. (2.53)]. As in the classical case, o is a possible discrete multiplicity of the solution,
with H? (E,n) # H°(E,n) (VE,n) if o/ # . If h = C, then h = E and there is only

one multiplicity sector, which can be formally set to ¢ = 1. Furthermore, we define

1
NG [pe, E,0,m) = |pe,; h, 1)), _po(p ) (2.54)

where N' = N(E,0,n) is a normalization that can be determined by requiring that
the states |o,n) := |p. = 0, E = 0,0,n) be orthonormal in the induced inner product.

Indeed, using the auxiliary inner product [cf. (2.10)], we find

<p/ev hlv n/|p€> hv Il> = 5(p/e - pe)é(h, - h)(s(n,a Il)

2.55)
(Pl E',0' |pe, B, 0,m) (
= 5(p/e - pe)(s(El - E) A2 )
where
"B o B = N25., §(n’ 780 2.56
(pea aJ ,l’l |p6> 70’ Il) T 0",0' (1’1 ,Il) 8h ( ‘ )
h=—Hg(E,n)

Notice that 6(h’ — h) vanishes if A’ and h are evaluated in different multiplicity sectors
[cf. the explanation following (2.52)] and, for this reason, we include the Kronecker

delta 0,/ , in (2.56). If we now choose

_1
2

~|ac

N=\%n

, (2.57)
h=—HZ(E,n)

then, in particular, the on-shell states |0, n) satisfy (¢/,n’|o,n) = §,/ ,0(n’, n). More-

over, in a similar way to (2.14) and (2.16), we define

plgeaE = Z ‘pe; E’U7 Il> <p€7E7 g, Il‘ ) (258)
n
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[e.9]
Pg:=> |E,o,n)(E,0,n :/ dpe P7 (2.59)

— 00

Bpp:=Y P75, (2.60)

which are seen to obey P&:E,PI‘)’&E = 00/.50(p, — pe)O(E' — E)P;;E as a consequence
of (2.55) and (2.56). Subsequently, we can define the states [cf. (2.21)]
dh _ipy /dhdpe gy i
e,t,n) == | —— e " |e,h,n) = | ——— e e 1% |p, h,n) . 2.61
et = [ et e = [ G pehm) (260

which satisfy properties similar to (2.22) and (2.23)

N i o
n'le,t,n) = ——ertH7OM§(n’ n) | 2.62
(o 2] tm) = 5 (xf,m) (26
en’eei™ et n) = |e — \,t —7,n) , (2.63)
where we used (2.54). As before, we do not require that these states be complete or
orthonormal in the auxiliary Hilbert space, but we note that |e, ¢, n) = |e) ® |t,n), and

the label ¢ can be seen as an analogue of the coordinate ¢ that is conjugate to h in the
classical theory [cf. (1.117)].

To define relational observables, we start with the Faddeev-Popov resolution of the
identity [cf. (1.90)]. We take the quantum counterpart of (1.88) to be the on-shell
operator [cf. (2.30)]

o -2 ~ A ~
(Qg) = (27 h)2 B8 Paey 4 BT (2.64)

where P§ = P7 _ o gand Py =g = Y, le = 1, = s,m) (e = 1,¢ = s,n|. Using (2.62),
we then find

(Qg)_Q =Y " N?|o,n) (o,n] . (2.65)

It is straightforward to verify that the operators

(Qg)” =S " (N)*|ovn) (o], (2.66)

n

satisfy the relations

PO e (Qg)” - (Qg)p.Pg - (Qg)” , (2.67)

83



2. QUANTUM DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

07 e (Qg)fl - (Qg)*l o (7 =P . (2.68)

due to (2.56) and (2.57). In particular, we refer to (2.66) with p = 2 as the o-sector
(on-shell) Faddeev-Popov operator. Equations (2.64), (2.67) and (2.68) lead to

PS = (27h)*Q¢ Pz 4= (2.69)

which is the Faddeev-Popov resolution of the identity in the o-sector of Hppys. Notice
that (2.69) is a counterpart of (1.90). If b = C, then N = 1 [cf. (2.57)], 0 = 1, and
()7 = Py, such that (2.69) coincides with (2.39).16

Let us now define the corresponding relational observables. As before, we consider
an operator f that depends solely on the scalars ¢ and p. The corresponding on-shell

observable is defined to be

. )2 o .
Olfix = s) = Z N 0p(f By ] 07 (2.70)

2
In particular, due to (2.60) and (2.69), we find
Ollfx = 5] = By (2.71)

as it should be. Furthermore, if the spectrum of C is not only continuous but coincides

with R, we can define [cf. |pe, E,0,n) = |pe) ® |E, 0, n)]

1
N 1
()" =3 [ 48 sy 1B o) G Brcin

161t is important to emphasize that the quantum Faddeev-Popov resolution of the identity given
in (2.39) or (2.69) is a key feature of our formalism. In this way, we differ, for example, from the
other method proposed by Marolf in [53], where invariant extensions were defined in a way that did not
invariantly extend the identity operator to the identity in Hpnys, and thus the Faddeev-Popov resolution
of the identity was not reproduced. In the case of the relativistic particle (to be analyzed in Chapter 3),
the formalism of [53] leads to Oin[1]¢° = cs] = sgn(po) # 1. It is our opinion that reproducing the
Faddeev-Popov resolution of the identity in the quantum theory should be the correct procedure. It is
also worthwhile to note that (2.69) heuristically corresponds to “inserting a gauge condition operator”
into the (auxiliary) inner product. This is a procedure that was suggested in [33, 76].

84



2.5. Quantum relational observables

as well as the invariant observable [cf. (2.27)]

@inv[f’X - 8]
) ) R N 2.72
— (27;h) Z/dpedE P, E (Ai) “1f Peciams)+ (A;> “Ppr s 27

. W \1/2 . . .
such that QF = B7 (A;) and O[f|x = s] = BOulflx = 8] [cf. (2.28)]. As f
depends only on the scalars, we can develop (2.72) in a similar way as (2.33) and (2.36)
to find

Ol fIx = ] = / T dr o0 Blfx = 5] e H7C (2.73)
Olfx =] = %Z (A7) 1. Al (A7)" (2.74)

Equation (2.73) is a quantum version of (1.89) in the particular case in which 79 — —oo0,
71 — 00, and the generalized clock x(7) is conjugate to the invariant h. The initial

value of x(7) is t [cf. (1.124)], and we note that P,— is analogous to the gauge-fixing
1

Dirac delta in (1.89), whereas (A;) ? corresponds to the square root of the classical
A, given in (1.88). Inspired by this particular case, we consider that (2.70) is the
quantum version of the relational observable (1.89) in this particular y-gauge, regardless
of whether the states |e, t, n) form a basis in the auxiliary Hilbert space or the spectrum
of C coincides with R. However, the derivation of (2.70) required the assumption that
F is a continuous label. If this is not the case, one can, in principle, still fix the proper-
time gauge as in §2.5.1. It may also be possible to derive a similar construction as the
one presented here for more general gauges in the case of a discrete spectrum of C’, but
we do not pursue this, as most examples we will consider feature a continuous spectrum
(see, however, §2.7.2).

What can we say about the evolution of (2.70)? First, let us define the invariant
operator [cf. (2.52)]

fiyi= 03" [ dpedE H ) |pe. Boovm) (o] (2.75)

such that [cf. (2.52) and (2.54)]

(h+ Ho) Ipe. E..m) = E[~H{ (n) + O(B)]|pe. E. 0. n) 276
= C:)é |peaEa g, n> )
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where we also defined the invariant

5 Zz/dpedE [~ HY (1) + O(E)] |pe, E, 0,1 (pe, B, 0,1 . (2.77)

o n

The interpretation of Hy and & will be discussed below. Notice that (2.75) and (2.77)
imply that Hy and &C commute. Moreover, due to (2.66), we obtain

Q7 = Q7m0 = e (2.78)

for any c-number 7. Now, similarly to (2.41), we can use (2.63), (2.76) and (2.78) to

write

- 21h)? NP R
Olfix =51 = BT S Qg oy 07 + b
RN = A s ey i o
= { 7;) > Q7 ferntTohp_y yentTORG? L he, (2.79)

27h)? A a2 R
( 2) > 07 f(5) Pem1=1oQ + hc.

where we defined

f(s) == e%(s*to)‘:’éfe*%(sfto)&é , (2.80)

Pocipmgy i= enC0H0 P o= rlsmt0)Ho (2.81)

Notice that, since Hy only depends on the n labels [cf. (2.75)], Eq. (2.81) simply cor-
responds to a unitarity transformation (change of basis) associated with these labels.

If we now differentiate (2.79) with respect to s, we find

| ~

Ld 2 o [ d : o
1h£@[flx = 3] - ZQt |:1h f(s - tO) ; Pe—l,t—to] N Qt

o}

S

+ [fa djé”s—to ) pezl,t:to Q? (2.82)

+

which is the quantum version of (1.95) in the y-gauge. In this way, we conclude that @

is the quantum analogue of the (invariant extension of the) gauge-fixed einbein, which
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2.5. Quantum relational observables

was denoted by w(é(s)) in (1.94).17 In particular, if » = C, then y coincides with a
canonical representation of proper time. In this case, Egs. (2.52) and (2.77) imply that
& =1, as it should be, such that (2.82) coincides with (2.42).

Subsequently, let us note that, if Hy=0 (which is the case if, for example, h = C‘),
then the physical propagator has to be defined from the spectral decomposition of the
relational observables, as was done for the case of the proper-time gauge in §2.5.1.
However, if Hy # 0, then we can explicitly derive a physical Heisenberg equation
that is the quantum analogue of (1.103). To do so, we note that, in the classical case,
Eq. (1.103) was derived from (1.101), which implies the physical Hamiltonian generates
the evolution of the relative initial data. These data are invariant extensions of objects
that Poisson-commute with the generalized clock x and its conjugate momentum. In
the quantum case, we therefore consider the case in which f commutes with ﬁ, such
that, instead of (2.79), we write

A 27h)? NP R
Olflx =s] = ( 5 ) > 07 f Py 4= + e,
27h)? Ao n i . ; -
= 7; ) > Qffer st Py enttTORG? L he, (2.83)
(2mh)?

= OIS ety o 07 e

o

To cast this equation in a more useful form, we use the fact that (2.52), (2.51), and (2.75)
imply h|o,n) = —Hg|o,n) = —H{(n) |o,n), which leads to

[(Qg)p,ﬁo} ~0, (2.84)
due to (2.66). Thus, Eq. (2.83) becomes

A 2mh)? i 3 PPN A i A
Olfx = s = B ekl S Qg -y Qe e Lhe . (a5)

[

Therefore, Hy can be interpreted as the quantum physical Hamiltonian that generates
the evolution of the quantum relational observables with respect to s. In direct analogy

to the derivation of (1.103), we find the “gauge-fixed” Heisenberg equation

SOl =s]= 2O[flx =1+ (Olflx = 5], ] (2.86)

"Notice that the evolution determined by the classical gauge-fixed Hamiltonian (1.65) is given by
{f, H&"} = {f,wC} if f only depends on the scalars.
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from (2.85).'® Incidentally, notice that (2.86) and (2.82) are equivalent. We thus
conclude that, in the case in which Hy # 0, the physical propagator (for implicit time
evolution) is simply (the kernel function of) exp(—i(s — to)Ho/h). Due to (2.75), we
see that H is by definition symmetric with respect to the auxiliary inner product and,
because it is invariant, it is symmetric with respect to (-|-). If we further assume that

it is self-adjoint, then the evolution is manifestly unitary.

2.5.3 A useful particular case

At this stage, it is useful to consider a particular case that will be of interest in subse-
quent Chapters. Let us assume for a moment that the states |e, ¢, n) form a complete

orthonormal system in the auxiliary Hilbert space, such that the operator
X = Z/dedt tle,t,n) {e,t,n] (2.87)
n

is self-adjoint with respect to (-|-) and can be interpreted as a noninvariant operator
for the generalized clock. Furthermore, let us consider an f that commutes with y and
that the states |e, ¢, n) are the simultaneous eigenbasis of f and y (if they are not, then

one can simply redefine them) such that
fi= Z/dedt f(t,m)le,t,n) (e, t,n| . (2.88)

In this particular case, Eq. (2.88) leads to the decomposition

é[f‘X = S] = Zf(s7n) ’0-7 n; S> <07 n; S| ’ (289)
where
lo,n;s) == 27hQf e =1,t = s,n) . (2.90)

From (2.62) and (2.66), we find that the states |0, n;s) defined above are orthogonal

with respect to the induced inner product for every possible value of s,

(o/,n';slo,n; s) = 6, ,0(n', m) . (2.91)

18Recall that we have made the simplifying assumption that h does not depend on s.
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2.5. Quantum relational observables

Moreover, the Faddeev-Popov resolution of the identity (2.69) implies that they are
complete. Thus, |0, n;s) are the eigenstates of the relational observable (2.89), which
is self-adjoint with respect to (-|-). In this case, we can define the physical propagator

as (o/,n'; ¢'|o,n; s).

Since the states (2.90) form a complete system, any on-shell state can be written

as

) = 33 o) o, s s0) (2.92)

for a fixed value of s = sg. If we consider the (Schrédinger-picture evolved) state
|¥; s) = ZZ U, (n;s)|o,n;sg) (2.93)
(e n

where

U, (n;s) = Z Z (0,1m; 8|0, no; 50) Usy (ng) (2.94)

oo 1o

we find that the completeness and orthogonality of (2.90) for all values of s implies

(T3 5]T;8) = > ) |[To(n;s)|

= Y X" w (nf) (b, mhs solomi s) (0,13 5[00, 1o 50) Worg (1)

/ /
00,0(,0 No,Ng,N

= > > W, (mh) (0, 0|0, 13 0) T (m0)

! /
00,0 No,Ng

=D o (mo)? = (¥]¥),

oo no

similarly to (2.48). Thus, the norm of |¥) is conserved in the evolution determined by

the physical propagator (¢/,n’; s'|o, n; s).

2.5.4 An alternative factor ordering

It is worthwhile to mention that, instead of (2.70), one may choose to adopt an alter-
native factor ordering that has the appealing property that the invariant extension of
an invariant is itself. More precisely, notice that, instead of (2.69), one could write the

quantum Faddeev-Popov resolution of the identity as

~ ~ 2 . ~

P = 2nhi (ng ) P Pg_,
NS (2.95)

— 9nhPS_ By, (Qg) ,
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such that the quantum observables would be alternatively defined as

A Ao 2 A f Do

Ounlflx =s] =mh>_ (Qt> B fPg_, +hec. . (2.96)
Then, given an invariant operator of the form

F=>>Y / dpedE f7(pe, E,0',n) pe, E,0,0) (pe, E,oomn| ,  (2.97)

o n’,n

where we assume the integrals can be performed, we find @( mlflx =s] = Pyf. This
is, in fact, the result obtained for the proper-time gauge [cf. (2.40)], but for more
general gauges the factor orderings (2.70) and (2.96) will generally differ. Nonetheless,
we will not consider (2.96) in what follows because it is not straightforwardly related
to conditional probabilities, whereas we will see that (2.70) is (cf. §2.7). Since we
consider conditional probabilities to be an appealing and intuitively clear approach to

the quantum dynamics, we will thus favor (2.70).

2.5.5 A strategy

In analogy to the strategy suggested at the end of §1.10, we propose that (integrable)
models with quantum diffeomorphism invariance [in the sense of (2.4)] can be treated
as follows: first, one solves the eigenvalue problem for the constraint operators and
determines the spectrum. Second, the dynamical solutions can be found in the proper-
time gauge following §2.5.1. Third, If the spectrum of C is continuous, one can use
the method of §2.5.2 to find the dynamical solutions in more general gauges (i.e., with
respect to more general generalized clocks). To do so, it may be useful to choose h
to be the invariant extension of an operator with respect to the previously computed
proper-time gauge. This corresponds to choosing a new generalized clock which is
conjugate to h. This may seem to be a restrictive choice of clock because only clocks
that are conjugate to invariant operators are obtained in this way. However, as every
physically meaningful solution can be expressed in terms of the relational observables
(invariant extensions), this is, in fact, a sufficiently general procedure. We consider
that a quantum choice of gauge is admissible if it is defined from an h operator as
in (2.52) and, in particular, it must obey (2.53), which is the quantum counterpart
to the classical condition (1.77). Moreover, the solution (2.52) should be valid for all

possible values of n, without introducing restrictions on the span of these labels.

Notice that, once the solutions are found in the proper-time gauge, choosing a (new)
h among the observables in this solution (and, therefore, a new clock) is the analogous
procedure of a diffeomorphism of a certain solution Sy(7) in the classical theory, which

corresponds to a change in the origin of the gauge orbit (cf. §1.6). We take this analogy
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seriously, and we further discuss the physical interpretation of the quantum dynamical

solutions (relational observables) and the interrelation between different gauges in §2.6.

2.5.6 A perturbative procedure

There may be situations in which it is difficult or even impossible to determine the
eigenstates of the constraint C exactly. In Chapters 5 and 6, we will examine the case
in which the on-shell states can be defined in perturbation theory. Although it is, in
principle, still possible to define the induced inner product as in (2.10) or (2.20), and the
observables as in (2.38) or (2.70), these constructions often became complicated in the
perturbative case. For this reason, it is worthwhile to consider similar constructions,
which, as we will see in Chapters 5 and 6, can be defined in perturbation theory via
an iterative procedure. In analogy to the classical Faddeev-Popov resolution of the
identity (1.90) and to our previous quantum definition (2.64), we suggest that the
perturbative inner product for a pair of perturbatively defined on-shell wave functions
W (1.2)(q) be of the form

1

1 * 1
(v [9) =5 [aa (abwq) Vst - b v (2.98)

where dg = []; dq’, x(q) is a configuration space function that serves as a choice
of generalized clock,' and J is the Jacobian determinant %’qjj) for the invertible
configuration-space coordinate transformation ¢ — (x, F'). The label o is a possible
discrete multiplicity, in analogy to (2.64), whereas /i, is a ‘measure’ [analogous to (2.66)]
that should be determined in perturbation theory and should: (1) ensure that (2.98) is
positive-definite; (2) ensure that (2.98) is conserved relative to changes in s, such that

the dynamics is unitary.

In Chapter 5, it will be proven that a perturbative measure that satisfies the two
criteria above can be defined and, furthermore, that it corresponds to a quantization
of the classical Faddeev-Popov determinant associated with the choice of x(gq) as a
generalized clock [cf. (5.68)], such that it is indeed analogous to the Qg operator defined
in (2.66). It is important to note that similar definitions to (2.98) have been considered
in [33,51,76,77]. In [51], the unitarity of the perturbative theory and its connection
to path integrals were examined in an expansion in powers of i (up to the “one-loop”
order A'). In Chapters 5 and 6, we will not develop perturbation theory relative to
h, but rather relative to a heavy mass scale (e.g., the Planck mass). Moreover, the
previous proposals did not discuss the definition of relational observables.?’ Here, we

propose that, in analogy to (2.70), the quantum observables be defined via their matrix

19 Although it is possible to choose more general (phase-space) functions as generalized clocks, the
choice of x(g) will be sufficient in the perturbation theory developed in Chapters 5 and 6.
20See, however, [78] for a related discussion.
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elements as
. 1 o 1
(w011 = 5] W) =3 [ (adwiy) Fol6ix(a0) - Didvgs) . 299)
This definition will be useful in the perturbative formalism of Chapters 5 and 6.

2.6 A tentative set of postulates

Given the preceding formalism for the construction of the physical Hilbert space, the
quantum relational observables and their dynamics, we now require a physical inter-
pretation. As was mentioned in §2.5.5, we take the analogy to classical theory (and,
in particular, the HJ formalism) seriously, which leads us to the conclusions: (1) the
quantum dynamics should be understood in relational terms; (2) observers may choose
generalized clocks which define generalized reference frames, with respect to which they
record the dynamics of the quantum fields. From these determinations, we suggest a

set of tentative postulates below.

2.6.1 Proper-time quantum mechanics

First, the results of §2.5.1 [in particular (2.42)] show that one can, in principle, define
the quantum dynamics relative to the proper-time gauge. Even if no other choices of
generalized clock are available in the quantum theory (e.g., due to the properties of
the spectrum of C’), the possibility of analyzing the proper-time dynamics suggests the

following set of postulates:

1. The quantum state of a diffeomorphism-invariant quantum system corresponds

to a ray in the physical Hilbert space Hppys.
2. Observables are self-adjoint on-shell operators.

3. Observers who employ the proper-time clock (or, more precisely, a clock that keeps
track of proper time) record the dynamics of worldline tensor fields according to

the relational Heisenberg-picture operators [cf. (2.38)].

4. If the system is in the state |¥), a measurement of f relative to the proper-time

clock results in an eigenvalue f of @[ flx = s] with probability

|(f, n; 5[ 2)[?

G (2.100)

pu(f) =

where | f,n; s) are the eigenstates of O[f|x = s] [cf. (2.44)].

5. After the measurement, the state of the system is updated to |f, n;s).
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The reader will readily notice that these postulates simply correspond to a kind of
“proper-time Copenhagen interpretation”, which clearly is to be taken with a cer-
tain degree of skepticism, as, most notably, the measurement problem is not solved.
Nonetheless, the above set of postulates are admissible in the sense that they can re-
produce the usual results of quantum mechanics if its “preferred” time parameter is

identified with proper time (see, for instance, §2.7.2).

2.6.2 Quantum diffeomorphisms and changes of quantum reference

frames

If more general clocks can be chosen (for example, by following the formalism of §2.5.2),
we can modify the postulates of §2.6.1 as follows. Whereas postulates 1 and 2 are

unaltered, we now suggest:

3. Observers who employ a certain generalized clock record the dynamics of worldline
tensor fields according to the relational Heisenberg-picture operators [cf. (2.70)].
This defines the quantum generalized reference frame associated to the observer’s

choice of clock.

4. If the system is in the state |¥), a measurement of f relative to the generalized

clock results in an eigenvalue f(s,n) of @[ flx = s] with probability

|(o,n; s|W)|?
Z o) (2.101)

where |o,n;s) are the eigenstates of O[f|y = s] [although we use the notation
of (2.89), we do not necessarily require that the particular case considered in
§2.5.3 be realized].

5. After the measurement, the state of the system is updated to |o,n;s) in the

generalized reference frame of the observer.

Evidently, these postulates are speculative. However, they are a straightforward ex-
tension of the usual formalism of quantum mechanics. In particular, the update (or
‘collapse’) postulate (the fifth postulate) refers to a specific generalized reference frame.
This raises the question of what the state is perceived to be from the standpoint of other
observers, who might employ different clocks and, therefore, refer their measurements
to different reference frames. First, let us clarify that the update postulate is taken in
the sense of a preparation of the state of the system. Once the system is prepared in
a certain state, different observers in various reference frames might perform different
measurements and, thus, lead to new preparations. Second, since we assume that the
observables are self-adjoint, their eigenstates |o, n; s) form a complete orthonormal sys-

tem with respect to which the components of any on-shell state may be computed. For
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this reason, we suggest that the induced overlap (o, n;s|¥) should be regarded as the
representation of |¥) in the quantum generalized reference frame associated with the
x-gauge. This leads to the conclusion that a transformation between quantum refer-
ence frames is simply a change of basis in Hnys. Indeed, let us consider two admissible
gauges, x1 and Yo, such that the eigenstates of the corresponding relational observables
are |o1,11;X1), |02,n2; x2). A state in the reference frame defined by x; is expressed

in the frame of Yo through the equation?!

(o1,m15x1|¥) = Z2(017111;)(1\02,n2;X2)(027n2;X2\‘I/) :

o2 12

It is important to mention that the study of different notions of quantum reference
frames and “relational quantum clocks” has been a topic of active research [73-75,
79-83]. Noteworthy is the approach of [75,79-81], which establishes a framework in
which different choices of reference frames can also be related, and in which the direct
quantization of gauge-fixed field equations in different gauges leads to different Hilbert
spaces that can be mapped to one another. Indeed, the main goal of [80] was to connect
the physical Hilbert space constructed from the Dirac quantization procedure [cf. (2.4)]
to the various Hilbert spaces that can be obtained if one quantizes the gauge-fixed
field equations [without explicitly invariantly extending quantities through (1.89), for
example|. The construction of these Hilbert spaces may be involved. They were related
to one another in [80] by isometries called “trivialization maps”.?? The position taken
in [80] was that one can only fully grasp the relationalism of the quantum theory if
both the Dirac quantization and the various gauge-fixed Hilbert spaces are studied
simultaneously and connected via isometries. It is interesting to note that, in a related
early investigation [51], Barvinsky showed that the path integrals related to the physical
Hilbert space of the Dirac quantization program can be related to the path integrals
associated with the various gauge-fixed Hilbert spaces. He also analyzed the canonical
(operator-based) quantum theory semiclassically (at “one-loop” order A'). Both [51]
and [80] (and the related subsequent articles) can be seen as possible formalisms that

relate different quantum reference frames.

We take a different position in comparison to [80]. In the framework described
here, the Dirac quantization program and its associated physical Hilbert space are
sufficient, and encode all the relational aspects of the quantum theory. There is no
need to consider the various gauge-fixed Hilbert spaces in order to ascertain the different

relational aspects of the theory. Notice that this is just as in the classical case: the

2!'Notice that the physical propagator (o,n;s|oo,no;so) is a particular case of the matrix
(o1, 1n1; x1|o2, n2; X2), but one changes the value of clock instead of switching clocks.

22These maps are akin to constructions that had been considered earlier in various contexts, such
as those of non-Abelian gauge fields in [84] or quantum canonical transformations in [85].
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relational observables can be seen as functions on the (single) reduced or physical phase
space of the theory (cf. §1.9.2), just as the quantum relational observables are operators
that act on the (single) physical Hilbert space. The different formalisms of [51,74,75,83]
also signal, nevertheless, that it is possible to accommodate various choices of reference
frames in a single Hilbert space (which was referred to as the “Dirac-Wheeler-DeWitt
formulation” and the “perspective-neutral” or “reference-system-neutral” framework
in [51] and [80], respectively). Our formalism provides a concrete realization of this
idea, and it is based solely on standard concepts and techniques used in canonical

gauge systems (cf. Appendix A).

In what follows, we assume that the particular case analyzed in §2.5.3 holds; i.e.,
one can define a self-adjoint x operator. In this case, we will show how the relational
observables (2.70) can be related to conditional probabilities and, in particular, to
the Page-Wootters formalism, which is one of the most popular approaches to the
quantum mechanics of systems without an external (or preferred) time parameter. We

also comment on the relation of our framework to other formalisms of the literature.

2.7 Conditional probabilities

Assuming the particular case of §2.5.3, let us take another point of view on the quantum
relational dynamics. Instead of working with the invariant observables and the physical

Hilbert space, let us define

[(x = s, n¥)/”
Yonl(x=s,nW)*

pe(nly =s) = (2.102)

to be the conditional probability of observing a value of n given that x is observed
to be equal to s. In (2.102), we denote |x =s,n) = |e=1,t=s,n). The idea is
that the relational theory can be expressed in terms of conditional statements. This is
reasonable because the classical relational observable O[f|x = s] can be regarded as a
conditional quantity, as they encode the value of f based on the condition that y = s.

From (2.102), the conditional expectation value of f is defined to be

Eg[flx=s]:=)  f(s;n) pu(nlx =)

<x1: ‘fﬁX:s \1:> (2.103)
(sfpc]s)
where we used (2.88) and PX:S = Ae:u:s. To make contact with the formalism based

on the physical Hilbert space, we note that (2.103) can be rewritten in terms of the
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induced inner product as [cf. (2.17)]

(‘I’ ‘pE:OfPX:SPE:O‘ ‘I’)

Eg[flx =s] = (\11 (2.104)

PEZOPXZSPEZO‘ \IJ)
Furthermore, due to (2.33), we also obtain

(\IJ ‘ffooo dr e%TéfPX:sef%Té
Ey [f‘X = 5] = <

v)

which resembles the classical formula (1.89). Can we relate the quantum relational

00 ir¢ A _i a
\I/‘f_oo dr en™ Py—ge" 5"

observables (2.70) to conditional quantities? The answer is yes. First, let the quantum

average of an on-shell observable be

) v |O|w
<(9>\P = <(\L|\I‘j)) , (2.105)

where |U) is the state of the system. Second, notice that the projectors (2.58) can also
be written as [cf. (2.90)]

Pg .= Z lo,n;s) (o,n;s| . (2.106)
n
In this way, the probability that the system is in the o sector is

pu(o) = <15E:o>@ . (2.107)

Now, using (2.70), we obtain

(Olfhx=s]), =D pu(o) v

and if we define

1W,) = QF o |T) | (2.108)
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then we finally find

pE:Ofo:sPE:0’ \1’a>
pE:OpxzspE:O‘ ‘I/a>

FPys \11(,>

(Olfx=1s]), =Y pulo) 7

- (\Ifo

= _pu(0) <%

<\I/U Pees \Ifg>
From (2.103), this leads us to the result
<@[f\x = 8]>\p => pu(0)Ey, [flx =5, (2.109)

which means that the average of @[ flx = s] is equal to a weighted sum of the condi-
tional expectation values of f in each multiplicity sector with respect to the redefined
states (2.108). In particular, if |¥) is in a definite multiplicity sector o = o, then
pw(0) = 0s,0, and the average of the relational observable is identical to a conditional

expectation value. Furthermore, if we require that the state is normalized,

1= () = (v ‘1550:0( W) =275 (Vo | Pres

Uoy) (2.110)

then the representation of |¥) in the reference frame defined defined by the generalized

clock x becomes a conditional probability amplitude,
(00,13 8 9)? = 2mh| (x = 5,0[ W) 2 = pu,, (nly = s) . (2.111)

due to (2.102) and (2.110).

It is important to note that (2.109) implies that the quantum relational dynamics
can be described in two equivalent ways. First, one can use the conditional expectation
values of worldline tensor fields in a definite multiplicity sector. This is the ‘gauge-
fixed point of view’. Second, one can use the physical Hilbert space and the quantum
relational observables (2.70), the averages of which manifestly invariant under diffeo-
morphisms. This is the ‘invariant point of view’. These two perspectives were first

discussed in [75] for a particular example that we examine in §2.7.2.

Despite the vast literature on conditional probabilities in timeless quantum me-
chanics [75,86-93] and on the definition of observables [17,33,75,76,78-80,94-98], the
connection between these two topics has only recently been addressed in [99] and [75],

where different formalisms to the one presented here are used. As we have already
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mentioned, our new formalism is, in principle, capable of dealing with general gauge
choices for general (integrable) models, and it follows directly from standard techniques
of canonical gauge systems (cf. Appendix A). Thus, we believe the connection estab-
lished here between our method of construction of quantum relational observables and
conditional probabilities adds to the literature, and further illuminates the interpreta-

tion of the relational character of the quantum dynamics.

Incidentally, Barvinsky also claims that the formalism he presented in [51] is related
to conditional probabilities (cf. page 294 of [51]). Nonetheless, our formalism does
not, in principle, require the restriction to a semiclassical expansion in powers of h.
Furthermore, the dynamics in [51] was restricted to what we call a definite multiplicity
sector, 0 = oy and, as a result, a perturbative form of unitarity could be established.
The case here is similar because the averages (2.109) (which evolve unitarily, cf. §2.5.3)
are only equal to conditional expectation values in definite multiplicity sectors. Lastly,
we note that if the perturbative inner product (2.98) is used, then the conditional

probabilities may be defined as

v

STSIE

(2.112)

1 (A; >* A
pu = e ) fu
(W) (q)=s

for a definite multiplicity sector, in analogy to (2.109).

2.7.1 Invariant extensions of states

Let us now suppose that one adopts the gauge-fixed point of view and works solely
with conditional probabilities. In this case, it is important to note that definition of
conditional probabilities from on-shell states is ambiguous. To see this, we use the

factorization
(x = s,n|¥) = {(s)Y(s,n) , (2.113)

suggested by Hunter in [100] in the context of Born-Oppenheimer systems (cf. Chap-
ter 5 and Appendix B). We refer to 1(s,n) as a conditional wave function because the

conditional probabilities (2.102) can be written solely in terms of ¥ (s, n),

[¥(s,m)[?

—En W(s,n)|2 . (2.114)

pu(n|x =s) =
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The ambiguity in the definition of (2.114) is seen from the fact that it remains invariant,
together with (2.113) under the redefinitions [see also (B.13)]

&(s) = XTI (s)

. 2.115
U(s,n) = e PGy (s m) | (241

with a(s),B(s) € R. What are the consequences of this ambiguity? Consider the
case in which an observer is able to determine the conditional probability distribution
that corresponds to a certain state preparation at an instant s = so (cf. §2.6). This
distribution determines all the conditional predictions the observer can make regarding
the relational dynamics and, as a result, it is analogous to the classical relative initial
data. In other words, just as the relational evolution is classically determined by
a choice of relative initial data, the quantum relational evolution (at least for the
particular case of §2.5.3) is determined from a certain conditional distribution at a
moment s = sg. This correspondence leads us to ask: if all that is known is the
conditional distribution, is it possible to relate it to an on-shell state? If so, can we
determine what the (Schrodinger-picture) state will be in the future? Below, we show

that both questions can be answered affirmatively.

First, let us assume that ¥ (sp,n) = (x = sg,n|y) is a conditional wave function
that yields the known conditional distribution via (2.114) (i.e., up to the redefini-
tions (2.115)). Now consider the on-shell state

W,) == (27h)2Q7 e QT Py, ) . (2.116)

Equations (2.90) and (2.91) imply

(271)% Py—sy Q1 @ QI Py = Py (2.117)
which leads to
Pyesy [W5) = Pyms, [¥) (2.118)
which is the same as
{(x = s0,1[¥;) = ¥(s0,m) . (2.119)

This means that the on-shell state |¥,) is an invariant extension of the initial con-
ditional wave function. In other words, Eq. (2.116) produces an invariant state that
coincides with (s, n) at the initial instant. In analogy to the classical theory, we then

refer to |U,) [or, in a slight abuse of terminology (s, n)] as the relative initial data for
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2. QUANTUM DIFFEOMORPHISM INVARIANCE ON THE WORLDLINE

the quantum evolution. Notice that the “invariantization” map is a projector,
(27h)*0 @ QTP Q7 e QT P, ) = (27h)%Q7 e QWP —, (2.120)
where we used (2.117). Furthermore, if we now evaluate

(x = 5,0|U;) = > (0,15]0,0p; 50)1) (50, M0) , (2.121)

ng

we see that, for s #£ sg, the state ¥, leads to an evolved conditional wave function, and

its evolution is dictated by the physical propagator.

We can interpret the quantum relative initial data (invariant extensions of states)
in a relational manner, similarly to the relational observables. They determine the con-
ditional probability distributions in a diffeomorphism-invariant way, and correspond to
the value of a certain conditional amplitude relative to the value sy of the generalized
clock. It is worth mentioning that Woodard has suggested the use of an “invarianti-
zation” scheme to obtain solutions to the quantum constraint equation [76], but his
approach did not specify the factor ordering that defines the Faddeev-Popov resolution
of the identity [cf. (2.69)]. In the semiclassical approach of [51], Barvinsky has also
suggested that gauge conditions (here, the generalized clock) should be used in the
fixation of initial data for solutions to the quantum constraints. There have also been
more recent proposals related to ‘G-twirls’ and ‘relativization maps’ that were put forth
in the context of quantum information and quantum foundations [73, 74,82, 83]. We

will comment on how our formalism is related to them in §2.7.2.

2.7.2 Recovering the Page-Wootters formalism

The Page-Wootters formalism is one of the most actively researched approaches to
timeless quantum mechanics [75,86-93], and it is based on the use conditional proba-
bilities. For this reason, it is paramount that we verify what the relation between our
method and this approach is. We will see that our formalism can be regarded as a

generalization of the standard Page-Wootters setting.

In most applications of the Page-Wootters formalism, one assumes that the con-

straint C is of the form

~

C

C(4,p) = Cay (G p1) + C>1)(4: D) (2.122)

where the operator C(~1)(¢,p) depends solely on ¢',p; for i > 1. This corresponds
to the situation in which the variables ¢! and p; describe a “laboratory” (C'(l) is the

“laboratory Hamiltonian”), whereas ¢, p; for i > 1 constitute degrees of freedom of the
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2.7. Conditional probabilities

a system (with Hamiltonian C’(>1)) to be studied relative to the standard of time of the
laboratory. In other words, the purpose is to recover the usual Schrédinger equation
for the subsystem based on an external “laboratory” time parameter. The typical
procedure is to choose a variable ¥ = x(¢',p1) that is conjugate to C(l)(dl,ﬁl) (and,
therefore, to C’) as a generalized clock, conditioned on which the evolution is analyzed.
In this way, we note that y corresponds to the “laboratory proper time” and, in fact,
can be identified with the proper-time gauge discussed in §2.5.1 for whole system [in

the particular case in which C is given by (2.122)].

It is important to mention that a connection between the Page-Wootters conditional
probabilities and an approach to quantum relational observables was first noted in [75]
(see also the earlier remarks in [93,99]) for the constraint (2.122) and generalized clocks
that are formally conjugate to 0(1)@1, p1). Specifically, the case of x as a “covariant
positive-operator valued measure (POVM)” was analyzed in [75]. Here, we will instead
follow the formalism presented in §2.5.1 and §2.5.2.%% Below, we disregard the primary

constraint p., which plays no role in the calculations.

First, we note that é(l) is an invariant, and we may define h := C’(l) (cf. §2.5.2).
However, we do not need to assume in this case that the spectrum of C' is continuous
because of the simple form given in (2.122). Indeed, let us consider a complete or-
thonormal system of simultaneous eigenstates of C’(l) and C’(>1), which we denote by
|E1), E(>1),n). The counterparts of (2.51) and (2.52) are

é |E(1)7E(>1)7n> = (E(l) + E(>1)) |E(1)7E(>1)7n> )
h|Eqy, E>1),n) = Eqy |Eq), E>1),1) ,

and h = —H(E, E(>1y,n) = E — E(>1).24 There is only one multiplicity sector (o = 1).
Notice that, in this case, Ho(E(>1),n) = E(~1), and the counterpart of (2.61) reads

1 _i
X E(>1),n) = \/ﬁ e mPmXx ’E(1)>E(>1)7n> . (2.123)
Eq)

If we define PE:() = ZE( |E(1) = —E(>1),E(>1), n> <E(1) = —E(>1), E(>1), Il’ and

>l)7n

23 After the release of [31] (on which part of this Chapter is based) and its submission by the author
of this thesis for publication, a generalization of [75] to “relativistic settings” appeared in [101]. The
results therein are complementary to the ones presented in [31] and in the beginning of this section
(§2.7), but, in contrast to [31] and §2.7, they are still restricted to a particular class of gauge choices
(which have trivial Faddeev-Popov determinants). In the future, it would be interesting to compare
the formalism presented here to the one proposed in [75,101].

