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We discuss the construction of relational observables in time-reparametrization invariant quantum
mechanics, and we argue that their physical interpretation can be understood in terms of conditional
probabilities, which are defined from the solutions of the quantum constraint equation in a generalization of
the Page-Wootters formalism. In this regard, we show how conditional expectation values of worldline tensor
fields are related to quantum averages of suitably defined relational observables. We also comment on how the
dynamics of these observables can be related to a notion of quantum reference frames. After presenting the
general formalism, we analyze a recollapsing cosmological model, for which we construct unitarily evolving
quantum relational observables. We conclude with some remarks about the relevance of these results for the
construction and interpretation of diffeomorphism-invariant operators in quantum gravity.
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I. INTRODUCTION

At present, there are many approaches to quantum
gravity (see, for instance, [1] and references therein).
Among the various conceptual and technical difficulties
that each of them faces, there are two pressing issues. The
first is a matter of quantum foundations, which is the
correct physical interpretation of the quantum states of
geometry and matter: how are they related to probability
distributions of histories or configurations of a gravitational
system? The second is the precise definition of the quantum
observables and their classical limit: assuming there is a
physical Hilbert space of states, what operators act on this
space and have a reasonable interpretation?

Over the years, several proposals have been made to
(partially) resolve these issues. For example, it has been
argued that quantum states in generally covariant systems can
be used to define conditional probabilities [2—10], or that the
probabilistic interpretation of wave functions is justified
within (a generalization of) the consistent or decoherent
histories formalism (see [11-15] and references therein).
There are also other related approaches, such as Rovelli’s
relational quantum mechanics [16]. Alternatively, one may
adopt the de Broglie-Bohm theory (see [17,18] and refer-
ences therein) and consider that solutions to the quantum
constraint equation give rise to trajectories in configuration
space, whereas probabilities would play a secondary role.

Moreover, the construction of relevant observables in
quantum gravity and cosmology has been a topic of active
research. Rovelli has argued that the relevant observables
are “evolving constants of motion” [19-21], which are
diffeomorphism-invariant extensions of tensor fields
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[22-28] that capture the relational evolution between differ-
ent quantities. For this reason, they can also be referred to as
“relational observables” [29]. The correct way to construct
these quantities in the quantum theory has been a subject of
debate [26,27,29-32]. Recently, the author has proposed a
systematic method to construct quantum relational observ-
ables in generally covariant quantum mechanics [28] (see
also [10] for another recent, similar approach).

In the present article, we relate the two issues (the
probabilistic interpretation of the physical states and the
construction of relevant observables in quantum gravity) by
arguing that relational observables are conditional quan-
tities and that their quantum dynamics can be encoded in
conditional probability amplitudes. We first make this
argument in general, i.e., for any time-reparametrization
invariant mechanical theory. We then support this claim by
analyzing the construction of quantum relational observ-
ables in a cosmological model. For simplicity, we tackle
these problems in the framework of canonical quantum
gravity using metric variables. This might not be the most
fundamental approach to quantum gravity, but it is suffi-
cient for our purposes since it has a straightforward
classical limit [33]. We use a generalization of the formal-
ism presented by the author in [28], and the reader is
referred to [10] for a discussion of conditional probabilities
in the subsequent, related approach that was developed
there. The restriction to mechanical (symmetry-reduced)
models is made to avoid the field-theoretic issues of
regularization and possible presence of anomalies in the
quantum theory. In our conclusions, we discuss the
relevance of our results to the construction of relational
observables in the field-theoretic case.

The article is organized into four sections. In Sec. II, we
review and generalize the method of construction of

© 2021 American Physical Society
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quantum relational observables which was presented by the
author in [28], and we relate it to conditional probabilities,
which are defined from the solutions of the quantum
constraint equation. We also comment on the relation of
our approach with previous proposals, specifically the
Page-Wootters formalism [2-10] and the relativization
maps and G-twirl operations used in the study of quantum
reference frames in the context of quantum foundations and
quantum information science (see [10,34-37] and refer-
ences therein). We then analyze the concrete example of a
Friedmann-Lemaitre-Robertson-Walker (FLRW) model in
Sec. III. We construct the relevant relational observables,
which have the expected unitary evolution governed by a
physical Hamiltonian operator. Finally, in Sec. IV, we
restate our results and present our conclusions.

II. THE GENERAL FRAMEWORK

In this section, we generalize the formalism presented in
[28] for the construction of quantum relational observables
in time-reparametrization invariant mechanical systems.
The reader is directed to [28] for further details and
references to the earlier literature. Furthermore, we argue
that the physical interpretation of relational observables
should be tied to the use of conditional probabilities in the
quantum theory, and we relate the matrix elements of
quantum relational observables to conditional expectation
values. A concrete example of the general formalism
presented in this section will be analyzed in Sec. III.

A. Classical theory

We consider a general mechanical system comprised of
the degrees of freedom p;(7), ¢'(z), (i = 1,...,n) and the
action in Hamiltonian form

b .
5= / dz[p,(2)q () — e(1)C(q(x), p(2))], (1)

where - = % and a summation over the index i is implied. We
assume that p;(7), ¢'(z) transform as scalars under z-repar-
ametrizations. The field e(7) is an arbitrary multiplier, which

transforms as a scalar density under z-reparametrizations,

e(r) =¢'(7) (:1—1: (2)

For this reason, e(7) can be interpreted as the einbein on the
z-manifold (the “worldline”). Its field equation is a constraint

C(q(7), p(z)) = 0. (3)

From (1), we see that the canonical Hamiltonian is
e(7)C(q(z), p(7)), and it vanishes on shell, i.e., on the
constraint surface defined by (3). Under an infinitesimal
reparametrization, 7 — 7 —¢(z), the action (1) remains
invariant if e(a) = e(b) = 0. In general (e(a),e(b) # 0),
the action can be made invariant with the addition of

certain boundary terms [38]. On the other hand, a general
phase-space function f(g(z), p(z)) is not invariant, as it
transforms as

biof =) F = e@Ifel@C)  (4)
where {-,-} is the Poisson bracket. For reasons which will
become clear in what follows, we will be interested in
invariant operators (also called Dirac observables) in the
quantum theory. Therefore, itis important to understand what
kind of invariant objects one can construct already at the
classical level.

The object [28,39]

0, = /_: dra(7), (5)

where w(z) is a worldline one-form, is a well-defined
invariant, provided the integral converges. Indeed, Eq. (5) is
independent of the choice of parametrization z. Can we find
objects of form of (5) that have a clear physical interpre-
tation? The answer is yes. To do so, we follow [28] and
define a new coordinate s on the worldline via the “gauge
condition”

x(q(z). p(7)) = s, (6)
where y is a worldline scalar that satisfies

Y _ ey 20, ™)

in certain regions of phase space. Due to (7), we can locally
solve (6) for 7 to obtain

7= $(4(0). p(0).5) = ¢(s). (8)

where ¢ defines a worldline diffeomorphism. Given a
worldline scalar f(z), we can consider its pullback,

Olfly = sl =¢"f = f (@)l =4 ©)

It is straightforward to verify that (9) can also be written
as [28]

Olfl =5 = A, / "ty (a(0).p(0) = )@ (10

where!

' A word of caution: the notation used here is different from the
one used in [28], where A, was used to denote j—{, and |A?|~! was
used to denote the quantity that appears in the right-hand side of
Eq. (11) in the present article. Here, we use a simpler notation for

convenience.
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5= [Tastaelpe) -0 ()

Equation (10) is of the same form as (5), and it defines a
relational observable, which is a diffeomorphism-invariant
quantity that represents the value of f(z) when
x(q(z), p(r)) = s.Inother words, the physical interpretation
of the observable given in (10) is that it yields the value of
f(z) in relation to a given value of y(¢(z), p(z)), the level
sets of which are used to define anew coordinate s. Evidently,
f(z) can be replaced by a general phase-space func-
tion f(q(7). p()).

It should be noted that, in the most general case, it may
be necessary to modify both (10) and (11) with the
substitution

6(x(q(z). p(z)) = 5) = 8(x(q(). p(7)) = 5)9(q(2). p(7)).
(12)

where g(¢(), p(7)) is a phase-space function that vanishes
outside of a given phase-space region where (7) is fulfilled.
Indeed, a general choice of ¥(¢(7), p(z)) is not a monotonic
function of 7 and will feature turning points where (7) does
not hold. The role of g(q(z), p(z)) is thus to restrict a
general y(¢(7), p(z)) to aregion where it is admissible, i.e.,
where (7) is satisfied. Only then are the field-dependent
diffeomorphism (8) and, consequently, the observables (10)
well-defined. For example, in certain cases, one could set
9(q(z), p(z)) = 0(= g—{) to restrict the gauge condition to
regions where its derivative is either positive or negative
[6(x) is the Heaviside step function]. A similar observation
was made in [28]. For simplicity, we will omit the use of
g(q(7), p(7)) in what follows. We briefly comment on the
effect of its inclusion in the formalism in Sec. II B 3 (see
footnote).
In the particular case in which f(z) = 1, we obtain

Ollly =s]=1, (13)

due to (11). This is the usual Faddeev-Popov resolution of
the identity [40,41], more commonly expressed by rewrit-
ing (11) as

L=, [T ata@.p@) - (4)

(5]

Moreover, if f(q(z), p(7)) = y(q, (r)p(z)), we find from
(10) that Olyly = s] = s. It is also possible to consider
relational observables associated with worldline one-forms,
but we do not consider this here (see [28]). This con-
struction of relational observables was extensively ana-
lyzed in [28], where it was shown that the observables
satisfy gauge-fixed equations of motion with respect to the
new coordinate s. In Sec. III, we present a concrete example
of such observables.

The on-shell invariant observables constructed from
general phase-space functions f(¢(z), p(z)) can be seen
as functions on the so-called physical or reduced phase
space [24], which is the space of orbits generated by the
constraint (3) (or, more precisely, by the related gauge
generator [28]), and it can be labeled by a complete set of
independent on-shell invariants of the form O[f|y = so] =
¢*f [cf. (9)] for a fixed value of 5. As explained in [28],
these quantities can be seen as diffeomorphism-invariant
extensions of the initial values of the worldline scalars.

More precisely, we note that choosing an admissible
gauge condition y(g(z), p(z)) [cf. (7)] corresponds to
selecting a particular “time reference frame” for the
reparametrization-invariant system, i.e., the frame defined
by the level sets of the scalar y(g(z), p(z)), and that
O|[f|x = s] corresponds to (a diffeomorphism-invariant
extension of) the worldline scalar f described in that
frame. The evolution of worldline scalars f(g(z), p(7))
in a given frame is governed by a quantity HY, called the
physical or reduced phase-space Hamiltonian, which cor-
responds to (an invariant extension of) the opposite of p,,
the canonical momentum conjugate to y. This can be
justified from the on-shell action in the following way.
We assume that y(g(z), p(z)) is one of the configuration
variables (after a canonical transformation, if necessary)
and that we can solve the constraint equation (3) for p, to
find

py = —Hy(q(7), p(7)) = —H;(7), (15)

where ¢ is a possible multiplicity of the solution. This
multiplicity depends on the form of the original constraint
C (e.g., the positive and negative frequency sectors which
result from the quadratic constraint for the free relativistic
particle [28]). From (1) and (15), we obtain the on-shell
action

o= [ as( L@ - Hg0i). - (16)

i#y

where we have neglected a possible boundary term needed
to make the action reparametrization-invariant [38], since it
will not concern us here. If we now reparametrize the
integrand of (16) using (8), we obtain

sco= [ a5 Smtos) “TLD - gigis.

¢~ (a) i ds

(17)

which is the action of an ordinary (unconstrained) physical
system that describes the evolution of the invariants O[g|y =
s] = ¢*q with respect to the gauge-fixed time parameter s.
The physical Hamiltonian is Hj(¢(s)) = ¢*Hy; i.e., it can

026013-3



LEONARDO CHATAIGNIER

PHYS. REV. D 103, 026013 (2021)

also in principle be described as a diffeomorphism-invariant
quantity (for each fixed value of s).

In Sec. I B, we will discuss possible definitions of
quantum relational observables and argue that they are
related to a notion of “quantum reference frames” that can,
furthermore, be physically interpreted with the use of
conditional probabilities.

B. Quantum theory

1. The physical Hilbert space
To construct the quantum theory, we consider an
auxiliary (off-shell) Hilbert space in which p;,§’ are
self-adjoint operators with respect to an auxiliary inner
product (-|-). We then promote the classical constraint (3) to

alinear operator C which is self-adjoint with respect to (-|-).
Its eigenstates |E, k) satisfy

C
(E' K

E.K) = E|E,K),
E.K) = 8(E'.E)(E.K’

Ea k) ’
where we defined the induced inner product [28,42—47]

(E.K'

E.K) = 6(K., k). (18)

Here, k is a degeneracy that can be seen as a label in the
reduced configuration space, and (-, -) is a Kronecker or
Dirac delta if the spectrum of Cis, respectively, discrete or
continuous. The induced inner product (18) is well-defined
even for on-shell states (for which E' = E = 0). The
physical (on-shell) Hilbert space is the vector space of
superpositions of |E = 0, k) that are square-integrable with
respect to the induced inner product (-|-). Given two on-
shell states,

|P(12) = "Wl (K)|E = 0.k), (19)
k

we can compute their induced overlap,

(PO P@) =3 "W (k)P (k). (20)
k

The summation over k should be replaced by an integral if
k is a continuous index. In what follows, we assume that E
is a continuous label that takes values over R. The improper

projectors onto a given eigenspace of C are
Py => |E.k)(E.K|, (21)
K

and they satisfy

PpPyp = 6(E - E)Py, (22)

Pg|902)) = 5(E)[#(). (23)

If we denote by e the action of Py_o with respect to the
induced inner product (18), then (23) implies that

Pog s [902) = 9012, (24)

ie., PE:0 acts as the identity in the physical Hilbert space
equipped with the induced inner product.

The inner product (20) leads to the “group-averaging”
inner product [45,47] in the following way. We can
write

E.k)(E. k|

Pro= /_ " AES(E)Y

o k

1 .
_ +7C
_%/drdEeh §k |E.K)(E. K|

1 © P »

= % . dTeﬁTc, (25)
where we used the fact that the states |E,k) form a
complete orthonormal system. If we assume that there
exist off-shell states |12} such that

W12 (k) = (E = 0.kly12).
then from (19) we obtain
[P02) = Pp_oly), (26)
and from (20),
(POP?) = <W(1>|pE:O|W(2)>~ (27)

Using (25) in (27), we find the usual expression for the
“group averaging” inner product,

1 ) A
o) :< <1)‘_/ drek
(PIPE) = (w 5 | dre

o]

y/(2>>. (28)

2. On-shell operators

As (5) is independent of the choice of parametrization z,
we can choose e(r) = 1 [cf. (2)] and promote (5) to the
operator

O, = / ” drerCipeiC, (29)
—0o0

assuming & can be defined with an appropriate choice of

factor ordering. Why are these invariant objects interesting

in the quantum theory? The reason is that the relevant

operators are those which correspond to linear transforma-

tions between on-shell states. Such operators act only on
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the physical Hilbert space [via the induced inner product
(24)], and they have the general form

O=> OK.K)E=0K)E=0Kk|. (30
k' k

Let us now see that (29) leads precisely to objects of this
kind (see also [28,39]). We first note that the matrix element
of (29) between two eigenstates of the constraint operator
with respect to the auxiliary inner product is

(EK'|0,|E.k) = 6(E' — E)(E,K'|0,|E.k), (31)
where
(E.X'|O,|E. k) = 272h(E.K'||E. k) (32)

is the induced matrix element of (29). In the physical
Hilbert space spanned by the eigenstates |E = 0,k), we
therefore can write the induced matrix elements of (29) as

0, (k' k) := 2zh(E = 0,K/|®|E = 0,k).  (33)

In this way, the invariant operator ®,, can be represented in
the physical Hilbert space as the operator (30) with
O(k’,k) given by (33). Using (21), (30) and (33), we
can also represent @w as the on-shell operator

O, = 2xhPp_o@Pr_,. (34)

Thus, the invariant operators (29) can be represented as
linear transformations in the physical Hilbert space.
Nevertheless, not all invariant operators are of immediate
physical significance. As we have argued in the classical
theory, the relational observables are invariants which have
a clear physical interpretation. Our task is then to find and
interpret the equivalent of (10) in the quantum theory.

3. Quantum relational observables 1

We now examine a slightly refined version of the method
presented in [28] for the construction of quantum relational
observables. Afterwards, we present a different perspective
on this formalism (as well as an alternative choice of
operator ordering) in Sec. II B 4. In Secs. II B 6 and II B 8§,
respectively, we comment on the physical interpretation of
the constructed observables, and we show how their matrix
elements can be related to conditional probabilities, with a
view to obtaining a clear physical interpretation of the
formalism.

To quantize (10), we must determine a choice of operator
ordering. In [28], it was argued that the ordering should be
chosen so as to yield an operator-version of the Faddeev-
Popov resolution of the identity (14). In order to achieve
this, we assume that we can promote the classical gauge
condition y to an operator y which is self-adjoint with

respect to the auxiliary inner product and which has the
eigenstates |y, n), where n indicates possible (discrete or
continuous) degeneracies. In general, the on-shell compo-
nents of these eigenstates, 13E10| x,m), do not form a
complete orthonormal system in the physical Hilbert space.
To obtain such a system, we define a self—adjoint2 on-shell
operator

& =Y Qr(K K)|E=0.K)(E=0Kk| (35)
Kk’ .k

by requiring that it satisfies the orthonormality conditions

270y QP Q= Py, (36)
Ay Ap 8y 50(n',m)
O{:S,nllg)( 'Q)(|){:S,n> = — 27h s (37)
where
Ppv=Yle=smr=sn.  (39)
n

and o is a possible discrete degeneracy related to the
classical multiplicity in (15) (see also Sec. IIB4).
Concretely, the degeneracy o is related to different fre-
quency sectors of the theory if the constraint is quadratic in
the momenta (see [28] for a discussion applied to the
quantum relativistic particle and Sec. III for an analysis of a
quantum cosmological model). If only one multiplicity
sector is defined, one may formally set Q}‘; = 56,()@1 and
drop the 6y, in (37). Equation (36) is a symmetric
resolution of the identity in the physical Hilbert space
and, therefore, it is a quantum version of the on-shell
Faddeev-Popov resolution of the identity (14).

Classically, y is admissible if (7) is fulfilled, which
implies that A;! is well-defined and invertible [cf. (11)] [if
necessary, one needs to make the substitution (12)]. In the
quantum theory, we shall consider the gauge condition } to
be admissible if the invertible operator fl; can be deter-
mined from the orthonormality conditions (36) and (37) in
a unique manner. In what follows, we assume that this is
the case.

We can now define quantum relational observables.
Given any worldline-scalar operator }A”, we define its

2As we will see in the discussion following (44), Q; can be
interpreted as the on-shell quantum analogue of the square root of
the Faddeev-Popov determinant A,. We have seen that in the
most general classical case, it may be necessary to make the
substitution (12) to ensure that the gauge condition is admissible.
In the quantum theory, it may be necessary to consider fl)’{’ that is
not self-adjoint, in which case it would be a quantum analogue of
the square root of the product g(¢(z). p(z))A, with a suitable
choice of ordering. We do not consider this complication here.
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associated relational observable relative to the gauge
condition } as the on-shell operator3

Owlflr = ] —ﬂhZQ” P00 (39)

where [-, -], is the anticommutator,*

[J?’p)(:sh :]AC}A))(=S +ﬁx=s?’
and the subscript (/) is included in order to distinguish (39)
from the subsequent definition (72) to be analyzed in
Sec. IIB4. Due to (36), we find the on-shell quantum
analogue of (13),

Oy = 5] = Pp_y. (40)
Moreover, let us assume we can define the invariant
operator [cf. (35)]

A

(A;)%_ZAdEQ;(E,k’,k)|E,k’><E,k|,
k' k

with Q;(E =0,k k)
write

= Q;(k’,k). In this case, we can

Ao > AL
Q}( = PE:O(A)()Zv (41)
such that (39) becomes [cf. (34)]

O(I) [fl)( = S] = Z”hPE:O@(I) [fl)( = S]PE:Ov (42)

where

Nl'—
D=

omlfle =] | (A9)s  (43)

ZZ

Due to the relation between on-shell and general invariant
operators given in (29) and (34), we conclude from (42) and

)Wl = 5]

(43) that the quantum relational observable O
may also be represented as the invariant

Oulflz =) = / deekCir [fly = sleC.  (44)

which is a quantum version of (10). We note that IA’FS is the

operator version of &(y(q(7), p(r)) —s) and (A;)%

iSee [28] for a heuristic motivation.
Another factor ordering of the term fP,_; was suggested in

[28]. In what follows, we will focus on the case in which j‘
commutes with 7, such that the choice of ordering of the term

SP,_, is irrelevant.

corresponds to the square root of the classical quantity
y in (10).
F1nally, let us assume that f commutes with the gauge
condition }; i.e.,

F=3 [ ax b’ emzm)
=¥ /R dzf (. m)

y,m) is the simultaneous complete orthonormal
eigenbasis of y and f In this case, the on-shell relational
observable @(1) [fly = s] given in (39) has the eigenstates

. m)(y, m

: (45)

where

|o, m; s) := \/2nhf25|;( =s,m), (46)
which form a complete orthonormal system with respect to
the induced inner product due to (36), (37) and the fact that
the bases [y,n) and [y, m) form a complete orthonormal
system with respect to the auxiliary inner product. Indeed,
due to (36) and (37), we may write

ZZ lo,m; s) (o, m; s
o m

;8) = 6y ,6(m',m). (47)

= Pg_o,

(¢/,m’;s

We note that the observables (39) may be interpreted as
gauge—ﬁxed5 Heisenberg-picture operators, while the states
(46) can be seen as their Heisenberg-picture eigenstates
[see also Eq. (78) and the discussion in Sec. II B 5].