24We assume that F and E(y) are labels of the same type (discrete or continuous) and that the
equation £ = E(1) + E(-1) can be solved for E(;). The solution is given by h. For example, if both E
and E(;) are continuous labels, whereas F(~1) is discrete, then the restriction of h to the case in which
E = 0 corresponds to a restriction of h to a set of discrete values given by —E(~1).
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A

P = ZE(>1>,n IX = 5, E(>1), 1) (X = 5, E(>1),n|, we can define the relational observ-
ables as in the proper-time gauge [cf. (2.38)]

Ouwvlflx = 5| =7hY_ Pp[f, Py=ils Pr
E (2.124)

A

Olflx = 5| = 7hPr—o [f, Py=s]s Pr—o .

Since there is only one multiplicity sector and the on-shell Faddeev-Popov operator
is the identity in the physical Hilbert space [compare (2.124) to (2.70)], Eq. (2.109)

reduces to
(Olflx=sl), = Eulflx =3, (2:125)

such that the averages of relational observables coincide with conditional expectation

values.

In particular, if F spans R, we find

[e.9]

Omv[d'|x = s] = / dr ¢'(1) ® Py—s—r (2.126)

—00

where

i

G'(1) = en"Cengiemn Tl |

similarly to (2.37). Equation (2.126) is the result of the ‘G-twirl’ employed in [75],2°
and it also resembles the “relativization” operation used in [73,74,83]. Furthermore,

the dynamics of O[¢*|y = s] is found in analogy to (2.86),

d A Z 1 i Z jay .
@O[q Ix = 5] = E[O[q Ix =s],C=py] (i >1).

These are simply the standard Heisenberg equations in the nonrelativistic quantum
mechanics for the degrees of freedom ¢’, p;. Thus, we see that our formalism is capable of
recovering the standard quantum theory. This is not, however, the standard derivation
of the evolutionary law in the Page-Wootters approach. Usually, one focuses on what

is, in our terminology, the Schrédinger picture for conditional wave functions. Here,

25The G-twirl operation is also sometimes used for spatial frames of reference (associated with
generalized rods) [82].
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this is obtained by noting that (2.123) leads to

. d o ;
ih Ix=s4"=Colx=s4d), (2.127)

where |x = s, ¢') is simply obtained by a change of basis in the space of the ¢, p; degrees

of freedom,

X=5d)=[x=5& EZ |B(>1),m) (E(>1),ml¢’) - (2.128)
(>1)

Then, for any on-shell state |¥), the evolution of the conditional wave function (s, ¢*) :=
(x = 8,q"|¥) [cf. (2.113)] reads

iﬁ%w(s,qi) = <x =5,q
(

C“(>1)’ \I/> (2.129)

which is the standard Schrodinger equation (with respect to the value s of the “labora-
tory proper time”). Eq. (2.129) is the usual Page-Wotters derivation. This is consistent
with (2.121), which shows that (invariant extensions of) conditional wave functions (the
quantum relative initial data) evolve according to the physical propagator. In this case,
the propagator can be found by noticing that O[q¢’|x = s] can be written in terms of
the states [cf. (2.124)]

lq's 5) == V2rhPg—g |x = 5,q") , (2.130)
which yield the expected result

(¢";5'l’s ) = 2mh <X =54 PE:O‘ X= S’qj>

= Y ("B, e 1 FenE By nlg) (2.131)
E(>1),1’1

— <q/z‘

due to the assumption that the states |E(-1),n) are complete and orthonormal in the

e—%é(>1) (S’—S)

@) (5 >1),

space of the §*, p; degrees of freedom.
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Chapter 3

The Relativistic Particle as an

Archetypical Example

In order to illustrate the formalism of Chapters 1 and 2 with a simple and well-known
example, we now examine how the classical and quantum relational dynamics may
be understood for the free relativistic particle. We emphasize that the dynamics is
relational, both in classical and quantum levels, and we show how to obtain the nonrel-
ativistic limit of (quantum) relational observables. This will serve as a prelude to the
weak-coupling expansion method used in Chapter 5. Moreover, we will analyze other

interesting examples in the context of cosmology in Chapter 4.1

The free relativistic particle is perhaps the most emblematic example of a system
with worldline-diffeomorphism invariance. We first construct the classical relational
observables for a relativistic particle with mass m and we discuss the nonrelativistic
limit. Subsequently, we present the quantization of the system and discuss the quantum
relational observables, their dynamics and their nonrelativistic counterparts. Inciden-
tally, the nonrelativistic limit will also serve to introduce the concept of weak-coupling

expansion, which will be paramount in Chapters 5 and 6.

3.1 Classical theory

3.1.1 Obsevables

The dynamics of a massive relativistic particle is defined by the action [cf. §1.4]

b
dg# dg¥
S = —mC/ dr —nul,?? s (31)

!This Chapter is based on [30].
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3. THE RELATIVISTIC PARTICLE AS AN ARCHETYPICAL EXAMPLE

where we assume that the particle moves in a Minkowski spacetime with d + 1 dimen-
sions [and signature (—,+---+)]. The d + 1 fields ¢*(7) = (ct,q) serve as the scalars
considered in Chapters 1 and 2. The field equations

@* = n"pur/—1prdPd (3.2)

imply the initial value (primary) constraint

2 2 22
by P m-c
2c2 + 2 * 2 ’ (3:3)
where the constants p, = (%t,p) correspond to the canonical momenta. We can

solve (3.2) in a relational way by expressing the evolution of the fields in terms of
a generalized clock. For example, for an arbitrary worldline coordinate 7, if we choose

t(7) as the clock, we obtain

q(r) = qla) = —(t(1) = t(a))  (p: #0), (3.4)

ala) = a(r) + =2(t(r) — t(a)) , (3.5)
Pt
c? 2
Oc(r) [q(T) + ?f(t(T) - t(a)):| = 5e(T)q(7) + ?f56(7)t(7)

2
/ .. C'P Pt
= — P A __r =0
5(7') Nox4"q [p s 02]

holds due to (3.2). It is also possible to invariantly extend ¢(7) and ¢/(7) (j = 2,...,d)
with respect to the generalized clock defined by ¢!(7). The result is

t(a) = t(r) + C%(ql(r) —q'(a))

qf'<a>:qﬂ'w)—%(ql(ﬂ—q%a)) G=2,...,4d),

(3.6)

with p; # 0 (see, however, the discussion in §3.2.5). Since these gauges are conjugate

to invariants, we can follow §1.10 and express the relational evolution in terms of the
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3.1. Classical theory

Poisson brackets

dq(a) _ p
8t(a) - _E - {pt,q(a)} ) (37)
otla) _ m

¢t (a)  py ={p1,t(a)} , (3.8)

with a similar result for ¢/(a) (j = 2,...,d). In §3.2.3 and §3.2.5, the quantum versions
of (3.7) and (3.8) will be derived. We can also rewrite (3.5) and (3.6) via the integral

formula (1.89). For instance,

q(a) = q(7)|r=a = /00 dr §(7 —a)q(7)

—00
2/ dr

_ /Oo dr |ped(t(r) — t(a))a(r) -

—0o0

st - ttaya(r (39)

Lastly, it is worthwhile to note that the nonrelativistic limit of the invariant extensions

can be obtained by performing an expansion in powers of 1/c2. The result is

—ar) - Pietr) ~ el + 0 () (3.10)
omn/1 %
o) = t(r) - T ) — g
— )~ 2 ) - @) + 0 () (3.11)
7'(0) = ¢ (1) = 26" (7) ~ (@) - (3.12)

One readily notices that the above quantities are the Newtonian relational observ-
ables; i.e., they are invariant extensions that encode the relational evolution of the
field q(7) and ¢(7) in the limit in which ¢(7) evolves as a “preferred” clock. Moreover,
Eq. (3.11) corresponds to the so-called time-of-arrival observable. It yields the value of
t(1) (Newtonian time) at which ¢'(7) = ¢*(a) (see [80,102] and references therein for

a discussion).

3.1.2 On-shell action

In order to understand the nonrelativistic limit in the quantum theory, it is useful to
first discuss the HJ formalism (cf. §1.10). To this end, it is sufficient to consider the
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3. THE RELATIVISTIC PARTICLE AS AN ARCHETYPICAL EXAMPLE

on-shell action, which can be computed if we write the constant momenta p,, in terms
of the boundary values ¢(a), ¢*(b). Evaluating (3.3) and (3.4) at 7 = b, we obtain

o= —oVp2E +m2ct | o=+1, (3.13)
2\ b) — q(a))?
(1 + me02> =1- M : (3.14)

Notice that sgn(f) = —sgn(p;) = 0 = const. due to (3.13) and (3.2), and this implies
that |t(b) —t(a)| = o(t(b) —t(a)). If we insert the solution (3.4) in (3.1) and use (3.13)
together with (3.14), we find the on-shell action

W (ct(b),a(b); ct(a),a(a)) := Son-shel = ———==(t(b) — t(a))

_ (a(b)
- —m02|t(b) — t(a)|\/1 — m
= e/ H@F (@B _a@?.  (315)

which is the well-known result from the special theory of relativity. Equation (3.15)
also solves the HJ constraint [cf. (1.108)]

S @) e

If we now expand (3.15) in powers of 1/c?,

W (ct(b), q(b); ct(a), a(a)) = —omc?(t(b) - W\/ 20 — ta)?

— —ome(t(b) — Ha)) [1 _ al®)

we find that

S0 byt a(e) = G ADID o (L) @y
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3.2.  Quantum theory

is a solution to the HJ constraint in the Newtonian limit

5y * o <ais<2>>2 -o(3) (319)

at order ¢’. We note that the structure of the constraint (3.19) is identical to the

ordinary time-dependent HJ equation (1.106), where ¢(b) plays the role of a “preferred”

time coordinate (with respect to which the system can be globally deparametrized).
This implies that S, coincides with the on-shell action of the Newtonian theory. If
we proceed to compute relativistic corrections (higher orders in 1/c?), we find that
S, is a solution to a corrected constraint that can be regarded as a “Newtonian” HJ
equation with an effective Hamiltonian, which follows from the expansion of (3.13). In
the quantum theory, the corrected Newtonian HJ equation corresponds to a corrected
Schrédinger equation with an effective quantum Hamiltonian. This is an elementary
example of a general perturbative procedure (‘weak-coupling expansion’) that will be

analyzed in Chapter 5 and applied to the early Universe in Chapter 6.

3.2 Quantum theory

Following the developments of Chapter 2, we first define the auxiliary Hilbert space
‘H for the relativistic particle and, subsequently, discuss the definition of the induced
inner product. In this case, we can simply define H = L?(R¢H!, dctddq), such that the

auxiliary inner product reads?

Woolbw) = [t [ ala iy (ctabe(cta).

The self-adjoint constraint operator

A 1, 1. m2c?
C = —2762])% + §p2 + 9 ) (320)
has the eigenstates
1 i 2.2 2,41 )| o7P4A
(ct,q|o, p,mec) = <hﬁexp —oVpic + m2ctt | enPq | (3.21)
T 2

2Tt is useful to perform a brief dimensional analysis. The dimensions of the central objects in the
1

quantum theory are [h] = %1125 [q#} = La [p#] = %7 Hqﬂﬂ = L_%a Hpﬂ‘>] = 1T§ 1> where Lan and

LZM32
T are units of length, mass and time, respectively. Furthermore, if (¢)|1)) = 1, then [|1))] = 0. Lastly,

notice that ©(z) (the Heaviside step function) is dimensionless.
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The positive and negative frequency sectors are labeled by ¢ = 41, respectively. From

2.2 22

(o, p/,m'clo, p,mc) = \/p?+ m2c25, ,6(p' — p)d (m; 20 ) : (3.22)

we can define the induced inner product (cf. §2.3) [53,67]

(U P 7mc’0a p,mc VP 2 +m 2¢2 50’0 p - p) (323)

and the improper projectors [cf. (2.14), (2.16) and (2.59)]?

d

Rl \/P P+ mec2

|o, p, me) (o, p, me| (3.24)

which have the matrix elements

/
p A
<t, p' | Pom
C

)=

(3.25)
pt p’ OPt
e (-2 .
. ( et ) o\~
3.2.1 The nonrelativistic limit of the induced inner product
If we now define |ct, q; 0, m) := Amm lct, q), then
(Ctla q,7 OJ» m|Ct7 q;o, m) = 50’,0’ <Ct/7 q,‘pd,m|0ta q> . (326)

follows from (2.18). This amplitude is the quantum analogue of the on-shell action,
as can be seen from an expansion in powers of /. Alternatively, we are interested in
an expansion in powers of 1/c? and in the lowest order (the nonrelativistic limit). A

straightforward calculation yields

(ct’, q"al m|ct, q; o, m)

i 2 i
e—ﬁamc2 1+m%62 (t,_t)eﬁp'(q/*q)
27Th d“mc R 14
m202
. .2
= et fomete— / 5 ;;)d e
mwnmc Rd ™

ﬂ)*

3The projector ﬁavm given in (3.24) has dimensions of [ngm] = ( T (inverse momentum

squared). For this reason, if (U|¥) = 1, then |¥) has dimensions of momentum.
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% erP(@=a) 4 0 <13>
c

50”,0’

_ia_ 2041 _ 1
= e et ”Kg<t’,q’;t,q>+<9<c3> : (3.27)

where the pre-factor of 1/(hmc) ensures that the dimensions are correct and

S E T .

Wl

K, (¢, dst,q) = | ==
(t.dt.q) <27riﬁa(t’—t))

is the nonrelativistic propagator that solves the Schrodinger constraint, and it is anal-
ogous to the Newtonian on-shell action defined in (3.18). Moreover, Eq. (3.27) is
analogous to (3.17). We conclude from this that the power series in 1/¢? yields similar
results in the classical and the quantum theory. Although this is certainly expected,
we will see in Chapter 5 that this power series is a particular example of a more general
weak-coupling expansion, and we will see that the analogy between the classical and
quantum theories is not only present in more general models, but also allow us to define
the inner product and unitarity of the gauge-fixed quantum theory, as was discussed
in §2.5.6. A central result will be the connection between the inner product that is
conserved by the evolution given by the corrected version of (3.28) and the classical

Faddeev-Popov determinant.

3.2.2 Quantum relational observables and their relation to the

classical expressions I

As we will be interested in explicitly showing how the quantum relational observables
for the relativistic particle are related to their corresponding classical expressions, we
follow the formalism presented in §2.5.2, which is particularly useful for this purpose.
For convenience, we define the states |2, p;o,m) := Ag,m |B£, p), such that the matrix

elements of on-shell observables read

/

/
p A | Pt p
<Ct,p/;a',m Ow‘cap;aam> :27Th<ctap,

Pt Py m ’pt,p> : (3.29)
c
and the Faddeev-Popov resolution of the identity is

/
m<f%,p/
C

s - Y Pt B P
Pa’,mw[l‘X—S]Pa,m ?7p —50’,0 ?7p

Pa,m‘pct,p> . (3.30)

Let us begin by considering the classical gauge ct(7) = ¢s. As it is conjugate to the

invariant p;/c, the corresponding quantum gauge fixing can be defined from the results
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3. THE RELATIVISTIC PARTICLE AS AN ARCHETYPICAL EXAMPLE

of §2.5.2, such that we obtain

olf@let =es)i= Y- [ % fla)loass) (ovais] (3.31)
o=+ Rd

1 A
‘o <—"Cpt) It = ¢s,q) . (3.32)

bt

lo,q; s) =

One readily notices that (3.32) and (3.31) imply that (3.30) is fulfilled. Indeed, we can

write
p/
27rh<t,p’
c
d’q op} op;
=0 _ _ _ et
U’U/Rd (2mh)4 @< c )6( c >

. . 12 2 2.2 2 2 2.2
X e%S(m—pé)e%q'(p—p’)g _& + pi + m-c ) _pit + pi + mc
2c2 2 c

/
o0 (-2)o(-2)

pgx,md) [1|ct = cs] po‘,m ’&, p >
c

1

ool
DDt | 2
9 €
C

where the result follows from the q integration and (3.25). Similarly, the matrix el-
ement of the relational observable of q in the gauge ¢t = cs is given by the kernel
function [cf. (3.31)]

/
27Th<];tap/ Py m@ [d|ct = cs] PU,m)pctvp>
1
op, ope\ | PPt | isp—py) [ O /
5. of_ _OPEN (PP st [P O 5 3.33
U’0®< c>®( c) 2| iodp (p—p) (3.33)

X(; _L?+£+m2c2 5 _L?+g2+m262
2c2 2 2 2¢z2 2 '

Although this may seem slightly complicated, it follows from the theory developed
in §2.5.2, with which we can establish a relation between (3.33) and the corresponding
classical observable (3.5) as follows: we choose a pair of test functions ¥ (; o) (p—ct, p) that

have compact support in momentum space and satisfy 11 2)(0,p) = 0. For notational
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3.2.  Quantum theory

convenience, we also define

Uip(P) = Yy (~ovp2+m2,p) .

The matrix element of the relational observables with respect to the test functions is
[cf. (3.33)]

27Th2<

Umw[ lct = es] gm‘w >

dp/dp %U) )(P)

gz;/ p’2 +m2c?)1 ( 2+ m2c2)

o o nieo (VPREmE /R mEe?) 825(13 -p) (3.34)
P

_ d?p s o\
=Y o Voo (W)

Subsequently, notice that

0 0
*¢E71 2) (p) = *w(m) (&,P>

op op c Pty /p2tm2c?
2
c’p 0 be
+ P Y(1,2) (*;P)
bt Op¢ c Pt—_ g\ /pP4+m2c2

implies that (3.34) is equal to

27Thz<

Py falet = es) o |2 )

dpt d p; | p? 22

= [ty (5 7P)5< 22Tt

p 0 p Czp} 2

x |ih— +ip2 L _ZPs_jpc P ,
[ op ' pe Opr pi 2p?2 w@)( p)

In other words, the matrix elements of the relational observable associated with q in

the gauge cf can be obtained if one inserts the operator

0 p 0 ch cp
iyt 2 CPg P 3.35
op pt Opr Dt 2p? (3:35)
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into the induced inner product (+|-) in the momentum space representation of the pair
of test functions 9y o) (%,p). One readily verifies that (3.35) commutes with C and
is symmetric with respect to (-|-), such that it is symmetric with respect to (:|-). This
is consistent with the developments of §2.5.2. If we identify q(7) — iha@p,t(ﬂ —
iha%t,t(a) — s, then (3.35) is a symmetric quantization of the classical relational

observable (3.5), as we wanted to show.

3.2.3 Dynamics and nonrelativistic limit I

The dynamics of O|[q|ct = cs] = 2mhY ., Py i [dlct = ¢s] Py can also be as-
certained with the use of the formalism of §2.5.2 and §2.5.3. In particular, we can
use the decomposition (2.89) to conclude that the eigenstates of O [q|ct = cs] are
lo, q; s, m) := \/ﬂza, fA’J/,m |0, q; s), which lead to

C 7p 7q7 ) - (27Th)g C C
5 p2 5 o (3.36)
_i _ig- Dt m-c
spt apgs( — P ]
X e rPleTh < 92 + 5 + 5 >

Notice that (3.36) can be regarded as eigenstates because they form a complete or-
thonormal system in Hppys, as can be straightforwardly verified. This is essentially a
consequence of the fact that one can solve C(p;, p) = —p?/(2¢%) + p%/2 + m?c?/2 =0

for p; without restricting the values of p and m (cf. discussion in §2.5.5).

It is worth mentioning that an expression resembling (3.36) was also presented
in [103], and it followed from solving the eigenvalue problem of (3.35). Although this is
a valid approach, we stress that, unlike [103], our computation does not require one to
first solve the classical field equations in order to find the classical relational observables,
which are then quantized. Indeed, this may be a difficult procedure for various models.
The formalism presented in Chapter 2 is more general, and it is applicable to any
theory with worldline diffeomorphism invariance for which the spectrum and eigenstates
of C' are known. As we have exemplified above, this formalism avoids the explicit
construction of classical observables, and one only needs to work with on-shell states
(i.e., the solutions to C'|¥) = 0). Nevertheless, a relation of the quantum observables

to the classical expression can, in principle, be established as in (3.35).

As discussed in §2.5.2 and §2.5.3, the evolution of the states (3.36) with respect to

§ is unitary, since

0
lh% ‘0-7 q; s, m> = pt |O-’ q; s, m> 5 (337)
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3.2.  Quantum theory

where p; is self-adjoint in H s, implies that the observable
Olalet =cs1 = Y- [ aly alovass.m) o.cism (3.39)
o==% Rd
solves the Heisenberg equation

ih(,i@[q\ct = cs] = [, Olalet = cs] | (3:39)

which is the quantum counterpart to (3.7).

In analogy to the classical theory and to (3.27), we can now compute the nonrela-
tivistic limit of (3.38). By expanding (3.36), we obtain

< ) | -~ > e—%amcz(t—s) ddp .
ct,q|o,q;s,m) =
4o Vorhme Jra (27mh)4

e—ihcrmCZ(t—s)

1
- 7‘[(0- t’ ;57 q + O 5 )
vV 2mhme (tq:5.9) <C§ )

o, . 5
505 (t=5) o3P (A=) +0 < 5 )

o
w\c‘ =

where K, (t,q;s,q) was defined in (3.28). This implies that (3.38) becomes

<ct’, d |O[qlet = cs]‘ ct, q>
1 i / 1
= Z emrome (=) [ qdz g K,(t',d;s,a)Ky(s,a;t,q) + O <3> ,
Thmec = Rd -

which, apart from a WKB phase (cf. (3.27)), coincides with the Newtonian Heisenberg-
picture operator for each o-sector. Indeed, we can relate this result to the classical

expression (3.10) in a similar fashion to what was done in (3.35). First, we write

K,(t'.dit,q) = 2nh (t', o | PRt q) (3.40)
where
R > dr i 1
Pnonrel — _ D -4 . 3.41
= [y o [ (o9 58”) @4

In this way, we obtain the nonrelativistic observable

1

- (f)nonrel t =
27Th Rd o [q| S]

t,q> ;

a'G ak, (¢, s 5,@) Ko (s, 85t a) = (¢
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3. THE RELATIVISTIC PARTICLE AS AN ARCHETYPICAL EXAMPLE

with [cf. (3.38)]

1 A A .
Ol =5 = [dlga B —sa = sal B . (32

Second, the matrix element of (3.42) between a pair of compactly-supported test func-

tions (1 2)(pt, p) is found to be

<¢(1) ‘@gfﬁrelwt = S]’ 1/1(2)>

2 (3.43)
_ d, ok p L0 _op O ops
= /dptd p ¢(1)(ptap)5 <Upt + 2m> {lhap - mEiﬁpt + m }7/1(2)(1015,[)) .

If we make the identifications q(7) — ih%,t(T) — iha%t,t(a) — s, then (3.43) is a
symmetric quantization of the classical nonrelativistic observable (3.10). Therefore,
the formalism of §2.5.2 and §2.5.3 that is applied here yields the correct results in the

relativistic theory and in its nonrelativistic limit as well.

3.2.4 Quantum relational observables and their relation to the

classical expressions 11

It is now worthwhile to repeat the preceding analysis for the generalized clock ¢'. As it
is conjugate to the invariant p;, the formalism of §2.5.2 and §2.5.3 is again applicable,

and we define

. l R .
o,t,¢7; s) := |p1]2 © (opr) |et, ¢ = cs,¢7) (3.44)

oo
w [1|q1 =cs] = Z/ dct/ d¥lq |o,t, ¢’ s) (o,t,¢%; 8] . (3.45)
o=+"7 7> Rd—1

The corresponding Faddeev-Popov resolution of the identity in Hphys is [cf. (3.30)]

P} ; S|Pt
27Th <Ct’ p, Po.l7md) [1|q1 = CS] P0-7m ‘?, P >
2 2 2.2

pi , p°  moc opy a'py
- Y (g ST e (-2 e (-7

ol'=+

) 2 2 d
x ©(a"p})O (0" py)er PP |pl py |35 <pl - pl) 3(pe — ) [T 6(wj — 1)

2 2 |
Jj=2
2 2 2.2
— Z , ) s (P P mTC _opt
— (g;i@(a Pl)) 30! o0 (pr — D)0 (P p)<5< sty T >@( : )

/
= 50’,0 <pt’p/
C

P@m’pt7p> :
C
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3.2.  Quantum theory

The relational observable associated with ¢ in the gauge ¢' is given by the kernel

function
P} - 5 | Pt 3
27rh<ct,p’ Por o [tlg" = es] Po—,m‘c,P> > O(d"p1) € (o"m) [pim?
// :l:

% enes(er—py) h o 5 ﬁ(g _U,pg 1e) (_@> (3.46)
iOps i c c

12 /2 2.2 2 2.2
m-c m-c
><5<—pt+p+ )5(—pt+p+ >

2¢2 2 2 22 2 2

If we use this expression to compute the matrix element between a pair of compactly-

supported test functions, we obtain the expected result

Py mw [t‘q = CS] pa,m ‘%(2) >

27Thz<
d 2 2.2
- [ty oy (p) (55 + 5+ 150)

0 9 bts . Dt Dt
ho +ihg— e = 22 i Pt
{1 8]% + 02p1 8])1 cp1 ! 202]9% 1/}(2) ( - ,P) s

where 11 2) (0,P) = ¥(1,2) (2, p1 = 0,p;) = 0. In this way, the matrix elements of the
relational observable associated with ¢ in the gauge ¢! coincide with the insertion of

the operator

hi+ hiif@fih Pt

Opy Ap1dp1 epr 2c2p?

(3.47)

into the induced inner product in the momentum space representation of the pair of
test functions. As before, we identify ¢(7) — ihaipt,ql(T) — ihaipl,ql(a) — ¢s, such
that (3.47) is a symmetric quantization of the invariant extension given in the first line
of (3.6).

3.2.5 Dynamics and nonrelativistic limit II

As in §3.2.3, we write the observable O[t|q' = ¢s] := 27k P Py m@ltlg" = ¢s]Pym
as [cf. (3.38)]

o0
Oa' =il = Y [ et [ @ lgtlotdism) (ot disml . (s
o=+ "X a
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3. THE RELATIVISTIC PARTICLE AS AN ARCHETYPICAL EXAMPLE

where
‘O—vtaqj;$7m> = \/%Zpd’,mlavtaqj;s> )
pa|? o
. 2 i
<&7p‘07t,qj;s,m>: o 7O (op1) e neM (3.49)

¢ (2mh)2
. 2 2 2.2
_it 7l2(_i= qu, pt p m-=c

xerter e ’5<‘202+2+ > )

Notice that we cannot solve C(p;/c,p) = —p?/(2¢?) +p?/2+m?c?/2 = 0 for p; without
a restriction on the values of the remaining invariants. Indeed, one must make the
resctriction p?/c? — Zj p? — m2c® > 0 such that p? > 0. Following the discussion
in §2.5.5, this implies that the quantum gauge ¢' is not well-defined. We will discuss
the consequences of this in the nonrelativistic limit. Nevertheless, it is still possible to
verify that the states (3.49) obey

lhai ‘0—7t7 qj;‘S? m> = Cﬁl ’07t7qj7 Sam> ) (350)
S

such that the observable (3.48) solves the Heisenberg equation

ihi@[t!ql = cs| = ¢ |p1, Oltlg* = csﬂ , (3.51)

which is the counterpart to (3.8).

To consider the nonrelativistic limit of the observable (3.48) as in §3.2.3, we must
first restrict it a fixed frequency sector by using the operator © (—%ﬁt) because the
Newtonian theory is defined for a fixed sign of p;. We can then consider the expansion

in powers of 1/c? of the object

<ct,q‘@ (_th> &,f,(jj;s,m>
c

B / ddp e—iha(t—z?)\/p2c2—|-m2c‘l
@2rh)*3 /P2 +mi

i 201 F
—zomce®(t—t) d .2 .
_ ¢ / & _igp? (t—1) o5 p1(q" —cs)

e h
V2mh me (27h)4
x en Ze @0 Gp) |2 + O <13>

erpL(at—cs) i o P (qj_qj)@(fﬂ?l) |p1] :

e—%amc2(t—t~)
iy

A 1 A L1
— Paomele (5n) | |

- . 1
t,q" :cs,§7>+0 <C3> ,
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3.2.  Quantum theory

where p;l’%“el is the projector defined in (3.41). This implies

<ct',q' @( ft> mltlgt = cs]® (—Jcpt> ct,q>

—%amcz(t’—t) 1
et <t/,q' t, q>+(’) <3> )
mc C

where the nonrelativistic observable is defined as [cf. (3.42) and (3.48)]

tlg" = cs]

Ononreltlg! = s

!
P12

1= 21h di g t Prowele (p tq' =cs, @
wz/ /R @) |2 fhd = s, )

(3.52)

2 pHnonrel
x (t, O (6p1) Py -

Following the derivation of the Faddeev-Popov resolution of the identity in §3.2.4, one
can show that the states in the decomposition (3.52) formally constitute a complete
system in the nonrelativistic physical Hilbert space. However, a straightforward calcu-
lation also shows that these states are not orthogonal, and this is compatible with the

fact that the gauge ¢' is not well-defined in the sense of §2.5.5.

As before, we can relate (3.52) to the corresponding classical expression by evaluat-
ing its matrix element between a pair of compactly-supported test functions ¥y 2y (pt, P)
[with (b2 (py, p1 = 0,p;) = 0]. As in (3.35), (3.43), and (3.47), we find

< (1) ‘Ononrel ltg" = CSH ¢(2)>

2
P
/dptddp W (py, p)6 <0pt + 2m> (3.53)
0 om 0
1h——h——+— +ih @ (py,p) .
{ 5pt 1 8]?1 DL %}d} (pt p)

With ¢(7) — iha%t,q (1) — 1hap ,q*(a) — es, Eq. (3.53) is a symmetric quantization

of the nonrelativistic time-of-arrival (3.11).

At this stage, we offer some remarks with the purpose of comparing the above devel-
opments to the earlier literature on the time-of-arrival operator (see, for instance, [80,
102]). The careful discussion in [102] established that it is necessary to regularize this
operator if it is to be self-adjoint. However, the formalism of [102] did not include the
operators p, iha%t, and instead focused on a “reduced” Hilbert space spanned by the
eigenstates of , p. The regularization proposed in [102] was later applied in [80] to the

case in which the operators py, iha%t are present; i.e., it was applied to the operator that
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3. THE RELATIVISTIC PARTICLE AS AN ARCHETYPICAL EXAMPLE

is inserted in (3.53). In the present formalism, we see that the need to regularize stems
from the fact that the states in (3.52) are not orthogonal, which is a signal that the
gauge ¢' is not well-defined according to the criteria of §2.5.5, as already mentioned.
However, as was stressed in [98], we refrain from adopting such a regularization because
our main focus is on the completeness of the states (in the sense of the Faddeev-Popov
resolution of identity) that is obtained in our method. Furthermore, we take seriously
the analogy with HJ formalism on which the formalism of Chapter 2 is based and the
criteria for well-defined gauges discussed in §2.5.5. Nonetheless, one could apply the
regularization of the time-of-arrival operator to (3.53), and it is certainly possible that
the method described here will require further regularizations in more realistic examples

(see also the discussion in §6.3.7).
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Chapter 4

Homogeneous Classical and

Quantum Cosmology

The simple examples discussed in Chapter 3 are certainly conceptually useful toy mod-
els and serve as a first introduction to the method developed in Chapter 2. However,
in the interest of progressing towards quantum gravity, it is paramount that we con-
sider quantum cosmology, which is the application of the canonical quantization of the
theory of gravitation to the Universe, both in its late-time large-scale structure and in
its early stages (cf. Chapter 6). This extrapolation is compelling because the gravi-
tational interaction is predominant at large scales and, as was mentioned in the the
Introduction, quantum theory appears to be universal. In this way, it is conceivable
that the quantum nature of gravitation influences the origin and (relational) evolution

of the Universe.

For simplicity, and in order to work with tractable equations, it is customary to
perform symmetry reductions [6,105,106], which consist in the imposition of a certain
group of symmetries at the level of the field equations. The ‘reduction’ follows from the
consideration of invariant fields only. In the case of cosmological models, it is customary
to impose homogeneity and, in certain cases, isotropy. We will only consider homoge-
neous models that obey the ‘symmetric criticality principle’ [6,104-106], for which it
is possible to apply the symmetry reduction directly at the level of the action. In this
way, the critical points of the symmetry-reduced action are in correspondence to the
critical points of the original (e.g., Einstein-Hilbert) action. Moreover, the imposition
of homogeneity implies that the action becomes mechanical. In this case, one refers to
the configuration space of the symmetry-reduced cosmology as ‘minisuperspace’, and

the ensuing theory is a worldline theory of the type considered in Chapters 1 and 2.

Evidently, the quantization of symmetry-reduced models may fail to capture some
crucial aspects of the full field theory. However, not only there are circumstances
in which the reduction provides a reliable truncation or approximation of the theory
(see Chapter 8 of [6], for example), but also the minisuperspace models serve as a

fertile training ground to quantum gravity. Indeed, we consider homogeneous quantum
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4. HOMOGENEOUS CLASSICAL AND QUANTUM COSMOLOGY

cosmology to be a class of toy models of a theory of quantum gravitation, in which
the general framework developed in Chapter 2 can be applied so as to illustrate how
the definition of quantum relational observables as well as the postulates that were
presented can lead to concrete results concerning the relational quantum dynamics of

the Universe.!

4.1 Singularity avoidance

Before we proceed to the concrete examples of a closed FLRW universe in §4.2 and a
Kasner model in §4.3, it is useful to explain how the quantum relational formalism of
Chapter 2 can be used to determine whether the classical singularity is resolved in the
quantum theory. In the models examined in §4.2 and §4.3, the singularity is reached

when the scale factor of universe vanishes.

Let us denote by s the region of configuration space which corresponds to singular
geometries. A popular criterion for singularity avoidance is that the solutions |¥) to
the quantum constraint (WDW) equation should satisfy (s|¥) = 0. This is sometimes
called the DeWitt criterion for singularity avoidance (see, for instance, [107]) because
DeWitt proposed it as a boundary condition on the solutions to the WDW equation [25].
This criterion is certainly reasonable, but its meaning is unclear if the theory is not
equipped with a probabilistic interpretation such as the one proposed in §2.6. Indeed,
the criterion is often applied heuristically without a corresponding Hilbert space. For
this reason, we suggest a slight modification that we call the ‘conditional DeWitt cri-

terion’, as we explain below.

4.1.1 The wave function of the universe as relative initial data

Following the discussion in §2.7.1, the on-shell states (solutions to the quantum con-
straint equation) can be interpreted as invariant extensions of conditional wave func-
tions, which are the relative initial data for the relational quantum evolution. In the
case of cosmological models, a choice of on-shell state is usually called a ‘wave function
of universe’. As the physical Hilbert space is not trivial, there are many possible choices
of on-shell states and, therefore, the wave function of the universe is not uniquely de-
termined. For this reason, various proposals for boundary conditions have been put

forth (see [6] for an overview).

We take a different view. According to §2.7.1, we can see the multitude of on-
shell states as possible choices of relative initial data, each of which defines a different
quantum evolution in the generalized reference frame adopted by an observer. Thus,
it is the task of observers to determine what initial conditions should be chosen so as

to describe the quantum universe they record with their generalized clocks and rods.

!This Chapter is based on [30,31].
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4.2. Closed FLRW model

If the wave function of universe is seen as the relative initial data for the evolution of
our universe, we are led to the question: what choice of initial data implies that there
is no singularity from the perspective of a hypothetical observer in the early Universe?
In other words, if the hypothetical observer uses some physical field as a generalized

clock, is there an instant in which the scale factor vanishes?

To answer the above questions, we suggest that, in analogy to the conventional
DeWitt criterion, one should impose that conditional probabilities vanish in s; i.e.,
pw(s|x = s) = 0, where x is a generalized clock. We refer to this imposition as the
conditional DeWitt criterion, and we consider that it is a completion of the conventional
one. Clearly, the validity of this criterion rests on the assumption that Born rule is
applicable to the induced overlap of on-shell states. In what follows, we will examine

how this criterion can be used with the formalism of Chapter 2 in concrete examples.

4.2 Closed FLRW model

An instructive example is the model of a closed FLRW universe.? The simplest matter
field that can be considered in this case is a minimally coupled, homogeneous and
massless scalar field. As is well-known and we will see in what follows, the model
exhibits a classical “recollapse”, in the sense that the scale factor initially increases,
reaches a maximum, and subsequently decreases. The quantization of the model was
discussed by Kiefer in [108], where the behavior of wave packets of solutions to the
quantum constraint equation was analyzed. However, the quantum observables and
the physical Hilbert space were not defined. A general investigation of the definition
of quantum observables and the induced inner product in recollapsing universes was
carried out by Marolf in [109]. Our work differs from [109] mainly in two ways. First,
we establish a connection to conditional probabilities (and relative initial data), which
were not discussed in [109]. Second, as was mentioned in footnote 16 in Chapter 2, the
definition of quantum observables in [109] did not yield the Faddeev-Popov resolution
of the identity. In contrast, the identity O[1|x = s] = 1 is a defining feature of our
formalism. Thus, it is worthwhile to revisit this FLRW model in order to illustrate how
the formalism presented here can reproduce the quantum observables for a recollapsing

universe, and how their dynamics is connected to conditional probabilities.

4.2.1 Classical theory

The dynamics is defined by the action [6]

S =Sm+ Som (4.1)

2A flat FLRW model will be discussed in Chapter 6 as the background on which cosmological
perturbations are defined.