An earlier version of this construction was extensively
analyzed in [28], where its relation to the classical
expression (10) and its evolution were examined for the
examples of a free relativistic particle and a vacuum
Bianchi I model.

4. Quantum relational observables 11

We now analyze an alternative formulation of the
construction of quantum relational observables for the
particular case in which the canonical momentum

SAs was stressed in [28] (see also references therein), relational
observables are invariant extensions of gauge-fixed quantities.
Since we are only interested in on-shell invariants, we will take
the terms “gauge-fixed quantity” and “invariant extension of a
gauge-fixed quantity” to be synonyms. Indeed, one may consider
that the quantities written in a particular gauge are gauge-
invariant precisely because it is in principle possible to invariantly
extend them [24] if the canonical gauge condition is well defined
[cf. (7)]. For this reason, in a slight abuse of terminology, we refer
to the on-shell relational observables as gauge-fixed operators. In
the same way, we refer to their equations of motion found for a
particular case in Sec. IIB4 as the gauge-fixed Heisenberg
equations and to the overlap of their eigenstates as the gauge-
fixed propagator [cf. Sec. II B 5].
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conjugate to the quantum gauge condition is invariant; i.e.,
it commutes with C. To consider the most general instance
of this case, instead of choosing a quantum gauge condition
¥, we first choose an invariant Hamiltonian and sub-
sequently derive what is the canonical gauge to be used.

Since we assume that the eigenstates of the constraint
operator are degenerate (which is equivalent to assuming
the reduced phase space is not trivial), it is possible to
define arbitrary invariant operators as follows:

A

i, :=Z/RdEHZ(E,k’,k)|E, K')(E,k
kK’ k

. (48)

where H,(E.k'.k) = H,(E.k,K’). Equivalently, one
could choose an invariant of the form (29). Analogously
to C, we require that the spectrum of & , 18 continuous and
ranges over R. If such an H ,, can be defined, it commutes

with C, and thus they are simultaneously diagonalizable.
Let us denote the simultaneous complete orthonormal
eigenbasis as |k, n) and write

C|h,n) = C(h,n)|h,n),
A, |h,n) = h|h,n), (49)

where C(h,n) is a real function. More precisely, Eq. (49)
corresponds to the situation in which one finds a complete
set of commuting invariants, the eigenstates of which are
labeled by 4, n, in terms of which the eigenvalues of
constraint operator are expressed. We will see a concrete
example in Sec. III. If we take A , to be a Hamiltonian, we
can find the corresponding time operator (gauge condition)
¥ as follows.® Consider the states

dh
,n) = en 24
.m) A \2rh

which satisfy the orthogonality condition

h,n), (50)

dh )
<Z/’ n/l)(7 n> — Azﬂh eih()(—)()(s(n/’ n)

=6(¢' —x)s(n’, m), (51)

and the completeness relation

Z}:Adg[x,n)(){,mzzn:ﬁdh

Due to (50), the operator

I
—

h,n)(h,n|

®We note that the Pauli theorem [37,48] can be avoided due to
the assumption that # € R. However, the on-shell, physical
Hamiltonian will possibly be bounded from below or above in
each multiplicity sector (see below) due to the restriction of A 1o
the physical Hilbert space.

=y / dyrle.m) (.| (52)

satisfies the “covariance” property

~

eiflesgeifls =y — 1. (53)

For this reason, ¥ is a “covariant time operator” [10,36,37]
associated with the Hamiltonian A - By differentiating (53)
with respect to s and setting s = 0 [10], we find the formal
commutation relation’

7. H,) = —inl. (54)

This construction has thus far been with respect to the
auxiliary Hilbert space. We are now in a position to
construct on-shell observables in the physical Hilbert
space.

First, in analogy to the classical equation (15), we
assume that, for a certain interval of values of E that
contains E = 0, the equation

C(h,n) =E (55)

has the real solutions
h = —Hj(E.n), (56)
where o denotes a possible discrete degeneracy; i.e., if

¢’ # o, then HJ (E,n) # HS(E, n) for all allowed values of
E, n. We also define

1
N |E, o, n> =

h, n>h=—H§(E,n)’ (57)

where N =N(E,o,n) is a normalization factor.
Second, we note that the induced inner product of the

states |E, 6, n) can be computed from the auxiliary overlap
of |h,m),

(W .'|h,n) = 8(h' — h)5(n’,n)

(E,o’,n'|E,o,n)
where the induced product reads
! ! 2 l oc
(E,o/.W|E,o,n) = N?5,,6(n",n)|— (59)
Oh h:—H)‘;(E.n)

"This is the correct (formal) commutation relation between a
(reduced phase-space) Hamiltonian and the associated time
operator; i.e., the Hamiltonian plays the role of the opposite of
the canonical momentum conjugate to 7 [cf. (15) and (17)].
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The Kronecker delta 6, , is included in (59) because §(h'—
h) is zero if &', h belong to different o-sectors [cf. discussion
after (56)]. We normalize the states |E, 6, n) with respect to
the induced inner product by setting

1
2

|ac

N=\

. (60)

h=—HZ(En)

For convenience, we will also denote on-shell states by the
abbreviated notation |o,n) := |E =0,0,n). We can now
define the (improper) projectors

P% = |E.c.n)(E,0.n|, (61)

Pp=Y"Ps. (62)

which, due to (58) and (59), satisfy PgPE =
8y ,0(E' — E)P%. The quantum analogue of (11) is defined
to be the self-adjoint on-shell operator [cf. (34)]

(Q9)7% = 2zhPG_P,_ PS._,, (63)
which will be referred to as the inverse Faddeev-Popov

operator for the o-sector. To find its matrix elements, we
compute the overlap [cf. (50)]

founyn) = (@) 0B e,y (64
where
1
Q7 =Q(n) = ‘;—i ;_H;m.n)' (65)
We thus obtain
(&)7 =) (m))2lo.n)(o.n. (66)
n
If we now define, more generally, the operators
(&)= (Qm))]o.n){e.nl. (67)

n

and if we use (59) together with (60), we find

Py () = () «Pry= (&), (68)

e (@) = (@) =P, (69)

Thus, we obtain from (63), (68) and (69) the Faddeev-Popov
resolution of the identity in the o-sector of the physical
Hilbert space,

Py o= Zﬂh(Q;)2P1=SP%=0
= 2ahPg_ P, (€02, (70)

which can also be written symmetrically as

A A

Py = 21nQ5P, €. (71)

Equations (70) and (71) are quantum analogues of (14) and
correspond to different factor ordering choices for the
quantum relational observables. Indeed, Eq. (71) is equiv-
alent to (36), from which we can define the relational

observable @(1) [flx = s] given in (39). From (70), we see
that another possible factor ordering is®

Ounlfly = sl =xhy ()P, fPo+he: (72)

ie., @( ) [flx = s] is another possible definition of the on-
shell quantum relational observable associated with a world-

line scalar j‘ relative to the gauge condition y. By using (62)
and (70), we find

A

O(u)[”ﬂ( =s]= PE:07 (73)

justas O[1]y = s] = P in (40). The definition (72) also
has the attractive feature that the observable associated with
an invariant of the form

=33 [ BB B o) (Eon] (74

6 n'n

is just fIA’Ezo, due to (70) [this is true provided j‘ in (74) is
well-defined, i.e., that the integral over E can be performed].

We will, however, focus on operators f that commute with
the gauge condition [cf. (45)]. In this case, we can find a

dynamical equation for @(1,11) [flx = s] as follows. Due to
(49), we obtain

N

H, o,n) = —H;(O,n) o,n), (75)
which, together with (67), implies
(). H,) =0. (76)

Moreover, Egs. (45) and (50) yield

odoas 0
‘hagpxs)_zmzlha—flﬂ(_s,mﬂz—s,ml

+ [P Hy). (77)

¥The abbreviation “h.c.” stands for “Hermitian conjugate”.
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Thus, using (76) and (77), we may write the derivative of
Ouwmlfly = 5] as

S0l = = 0%l =] + L0l = .41,

where we have suppressed the (1, I) subscripts for brevity,
as (78) holds for both definitions. We interpret (78) as the
gauge-fixed Heisenberg equation of motion’ for the rela-
tional observables.

5. Gauge-fixed propagator

The quantum relational observables (39) and (72) are
formally symmetric with respect to the auxiliary inner
product, and they commute with the constraint operator C.
Therefore, they are formally symmetric with respect to the
induced inner product (18). If we furthermore assume that
they are self-adjoint, one may find a complete orthonormal
system of eigenstates of the observables. In this case, every
on-shell state can thus be expanded into the bases of
eigenstates of relational observables for a fixed value of s.
The physical interpretation of this fact will be discussed in
Secs. IIB7 and 11 B 9.

Let us consider for definiteness the eigenstates of
@U) [fly = s] given in (46). By construction, they form a
complete orthonormal system in the physical Hilbert space
due to the orthonormality conditions (36) and (37). As was
remarked at the end of Sec. IIB 3, such states are the
eigenstates of the gauge-fixed Heisenberg-picture opera-
tors. For a fixed value s = 53, we can write any on-shell
state as

o, m;sg). (79)

) =) ¥(m)

We define (¢/,m’; s’|o, m, s) to be the gauge-fixed propa-
gator, which encodes the evolution with respect to the
gauge-fixed time parameter s. Due to the orthonormality of
the states |, m;s) for all values of s [cf. (47)], we have

lim(¢’, m’; s'|lo,m, 5) = 5y ;,6(m’, m). (80)

To see that this evolution corresponds to a unitary trans-
formation in the physical Hilbert space (regardless of
whether p, is an invariant, as considered in Sec. I B 4),
we consider the (gauge-fixed Schrodinger-picture) state

Wis) = > > W,(mis)lomssg),  (81)

°In the derivation of (78), we assumed that the Hamiltonian H p
does not depend on the gauge-fixed time parameter s.

where

¥, (m;s) := Z Z (o,m;s

op My

Uovmo;so)‘yao(mol (82)

Due to the completeness of the states |, m; s) for all values

of s [cf. (47)], we thus obtain

ZZ ¥, (m; s)|?
o m
=3 3 ¥, () (oh.m'p: splo. ms s)

ffoq(f(')ﬁ my,m’y,m

x (o, m; 5|0y, m; So)q]ao(mo)

= Z Z ‘?gé(m’o)((f{),m’o;s0|60,m0;s0)‘l‘60(m0)

/ ’
00,0, Mg,M’g

= Z Z |1P00 (m0)|2‘

oy Iy
Therefore, the norm of the on-shell states is conserved,

(P 5| 5) = (P|W). (83)

6. Quantum reference frames

What is the physical interpretation of the quantum
observables (39) or (72)? As previously stated, the classical
relational observable (10) represents the value of
f(q(7), p(z)) in relation to the value s of y(q(z), p(7));
i.e., it is the value of f(g(z), p(z)) when y(q(z), p(z)) = s.
Do (A’)(”,) [f|lx = s] represent f “in relation to” the eigen-
value s of 7? If so, in what sense? The formalism of [28]
and the earlier treatments [19-21,29] do not seem to
provide a satisfactory answer at the conceptual level.