123



4. HOMOGENEOUS CLASSICAL AND QUANTUM COSMOLOGY

1 1
Sm = /M d41‘\/jg |:2I€R 5 (V@Q] ) (4.2)
SBM:_Il‘@/aMd:ax\/EK. (4.3)

Here, M is a region of spacetime, x = 87G//c*, and R is the Ricci scalar. Furthermore,
the determinant of the induced metric on the boundary OM is denoted by h, whereas

the trace of the extrinsic curvature of the boundary is K.
Given the line element on S, dQ3 = d? +sin? x (d02 + sin? 0dcp2), the line element
for the closed FLRW model reads

ds* = —=N?*(7)d7* 4 a®(7)d3 |, (4.4)

and it leads to the equalities [6]

V=g = |N|a®sin® x sin 6 , (4.5)
6 [a aN  [a\’| , 6
_ 6 |a_aN (a4 b 4.
R N2 [a aN+<a> Tz (46)
3a
K=—. 4.
Y (4.7)

For convenience, we assume that N(7) > 0. We can then integrate the first term

in (4.6) to obtain the symmetry-reduced action

m ai®>  3Na a3 ¢?
=272 | dr | -3— —= . 4.
S =2r /T T( 3/1N+ - + 5 N (4.8)

0

We can bring (4.8) to simpler form if we work with units in which 672/x = 1/2, and

we consider the redefinitions

N(r) = e*e(r) (4.9)
1
(1) — Jon () -
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4.2. Closed FLRW model

Due to (4.9), we can rewrite (4.8) as

T &2 (b2 e
S = d = v P e
/TO ! ( 2¢ " 2¢ 2°

(4.10)
1 .
= / dr (pac'u + ped — e(T)C) ,
70
which is of the form (1.40). The constraint is
2 2 4o
Pa Py ¢
_ _pa Py e 411
C 5t g (4.11)
and the field equations read
= —e(T)pa , Pa = 2e(7)e®
¢ = e(T)pg » Do =0, (4.12)
2
0— _Pa Po_e
2 2 2

These equations can be solved relationally, i.e., by expressing the dynamics in terms of

a generalized clock. By choosing ¢(7) as the clock, the system (4.12) becomes

. Pa
G =—-"=

. . 2€4a .
¢ y Pa = ¢ ;
D¢ D¢ (4.13)

Py = o/ P2 + et =olk|

for an arbitrary initial choice of 7, and with ¢ = 1. The symbol k in the last equation

of (4.13) is a constant of integration. We can solve (4.13) in terms of the generalized
clock ¢(7) to find

I

a2(T) = Palp(r)= ’
cosh [QU(QS(T) — 8) + arctanh ( T]g) sﬂ

(4.14)

Pa(7) = [k[tanh [20(<Z>(T) — ) + arctanh (W)] :

Notice that |k| can be written in terms of the relative initial data

|k| = \/pgz|¢(7):s + a4|¢(7’):s )
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due to the last equation in (4.13). The values p? ,and oy can be seen as local

o)
coordinates in the reduced phase space (cf. §1.9.2), and they completely determine the

solution (4.14). If we invert (4.14), we find expressions for p2 and gy, in

lotr)=1
terms of the variables a(7), ¢(7), po(7) and py(7) in an arbitrary worldline coordinate.

These expressions are invariant extensions (relational observables). For instance, the

relational observable associated with the square of the scale factor reads

_ i (4.15)

Old®|p =s]:=d?|, , = :
! = ‘(z)(T)_s cosh [20(5 — ¢(7)) + arctanh (pT]ng))}

and one can readily verify that it is a worldline-diffeomorphism invariant (for a fixed

value of s). Indeed, as the on-shell identity

% [20(5 — ¢(7)) + arctanh (pTg)ﬂ =0 (4.16)

holds due to (4.13), we obtain the transformation [cf. (1.17)]

d
2 2
65(7) a ’(]5(7’):8 = 6(7—)5 a |¢(‘r):s =0.

From (1.89), we know that we can write (4.15) as the integral formula

Ola?|¢ = s] = Ay /OO dr §(é(7) — s)a®(7)

—0o0

2, dr 3(6(r) — s)a*(r)
[ dr (o) —s)

(4.17)

An invariant expression similar to (4.15) is found for pa|,(,)—,, but it will not be needed.
Furthermore, as ¢(7) is conjugate to the invariant p,, we can use the formalism of §2.5.2
to write the evolution of (4.15) in terms of the auxiliary phase-space Poisson brackets,

d ___ 9

2 2
ds ° T ao(r) © ()=

- {pd” “2‘¢><r)=s} ‘

In §4.2.3, we show that the quantum relational observables satisfy the relational Heisen-

(4.18)

berg equation that is the quantum counterpart of (4.18).
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Finally, if we evaluate (4.15) for different values of s, we obtain

Id
cosh |20(s — sg) + arccosh < i )}

a2|¢:50

a2‘¢:3 = (419)

which expresses the evolution in terms of the local coordinates in the reduced phase-
space; i.e., the dynamics with respect to s is written solely in terms of the relational
observables. Incidentally, it is clear from (4.19) that the universe expands until the
scale factor reaches a maximum value, after which the universe contracts. This signals

that the classical universe recollapses.

4.2.2 Quantum theory I. The physical Hilbert space

The canonical quantization of (4.11) leads to the operator

(4.20)

which acts as a symmetric operator in the auxiliary Hilbert space L2(R2, dadg). Fol-
lowing Chapter 2, the induced inner product and the physical Hilbert space can be
defined from the analysis of the spectrum of C. Let us then examine the eigenvalue
equation

h2 82 52 82 e4a

—_——— - — — | v = FEU . 4.21
We will impose the boundary condition lima—00 ¥ ok (cr, @) = 0. Moreover, the eigen-
states can be expressed in terms of modified Bessel functions, which we denote by
K, (z). Below, we will use the identities [110]

Kiy(z) = K_j(x) = Ky () (4.22)
eQa e2a B 7r25(’1/’ _ ’V/D

AdaKiy/ <2h> Kiu <2h> = W’ (423)

K (z) = ;/_ dy e 2N cog(vy) . (4.24)

IfE >0, weset £ = )‘72, and the eigenstates read

<Oé, (b‘Ev g, k> = \IIE,U,IC(O[7 (b)

. 2 4.25
= exp (7;0\/ k2 + )\ng) K% (e) , (4.25)

2h
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where o = +1. Similarly, if £ <0, we find

2

is e
(0, 0| B, 0, k) 1= eh T2 HG g <2h> : (4.26)

where £ = —)‘72 and v(\ k) := Vk?+ A2/(2h). The auxiliary inner product of the

eigenstates is
(E', o', K'|E,o,ky =6 (E'— E) (E,o',K|E,0,k) , (4.27)

where

ONVIEE s S(K| — |K|)  for ELE >0,
ksmh(2—h) ’

(E, o', K|E, 0, k) = (4.28)

2m3 K3
W%caé(lm —|k|) for E,E<0,
2h

due to (4.22) and (4.23). In this way, we can normalize the on-shell states
lo, k) :=N(k)|E =0,0,k) (4.29)

according to

1
sinh (W)

N k) = 4m3h3

(4.30)

Indeed, if we take the limit in which A — 0 in (4.28), we find the induced inner product

(0, K10, K) = 500 o(IK] — [K]) (4.31)

A superposition of (4.29) is said to be a ‘normalizable on-shell state’ if it is square-
integrable in the induced inner product. The physical Hilbert space Hppys is the vector

space of normalizable on-shell states equipped with (-|-). The improper projector
" [e.o]
Ppg:=)_ / dk |0, k) (o, k| (4.32)
o=+ ">

acts as the identity in the physical Hilbert space [cf. (2.69)].
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4.2. Closed FLRW model

4.2.3 Quantum theory II. Relational observables

The quantum counterpart of (4.15) can be constructed using the formalism of §2.5.2
because the generalized clock ¢ is conjug%te to an invariant. To this end, we consider
the commuting invariants pg and Co = %"’ — C, where Gy, := p2/2 + exp (4a)/2. An
orthonormal system of simultaneous eigenstates is defined by the relations

Do |k, o) = po |k, 1g)

. k2
Ca |k7p¢> = ? ‘k7p¢> )
2 2
A p k
such that
1 Lpyd e
<Oé7¢|l€7p¢,> = |k|2N(k)eh ¢ K% % .

Equation (4.33) leads to [cf. (2.52), (2.54) and (2.57)]

Py = —HZ = olk] (o = %1) | .
_1 :
|Uv k> = |k| 2 ’k7p¢>p¢:0'|k| )

where |o,k) are given in (4.29). The Faddeev-Popov operator is straightforwardly
computed [cf. (2.66)],

A 1
g::/de k|2 |0, k) (0, K| (4.35)

and observables can defined as

Olf@lo=+= 3 /R dorf(a)]o,a:s) (,az 8] | (4.36)
with [cf. (2.90)]
lo, a; 8) = \/ﬁflg la, o =s) . (4.37)

Notice that, due to (4.29) and (4.35), we can rewrite (4.37) as

2c .
(0! Ko, 8) = V2rhéy o N (K) Ky <62h> |k’|%e_%al|k/‘s ) (4.38)
2h
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4. HOMOGENEOUS CLASSICAL AND QUANTUM COSMOLOGY

The Faddeev-Popov resolution of the identity requires that O[1]¢ = s] coincides with
the identity in the physical Hilbert space [cf. (4.32)], and it means that the states
|o, a; s) form a complete system in Hppys. This can be verified if we use (4.23), (4.30),
and (4.38) to write

(0’, kO

[1|¢—s‘o—k‘ Z/da o' K", a;5) (6", ;8]0 k)

ol'=+

1 (4.39)
= 560’,05(‘k/‘ - ’k‘)

= (o, k|0, k) ,

which coincides with (4.31). Furthermore, the dynamics of the observables (4.36) is
also encoded in the states |0, a; s). Due to (4.25), (4.29), and (4.38), we obtain

0
<U',k' ih— U,a;8> =o' |k (J’,k"|a,a;s)
s (4.40)
= (OJ, K |ﬁ¢‘ g, a; 3) )
such that the observables (4.36) satisfy the Heisenberg equation [cf. (2.86)]
0
ih=-Olf(@)l¢ = 5] = |ps, Olf (a)lé = s]] - (4.41)

If we set f(a) = e®*, then (4.41) is the quantum counterpart of (4.18). The operator
—Pg serves as a physical Hamiltonian and determines a unitary evolution in the physical
Hilbert space, since it is an invariant that is also self-adjoint with respect to the auxiliary

inner product.

4.2.4 Quantum theory IIl. Relational quantum dynamics

Let us illustrate how the relational quantum dynamics of this model universe may be
understood in terms of the gauge-fixed propagation of relative initial data (cf. §2.7.1).

For simplicity, we consider the conditional wave function

(006 = solu) = w(as0) = [ akwksoiiy (S7) (1.42)

as the relative initial data at ¢ = sg. We assume that ¢ (k, so) is even in k. From (2.116)

and (2.121), we can compute the o-sector invariant extension of (4.42) by using the
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4.2. Closed FLRW model

o-sector gauge-fixed propagator (o, «; ¢|o, ap; so),

(@.612) i= [ dag (9,056l ansso)u(a) (4.43)
R
Notice that the useful formula

% Z(o, a; ¢lo, ap; sp) = th <a, o ‘Qg ° Qg‘ ag, 30>
=7h <a,¢ ’]ﬁ¢|PE:0‘ ao,so> (4.44)

= 27rh/de N2|k| cos [k(QS — So)] K (2)K i (20) ,

h b 25

where x = exp (2a)/(2h) and xg = exp (2a9)/(2h), suggests that it is convenient to
consider the state |W¥) := > |¥,) /2. Its invariant extension is an on-shell state [i.e.,
a solution to (4.20)] that coincides with (4.42) if ¢ = sg, and it reads

(0o = 0(a.0) = [ ahvreos [o-s] 0y (55) (499

due to (4.23), (4.42), and (4.44). For concreteness, let us set
k k
P(k) = 7 sin (hc0> , (4.46)
with ¢y € R. This corresponds to the initial data [cf. (4.42)]
eQa
(e, s0) = 2me®* sinh(2¢p) exp [—% COSh(200):| , (4.47)

the invariant extension of which is

eQa

U(a, ¢) = —ﬁh‘; ;Zo exp {—% cosh [20 (¢ — s0) + 200]} (4.48)

due to (4.24) and (4.45). Each term in the sum in (4.48) is a conditional probability
amplitude in a definite o-sector for an arbitrary value ¢ = s. Each of these amplitudes

defines a conditional exponential distribution of a? with mean value

= . 4.49
mean — cosh [20 (s — s9) + 2¢0] (449)

2 2h
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4. HOMOGENEOUS CLASSICAL AND QUANTUM COSMOLOGY

Notice that (4.49) is analogous to the classical solution (4.19), and it also leads to a
= 0. Nevertheless, this does
not imply that the singularity is still present. According to the conditional DeWitt

‘mean recollapse’ given by the condition limg 4 a2‘mean
criterion, the singularity is removed because the state (4.48) assigns zero conditional

probabilities to the classical singularity,

lim py(alp=s)=0. (4.50)

a—+o0

In other words, given a certain observed value of the scalar field, the probability that

the scale factor vanishes is zero.

4.3 The Kasner model

One of the most elementary yet instructive models of homogeneous quantum cosmology
is the vacuum Bianchi I (Kasner) model, which is the simplest anisotropic cosmology.
The reader is referred to [107, 111, 112] and references therein for a comprehensive
overview and further details regarding anisotropic cosmologies. Here, we examine this
example as another application of our method of construction of relational observables
and, in particular, as another instance of the conditional DeWitt criterion for singularity

avoidance.

4.3.1 Classical theory

To define the Bianchi I model, we start with the symmetry-reduced line element
ds? = —N%d7? + a2da® + aidy2 + a2d2? . (4.51)

For convenience, we choose to work with the ‘Misner variables’ «, 8+, 8—, which are
defined as

38—
ap = e TB++V3B—

a, = o0 tB+ =35 ’ (4.52)

a, =e* %+

Notice that «,fB,B- are worldline scalars; i.e., we obtain d. o = €(7)da/dr, and
similarly for 84 and _, for diffeomorphisms generated by a vector field V' = v(7)d/dr

= e“.

W=

[cf. (1.17)]. In terms of the Misner variables, the scale factor reads (azaya;)

In this section, we work with units in which 3¢°V,/(47G) = 1 [107]. After the sym-

metry reduction, the Einstein-Hilbert action then acquires the simple form [cf. (1.10)]
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4.3. The Kasner model

S = ;/dT e;l (—d2 + 8%+ 6'3) : (4.53)

The canonical theory is defined by the usual Legendre transformation [cf. §1.3.1]. The

total Hamiltonian reads®

Ne—3a
2

Hy = (=p2 +p2 +p2) | (4.54)

where the momenta conjugate to the Misner variables are also worldline scalars. With-
out loss of generality, we can redefine the arbitrary lapse function as N(7) = e3*(Mw (1),
such that w(7) plays the role of the einbein [cf. (1.40)]. In this way, the constraint is
C = —p2/2+ pi /2 + p% /2, which coincides with the limit m — 0 of the mass-shell
constraint of a free relativistic particle in a (2 + 1)-dimensional Minkowski spacetime.
From the total Hamiltonian (4.54) and the field equations (1.29), it is straightforward
to find the trajectories in terms of proper time n = [ dr w(7) [cf. (1.2)],

a(n) =a—pan, pa(n) = pa

(4.55)
B+(n) = B+ +p+n , p+(n) =p+ .

In order to illustrate the discussion about singularity avoidance (cf. §4.1) in the
quantum theory, let us consider the relational observable associated with the scale
factor in the gauge defined by the generalized clock 54 (n)/p+(n). We can write this

observable in terms of the proper-time parametrization,

OB~ pes=0)i= [ dn sl (8(m) ~palm)s) . (150)
Due to (4.55), we find
Ole®|B+ —p+s=0] =exp <a + %5+ - pas> . (4.57)
+

It is straightforward to verify that (4.57) Poisson-commutes with C. We note that
the singularity is reached when the scale factor is zero, which corresponds to the limit

Pas — 00 in (4.57).

3As in Chapter 5, we eliminate the primary constraint p. = 0 for simplicity, and we work with the
partially gauge-fixed theory discussed in §1.3.2. Here, the arbitrariness of the multiplier w in (1.38)
corresponds to the arbitrariness in the choice of lapse function.
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4. HOMOGENEOUS CLASSICAL AND QUANTUM COSMOLOGY

4.3.2 Quantum theory

The quantum theory can be constructed following the general formalism discussed in
Chapter 2. The particular form of the physical Hilbert space follows from the relativistic
particle construction in Chapter 3. Here, our main interest here is to determine how
the classical singularity may be removed according to the criteria established in §4.1;
i.e., if the relative initial data for the quantum scale factor assign zero probability to

e =0.

To begin with, we note that the argument of the Dirac delta in (4.56) corresponds
to a family of gauge conditions labeled by the value of s. Each member is conjugate
to p4, which is an invariant [cf. (4.55)]. In this way, we can use the results of §2.5.2 to
construct the quantum relational observables. Furthermore, a change in the value of s
in x(n) = B4+(n) — p+(n)s is generated by {-,p?% /2}. For this reason, we can define the

states

2

i i P
afois) = [dpe e e kS i) (4.58)

which form an orthonormal system in the auxiliary Hilbert space for a fixed value of
s. Following Chapter 3, we can define the eigenstates of the invariant extension of the

scale factor in the gauge x = 0 as

~ 1 N
|0a O‘)B*; 5> =V 27th Z Po",m:O ‘ﬁ+‘ 2 ®(0p+) |X = 070[7/87; S> ) (459)
o/'=+

where P,/ ,,—o was given in (3.24). From (4.59), one readily finds the physical transition

amplitude

(o, d,B.; 5|0, a, B—s s)
2
— 5, / Padp—dp 7% () tpa(e’~a)
7 (2mh)?

. 2 2 2
e 0o o (- 4 B+ )

= 0 / C}Z“‘?f;; o7 (P2 ) el ~@) g hp- (3. -6-)
' i

= 50’47?(04) (O/, 5,; «, S)K(—) (B, ’ 5/; B, 5) > (460)

where we defined the propagators

Gl

1 o 2
Ko e, s'50,) = [2mhi(s’ — )] 77 exp <2h(—))> | (4.61)
4.61

1 !/ 2
K y(B8,8;8-,s) = [2nhi(s' — )] 2 exp <_(2ﬂlh(sf—s))> |
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4.3. The Kasner model

Notice that (4.61) coincide with nonrelativistic propagators, and (4.60) simplifies to
dor o0(0 — a)0(B. — f—) in the limit s’ — s. The states (4.59) also allows us to define

the quantum relational observables [cf. (4.56)]

Olf(a:5-n(s) =0 = 3 / dadf_ f(00-) |0, 0 6;s) (0,0, 655 . (4.62)

such that O[e®|x(s) = 0] is the invariant extension of the scale factor.

Let us now discuss a choice of relative initial data. We define the Gaussian wave

packet

p, s ) = / dadB_ Py (@y(B_) o, Bs s) |

(a—ag)?

1/}(01)( ):: [WAQ] eh (a aO)e_ 2A2 ,

— 2
By (B o= [wB?)H bt -t

for simplicity. It satisfies (¢, 0’; s[1), 03 8) = 07 55 1.€., it is normalized with respect to

the induced inner product. We find the overalp

o0

da K ()(e, 530,0)1(a) (04)]

x { /_ dB- K(—>(ﬁ’_,s;ﬁ,0)¢<—>(ﬁ)] (463)
= 50’,01/}(04)(0/;S)w(—)(ﬁ/—;s) ’

(U,,a,,ﬁl_;S’¢,O';S = 0) = 50”,0 |:/

from (4.60) and (4.61). In (4.63), we defined

¢(a)(a75)
1 ih _%loafaolos — +842
= [7‘& <.A— j>:| enpal( t2Pa )exp [— (O;A;E(i ];Z;)) ] , (4.64)
Yy (B-;s)
. 5\ 177 1,0 (5 gy 1n0s (B- = Bo—p2s)*
= |n? <3+1;ﬂ oiP? (B==Bo=1p28) g [— 282(0 7;; ] ., (4.65)

for convenience. Following §2.6, the overlap (4.63) leads to the transition probability

(0, Bs 8|, 038 = 0)|° = 805 [ty (@3 9) 2 [0y (BL3 9|
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4. HOMOGENEOUS CLASSICAL AND QUANTUM COSMOLOGY

which satisfies

lim |(o,a, B3 s|0, 055 = 0)° =0, (4.66)

|a! | =00
due to (4.64) and (4.65). Equation (4.66) yields the probability that a transition oc-
curs between the Gaussian relative initial data (at s = 0) and the eigenstate of the
invariant extension of the scale factor with a vanishing (or diverging) eigenvalue. As
this probability is zero, this is an instance of the conditional DeWitt criterion and we
interpret it as an avoidance of the singularity by the physical quantum dynamics (of

Gaussian wave packets).

Besides this criterion, it is also useful to analyze the behavior of expectation values.
First, we note that the relative initial data |1),0;s = 0) is a “minimum uncertainty

wave packet”, as it implies [cf. (4.62)]

Olofx(s = 0) = 0} Ape =

O[B-Ix(s = 0) = 0]Ap- =

! (4.67)
5

The symbol A denotes the uncertainty of the observables, which is defined as

AO = <(0 - (@))2>2 , (4.68)

where (-) is the average in the induced inner product.

Second, we find the expectation value [cf. (4.62), (4.63)) and (4.64)]

<(;)[e°‘\x(s) = O]> = Z /dadﬂ_ (,0,8 =0l0’, a0, B_; )|

_/ da e ‘1#(&)(@;8)‘2

2.2
= exp {ao —pls+ = <A2 ﬁA2 )] , (4.69)

which is the quantum counterpart of (4.57). In contrast to the classical value, the

expectation (4.69) is different from zero for all values of s, and it leads to a quantum

bounce. Indeed, the average scale factor has the minimum value

N 0\2 42 2
<0[e“\x(8) = 0}>mm = exp [040 - W + AT , (4.70)
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4.3. The Kasner model

which is realized when

2p0 A?
5 = Shounce = ;_ZQ . (4.71)

In this way, the quantum expectation (4.69) provides an alternative evidence that the
quantum dynamics, at least for the minimum uncertainty relative initial data, may

avoid the classical singularity.
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Chapter 5

Weak-Coupling Expansion

If the relational quantum dynamics discussed in Chapter 2 and exemplified in Chap-
ters 3 and 4 is to be applied to the early Universe, we must account for the inclusion
of cosmological perturbations, which leads us outside of the scope of the homogeneous
models examined in §4.2 and §4.3. In this case, can we still discuss the quantum theory

in the relational terms of Chapter 27 The answer is yes.

The inclusion of cosmological perturbations, which will be analyzed in Chapter 6,
leads to a description of the early Universe as a Born-Oppenheimer (BO) system, for
which a natural separation of the degrees of freedom into “heavy” and “light” variables
exists. The dynamics of the heavy fields is related to a certain energy scale v/M,
whereas the light degrees of freedom are restricted to scales m < /M. This suggests
that a perturbative expansion of the field equations in a power series in the ratio m?/M
or, more formally, in 1/M, is possible. We refer to this procedure as a ‘weak-coupling
expansion’. In this Chapter, we analyze this expansion for a general BO system, and
we examine how the relational quantum dynamics can be understood in terms of the
iterative procedure discussed in §2.5.6. A central result is the unitarity of the theory
with respect to the physical inner product, which can be related to a quantization of
the classical Faddeev-Popov determinant associated with a “heavy” generalized clock.
The weak-coupling expansion is a generalization of the expansion in powers of 1/c?
that was analyzed in the classical and quantum theories of the relativistic particle (cf.
Chapter 3).

Below, we will see how the weak-coupling expansion of a BO system selects a “pre-
ferred” class of clocks, which are the possible worldline time variables that describe the
trajectories of the heavy variables when the light degrees of freedom are neglected. For
this reason, the use of the weak-coupling expansion in the quantum theory of a BO
system is sometimes seen as a solution to the problem of time. However, in light of the
formalism presented in Chapter 2, we see that this is not the most general solution,
but rather a particular case (cf. §2.5.6), since it is conceivable that a relational notion
of time is valid beyond the (semi)classical level. In fact, the “preferred” class of clocks

selected by the weak-coupling expansion is a generalization of the nonrelativistic limit
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5. WEAK-COUPLING EXPANSION

of a free particle, in which the Newtonian time is selected as a “preferred” orderer of

the dynamics.

The application of the weak-coupling expansion to describe cosmological perturba-
tions defines the ‘BO approach to quantum cosmology’. It provides a way to go beyond
homogeneous quantum cosmology in a perturbative setting. In this cosmological case,
the heavy variables often coincide with the homogeneous background associated with
the Planck mass, whereas the light variables are the cosmological perturbations as-
sociated with energies below the Planck scale (see [62,98,113] for further details and
[114-116] for applications of the BO approach).

It is worthwhile to emphasize that, despite the fact that the BO approach is a par-
ticular instance of a more general relational theory, it is nonetheless important for the
phenomenology of quantum gravitation. Indeed, as we will see in Chapter 6, the weak-
coupling expansion in cosmology yields corrections to the usual calculations of QFT
in a fixed background spacetime. For this reason, the BO approach is of paramount
importance to the analysis of quantum-gravitational corrections to phenomena in the

early Universe, such as inflation [114-116].

The weak-coupling expansion is developed below in connection to the formalism of
Chapter 2, and it does not immediately coincide with the traditional BO approach that
is studied in the literature. We dedicate Appendix B to a comparison to the traditional
approach, where we also establish the equivalence of both approaches, and we offer
a critique of the usual formulation of the concept of ‘backreation’ in the traditional

approach.’!

5.1 Classical theory

Although the classical description of mechanical BO systems with diffeomorphism in-
variance is a particular case of the theory presented in Chapter 1, it is instructive to
analyze how the weak-coupling expansion is related to a choice of gauge, as this will
guide us in the construction and interpretation of the quantum theory. Let us establish
our notation and assumptions. We consider that the heavy-sector configuration space is
a smooth manifold with an indefinite metric G and local coordinates @%,a =1,...,n,
whereas the light-sector configuration space is endowed with a positive-definite metric
h(Q) and local coordinates ¢, u = 1,...,d. We use the components of G and its
inverse, Ggp and G, to lower and raise the heavy-sector indices, while h*¥ and Py
raise and lower the light-sector indices. A summation over repeated indices is implied

in the formulae below.

!This Chapter is based on [62,98].
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5.1. Classical theory

The action is taken to be of the form (1.40),2

S = /dT (PaQa + pug" — w(T)C) , (5.1)
where the constraint has the following functional form:

Co(Q. P) = 51:G™ QPP+ MV(Q) (52)

Cm(Q;p,q) = %h“”(Q; Qpupy + Vi (Q; q) -

The subscripts g and m denote the heavy and light sectors, respectively.? The depen-
dence of the light-sector Hamiltonian, w(7)Cy,(Q; p, q), on the heavy variables @ is only
parametric. The heavy-sector potential term, V(Q), is assumed to be nonvanishing,
whereas the light-sector potential, V,,,(Q; q), is a non-negative C*°-function. The light-
sector canonical variables p,,, ¢* are tacitly associated with an energy scale m such that
m? < M.

From (5.1), one finds the field equations

sa . W) ab S 190G OV 9Cnm
. oCn, oC, )
qu ~ W(T) 8pu ) pu ~ _W(T) aqu ) (5 3)

C=Cy+Cpn~0,

which we assume can be (perturbatively) integrated once a complete gauge fixing is

chosen (cf. §1.6). However, it is convenient to consider the HJ equation [cf. (1.108)]

1

ab
6@

32;22;2 + MV (Q) + Cp, (Q; 88\2[, q) =0 (5.4)

because, given a solution W for Hamilton’s characteristic function, we can work with

2In other words, we are working with the partially gauge-fixed theory analyzed in §1.3.2. The
primary constraint p. = 0 has thus been eliminated.

3We adopt this notation because, in minisuperspace cosmological models (cf. Chapters 4 and 6), the
heavy sector usually coincides with the gravitational sector, whereas the light sector is comprised of the
matter variables. Nevertheless, other separations of the degrees of freedom are possible [113,117,118].
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the more compact set of dynamical equations

Ya w(T) ab oW
_ oo OW '
P = (W (@) G

for a fixed choice of einbein w(7). Can we find a solution for W? Although it is
generally complicated to solve (5.4), we can use the fact that m? < M to perform a
formal perturbative expansion in powers of 1/M; i.e., we can perform a weak-coupling
expansion. As the lowest power of 1/M in (5.4) is —1, we make a ‘Wentzel-Kramers-

Brillouin (WKB)-like” ansatz for Hamilton’s characteristic function,
- 1
W(Q.q) =M Y Wn(Q,q) 5 = MWo(Q) +5(Q;9). (56)
n=0
If we insert (5.6) into (5.4), we can solve for each W, term perturbatively. In particular,

the lowest-order term is a solution to

1

5G"(@)

OWo W, B
507 agr V(@) =0, (5.7)

which is the HJ equation solely for the heavy sector. For this reason, M'Wg may be
interpreted as a ‘background Hamilton function’, which encodes the dynamics of the
heavy variables in the absence of the backreaction of the light variables (‘no-coupling
limit’). We will see that, given a solution MWy, the dynamics of the higher orders
encoded in S in (5.6) can be understood in terms of the ‘background dynamics’ defined

by MWj.

5.1.1 The background dynamics

In the no-coupling limit, the dynamics of the heavy variables is dictated by the equations
[cf. (5.5)]

AL
Qb

Qe = N(1)G? (5.8)
where NV (7) is the ‘background einbein’; i.e., it is a nonvanishing worldline scalar density
(with a constant sign). A complete gauge fixing in this limit entails a fixation of
N (7). For fixed N(7) = N(Q(7)) and W((Q), we assume that it is possible to find a
holonomic basis {B1 = NG®OW,/0Q°, Bi} ,i=2,...,n in the tangent bundle of the

heavy-sector configuration space. We also make the simplifying assumption that By
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is orthogonal to the B; vector fields.* Then, the normalization of the basis vectors is

[cf. (5.7)]
GuB{B) = —2N°V(Q) = G11 |
GapBiB} =0 =G , (5.9)
GabBiaB? = Gij = gij .

We can subsequently use the integral curves of the basis fields to define new coordinates

x = (2!, 2%) in the heavy-sector configuration space,

B} = /\/’Gab% - 8& ,
oQP Oxl 510
B} = —
ox*

More precisely, this corresponds to a foliation of the heavy-sector configuration space
by the level sets of 2!(Q); i.e., ' (Q) = s is a hypersurface, on which the induced metric
has components g;; = éij. The components of its inverse are denoted by ¢*. In this
way, 21 (Q) plays the role of a background generalized clock.® This background clock is
more commonly referred to as ‘WKB time’ [119] because it arises from the WKB-like

expansion (5.6).

In what follows, it will be useful to make use of the coordinate transformation (5.10).

In particular, we find [cf. (5.7)]

8W0 aWO aVVO

= NG = 2NV,
Ozt aQ* IQb (5.11)
oWy Bo oWy 0 '
ort TP oQe
Moreover, notice that the determinants of G and G are related by /|G| = \/|G|B,

where B = det B (A =1,...,n), and the inverse of B reads

Oz

Qs

(B! = GG, BY .

41f B, is not orthogonal to B;, then the components G1; of the metric given in (5.9) will not vanish,
and there will be additional terms involving G1; in the subsequent formulae. Nevertheless, the gauge
fixing procedure, both at the classical and quantum levels, and our forthcoming conclusions regarding
unitarity should not be qualitatively altered by these extra contributions. Moreover, this assumption
is also irrelevant to the application of the formalism to the early Universe discussed in Chapter 6.
®Notice that the first equation in (5.10) corresponds to the evolution law (5.8).
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5. WEAK-COUPLING EXPANSION

In this way, we can write the basis vector fields 9/0Q% in the new basis,’

0 a0 0 0
= (B, =5 =G"GuBY G oy BY
oge = (B )a gpa =G GaBiy 1+ GGy ; (5.12)
L 0Wo 0 i g O '
2NV 0Q* Ozt " O

5.1.2 WKB time as a classical choice of gauge

As we move away from the no-coupling limit by including higher orders of 1/M, the
HJ equation (5.7) is no longer a suitable description of the dynamics of the heavy
variables, as the coupling with the light degrees of freedom is now taken into account.
The separation between the background Hamilton function M Wy and the higher orders
encoded in 8 in (5.6) can be seen as a canonical transformation, in which the momenta

are transformed as follows:

ow AL 0s

BY P, = Ny=B%P, —~M—ur=—, (A=1,...

A o A = llg A O A 61"4 ) ( ) 7”) (5 13)
ow oS )

P g P g

If we insert (5.6) into (5.4) and use the coordinates defined in (5.10), we obtain the
following equation for 8(Q; q):

+NC,, + = ’LJ (5.14)

Ozt M7 oxi 0xd AMNYV

08 N ;08 08 1 (83)2_

where we used (5.9) and (5.11). We can solve (5.14) for [Ty = 9S/0z! to find

1 . 0S 08
2M2‘q Ozt OxJ

5
ozt

—1II; := — = -2MNV + 2MN\/V <V+ %Cm + ) . (5.15)

This is an instance of (1.97). Here, the discrete multiplicity o is given by the choice
of positive or negative sign in (5.15). Following the discussion §1.9.2 and §5.1.1, we
conclude that (5.15) corresponds to a choice of gauge in which the dynamics of both
the heavy variables and the light degrees of freedom is measured with respect to the
background clock x!(7). In this way, the (invariant extension of) the right-hand side
of (5.15) is the associated physical Hamiltonian. The corresponding fixation of the

einbein [cf. (1.63)] is found from the equation &' ~ {z', wC} ~ 1. This corresponds to

SIn [120], the change of basis (5.12) was also considered in perturbation theory, but the authors of
this reference neglected the terms involving B;.
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5.1. Classical theory

[cf. (5.5)]

1 Ozt 1 L 0W 1 II;
" MGa@z—ﬁf?aﬁ—N‘ZWWV’ (5-16)

where we used (5.11). We can rewrite (5.16) as

Ww=——=—". (5.17)

5.1.3 Perturbation theory

We can expand the physical Hamiltonian (5.15) and the gauge-fixed einbein (5.17) in
powers of 1/M to describe the dynamics of the light variables ¢*,p,, as well as the
heavy fields z!, in relation to the background clock 2! = y. The expansion of the

square root in (5.15) yields

HT = — 2MNV + a<2MN|V| + NoChy,

X
N o No 1
IOt o nn)+o(MQ,

(5.18)

where we used (5.13), and we denoted the discrete multiplicity of (5.15) by o = %1,
whereas v := sgn(V). The choice o = v leads to the simplification”

_ N 2 N 7,] 1

Incidentally, this is the solution one obtains by solving (5.14) for I} = 9S/dz! in an
iterative fashion. The iterative solution (5.19) is the classical analogue of the solution
found in the BO approach in the quantum theory, as we will examine in §5.2. Indeed,
Kiefer and Singh have shown that the term proportional to the square of C), is obtained
as one of the correction terms in the quantum theory in [120]. In §5.2, we will see how
extra terms with the time derivatives of C,, and V', which were found in [120], arise
in quantum formalism we present. Kiefer and Sigh neglected the term proportional
to g“IL;IL; in [120], but it is worthwhile to emphasize that this term appears, already
classically, as a consequence of the weak-coupling expansion of the physical Hamiltonian

in the formalism presented here.

It is also important to notice that the terms of order 1/M in (5.19) originate from
the heavy-sector kinetic term g¥IL;I1;/(2M) —113/(4N?MV) in (5.14). In [178], similar

"Clearly, v may vary across the heavy-sector configuration space. Thus, the choice ¢ = v is
warranted only in regions of the configuration space in which v is constant.
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5. WEAK-COUPLING EXPANSION

terms were obtained and were thought of as “corrections” to the dynamics of the light
sector with respect to the notion of time provided by the heavy variables. We consider
this interpretation to be slightly misleading because the field equations for the light
variables [cf. (5.3)] are not changed in their functional form, only the einbein is fixed
when one chooses to describe the dynamics relative to the background clock [cf. (5.17)].
The terms of order 1/M in (5.19) follow from the formal weak-coupling expansion of the
physical Hamiltonian, but it is not completely accurate to interpret them as corrections
solely to the dynamics of light variables, as they involve the heavy fields ¢ and II;,
which are coupled to ¢",p, at this order.® In this way, we do not interpret (5.6) as
a separation of Hamilton’s characteristic function into a function for the heavy sector
(MWj) and another for the light sector (S). Rather, Eq. (5.6) can be seen as canonical
transformation [cf. (5.13)]. In the same vein, we note that (5.14) is a HJ equation both
for the heavy and light degrees of freedom. As we adopt the gauge in which z! is the
worldline time coordinate, S can be seen as Hamilton’s principal function (cf. §1.10)
associated with the reduced phase space comprised of the (invariant extensions of the)
fields ¢*, p, and x'. As these fields are coupled, it is not generally possible to regard S
as dictating the dynamics solely of the light variables.

The expansion of the gauge-fixed einbein (5.17) is also of interest. First, recall
from (1.78) that w is equal to the inverse Faddeev-Popov determinant. Let us then
use (5.18) to expand (5.16). The result is

1 ov oCy, 1
Sy Tm — 2
w - N TN +O<M2) : (5-:20)

which can be inverted to yield

oNC,, 1
w_UUN_W+O<W> . (521)

Equations (5.20) and (5.21) are perturbative expressions for the Faddeev-Popov deter-
minant and the gauge-fixed einbein, respectively, for the complete gauge fixing associ-
ated with the background clock z'. For later reference, we also note that the absolute

value of the Faddeev-Popov determinant is
1 1 Cm 1
— =14+ —— Ool— | . 5.22
- w i an) w0 (5m) >:22)

While the lowest order (no-coupling limit) examined in §5.1.1 yields the dynamics

8See [98] for a more extensive and detailed discussion of the weak-coupling expansion of the reduced
phase-space field equations.
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5.2.  Quantum theory

of the heavy variables in the absence of the light degrees of freedom, we find that the
next order (M?) leads to the dynamics of the ¢*,p, variables in a fixed background
i.e., for a fixed trajectory of Q®(7)]. This can be seen in two ways. First, Eqgs. (5.15)
and (5.19) lead to

0s

0s
sl =NCn <Q7 q, 8(]) (5.23)

at order MY. This is simply the time-dependent HJ equation for the light variables in
the background defined by the trajectory of the Q%(7). Second, using (5.21), the field

equations for ¢# and p, [cf. (5.3)] can be written as

9
Opy

Bu = —ooN (7, 2'(7))

¥ = ooN (7)) 5 Conlria (D)) + 0 (37 )

/ (5.24)

0 N
oCn(ral (i) + 0 ()

These are the equations for the light variables in a fixed background defined by (7, z*(7))
and the background einbein oo (7, 2¢(7)). We note that (5.24) is compatible with the
lowest-order iterative HJ equation (5.23) for o = v [cf. (5.19)]. The inclusion of higher
orders of 1/M includes corrections to the dynamics of ¢*, p, and x' that originate from
the physical Hamiltonian associated with the background clock. These corrections have
quantum counterparts which may lead to observable signatures. In the next section, we
discuss the quantum theory of mechanical BO systems with diffeomorphism invariance,
paying close attention to the definition of the inner product and unitarity. In Chapter 6,

we apply the method developed here to a model of the early Universe.

5.2 Quantum theory

5.2.1 The auxiliary and physical Hilbert spaces. Conditional
probabilities

The quantum theory can be constructed following the general framework expounded
in Chapter 2. As explained there, we begin with a choice of auxiliary Hilbert space
equipped with an auxiliary inner product (-|-), with respect to which the constraint
operator is self-adjoint. Clearly, this is related to a certain choice of factor ordering for
the quantum counterpart of (5.2). Let us use the Laplace-Beltrami ordering for both

sectors, such that the quantum constraint becomes C = C'g + C’m, where?

S P S ab OV
C,U = 2M\/@8Qa< IGh|G aQb>+MV(Q)\I', (5.25)

9For simplicity, we set ¢ = h = 1 in this Chapter.
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5. WEAK-COUPLING EXPANSION

| , 00
Crn¥ = N <\Fhﬂ 0 >+v (Q;q)¥ (5.26)

Notice that the determinant factors in (5.25) include the determinant h = det(hu),
due to its parametric dependence on @, in addition to G = det(Gyp). The Laplace-
Beltrami ordering guarantees that the quantum constraint retains its form under general

coordinate transformations in configuration space [22,23].

The heavy-sector Laplace Beltrami operator is

2. 1 ab
v?.= et <FG acgb)' (5.27)

Using (5.25) and (5.27), the quantum constraint can then be written as

1, -
O =~V 4 MV(@) + Cn(Qipr) (5.28)

This suggests that we adopt the auxiliary inner product

(W Ve) = [ dQdg VIGH W) (Q.0) (@) (5.29)

where dQ = [],dQ* and dg = [] L dg”. Notice that C is symmetric with respect
0 (5.29), and we assume that it is possible to choose a self-adjoint extension. Moreover,
the auxiliary inner product (5.29) is invariant under general coordinate transformations

in configuration space.

The definitions of the constraint (5.28) and the auxiliary inner product (5.29) de-
termine the auxiliary Hilbert space. In contrast, the physical Hilbert space is the space
of superpositions of the solutions to CVU = 0 that are square-integrable with respect
to the physical inner product. Here, instead of the induced inner product (2.11), it is
simpler to adopt the definition (2.98), which reads

(v [v) = 2 [ d0uq (ﬂé%) T0AQiq) - )itV . (530)

where, as in (2.98), x(Q;q) is a configuration-space function, J = d(x, F)/0(Q, q) is
the Jacobian determinant associated with the transformation (Q,q) — (x, F), and o
are the generalized multiplicity sectors. In analogy to the classical theory, in which the
iterative solution of the constraint (5.14) leads to only one multiplicity sector, o = v
[cf. (5.19)], we will also restrict ourselves to a single multiplicity sector in the quantum

theory because we will only solve the quantum constraint iteratively. As a matter
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5.2.  Quantum theory

of notation (and following the analogy to the classical theory), we denote the single
multiplicity sector considered by o = v. Moreover, as we discussed in §2.7 [see (2.112)],
the inner product (5.30) (restricted to the o = v sector) leads to the definition of

conditional probabilities,

1

1 *
= —— (a2 ) p2v 31

X=s

To match the classical theory, we are interested in the gauge in which x(Q; q) = 2!(Q);
i.e., the worldline time coordinate is defined by the background clock (WKB time).
In this way, we find that F = (2% ¢*), and (5.31) corresponds to the probability of
observing F' = (2%, ¢") given that 2! = s. The measure fi, should be defined such
that (5.30) is conserved with respect to s and positive-definite. We will determine it
for the BO system using the weak-coupling expansion of the constraint equation, and

we will establish its relation to the classical gauge-fixed einbein (5.21).

5.2.2 The phase-transformed constraint equation

In order to solve C'U = 0, we resort to a weak-coupling expansion in analogy to the

classical theory. We make the ansatz

V(Q,q) = exp iIMW(Q, q)] , (5.32)

where W(Q, q) is a complex function. The quantum counterpart of (5.6) is given by

the formal expansion

W(Qua) = iwn@,q)]\; = Wo(@) + ;5(@:a). (53
Tt is useful to rewrite (5.32) as
(@, q) =: exp iMWo(Q, 9)] ¥(Q; q) , (5.34)
where
»(Q;q) = exp[iS(Q: )] - (5.35)
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5. WEAK-COUPLING EXPANSION

We call (5.34) ‘the minimal BO factorization’ or ‘ansatz’.!®. Although it is equivalent
to (5.32), it is not, a priori, equal to the traditional BO ansatz that is customarily
applied in nuclear and molecular physics [121-123] and that has inspired some appli-
cations in quantum cosmology [124-126]. In Appendix B, it is shown that the minimal
and traditional BO factorizations are equivalent, and the topics of unitarity and back-

reaction are also discussed.

We also expand the measure jiy,
S|
fio = Z Wﬂn (Q;p,q) , (5.36)
n=0

and we will determine the two lowest-order coefficients fi,, (n = 0, 1) in what follows.

If we now insert (5.32) into C'U = 0, we find an infinite number of equations (one for
each order of 1/M). We may also work with (5.34) to extract equations for Wy(Q, q)
and ¥(Q; q). The lowest-order equation (order M?) reads

1 OWoy OWy
v _
2 gt Oq” 0

(5.37)

As h is assumed to be positive-definite, this implies that W, does not depend on
the light variables; i.e., Wy(Q,q) = Wu(Q). The next order (order M) yields the
background HJ equation (5.7) for Wy. In this way, we can choose Wy to be real and
identify Wh(Q) = Wo(Q), such that the change of coordinates discussed in §5.1.1 can
be applied. The subsequent orders yield an equation for ¥(Q;q),

oW, Oy
0Q Qb

G (Q) Cnl@:.0) ~ SVPWol 0= o1V (539

For a given Wy = Wy, we can regard (5.34) as a phase transformation, just as (5.6)
is seen as a canonical transformation in the classical theory [cf. (5.13)]. In this way,

Eq. (5.38) is simply the phase-transformed constraint equation.

Let us apply the change of coordinates of §5.1.1 to bring (5.38) to a more useful

form. First, the term proportional to V2Wq can be explicitly computed as follows: we

Tn fact, Eq. (5.34) is a particular case of more general ansitze, e.g., of the form {exp [iMW,] +
exp [-iIMWps]}. In principle, the selection of a single exponential pre-factor can be a consequence of
decoherence [127].
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5.2.  Quantum theory

differentiate the first equation in (5.10) with respect to the heavy variables to obtain

e PWo  10Bf 1 0 er OWo
G oQbaQc ~ N aQé N oQPb WG™) oQc

(5.39)

Using (5.10), (5.27) and (5.39), as well as the fact that N has a constant sign, we can

write

N 2 o 1 83? B ].i ab 8W0 N 8W0 a ab
5V Wo= 20Q°  20Q¢ (NG ) Qb + 2./|Gh] 0Q* 0Q° (V GhIG )

1OBY G ON OW, | NG oW, 9
_ B N
20Q° 2 0Q° aQ  2./[Gh] 0Q" OGP (vicH)

(5.40)

_10Bf 1 0N 19
=20Q: 2N 0at 5 /G 0at (vicn)

_loBt N 9 (VIGh
- 20Q*  2,/|Gh| 0zt \ |V

Subsequently, we recall that 1/|G| = \/|G|B and G = —2N?V g, where g = det(g;)
[cf. (5.9)]. We also note that the identities

OBy 0*Q° 9*’Q* 9B

= = = (5.41)
oxd  0x40xB  0xBoxA  0xB
imply
_\AOBY . 1,A0B%  0B%
( )a oxB _( )a oxd 0Qa ) (5'42)
Thus, Eq. (5.40) becomes
N, 10B¢ 1, . 4a0B% |N] & [\IGh]
2V V=g 2 B Gut T | T
T94/|Gh 9T (5.43)
0
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5. WEAK-COUPLING EXPANSION

Finally, we use (5.9), (5.10) and (5.43) to rewrite (5.38) as

oY (0 1
i N 0 — oy
= NCp(z;9, Q)% — ———=—=7> (\/ |Gh!9”>
o0/ |Gh| 97 Ox (5.44)
N 3< = 11 O
-2 2 (ViGgnenZ))
oM ’Gh‘axl ox!

This is the quantum counterpart of (5.14). Notice that (5.44) is simply the phase-
transformed constraint equation and, as such, it describes the coupled dynamics of the
heavy and light sectors. Its solution, ¥(Q;q), is a phase-transformed physical state,
and it is not a wave function for the light degrees of freedom only. This is analogous
to the remarks posed after (5.19) concerning the classical dynamics. Nevertheless,
the quantum dynamics of the light sector can be analyzed with the use of conditional
probabilities. We note that the conditional probabilities (5.31) depend solely on 1 (Q; q),

(ﬂéw) Ade
Py =

o ] 1 \* 1
JTTy daf T2, dgr <ﬂ§ w) Aty

, (5.45)
rl=s

due to (5.36). In this way, 1; = ,&;/ 2¢ is a conditional wave function. Besides the

1

condition x* = s, one can, in principle, introduce further conditions, such that

, (5.46)

rl=s xi=yt

can be interpreted as a probability of observing the light-sector configuration g, given

L= 5, 2¢ = 3 (collectively

that the heavy sector has been observed at the configuration x
denoted as ). This will be useful in §5.2.5, where we discuss the recovery of the
quantum dynamics of the light sector in a fixed heavy background, and in Chapter 6,

where we apply this formalism to the early Universe.

Our goal is now to solve (5.44) perturbatively in analogy to the iterative solution
to (5.14). However, before we analyze the weak-coupling expansion of (5.44), it is
worthwhile to discuss the interpretation of terms with imaginary coefficients, such as
the logarithmic term in (5.44), as this will be of relevance to the interpretation of the

perturbative expansion.
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5.2.  Quantum theory

5.2.3 Time-dependent measures and unitarity

Although (5.44) is not a Schrodinger equation, we will see that it leads to an effective
Schrédinger evolution in perturbation theory (as was first discussed in [120]). To better
understand this effective Schrédinger picture, we must consider how it is related to the
definition of the inner product and the concept of unitarity. Let us then analyze the

general Schrodinger equation

9 + il = Hep | (5.47)
Ox!

where T is some operator, and § is a Hamiltonian for the z¢ and q" degrees of freedom.
If both I' and $ are self-adjoint with respect to a certain inner product (-|-), then
the il" factor would violate unitarity with respect to (-|-). Indeed, such terms will be
present in the perturbative expansion of (5.44), and they have been interpreted as
causes of a violation of unitarity in [120]. However, one can take the position that,
instead of using (-|-), one should define an inner product (+|-) such that it is conserved
by the evolution described by (5.47). In fact, terms with imaginary coefficients such
as il are indispensable to guarantee unitarity if the measure is time-dependent [128].1!
Conversely, let us then see how the (time-dependent) measure can be defined if the
dynamics is dictated by (5.47).

Let us define

ilv) = [ []do T[ a0 o 0) wi (o a)inton) = [ df wive
Lo ) A (5.48)
(o) i= [ []do' T[ e (o 0) wi o a)¥tun(o) = [ df widews

where M is an operator to be determined. We assume that it is symmetric with respect
to (:|-). The symbol df in (5.48) is simply a short-hand notation. The conservation
of (5.48) (unitarity) is given by the condition 9(t1]12)/0x! = 0. From (5.47), we find

i

0= i i) = [ af ui {[Wﬂ AT+ o (o) } -

where [-,-] denotes a commutator, [-, ]+ is an anticommutator, and we used the as-
sumption that I' and $ are (at least) symmetric with respect to (-|-). If the above

condition is to be satisfied for arbitrary solutions of (5.47), then the operator M must

UFor example, DeWitt referred to objects of the kind 8/0z' + dlog |2V gh|"/* /dz" as ‘conservative
time derivatives’ [128].
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be a solution to the equation

7 ( f(x,qm) — iV, T, — [V, 6] (5.49)

If the solution to (5.49) is a positive-definite operator, then the dynamics dictated
by (5.47) is unitary with respect to (-|-). In what follows, we will apply this procedure
to the definition of the perturbative measure (5.36) in the expansion of (5.44), and we
will see how the perturbative measure corresponds to a quantization of the Faddeev-

Popov determinant.

5.2.4 Perturbation theory I

We can now solve (5.44) iteratively. To lowest-order in 1/M, we obtain

0 0 A 1
0 +1 (g toel2varlt ) v = NCntmpaw+0 (3 ) . 650)

which is of the form (5.47) with I' = dlog |2V gh|'/4/8z! and § = NCp,. As Cp,
is symmetric with respect to (-|-) with f oc vh [cf. (5.48)], it is straightforward to
verify that (5.49) is solved by M = 1 if we choose f = \/[2Vgh|. We then define the

lowest-order measure fig in (5.36) as

fio = fio (Q; b q) = M = \/|2Vgh| , (5.51)

such that the physical inner product (5.30) [cf. (5.45)] reads
1
(wiw) = [ [Tow [Toe 12V’ 0) (i2venlie) . (s

for ! = 5. Equation (5.52) is manifestly positive-definite, and it is conserved (for gen-
eral values of s) by the dynamics dictated by (5.50) up to order M°. The measure (5.51)
is generally time-dependent; i.e., it depends on the background clock z!'. This is the
reason the logarithmic term arises in (5.50). Notice that (5.50) is the quantum counter-
part of (5.23), and its solutions are approximations to the phase-transformed solutions

of the quantum constraint equation at order M?.

5.2.5 Light-sector unitarity. Propagation in a fixed background

Although the solutions ¥ (Q;q) to (5.50) are not wave functions for the light degrees
of freedom only, we can describe the conditional dynamics of the light variables us-
ing (5.46). Furthermore, it is also possible to further factorize ¥(Q; q) = ¥n(Q)Y1(Q; q),
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such that (5.46) reads

\/>¢l ¢l ( 1 )
+0|(—], 5.53
miai@)= o tisl oy (5.53)
due to (5.51). We demand that v, be a solution to
0 0 1 1
1672/;? +1i (67:1:1 log |2Vg|4) vpb=0+0 <M> : (5.54)
i.e., we impose
1 ; 1
(@ = [2va @) +0 (7). (5.55)

where v(2*(Q)) is an arbitrary function. If we further impose [ [, da® v*(z%)y(z") = 1,
then 1y, (Q) satisfies

d : 1
M/dezxﬂl‘/gl Ypn =0+ 0O (M) : (5.56)

In this way, ¥5,(Q) can be interpreted as a ‘marginal wave function’ [100,123] for the
heavy variables, the dynamics of which is unitary at order M due to (5.56). The

equation for 1;(Q); q) is obtained if we insert ¥(Q;q) = ¥p(Q)Y(Q; q) into (5.50) and
use (5.54). The result is

gwlﬂ(alogw ) N<x>ém<x;ﬁ,q>¢l+o<ﬂl4> . ()

This is identical to the usual Schrodinger equation for the light degrees of freedom
that propagate in a background defined by fixed values of the heavy variables. In
particular, Eq. (5.57) implies that the (conditional) light-sector dynamics associated
with the conditional probabilities (5.53) is unitary at order MY,

0 . 1
Thus, the solution ¥ to the constraint equation CvU = 0, has been factorized as
: : 1
V(Q.q) = MW @y(Qig) = MM Dy (Q)en(Qig) + O <M) - (5:59)
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Notice that background clock is defined from the phase Wy, which is generally not the
total phase of the ‘heavy factor’ exp(iMWq(Q))yn(Q). It is also useful to note that
the factorization (5.59) has been used as the traditional BO ansatz (cf. Appendix B)

in molecular physics [121].

Finally, we can use (5.53) to compute conditional expectation values of light-sector
operators. Given an operator O = O(x;ﬁ, q) that is symmetric with respect to the

measure v/ hdg, its conditional expectation value reads

f dqxf wl sz

E[0]Q] := [ davh vt

+O <1\14> : (5.60)

rl=szt=y’

This leads to the conditional Ehrenfest equation,'?

9
ozt

90

0 1 4
E[0Q] = E | 55 + N [Cin. O] + [Mlog|h|4,0] Q

+O<z\14> . (5.61)

which is to be compared with (5.24). This equation captures the quantum dynamics of

the light-sector in a fixed background of the heavy variables.

5.2.6 Perturbation theory II

Let us resume the iterative solution of (5.44) at order 1/M. We use the lowest-order
result (5.50) to replace the higher derivatives in 2! by factors of dlog |2V gh|'/*/dxz" or

NC,,. The result, after a series of relatively tedious steps, is found to be

gwﬁlw S =NC w—i()%p

4MV m
2M\/2|V h| Ox!

(5.62)

(x/ Vg h/\/g” >+ VWO(}\/}?) ,

which is of the form (5.47) with

. 0 1 1 0 Thig|a
I'=—log|2Vgh|t + ————— — | =|Ch
Ozl og [2Vgh[* + QM,/2|Vghya:c1 (U 2 ‘V >

1 (‘3 1

0
=7 log |2 — log |2 .

12Notice that (%OA) =22 (Oz/}) — OA% = [ai ] 1 defines the explicit z!-derivative of the
operator.
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Vim s (v

~ 32NV |Vgh

2
1 0 1 o

~ =71\ i a1 V2IVah 64

) 2,/2[V gh| 0z <WV%1\/W> , (5.64)

where v = sgn(V), as before. Equation (5.62) is the quantum counterpart of (5.19).
The term V/M is a quantum correction that arises as a result of the factor ordering
in (5.25) and (5.26). We also note that it is, in principle, possible to further factorize
Y(Q;q) = Yn(Q)Yi(Q;q) as in §5.2.5 in order to discuss unitarity of the (conditional)
light-sector dynamics, but we do not pursue this here because (5.62) is sufficient for
our purposes (particularly the application in Chapter 6). See, however, the discussion
in §B.4.2 and §B.4.3.

It is also important to mention that (5.62) was first derived in [120], but the terms in
the second line were not included. Here, they appear as a straightforward consequence
of solving (5.44) iteratively.'> Furthermore, a term similar to the il" term in (5.62) was
regarded as a cause of unitarity violation in [120] because ¥ (Q); q) was taken to be the
wave function of the light sector equipped with the standard inner product. In contrast,
as we have argued above, we note that ¥ (Q; ¢) is simply the phase-transformed solution
to the constraint equation, and thus it encodes the dynamics of both heavy and light
degrees of freedom. Following the discussion in §5.2.3, we see that (5.62) describes a
unitary dynamics with respect to a measure fM that solves (5.49). We now set out

find fM and we relate it to the classical Faddeev-Popov determinant.

5.2.7 WKB time as a quantum choice of gauge

Let us define i, := fM. We consider the expansion M := Mo+M; /M +O(1/M?), such
that iy = fMy [cf. (5.36)]. From (5.51), we know that f = /[2Vgh| and My = 1. If
we insert this lowest-order result together with (5.63) in (5.49), we obtain an equation
for Ml,

i 0 N

—i |5, Lt aven)| 42 m/ﬁlﬁ(é
I T IR o e S N A7 (5.65)

Cpn 0

1
W7@10g|2‘/9h’4

—1i

_ [Ml,/\fém} .
.

13Recall that we have assumed that G'* = 0. If this is not the case, then extra terms with z'-
derivatives should be included in (5.62).
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5. WEAK-COUPLING EXPANSION

It is straightforward to see that this equation is solved by My = C),,/(2V). Thus, we

obtain
A 1
[ := fM = +/|2V gh| ( 2MV ) +0 <M2> . (5.66)

It is worthwhile to mention that the author of this thesis has shown in [98] that (5.66)
can also be obtained from the Klein-Gordon inner product, but this does not concern
us here because the Klein-Gordon inner product is indefinite and we focus on positive-
definite products. Incidentally, the measure (5.66) leads to a positive-definite inner
product [cf. (5.30)], given that the condition

/dequﬂmww»/dequ# |2 nvcny o7

should be fulfilled in perturbation theory and we assume that the eigenvalues of Ch,
are not negative. Moreover, Eq. (5.66) is also similar to inner products that have been

analyzed in the study of quantum optics in gravitational fields [129].

Using (5.9) and (5.22), we can rewrite (5.66) in terms of a quantum version of the

absolute value of the Faddeev-Popov determinant,

\/|Gh 1 . 1
fi = VIGH <1+cm> = \/|Gh|m, (5.68)

V] 2MV

such that the physical inner product (5.30) (with ¢ = v) can be written as

(5.69)

(U, |Wy) = /de qu \/|Gh) \I/* \112

r-=s

In this way, the background clock ! (WKB time) corresponds to a quantum choice
of gauge. The gauge-fixed dynamics is unitary up to order 1/M, and it is governed
by the effective Schrodinger equation (5.62). Conditional expectation values of observ-
ables are given by suitable operator insertions in (5.69) [cf. the conditional probabil-
ities (2.112), (5.31) and (5.45)]. Finally, notice that, due to (5.66), Eq. (5.69) can be
written in terms of the conditional wave functions 1;(1’2) = ,&;/ 21/1(172), such that it
becomes manifestly positive-definite, [ []; dz* Hu dg” 1/?2‘1)1;(2). Thus, the operator fiy,

connects the solutions to C'¥ = 0 to conditional wave functions.'4

14Recall from footnote 10 that we only consider a single phase pre-factor ¥ = exp(iMWoy)y. For
this reason, different conditional wave functions (; 2y are connected to different states W(; 5y by the
same phase transformation.
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Chapter 6

Quantum-Gravitational Effects in

the Early Universe

With the formalisms of Chapters 2 and 5, we are now in a position to discuss a possible
treatment of quantum-gravitational effects in the early Universe based on a relational
account of the quantum constraint equation. In §6.1, we give a brief review of the es-
sentials of the classical theory that are necessary for our discussion of the BO approach
to quantum theory and its unitarity.! We also define the master WDW equation and
the associated conditional probabilities. In §6.2, we apply the formalism of Chapter 5
to obtain a unitary, corrected Schrédinger equation for the cosmological perturbations,
and the ensuing effects on the primordial power spectra are discussed in §6.3. For con-

venience, we set ¢ = h = 1. Spacetime is four-dimensional with signature (—, +, +, +).2

6.1 Cosmological perturbations

As the observable universe is approximately homogeneous and isotropic at large scales,
it is reasonable to define the cosmological perturbations on a FLRW background. In
addition, as contributions from spatial curvature are flattened to a large degree during
the period of inflationary expansion, we focus on a flat FLRW model. We also assume

a compact spatial topology for simplicity.

6.1.1 The classical background

The flat FLRW line element reads

ds* = —N%(1)d7? + a*(r)dx* , (6.1)

!Further details regarding the theory of cosmological perturbations can be found in [130], while the
Hamiltonian theory of perturbations in GR is discussed in [131,132] and references therein.
2This Chapter is based on [62].
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6. QUANTUM-GRAVITATIONAL EFFECTS IN THE EARLY UNIVERSE

and the symmetry-reduced action is [6]

1 ) 1 ad2 (13‘2
S:/ &E%«—%N2+y@—fww>, (6.2)
70

where k = 47G/3, and £ is an arbitrary length scale. Notice that the cosmological
constant has been set to zero, and we define the inflaton as a minimally coupled scalar

field ¢(7) for simplicity. Following [114,115], it is convenient to perform the redefinitions

t— Lt x— £x,
a N (6.3)
a——= N —
£ £
which imply that the spacetime coordinates become dimensionless, whereas the lapse

function and scale factor now have dimensions of length. We can then rewrite (6.2) as

lef. (1.40)]
T1 -2 372
s= [ ar <_21H“;+“2f7 —Na3V(¢>>

0

. (6.4)
:/'w(mmmM—N@,

70

where the lapse plays the role of the worldline einbein and the initial-value constraint
is

_r

1
5 pgﬁ + a3V(9) . (6.5)

C = L
2a3

po+

The de Sitter (‘no-roll’) limit, which will be sufficient for our analysis, is obtained by

setting ¢ = const. in the solution to the inflaton field equations,

. N ) 30V
¢~EP¢7P¢~—NG%‘ (6.6)
This is equivalent to the conditions
oV
Dy = 90 =0, (6.7)

which imply that the inflaton potential is a constant. In terms of the Hubble parameter
Hj in the de Sitter model [114], we can write

_ Hj

V(o) : 5 -
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6.1. Cosmological perturbations

Within the no-roll limit, it is straightforward to find the solution to the constraint (6.5),

H
Pa = —UOH 042 (09 ==1) . (6.9)

Here, the discrete multiplicity sectors are given by ogp = 1 (expanding universe) and
0o = —1 (contracting universe). Using (6.9), the field equation for the scale factor in
the proper-time gauge® (N(7) = 1) reads @ = ooHpa(T), and its solution is the well-
known function a(7) = agexp(coHpT). We also define the conformal time variable for
later reference. We denote it by 7 [not to be confused with the proper time defined in

Chapter 1; cf. (1.2)]. In the proper-time gauge, we demand 7 = 1/a(7), which yields

g0

n(a) = “Hea (6.10)
In terms of the field redefinition
a = ape® , (6.11)
we can write n = —oq/(Hpap)e™, which will be convenient in the quantum theory.

6.1.2 Classical perturbations

We now briefly review the aspects of the classical theory of cosmological perturbations
that will be useful in the quantum theory to be analyzed in §6.1.3.* Perturbations to
the FLRW metric are given by the perturbed line element

ds? =a?(n) {—(1 — 24)dn* + 2(9;B)da"dn 6.12)

+[(1 = 20)33; + 20,0, E + hyj] datda? } '
where the spacetime functions A, B, 1 and E comprise the scalar perturbations of
the metric, and the symmetric spatial tensor h;; encodes the tensor perturbations.
Notice that (6.12) has been written with respect to a dimensionful conformal time
coordinate, as well as a dimensionful scale factor; i.e., we have temporarily reverted
the redefinitions (6.3). Besides (6.12), there are also the scalar perturbations of the
inflaton, which are denoted by ¢(n, x).

The expansion of the action reads

S =S8y+065+5S+..., (6.13)

3In this context, the proper-time gauge is called the ‘cosmic-time coordinate choice’.
“Further details can be found in [114,115] and the standard references [130-133].
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6. QUANTUM-GRAVITATIONAL EFFECTS IN THE EARLY UNIVERSE

where Sy is the action for the FLRW background [cf. (6.2)], .S is a term that vanishes
if evaluated on a background solution, §2S is of quadratic order in the perturbations,
and the ellipses denote terms of higher orders. In this way, if we define the perturbed
metric [cf. (6.12)] around a fixed FLRW solution, the field equations for the perturbative
variables on a fixed FLRW background are obtained by varying 6.5 with respect to the

perturbations.

The two polarizations +, X of gravitational waves comprise the physical, indepen-
dent degrees of freedom among the tensor perturbations, which are invariant under
linearized diffeomorphisms in spacetime. In fact, the lowest-order dynamics of the
perturbations is most conveniently described by such invariants, often called ‘master
gauge-invariant variables’ [114]. Another linearized-diffeomorphism invariant is the
Mukhanov-Sasaki variable [114,130]

v::a{@—i—ft[A—l—QH(B—E)—i—Ci](B—E)]} . (6.14)

In (6.14), we have denoted - = d/dn and H = a/a. Let us consider the Fourier transform

_ dgk ik-x
v(n,x) = /R3 (QW)%vk(n)e , (6.15)

where v), = v_x. It is also convenient to work with the rescaled Fourier coefficients

i) = L ph) (6.16)
12k

of tensor perturbations. Using (6.15) and (6.16), it is possible to show that 625 has
the simple form [114,130, 134]

s ) () PVIE
528 = /dn/d3k {vkvk—wﬁ;s\vk\Q—i- Z I:UI({) (vl(()) —wﬁ;T‘vf()‘ ] }, (6.17)

A=+4,X

where the integration over k is performed over half of the Fourier space, and we define
wl%;S(n) = k2 - ; ) wk;T(n) = k2 ) (618)

with k = |k|, z := a<]5/ ‘H. Notice that, at the lowest-order, all the Fourier modes of the

perturbations evolve independently. In order to work with a more compact notation,
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6.1. Cosmological perturbations

we also define

VK forp=S,
l(cp) = ”1(<+) for p =+, (6.19)

X f
'Uk (0) }) = X 3
and

2 f =S
wi.p = wl;s o ’ (6.20)
' Wi for p=+4,x .

In a compact spatial topology, the modes are discrete, and we substitute [114,115]
/d3k — (6.21)

where, as mentioned earlier, £ is an arbitrary length. We can now repeat the redefini-
tions (6.3) and, in addition, redefine [114,115]

ke — Sk ol s g2 (6.22)

In this way, we can use (6.19), (6.20) to rewrite the action (6.17) as

o= [ X[ () ek ] (623)
k p=S,+,x

We subsequently decompose the variables v}((p )

parts [134],

in terms of their real and imaginary

1
vl({p) = — [”1(5%{ + ivl({fI)] , (6.24)

such that the action (6.23) leads to the Hamiltonian

35 = { () et [0} (6.25)

k,p j=R,1

where the canonical momenta of the perturbations are 7['1((/) ]) = vl((]) (7 = R,I). The
Hamiltonian (6.25) will allow us to separately examine the quantum dynamics of each
mode (at the lowest order in the perturbations). Lastly, we will use the notation

q:= (k) j’ p)v Vq ‘= Ul((l')j)" Wq = Wk;p for brevity.
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6. QUANTUM-GRAVITATIONAL EFFECTS IN THE EARLY UNIVERSE

6.1.3 The master Wheeler-DeWitt equation

The canonical quantization of (6.25) defines the QFT of cosmological perturbations on
a curved background given by a classical FLRW model. In the Schrodinger picture, the

wave functions zﬁ correspond to probability amplitudes that evolve according to

o -
=Hi 6.26
oo = I (6:26)

where the quantum Hamiltonian is
=Y A, (6.27)
q
2 1 0 2,2

Hq :2{_81)(21 —}-quq} . (628)

As is well-known [134], one can use the Schrodinger equation (6.26) to make the usual
predictions regarding the CMB anisotropy spectrum. Nevertheless, we would like to go
further and analyze: (1) how quantum fluctuations of the unperturbed FLRW metric
(i.e., of the scale factor) may be incorporated; (2) which effects may arise from this

quantization of the background.

A first attempt would be to demand that @E solves not only the Schrodinger equa-
tion (6.26) for perturbations, but also a separate quantum constraint for the back-
ground, which could be obtained by the standard Dirac quantization of (6.5).5 This is
not, however, the approach we consider. We will follow an alternative route and assume
that a single time reparametrization-invariant system encodes the dynamics (and, in
particular, interactions) of the background and perturbations. This is achieved by the

master WDW equation

e[k 92 1 9 6.6 e~ .
- = - « + —H ;¥ = 2
{ ad [2 da? 2 0¢? @0® V(d))} ao } (@, ¢,0) =0, (6.29)

which combines the Laplace-Beltrami ordered quantization of the background con-

straint (6.5) and the quantum Hamiltonian (6.27). Notice that the vgq variables are

SIn principle, this approach would have to be accompanied by the quantization of linearized con-
straints, §C, which follow from the term &S of first order in the perturbations that is present in (6.13).
See, for example, [133] for an application of these linearized constraints. Up to second order in the
perturbations, one could then require 'c/; to satisfy the zeroth-order constraint, CA%Z) = 0, the first-order
constraints, 601; = 0, and the second-order Schréodinger equation (6.26). Nevertheless, the master
gauge-invariant variables trivialize the §C' constraints, and their quantum theory corresponds to the
quantization of the reduced phase space of the perturbations, albeit not of the background. Thus one
does not need to require 501; = 0 if one quantizes the vq variables. See [114] for a discussion and
further references.
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6.1. Cosmological perturbations

collectively denoted by v, and we have included a factor of 1/a = e™“/ag [cf. (6.11)]
before H because the Hamiltonian of perturbations is defined with respect to conformal

time, such that it becomes H/a in the proper-time gauge [cf. (6.10)].

In the literature [114, 115, 133], a master WDW equation is commonly solved by
means of a weak-coupling expansion, such as the one analyzed in Chapter 5. Indeed,
one of the advantages of considering the single master WDW equation is that the
weak-coupling expansion of its solutions leads to a systematic derivation of QFT on a
curved background [cf. §5.2.5] and also of corrections to the Schrodinger equation (6.26)
[cf. §5.2.6]. Moreover, Eq. (6.29) directly encompasses the interaction of a quantum
background with the perturbations as a BO system in the sense of Chapter 5 and
Appendix B.

It is necessary to understand the relation between the master WDW equation (6.29)
and a notion of quantum gauge fixing (in the sense of Chapters 1 and 5), and a com-
prehensive analysis of the unitarity of the theory is warranted. We believe that the
present literature lacks a thorough discussion of these topics, both of which can be
tackled with the results of Chapter 5. Indeed, the space of solutions of (6.29) may be
endowed with the physical inner product (5.30), where the generalized clock is now
a function x(a, ¢;v). The conditional probabilities are defined as in (5.31). As the
potential in (6.5) is positive due to (6.8) (v = sgn(a®V(¢)) = 1), we simply denote
flo = [i-

In order to concretely discuss the issue of unitarity of the corrected Schrodinger
equation, it is sufficient to consider the de Sitter (no-roll) limit. As in the classical
theory, we impose ¢ = ¢g = const., and this corresponds to further conditioning the

probabilities; i.e., we define

N|=
[NIE

pu = g
(xy

where @[P¢O |x = s] is the relational observable defined from the kinematical improper

(¢

Following §2.5.6, we can define the matrix element of this observable as

(‘11(1) O[Pyolx = S]‘ ‘I’(2)>

~ [ dadodv (itw) 171800 - d0)o(x ~ 9t

v

\Ij)* h X=5,0=¢0 : (6.30)
OlPy,x = 51| ¥)

projector

P¢0

6) = 0(¢/ = 6)3(6 — 60) - (6.31)

(6.32)
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6. QUANTUM-GRAVITATIONAL EFFECTS IN THE EARLY UNIVERSE

where

dv = Hdvq = H dvl(j;). , (6.33)
a k,p.j

and we have restricted (6.32) to the multiplicity sector o = v = 1. Furthermore, we
also need to impose the supplementary condition ¥ /0¢ = 0 as the quantum analogue

of (6.7). Finally, using (6.8), we can rewrite (6.29) as

e 3 (K 02 6 6o HE e .
— | === — —H U =0. 6.34
[ a} (2 oz T %0° 25) * agp } (a,v) (6:34)

We note that (6.34) has the form of a quantum constraint of a BO system as described
in Chapter 5, where the coupling parameter is kK = 1/M. The heavy-sector is one-
dimensional and is comprised solely of the scale factor. We can then use the results of
Chapter 5 to establish the unitarity of (6.34) with respect to the physical (gauge-fixed)
inner product. This is the topic of the next section. In §6.3, we discuss how the cor-
rections to the Schrodinger equation may be used to compute (potentially observable)

effects in the primordial power spectra.

Before we continue, it is worth mentioning a simplification that we adopt in the
treatment of H in (6.34). In general, the quantization of the frequencies wq in (6.28)
may be rather involved because they are complicated functions of the background de-
grees of freedom and their derivatives [cf. (6.18) and (6.20)]. Therefore, if one attempts
to define them as operators in terms of background fields and their conjugate momenta,
one would face a complicated factor ordering problem.® This issue can be avoided by
defining conformal time as a configuration-space function [cf. (6.10)], such that wq could
be defined as configuration-space functions of the background degrees of freedom and of
7, which is itself a function of the scale factor. This simplification is particularly well-
suited for the weak-coupling expansion, and it has also been used in [114-116,135,136].
The de Sitter case becomes especially simple, since the frequencies read [cf. (6.18)
and (6.20)]

wi = k? —

wa (6.35)

n*(a) ’
for a fixed value of og in (6.10). In what follows, we thus identify the frequencies
in (6.34) with functions of a, such that H only depends on this ‘heavy’ degree of

freedom parametrically.