The structural similarity of (44) with its classical
counterpart guarantees that certain properties of the
classical observables are translated into the quantum theory.
For instance, as shown in [28] and as was discussed in
Sec. II B 4, the quantum observables O(; ;) [f|x = s] obey
gauge-fixed Heisenberg equations which are the quantum
analogues of the classical reduced phase-space equations.
This is true provided one works with a gauge condition that
is conjugate to an invariant Hamiltonian operator.
Furthermore, as shown in Sec. IIB5, the gauge-fixed
evolution encoded in the gauge-fixed propagator is a
unitary transformation in the physical Hilbert space.

As remarked in Sec. II A, the reduced phase-space
equations can be thought of as the field equations in a
particular reference frame, in which the time coordinate s is
defined by the level sets of y(¢(z), p(z)). In this way, we
may also consider that the gauge-fixed Heisenberg equa-
tions (78) or the gauge-fixed propagator (80), which
describe the quantum dynamics with respect to the c-
number s, are related to (or can be used to define) a notion of
“quantum reference frames”. Given a time-reparametrization
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invariant quantum system, we consider that a choice of
reference frame corresponds to a partitioning of the system
into a reference (the gauge condition y) and a subsystem,
which is the set of all worldline tensors f‘ that commute with y
(see also the discussion in [35,36]). The quantum relational
observables [constructed as in (39) or (72)] thus describe the
evolution of the subsystem in the reference frame defined by
J- A similar point of view was expressed in [28], where it was
argued that the quantum relational observables capture all the
relational content of the theory. We do not dispute this view in
the present article, but we wish to further understand (in a
precise yet pragmatic way) in what sense the theory of
quantum relational observables is indeed ‘“relational”. In
Sec. II B 8, we suggest that a clearer physical interpretation
of such observables can be obtained if we make use of
conditional probabilities.

It is worthwhile to mention that a great deal of effort has
been devoted to the precise definition and study of quantum
reference frames and “relational quantum clocks” (see
[10,30-32,34-37] and references therein). In particular,
the authors of [10,30-32] establish a formalism to relate
different choices of quantum reference frames and discuss
under which circumstances these choices can be related to a
direct quantization of the reduced phase-space equations
that can be derived from the action (16). In [31], it is
discussed in detail how one may map the physical Hilbert
space of on-shell states (as presented in Sec. [ B 1 of the
present article) to the different Hilbert spaces associated
with the various quantizations of the reduced phase-space
equations for different choices of y in (16). We note that an
early reference with a similar investigation is [49], in which
Barvinsky relates the transition amplitudes of on-shell
states (expressed as path integrals) with the reduced
phase-space path integrals written in terms of the action
(16). Thus, the work of [49] can be seen as a possible
formalism to relate different choices of reference frames
(defined from the reduced phase-space path integrals) with
the physical Hilbert space of on-shell states. In [49], the
canonical (operator-based) theory associated with the
various path integrals is also discussed at the semiclassical
(one-loop) order.

The (in principle) different approaches of [10,35,36,49]
point to the conclusion that different choices of reference
frames (different choices of y) can be described in a single
space, which is the physical Hilbert space of on-shell states
(variously referred to as the “Dirac-Wheeler-DeWitt for-
mulation” in [49] and as the “perspective-neutral” or
“reference-system-neutral” framework in [31]). This is also
the case in the formalism here presented. In Sec. II B 7, we
use the quantum relational observables and the gauge-fixed
propagator here defined to argue that a change in quantum
reference frames indeed corresponds to a change of basis in
the physical Hilbert space. Moreover, in the recent article
[10], it was shown that the formalism of [31] was
equivalent to the use of conditional probabilities for a

simple class of models. In the same spirit, in Sec. II B 8, we
argue that the use of conditional probabilities can elucidate
the physical interpretation of the quantum relational
observables here defined and their connection to quantum
reference frames without the restriction of [49] to a
perturbative treatment in #. Finally, in Sec. IIB 11, we
comment on how the formalism here presented can be
related to the relativization maps and G-twirl operations
employed in [10,34-37].

7. Switching reference frames

As we have seen in Sec. II B 5, one may expand any on-
shell state |¥) into the bases of eigenstates of relational
observables. From the discussion in Sec. II B 6, we thus
interpret the overlap (o, m; s|¥) as the representation of the
on-shell state in the quantum reference frame defined by the
gauge condition 7. We will see in Sec. II B 8 that this
overlap may also be interpreted in terms of conditional
probabilities.

Can we switch reference frames in this formalism? Yes,
the switch corresponds to a change of basis in the physical
Hilbert space.10 Let 7, and }, be two admissible gauge
conditions and |61, m ;¥ ), |65, my; x,) be the correspond-
ing complete orthonormal systems of eigenstates of rela-
tional observables [cf. Sec. II B 3]. To switch from the
representation of an on-shell state |¥) in the reference
frame defined by 7, to the one defined by },, we insert the
corresponding resolution of the identity,

(0. my: 7, |¥)
= Z2(617m1§)(1|02’m2§)(2)(52’m2§)(2|q')-

oy My

We note that the gauge-fixed propagator [cf. Sec. II B 5]
is a particular case of the change of basis matrix
(o1, my; |02, my; ¥,), in which instead of switching refer-
ence frames, one simply switches the value s of the gauge
condition.

8. Conditional probabilities

What is the meaning of the gauge-fixed time parameter s
in the quantum theory? As we have argued, it is the time
parameter in a particular reference frame, but how is it
related to observations? Classically, s is a value of
x(q(z), p(r)). Once we know y(gq(z), p(zr)) = s (via an
observation), we can predict, in a diffeomorphism-invariant
fashion, what is the value of f(q(z), p(z)) by computing

9This is reminiscent of the assertion made in [38] (see also
[24]) that the difference between the reduced phase-space path
integral and the path integral related to the transition amplitude of
on-shell states corresponds to the difference between the kernels
of an operator in different representations.
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O|flx = s]. Thus, classical relational observables are con-
ditional quantities, in the sense that they yield predictions
based on a certain condition [the observed value of
x(q(7), p(7))]. It is thus reasonable to consider that what
one should compute in the quantum theory is the proba-
bility of observing a certain (eigen)value of f, given that 7
is in the state |y = s, n). In other words, we should consider
conditional probabilities defined from the on-shell
states (19).

There is an extensive literature on the use of conditional
probabilities in time-reparametrization invariant mechani-
cal systems (see [2—10] and references therein; see also
Sec. II B 11). Most articles focus on models in which the
constraint C can be written as

C=C(q.p) = C)(@". p1) + C=1)(q. ), (84)

where C(..1)(§. p) only depends on g, p; for i > 1. For this
form of the constraint operator, a variable canonically
conjugate to C(1y(g", py) is usually chosen to play the role
of time (the quantity y in the present article). Furthermore, the
connection between relational observables and conditional
probabilities was analyzed in [10] (see also [9]) for models
with constraints of the form (84) and gauge conditions ¥
(formally) conjugate to C;)(§", p1).

As we wish to keep the discussion as general as possible,
we do not restrict the constraint to the form (84), and we
allow a gauge condition y that is admissible according to
the criterion discussed in Sec. II B 3, but not necessarily
conjugate to C;)(g', py). In this framework, we establish a
connection between conditional probabilities and quantum
relational observables, which clarifies their physical mean-
ing. We will comment on the relation of this formalism
to previous approaches to conditional probabilities in
Secs. IIB 10 and IIB 11.

For a general on-shell state |¥) defined as in (19), we
postulate that

|(r = s.m¥)?
Ymlly = s.m[¥)>’

is the conditional probability of observing the eigenvalue m
given that 7 is observed to have the eigenvalue s. The

py(mly =s) = (85)

conditional expectation value of the operator f‘ given in (45)
is defined as

Ey[flr = s]: Zfsmp\ymlj(—S)

which, due to (45), can be written as

(PP, )
(P[P, |¥)

Although we have used the noninvariant operators f and
PFX and the auxiliary inner product (-|-) in (86), we can

Eylfly = 5] = (86)

evidently also write it in terms of on-shell operators and the
induced inner product (-|-) as defined in (18). Indeed, due to
(24), Eq. (86) can be written as

(PIPe—0f Py Prol )

By(flr = sl = (P|PpoP,_Pp_o|¥)

(87)

From the general formulas (29) and (34), we can thus
rewrite (87) as

(Y| [, deewC TP, e —%Cmf)

Eylfly =s] = [y
wlle=s] (W] [, deeiCP, e 1 C|w)

which is to be compared to the classical formulas (10)
and (11).

We can go further and relate the conditional expectation
values to the quantum averages of relational observables.
The quantum average of an on-shell observable O with
respect to an on-shell state |¥) is defined as

_ (%0

(88)

Furthermore, we define the (improper) projector onto a
given o sector either as in (61) or as

:5){o, (89)

where |0, m; s) are the eigenstates of @(
in (46). Thus, we take

plflx = s] defined

pw(o) = <A6E:0>‘P (90)

to be the probability that the mechanical system is observed
to be in the o sector (e.g., the probability that a free
relativistic particle has frequency o). Due to (39), the

quantum average of @(1) [flx = s] can be written as

QfP, ¥
< fl)( = S P‘I’ c o :
=2 glpx )
If we now define
W) = Q7 « W), (91)

we obtain [cf. (41)]
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(Ol = s))y

_ (‘PalﬁE=0}'Px=si)E=0|Ta)
= 3 pato) Eellol P

c (lPO'|PE:OP;(:xPE:0|‘Po‘)

o <lpo|j‘i))(:s|‘lla>
2o g ey

Therefore, we conclude from (86) that
Oulflr =sl)y =D _pw(o)By [flr =sl:  (92)

i.e.,, the quantum average of the relational observable
©<1) [fly = s] is the weighted sum of the o-sector (“sin-

gle-frequency”) expectation values of f conditioned on
¥ = s, provided one suitably redefines the states as in (91).
The weights are the probabilities that the system has a given
value of ¢. In particular, if the state |¥') has a definite value
o = oy, then py(6) =6, ,, and the quantum average of

@(1) [fly = s] coincides with a conditional expectation
value. In this case, if |¥) is normalized,

L= (¥¥) = (PIPEY) = 207 (¥, [P, ¥,s,).  (93)

then its overlap with the eigenstates of the relational
observable coincides with a conditional probability ampli-
tude; i.e.,

(00 m: s[¥)2 = 22 (y = 5. m[¥, )
= pu, (mly = s). (94)

where we used (85) and (93).