SNonetheless, this ordering ambiguity could provide further corrections to the usual description of
QFT on a curved, classical background.
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6.2. Weak-coupling expansion. Unitarity

6.2 Weak-coupling expansion. Unitarity

We can use a weak-coupling expansion in powers of x (which can be seen as the in-
verse, rescaled Planck mass squared) to find solutions to the constraint (6.34) for the
BO system comprised of the scale factor (one-dimensional ‘heavy sector’) and the per-
turbations (‘light sector’). The light-sector Hamiltonian H is of order x°. First, it is

useful to rewrite (6.34) in the following form:

K 02 H? .
<2(%¢2 + a8e60‘27/2 + a%ezo‘H>\II(a, v)=0. (6.36)

Equation (6.36) coincides with (5.25) and (5.26) if we formally set Q% = a, G = —1,
V = aSHZ/2, ¢ = vq, Vin = a? > q wavd /2, h* = §"a?® (for p,v ranging over the

vq variables), and h = 1.7 Following §5.2.2, we then consider the minimal BO ansatz
[cf. (5.34)]

U(a,v) = exp [;W(a,v)} = eiwo(o"”)w(a;v) , (6.37)

which was used in the context of quantum cosmology in [113-116, 120, 135-140] in the
form given in (5.32) or in the first equality in (6.37). We find that W)y only depends
on «a, and it solves the background HJ equation [cf. §5.2.2 and (6.5)]

1MW\ 4 eaH2
_- (=Y a0 _ 6.38
2(aa)+a0e 5 — O (6.38)
the solution of which is
3
H,
Wo(a) = ~T0%0H0 30 4 const. (6.39)

3

For convenience, we choose the classically expanding solution with og = 1 [cf. (6.9)].
We note that (6.38) corresponds to the constraint C' = —rp2 /2 + a®H3/(2), which is
related to the de Sitter limit of (6.5) by a change of einbein frame, C' = C/a® [cf. (1.41)].
If we choose conformal time [as defined in (6.10)] to be the background clock and if we

use the constraint C, the background einbein or lapse is determined by the equation

"This is a formal identification because the determinant of h,, = d,. /a® for u,v ranging over the
vq variables is a (divergent) power of the scale factor instead of 1. This power cancels in (5.26) but
not in (5.25), such that the result would not agree with (6.36). Nevertheless, the formal identification
used here simply corresponds to adopting the Laplace-Beltrami ordering solely in the heavy sector,
while the light-sector Hamiltonian is simply Cr, = a2H [cf. (6.27)]. As h is a spectator variable in the
derivation of (5.62), this formal identification is allowed and yields the correct result, as can be verified
by a direct computation, which was performed in [62].
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6. QUANTUM-GRAVITATIONAL EFFECTS IN THE EARLY UNIVERSE

[cf. (6.5)]

W 0 _

LN CY = =N 0 =

a*N | (6.40)
such that NV = 1/a?.® The subsequent orders in perturbation theory are found by
following §5.2.6. At order k, we find that the phase-transformed wave function ¢ (o;v)

is a solution to the corrected Schrédinger equation

2,4
i‘?;s +ily = Hy — ’“””HTO”EI% + &V + O (K?) (6.41)

where we used (5.62) with N' = 1/a?, V = aH2/2, h = 1, and C,, = a*H, as well
as (6.10). Furthermore, since the heavy-sector configuration space is one-dimensional
in this case, there is no contribution from the terms involving the x’ degrees of freedom
in (5.62), and we have formally set g = 1, g% = 0. The term xV is given in (5.64) and,
in this case, it is only a function of conformal time. Therefore, we can absorb KV into
an order-x n-dependent phase redefinition of . This is allowed because, as we will see,
the physical inner product is insensitive to phase transformations of 1, as it should be.

Finally, I is given in (5.63) and, in the present case, it reduces to

A O 1K 0 . ) B
= 8—n1og\H3n3 2 + 5H3\nl3877 <|77|H) - HHgn4H8—nlog|H§773| 5. (6.42)

We can use (6.42) together with H2¢ = iHdy/dn+ iHITY + O(k) to bring (6.41) to a
form in which the unitarity of the evolution is manifest. First, we multiply both sides
of (6.41) by |H3n?|~%/? to obtain

.0 9 3,1 ik 3 [0 ~ ik 3 0
o (1301 b) + g Holalt | 5 (nit) |+ 5 Holal ol

ik 0 _3 - - _1
-5 Ho (anlog\n\ 2) n|Hy = H (!H§n3\ w) +0(5%)

where, as discussed above, we discarded the k) term. Subsequently, we use the Leibniz
rule to find

.0 kHEnt . _1 - _1
i KH;"H) |Hep| é¢] = A (1B 730) + 0 (+) (6.43)

®Due to the relation ¢ = C'/a® [cf. (1.41)], the change of einbein frame (1.3) implies that the
background lapse associated with C' is a®> N = a, which is the usual value for the lapse in the conformal
time coordinate [cf. derivation of (6.10)].
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Notice that

[ = |HE? (1 + /<;H§774ﬁ) +0 (k2 (6.44)

is an instance of (5.66), and thus it corresponds to a quantum version of the absolute
value of the Faddeev-Popov determinant. Its inverse is i~! = (1 — /{Hgn"‘lfl ) |HE2n?| +

O(k2). If we define ) := [i'/24), then (6.43) becomes the Schrodinger equation

1— = Aeffq/} ) (645)

where the effective (or corrected) Hamiltonian at order « is

A~

. H2n? .
Hug = H — K,OTnH2 +O(r?) (6.46)

and it governs the dynamics of cosmological perturbations. Evidently, Eq. (6.46) may
be found by directly applying the weak-coupling expansion to (6.36) instead of using
the general results of Chapter 5. This was shown in [62].

We note that the matrix element (6.32) can now be written as
(V1| Wg)qs = (‘1’(1) ‘@[P¢0|X = 8]‘ ‘1’(2)) = /dv @52‘1)15(2) , (6.47)

where @ZJ(LQ) = ﬂl/QdJ(m) = /2 exp(—iWo/K)¥ (1 9) is evaluated at 7 = s and ¢ = ¢y.
Below, we consider arbitrary values of s, and we simply identify s with the variable
7. The constant ¢y will be omitted. The quadratic form (6.47) may be regarded as
the physical inner product in the de Sitter limit. Similarly, the conditional probabili-
ties (6.30) become

|91

Pw = (T]0) 5 (6.48)

where 1; plays the role of a conditional wave function. Thus, the evolution dictated
by the Schrodinger equation (6.45) is manifestly unitarity (up to order k) with re-
spect to the physical inner product (6.47), and this guarantees the conservation of
the conditional probabilities (6.48). More precisely, we conclude that H.g is symmet-
ric with respect to (6.47) [cf. (6.27) and (6.28)], and it is formally self-adjoint if the
weak-coupling expansion is well-defined and adequate boundary conditions are chosen
for 2/3(1?2). Notice that (6.47) is insensitive to (possibly n-dependent) phase transfor-
mations of 11 9) = exp(—=iWo/k)¥ 9y or of 1/3(1’2) = ﬂ1/21/)(1,2), as mentioned above.

Furthermore, since the heavy sector is one-dimensional here, the inner product (6.47)
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establishes the unitarity of the light sector regardless of the choice of factorization
discussed in Appendix B [see (B.30)].

Although we know that the measure (6.44) is related to the Faddeev-Popov deter-
minant via (5.68), it is instructive to verify this explicitly here. First, we rewrite the

inner product (6.47) as

[ v g = [ avviyivie
_ / do Wiy [HEP | (14 wH3 ) W) + O(%) (6.49)

= /dv \Il’{l)]é|%a2 <1 + ﬁHgn4fI> Vo) + O(x?)

where we used ¥ 9) = exp(—iWo/k)¥(19), G = —2N?Vg [cf. (5.9)], N = 1/a%, V =
a®H2/2, and g = 1. Notice that the last line of (6.49) coincides with (5.69) for h = 1
and the measure given in (5.68). Equation (6.49) defines a manifestly positive-definite
inner product with a symmetric measure. Second, we note that the classical Faddeev-
Popov determinant associated with the choice of conformal time as the background
clock and the constraint C is [cf. (1.78) and (6.40)]

1 ~ —Q pg{ K
1_ _ Pal _ K~ 6.50
w {n.C Hyayg {e T2 H02a2p77 ’ (6:50)

where p,, is the canonical momentum conjugate to (6.10) (with ogp = 1). Using (6.43),

we can then write (6.49) in the alternative form

[ v iy = [ avviyive

— [ v gy et (14 k0 ) 1| o) + OG)

= /dv ¢{1)|H§n3|—% <1 +i/<;H§n4§7) |H37?| 249y + O(K?) (6.51)
— [ o Wiy H3 Bt S ) + 00

_ /dv Nk <—H§a3ﬁna> Wiy + O(s2) |

where the momentum operator conjugate to 7 is defined as

Py = —i|G| 7T —| G| (6.52)
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6.3. Corrections to primordial power spectra

in relation to the metric G [128]. Thus, the last line of (6.51) is a quantum version
of (6.50) with a particular factor ordering. Although the operator inserted in the last
line of (6.51) is not generally symmetric with respect to the light-sector measure dv, we
note from (6.49) and (6.51) that its quadratic form is positive-definite and equivalent to
that of the symmetric operator i for solutions of the quantum constraint. In this way,
the inner product (6.47) is well-defined and conserved with respect to the background

clock (conformal time).?

We stress that (6.45) has no “unitarity-violating” terms. These terms, which were
found and discussed in [114-116, 120], are absorbed into the Faddeev-Popov mea-
sure (6.44). The formalism presented here shows that this measure consistently follows
from the weak-coupling expansion of the master WDW equation. We thus differ from
the previous literature with respect to the definition and interpretation of the inner

product and the ensuing unitarity of the evolution of conditional wave functions.'”

It is also important to note that, at order x°, the Schrodinger equation (6.45)
coincides with (6.26), and thus QFT in curved spacetime arises from the weak-coupling
expansion of the master WDW equation. Although this is well-known from the earlier
literature, our formalism makes it clear that the QFT wave function(al) is an instance

of a conditional wave function ¢/ and, therefore, of relative initial data (cf. §2.7.1).

6.3 Corrections to primordial power spectra

We may regard (6.45) as the Schrodinger picture of a QFT on de Sitter space, and
the Hamiltonian operator is Heg. It is then interesting to examine the corresponding
phenomenology: what are the power spectra of perturbations predicted by (6.45)?7 We
now turn to this calculation, and we will see that the spectra coincide with the usual
results at the lowest order, whereas the order-x corrections lead to modifications, the

observability of which has to be carefully discussed.

6.3.1 Restriction to a single mode

In the previous literature concerning the BO approach [114-116,135,136,138,140,141], it
is common practice to simplify the calculations by restricting oneself to a single Fourier
mode (or, more precisely, to a single vq mode). Here, we also follow this procedure,

which is at times called a ‘random phase approximation’ [138, 140, 141]. Concretely,

9To the best of our knowledge, this is a new result. It is important to mention that Barvinsky has
discussed the relation between the classical Faddeev-Popov determinant and the physical (gauge-fixed)
inner product by means of perturbation theory in powers of 7 [51], but the relation of the gauge-fixing
procedure to the BO approach was not examined. Here [cf. Chapter 5], we show that the BO approach
is a particular case of the general framework considered in Chapter 2, and we work with perturbation
theory in powers of k instead of .

10T immerzahl has discussed a nontrivial definition of the measure in the context of quantum optics
in gravitational fields [129].
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this involves the ansatz

b(a;v) = [ da(as5vq) (6.53)

q

from which we obtain [cf. (6.27) and (6.45)]

1£I21/~J = Zﬁél[)-i- Z I:IqI:Iq’l/;
q

q'#q
e At Bt
— H2 + (3 q C’lv q
g a¥ w%}qwq o (6.54)
YT L L oY
a a7a Ya Va

The last term in the right-hand side of (6.54) generally diverges, and one would need to
resort to a subtraction scheme, such as the ones considered in [133,142,143], in order
to regularize (6.54).1! However, one often assumes that the last term in the right-hand
side of (6.54) can be discarded because the terms with n-derivatives add incoherently.
It is important to emphasize that, in the absence of a detailed subtraction scheme,
this is a formal approximation, which we call the random phase approximation. A
complete account of the regularization of (6.34) in the context of the random phase
approximation is, to the best of our knowledge, currently lacking.!? Notwithstanding,
it is possible to give a heuristic physical interpretation of this approximation. Clearly,
if we neglect the second sum in (6.54), we are discarding interaction terms between the
different modes (the different vq variables). As was argued in [144], this is equivalent to
assuming that such interactions are negligible,!® and that one may concentrate solely
on the effects of the quantization of the de Sitter background on the evolution of a given
mode. Indeed, the presence of a quantum background is the key physical distinction

between the usual QFT in curved spacetime and the master WDW equation.

It is also useful to note that, due to the truncation of the action at quadratic order
in the perturbations (6.13), the master WDW equation (6.34) follows from a quanti-
zation of the classical theory which is only valid if the higher-order O(v?)-terms are
negligible. Consequently, the Schrédinger equation (6.45) provides a reliable account of
the dynamics only in regions of the vq-configuration space where the O(v?)-corrections

can be ignored. In this region, the random phase approximation is reasonable because

1 Of particular interest is Sec. IV of [142], in which the BO approach is applied to a WDW equation
with higher-derivative terms, and the adiabatic subtraction procedure is used. Furthermore, a general
overview of the adiabatic subtraction procedure for Schréodinger-picture quantum fields that propagate
on FLRW spacetimes is available in [143].

121t would be interesting to investigate this in the future.

13Somewhat more artificially, one could also consider the case in which only one of v, fields is
classically evolving, such that only this field needs to be quantized.
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6.3. Corrections to primordial power spectra

the second sum in (6.54) includes O(v3)-terms.

In rest of this Chapter, we make the assumption that it is possible to regular-
ize (6.54) with a subtraction scheme, such that the formal random phase approximation
can be applied. In this way, the Schrédinger equation (6.45) reduces to the single-mode
equation [cf. (6.28)]

09
i

f~ H2
= Hytg — =T g (6.5

6.3.2 Relative initial data

Following Chapter 4, we consider that the wave function of the universe should be
interpreted as the relative initial data for its quantum evolution. Clearly, in addition
to the hypotheses that the weak-coupling expansion and random phase approximation
are valid, the choice of relative initial data is a key factor in determining the power
spectra. Due to [cf. (6.37) and (6.53)]

U(a,v) = ex™@ 373 [T g , (6.56)
q

we see that the wave function of the universe ¥ («,v) is determined by a choice of state
for each mode 1/~Jq, which corresponds to a conditional wave function that describes the

evolution of perturbations relative to the value of conformal time.'

What choice should be made for ﬁq? Although one can, in principle, choose general
states,'® it is reasonable to fix ”lZJq to coincide with the Bunch-Davies vacuum at the

lowest order. Let us then consider

g = Nyla) exp {—;Qq(a)vg — qu(a)vé} : (6.57)

where ReQq (), Rel'q(or) > 0. The goal is to solve for Ny(a), Qq(a) and T'q(a) and
to choose boundary conditions such that (6.57) reduces to the Bunch-Davies state at

order kY.

Although we take the O(v3)-terms to be negligible, such that (6.55) is valid, the
inclusion of the quartic term in (6.57) is needed for consistency. Indeed, I'q(cr) will be

seen to affect the power spectra,' but it does not necessarily lead to non-Gaussianities

Duye to the definition (6.10), this conditioning on 7 is also equivalent to a conditioning on the
value of the scale factor. Furthermore, there is a formal conditioning on the value of the scalar field ¢
[cf. (6.32)] due to the way the de Sitter limit was constructed from a more general inflationary model.

153ee, for example, [116] for a discussion on excited states and their relation to the master WDW
equation.

8Moreover, the operator ﬁg in (6.55) includes a term proportional to vé.
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6. QUANTUM-GRAVITATIONAL EFFECTS IN THE EARLY UNIVERSE

in the CMB. The reason for this is that the master WDW equation may have to be
replaced by another constraint, which is derived from another truncation of the classical
theory, in regions where O(v3)-terms are not negligible, as was discussed above. A

similar remark was given in the semiclassical formalism presented in [145].

The equations for Ng(a), Qq(a) and T'q(a) are found by using the ansatz (6.57)

in (6.55) and discarding terms of order 2. The result is

5, Q HZnt 3xHan
ia—nlog/\/' -3+ r i” w2 -2 80” 02, (6.58)
o0 Hzn?
18777‘1 = Q2 —wd — 3Klq — 5 20” Qq (22— w?) (6.59)
81‘\ 2.4
ia—: = 40 Tq + 0277 (2 —w?). (6.60)

6.3.3 Unitarity

It is worthwhile to explicitly confirm the unitarity implied by the inner product (6.47)
for the evolution of the relative initial data (6.57). If

30 e [T dv 102 = i (12
0= Xr log/_oo dug |1g]” = iTm <1877> (6.61)

holds, then the norm of 1 is conserved. Due to (6.57), we find

N L0 00, 0Ty
<18n>_<187710g/\[q > on Va7 an Vg ) - (6.62)

To compute this expectation value, we note that it suffices to perform a set of Gaussian
integrals because the non-Gaussian term in (6.57) is proportional to , and thus its
contribution can be computed in perturbation theory. Using (6.57), (6.58), (6.59) and

(6.60) and neglecting terms of order x2, we obtain

~ /.0 JmQ2 3kHZn -
Jm <187710qu> = 4 40 (Refq)Imyq ,

i10Qq JmQq  9xHEnt 3kHEn ImQq (wg + ImQ2)
Jm{ - -4 =— Relq)ImQyq —
Jm< 2 0n ”‘1> 3 T (ellg)Imilg $ReClq

3r(Rel'q)TmQq n 3kImI g
AR} IRy

idlq 4 3kHzn* 3kHEn* ImQq (wd + ImQ)
gm{ —2 Ty = 20N (o100 ) ImO
Jm< 1o vq> (Reflq)ImOq + el

_ 36(Relq)TmQgq  3kTmly
AR 1ReQq
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6.3. Corrections to primordial power spectra

Then, the value of (6.62) is found by adding the three equations above. The result, as

expected, is

~ . 8 _
6.3.4 Power spectra I. Definitions

The conditional correlation function [cf. (6.32), (6.47) and (6.48)]

(w|O1w2Psm| w)

(v [OPs | @)

_ (v }”a‘ \Il)dS (6.64)
(V[W) 45

B [ dv 1;*1)21;

[Py

(vg) = Egvgln, ¢o] =

reproduces the familiar formula from QFT on curved backgrounds. The power spectrum

of the vq perturbations is then defined in the usual way,

3
Pu(a) i= g (02 (6.65)

Below, we will see that the power spectrum is a function solely of k = [k|, P,(q) =
Py(k). From (6.53) and (6.57), the conditional correlation function is found to be

(v2) = I 3kPRely
V7 2ReQq 4(ReQq)?

(6.66)

In order to evaluate the power spectrum (6.65), we will consider the superhorizon
limit limy,,_,o- (Ué} because our focus is on large scales. Furthermore, if we expand

Qq = Qg0 + kQq:1 and neglect terms of order k%, we can express (6.66) as

1+ ko
2\ __ q
(vg) = e (6.67)

where we defined the correction term

- Rellgn  3Relg (6.68)

0y =
T ReQqo 2(ReQq)?

which encodes the deviation from the usual results of QFT on a fixed background.
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6. QUANTUM-GRAVITATIONAL EFFECTS IN THE EARLY UNIVERSE

The power spectrum of scalar perturbations is usually defined in terms of the co-

moving curvature perturbations [114,115]

(S)
3K
(k= ?% : (6.69)

which are associated with CMB temperature anisotropies, and are defined on a quasi-
de Sitter space characterized by a small but nonzero inflationary slow-roll parameter,
e = —H/H? [with - = d/d7; cf. (6.1)]. Their power spectrum is

3K 3k k3

” (2) . (6.70)

q

Similarly, the power spectrum of tensor perturbations is customarily expressed in terms
of the rescaled Fourier modes \/ihfj’x) [to be compared with (6.16)],

24k 48 k?
A=+,X

In general slow-roll models, the correction terms for each spectrum may be different.
This was analyzed in [115], where the would-be unitarity-violating terms were simply
neglected. In the formalism presented here, we have seen that they can be incorporated
into the definition of i [cf. (6.44)].17 As we have restricted ourselves to the (quasi-)de
Sitter limit, a simplification occurs due to the fact that the frequencies (6.35) coincide,

and (6.67) implies that there is a common correction factor,
Ps (k) =Ps10(k)(1+ Kdg) - (6.72)

For this reason, the tensor-to-scalar ratio

_ Pr(k) _ Pr.o(k)
" Ps(R) T Psolk) (o7

receives no corrections in this limit.

"It is important to mention that some of the would-be unitarity-violating terms neglected in [114—
116] were, in fact, part of the complex functions 1[) and, as such, are not incorporated into 4 in our
formalism, but they also do not violate unitarity with respect to the inner product (6.47). This
difference will also lead to discrepancies in the results discussed in §6.3.6.
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6.3. Corrections to primordial power spectra

6.3.5 Power spectra II. The lowest order

Since the Schrédinger equation (6.45) coincides with the usual QFT Schrédinger equa-
tion (6.26) at the lowest order, the power spectra found from (6.67) at order x° must
agree with the well-known results. To see that this is indeed the case, we solve the

lowest-order of (6.59) by means of the replacement

Ya (1)
Qqgo(n) = —i , 6.74
a:0(1) va () (6.74)
for which (6.59) becomes
ilq + wiyq = O(k) . (6.75)

Due to (6.35), the solution has the well-known form

i

Ya(n) = y(n) = \/%e‘““” <1 - kn) + \/l;kei"f" (1 + kln) : (6.76)

As we require Refq.0(n) > 0, we must impose [cf. (6.74)]
B — A% = —i [y — U] > 0, (6.77)

which is satisfied if A & sinh¥ and B o cosh for ¢ € R. If we now truncate (6.57)
at the lowest order and demand that it coincides with the Minkowski vacuum when
n — —oo (a — 0), the value of ¥ can be fixed. Indeed, we demand that ¥ = 0 such
that

n——oco cosh ¥e'¥ — sinh de= 1 4_,
Sheoln) * = cosh Yeikn +Sinh19e—i"”7k =k (6.78)

Together with (6.76), this leads us to the usual Bunch-Davies results [114]

Qq0(n) = Qo) = K i (6.79)
a0\ = “Ek0N) = 77 k2n? - n(1+ k2n?) '
and
() = L o R L o) (650
q 21?2 = ok k) - :
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Using k = 47G/3 and (6.10), the power spectra and tensor-to-scalar ratio then read
[cf. (6.70) and (6.71)]

3k 1 GH}

k)= 22— — 6.81

PS,U( ) ca2 4772772 e - ’ ( )
24k 1 16GH?

olk) = 222 = 0 6.82

pT,O( ) a2 47_[_2772 T ) ( )

r = 16¢ . (6.83)

As the slow-roll parameter € appears in (6.81), and due to the fact that the perturbations
freeze at horizon crossing (at least if terms of order x? are neglected), Eq. (6.81) is

computed at the instant in which & = aHj.

6.3.6 Power spectra III. Corrections

The inclusion of terms of order  corresponds to the inclusion of the correction term (6.68)
in (6.67). To find this term, we must compute {q;; and I'y. We can solve (6.60)
if we substitute Qq — Qg0 [cf. (6.79)] and if we choose the boundary condition
lim, , 'y = 0, which is consistent with the lowest-order Bunch-Davies solution.

The solution then reads!®

HZn (4ik2772 + 4kn + i) oAiarctan (kn)
6 (k%1% + 1)2
SHZN* k3T (0, —4ikn)e~4ilkn—arctan(kn)]
3 (k22 +1)° '

Lq(n) =
(6.84)

This solution vanishes in the infinite past by virtue of

o —Z
r(0,2) = (6.85)
z

and its late-time behavior can be found from the expansion

[0,2) = —yg —logz + z + O(2?) , (6.86)

18Certain computer algebra software present the solution in terms of the exponential integral func-
tion, but we chose to adopt I'(0, z) (the upper incomplete gamma function) that was also used in the
formalism of [114].
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with the Euler-Mascheroni constant vg. We obtain

0- k‘SH2 4
Relg(n) |~ TO” [—18 + 8y + 8log(4k|n|)] - (6.87)

Subsequently, we must compute {2q.;. Its equation is obtained if we use Qq = Qqg;0 +

kQq:1 in (6.59) and collect all terms of order &,

0Qq: 3HZn*
iTq,l = 20q;08q;1 — 3lq — i . ;
Ui

In analogy to the Bunch-Davies vacuum, we will fix the constant of integration by

requiring that lim, ., Reflq;1 is well-defined (it does not oscillaute).19 The solution is

o2 arctan(kn)HgUQ 10i + 6kn — 31](32772

Qq;l(n) =

kn +1i 2(kn —1)(kn + 1) (6.88)
AD(0, —4ikn) gy 2000, =2ikn) oy
—— Ve - — e ;
(kn+1) (kn —1)

due to (6.79) and (6.84). From (6.85), we see that the required boundary condition is
satisfied,??

: 3H?
77ll)l’_ﬂoo fRqu;l(n) = Tkz . (689)
We can also inspect the late-time limit of (6.88),
ReQgu(n) "= H22[5 — 2y + 2log(2kln]) — 4log(4k (6.90)
Qq1(n) "= Hgn'[5 — 27 + 2log(2kn]) — 4log(4k[n|)] ,

due to (6.86). With (6.87) and (6.90), as well as (6.80), we can finally compute the
correction term (6.68). In the analysis of data concerning the CMB, it is customary to
express the results in terms of a pivot (or reference) scale denoted by k,. For this reason,
in order to make (6.68) comparable to observations, we revert the first transformation
in (6.22) (k — £k) and we choose £ = 1/k,.2! The correction term can then be written

19This is analogous to a requirement that was made in formalism of [114].

2OIncidentally, the reason we fix the boundary condition solely for the real part of Qg1 is that its
imaginary part does not alter the conditional correlation function (6.64). In fact, one can verify that
the imaginary part of (6.88) leads to a large phase in (6.57) in the limit  — —oo, which, nonetheless,
does not influence the power spectra.

2!'Notice that k and k. are now dimensionful, but the result (6.91) is expressed in terms of their
ratio.
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as

3
0q = Ox(n) = H? <k];*> [4 — 2vp — 2log(—2kn)] , (6.91)

and it leads to the corrected power spectra [cf. (6.67), (6.70), (6.71)]

Ps,1(k) = Ps r0(k) [1 + Kdq)

3 6.92
~ Ps 1.0(k) {1 + kH? <]2*) [2.85 — 2log(—2kn)] } : (6.92)

It is important to emphasize that (6.92) is different from the result presented in [114].
As the constant x is equal to the inverse, rescaled Planck mass squared used in that
reference, the two results can be easily compared. Apart from a difference in numerical
factors, we also note that the logarithmic term was absent in the earlier treatment. We

now examine the reasons for this discrepancy.

6.3.7 Power spectra I'V. Discussion

The disagreement between (6.92) and the earlier literature [114-116, 140] stems from
the fact that these preceding works not only discarded the would-be unitarity-violating
terms that we have incorporated into the definition of f in (6.44), but they also ne-
glected the imaginary part of terms of order x in (6.45) and (6.59), which were also
thought to violate unitarity (see also footnote 17). In the present formalism, there
is no need to discard these additional terms, as they are simply part of the complex
conditional wave functions and do not jeopardize the conservation of the norm of .
From (6.63), we see that an explicit calculation confirms that the inner product (6.47)
is conserved (assuming that the Hamiltonian (6.46) is self-adjoint by an adequate choice
of boundary conditions for 1;) The inclusion of these additional terms resulted in the

different expression (6.92).

The most interesting difference is the logarithmic term. Since the mode k crosses
horizon at an instant defined by aHy = k, the logarithm essentially counts the number
of e-folds between horizon crossing and the instant n. Therefore, it grows in conformal
time and might invalidate perturbation theory at late times or in the superhorizon limit.
Our results regarding the unitarity of the dynamics of a BO system (cf. Chapter 5 and
§6.2) clearly depend on whether the perturbative expansion in powers of kK = 1/M
is well-defined. Before we discuss if and how this can be guaranteed, let us give an
approximate estimate of the value of (6.91). We can discard the logarithm if the
correction term is computed around horizon crossing, since then log(—kn) ~ 0. The

reliability of this evaluation depends on the superhorizon conservation of (. We obtain
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3
Koy =~ 1.5 kH} <k]‘:> : (6.93)
which implies that there is an enhancement of power at large scales and the spectrum
acquires a scale dependence. This is essentially the result found in [114], apart from
the numerical pre-factor, which was approximately 0.988. There, the upper bound
kHZ < 1.7 x 10719 was also derived. Using this result, one could also choose the value
of n at which the correction term is computed such that xdg(n) would not invalidate
perturbation theory. Nevertheless, these are heuristic estimations. Can we go beyond
them?

It may be that a different choice of relative initial data [cf. (6.57)] can avoid the
appearance of terms that grow in conformal time. However, such choice would likely
be more complicated than (6.57), and it should have a reasonable justification [such as
the analogy to the Bunch-Davies state that guided the construction of (6.57)] instead
of being simply engineered. Moreover, it seems reasonable to suppose that a better
understanding of the physics behind (6.92) will be gained by applying the present
formalism to more general slow-roll models and other realistic accounts of the early
Universe. The (quasi-)de Sitter approximation, on which (6.92) is based, may be too

simple.

Finally, although the secular growth of the logarithm is worrisome, it is important
to note that secular terms frequently appear in perturbative QFT calculations in de
Sitter space, for example, in the computation of quantum corrections to correlation
functions or to the late-time structure of the Bunch-Davies state [146-148]. A similar
logarithm was also present in [144], where the master WDW equation was solved in
terms of suitably defined quantum moments. Is there a relation between secular terms
found in the literature and the logarithm in (6.92)7 This is conceivable because, in the
literature [146-150], the logarithmic terms follow from the usual perturbation theory in
QFT, whereas the logarithm in (6.92) is a consequence of the weak-coupling expansion,

which is akin to a loop expansion (as was explained in [151]).

An interesting question that is left for future work is whether any of the various
treatments given to the large time-dependent logarithms in de Sitter space QFT can
be adapted to the master WDW equation (6.34). Indeed, the resummation procedures
described in the literature might also be applicable in the formalism presented here. In
particular, in the framework of the dynamical renormalization group [146,147,149,150],
late-time divergences can be subtracted by adequate counterterms that depend on an
arbitrary time scale. In this subtraction procedure, the validity of perturbation theory
may be improved by the resummation of leading time-dependent logarithms. Thus, it
is imaginable that (some of) these schemes could be used in the present formalism in

order to guarantee the validity of the perturbative expansion in powers of .
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Conclusions and Outlook

0.1 Conclusions

Although there are presently various candidate theories of quantum gravitation, each
with its merits and shortcomings, two fundamental issues remain unclear. First, is the
diffeomorphism symmetry emergent or is it an essential feature of the quantum theory?
If it is essential, how should the quantum states be interpreted in a diffeomorphism-
invariant way? Can we meaningfully attribute a probabilistic interpretation to them?
Second, if there is a physical Hilbert space, how can we define and interpret the oper-

ators that act on it? In what sense (if any) can they represent observables?

The search for a (partial) resolution of these issues has spawned numerous interest-
ing proposals, which often combine aspects of quantum field theory, quantum founda-
tions and quantum information science. Regarding the interpretation of the quantum
states, some researchers advocate the use of the consistent or decoherent histories for-
malism to assign probabilities to quantum states also in a diffeomorphism-invariant
setting (see, for instance, [152-156]), while others argue that the de Broglie-Bohm the-
ory [26,27] can meaningfully dissolve the conundrum related to the problem of time in
a theory without a preferred time parameter and, perhaps, explain the origin of prob-
abilities for subsystems of the Universe. Rovelli has also suggested a kind of quantum
relational dynamics in his ‘relational quantum mechanics’ [157]. Most notably, the use
of the solutions to the quantum constraint in the definition of conditional probabilities
has attracted considerable attention in the literature [75,86-93].

Methods of construction and interpretation of observables have also been actively re-
searched. In particular, one can reasonably define classical observables as diffeomorphism-
invariant extensions of geometrical objects [30,31, 33,76, 78,94, 95, 158], which encode
the relational dynamics among the different fields of a theory, as Rovelli has emphasized
in his “evolving constants of motion” description [17,96,97]. The invariant extensions
are often also called relational observables [57,58]. Classically, their interpretation is
clear: as they are invariant extensions of the components of tensor fields in certain
local coordinates, the relational observables capture the value of a field in terms of gen-
eralized clocks and rods; i.e., they yield a prediction for value of field conditioned on
the value that is read on the generalized measuring instruments. This is a conditional

prediction, and it can be taken to represent the outcome of a measurement. But what
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are the corresponding quantum observables? And are they relational in any meaning-
ful sense? Indeed, the appropriate procedure of quantization of these observables has
remained unsettled [58,79-81,94,95]. In other words, the literature currently lacks a
systematic, uncontroversial and model-independent way to define quantum observables

in a diffeomorphism-invariant theory.

In this thesis, we have presented a possible formalism for the systematic construc-
tion and interpretation of relational observables, both in the classical and quantum
theories. We have not solved the measurement problem or the origin of probabilities,
but we have suggested a tentative set of postulates in the quantum theory, which bring
to the forefront the consequences of diffeomorphism invariance for the probabilistic
interpretation as a form of quantum relational dynamics. We have also argued that,
under certain circumstances, the dynamics can be understood in terms of conditional
probabilities, and the averages of observables correspond to conditional expectation val-
ues of geometric objects. This is reasonable because the classical relational observables
are, in a sense, conditional quantities. Thus, our work connects the two fundamental

issues of probabilities and observables in a diffeomorphism-invariant setting.

We have established the general framework in Chapters 1 and 2, and illustrated
the formalism with examples in Chapters 3 and 4. For simplicity and clarity, we have
restricted ourselves to mechanical toy models so as to evade problems with regulariza-
tion and anomalies that might appear in a more general field-theoretical approach, and
yet cloud the conceptual issues related to diffeomorphism invariance and the problem
of time. The general formalism we have presented is, in principle, model independent
and it is applicable to mechanical theories that are integrable, in which the solutions
to the classical field equations and to the quantum constraints can be found (with
the aid of perturbation theory, if needed). Clearly, this formalism is necessarily provi-
sional and not to be seen as a definitive framework, but we believe it clarifies several
conceptual issues at interface of quantum theory and gravitation and, furthermore, it
provides a useful set of tools for various toy models, as illustrated in Chapters 3, 4
and 6. These tools may need to be made more rigorous or refined if applied to more

realistic (field-theoretical) scenarios.

The method presented here is based on the classical Faddeev-Popov gauge-fixing
procedure [20,21], with which invariant extensions of gauge-fixed quantities (i.e., vari-
ables written in a fixed generalized reference frame) are obtained by writing them in
an arbitrary frame using integral formulae. We have explained how to perform the cor-
responding procedure in the canonical (operator-based) quantum theory, and we have
compared our proposal with the earlier literature. In particular, we emphasize that a
defining feature of our formalism is the operator version of the Faddeev-Popov resolu-
tion of the identity, which implies that the identity operator is invariantly extended to
the identity in the physical Hilbert space. In contrast, in the earlier method of [53],

this was not the case.
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The Faddeev-Popov resolution to the identity is tied to a choice of generalized clock
that defines a generalized quantum reference frame. We have given an explicit formula
for the Faddeev-Popov operator, and we have discussed under what circumstances
one can define a physical propagator that defines a unitary quantum evolution in the
quantum reference frame. Furthermore, changes of well-defined quantum reference
frames can be performed as changes of basis in the physical Hilbert space of the theory.
Under certain circumstances, the interpretation of the generalized reference frame can
be based on conditional probabilities, which express the time parameter measured by
the clock as the condition on which the observations (or more, precisely, probabilistic
predictions) of an experimenter in a certain reference frame are based. In this case,
we have argued that all the dynamical content of the quantum theory is encoded in
conditional wave functions related to the relative initial data of the quantum evolution.
Thus, there can be two points of view: (1) the gauge-fixed point of view, which only
deals with the conditional wave functions; (2) the manifestly invariant point of view,

in which one works with the relational observables.

The method presented here can be regarded as a type of generalization of certain
earlier developments [51,74,75,83]. Indeed, we have shown that our formalism recovers
the well-known Page-Wootters formalism [75,86-93] as a particular case, and that it is
also related to the ‘G-twirl’ operations and ‘relativization maps’ that are often defined
when quantum reference frames are discussed in the quantum foundations and quantum
information science communities (see, for example, [73-75,82,83]). The equivalence
between the Page-Wootters approach and the use of a kind of relational observables
was first noted in [75] for a particular class of gauge conditions in certain toy models.
Our results, which use a definition of quantum observables that is, in principle, different,
may be regarded as an extension of [75]. In this way, our formalism, which is based on
standard techniques in the treatment of gauge systems, may also be useful in examples
of interest to these other communities beyond the context of quantum gravity and

cosmology.

It is also worthwhile to emphasize that, due to the method of construction of ob-
servables and the ensuing dynamics dictated by physical propagators, one sees that
the notion of evolution does not disappear in the quantum theory as is frequently
claimed [6,22,23]. In this way, the quantum problem of time, which is motivated by
the fact that physical states do not depend on an arbitrary choice of worldline time
coordinate and seem to be “static”, is as illusory as its classical counterpart. Evidently,
one must face this conclusion with a bit of skepticism, as the formalism presented here
is, as already mentioned, provisional, and there are several other attempts at a solution
to the problem of time [22-24]. However, we believe the quantum relational dynamics

described here is reasonable.

In particular, we have seen that the formalism is directly useful in cosmology. We
have considered the canonical quantum cosmology of minisuperspace models in metric

variables. Although this may not be the fundamental variables of quantum gravity, the
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classical limit can be straightforwardly derived in this approach, which is therefore suf-
ficient for illustrating the general framework developed in Chapters 1 and 2. We have
argued that the question of singularity avoidance in cosmology can be related to the
quantum relational dynamics by a conditional form of the DeWitt criterion (cf. §4.1),
and that the quantum gravitational corrections found from the weak-coupling expan-
sion of the master WDW equation can be straightforwardly embedded in a relational

framework.

The calculation of quantum gravitational corrections to the relational dynamics
in the early Universe is of direct interest if one is to produce falsifiable predictions,
as some of the effects may become observable. For this reason, we also consider the
application of the weak-coupling expansion to derive corrections to the primordial power
spectra (cf. Chapter 6) one of the central results of this thesis, as it clarifies how the
notions of the physical inner product and relational observables may be related to the
usual cosmological measurements and observations: all observables are relational, and
the usual primordial correlators and other cosmological observables are understood as
conditional quantities that are expressed relative to the late-time classical values of the
spacetime metric. The corrections found from the weak-coupling expansion take into
account the quantum nature of the spacetime background in the early universe, and the

fundamental diffeomorphism invariance is encoded in the master WDW equation (6.34).