This result clarifies the physical interpretation of the
quantum relational observable O;)[f|y = s]. As expected,
it is the operator which represents the quantity f given the
condition that the quantity 7 is observed to have the value s
(in definite o sectors). A similar result for @(,,) [flx = s]
does not seem to be readily available. Since we regard the
use of conditional probabilities intuitively clear and we
wish to work with relational observables that have a
straightforward physical interpretation, we will thus favor
the use of ©<1) [flx = s] in the remainder of this article.

What is the connection of this result to quantum
reference frames? As discussed in Secs. IIB6 and
IIB 7, we interpret the quantum relational observables as
invariant descriptions of the dynamics in the reference
frame defined by J, i.e., the frame in which the dynamics is
described relative to the observed value of 7. Likewise, the
overlap (oo, m; s|¥) is interpreted as the representation of
the on-shell state in that frame. For definite ¢ sectors, the
equivalence of averages of relational observables with
conditional expectation values [cf. (92)] and of the overlap
(69, m;s|¥) with a conditional probability amplitude

[cf. (94)] means that these relational quantities describe
the quantum dynamics conditioned on the observed value
of one of the dynamical fields 7. We believe that this
corroborates our interpretation of relational observables
and their eigenstates in a straightforward, intuitive way. As
was argued in Secs. [I B 6 and II B 7, one can describe the
change in reference frames as a change of basis in the
physical Hilbert space."

In fact, Eq. (92) shows that there are two equivalent
descriptions of the quantum dynamics. One is based on the
definite-c conditional expectation values of tensor fields
(gauge-fixed point of view), whereas the other is based on
the manifestly invariant average of on-shell relational
observables in the induced inner product (invariant point
of view). This equivalence was first noted in [10] for a
special case, which we analyze in Sec. IIB 11.

To the best of our knowledge, the formalism here
presented is new. Although the there is a vast literature
on the use of conditional probabilities (see [2—10] and
references therein) and on the construction of relational
observables (see [10,19-22,24-28,30,31] for previous pro-
posals and further references) for time-reparametrization
invariant systems, the precise connection between the two
has so far remained unclear (see, however, the results of
[10]). We hope that the above construction can help bridge
the gap between the two approaches and clarify the
meaning of quantum relational observables.

What is the significance of this formalism for quantum
gravity? There, the construction of well-defined relational
observables is notoriously difficult. The present discussion,
which is focused on a general mechanical model, cannot be
directly applied to field theory, since in the field-theoretic
case one must first solve the issue of regularization of the
constraint operators and ascertain whether the constraint
algebra is anomalous. Nevertheless, the formalism we have
presented can be applied to symmetry-reduced models
which are frequently used in quantum cosmology. This
makes it directly useful to the analysis of quantum-
gravitational effects in the early Universe in particular
(see the article [50]) and of toy-models of quantum gravity
in general. Most importantly, we see from (92) that it is, in
fact, unnecessary to construct relational observables, as
long as one is content with computing definite-o condi-
tional expectation values (gauge-fixed point of view).

"It is also worthwhile to note that the early formalism
presented by Barvinsky in [49] is claimed to be related to the
idea of conditional probabilities in quantum cosmology (see page
294 of [49]), but that formalism is restricted to a perturbative
expansion in 7. This restriction is, in principle, not necessary
here. We also note that unitarity in [49] was achieved by
restricting the theory to a definite o sector. In our formalism,
this is also the case in the sense that the conditional expectation
values are only equivalent to the averages of relational observ-
ables [which evolve unitarily due to (78) or (83)] in definite &
sectors [cf. (92)].
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9. Invariant extensions of states

We have seen that, in the gauge-fixed point of view, one
deals with conditional probabilities defined from the on-
shell states. There is, of course, an inherent ambiguity in the
definition of conditional probabilities that can be seen if
one performs the factorization

x = s.m|¥) = &(s)y (s, m), (95)

proposed in [51]. Here, w(s,m) is called the conditional
wave function or the conditional probability amplitude. The
conditional probability (85) only depends on the condi-
tional wave function,

pulmly =) = L0

C Ymlw(sm)P

Both the factorization (95) and the conditional probability
(96) are invariant under the transformations

(96)

E(s) > et HOI(s),
y(s,m) > 0y (s, m), (97)

where a(s), B(s) are real functions of s. Thus, as far as the
conditional probabilities are concerned, we are free to
choose &£(s) in a convenient manner. A simple choice is
&(s) = 1. If we perform the factorization (95) for all values
of s and a general choice of &(s), then the conditional wave
function is a solution to the modified constraint equation

Cap(s,m) =0, (98)

where

o e s —in 2w —in 2
Ce=& (s)C(s, lflas,m, lflam)f(s)- (99)

Now suppose that we know what the conditional proba-
bility distribution is at a certain moment of time s = s (i.e.,
for a certain observed value of the field }). Let us call this
the “relative initial data”. Can we determine from this data
what is the corresponding on-shell state? Can we sub-
sequently evolve this state with respect to the gauge-fixed
time parameter s?

The answer to both questions is yes. To see this, suppose
that |p) is an auxiliary (off-shell) state, such that
w(sg,m) = (y = sy, mly) is a conditional wave function
compatible with the relative initial data. Then we can define
the on-shell state

P,) = 27hQ0 « QTP |w).

(100)

Due to (37), we have the identity

2nhP,_ Q7 Q)P =P, ., (101)
which implies that
P;{:so“{la> = p)(:soll//>’ (102)
or, equivalently,
(x = s0.m[¥;) = (s, m), (103)

ie., |¥,) is an on-shell state that reduces to the initial
conditional wave function when projected onto the initial
.. 12 . .
gauge condition. © We refer to such states as invariant
extensions. The “invariantization map” is a projection in
the sense that its square is itself. Indeed, due to (101), we
find
rAe  Ac i A A4
(27h)*Q7 « QIP,_ Q7 ¢ QIP,

= 27hQ] « QTP

P, (104)

As the relational observables, the invariant extensions
of states can be interpreted in a relational way: they
correspond to the value of a given conditional probability
amplitude when the field 7 is observed to have a certain value.
In other words, they encode the relative initial data in a
diffeomorphism-invariant fashion. The use of an “invarian-
tization” procedure to obtain solutions to the quantum
constraint equation was advocated by Woodard in [25]
and, more recently, similar proposals were made in the
quantum foundations and quantum information literature
(see [34—37] and references therein; we return to this point in
Sec. IIB 11).

If the state |¥,) is projected onto the gauge condition
ly = s,m) for s # sy, we obtain an evolved conditional
probability amplitude via the gauge-fixed propagator
[cf. Sec. IIB5]. Indeed, due to (46) and (100), we
obtain

(r = s, m|\¥,)

= Z(a,m;s

m,

o, mO;SO)W(s07m0)' (105)

We will provide an example of an invariant extension and
its relational interpretation in Sec. III.

10. Remark on notation and terminology

Before we continue, it is worth making a brief remark
concerning the notation and terminology used here for
conditional probabilities. We note that in [9], the proba-
bility given in (85) was denoted by pyw(m when y = s),

"“The use of gauge conditions in the determination of the
initial data for solutions of the quantum constraint equation was
also considered in the formalism of [49].

026013-13



LEONARDO CHATAIGNIER

PHYS. REV. D 103, 026013 (2021)

and the term “conditional probability” was reserved for the
different object

<1P|P)(=SISE=Oi)mﬁE=OP)(=S‘\P>
<lP|P;(:sPE:OP;(:S|‘P>

alt

pi(mly = s) =

(106)

In [9], the main motivation to consider (106) was that it
leads to a derivation of the usual Schrodinger propagator
for constraints of the form (84). Indeed, if one chooses the
gauge condition 7 to be canonically conjugate to C (1)» then
one can show that py{(m, when y = s,Jm; when y = s)
is the correct transition probability associated with the
Schrodinger propagator (see [9] and also the alternative
discussion in [10] for details). In the present article, we are
content with defining the conditional probability to be (85),
because we will show that the correct Schrodinger propa-
gator is obtained from the gauge-fixed propagator in Sec. II
B 11, without the need to consider (106).

11. Relation to the Page-Wootters formalism

It is now important to note what is the relation of the
above construction to the Page-Wootters formalism [2—10],
which is the most widely used framework for conditional
probabilities in time-reparametrization invariant quantum
systems. The goal of the Page-Wootters formalism is to
recover the usual notion of evolution with respect to an
external time parameter and the time-dependent
Schrodinger equation from a stationary constraint equation.
This can be seen as a particular case of the formalism
presented here.

It is also worthwhile to mention another approach that
aims at recovering the usual Schrddinger equation, which is
the Born-Oppenheimer approach to quantum gravity [52].
In this approach, one performs the factorization of the on-
shell states as in (95) and finds that &(s) has a Wentzel-
Kramers-Brillouin (WKB)-like form, which arises from a
weak-coupling expansion of the quantum constraint equa-
tion C|¥) = 0. This expansion concerns a weak-coupling
between “heavy” degrees of freedom (e.g., a laboratory that
defines the reference frame) and “light” fields (e.g. a
subsystem of the model universe). The time-dependent
Schrodinger equation for the conditional wave function is
then recovered from (98) at the lowest order of the
expansion. In quantum cosmology, the heavy degrees of
freedom are those of the gravitational field, whereas the
light fields are those of the matter sector. In this case, the
weak-coupling expansion is a (formal) expansion in inverse
powers of the Planck mass. We will not pursue this
approach here. The reader is referred to [53] for a review
and further details in the context of quantum cosmology
and to [50] for an application to the computation of
corrections to the dynamics of primordial fluctuations.

Alternatively, in the Page-Wootters formalism, one often
assumes that the laboratory and the system to be studied do

not interact. In this case, the constraint is assumed to be of
the form (84), and we set &(s) = 1. In (84), C(;, can be
interpreted as the laboratory Hamiltonian, whereas C.. is
the Hamiltonian of the system. In the language of the
present article, the first step to recover the time-dependent
Schrodinger equation for the system is to choose a gauge
condition j.

It is reasonable to choose 7 to be canonically conjugate
to C (1) (i.e., 7 is the “proper time” of the laboratory). We
assume for simplicity that the spectra of C, é<1) and @(>1>
are continuous. In this way, if |E().q¢") (i>1) is an
eigenstate of C'(l), one may define the eigenstates of y as"

1
\2rh

I)(, ql> = AdE(l)e_'ilE“VqE(]),qi% (107)

from which one determines

.. d . A .
iholx=s.4') = Colr = s.4). (108)
Given an on-shell state |¥), which is a solution to

C|¥) =0, we define the conditional wave function as
w(s, q) = (y = s,¢'|¥) [cf. (95)]. Using (84) and (108),
we find

. d ) .
lhall/(qul) = =s54- C(1)|‘P>
= O(:S, qi|é(>l)|qj>

ho .
co(ad g w09

(@Y

This is the usual derivation of the Schrodinger equation for
the system in the Page-Wootters formalism. The dynamics
is described with respect to the laboratory proper time s.

What about the relational observables? To construct
them as in (92), we first note that C(l) and C‘<>1> form a
complete set of commuting invariants. We may thus use the
results of Sec. IB 4. Let |Ey), E(~1).n) be a system of

simultaneous eigenstates of C‘(l) and C<>1) which are

orthornormal with respect to the auxiliary inner product
(-|-). We obtain [cf. (49)]

13Classically, we assume that the system Hamiltonian C . is
positive definite, whereas C;) is not, such that the constraint (84),
C =0, is satisfied. In the quantum case, we thus assume that
C (1) is positive-definite, whereas the spectrum of C(l ) ranges
over R. The reader is referred to [10] for a careful discussion of
these issues and possible generalizations. In particular, the
general case of 7 being symmetric but not self-adjoint, such
that its associated gauge-fixed time function is a ‘“covariant
positive-operator valued measure (POVM)”, is discussed in [10].
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ClE(). E=1).m) = C(E(1). E=1))|Eq1y. E(>1). 1)

= (Eq) + E1)|Eqy, E(1)- 1),

and, therefore, Eq. (55) becomes
E(l) -+ E(>1) =E.

For this simple case, there is no multiplicity in the solution,
Eqyy=E—-Eqxy);

i.e., there is only one ¢ sector, ¢ = 1. From this, it also
follows that the on-shell states [cf. (57)]

Il> = |E(1) = —€, E(>1) = €,l'l>
are orthonormal in the induced inner product [cf. (59)],
(¢',n'le,n) = 5(¢' —€)5(n” —n).

The improper projector onto the physical Hilbert space is,

thus,
PE:O = /

To compute the on-shell Faddeev-Popov operator as in
(63), we note from (107) that

){e.n|. (110)

(B Enyonls ) = S (6 nl), (111
, My, q') = ,niq'),
(1), E1)- DY, g N (>1)> g
which implies that
(€, n’|I3FS|e, n)
e%(e’—e)x
= S(e—€)6(n—n'), (112)
T

if one uses the completeness relation for the §' eigenstates.
Using (110) and (112) in the definition (63), we obtain the
result fl){ = P;_o; i.e., the Faddeev-Popov operator is the
identity in the physical Hilbert space. In this case, we note
that both choices of factor ordering for the relational
observables (39) and (72) coincide for operators f that

commute with 7, ie., Oylfly =s]= @(11) [fly = s].
Moreover, in this case (92) simplifies to
(Oulflx = sl)y = Ewlflx = s]; (113)

i.e., the quantum average of relational observables are
exactly the conditional expectation values. This was the
case analyzed in [10], where the equivalence of the
construction of relational observables and the use of
conditional probabilities in the Page-Wootters formalism

was established for a constraint of the form (84) (it is
worthwhile to note that, in [10], one does not restrict the
analysis to the case in which the spectrum of C'(l) is
unbounded in both directions, as we did here for simplic-
ity). The formalism we have presented in Secs. II B 3 and
II B 4 can thus be seen as a generalization of this result to
more general constraint operators and also to gauge
conditions j} that are admissible according to the criterion
of Sec. II B 3, but which are not necessarily the canonical
conjugates of the constraint operator.'*

The observables also obey the gauge-fixed Heisenberg
equat10ns of motion (78), with the 1nvar1ant Hamiltonian

H;{ = —C(y). In particular, since H Lle.m) = Cople,n), we
obtain

do oo 1

5 Qula'le =)= 10u)lg'lr = s). Ce)] (i > 1),

which are just the usual Heisenberg equations in non-
relativistic quantum mechanics. Furthermore, due to (84)
and (107), we can also write (44) as

Oulaly = 5] = / i) ® P, (114)

where

/() = ekCengietion

Equation (114) is reminiscent of the relativization map
defined in [35-37] and it is, in fact, the result of the G-twirl
operation used in [10] in the context of time-reparametri-
zation invariant quantum mechanics (the G-twirl operation
has also been used in the context of spatial reference
frames [34]).

Finally, let us mention how, instead of using (106) (as in
[9], see also the alternative discussion in [10]), one can
recover the usual Schrodinger propagator from the gauge-
fixed propagator for the Page-Wootters case. From (46)

"It is also worth mentioning that, in [54], the use of relational
observables and the Page-Wootters formalism were combined.
However, the method of [54] is rather different from the one we
present here. In [54], one first defines the relational observables,
e.g., based on the classical solutions to the field equations, and
then one computes conditional probabilities associated with these
observables. To achieve this, one integrates over the gauge-fixed
time parameter s, considered to be unobservable. We do not
follow this approach because s is the “reading of a clock™ (as was
also remarked in [10]); i.e., it is the value of the field ¥
conditioned on which observations of the other fields are made.
Thus, one should not integrate over s. Moreover, the construction
of the quantum observables here described (see also our previous
article [28]) does not require one to first solve the classical field
equations and subsequently quantize the invariant observables,
which can be defined directly in the quantum theory, if needed.
This is a potential technical advantage over the formalism of [54].
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with Q}( = P._,, we see that the quantum relational
observable O[¢|y = s] (i > 1) has the eigenstates

V2rhPr_oly = 5.q').

Using (110) and (111), we obtain the gauge-fixed propa-
gator

q"ss) = (115)

S) = 2ﬂh<)// = S/, q/i|PE:0|)( =g, q/>
- /dE(>1)dn<q/i|E(>1),n>e‘%E<>1>(S’—S)
X <E(>1 n|qj>
= (q[e7HC0 ()| gl),

where we assumed that |E(),n) is a complete orthonor-
mal system in the subspace of the auxiliary Hilbert space
spanned by |¢'). Here, i, j > 1. Equation (116) is the usual
Schrodinger propagator. It is important to note that, in the
formalism here described, the evolution of conditional
wave functions, understood as invariant extensions of
relative initial data [cf. Sec. IIB9], is dictated by the
gauge-fixed propagator according to (105). The fact that the
gauge-fixed propagator reduces to the usual Schrodinger
propagator in this case is consistent with the fact that the
conditional wave function evolves according to the
Schrodinger equation (109).

Thus, we see that the theory of relational observables and
the corresponding conditional probabilities presented in
Secs. IIB3, IIB 4 and II B 8 reproduces both the Page-
Wootters formalism and the correct Schrodinger propaga-
tor, without the need to use the alternative definition (106).

In the next section, we will examine a cosmological
example.

(q":5'q’;

(116)

III. FLRW MODEL

We are now in a position to apply the general framework
developed above to a useful example in cosmology. We
consider a closed FLRW model with a massless, minimally
coupled and homogeneous scalar field. This model was
analyzed before in [55], whereas [39] dealt with a general
analysis of quantum observables and recollapsing uni-
verses. In [55], wave packets of on-shell states were
constructed, but the precise definition of the physical
Hilbert space and the quantum observables was not given.
In [39], a general analysis of the quantum observables and
the induced inner product was carried out, but no con-
nection to conditional probabilities was established. In fact,
as was remarked in [28], the quantum observables were
defined in [39] in such a way that the Faddeev-Popov
resolution of the identity O[1|y = s] = 1 [cf. (13)] was not
obtained. We consider this to be undesirable. Here, on
the contrary, we take this resolution of the identity to be one
of the defining properties of the formalism we have

developed, both in its original version presented in [28]
and in its revised version presented in Secs. IIB3
and IIB 4. Thus, our analysis differs from the previous
ones in terms of the precise definition of the quantum
observables, and we establish their relation to conditional
probabilities.

A. Classical theory

The action in a spacetime region M is

S =Sy + Som (117)

s :/ dxy/g|—R—~(Vg)|,  (118)
M=y 2k 2 ’

Sorm :—iAMd”xx/ﬁ K, (119)

where x = 8;’—40 R is the Ricci scalar and h, K are the
determinant of the induced metric and the trace of the
extrinsic curvature of the boundary, respectively. We
assume the line element

ds? = —=N?(7)d7? + a*(7)dQ3, (120)

where dQ3 = dy? + sin’y(d6* + sin’0dg?) is the line
element on §3 From (120), we find (see, for instance [33])

6 [a aN [a\?] 6
R=—|"- — 121
Nz{a aN+(>}+ (121)
3a
=—. 122
N (122)

Assuming N(z) > 0, we also have ,/=g = Na?> sin? y sin 6.
An integration by parts of the first term in (121) yields the
symmetry-reduced action"

4 a*> 3Na a’¢
S=272 [ 'de( 3L 4 D0 123
Vs [ 0 T< N + . + 5 N) ( )
It is convenient to choose units in which % :% and to
make the following redefinitions:
a(r) = e
N(z7) = e¥De(7),
1
T — (1), 124
W) = (D) (124)

The reason we can impose the symmetry reduction directly at
the level of the action and not only in the field equations is that
this homogeneous, isotropic model satisfies the symmetric
criticality principle (see [33,56-58] for more details).
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such that (123) becomes

7 dz g?)z e
S = de| —— 4+ 4 et ).
ZO T( Ze—i_2e—~_2e )

After the usual Legendre transform (with p, = 0), we
obtain the action in Hamiltonian form,

(125)

S = /T] dr(pya + p¢gi’7 —e(1)C), (126)
To
with the constraint
2 2 4a
Pa pdi €
=, e _Z 127
¢ 2 + 2 2 (127)

Equation (126) is of the form (1). The symmetry-reduced
field equations are

a=—e(t)pe  Po=2e(r)e*,
¢ = e(t)py, Py =0,
2 2 4a
Pa Py €
0=-—¢424_~ 128
2 + 2 2 ( )

For any choice of time coordinate 7 [for any choice of e(7)],
we can solve the above system of equations in a relational
manner, i.e. by describing the dynamics of one field in
terms of another. In this way, we can conveniently rewrite
(128) as follows:

_a¢7 Pa = ¢,
Py

Py = 0\/ pa +e** = olk],

where 6 = +1 labels the different multiplicity (frequency)
sectors and k is a constant of integration. The relational
solution of (129) is

a=—

(129)

27 — |k|
a*(r) = T
cosh [26(¢(7) — s5) + arctanh( ““/’I((‘ﬂ 9]

Pa(7) = |k| tanh [26(45(7) —s) + arctanh <%>]

and it is valid for any choice of 7. We note that this solution
depends on [k| and pgly(,)—,- From (129), we can replace

|k| by

K] = /Rl + @ lgor—s-

Therefore, the relational solution only depends on the
quantities al,,_, and p,|, ), which label the physical

or reduced phase space of the theory. These quantities are
the relational observables. We can find explicit expressions
for them by inverting the relational solution. For example,
we find

K]

cosh [26(s — ¢(7)) + arctanh(p‘l’k(‘r))]

@l yo)=s = ., (130)

and similarly for pg|, ;) It is straightforward to verify
that these observables are invariant under on-shell diffeo-
morphisms of z for a fixed value of s. Indeed, we obtain
from (129) the on-shell identity

% 20(s — ¢(1)) + arctanh <p|“/£|1)>] =0.  (131)

Thus, under an infinitesimal diffeomorphism, 612|(,,,(T>:x
transforms as

d
5e(r)az|(/)(r):s = 6(1) _az‘(ﬁ(‘r):s =0,

dz
where we used (131). An analogous calculation shows that
Paly(z)=s 18 also an invariant. The evolution of the relational
observables in terms of the variable s can be expressed in
terms of Poisson brackets. For example, we find

d , _ 9 5
50 |(,b(1):s = _W(r)a |(/)(‘r):s
= {p¢7 az|¢(r):s}' (132)

Equation (132) is the gauge-fixed equation of motion for
the field a® (cf. Sec. I A and [28]). In Sec. III B, we will
show how the quantum relational observables obey the
quantum version of (132), which is the gauge-fixed
Heisenberg equation of motion [cf. Sec. II B 4].
Moreover, the (reduced phase-space) evolution of a?| d=s
with respect to s can be expressed entirely in terms of the
relational observables, without reference to the noninvar-
iant fields ¢(7) and p,(r). This can be obtained directly
from (130), by evaluating it at different values of s. We find

o K]
@lp=s = A
cosh [26(s — s9) + arccosh(

(133)

ey
This equation shows that this model universe recollapses;
i.e., the scale factor expands to a maximum value and starts
to contract again.