At this stage, it is useful to note that the calculation of primordial quantum gravi-
tational effects is an active topic of research [114-116,135,136,138-140, 144,159-162],
and that the weak-coupling expansion has been applied in several references in order
to obtain corrections to the primordial spectra [114-116, 135,136, 140]. What is new
in our approach is the explicit connection described in Chapter 5 between this expan-
sion and the fundamental relational theory based on the physical inner product and
relational observables. We have explicitly shown how the inner product is related to
a quantization of the classical Faddeev-Popov determinant, leading to a clear relation
between the quantum dynamics and the gauge-fixing procedure that defines a quantum
reference frame. To the best of our knowledge, this is a new result. In particular, the
closed-form expression for the classical einbein [cf. (5.17)] had not been previously de-
rived. Furthermore, we have shown that the perturbative quantum dynamics is unitary
with respect to this inner product. This is important because the question of unitarity
in the BO approach has been controversial [114-116, 120, 126, 135, 136, 140, 163]. Our
results show that the traditional BO approach (cf. Appendix B) and weak-coupling
expansion can be regarded as a particular choice of gauge fixing, and they are an in-
stance of a more general relational framework. Although it is presently unclear whether
such a paradigm can describe Nature at the fundamental level, we believe it is worth

investigating its the possible observational consequences.
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0.2 Outlook

There are several possible avenues of further research. First, as our method generalizes
the Page-Wootters formalism, an effort to extend several results that were established in
the literature using the Page-Wotters approach would be worthwhile and might lead to
novel insights. Second, one can extend the calculation of unitary quantum-gravitational
corrections to the primordial spectra to the case of slow-roll inflationary models or more
general accounts of the early Universe, which may shed light on the correction terms,
particularly the secular logarithm in (6.91). Third, as was mentioned in §6.3.7, it may
be possible to adapt some of the resummation techniques from QFT in de Sitter space
to ensure the validity of the weak-coupling expansion and improve perturbation theory.
This is an important topic because a resummation of the large logarithm in (6.91) could
enhance the observability of the corrections by enlarging their overall contribution.
Fourth, a better understanding of the random phase approximation [cf. Sec. 6.3.1]
is needed. It would be interesting to adopt a certain regularization procedure and
verify the exact conditions under which this approximation holds. All of these further
developments would facilitate the computation of well-defined quantum-gravitational

effects in the early Universe that are hopefully observable.

0.2.1 Relative initial data in field theory

It is important to mention what are the implications of our formalism for the construc-
tion of relational observables in the full quantum theory of gravitation. The quan-
tization of diffeomorphism-invariant observables in GR is a very complicated matter
because these objects not only generally have involved functional forms but are also
possibly nonlocal. However, if the method presented in this thesis could be generalized
to field theory, it might be possible to avoid the quantization of complicated invariants.
This follows from the equivalence of the two points of view mentioned above: rather
than evaluating the arduous observables (invariant point of view), one could work with
the conditional probabilities (gauge-fixed point of view), which are frequently simpler
to compute. If this proves to be possible, than the eigenstates of self-adjoint relational

observables would lead to conditional predictions.

This program would require a cautious regularization of the quantum constraints,
and one would need to establish that the quantum theory is indeed not anomalous.
These important tasks are outside of the scope of this thesis. If they can be carried
out, then a field-theoretic generalization of the framework presented here would, in
principle, be feasible. In this case, one would be able to define conditional probabilities
and expectation values of geometrical objects (in the gauge-fixed point of view), without
the need to evaluate their complicated diffeomorphism-invariant counterparts. The
quantum dynamics would be directly encoded in the conditional predictions extracted
from the solution to the quantum constraints, which would be regarded in a relational

manner as the invariant extension of a certain choice of relative initial data. This is a
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fascinating topic that could be pursued in the future.

0.2.2 Whence probabilities?

Lastly, we note that the postulates presented in Chapter 5 assume that the Born rule
is valid for the induced inner product. However, it is not clear whether this rule
should be modified in a diffeomorphism invariant context. Indeed, the measurement
problem becomes even more distressing in this context. However, the possibility to
define physical propagators as in Chapter 5 suggests that, it might be possible to explain
the origin of the Born rule with respect to some (or perhaps many) choice(s) of worldline
time coordinate by considering the Schrodinger equation associated with the physical
propagator. This could be done in an Everettian context (see, for instance, [164]) or,
if one adopts a de Broglie-Bohm perspective, it might even be possible to describe a
quantum relaxation process (following [165]) through which the Born rule emerges. We

leave these topics for another occasion.
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Appendix A

Review of Gauge Systems and

Constrained Dynamics

This appendix deals with the theory of constrained Hamiltonian systems. For simplicity,
we restrict ourselves to mechanical theories and we review only the basic aspects of the
subject that are relevant for the thesis. We mostly follow [6, 33, 34, 48-50], where

additional details can be found.

We begin by defining gauge symmetries and reviewing the two Noether theorems
in §A.1. We show that the Lagrangian of gauge systems is necessarily singular, which
implies that the canonical theory is constrained. The general theory of constrained
dynamics is then examined in §A.2. Finally, we present a construction of the so-called

reduced phase space of a constrained theory and we discuss its quantization in §A.3.

A.1 Gauge symmetries and singular Lagrangians

We define the classical dynamics via the action functional®

Slam) = [ ar Lia.d) (A1)

0

where the time 7 is a real-valued parameter [it is a coordinate on a (0 + 1)-dimensional
spacetime|. We assume that the configuration space is a d-dimensional differentiable
manifold Q, on which ¢(7) denotes a set of local coordinates for a fixed value of 7. The
corresponding velocities are ¢(7) = dg/dr. For a given instant T = 7y, we interpret
(q(70),4(70)) as local coordinates on the tangent bundle T'Q (sometimes called the
velocity phase-space). We will also refer to ¢(7) as fields, as they may correspond to

different tensor fields defined on the (0 + 1)-dimensional spacetime. We assume for

'For an extension to field theories, fermionic degrees of freedom and higher-derivative theories,
see [33,34] and references therein.

189



A. REVIEW OF GAUGE SYSTEMS AND CONSTRAINED DYNAMICS

simplicity that the Lagrangian depends only ¢(7) and ¢(7), such that it is understood
as a function £ : TQ — R. The Euler derivatives of £ with respect to ¢(7) are defined
as

oL d oL

ﬁaizaqa—gaiqav(

a=1,...,d) . (A.2)

If we require that the variation of S[q(7)] is stationary, we find from (A.1) the Euler-

Lagrange equations £, = 0.

A.1.1 Noether theorems

The invariance of the action under a set of symmetry transformations has important
physical consequences. In the case of ‘rigid’ symmetries (that do not vary in time),
the invariance implies that a set of charges is conserved. In the case of local (gauge)
symmetries (that vary in time), one finds that the equations of motion obey a set of
‘generalized Bianchi identities’ (‘Noether identities’). This is the content of the two

Noether theorems which we now review. We follow [34] for the proofs.

Let us consider a continuous group of transformations comprised of spacetime co-

ordinate transformations (reparametrizations of 7) and field redefinitions, i.e.,

T 7 =71+07(7),

. (A.3)

q(7) = ¢ (7') = q(7) + dq(7) ,
where 0 denotes infinitesimal changes that correspond to transformations close the iden-
tity. We consider that these transformations are described in terms of N independent

and arbitrary functions ¢;(7) for i = 1,..., N, such that?

or(r) = T"(r)ei(r)

o e Ad
sa(r) = 3 Q)i () (84)
=0

where the functions Qéj) (1) may functionally depend on the paths ¢(7). Note that it is
possible to adopt different linear combinations of the arbitrary functions &;(7) without
altering the reparametrization and the field redefinitions given in (A.4) if the functions

T(t) and ij)(T) are also suitably redefined. For example, let us consider the simple

2The (mechanical) field redefinitions in (A.4) are analogous to the familiar gauge transformations
of the vector potential in electromagnetism, § A, = Je/0z*, or the Lie derivatives of the metric field in
general relativity, g, = €209, /02 + g0 /02" + g1, 0™ Dzt
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case in which Qéj)(T) =0 for 7 > 1. We can then perform the redefinitions

(1) = M} (1)er(r) I =1,...,N),

without altering (A.4). We assume that the matrix with elements M/ (7) is invertible
and it may also functionally depend on the paths ¢(7). It is straightforward to check
that the inverse of (A.5) leads back to the original functions T%(7) and Q’('j)(T). If we
restrict the arbitrary functions € to be constants (independent of 7), then the transfor-
mations can be seen as elements of an N-dimensional Lie group. In this case, we also

restrict the matrix with elements MZ-I to be independent of 7.

The transformations (A.4) correspond to a symmetry if we require that the ac-

tion (A.1) retains its functional form under (A.3) up to a boundary term, i.e.,

/TT{ dr L (q/’ 33//) - /TTl dr L(q,q) + F(1) = F(70) - (A.6)

/
0 0

This implies that the Lagrangians differ by the total derivative of some function F(7),

dr’ , dq’ . dF
r =) _r = A.
dr (q ’ dT/> (4:4) dr ’ (A7)

or, in infinitesimal form,

OL spory+ 2Ls (940, pdor _ dF
dr dr

“ S A.
o0’ T 5 4 (4.8)

The following properties are assumed of F(7): (1) it can be written in terms of the
functions e(7) and their first n derivatives; (2) F(r) = 0 if g;(7) = 0; (3) if € are

constants, then F(7) = ¢;F;(7) up to first order in &;.

If we define the same-instant variations
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we can rewrite (A.8) as

oL — oL — d dF
I 50 r) + 22560 (r) + — - Al
8qa5q (1) + aqaéq (1) + I (LoT) I (A.10)

Due to

e = (A.11)

5 dg _ déqg dgdoT
dr dr dr

one can easily verify that, in contrast to the variation §, the same-instant variation &
commutes with d/dr. We can then use the Leibniz rule and the definition (A.2) of the

Euler derivatives £, to obtain

Ladq"(1) + d(?N ~0, (A.12)
T

where the Noether charge is defined as

oL
04

Qn = —=3q*(t) + L7 — F(7) . (A.13)

Two important observations can now be made and each will lead to one Noether the-
orem. First, if the Euler-Lagrange equations £, = 0 are satisfied, then (A.12) leads
to the conservation of the Noether charge. In the special case of a rigid symmetry, for

which ¢ are constants, we can rewrite (A.12) as

L, (ani - Qﬁg)) = % [ng (Qég - ani) + LT — F} . (A.14)

Equation (A.14) can be summarized as the

First Noether Theorem. If the action is invariant under an N-dimensional Lie
group, then N linearly independent combinations of the Euler derivatives are total time

derivatives.

Second, by integrating (A.12), we obtain

/ 1 dr La0¢"(1) = Qul,, — Qnlyy (A.15)

70

where one considers a set of paths in configuration space that are off shell (i.e., one
does not impose £, = 0). If one also assumes that £(7) and its first n derivatives vanish

at the end points 79 and 71, then the Noether charge surface term in (A.15) vanishes
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due to the properties assumed of F(7). In this case, equation (A.15) can be rewritten
as [cf. (A.4)]

n *a 7 . j d] iza J—
/T dr ei(r) | —Lag®T? + Z;(—wd (LaQ(j)) ~0, (A.16)
]:

J
o T

after integrating by parts. Due to the fact that the functions €;(7) are arbitrary (up to
the chosen boundary conditions), we find from (A.16) the identities

Y

—L.§°T" —1)Y—
T+ ( Y 1

J=0

(£.05) =0, (A.17)

which are referred to as ‘generalized Bianchi identities’ [34] or ‘Noether identities’ [33].

Equation (A.17) can be summarized as the

Second Noether Theorem. If the action exhibits infinitesimal symmetries that form
an infinite continuous group and are described by N arbitrary functions, then one ob-

tains N independent identities of the Euler derivatives.

In what follows, we consider for simplicity only gauge transformations with n =1,
ie., Q’Q) (1) =0 for j > 1. Equation (A.17) then becomes

~art %,a d i,a
_ﬁaq T" + ﬁaQ(O) - E (ﬁaQ(l)) =0. (A18)

A.1.2 Gauge systems are singular

The Noether identities (A.18) imply that the Lagrangian of a gauge system is singular®,
i.e., that L satisfies

0L
det === = A.19
 9qe o (A.19)
Indeed, using (A.2), equation (A.18) can be rewritten as [34]
OPL yoami L (ia _ i 2L ..
- 4T — oo (Qoy — QU)) + Faana 4 Q) A2
6qaaqlq T 6q‘“8qlq (Q(O) Q(l)) + g0 Q(l) o (A.20)

3As is well-known, the converse does not hold, i.e., not all singular systems exhibit gauge sym-
metries. In language of the Hamiltonian formulation to be reviewed next, one says that such systems
possess second-class constraints only (cf. §A.2.4).
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where ... stands for terms that do not involve the Hessian 92£/0¢%d¢'. As (A.20)
must also hold for off-shell paths ¢(7) (i.e., paths that do not satisfy £, = 0), we may
take the derivatives of ¢(7) at each instant as independent variables. In this way, the
terms in the right-hand side of (A.20) must vanish separately, and we conclude that
§eT?, Qé’g) - sz; and Qzla) are, if non-vanishing, components of null eigenvectors of the

Hessian.

A.2 Constrained dynamics

A.2.1 Primary constraints

If one is interested in the canonical quantum theory of gauge systems, one must first
understand how to construct a classical Hamiltonian formulation of systems with a
singular Lagrangian. The passage to the canonical theory is obtained from the usual

Legendre transform. One defines the momenta as

oL
Pa =

= . A21
= (a.21)

For regular systems, the Hessian 0%£/0¢*0¢' = Opy/0¢® is invertible and the pairs (g, p)
serve as local canonical coordinates on the cotangent bundle I' = T*Q (phase space).
The time evolution of a phase-space function f(q,p) is generated by the canonical

Hamiltonian,
He(q,p) = pad” — L(q,4) , (A.22)
via the equation of motion

f=A{fHe}, (A.23)

where the Poisson bracket of two phase-space functions f(q,p) and g(q,p) is

gy =200 0L 0

= — . A.24
0q® Opq Opa 9g° ( )

However, this construction does not hold for singular systems. Due to (A.19), it is not
possible to locally invert (A.21) to express all the velocities ¢ in terms of the coordinates

q and the momenta p. This is a consequence of the fact that the momenta, as defined
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in (A.21), obey a set of identities*

oL
g0m<q,aq>:0,(m—l,...,M). (A.25)

To see that this is true, one can adopt the following procedure. Let the rank of
02L£/0¢*0¢® = 0p,/0¢* be R < d and assume for simplicity that it is a constant
function of (¢q,¢). Then, separate the coordinates (after a coordinate transformation,
if necessary) into ¢ = (¢°,¢") where i = 1,...,R and u = R+ 1,...,d. Likewise,
p = (pj,pv), where j =1,...,Rand v = R+ 1,...,d. This separation is constructed
such that the R x R matrix dp;/dq" is invertible and one may locally solve (A.21) for
¢* to find

where w’ are some functions of ¢, p;j and ¢*. The velocities ¢# remain unsolved. If we
now insert (A.26) into the definition (A.21) of p,, we obtain®

Pv = ZV(Q) qi) q#) = ZI/(Q) wz(%p]) q'#), qu) = 51/(%]7]'7 qu) ) (A27>

where z, and Z, are some functions. In particular, if we Taylor-expand Zz, about
" =gy,
0z, / /

.“ _ .“
+ g, @ ) (A28

v = Z,(q,pj,45)

where . .. denotes higher powers of (¢*' —ql l), we notice that we must have 92,/90¢" = 0
for all values of ¢*. Otherwise, 0Z,/0¢" has a non-zero rank, which implies that the
rank of dp,/0¢® is larger than R and we arrive at a contradiction. Thus, we find the

relations
Pv = gu(%pj) ’ (A29)

which are called primary constraints. The adjective ‘primary’ is due to the fact that
they follow directly from the form of the Lagrangian and the equations of motion
L, = 0 are not used in their definition, whereas they are constraints because they do

not involve velocities and only restrict the possible values of p,.

If we understand the unconstrained pairs (q,p) as local canonical coordinates on

the cotangent bundle I' = T*Q, we may consider that the primary constraints define a

“We assume for simplicity that the identities (A.25) do not depend explicitly on time 7.
®Note that there is no summation over x in (A.27).
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subspace (1) in I'. We designate the term ‘primary constraint subspace’ to ¥(q). If we
further suppose the constraints (A.29) define a submanifold that is smoothly embedded
in I', we refer to ;) as the ‘primary constraint hypersurface’. As physical motions
must satisfy the constraints at all times, the cotangent bundle I' plays only an auxiliary
role in the Hamiltonian formulation of singular systems. For this reason, we refer to I

as the ‘auxiliary phase space’.% The ‘physical’ phase space will be considered in §A.3.

Finally, if we define M = d — R and m = v — R, we may rewrite (A.29) as

QOm((Lp) = Pm+R — 2m+R(Q7p]) = O ) (m = 17 o 7M) . (ASO)

If one substitutes p, = 9L/0¢*, one recovers the identities (A.25) from (A.30). This
construction of the primary constraints is, however, often formal or inconvenient. For
example, one may wish to rewrite (A.29) such that some symmetry of the physical
system under consideration becomes manifest. In fact, as there are many equivalent
ways of defining a hypersurface, one can assume that the functions ¢, have a more
general form than in (A.30) and that they define the primary constraint subspace
implicitly. One may also adopt a redundant description in which the primary constraint
hypersurface is described by M > d— R relations. Then, the equations (A.29) or (A.30)

are regarded as solutions of the general primary constraints

which should also reduce to identities [cf. (A.25)] after the substitution p, = dL/9¢".

We make the simplifying assumption that no redundant constraints are present, i.e.,
that M = d — R. Moreover, we note that the identities (A.25) are directly related to
the null eigenvectors of the Hessian 02L£/9¢%0¢". Indeed, the equation

0 oL Opm O
0=¢m<q >:< om CP

: y AT - A .32
9q” dq Opy 04 ) p=L /0§ ( )

implies that V(l;n) = 0¢m/O0pp, when evaluated at p, = 0L/0¢%, are a set of M vectors
annihilated by dpy,/0¢* = 92L£/0¢*0¢®. Analogously, the equation

) oL Oom <8<pm 8pb>
0= —2—vm|¢ o | = +|{ =5 A.33
A (q 861) dq” Iy 09“ ) p_or 04 (4.33)

5The auxiliary phase space is also sometimes called the ‘kinematical’” or ‘unconstrained phase space’,
whereas the unconstrained pairs (¢,p) can also be referred to as ‘kinematical variables’ or ‘partial
observables’ [16]. See also the discussion regarding the notion of observables in §1.7.
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implies that 0y, /0q¢* can be determined in terms of a combination of the vectors V(I;n).
If we now assume that the 2dx M matrix d¢,,/0(¢%, pp) has finite elements and is of rank
M on the primary constraint hypersurface (known as a ‘regularity condition’ [33,34]),
then we conclude from (A.33) that V(l;n) are M linearly independent vectors [otherwise
the rank of dp,,/d(q% pp) would be less than M]. The rank-nullity theorem then
implies that V(I:n) span the kernel of dp,/0¢®. Consequently, if we can perform the
separation p = (pj, p,) that leads to the explicit solutions (A.29) of the general primary
constraints (A.31), then Viry = 0em /Op, can be seen as an M x M matrix of rank
less than or equal to M. If its rank were less than M, then it would not be possible to
locally solve the primary constrains for certain combinations of p,,, which contradicts the
assumption that (A.29) can be found. Thus, if (A.29) can be found, Vi is an M x M

matrix with rank M and, thus, it is invertible. In this case, we can rewrite (A.33) as

= — A.34
o = v (A34)
-1
where Vl,(m) = [V(l;n )} and a summation over m is implied. A similar result can be
obtained if we differentiate (A.31) with respect to p;,
0z dp
L =-ymn A.35
op; op; (A.35)

Both (A.34) and (A.35) are useful in the construction of the Hamiltonian for the con-

strained system.

A.2.2 The total Hamiltonian

A canonical Hamiltonian can now be defined in ¥ ;) through the usual formula (A.22),
where one uses (A.26) and (A.29) as definitions of ¢’ and p,. In this way, H. is
understood as a function of the coordinates ¢ and the momenta p; only. This implies
that

OH.
=0 A.36
Ipy ’ (4.36)
if p, is regarded as an independent variable. One also notes that H. does not depend

on the velocities by virtue of (A.21). In particular, it does not depend on the unsolved

velocities ¢* due to (A.21), (A.26) and (A.29), i.e.,

OH. _ . oL _
o = o

(A.37)
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Similarly, one finds

ch 'j 821/ v

=q + a9
Ip; Ip; (A.38)
o, _ 0L 0%, . 0%, ‘
aqa - aqa 8(]“ q - p(l aqa q )

where we used the Euler-Lagrange equations £, = 0 together with (A.21) in the last
equality. The set of d + R equations given in (A.38) is the analogue in ¥}y of the
usual Hamilton equations of motion that are defined in I' for unconstrained theories.
Using (A.34) and (A.35), we can rewrite (A.38) in terms of the more general primary

constrains @y,

] HC m
¢ = 8(‘91)» +um%§ :
J / A.39
pa - aqa 8qa Y
where we defined u™ := qVVl,(m), from which we also obtain
OH, Oy
g mvu _ c m m
¢ ="V p, +u o (A.40)

due to (A.36). From (A.39) and (A.40), we conclude that the time evolution of a
function f(q,p) defined on the auxiliary phase space I is given by the weak equality

f~A{f Hr}, (A.41)

where the Poisson bracket is evaluated on I' and we defined Hr := H. + v""¢,,, which
is called the total Hamiltonian. The equation (A.41) is valid due to the weak equal-
ity {-,u"om} = u™{-,pm} (i-e., this is an identity that holds on X(;)). Furthermore,
whereas the canonical Hamiltonian H, is only defined on the primary constraint sub-
space Y1), the total Hamiltonian Hr can be evaluated in the auxiliary phase space I’
(at least in a neighborhood of ¥(1)). Thus, Hr is an extension of H. off the primary
constraint hypersurface, and both Hamiltonians coincide when evaluated on X ;). This

is expressed by the weak equality Hy ~ H..

One can also extend other functions besides the canonical Hamiltonian. A function
Jfc defined on Xy can be extended off the primary constraint subspace in an arbitrary
way. Let f be its extension to I'. Due to the assumed regularity condition on ¢,,, their
independence and the fact that V(ly’n) = 0pm/0p, is invertible, one can (locally) adopt
the general primary constraints as coordinates on I', such that f = f(q,pj, om). As f

is an extension of f., we have the condition f(q,p;,0) = f.(¢,pj). Then the following
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identity holds”

1
(g5, om) = fc(Qapj)“‘/O dx %f(q,pj,wm)

o100 (A.42)
= fe(q,pj) +<pm/0 dx E&Tmf(q,pj,wm)

= fC(Q7pj) + Umsom )

where the last line defines the function v™, which is arbitrary due to the arbitrariness
of f. Note that v might itself depend ¢,y (m’ =1,...,M). We then conclude that

f=Jfe=v"pmn=0.

A.2.3 The Rosenfeld-Dirac-Bergmann algorithm

The time evolution of functions in the auxiliary phase space dictated by (A.41) is

consistent if the primary constraints are preserved in time, i.e.,

Qbm ~ {(PmyHc} + um’{(pm’ (pm’} ~0. (A43)

These equations should be solved to give the form of u™ . However, it might be the
case that some of the equations (A.43) are independent of u™ and that they, in fact,
lead to new constraints on the pairs (¢, p). The new constraints that are not redundant
with respect to the original set of primary constraints are referred to as secondary
constraints. The adjective ‘secondary’ is used to convey the fact that the equations
of motion are used in their definition. If secondary constraints are present, one must
now ensure that their evolution is consistent by requiring that their time derivative
vanishes on the primary constraint subspace. This may lead to new conditions on the
u™ -functions or to new secondary (sometimes called tertiary) constraints, which must
be consistent. The iterative process of requiring consistency of the evolution of primary
and secondary constraints (including those that are sometimes called tertiary or that
have higher designations) is the Rosenfeld-Dirac-Bergmann algorithm [9, 12,33, 34,49].
The procedure stops when the consistency of the evolution of all constraints is obtained.
If it is not possible to ensure the consistency of a constraint, then the theory associated

with the action (A.1) is inconsistent, a possibility which we discard.

Let there be K secondary constraints at the end. It is useful to denote all primary
and secondary constraints with the same notation. Thus, we denote secondary con-
straints as pi(q,p) for k=M +1,..., M + K, such that all constraints can be written
as ¢i(q,p) for I = 1,..., M + K. Furthermore, a number of simplifying assumptions

"See Theorem 1.1 and Appendix 1.A of [33] for details as well as a global construction of this
extension.
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can be made. We assume that: (1) the subspace ¥ defined by all constraints (i.e., by
¢; = 0) is a smooth submanifold embedded in the auxiliary phase space I'; (2) the ma-
trix Op;/0(q%, pp) has finite elements and is of rank M + K on X (regularity condition);
(3) the rank of {¢y, ¢y} is constant on X; (4) there are no redundant constraints among
i(q,p)-

What can be said of the form of the functions u" that are determined in this

procedure? They must be solutions of the following inhomogeneous system,

{on, He} +u™ {01, 0m} ~ 0 . (A.44)

The general solution of (A.44) reads

U™ = Ul A (A.45)
where u’(”;art) is a particular solution of (A.44) and uy is a set of linearly indepen-

dent solutions of the corresponding homogeneous equation u'y{¢;, ¢m} ~ 0. Due to
the hypothesis that {¢;, ¢y} has constant rank on the subspace ¥ defined by all the
constraints, the number of independent solutions u’) is constant on Y. The coeffi-
cients A\ can be taken to be arbitrary functions on the auxiliary phase space. The total

Hamiltonian can now be written as
Hr=H.+u" oy, = H.+ u?;)art)gom + )\Auﬁlgom . (A.46)

The notation can be simplified if we define H' := H,+ ugart)gom and p4 = ufom. We

thus obtain

Hr=H' + XMooy , (A.47)

which dictates the time evolution according to (A.41). After the Rosenfeld-Dirac-
Bergmann algorithm is completed and the total Hamiltonian is expressed as in (A.47),
we have a constrained canonical theory with M + K constraints ¢; and a number of
arbitrary functions A in the most general case. Moreover, by repeating the derivation
of (A.42) for all the constraints (instead of only the primaries), one can extend a

function f|y, defined on ¥ to the auxiliary phase space by f — fl|y, = vl

A.2.4 First-class and second-class functions. The initial value

problem

It is also useful to introduce the concepts of first-class and second-class functions. A

function f on the auxiliary phase space I is said to be first class if it weakly Poisson-
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commutes with all the constraints, i.e., if it satisfies {f, ¢} = vf/gol/ ~ 0 for | =
1,...,M+ K. If fis not first class, then it is said to be second class. Using the Jacobi
identity for Poisson brackets, it is straightforward to see that the Poisson bracket of two
first-class functions is also first class [33]. We note that both H' and ¢4 defined above
are first class due to (A.44) and the homogeneous equation u'{{¢;, ¢m} ~ 0. Thus, the
total Hamiltonian is first class. This clarifies the role of the constraints as restrictions
on the possible initial data of physical motions. Indeed, once the initial conditions
(q(10),p(70)) are chosen at an arbitrary instant of time 7y such that ¢;(q(m0),p(70)) =
0, then the constraints are satisfied at all times regardless of the choice of arbitrary
functions A due to the fact that Hp is first class.

Let us now assume that it is possible to separate all the constraints ¢; into a set
of first-class constraints Cr (F' = 1,..., Nr) and a set of second-class constraints g
(S =1,...,Ng) such that Np + Ng = M + K. In principle, this can be achieved
by the following iterative procedure (see [33] for details). We start with the matrix
{¢1, v}, which is assumed to have constant rank on X. If det{¢;, ¢y} = 0, there exists
a non-trivial solution to v'{¢;, oy} ~ 0 and Cy := vl is first class. Subsequently, we
consider the determinant of the matrix of Poisson brackets of all the constraints that are
independent from C;. If this determinant is weakly zero, we can define Cs and repeat
the procedure. The iterations stop when the determinant no longer vanishes weakly,
such that the remaining constraints yg are second class. As the matrix {¢;, pr} is
antisymmetric, the number Ng of second-class constraints must be even. The number
N of first-class constraints is larger than or equal to the number of arbitrary functions

A, which is the number of first-class primaries. The first-class constraints then obey
{Cp,Cp} = chmCpin + O(x?) = 0, (A.48)

for some functions c?},. As the Poisson bracket of two first-class quantities is also first
class, the right-hand side of (A.48) cannot depend on xg (S = 1,... Ng), but in general

may include quadratic (and higher-order) terms of the second-class constraints.

We can in principle eliminate the second-class constraints from the theory by ex-
tending functions f — f + v'y; in a particular way (for a particular choice of v').
Indeed, the matrix xss := {Xxs, X5’} is by construction invertible on ¥. We denote the

inverse by x°°". We now define the function

fo(a.p) = fla.p) — {f,xs3x* xs (A.49)

which we refer to as the ‘Dirac extension’ of f(q,p). It is straightforward to verify
that Dirac extensions have the following properties: (1) {fp,xs} =~ 0; (2) {fp,Cr} =~
{f,CFr}; (3) the Poisson bracket of the Dirac extensions of f and g satisfies the weak

equality {fp,gp} ~ {f,9} — {f,xs}x*{xs,9} =: {f,9}p, where {:,-}p is called
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the ‘Dirac bracket’ of f and g; (4) if f is a first-class function, then fp =~ f. Conse-
quently, if all (auxiliary) phase-space functions are replaced by their Dirac extensions or,
equivalently, all Poisson brackets are replaced by the Dirac brackets, the second-class
constraints are effectively eliminated from theory, since all Dirac extensions weakly
Poisson-commute with them. If Np > 0, we are thus left with a theory containing
solely first-class constraints and arbitrary functions A\. How are these functions related
to a gauge symmetry? This is what we examine next. In what follows, we tacitly
assume that all functions have been replaced by their Dirac extensions, such that no

second-class constraints need to be considered.

A.2.5 Reference frames and the gauge generator

Due to the presence of the arbitrary functions A in (A.47), the evolution of a function
f(g,p) defined on the auxiliary phase space [cf. (A.41)] is not deterministic. For a fixed
initial condition f(q(70),p(70)) specified at a particular instant 79, different evolutions
are obtained for different choices of A\. We may think of each choice as corresponding to
a ‘generalized reference frame’. Although the evolution is well-defined once a choice is
made, the formalism does not select any preferred frame. Let us consider two choices,
/\(Al) and )\é), and denote the corresponding evolutions as f(q(1,2)(7),p(1,2)(7)). The
difference of the function from one frame to the other at a certain instant of time is given
by the same-instant variation & f(q(7),p(7)) := f(q2)(7),p)(7)) — flaa)(T),pa)(T)).
Likewise, we denote dA? := )\242) - /\241) and use the symbol {-,-}( ) for the Poisson

bracket taken with respect to the variables in each frame.

As the evolution in each frame is a canonical transformation [generated by Hp =
H + )\24172)%4], we may consider that a change of frame from )\(‘1) to )\é) is the
composition of canonical transformations, namely, the evolution of f(q(1)(7),p1)(7))
back to f(q(70),p(70)) and the evolution of this initial value to f(q(2)(7),p2)(7)) [50].
This motivates us to consider that the change of frame is a canonical transforma-
tion, 0f := {f,G}1), where the generator G = G(q)(7),p(1)(7),7) must now be

constructed.

We begin by noting that the constraints must be satisfied in all frames. Thus, we
must have {G, ¢} =0 (j =1,...,M + K), i.e., G must be first class. Furthermore,
due to the fact that § commutes with d/d7 [cf. (A.11)], we have the equality [50]

oG\ dof
UGy, Hr} oy + {f, 87}(1) Sl

-d _
= (Tf ~{f, Hrye) —{f, Hr}q) + M {f,0a}q) -

(A.50)

Note that we denoted Hr = H' + /\é)goA everywhere in (A.50), and we also used the
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equality SA{f, o Ar@2) = N f, A}(1) for infinitesimal variations dAA. If we now use

{f,Hr}o) —{f, Hr}qy = {f, Hr} = {{f, Hr} 1), G} () (A.51)

together with the Jacobi identity for the Poisson brackets [50], we may rewrite (A.50)

as

oG ~
{f7 5 T {G,Hr}q) — 5>\A<PA} ~0. (A.52)
T (1)

As (A.52) holds for any auxiliary phase-space function f(q(7),p(7)), it is equivalent to

the equation

0G -
E + {G7 HT}(I) - 5)‘149014 = I(Qap) 7—) ’ (A53>

where Z(q,p, 7) is a generator of the identity on the constraint hypersurface (‘on-shell

identity generator’), i.e., it satisfies the conditions [48]

o0z
Opa

T ,
=) O(p?
gga ~ Vat T (©%)

= %+ O(¢?) , (a=1,...,d), (A.54)

for certain functions v? and 979, such that {f,Z} =~ 0 holds for any auxiliary phase-
space function f(q(7),p(7)). Note that a linear combination c*(7)Z; of on-shell identity
generators with coefficients ¢*(7) that only depend on time is still an on-shell identity
generator. Let us now use the notation pfcc to denote any (arbitrary) linear com-
bination of primary first-class constraints [50], e.g., 6A4p4 = pfcc. We identify the
term ‘primary first-class constraint’ with the expression ‘linear combination of primary

first-class constraints’. We also write

{G, Hr}ay = {G, H'} 1) + X)) {G, pa}) + pfec . (A.55)

If we assume that G does not depend explicitly on the choice of )\é), then we obtain

the following conditions on the generator [48-50],

G is first class ,

aaf +{G,H'} = pfcc + Z(q,p, 7) , (A.56)

{G7 (;OA} = prC +i(Q7p77—) .

due to (A.53) and (A.55). In (A.56), we have dropped the subscript from the Poisson

bracket, and Z,Z are on-shell identity generators. To conform with the first-class con-
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dition, we must have Z ~ 0. Any auxiliary phase-space function G(q(7),p(r),7) that
fulfils the conditions (A.56) is the generator of a symmetry transformation (it maps
solutions into solutions [50]) and it can also be interpreted as the generator of a change

of generalized reference frames.

As the reference frames are specified by a choice of the arbitrary functions A, a
change of frame is a symmetry that will generally involve arbitrary functions of time
and, thus, constitute a gauge transformation. Thus, gauge transformations of fields
[cf. (A.4)] can be represented weakly as canonical transformations generated by G in
the auxiliary phase space I'. Let us consider gauge transformations that are solely field
redefinitions, i.e., which do not involve time reparametrizations. From (A.4) and (A.9)
with 7% = 0, we obtain

3

{q.G} = 0q(7) = dq(7)

Il
Q
2.
<.
&
—~
.y

(A.57)

This motivates us to make the ansatz G = ~7_ éj)djsi/de, where GZQ) = ij)(q,p)
are first-class auxiliary phase-space functions. Note that the arbitrary functions e(7)
are related to the change §A* in the functions that determine a reference frame through
(A.53). As gi(7) and its derivatives are independent variables at a fixed instant, one

can use (A.56) to define GZQ) recursively [48,50]. We find

{GZG)? pa} = pfec +ffj) , (3=0,...,n), (A.58)
as well as

Gén) = pfcc + Ign) ,
Gl;_1y = —{G{;, H} +pfec+ I}, 1y, (j=1,...,n), (A.59)
{Gl('o), H'} = pfce + Iéoi) .

In this way, we find that G”('n) is a linear combination of primary first class constraints
(up to an on-shell identity generator) and, therefore, {Gén), H'} is either a linear com-
bination of primary constraints or a secondary constraint. By following this argument
recursively, we conclude from (A.59) that ij) (j =0,...,n —1) are first-class linear
combinations of primary and secondary constraints (up to on-shell identity generators).
Since the weak equality {f, G’O) — Zgj)} ~{f, GZQ')} holds for any auxiliary phase-space

function and for j = 0,...,n, we may neglect® I(ij) and, analogously, f(il), IEOZ).

8The specific form of the on-shell identity generators could be relevant for examples involving
the calculation of several nested Poisson brackets of G before evaluating the result on the constraint
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Furthermore, the number of independent choices for Gén) is the same as the number
of independent primary first class constraints, which is the number of arbitrary func-
tions A in the dynamics. Thus, the index i should range over the same set of values
as the index A. In general, we can then define Gén) = gén)’ A(pA, where gén)’ 4 s an
invertible matrix, e.g., gEnL 4 = 0. It is also straightforward to conclude that the
minimum value of n for which the recursive algorithm (A.59) is consistent is equal to
the number of generations of first-class constraints that arise in the Rosenfeld-Dirac-
Bergmann algorithm that are not primary [48]. The corresponding G is then a ‘minimal
gauge generator’ or ‘minimal chain’. By summing minimal chains, one can construct
non-minimal generators [48]. We will only consider minimal generators, which are then
linear combinations of all the independent first-class constraints (that obey the regu-
larity conditions) of the theory. Due to the independence of the arbitrary functions
e(7) and their derivatives for a fixed instant and due to the construction (A.59), we

thus find that a minimal gauge generator can be written as

- =0"Cp (A.60)

TJ

" i djc?i
Gi=> Gy
=0

for some functions v, at a fixed instant. For example, our earlier simplifying as-
sumption that n = 1 [cf. (A.18)], for which G = Ei(T)GfO) + éi(r)Gél), corresponds to
assuming that there is only one generation of secondary first-class constraints if G is

minimal.

A.2.6 Gauge orbits and gauge invariance

Given a (minimal) gauge generator GG, we may iterate the infinitesimal transformations
0f = {f,G} to obtain a finite gauge transformation of the auxiliary phase-space func-
tion f(q(7),p(7)). Indeed, by integrating 0f = {f, G} on the constraint hypersurface,
we obtain a continuous family of gauge-related functions, which may be interpreted as
representations of f(q(7),p(7)) in different generalized reference frames. We refer to
the family of gauge-related points in the constraint hypersurface as a ‘gauge orbit’ [33].
A finite gauge transformation corresponds to a ‘finite displacement’ along the gauge
orbit.”

Gauge orbits are weakly equal to the integral curves of the vector field X¢ := {-, G}
associated with a (minimal) gauge generator. From (A.60), we find Xg ~ vI'{:,Cp} =:

v X at a fixed instant. Due to the assumed independence and regularity conditions on

hypersurface. This will not be considered here.

9We only consider finite gauge transformations that are continuously connected to the on-shell
identity transformation (‘small-gauge transformations’). There may be finite transformations that
are not continuously connected to the identity (‘large-gauge transformations’), but these will not be
analyzed here [33].
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the constraints, the vectors Xp are linearly independent and their integral curves can
be considered as independent gauge orbits (at a fixed instant). Moreover, from (A.48)
and the Jacobi identity for the Poisson brackets, we find that the vectors Xz obey the
Frobenius integrability condition, i.e., [Xp, Xp/|f = {/, c?},CFu+O(X2)} R CE;,X o f
for any auxiliary phase-space function f. This implies that their gauge orbits can be
used to foliate the constraint hypersurface, i.e., it is possible to find local coordinates
(&,t) on ¥ such that the integral curves of Xp are described by " = const. (r =
1,...,R:=2d— M — K — Np), whereas t/" (F = 1,..., Nr) are the parameters along

the integral curves.

As before, due to the independence and regularity conditions satisfied by the con-
straints, we may adopt ¢; as coordinates on I'. We notice that both the first-class C'p
and second-class g constraints are collectively denoted by ;. In this way, we can lo-
cally extend the coordinate system (§,t) on X to a system z = (&, t, ) on the auxiliary
phase space. More precisely, we extend (&,%) to functions in the auxiliary phase space

as follows,
& = € =Eh +{Ep th}Cr , tT et (A.61)

where {7, and tg are the Dirac extensions of ¢” and ¢ with respect to the second-class
constraints xs [cf. (A.49)]. As tf" are the curve parameters, we must have {tf), Cp/} =
Xprth) ~ 6L,. Then (A.61) implies that {¢,t5} ~ 0. Moreover, as ¢ are constant along
the gauge orbits of Xp, we obtain Xp&" = {¢",Cp} =~ 0. Thus, £ are first class by
construction. For simplicity, we drop the D subscript of tg and the prime superscript
of ¢ in what follows. The z coordinates are then defined as 2" := &7, 2B+ .= ¢F
ARENFHF . — O 2RH2NF+S — o As these coordinates are generally not canonical,

the Poisson brackets (A.24) become

af 9y
{f.9}= wﬁv@% ; (A.62)

where f, g are tacitly understood as Dirac extensions of a pair of auxiliary phase-space
functions with respect to the xg constraints. The coefficients w®" = {27, 27} are the

components of an invertible antisymmetric tensor that only equals diag((), 1,1, 0) if

the coordinates are canonical. In particular, we have

WRHNPHRRI2Ne+S (0 vl &0 (A.63)
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By construction, we also obtain

WHHNEEE — fer Opl 20, P FFENEES — (e v~ 0,
WRFRRENEHE — (4F O} o, @FFPRENEES — f4F vy 20, (A64)

wr,R-l—F _ {fr,tF} ~0.

These components will be useful for the definition of the symplectic form in the physical

phase space in §A.3. It is also useful to note the relation

5 0Cp 8 9

A= O =0 925 ™ e

(A.65)

which is a consequence of (A.62), (A.63) and (A.64). Equation (A.65) implies that Xp

is tangent to the constraint hypersurface 3.1°

The first relation in (A.64) implies that {£, G} ~ 0 at a fixed instant due to (A.60).

More generally, we can introduce the following definition.

Definition A.1 (Gauge invariance). A function f defined on the auxiliary phase space
is said to be ‘gauge invariant’ if it weakly Poisson-commutes with every gauge generator,
i.e., if {f,Cr} =~ 0 at every instant, which leads to 6 f = {f, G} ~ 0. Consequently, the

functional form of f does not change under a general gauge transformation.

Remark A.1. Gauge-invariant quantities are also customarily referred to as ‘Dirac ob-
servables’. This terminology is a priori unrelated to the definition of the physical
observables of a gauge theory (cf. the discussion in §1.7) and it is not to be confused
with the Dirac extensions defined in (A.49).

Remark A.2. From (A.60), (A.62) and (A.64), we conclude that the restriction of a
first-class (and, therefore, gauge-invariant) quantity to the constraint hypersurface can

be written as a function solely of & coordinates.

As the total Hamiltonian is first class, it follows from (A.47) and Remark A.2 that

Hp = H'(&,0) + Mo =: Ho(€) + H{ (§)pr + Mpa + O(p?) (A.66)

where, in constrast to A, the H; functions are determined (not arbitrary). The evolution

%Tn general, a vector field X is tangent to X if X ~ 0 (I =1,..., M +K). The vector fields Xg :=
{*, xs} associated with the second-class constraints are not tangent to X because Xsp; = {1, xs} does
not vanish weakly for at least one value of [.

207



A. REVIEW OF GAUGE SYSTEMS AND CONSTRAINED DYNAMICS

of the z coordinates is then easily computed from (A.62), (A.63) and (A.64). We find

5,06 OHp L OHp . OH,
R, = w" ~ Ww"
028 027 o¢r’ o'’
tf' = (¢ Hy} = wﬁV@aHT

0zP 027
o= {(PZ,HT} ~0.

ér = {£T7HT} =w

(A.67)

~ O Hy + 050"

The last equality holds by construction, due to the Rosenfeld-Dirac-Bergmann algo-
rithm (cf. §A.2.3).

A.2.7 Gauge fixing and invariant extensions

The presence of first-class constraints and arbitrary functions A in the total Hamilto-
nian (A.47) are distinguishing marks of a gauge symmetry. Depending on the physical
question being asked, it may be useful to impose extra constraints that fix A and re-
move the arbitrariness of the evolution dictated by (A.41). This procedure is called
‘gauge fixing’ (or ‘gauge fixation’) and the extra constraints are referred to as ‘gauge
conditions’ (or ‘gauges’ for brevity). As is also discussed in Chapter 1, the choice of
gauge conditions can be seen as a choice of the generalized reference frame relative to

which the dynamics (A.41) is analyzed.

In principle, one may choose conditions x that depend explicitly on time, on the
local coordinates on the auxiliary phase space I' as well as on the arbitrary functions

A, and on a number of their time derivatives, i.e.,

X(Q7(j7'"7p7p7"‘7A7)‘\7"’77—):0' (A'68)

In particular, gauge conditions x(g,p,7) that only depend on time and on the local
canonical coordinates on I' are referred to as ‘canonical gauge conditions’ (or ‘canonical
gauges’ for brevity). In what follows, we tacitly focus on canonical gauges for simplicity.
We also assume that all the chosen gauge conditions are independent, i.e., that there

are no redundant constraints among the (A.68).

In order for a set of gauge conditions to be admissible, it must satisfy two consistency
requirements [33]. First, the conditions need to be accessible: if we start from an
arbitrary reference frame, i.e., an arbitrary set of local coordinates on I' and arbitrary
functions A, it must be possible to reach a set that satisfies (A.68) by a finite gauge
transformation determined by a well-defined choice of the functions e(7). Second,
the only gauge transformation that leaves (A.68) invariant is the (on-shell) identity
transformation. In this case, we say that the conditions (A.68) form a complete gauge

fixing.

Once a canonical gauge is fixed, the functions )\ are determined by requiring that
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A.2. Constrained dynamics

the gauge is preserved by the dynamics, i.e., x = dx/0T + {x, Hr} ~ 0 [cf. (A.73)
and (A.74)]. How many (independent) conditions are necessary to form a complete
gauge fixing? At first, one might suppose that the number of gauge conditions should
be equal to the number of arbitrary functions A to be fixed, which is the number of

primary first-class constraints. However, in this case, the consistency conditions

0~ {x,G} = ZO difﬁ {Xa (j)} (A.69)
j=

generally lead to a set of differential equations for the (7) functions, but do not de-
termine their initial values. Different choices of the initial values may lead to gauge
transformations that are different from the identity and that preserve the chosen gauge
conditions. In this way, one needs to impose further gauge conditions to fix the initial
values of £(7) [49]. Thus, the number of gauge conditions must be sufficient to fix
the values of e(7) and their first n time derivatives at every instant of time. As was
discussed in the previous section (§A.2.5), the number of these values is equal to the
number of independent (primary and secondary) first-class constraints in the theory
(for a minimal generator). Therefore, the number of independent gauge conditions
must be equal to Ng [33].

Given the (canonical) gauge conditions xrp (F' = 1,..., Np), equation (A.69) will
reduce to the on-shell identity if the only solution is d’¢;/d7/ = 0 (j = 0,...,n) at
every instant. This is fulfilled if the determinant of {yp, ij)} is non-vanishing. For a

minimal generator, we obtain the equivalent requirement

det {xp, Cpr} £0 | (A.70)

due to (A.56). Due to (A.65), equation (A.70) is equivalent to

OXF
0 # det XF/XF ~ det atF, . (A?l)

The determinant in (A.70) and (A.71) is called the ‘Faddeev-Popov determinant’ [20,
21]. It is worthwhile to mention that it may be impossible to choose gauge conditions
such that (A.70) is satisfied globally in the auxiliary phase space I', and one may have
to admit the possibility that (A.70) or (A.71) is fulfilled only locally, i.e., only in a
certain region of I'. This problem is referred to as the ‘Gribov obstruction’ or ‘Gribov
problem’ [33]. Due to this obstruction, one sees that the gauge choices (choices of

generalized reference frames) are generally only of an approximate nature.

Let T'|,, denote the subspace of I' defined by the canonical gauge conditions and let

Y|y represent the intersection of I'|, with the constraint hypersurface ¥. Once a set of
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gauge conditions is fixed, we interpret the restriction f|, of an auxiliary phase-space
function f to X|, as the description of f in a particular reference frame and we refer

to f|y as a ‘gauge-fixed quantity’ or a ‘gauge-fixed function’.

Let us now adopt the local coordinate system z = (&,t, ¢), for which the Poisson
brackets are given in (A.62). We can then write an auxiliary phase-space function as
f = f(&t,p) and the canonical gauge conditions read x(&(7),t(7),(7), 7). As a set
of admissible gauges x defines a single reference frame, it must select a single point
in each gauge orbit. Thus, the conditions x(£(7),¢(7),¢(7) = 0,7) = 0 must have a

solution for the t coordinates, i.e., they must imply
£ = tF(e(r),7) , (F=1,...,Np), (A.72)

in a region where (A.71) holds. Here, t, is some function for which x(&£(7),ty, o(7) =
0, 7) is identically zero. To see that the solution (A.72) fixes the arbitrary functions A

in the dynamics, we use (A.67) to obtain

5 HY + 05N m i =4F (A.73)

Moreover, by requiring that x(&,t,, ¢, 7) = 0 is preserved by the evolution (x ~ 0), we
find

1 FF
Ha (97)( _8XF’ _ oxp - (A 74)
x T\ ot or ocr &) '

Equations (A.73) and (A.74) imply that the functions A are now determined in terms

of the functions H; and ¢, or, equivalently, H; and .

Given an auxiliary phase-space function f(&(7),t(7),¢(7),7), the corresponding
gauge-fixed quantity is f|, = f(£(7),ty,¢(T) = 0,7). Due to (A.72), one sees that
gauge-fixed quantities only depend on £ and 7 and are, therefore, gauge invariant.

More precisely, we can define the function

OlfIXI(&(7), t(7),7) := f(&(T), tx, p(7) = 0,7) = [l (A.75)

which is constant along the gauge orbits. The function O[f|x]| may be seen as a par-
ticular extension of f|, off of X|,, one that is the same in every reference frame. We
refer to O[f|x] as the ‘invariant extension of f in the gauge x’. Although it is defined
as a function on the constraint hypersurface X, one can extend O[f]|x] to the auxiliary

phase space in the usual way, O[f|x] = O[f|x] + v'¢;, given a choice of v!.

The following simple fact must, however, be emphasized. The functional relation
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A.2. Constrained dynamics

between the invariant extension O[f|x| and its “seed” function f (when both are un-
derstood as auxiliary phase-space functions) in general depends on the chosen gauge
conditions y [33,76]. This motivates us to introduce the following notion, which plays

a key role in the definition of observables analyzed in §1.7.

Definition A.2 (Gauge (in)dependence). A function defined on the auxiliary phase
space is said to be ‘gauge dependent’ if its physical interpretation depends on a choice
of canonical gauge conditions. Gauge dependent functions are, therefore, relational
quantities, as they are to be interpreted with respect to a certain reference frame.

Functions that are not gauge dependent are said to be ‘gauge independent’.

Remark A.3. Due to (A.75), one may take the terms ‘relational’; ‘gauge dependent’

and ‘gauge-fixed’ as synonyms.

We stress that the two definitions A.1 and A.2 are distinct. In particular, a function
may be gauge invariant but not gauge independent: its physical interpretation may
refer to a choice of gauge, even though its functional form may not change under
a general gauge transformation. In general, invariant extensions are simultaneously
gauge-invariant and gauge-dependent (relational) quantities. The relevance of gauge-
dependent functions depends on the ontology and the definition of observables of the

theory.

It is frequently more useful to write O[f|x] in terms of the function f written in an
arbitrary frame, i.e., for an arbitrary value of the ¢ coordinates. This can be achieved

by the formula

Np
ol = [ ar faet Y| T dur(ete =0m)fEe =00 (AT
F=1

where we have omitted the 7-arguments of each function for simplicity and we adopted
the shorthand notation dt = g,F:l dt™" for the measure of integration over the values
of t#" at a fixed instant. The delta functions of xp serve to fix the gauge, whereas the
Jacobian factor ‘det Oxr/otr ,‘ is included in order to change the variables from ¢ to ¥,
which is permissible in regions where (A.71) is satisfied. One can then integrate (A.76)
to recover (A.75). From (A.75) and (A.76), we see that invariant extensions have the
following general properties: (1) they are defined on the constraint hypersurface ¥ but
can be extended to the auxiliary phase space I'; (2) they can be written in terms of
an arbitrary gauge but coincide with f|, once restricted to X|,; (3) they are gauge

invariant.

As the Jacobian factor in (A.76) is also a function of the (&,t) coordinates, we can
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replace it by its gauge-fixed value due to the delta functions, i.e.,

oxr
ot

oxr
ot

‘ det

(€, ), p(r) = 0,7) 3 A, = ‘det

(7). tx, (1) = 0,7) . (ATT)

The quantity A, can be seen as an invariant extension of the Faddeev-Popov determi-
nant given in (A.70) and (A.71). Whenever there is no risk of confusion, we will simply

refer to A, as the Faddeev-Popov determinant. Note that A, also satisfies the identity

Np

- OXF
1 _ _ —
AX - /dt FH1 5(XF(€a ta Y = 0’ 7-)) - ‘det BtF'

-1
(57 txv Y= Oa 7—) ) (A78)

in regions where the gauge is admissible, i.e., where (A.70) and (A.71) are fulfilled.
Note that we have once again omitted the 7-arguments of each function in (A.78).
Equation (A.78) can also be taken as the definition of A, in terms of an average of
the gauge-fixing delta functions taken over the gauge orbits. Due to (A.78), we can
rewrite (A.76) as

N
Ol = &y [ at T[ sxr(estog = 0.7)1(E 1 = 0)
F=1 (A.79)
_ St TTE S0er (6.t o = 0)f (6.t = 0.7)
[t TIRE, 8(xp(&.t.p = 0))

From (A.76) or (A.79), we see that the invariant extension of the identity function is
still the identity, i.e., O[1]x] = 1, as it should be. Equations (A.76) and (A.79) make it
clear that invariant extensions can be obtained by writing gauge-fixed functions in an
arbitrary gauge by means of an average taken over the gauge orbits. This motivates us

to consider the more general objects

Ou,(&(7), 1) := /dt w(&(r),t(1), (1) =0,7), (A.80)

which are averages of functions w(&(7),4(7),¢(7),7) over the gauge orbits. One sees
that (A.79) is a particular case of (A.80). Equation (A.80) yields an invariant if the

following equality is satisfied at each instant,
= [d ~ [ar 29— A

Evidently, the validity of (A.81) depends on the region of the gauge orbits over which

one integrates and on the boundary conditions of w for different values of t/". Both (A.79)
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and (A.81) are considered in the analysis of Chapter 1.

A.3 The reduced phase space and its quantization

As was mentioned in §A.2, the cotangent bundle I' = T*Q plays an auxiliary role in
the Hamiltonian theory of constrained systems because all physical trajectories must be
defined on the constraint hypersurface . Consequently, one might expect that > could
play the role of a ‘physical’ phase space. However, this is not true because the constraint
hypersurface does not inherit a well-defined Poisson-bracket structure [33]. This can be
easily seen if we adopt the local coordinates z = (§,¢,¢) in I'. The components wg., of
the symplectic form in I" are defined by wg,w?" = ¢, where w?" defines the Poisson
brackets according to (A.62). The induced two-form on ¥ then has the components w g,
where the indices 5,7 are restricted to run over the values of the coordinates &, t only.
If this induced two-form were invertible, one would be able to define a Poisson-bracket
structure from its inverse. However, by using (A.63), (A.64) and (A.65) together with

the antisymmetry of wg,, we find that mez = wBWwW’RJFNFJrF R+Np+F —

6B+NF+F
B

~ w37w77
= 0. In this way, X are null eigenvectors of the induced two-form on 3,
which is thus not invertible (see [33] for further details).

Nevertheless, the fact that the constraint hypersurface can be foliated by the integral
curves of X suggests that we may take the quotient of ¥ by the orbits of Xp. Asis
well-known [33], this quotient space has a well-defined Poisson-bracket structure and,
therefore, it serves as the ‘physical’ phase space of a constrained theory. We will denote
it by I'phys and assume that it is a C°°-manifold. As it is a quotient space, the physical

phase space is also frequently called the ‘reduced phase space’ [33].

The Poisson-bracket structure on I'phys can be derived from the auxiliary phase-
space brackets W™ = {{’",5’”/}. Indeed, £ can be interpreted as local coordinates on
the quotient space. Furthermore, although & and w™" were defined as functions on the
auxiliary phase space, due to the fact that & and w™" are first class, we know from
Remark A.2 (page 207) that the restriction of W™ to the constraint hypersurface is
a function only of the £ coordinates and, therefore, the Poisson bracket {f,g}r . . =
W |50 f /0T Dg/OE" is well-defined for any pair of functions on I'phys- The induced
two-form on I'phys is then simply given by the components w,.,/|s, since wr,wwr'””
W, = 61" due to (A.64).

A.3.1 Dynamics of reference frames in the reduced phase space

The reduced phase space is obtained by identifying all points along the gauge orbits
of Xr. Due to (A.60), this corresponds to considering that, at a given instant, all
admissible choices of reference frames correspond to same physical state. In other words,
a point in I'ppys corresponds to an equivalence class of reference frames. Furthermore,
functions f(£) on the reduced phase space are by construction gauge invariant. Does

one lose information about the dynamics when restricting oneself to I'pnys? Are the
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different ‘points of view’ associated with each generalized reference frame lost when

passing to the reduced phase space? The answer is no.

As we have seen in §A.2.7, the choice of gauge conditions, which determines the
reference frame, is in general only admissible locally in the auxiliary phase space due to
the Gribov obstruction. In regions of I' where (A.70) holds, we may invariantly extend
functions. As we assume that the second-class constraints were previously effectively
eliminated by working with Dirac extensions [cf. (A.49)], the invariant extensions O[f|x]
thus weakly Poisson-commute with both the first-class and the second-class constraints
and are, therefore, first class. From Remark A.2 (page 207), we then conclude that
O[f]x] can be expressed as functions solely of the & coordinates. In this way, invariant
extensions of functions in a certain gauge are functions in the reduced phase space.

This holds at a fixed moment of time. But what about the dynamics?
By taking the total time derivative of (A.75), we obtain
of of

Ol = (5 + o

fr 8f (P

3 +8tFtX> : (A.82)
t=ty,p=0

Due to (A.65), (A.66), (A.67) and (A.73), equation (A.82) becomes

of . 0f OHy
or T B ogr

OlfI] = [ T {f.CRY T HL + 55&1“)}

t=ty,p=0

+{f, Ho+ Hipr + M patiet, om0
t=bep=0 (A.83)

+{fs Hr =ty =0

t=ty,p=0
]

of
where the functions X are fixed by (A.73) and (A.74). Equation (A.83) shows that the

—o| oL+ (s.1m)
time evolution of the invariant extension of a function with respect to a certain gauge

or

of
or

or

corresponds to the invariant extension of the function’s time evolution with respect to
the same gauge. In this way, the (deterministic) gauge-fixed equations of motion can
be represented in the reduced phase space. Thus, all the dynamical information related
to a certain choice of reference frame (gauge condition) can be, in principle, encoded in
reduced phase-space functions in a gauge-invariant way, i.e., without constraints. This

is the reason the reduced phase space can be regarded as the physical phase space.

One can also describe the evolution of reduced phase-space functions using the
Poisson bracket structure in I'yhys as follows. For each instant of time, let Q(7) =
(q(7),p(7)) be a set of local canonical coordinates on the auxiliary phase-space I'. We

assume that for each point of I', there is a neighborhood W in which the coordinate
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transformation Q(7) = Q(&(7),t(7), o(7)) is well defined.!* If we further assume that
a set of gauge conditions x is admissible in W [cf. (A.70) and (A.71)], we can define
the gauge-fixed functions [cf. (A.75)]

OlQIx] = Q(E(7), 1y, p(1) = 0) = Q| , (A.84)

which represent (a portion of) the physical trajectories in a particular reference frame.
The physical trajectories are labeled by the physical initial values O[Q|x]|r=0, which
are compatible with the constraints (cf. A.2.4); i.e., they weakly Poisson-commute with
the constraint functions when seen as functions in the auxiliary phase space. We then
assume that the family of tangent vectors Xy to the physical trajectories (labeled by
the physical initial values) defines a smooth vector field in a region of I'ppys. We refer
to this vector field as the ‘physical’ or ‘reduced’ Hamiltonian vector field. Furthermore,

any function Hys that satisfies

Xphys = {" thys}rphys (A85)

is referred to as the ‘physical’ or ‘reduced’ Hamiltonian, and it describes the gauge-fixed
physical evolution. Note that its definition may be valid only locally in I'ppys due to the
Gribov obstruction. Physical Hamiltonians may be defined even in the case in which

there is no non-trivial canonical Hamiltonian and H' = 0 (cf. §1.9.2).

A.3.2 Limitations of the reduced phase-space description

The formalism presented in the previous sections of this appendix is, in principle, a
complete account of the classical canonical formulation of constrained (and, in partic-

ular, gauge) systems. The next step is to analyze the quantum theory.

Nevertheless, there is a series of limitations to the practical applicability of the
formalism presented here, in particular concerning the concept of the reduced phase
space ['phys. It may be difficult or even impossible to explicitly construct I'ppys, since
this requires the construction of a complete set of gauge-invariant functions &, which
are solutions to {{,Cr} ~ 0. In practical field-theoretic applications (such as in GR),
the task of defining the £ coordinates is rather involved. One might attempt to find
a complete set of invariants by using invariant extensions O[f|x], but this method
is subject to the Gribov obstruction. Moreover, it may be that no set of functions
& can serve as canonical coordinates on I'pys for which the Poisson brackets acquire

their canonical form. Due to these and other difficulties, it may be preferable to develop

"More precisely, let (U, ¢g) with ¢ : U C T — U € R*? and (V, ¢.) with ¢, : V ¢ T' — V c R*
be the coordinate charts associated with each coordinate system. We then assume that W := UNV # ()
and that ¢, o (;551 is a diffeomorphism, such that the two charts are smoothly compatible.
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other methods of analysis, such as the study of the Becchi-Rouet-Stora-Tyutin (BRST)
cohomology, in which case one enlarges the (auxiliary) phase space (instead of reducing
it) by including extra degrees of freedom related to the so-called ‘ghosts’ (see [33] for
further details).

For the applications in this thesis, however, the analysis of gauge systems based
on the reduced phase space is both sufficient and illuminating, since it clarifies the
definition and physical meaning of the (relational) observables of a gauge theory (cf.
the discussion on the definition of observables presented in §1.7; see also Conclusions
and Outlook for a discussion on possible further developments). Furthermore, as the
relation between reduced phase-space functions and the local canonical coordinates on
the auxiliary phase-space [cf. (A.84)] is of importance in the analysis of Chapter 1 and,
indeed, throughout the thesis, it will be useful to develop a quantum theory that not
only encompasses the reduced phase-space dynamics but also the description in the
auxiliary phase space. This will be the topic of §A.3.4. In §A.3.3, we construct the

Hamilton-Jacobi formalism of the classical theory as a first step towards quantization.

A.3.3 Hamilton-Jacobi formalism

As before, we assume that the second-class constraints have already been eliminated
from the theory [e.g., by using the Dirac extensions (A.49)] and that it is possible
to find canonical coordinates denoted by (¢%,p,) for a = 1,...d — Ng/2 with respect
to which the only remaining constraints Cp (F' = 1,...,Np) are first class. The
Hamilton-Jacobi canonical transformation is obtained from the generating function F =
S(q, P,7) — Q*P,, where (Q, P) are the new canonical coordinates. The Lagrangians
for each set of canonical pairs are related by pe¢* — Hr = P,Q* — Ky + dF /dr, where
Hr is the total Hamiltonian for an arbitrary choice of the functions A. The new total
Hamiltonian K7 is required to vanish identically. In this way, we obtain the usual

unconstrained Hamilton-Jacobi equations

_ O e B
pa_aqaa _aPa7
(A.86)
“or T \Ta)

The first two equations can, in principle, be inverted to yield ¢ = ¢(Q, P) and p =
p(Q, P). If we now take into account the fact that the momenta p are constrained by

Cr(q,p), we obtain the additional requirements

CF<Q7(;(S]>:O’ (le,...,NF), (A87)
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which may be seen as constraints on the new momenta P. In the particular case in
which the first-class constraints are abelian, i.e., in which the functions ¢k, in (A.48)
are identically zero, we may define the first Np new momenta such that Cr(g,p) = Pr
without loss of generality.!? In this case, equation (A.87) implies that Pp = 0. Let us
denote the remaining new momenta as k; := Pn,4; (i =1,...,d — Ng/2 — Np). The
restriction of Hamilton’s principal function to the first-class constraint hypersurface,
S(q,k,7) := S(q, P, 7)|pr=0, no longer depends on Pr, and the conjugate variables
tF' .= Q¥ may be seen as the parameters along the gauge orbits. Moreover, the k;
momenta and their conjugate coordinates x! := QVF*? Poisson-commute with the
constraints Pr by construction. Thus, they form a set of 2d — 2Np — Ng =2d — M —
K — Nr = R conjugate pairs of gauge-invariant functions that can be used to define
canonical coordinates on the reduced phase space [i.e., we may adopt & := (z, k)] [33].
An analogous construction can be made in the quantum theory, where solutions of the
quantum constraint equations can be used to define a basis in the so-called ‘physical’

or ‘reduced’ Hilbert space.

A.3.4 Quantum theory

The quantization of gauge systems is a rich subject. There are many approaches, each
with its advantages and shortcomings. We will focus solely on the canonical (operator-
based) quantum theory and will not discuss path integrals. For a detailed account of
path integrals for constrained and gauge systems, the reader is referred to [33] and

references therein.

Let us assume that the reduced phase space I'ppys can be constructed, i.e., that the
limitations discussed in §A.3.2 can be overcome. Then, the quantum theory could be
obtained by promoting the complete set of gauge-invariant functions & to operators é
acting on a Hilbert space Hppnys equipped with an inner product (:|-). The ¢ operators
should be symmetric with respect to (-|-), i.e., for any pair of states in the domain
of £, we should obtain (w(l)\fq/}(g)) = (é¢(1)|w(2)). Furthermore, one assumes that it
is possible to find self-adjoint extensions of é . We refer to Hpnys as the ‘physical’ or
‘reduced’ Hilbert space. This construction of the quantum theory may suffer from
severe factor-ordering ambiguities if the classical coordinates £ are not canonical, in

which case the quantization of the Poisson bracket structure {-,-}r . may not be

phys
straightforward. It may also be complicated to promote H'(, o = 0) [cf. (A.66)] or
Hphys [cf. (A.85)] to self-adjoint (extensions of symmetric) operators due to ordering

ambiguities.

Furthermore, a direct quantization of £ may leave unclear or unexplored the relation

12Given a set of constraints Cr that satisfies (A.48), it is possible to locally adopt an equivalent
description of the constraint hypersurface such that the constraint functions are abelian. This can be
achieved by suitable local redefinitions of the constraint functions or of the canonical coordinates on T.
See [33] for details.
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of the quantum dynamics (e.g., of correlation functions of é ) to the auxiliary variables
(¢,p) in T' [cf. (A.84)]. If one adopts a definition of observables in which (¢, p) play a
certain (relational) role (cf. discussion on the definition of observables in §1.7, one would
like to express the dynamics of physical correlation functions also in terms of (¢, p). For
this reason, it is useful to develop a quantum theory that not only surpasses some of
the difficulties found in a direct quantization of the £ coordinates, but also encompasses
both the auxiliary and reduced phase-space descriptions. This is, in principle, achieved

by the so-called ‘Dirac quantization’ scheme.

Dirac quantization proceeds in analogy to the construction of the classical canon-
ical theory, in which one first considers constraints in an auxiliary phase space and
subsequently one constructs a reduced phase space. In the corresponding quantum
theory, one starts with an auxiliary Hilbert space and a definition of gauge orbits
and afterwards one considers the definition of a physical (or reduced) Hilbert space of
gauge-invariant states. As explained above (see also Chapter 2), the construction of
the auxiliary Hilbert space may not be merely one of convenience, but it may also be
relevant for the interpretation of conditional probability amplitudes, depending on the

ontology and the definition of observables of the theory.

Before Dirac-quantizing the theory, it is useful (although not necessary [33]) to
eliminate the second-class constraints at the classical level [e.g., by using the Dirac
extensions (A.49)]. As in the Hamilton-Jacobi formalism (cf. §A.3.3), we thus assume
that one can define canonical coordinates (¢%, p,) for a = 1,...d — Ng/2 that are
subject only to first-class constraints Cr (F' = 1,..., Np). The auxiliary Hilbert space
H can then be obtained via the usual canonical quantization procedure for the variables
(¢%, pa)- One considers the operators (g, p), which satisfy the same-instant commutation
relations [¢%, py] = ihd} (a,b = 1,...d — Ng/2) and which are self-adjoint (extensions

of symmetric) operators, given a definition of the auxiliary inner product (-|-) in H.

States in ‘H are referred to as ‘auxiliary’ or ‘kinematical’ states. Given an auxiliary

state |¢), we define its evolution through the Schrédinger equation [cf. (A.86)]
., 0 -
156* [v) = Hr [¥) (A.88)
-

where Hy := H'(§,p) + M pa(q,p) and we assume that: (1) both H'(4,p) and ¢ (4, p)
are self-adjoint operators with a particular choice of factor ordering; (2) the coefficients
A are chosen to be arbitrary c-numbers rather than operators in order to avoid ordering

ambiguities.

The operators p4(G,p) are the quantum analogues of the primary first-class con-
straints. In fact, we assume that all classical first-class constraints can be promoted
to operators Cp = Cr(q,p) that are self-adjoint with respect to the auxiliary inner

product (-|-) with a certain factor ordering. It must be stressed, however, that the
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first-class condition is not always preserved in the quantum theory. Indeed, it may
be that the Poisson brackets (A.48) acquire quantum corrections, i.e., that one finds
[OF, C'F/] = é?};, Crn + h2d rpr. Here, é]‘;/};, is a quantization of the classical functions
05/},, whereas the operator dpp is independent from Cp (F = 1,...,Np) and has
no classical counterpart. This operator is called an anomaly and it breaks the gauge
symmetry of the theory [33]. A similar operator may appear in the commutator of
H'(g,p) with Cr (F =1,...,Np). In the presence of anomalies, the Dirac quanti-
zation procedure is not consistent and one may need to resort to other quantization
methods such as BRST theory [33]. We thus assume that no anomalies are present,
since the corresponding Dirac quantization is sufficient for the applications considered

in this thesis. In this case, we define gauge transformations of auxiliary states as
ihd ) = G o) (A.89)

where the quantum gauge generator is G := > i=0 sz)djsi/drjh:m = oF'Cp [cf.
(A.60)]. We assume that the arbitrary functions ¢ and their derivatives are chosen
to be c-numbers rather than operators, which are evaluated at a fixed instant 7 = 9.
Note that (A.88) and (A.89) define the Schrédinger picture of the auxiliary quantum
dynamics and of gauge transformations, respectively. Provided there are no anomalies
and (A.88) and (A.89) are integrable, one can then pass to the Heisenberg picture in

the usual way.

From (A.89), we note that gauge-invariant states |¥) must be annihilated by the
quantum gauge generator at every instant of time, i.e., G |¥) = 0. This then implies

that the quantum first-class constraints need to be fulfilled
Crp|¥)=0. (A.90)

Equation (A.90) is the quantum analogue of the definition of the classical first-class
constraint hypersurface. States that are annihilated by the constraints at every instant
of time are said to be ‘on shell’. Thus, gauge-invariant states are on shell. Due to the
definition of the quantum gauge generator, the converse is also true: on-shell states are

gauge invariant.

Given a set of linearly independent gauge-invariant states denoted by |k), we can

define on-shell operators as
O := Z O(K', k) [K') (k| (A.91)
k! k
for some choice of function O(K', k). The summation in (A.91) is formal and may be
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replaced by an integration if the k labels are continuous. These operators correspond to
linear transformations of the on-shell states. It is straightforward to verify that (A.91)
defines a gauge-invariant operator, i.e., one that satisfies [@,GF] = 0. In fact, on-
shell operators satisfy the stronger condition OCr = Cr® = 0. If the set of |k)
states is complete, i.e., if any gauge-invariant (on-shell) state can be written as a linear
combination of the |k) states, then it is sufficient to consider only gauge-invariant
operators that are on-shell, i.e., of the form given in (A.91). In Chapter 2, we extensively
discuss how classical invariant extensions of the form (A.79) can be promoted to on-
shell operators of the form (A.91) in the quantum theory (for the particular case of

theories that are invariant under local time translations).

In contrast to the auxiliary Hilbert space H of kinematical states |¢)), we can define
the physical or reduced Hilbert space Hpnys as the space of gauge-invariant states that
are square-integrable with respect to a choice of ‘physical’ inner product (+|-). Given a
complete set of linearly independent on-shell states |k), their physical inner product can
be defined by regularizing their auxiliary inner product with the insertion of a certain
operator fi, i.e., (K'|k) := (k'|ja|k). The ‘measure’ fi is an operator in the auxiliary
Hilbert space and it should be chosen such that: (1) (k'|k) is positive definite and
gauge invariant; (2) there exist superpositions |¥(;)) of |k) that have finite norm and
overlap, ie., [(¥(;|¥;))[* < oo, where i and j are labels on the possibly different
superpositions. More precisely, the gauge-invariance of (k’|k) entails that Cr should be
realized as a self-adjoint zero operator, i.e., (K'|Crk) = (Cpk'|k) =0 for F =1,..., Np.

If (K'|k) satisfies the two conditions above, then one may choose /i to be the identity
in the auxiliary Hilbert space, i.e., i = 1. In general, however, it is necessary to regu-
larize the inner product of gauge invariant states to guarantee that both conditions are
fulfilled. Let us assume that /i has been fixed and that the complete set of linearly inde-
pendent states |k) have been orthonormalized such that (k'|k) = §(k, k), where 4(,-)
stands for a Kronecker or Dirac delta depending on whether the k labels are discrete or
continuous. In this case, we consider |k) to define a basis in the physical Hilbert space
and the on-shell operators (A.91) can be interpreted as quantizations of certain reduced
phase-space functions. For this reason, the Dirac quantization programme is a type of
reduced phase-space quantization. Evidently, the results of the Dirac quantization of a
theory may differ from those obtained by a direct quantization of the reduced phase-
space coordinates &, for example, due to factor-ordering ambiguities. Moreover, as the
Dirac quantization starts with the notion of an auxiliary Hilbert space H, it allows
one to relate on-shell operators to auxiliary Hilbert space operators, e.g., through the

projections 3, . |K') (k'|A|k) (k|, where A acts on H and is not gauge invariant [33].

There are two important particular cases in which (i can be fixed. First, if one
already knows a complete set of gauge-invariant operators é that are obtained by the
Dirac quantization of well-defined real-valued functions (g, p) defined in the auxiliary
phase space, then fi should be chosen such that f act as self-adjoint operators in the

physical Hilbert space Hpnys. Second, in analogy to the Hamilton-Jacobi formalism
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(cf. §A.3.3), if the first-class quantum constraints are abelian, i.e., if [Cr, Cp/] = 0 for
F,F' =1,...,Np, then it is possible to find a simultaneous orthonormal basis |C, k)
for the constraints in the auxiliary Hilbert space. The indices k now label degeneracies
of the constraint spectrum, Cp |C,k) = Cp|C,k) (F =1,...,Ng). One immediately
sees that the gauge-invariant states |k) := |C' = 0, k) define an orthonormal basis in
the reduced Hilbert space if the physical inner product is defined through the formula
33,66, 68, 69]

(C' K |C, k) = 5(C",C)(K|k) , (A.92)

which implies (K’'|k) = §(k’, k). This inner product satisfies the above criteria and is
well-defined even if the zero is in the continuous part of the constraint spectrum. As
is shown in Chapter 2 for the case of local time-translation invariance, the regulariza-
tion (A.92) corresponds to the insertion (k'|k) = (k'|ji|k), where [ is related to any
admissible quantum gauge condition, in analogy to the classical formula (A.79). The
formalism developed in Chapter 2 can be straightforwardly generalized to any system

of abelian quantum constraints.

Once one has defined the physical inner product [e.g., as in (A.92)] and one can
construct on-shell operators (A.91) that act on the physical Hilbert space Hppys, it is
straightforward to compute physical correlation functions. Let us consider Heisenberg-
picture operators @(7‘) that evolve, e.g., with the total Hamiltonian or with another
on-shell operator that plays the role of the quantized reduced Hamiltonian [cf. (A.85)].
Then, for any pair of gauge-invariant states [¥(;y) and |¥(q)), the correlation function of
the time-ordered string O := TI1L @(TZ) is computed with the physical inner product,
i.e., one defines (O) 1= (W (2)|O¥(y)).
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Appendix B

The Traditional
Born-Oppenheimer Approach to
the Problem of Time

In this appendix, we offer a critical review of the traditional Born-Oppenheimer (BO)
approach to the problem of time, which is to be contrasted with the approach followed
in Chapter 5.1

B.1 What is the traditional BO approach?