Finally, as all the variables in this model are worldline
scalars, we can express the relational observables as
integrals as in (10) (see [28] for a generalization to
worldline one-forms). We obtain
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=5

Ola?|¢p = 5] = a?| )

— A, /_ : ded(p(e) — 5)aP(z),  (134)
where
Ajl = /_ " des(p(7) — 5). (135)

Therefore, we see that the above relational observables are
obtained by choosing the gauge condition to be [cf. (6)]

1(a(7), pa(7). (7). py(7)) = (7). (136)

In this way, the level sets of ¢(z) define a new time
coordinate s.

B. Quantum theory

1. The physical Hilbert space

Let us take the auxiliary (off-shell) Hilbert space of the
theory to be L?(R?,dad¢g). The quantum constraint is
[cf. (127)]

X A2 4
G _Pa Py "

2 2 2

In order to define the on-shell states and the induced inner

product, we consider the eigenvalue problem of (137),

(137)

n? o?
(__T__m“gw@@:mmm.um
For E > 0, we define E = %, and we find the eigenstates

(a.¢

E,0,k) =Yg, (a. )

: 2a
= exp (%m/ K2+ ,1245) Ky <62—h) (139)

where 0 = +1 and K (%) is a modified Bessel function.
This solution was chosen to satisfy the boundary condition
lim,_ ., Wi, = 0. In what follows, we will make use of
the following identities [59]:

Ki, (x) = K, (x) = K;, (%), (140)
AT AN )
daky (S VK, (S ) = 22D gy
A“ i (2h> ‘”(2h> dosinn(m) (4D
1 )
Ku(x) = 5 / dye oh Y cos(vy).  (142)

Using (140) and (141), we obtain the auxiliary inner
product

(E',o',K'|E,0,k) =S8(E' —E)(E,o',k'|E,0,k), (143)
where
2 3fl3 k2 22
(.0 K|E,0,k) =2V 2 s s = K]).  (144)
ksinh(%7) ’

One can also repeat this analysis for £ <0 by setting
E= —%. In this case, instead of (139), we obtain

eZa

<a’ ¢|E, o, k> = e%"‘k‘d)Kiy(ﬂ_k) (ﬁ) s (145)

where
1
I/(l, k) = ﬁ V k2 —|— 12.

The auxiliary inner product of two of the eigenstates given
in (145) is of the same form as (143) with

27373

sinh (™Y szz)

2h

(E.o' K

E,0.k) = 8750k = [k]). (146)

Finally, we can define the on-shell states

o.k) = N(K)|E = 0,6, k), (147)

where N (k) is a normalization factor,

sinh(Z4)

M) = {_znr. (148)

4133

In this way, the induced inner product of the on-shell states
(147) can be found by taking the 4 — O limit of (144) or
(146). The result is

1
(' Klo.k) = 5 8y ,6(K] = |K]). (149)
The physical Hilbert space is then defined to be the vector
space of superpositions of (147) that are square-integrable
with respect to the induced inner product (149). The

(improper) projector onto the physical Hilbert space is

Py ::Z/w dk|o, k) (o, k|. (150)
o=+ X

2. Quantum relational observables

Our goal is now to construct the quantum analogue of
(130) and to show that it obeys a gauge-fixed Heisenberg
equation [cf. (78)] that is the quantum version of (132). We
thus consider the gauge condition q?ﬁ [cf. (136)]. Since its
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momentum is already an invariant, i.e., p, commutes
with the constraint operator, we will use the formalism
of Sec. IIB 4.

Let us define the states |k, p¢> to be the simultaneous
orthonormal eigenstates of the complete set of commuting

2
. . ~ PS )4 A
invariants p, and C, = - — C, where

~2 da
. P oe
C,i=—+—,
a2 + 2
N k2
Colk, py) :EVC’P(;)’

€

. 2a
g1k ) = N Wiy (51,

and [cf. (55)]

2 2
N P, k
C|k7 P¢> = <—2'b - 3)

We thus find from (151) the on-shell condition [cf. (56)]

k.py).- (151)

py = —Hj = olk|(c = £1),
and the on-shell states [cf. (57) and (60)]
jo. k) = |K[Z[k, py)

Prp:f’\k\’

which are in accordance with (147). From (65) and (67), we
obtain the Faddeev-Popov operator

57 = /de|k|5|a, k) (o, k|- (152)

We can now construct the observable
Oplf(@)p =s] = Zédaf(a)la a;s)(o,a;s|. (153)
o=+

Its eigenstates read [cf. (46)]

o, a;5) = \V2nhQG|a, ¢ = 5). (154)

To verify that they form a complete system in the physical
Hilbert space [cf. (36)], we must calculate the matrix

element (¢’, K'|O[1|¢p = s]|o. k), which is equal to
> / da(c’, K|o”, a;s)(c" a;s|o. k). (155)
o —+ JR

If we insert

(o, Ko, a;s)
2a )
= V2ahéy N (K)Ky (Z h) K pemio Kl (156)

into (155) and use (141) and the definition of the normali-
zation factor given in (148), we find

N 1
(. K1Oy)[1ld = sllo. k) = 567 ,5(IK'| = [k]).  (157)

Thus, we conclude that @(1) [1|¢p = s] is the identity in the
physical Hilbert space, as it should be [cf. (40)].
What about the dynamics of the general operator

@(1) [f(a)|¢p = s]? From (156), we find

<a’, K

Moreover, the identity

., 0
lfla

. a;s) = J|K|(c" . K|o.ass).  (158)

pylo. k) = clk||o. k), (159)
holds due to the definitions given in (139) and (147). Thus,
we can use (159) in (158) to obtain

lo.a;s) = pylo.ass), (160)

in
! ds
to (153),
@(U [f(a)lp =s] is a solution to the gauge-fixed
Heisenberg equation [cf. (78)]

in O @)l = 5) = 9y O [F ()l = 5],
which is the quantum version of (132) for the particular case
f(a) = e**. As p, is self-adjoint with respect to the auxiliary
(off-shell) inner product (-|-) and it commutes with the
constraint operator, it is self-adjoint with respect to the
induced inner product (-|-). Thus, the dynamics described
by (161) is unitary. The physical Hamiltonian is A o= Py

which, due implies that the operator

(161)

3. Relational quantum dynamics

Let us now examine the relational quantum dynamics of
this cosmological model by applying the formalism of the
gauge-fixed propagator [cf. Sec. IIB5] and invariant
extensions [cf. Sec. IIB9] to a simplified example.
Suppose the relative initial data (at ¢p = s,) is the condi-
tional wave function

(@b = sulv) = wia) = [y (S1). 16

where w(k) is an even function of k, possibly also
dependent on s,. Its invariant extension in a given ¢ sector
is [cf. (100) and (105)]
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o, a5 o) (), (163)

(@ P,) = / daty (0, a:

where (o, @; |0, ag; s) is the o-sector gauge-fixed propa-
gator. For convenience, we define |¥) :=15" |¥,). The
gauge-fixed propagator then reads [cf. (152)]

1
52(07 a; $lo, ag; o)
= 1hYy (o QG * Qfag. so)

= nh{a, ¢||f?¢|p5=o|ao, 50)

= 27rf1/ dkN?|k| cos E (¢ — so)] K (x)Ki(xg),
R

2n 2h

(164)

where we denoted x = % (similarly for x,) for brevity.
Using (141), (162) and (164), the invariant extension
(a, p|¥) = ¥(a, ¢) is found from (163) to be

2a

¥(a, ) = A dky (k) cos E@—so)]l(%(;—h). (165)

One may verify that (165) is a solution to the constraint
equation (137) that reduces to (162) if ¢ = sy. As an
example, let us consider the case

k . [k
() = psin (o)

where ¢y is a real constant. Using (142) and (166),
Eq. (165) becomes

(166)

2a
Y(a,p)= —nhzaicoexp { —Z—hcosh 6(p—s0) +2¢) } .
o=+
(167)

This is an invariant extension of the initial conditional wave
function (relative initial data)

20

W(a, 59) = 272 sinh(2¢,) exp [—;hcosh(%o)} . (168)

For a general value ¢ = s, Eq. (167) corresponds to the
superposition of two conditional probability amplitudes,
each of which leads to a conditional exponential distribu-
tion of the scale factor squared, a® = e?*, with the
corresponding mean values

2h
cosh [26(s — s0) + 2¢o)

(169)

612 |mean =

which are to be compared to the classical solution (133). In
particular, Eq. (169) also exhibits a recollapse, i.e.,
lim,_,, . @*|ean = 0. One might then conclude that the
singularity is not avoided in the quantum theory here
described. However, at least for the state (167), the condi-
tional probability vanishes in the region of the classical
singularity; i.e., it satisfies

lim py(algp =s)=0. (170)

a—+oo
This is (a probabilitistic version of) DeWitt’s criterion for
singularity avoidance [33,60] and can be interpreted as the
statement: “given that ¢ is observed to have the value s, the
probability that a*> = 0 is zero”.

IV. CONCLUSIONS

Despite decades of great effort, there are still some
crucial technical and conceptual challenges that face
candidate theories of quantum gravity. One of them is
the precise understanding of what probabilitistic predic-
tions a diffeormorphism-invariant quantum theory can
make. How do we use the wave function(al) of gravitational
and matter fields to predict the probabilities of certain
observations? Another issue is the proper comprehension
of the diffeomorphism symmetry in the quantum realm.
What observables act on the physical Hilbert space, and
what is their physical interpretation?

In this article, we have brought these two topics together
by describing a formalism of construction of quantum
relational observables, the averages of which can be related
to conditional expectation values of tensor fields. The
formalism here described can be seen as an extension of
certain results of [10,35,36,49], although adapted to a
generalization of the method presented by the author in
[28]. We have not addressed the measurement problem or
the origin of probabilities, but we argued that the relational
content of a diffeomorphism-invariant quantum theory can
be understood in terms of conditional probabilities. The
formalism here presented is not meant to be the definitive
method of construction and interpretation of observables in
quantum gravity, but we believe it may prove useful in
several toy models of quantum gravity (such as symmetry-
reduced quantum cosmology) and, in particular, in the
computation of quantum-gravitational effects in the early
Universe.

Relational observables describe the evolution of on-shell
tensor fields with respect to each other in a diffeomor-
phism-invariant fashion. In the classical theory, such
observables are constructed as diffeomorphism-invariant
extensions of gauge-fixed components of tensor fields [i.e.,
the components written in a particular coordinate system
defined by a gauge condition such as (6)]. The interpre-
tation of the classical relational observable O[f|y = s] is
straightforward: it is the value of the field f when the field y
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is observed to have the value s. Thus, O[f|y =s] is a
prediction conditioned on the value of y. But how do we
construct these observables in the quantum theory, and in
what sense are they relational?

A method of constructing the quantum version of rela-
tional observables was proposed by the author in [28] (see
also [10] for a similar approach). In the present article, we
have presented a refined version of the method of [28],
which corresponds to building the quantum relational
observables via their spectral decomposition [cf. (36)
and (37)]. As we have shown in Sec. IIB 5, once the
eigenstates of relational observables are known, one can
construct a gauge-fixed propagator, which dictates the
unitary evolution of physical states with respect to the
(in principle arbitrarily chosen) gauge-fixed time parameter
s. The unitarity is a consequence of the fact that eigenstates
of the relational observables form a complete orthonormal
system in the physical Hilbert space for each value of s if
the gauge condition is well-defined, i.e., admissible accord-
ing to the criterion discussed in Sec. II B 3. This complete-
ness yields an operator version of the Faddeev-Popov
resolution of the identity frequently used in path integrals.
In analogy to the classical theory, the physical Hilbert space
is divided into multiplicity ¢ sectors, which are the
generalization of the positive and negative frequency
sectors of the quantum relativistic particle.

Moreover, we have discussed how this formalism can be
applied to the case in which the gauge condition is canoni-
cally conjugate to an invariant self-adjoint Hamiltonian
[cf. Sec. IB4]. In this case, an explicit formula for the
Faddeev-Popov operator is available [cf. (67)], and we have
derived the operator equations of motion for the relational
observables, referred to as the gauge-fixed Heisenberg
equations [cf. (78)]. We have shown that these equations
hold for two choices of factor ordering in the definition of the
quantum relational observables. The unitarity of the evolu-
tion associated with the gauge-fixed Heisenberg equations or
with the gauge-fixed propagator shows that time and dynam-
ics do not vanish in the quantum theory (“problem of time”)
as is frequently claimed [33]. The measurement problem is,
however, still present.

Nevertheless, the gauge-fixed time parameter s (or, as
described in [10], the reading of a clock) is a c-number that
requires a clear physical interpretation. This interpretation
should also clarify the sense in which the quantum
observables are really “relational” objects. This was not
addressed in [28], and the previous proposals [19-21,29]
also do not seem to give a satisfactory interpretation. In this
article, we have argued that, just as the classical relational
observables can be seen as descriptions of the physical
quantities (worldline tensors) in the time reference frame
defined by the level sets of the gauge condition, the
quantum relational observables define a notion of quantum
reference frames [cf. Sec. IIB 6], in which the time
parameter s is defined from the spectrum of the gauge

condition y. More generally, we have argued that the
overlap of physical states with the eigenstates of relational
observables corresponds to the representation of the states
in the reference frame defined by #. In this way, a change of
quantum reference frame corresponds to change of basis in
the physical Hilbert space [cf. Sec. II B 7]. Thus, different
reference frames can in principle be described in a single
Hilbert space (this was also observed in the other
approaches described in [10,35,36,49]). However, it is
not sufficient to declare that s is an eigenvalue of the
gauge condition j or that 7 takes the definite classical value
s (in the appropriate reference frame) without any further
explanation. One must relate s to observations. Since the
classical O[f|y = s| is a conditional prediction, it then
seems reasonable to consider that its quantum version must
be associated with conditional probabilities.

For this reason, we considered in Sec. IIB 8 the
definition of conditional probabilities from the solutions
of the quantum constraint equation(s), and we have shown
that the quantum averages of suitably defined relational
observables are equivalent to conditional expectation val-
ues of the worldline tensors in definite multiplicity sectors
(e.g., definite frequency sectors in the case of the relativistic
particle). We believe this clarifies the physical interpreta-

tion of s and, thus, the sense in which O[f[y = s] is a
relational object. Indeed, s is the observed value of the field
(in an experiment), conditioned on which we can make
probabilistic predictions about the values of f. As shown in
Sec. II B 8, this information is equivalently encoded in the
conditional probabilities or in the eigenstates of the quantum
relational observables. Thus, O[f|y = s] is arelational object
in the sense that it allows one to make conditional predictions
about the quantum fields in a generally covariant theory.

In this way, the quantum reference frame in which time is
defined from the spectrum of ¥ can also be defined from the
space of conditional wave functions associated with the
conditional probabilities [cf. Sec. II B 9]. We thus have two
descriptions of the quantum dynamics in definite multi-
plicity sectors: the use of conditional probability ampli-
tudes (referred to as the gauge-fixed point of view, since it
represents the dynamics given that y is observed to have the
value s) and the use of relational observables (referred to as
the invariant point of view, as observables are diffeo-
morphism-invariant quantitites). The equivalence of these
two points of view was first noted in [10], and the present
article can be seen an extension of [10] adapted to the
formalism of [28]. Moreover, we note that, after the
submission of the present article, the authors of [10] have
released a generalization of their related formalism, which
features similar conclusions and results that are technically
complementary to the ones presented here [61].

We have also shown in Sec. II B 11 that the frequently
used Page-Wootters formalism is a particular case of our
approach and that our results can be seen as a generalization
of the equivalence between the Page-Wootters method and
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the construction of relational observables which was found
in [10] for a particular class of models and gauge
conditions. Furthermore, we have seen how our construc-
tion of quantum relational observables reduces in the Page-
Wootters case to the G-twirl operation (related to the
so-called relativization maps) that have been used in the
quantum foundations literature [10,34-37]. It would be
interesting to apply our approach to different examples of
time-reparametrization invariant quantum mechanics in an
effort to generalize certain results already obtained with the
Page-Wootters formalism. We hope to address this in the
future.

In Sec. III, we have analyzed the example of a recol-
lapsing cosmology, for which we constructed the physical
Hilbert space and the relevant quantum relational observ-
ables, which obey a unitary gauge-fixed Heisenberg equa-
tion of motion governed by an invariant Hamiltonian
[cf. (161)]. We have also discussed how the relational
quantum dynamics can be understood from the definition
of conditional wave functions that are invariant extensions
of relative initial data [cf. Sec. III B 3]. This example
illustrates how the formalism here described can be of
use in quantum cosmology. Indeed, the present formalism
is useful because it is directly applicable to solvable
minisuperspace (symmetry-reduced) models of quantum
cosmology and, more generally, to models of time-repar-
ametrization invariant quantum mechanics. Such models
are often analyzed as toy-models of quantum gravity or as
attempts to describe quantum mechanics without an exter-
nal time parameter.

While our focus has been on conceptual matters and on
formalism, which is necessary if one is to obtain a
consistent diffeomorphism-invariant quantum theory with
a sensible interpretation, one must also face the question of
extracting falsifiable predictions. What kind of predictions
can be made? And are they relevant to cosmology? By
assuming that all physical degrees of freedom should be
described in a diffeomorphism invariant way, one is led to
the view that physical observables are relational and,
according to the formalism we have presented, that their
quantum dynamics is encoded in conditional correlation
functions. These are the quantities that can be predicted in
the quantum theory. Moreover, the early Universe may be
one of the epochs in which imprints of quantum gravity
might have observable consequences. It is then pertinent to
ask: (1) how does the formalism we present here relate to
the usual observations and measurements in cosmology?
(2) What is the connection between the (quantum) rela-
tional observables we have constructed and the usual
cosmological observables?

Our current cosmological measurements refer to a
classical spacetime background, with respect to which
the usual observables and primordial correlation functions
are computed. Note that this is also a relational description:
one may reinterpret the usual primordial correlation

functions (and the usual cosmological observables) as
relational quantities that are conditioned on the (“late-
time”) classical values of the metric field. However, if one
adopts a quantum description of spacetime in the early
Universe, it is, in principle, possible to compute corrections
to the dynamics of primordial correlators. These corrections
would originate from the hypotheses: (1) there is no
preferred, classical spacetime background in the early
Universe; (2) the quantum dynamics is diffeomorphism
invariant and relational. In this way, the formalism we
present here would recover the description of the usual
observations and measurements in cosmology in the “late-
time” classical limit of the metric field, whereas all
observables are relational. The primordial correlators and
their corrections would be understood as conditional
quantities. This program has been carried out in the recent
article [50], in which a weak-coupling expansion is used to
compute corrections of quantum-gravitational origin to the
power spectra of primordial fluctuations in (quasi-)de Sitter
space. The question of unitarity and observability of these
corrections (e.g., in the cosmic microwave background
spectrum) is also discussed in [50], and comments on
further directions of research are given.

Finally, what is the relevance of these results for the
construction and interpretation of diffeomorphism-
invariant operators in quantum gravity? The classical
diffeomorphism-invariant observables in general relativity
are complicated, possibly nonlocal objects, and their
quantization is hardly a trivial matter. A generalization
to field theory of the formalism here described could
facilitate this issue. This is because of the equivalence
between the gauge-fixed and invariant points of view
explained above. Indeed, instead of working with the
complicated relational observables (invariant point of
view), one may choose to compute the often simpler
conditional probabilities (gauge-fixed point of view) in a
definite multiplicity sector. This equivalence would also
provide the physical interpretation of the relational observ-
ables in field theory: as in the mechanical case, their
eigenstates can be used to make conditional predictions.

As the formalism we have presented was restricted to
mechanical models, its generalization to the field-theoretic
setting would necessarily require a careful regularization of
the quantum constraint equations. Moreover, one would
need to ascertain whether the quantum constraint algebra is
anomalous. These are nontrivial problems which are out-
side of the scope of this article. Nevertheless, if the
quantum constraint algebra were to be successfully regu-
larized and proven to be consistent, a generalization of the
method here presented would be possible. In this case, the
solutions to the quantum constraint equations would be
used to define conditional probabilities associated with
observations of tensor fields given certain gauge condi-
tions. If one is content with computing conditional expect-
ation values (i.e., if one is satisfied with working only in the
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gauge-fixed point of view), the construction of diffeo-
morphism-invariant relational observables would not be
necessary. In this case, the quantum dynamics could be
understood from the conditional predictions made directly
from the on-shell wave functional, which is interpreted
relationally as an invariant extension of relative initial data.
We leave this fascinating topic for future work.
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