The classical and quantum theories of mechanical systems with local time translation
invariance are discussed at length in Chapters 1 and 2, where it is shown that the
central object in the Dirac-quantized theory is the quantum constraint (or WDW)
equation. As this constraint is a time-independent Schrodinger equation (TISE), one
faces the problem of time in the quantum theory. Which time variable (if any) orders
the dynamics? How is it defined? While this is the topic of Chapter 2, several (partial)

solutions to the problem of time have been proposed in the literature [24].

One of the oldest and most straightforward approaches is the BO approach to the
problem of time. It is based on the BO approximation [124,166-172] used in nuclear
and molecular physics to analyze the dynamics of a system of electrons and nuclei [121].
The approximation was established in the work of Born and Oppenheimer [173] and its
application to the definition of a time variable from a time-independent equation was
discussed in the work of Mott [174,175].

In its original context, the BO approximation is a combination of a WKB expan-
sion and an adiabatic approximation for a system of electrons and nuclei. Indeed, it is

sometimes possible to consider that the nuclei are approximately described by WKB

!This appendix is based on [62,98].
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factors in the system’s wave function and, therefore, that their dynamics is semiclassi-
cal (in an appropriate sense). In addition, one makes an adiabatic approximation, in
which the dynamics of the electronic wave function is conditioned on the semiclassical
configurations of the nuclei. Concretely, this approximation scheme is controlled by a
perturbative expansion (analogous to the weak-coupling expansion discussed in Chap-
ter 5). In their original article [173], Born-Oppenheimer considered that the electrons
are much lighter than the nuclei, with a mass m much smaller than the average mass
M of the ‘heavy’ nuclei. In this way, they used (%)i as a perturbative parameter to
calculate series developments of the relevant physical quantities. At the lowest order
in the expansion, the nuclear positions are fixed (classical) parameters, conditioned on

which the quantum dynamics of electrons can be described.

The BO approximation can be applied to any system that admits a decomposition
of its degrees of freedom into ‘heavy variables’ (in analogy to the nuclei) and ‘light
variables’ (in analogy to the electrons) [176-178]. The relevance of this procedure to
the problem of time rests upon two properties: (1) the perturbative expansion coincides
with a WKB expansion in the ‘heavy sector’; (2) the quantum dynamics of the ‘light
sector’ is conditioned on the (semiclassical) dynamics of the ‘heavy sector’. Due to
the first property, a notion of (classical) trajectory for the heavy variables is available
at the lowest order, and one may define a ‘semiclassical time’ parameter (also called
‘WKB time’ [119]) as the orderer of the dynamics of the heavy variables. Due to the
second property, the quantum evolution of the light variables is also governed by the
WKB time. Thus, the BO approach avoids the problem of time in the semiclassical

regime, in which WKB time ‘emerges’.

An early derivation of the semiclassical emergence of time is found in [174, 175],
where Mott considered the TISE for a system of a particles and atoms. Mott was able
to derive a time-dependent Schrédinger equation (TDSE) for the atoms by assuming
that « particles behaved semiclassically and by defining a time parameter from their
approximate trajectories. This work has been highly influential and inspired a number
of subsequent analyses [176,177,179,180]. Due to the possibility to derive time from
a timeless equation in this fashion, some researchers, such as Englert [181], Briggs
and Rost [176,177], and Arce [123], suggest that the TISE should be the fundamental
equation that describes the mechanics of closed quantum systems, whereas the TDSE

would only hold approximately for the light degrees of freedom.

This idea clearly finds its analogue in the WDW equation of quantum gravity. In-
deed, the functional TDSE for matter fields conditioned on a vacuum background was
derived from the quantum constraints by Lapchinsky and Rubakov [182] in a way analo-
gous to Mott’s work. The analogy to the original scheme of Born and Oppenheimer be-
came clear in [183,184], where the solutions to the quantum constraints were expanded
in powers of the gravitational coupling constant (or, equivalently, the inverse Planck
mass), which plays the same role as the perturbative parameter (m/M )1/ *in [173].

Perturbation theory holds if this is a weak-coupling expansion (cf. Chapter 5), i.e., if
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the Planck scale is much larger than other energy scales considered. In this way, the
gravitational field usually corresponds to the heavy variables, while matter fields are
typically the light degrees of freedom. If one computes terms of higher order in the
gravitational coupling constant, one finds corrections to the usual TDSE for matter
fields conditioned on a fixed background [120,137,151,185]. The issue of whether these
corrections are unitary has been debated in the liteature [120,163] and is discussed in
Chapter 5.

Finally, it is important to note that, if the BO perturbative procedure breaks down,
one can either consider that time cannot be defined and the theory is strictly timeless
or one can attempt to develop another method of discussing the quantum dynamics.

One such method is presented in Chapter 2.

B.2 The semiclassical derivation of time

Let us now critically review the traditional BO approach to the problem of time. The
reader is referred to [6,98,176-178] for further details. We consider a set of light
variables ¢* (u = 1,...,d) with a typical mass scale m, as well as a set of heavy
variables Q* (a = 1,...,n) with a typical scale M > m. The system is described by
the TISE?

B~ 020

. 0
_ma:1W+V(Q)\I/+H5 (Q;(‘)qu’q“) U =FV, (B.1)

where Hg is an operator with a parametric dependence on the heavy variables that
furthermore depends on ¢* and their associated momenta. It may be interpreted as
the Hamiltonian for the light sector. To solve (B.1), one can make the traditional BO

ansatz

U(Q,q) = o(Q)¥Bo(Q;9) , (B.2)

which consists of an exact factorization of the total state W(Q,q) [100, 122,123,178,
186—188]. The interpretation of each factor, ¥y and 1o, will be considered in what
follows. We can define the BO inner product over the light degrees of freedom [62]

(YBO()1¥BO@)) B0 (@) = /dq Yho) (@ 9)iBovBo2) (@ q) (B.3)

2Evidently, it is possible to consider generalizations of (B.1) (e.g., with a non-trivial configuration
space geometry, cf. Chapter 5).
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where dg = Hu d¢* and figo is a ‘measure’ to be determined (we assume that figo is
symmetric with respect to the flat inner product, i.e., [LEO = figo).? In certain applica-
tions, it may be convenient to write Yo in terms of a complete orthonormal system with
respect to the BO inner product, i.e., ¥Bo(Q;q) = >_p Xk(Q)¥r(Q;q)/¢o(Q), where

(k) go = 0(k, k). In this case, the total state reads ¥(Q,q) = > ;. x»(Q)¥x(Q; q).
We shall not consider this here and we work exclusively with the exact factoriza-

tion (B.2).

Given the ansatz (B.2), we can solve (B.1) as follows. The first step is to define the
‘source’ or ‘backreaction term’ [98,138,140,141,163]

2 n 2
3(Q) = h > 0 1/’5 -V(@Q) +E. (B.4)

Equation (B.4) is a TISE for the 1y wave function, where J(Q) plays the role of another
potential term. We will see in what follows how this potential is related to a notion
of ‘backreaction’ of the light degrees of freedom onto the dynamics of the () variables
(cf. Sec. B.3). The second step is to obtain an equation that is to be regarded as an
equation for ¥po. If we use (B.2) and (B.4) in (B.1), the result is

< dlog vy OYpo 1 - 0%Bo

0Q*  0Qe (HS B 3) VBO < 5n7 = 0(Q)?’

h2

o (B.5)
a=1

which is usually seen as an equation for ¥po given a solution for ¢g. Finally, we

assume that logo(Q) = iM¢(Q)/h+ O(M°) and we define the ‘phase time’ 9/t :=

Yo 0p/0Q*0/0Q% + O(1/M), such that (B.5) can be written as

n?20 — (Fs(t) - 3) vmo +.0 (5 ) - (5.6

which is a TDSE for ¢¥po. A few comments are in order. First, equation (B.6) is
only valid when higher order terms in 1/M can be neglected, i.e., when a perturbative
expansion in the inverse ‘heavy mass’ is valid. This is clearly a formal procedure and
all concrete calculations should involve powers of the small ratio m/M or of some other
light mass scale to M, in analogy to the original scheme of Born and Oppenheimer.
Second, the time variable in (B.6) was defined from the lowest-order term in 1/M of
the phase of 1y. This lowest-order phase time often has a straightforward meaning: it

is the parameter that orders the classical dynamics of the heavy variables. This can

3A ‘flat measure’ (figo = 1) is frequently adopted [124,126]. However, following the results of
Chapter 5, we argue in §B.4.3 that a more general ipo is implied by the quantum constraint.
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be seen if the expansion in powers of 1/M coincides with the standard A-expansion
for the heavy sector [182-184], which is the case if the total potential in (B.4) scales
with M. This yields a semiclassical description of the evolution of the heavy degrees of
freedom, in which there is an approximate notion of trajectory that orders the physical
configurations of the ) variables. The lowest-order phase time is nothing but this
order.* Moreover, due to (B.6), one sees that the dynamics of the heavy sector also

governs the evolution of the ¢ variables (i.e, @ provide a clock for q).

By considering terms of higher orders in 1/M in (B.6), it is possible to compute
corrections to the Schrédinger equation [120,137,151,185]. These corrections are some-
times claimed to violate unitarity [114-116,120], although we will see that the formalism
of Chapter 5 resolves this issue. When higher-order corrections are included in (B.6),
one may either describe the dynamics with respect to the lowest-order phase time or
with respect to a corrected time function that also includes higher orders in 1/M of the
phase of 9. This corrected phase time can be tentatively interpreted as the orderer
of the dynamics of ) when quantum corrections and the backreaction of ¢ are taken
into account (see, however, Secs. B.3 and B.4). In the case in which the expansion in
powers of 1/M coincides with a WKB expansion in the heavy sector, the (corrected)
phase time is called WKB time [119].°

It is possible to define more general time functions that, for instance, take into
account some contributions from the amplitude of 1y [178,189]. One may also define
a time function from the phase of the total state ¥ [190-193].° These alternative

definitions, however, often lack a clear physical interpretation.

B.3 Backreaction

In what sense is J(Q) in (B.4) and (B.6) a backreaction term? Usually [124,166-168],
the backreaction term is associated with the expectation value of the Hamiltonian for
the light degrees of freedom taken with respect to the BO inner product (B.3). To see
how J(Q) is related to this, we first define the general BO average [cf. (B.3)]

0y, (YeolOlmo)no _ [ da YioftnoOveo
PO (YBolYBo)po [ dq Yo iBoYBO

(B.7)

“More precisely, the lowest-order phase time is the parameter along the approximate trajectories
of the Q) variables, when these are regarded as parametrized curves in configuration space.

®One may also refer to the lowest-order phase time simply as WKB time. This is what was done
in Chapter 5.

5Tt is worth mentioning that a notion of quantum trajectories (i.e., at all orders in the semiclassical
expansion) is available in the de Broglie-Bohm approach to timeless quantum systems [26,27]. In this
approach, time can also be defined from the phase of the total state ¥, but we do not consider this
here.
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which is a function of the () variables. Operators that are symmetric with respec‘g to the
BO inner product (B.3) are denoted as Ogo; e.g., Opo = ﬂg(l)é or Opo = ﬂggéﬂgo
(with Of = O). If we take the BO average of (B.5), we find

2 W2 <~ dlogty / O 1 & 92
J(Q) — <HS>BO - M p 8Qa <6QQ>BO o m g <8(Qa)2 >BO . (BS)

It is due to (B.8) that we refer to J(Q) as the backreaction term, as J(@Q) is now seen to
be related to the BO average (expectation value) of Hg, which we assume is symmetric
with respect to (B.3). If J(Q) = 0, we consider that there is no backreaction.

What can be said of the other terms in (B.8)? They lead to ‘fluctuation terms’
in (B.5), which are terms of the form (Opo— (O>Bo)/M. To see this, let us first note that
the BO averages (0/0Q%)pq play the role of the ‘Berry connection’ in standard quantum
mechanics [194, 195] and, in particular, in applications of the BO approximation to

molecular physics [121,122, 186, 187]. More precisely, we define

9 . ‘
(567). (@ = Vil@)+14(Q) (B.9)

ie., V, and A, are, respectively, the real and imaginary parts of (0/0Q%)pq. In usual
applications of adiabatic quantum mechanics, one has that V, = 0 and A, are the
components of the Berry connection. Here, however, V, is so far undetermined and this
will be of importance in the analysis of unitarity in the BO approach (cf. Sec. B.4).
Subsequently, let us define the objects [98,124,126, 166—168, 196]

0 0
DF = B.
a 8@(1 - <8Qa >BO ’ ( 10)

which are sometimes referred to as ‘covariant derivatives’ in the particular case in which
Vo = 0. If we now insert (B.8) back into (B.4), (B.5) and use the definitions (B.10), we
obtain the equations [6,124,126,166-168,176,177]

N QL Z: [(D:)2 + <(D;)2>BO} o+ Vipo = (E - <ﬁ5>BO) Yo (B.11)
- Ml% aZ; Dy ¢oD, ¢Bo
_ ﬁ [(D;)2 _ <(D;)2>Bo] ¥BO + (FIS — <FIS>BO) Yo =0, (B.12)

in which the fluctuation terms are explicit. It is important to note that (B.11) and (B.12)
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are equivalent to (B.4) and (B.5), respectively, but the two sets of equations suggest
different perspectives regarding the dynamics. Equations (B.4) and (B.5) constitute a
linear system for g and ¥po given a choice of J as an independent function of ). In
this case, the backreaction term is, in principle, freely specifiable and equation (B.8)
restricts the values of the BO averages according to the values of J. This is equivalent to
considering that v is arbitrary and that the backreaction term J determined by (B.4)

is also arbitrary. The BO factorization (B.2) is merely a redefinition of the total state

¥(Q,q).
Alternatively, one may consider that (B.8) is the definition of J and that the BO

averages are unrestricted. In this case, equations (B.11) and (B.12) constitute a non-
linear system for ¢y and 1po, which is to be solved self-consistently in an iterative
fashion. The latter view was adopted in [123,124,126,166-168,171,196,197], where the
BO averages in (B.11) and (B.12) were seen as the backreaction from the light degrees
of freedom onto the dynamics of the () variables. In this view, the interpretation of
Yo and Yo is that they are, respectively, the wave functions of the heavy sector and
of the light degrees of freedom. We stress that this alternative interpretation tacitly
assumes that each sector evolves unitarily by itself, and we will argue in §B.4.3 that this
corresponds to a choice of factorization ¥ = ¢yygo. The BO inner product (B.3) is the
inner product for the light sector. The backreaction is also related to the fluctuation
terms, which are usually neglected in the adiabatic approximation [this corresponds to
neglecting terms of order 1/M, as can be seen from (B.11) and (B.12); the fluctuation

terms correspond to corrections of higher orders in 1/M].

The possibility to adopt the two perspectives above signals that the concept of
backreaction in the traditional BO approach is ambiguous. We briefly analyze the

reasons for this and the corresponding consequences in what follows.

B.4 The ambiguity of backreaction and the issue of

unitarity

The ambiguity of the notion of backreaction in the BO approach has spawned some
debate in the literature. Some authors [198-200] (see also [201]) argue that backreaction
terms in the semiclassical scheme followed by the BO approach are arbitrary because
they depend on the phase of ¢y [via (B.4)], which is itself arbitrary (as was discussed
above and as we will see below). On the other hand, it is sometimes claimed that
the backreaction term guarantees unitarity of the corrected Schrodinger equation at
all orders in 1/M [126,163,171]. How can this be understood? We argue that the
traditional BO approach is equivalent to the formalism of the ‘minimal BO ansatz’
presented in Chapter 5, which motivates us to critique the connection between unitarity

and backreaction.
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B.4.1 Factorization ambiguity and its physical meaning

The ambiguity of the backreaction is, in fact, a consequence of the fact that the tra-
ditional BO exact factorization (B.2) is ambiguous. As was remarked in [163], the

transformations

$0(Q) = DT (Q) | Ypo(Q:q) = e T DEBQyL (Q:q) (B.13)

do not alter the total state ¥(Q, ¢) if 7v(Q) and B(Q) are real functions of ). We also
assume that they are real analytic functions of 1/M. In this way, the derivation of (B.6)

remains the same regardless of the choice of factors in (B.13).

The transformations (B.13) induce a redefinition of the backreaction term. This
can be seen in two ways. First, from the polar decomposition ¥y = Re#? and (B.13),
we see that the amplitude and phase of 1)y transform as R = R'e” and ¥ = ¢ + 3. This
implies that the real and imaginary parts of J [cf. (B.4)],

n

N 1 2 9°R o9 \?
Q) = 1@ = 5373 | ey~ (age) | ~V@+F -
a= B.14
oy B S (2 OR OV 9?0
K(Q) :=ImJ(Q) = ma:l (R@Q“ 20" + 8(Q“)2) )
are also redefined,
1 K2R oy L, v\ L, Oy
1= 3 T aganst (00s) + W ae
oY 9B B \?
oo <8Qa> ] | (19

o =[O0y 09 1 0R 0B oy 0 1 0%B
KK+MZ<8Q“0QI+R’8Q“6Q“ Q4 0Q" 28(@@)?)

a=1

The second way to compute the redefinition of the backreaction term is to use (B.8)
and to note that the BO averages (0/0Q%)po and (82/0(Q%)?) g also transform un-
der (B.13). Indeed, from (B.9) and (B.13), we find

oy 1 08
=V - = A=A — S B.1
Vo =V! 507 ° “ " ho0t (B.16)
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and (no summation over the index a is implied)

92 92 9%~ < ot >2
im< Q)2 > me< >Bo a2 " \age
1 208 oy -,
h2< ) A — 2yt

hoQaTt T “9Qe e
3m<32> _3m< >' 1. 28
Q)? /g0 IQY)?/po hO(Q")?

10y 08 0y ,, 108,
_%2<h8QaaQa 8Qi e " haga o) -

(B.17)

Equation (B.16) implies that a choice of 5(Q) is related to a choice of Berry phase.
Moreover, Egs. (B.16) and (B.17) imply that (B.8) retains its form after the redefini-
tions (B.13) are performed. Using (B.10), we also find

o\’ i
Do =+ () = T HDGG

8 a
Q , (B.18)
_ — _iﬁ 8¢;30 —'y—%ﬁ 8 1!}/ —’y—%ﬂD/—w/
D — Y o D 3 g h
a¥BO=¢€"T""h age ¢ 9Q7 ) 4, VB0 e a YBO »

which implies that (B.11) and (B.12) do not change under the transformations (B.13).
Note that <ﬁ5)BO also remains unaltered under (B.13). The transformation laws (B.17)
can be used together with (B.13) in (B.8) to compute the change in J.

Equations (B.15), (B.17) and (B.18) show that the backreaction term is ambiguous.
That this is a consequence of the arbitrariness of 1y [cf. (B.13)] was discussed in [198,
199]. One may go beyond the scope of the traditional BO approach in search of a
well-defined notion of backreaction. For instance, other definitions of backreaction,
which use the concepts of decoherence and Wigner functions, are available [198,202].
In the context of gravitation, where the gravitational field usually plays the role of the
heavy degrees of freedom, whereas the matter fields comprise the light sector, further
investigations were made in [198, 203, 204] to determine in which circumstances the
expectation value of the Hamiltonian Hys of matter fields could be used as a source in a
semiclassical theory of gravitation. It was concluded that the distribution of Hg must
have a peak at its average and that quantum corrections to the classical value of the
energy-momentum tensor must be small in order for such a semiclassical theory to be
well defined.

What is the physical meaning of the factorization ambiguity in the traditional BO
approach? As the (semiclassical) time variable is defined from the phase of g (cf.
discussion in Sec. B.2), we conclude that the redefinition (B.13) (which leads to ¢ = ¢+
f) amounts to redefining the time variable. This is in line with the reparametrization
invariance of the theory. If 5(Q) = Bo(Q) + O(1/M), then the lowest-order phase time
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is not altered by this transformation [because we assume that ¥ = My + O(M?)]. It is
also worth noting a point that is seldom emphasized in the literature (see the discussion
in [62]). In the traditional BO approach, a redefinition of A, (the Berry connection, if
Vo, = 0) according to (B.16) is tied to a transformation of the (phase) time function.
This is relevant if one wishes to use (B.16) to impose a “gauge condition” on A,, as
this condition will also be connected to the choice of time in the BO approach. In other
words, the freedom to define the Berry connection is related to freedom of choosing
1o, the backreaction term or the time function that parametrizes the dynamics. A
choice of 19, J or t is equivalent to a choice of the functions v(Q) and B(Q) in (B.13).”
For this reason, the two perspectives regarding the dynamics discussed in §B.3 are
equivalent and contain the same arbitrariness. One may consider that 1y and the
backreaction are arbitrary, such that the BO factorization is simply a redefinition of
the total state (@, q), or one may assume that 1)y and g are self-consistent solutions
to the nonlinear system of (B.11) and (B.12), where the definition of V, and A, are
arbitrary [cf. (B.9)].

B.4.2 The traditional and minimal BO factorizations are equivalent

Due to (B.13), one readily notices that we can relate the traditional BO factorization
to the minimal BO ansatz given in Chapter 5 [see (5.34)]. Indeed, given the two
factorizations, we can use (B.13) as definition of v(Q) and §(Q) as follows:

Vo(Q) = exp [IMWo(Q)] N (@+38(Q) ,

YB0(Q:q) = ¥(Q;q) e (7A@ (B.19)

This trivially implies that ¥ = exp(iMW)p)Y = 1opo. Furthermore, the equivalence
of (B.5) to (5.38) [in the particular case in which the metric of the heavy sector is
Gap = 0 and MV (Q) — V(Q)] can be established by inserting (B.19) into (B.5)
and, subsequently, substituting J by the right-hand side of (B.4). For this reason, the
two BO ansétze lead to equivalent results. This correspondence is certainly expected,
but it motivates us to ask: how does the unitary evolution described in Chapter 5

correspond to a unitary evolution of ¥pp? In the literature, there has been some

"It is also useful to note that the arbitrariness in the choice of backreaction term J is related to
the applicability of the weak-coupling expansion (i.e., the expansion in powers of 1/M) of (B.5). Since
the choice of backreaction term corresponds to a choice of ¥g [cf. (B.4)] and to a choice of WKB
time variable, we conclude that a fixation of J determines a ‘background’ trajectory for the heavy
variables [via the integral curves of 9/0t = Y 0p/0Q"0/0Q"; cf. (5.10)]. It is with respect to this
background trajectory that the weak-coupling expansion is performed, in the sense that the series
expansion in 1/M (and possibly its convergence) depends on how the heavy variables are separated
into a (corrected) phase time and other degrees of freedom, which were denoted by z* in Chapter 5.
Similar remarks were made in [98]. Moreover, Parentani has made a similar observation regarding the
choice of backreaction term and its relation to the expansion, emphasizing that the fixation of the
backreaction and the background trajectory is a ‘background field approximation’ [205].
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controversy regarding the issue of unitarity in the traditional BO approach [114-116,
120]. Therefore, it is important to understand this issue in detail with respect to the

formalism presented in Chapter 5.

B.4.3 Unitarity and conditional probabilities

Let us now examine the issue of unitarity of the equation (B.5). If Hg is self-adjoint
with respect to the BO inner product (B.3) for some choice of measure jipo, then the
quantum dynamics of ¥go is manifestly unitary at the lowest order [cf. (B.6)]. The
question is whether unitarity can be maintained when corrections of order 1/M are
included. To understand this, it is important to emphasize that there are two separate
issues at play: the unitarity of the evolution of the composite system of heavy and light

degrees of freedom, and the unitarity of the evolution solely in the light sector.

If one adopts the view that 1y and the backreaction are arbitrary (cf. §B.3 and
§B.4.1), then (B.5) is equivalent to the TISE (B.1) if a choice of 1 is given. Therefore,
as already mentioned, the BO factorization is a redefinition of the total state ¥(Q, q),
and we conclude that (B.5) is generally an equation for the coupled system of heavy
and light variables instead of an equation solely for the light degrees of freedom. The
fact that it coincides with a Schrodinger equation for ¢# variables at the lowest order
[cf. (B.6)] is a consequence of the factorization procedure. This is analogous to what is
shown in Chapter 5, where (5.38) is simply a phase-transformed constraint equation.
In this way, one should establish the unitarity (or lack thereof) at the level of the
coupled system and, subsequently, analyze the light sector in particular. This is not
the usual procedure in the literature, in which one focuses on the second view discussed
in §B.3; i.e., one considers the nonlinear system of (B.11) and (B.12). In this case, the
arbitrariness of V;, and A, [cf. (B.9)] is related to the choice of time variable, as we
have argued in §B.4.1. We will see that the unitarity (or lack thereof) of the evolution

in the light sector follows from a specific choice of V.

In this context, it must be stressed that unitarity is to be understood with respect
to WKB time. In the customary applications of the BO approximation to problems in
molecular and nuclear physics [121-123,173], an external (“laboratory”) time is present
and, therefore, whether the theory is unitary (with respect to the external time) is
evident from the structure of the total Hamiltonian. Moreover, in these applications,
one also does not construct a relational description of time-independent problems, which
are described by a TISE. Here, on the contrary, we tackle the TISE (B.1) in a relational
way: we define an intrinsic clock from a combination of the degrees of freedom. As
we have seen, the intrinsic clock is defined from the heavy variables perturbatively in
the BO approach. It is then necessary to ascertain whether the dynamics is unitary

relative to the intrinsic clock.

It was established in Chapter 5 that the coupled dynamics of heavy and light degrees

of freedom is unitary, and the physical inner product is related to a quantization of the
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Faddeev-Popov determinant. The equivalence of the minimal BO formalism presented
in Chapter 5 to the traditional BO approach suggests that: (1) the unitarity of the
dynamics does not follow simply from the inclusion of the backreaction term, as this
term is ambiguous and the minimal BO factorization used in Chapter 5 does not rely
explicitly on the concept of backreaction; (2) the BO inner product could be defined in
a similar way to the physical (gauge-fixed) inner product used in (5.30), (5.31), (5.45)
and (5.69). We will see that this is indeed the case and we will critique the claim that

the (arbitrary) backreaction term leads to a unitary dynamics.

To begin with, let us take the results of Chapter 5 to be the most fundamental ones,
as they follow from the general formalism presented in Chapters 1 and 2. In particular,
the physical inner product (5.30) is clearly related to the gauge symmetry of the total
system. Due to the results of §5.2.3, §5.2.4 and §5.2.7, we know that this inner product

is conserved (at least up to order 1/M); i.e., we find

gt[ / deil;[dqu <ﬂéw1> ﬂéwzl =0 (B.20)

rl=t

for any two phase-transformed solutions to the quantum constraint equation. A few
comments are now in order. First, the equivalent result for the BO inner product would
be

0

5 /dq Yhom) (@ D) iBoYBo2)(Q59) =0 ; (B.21)

i.e., the conservation of the BO inner product (B.3) of any pair of states 1po(1) and
YBO(2)- Nevertheless, the condition (B.21) is not the one that is used in the literature
when the issue of unitarity in the traditional BO approach is analyzed [124,126]. Indeed,
the standard approach is to consider only a special case of (B.21), in which one focuses

on only one state, ¥'go(1) = ¥Bo(2)- Thus, the unitarity condition becomes

_ 9 1/ 1 0(Bo
0= <at>BO "2 <MBO ot >BO
- 9 L/ 8/36Bo>
=) W Re + 5
azl ( <3Q“>Bo 2 <MBO Qe BO> (B.22)

. 1/ 8,llBo> >
=y we Va+< ¢ ,
; < 2 \"'BO79Q /o

where W@ are the components of the vector 9/0t with respect to the basis spanned by
0/0Q" and V, was given in (B.9). In (B.22), we have also used the hypothesis that jipo
is symmetric with respect to the flat measure and that it commutes with functions that

only depend on @). Furthermore, it is important to mention that the standard proof of
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unitarity focuses on a flat measure figo — 1, but we do not impose this condition.

The focus on the condition (B.22), which is weaker than (B.21), brings us to the
second comment: the unitarity condition obtained in Chapter 5 generally holds for
the coupled system of heavy and light degrees of freedom. Indeed, the physical inner
product in (B.20) includes an integration over the heavy variables that are different from
WKB time (which were denoted by z* in Chapter 5). In this way, the dynamics of a
single sector may generally be non-unitary (as an open system). In spite of this, one can
impose unitarity solely in the light sector in terms of the conditional probabilities (5.46),
which describe observations of the light sector conditioned on a configuration of the
heavy variables. We will argue that this is how the unitarity of the traditional BO
approach should be understood; i.e., in analogy to what was done in §5.2.5, we will
see that the quantum dynamics of ¥)go can be identified with a conditional evolution,

which describes the light sector in relation to a fixed heavy background.

Third, the parameter ¢ in (B.22) is the WKB time, which can either be the lowest-
order phase time (as was considered in Chapter 5) or it can defined at each order in the
expansion in powers of 1/M (corrected phase time), as was discussed after (B.6). If one
adopts the corrected phase time, it is still, in principle, possible to define a change of
coordinates such as (5.10) in the heavy-sector configuration space. Likewise, one can use
the procedure of §5.2.3 to define the measure fi,, with respect to which the dynamics
of ¥(Q;¢q) in the minimal BO factorization is unitary in relation to the (corrected)
phase time. In this way, there is no qualitative modification of the conclusions of
Chapter 5. Due to the definition of WKB time, we have W = "7, 6%,0¢/ Q" +
O(1/M). 1If one identifies WKB time with the (corrected) phase time of v, then
We =1/M3Y"_, 6%09/0Q%, since ¥ = My + O(MP).

Fourth, the proof of (B.22) should amount to verifying that (B.22) is true for any
choice of ¥po that solves (B.5). This is done in Chapter 6 for the particular example
of primordial fluctuations over a quasi-de Sitter background. However, the standard
proof that is found in the literature [124,126, 171] makes use of the (frequently tacit)

assumption that V

ol = 0 or, in other words, that (0/0Q%)g ‘ﬂBo—ﬁ are imagi-
nary and comprise the components of the Berry connection [cf. discussion after (B.9)].
But Va|ﬂBO—>i

which fipo — i) and, therefore, this assumption makes the standard proof circular.

= 0 is a sufficient condition for (B.22) to be satisfied (in the case in

In fact, by assuming that V| isooi = 0, one is simply making a particular choice of
factorization [cf. (B.13) and (B.16)] rather than proving that (B.22) follows from the
dynamics dictated by (B.5). According to the discussion in §B.3 and §B.4.1, the dy-
namics described by (B.5) is equivalent to the one governed by (B.1), which involves

all degrees of freedom and not only the light variables.

Let us now see how the unitarity of the traditional BO approach can be understood
in relation to (B.20). From the general formalism presented in Chapters 2 and 5, we

see that the fundamental quantities that can be predicted in the quantum theory are
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conditional probabilities. Following (5.46), we conclude that the light sector may be
described by the probabilities

1 \* 1 1 * 1
<ﬂ3¢> g <ﬂ3¢Bo> 15 YBO

pu(qlQ) = 1| ~ T o , (B.23)
[ dq (ﬂgiﬂ) fig [ dq <ﬂ3¢Bo) i3 ¥BO
Q Q

which are conditioned on a heavy-sector configuration ). Notice that: (1) fi, is the
same as in (B.20); i.e., it is the measure that is determined in §5.2.7 to be related to
the Faddeev-Popov determinant; (2) we have used (5.36) and (B.19) to obtain the last
equality in (B.23). From (B.23), we see that the conditional probabilities coincide with
those determined by the BO inner product (B.3) if we define

fiBo == F(Q) i (Q; P, q) , (B.24)

where F(Q) is an arbitrary positive function of the heavy variables. Due to (5.66), we
see that (B.24) satisfies the assumption that it is symmetric with respect to the flat

measure.

As the light sector is a subsystem, its unitarity is not guaranteed, in contrast to the
unitarity condition (B.20). Nevertheless, we may use (B.19) to define a factorization
in which the denominator of (B.23) (the BO norm of ¢po) is conserved. Indeed, let us
define [cf. (B.3), (B.19) and (B.24)]

1\* 1 2(Q) 1 1
5Q) = [ag (afv) atv =5 [aa (rbovno ) afovno
2v(Q)

F(@Q)

(B.25)

(¥YBO|YBO)BO -

We obtain (¢¥Bo|YBo)go = 1 (for all values of ) and, in particular, for every instant
of WKB time) if we demand that®

2@ = F(Q)3(Q) = / dq ¥* st - (B.26)

8In particular, the factorization ¥(Q;q) = ¥n(Q)¥1(Q;q) used in §5.2.5 can be seen as a par-
ticular case of (B.19). For example, we can define ¢, = exp(y + i8/h) and ¥y = ¥Bo, such that
exp(iMWo)Ypy = U [cf. (5.59) and (B.19)]. Just as (B.26) imposes the unitarity condition on the
evolution of ¥po, the function 1, (Q) is chosen in §5.2.5 to guarantee the unitarity in the light sector
at order M° [cf. (5.58)]. In this case, Eq. (5.53) is an instance of (B.23). If, furthermore, s (Q)
is normalizable, it can be interpreted as a marginal wave function for the heavy degrees of freedom
[cf. §5.2.5]. The concept of (normalizable) marginal and conditional wave functions has been used in
molecular physics and nonrelativistic quantum mechanics [100, 122,123, 186-188|.
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This enforces the unitarity of the evolution of ¢go by a particular choice of factorization
[a fixation of v(Q); cf. (B.19)].? Using (B.9), (B.13), (B.19) and (B.26), we obtain

vy < 0 > 1<A—1 3/1Bo>
= Re + 5
oQ 00" 5oy 2\"P00Q" /oy,

1 /. 410080
=V, + <M . :
BO aQa BO:

where the BO averages are taken with respect to the state 1. Notice that, due to (B.19)
and to (B.24), we may write

.1 9fiBO 3#30 / 9fiBo
1 _
<ILLBO aQa >BO;¢ - / aQa 1/} d wBO aQa ¢BO

-1 aMBO
BO 3Qa

Thus, we can use (B.16), (B.27) and (B.28) to find that the unitarity condition (B.22)

is indeed satisfied,

(B.27)

(B.28)

9y 1/ 4 0iBo
Vo= Va oQ -9 HBO Qe ’ (B.29)

In particular, we obtain V, = 0 if o — 1, as in the standard proof. Finally, due
o (B.19) and (B.26), we can write

P(Q; q)e” (@)

~ B.30
v J da ¥*isov (B30

Equation (B.30) makes it manifest that the choice of 4(Q) (factorization) given in (B.26)
guarantees that the BO norm of ¥go is equal to 1 at all instants of WKB time. Notice,

YBO(Q;q) =

however, that this holds only for this particular choice of factorization. In contrast,
the unitarity of the physical inner product [cf. (B.20)] depends only on the choice of
background clock,!? and it shows that conditional wave functions evolve unitarily if the
inner product is defined in a suitable way that follows from the perturbative expansion
of (B.5) [or (5.38)].

“Incidentally, notice that one should not fix F(Q) [instead of v(Q)] by requiring that (B.22) is
satisfied, as this would lead to a definition of the measure that is dependent on a state [cf. (B.24)] or
alternatively, it would enforce the unitarity condition only for a certain class of states.

"Time-dependent transformations of the states in (B.20), such as ¥(Q;q) = f(x)¢’'(Q;q), can be
absorbed into a redefinition of the measure fi,.
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Regarding the backreaction term, we note that fixing (@) according to (B.26)
amounts to a choice of J, which is otherwise arbitrary [cf. (B.15)] if one takes the
perspective that g is arbitrary [cf. discussion in §B.3]. Moreover, in the perspective
in which 1 and ¢po are to be found by solving (B.11) and (B.12), we note that
equation (B.22) is not a consequence of the equations (B.11) and (B.12). If one takes
the BO average of (B.12), the result is trivial (0 = 0) and it does not fix the value of V.
On the contrary, the value of V,, given in (B.29) has to be posited by using the freedom
to redefine the BO averages (0/0Q%)po [cf. (B.16)]. Therefore, we conclude that it
is not the inclusion of a backreaction terms that yields a unitary dynamics (both for
the coupled system and for the light sector, in particular), contrary to what is usually

claimed.

It is also worthwhile to mention [163], where the expansion of (B.5) in powers of
1/M was considered. There, it was argued that terms that could violate unitarity
(in the sense of yielding to a non-zero value of the right-hand side of (B.22)) could
be discarded if one performed an appropriate state redefinition according to (B.13).!1
Nevertheless, one must note that certain would-be unitarity violating terms generally
depend on ¢ and, therefore, they cannot simply be absorbed into (@) through the
transformations (B.13). Regardless of this caveat, the key strategy of [163] is to demand
unitarity by choosing (@) in perturbation theory. In this way, this corresponds to the
procedure of defining the particular factorization (B.26), which leads to a choice of the
backreaction term. Rather, in the approach of Chapter 5 (see also Chapter 6), the
would-be unitarity-violating terms are incorporated into the definition of the measure
fiv [cf. §5.2.3 and (5.66)].

Finally, we note that the BO averages correS]laond to conditional ?Xpectation values.
Indeed, the average of the operator Opo = ﬂ];gé(@; q, —ihd/dq) i} reads [cf. (5.46)
and (5.60)]

(O, = [dg ¥0iBoOBotBO
BO - * oy - l * l
[ dq Yo iBovBO [ dq qub) a2

It is important to note that the connection between the BO approach and a concept
of conditional wave functions was first indicated by Hunter in [100] and afterwards by
Arce in [123]. Our formalism differs from the ones presented in [100, 123] due to the
fact that the measure figo is, in general, different from 1, and it is associated with

the regularization of the inner product of the total states W(Q;q) (solutions to the

Tt appears that two requirements are made in [163]: (1) ¥po should be an eigenstate of Hs;
(2) ih0yBo /0t should be independent of q. These conditions need not be enforced in the formalism
presented in this appendix and in Chapter 5.
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constraint equation) via the insertion of the Faddeev-Popov operator (cf. §5.2.7). This
association [cf. (5.66) and (B.24)] is new to the best of our knowledge.

From Chapter 5 and Sec. B.4.2, we thus conclude that the BO approach to the
problem of time can be seen as a particular case of the relational formalism presented
in Chapters 2 and 5 and that it is unitary with respect to a suitably-defined physical
(gauge-fixed) inner product. We can use 1¥)go to compute conditional expectation values
[cf. (B.31)], which encode the dynamics of the light sector in a fixed background defined
by heavy degrees of freedom (see also §5.2.5).
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