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Dynamics of Dirac observables in canonical cosmological perturbation
theory

Kristina Giesel1 Parampreet SinthJﬂ and David Winnekensllﬂ

L Institute for Quantum Gravity, FAU Erlangen — Nirnberg,
Staudtstr. 7, 91052 Erlangen, Germany and

2 Department of Physics and Astronomy,
Louisiana State University, Baton Rouge, LA 70803, U.S.A.

The relational formalism based on geometrical clocks and Dirac observables in linearized
canonical cosmological perturbation theory is used to introduce an efficient method to find
evolution equations for gauge invariant variables. Our method generalizes an existing tech-
nique by Pons, Salisbury and Sundermeyer |1, 2] to relate the evolution of gauge invariant
observables with the one of gauge variant quantities, and is applied as a demonstration for the
longitudinal and spatially flat gauges. Gauge invariant evolution equations for the Bardeen
potential and the Mukhanov-Sasaki variable are derived in the extended ADM phase space.
Our method establishes a full agreement at the dynamical level between the canonical and
conventional cosmological perturbation theory at the linear order using Dirac observables.

I. INTRODUCTION

Cosmological perturbation theory provides one of the most important avenues to test
viability of cosmological models in general relativity and modified theories of gravity in
the very early universe. While the standard approach based on perturbing the Einstein
field equations over a background to the linear order [3-5] and the covariant approach [6]
are extensively developed, comparatively only little work has been done in the canonical
framework. Partly, the reason of this gap can be attributed to the necessary 3+1 split in
the canonical picture and along with this the non-trivial relation of gauge transformations
in the Lagrangian and canonical framework to show the equivalence with the conventional
approaches to perturbation theory. However, a Hamiltonian based cosmological pertur-
bation theory becomes essential if one wishes to reliably understand effects of canonical
quantization such as the way quantum gravitational modifications leave their signatures in
cosmic microwave background like, for instance, addressed in the context of quantum cos-
mological models. In addition, a pertinent question is whether cosmological perturbation
theory can be formulated in canonical approach at an equivalent level to the conventional
approaches.

While Langlois’ seminal paper obtained a phase space formulation of the Mukhanov-
Sasaki variable [7] and its dynamics', and has been a guiding light for investigations aiming
to link canonical approaches with astronomical observations, it is important to note that
being based on the ADM phase space with lapse and shift treated as Lagrange multipli-
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L' A path integral formulation of cosmological perturbation theory in reduced phase space was presented
in [g].
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ers?, it leaves many fundamental questions open. An example of such a question is the
way different gauges are treated, and if they affect any physical implications, particularly
in modified theories of gravity and quantum gravity. For the latter, answering such ques-
tions becomes more complex since one has to simultaneously address the problem of time
for example by invoking relational formalism. Note that an analysis based on reduced
ADM phase space does not allow a full understanding of gauges such as the longitudinal,
synchronous and comoving gauges involving lapse and/or shift perturbations in the con-
text of the relational formalism, where gauge invariant quantities are constructed via an
observable map on phase space that needs to be applied also to the lapse and shift degrees
of freedom for these gauges. The extended phase space allows to implement diffeomor-
phisms that act on all gravitational degrees of freedom and not only the spatial ones as
in the reduced ADM phase space. Working with an extended phase space makes it easier
to bridge contact to the Lagrangian framework widely used in cosmological perturbation
theory. In this sense, there is a gauge restriction in the reduced phase space approach
because even though the Mukhanov-Sasaki variable is gauge invariant, it has a natural
interpretation only in the spatially flat and uniform field gauges. Due to these kind of
limitations of the reduced canonical phase space framework, canonical cosmological per-
turbation theory was never brought to the same stage as the standard approach. The
role of gauge choices, which in particular can play an important role in quantum theory,
associated gauge invariant variables and their evolution equations in the canonical theory
thus necessitate going beyond the reduced ADM phase space setting.

To fill these gaps between the standard and canonical approaches to cosmological per-
turbation theory and to lay a platform to extract reliable predictions using the canonical
approach, an extended ADM phase space formulation where lapse and shift are treated as
dynamical phase space variables was introduced in [9, [10]. These works provided a first
formulation of canonical cosmological perturbation theory in extended phase space, not
only opening a window to establish the equivalence with the Lagrangian based pertur-
bation theory but laying down a platform for further investigations such as higher order
perturbation theory in the canonical setting. Based on the relational formalism, the es-
sential idea involves choosing an appropriate set of reference fields, called clocks, which
are compatible with the Hamiltonian and spatial diffeomorphism constraints in general
relativity. Using the observable map, gauge invariant extensions (so-called Dirac observ-
ables) of the metric and matter perturbations as well as their conjugate momenta can be
obtained. These Dirac observables that are tied to the choice of clocks, which again carries
over to a choice of gauge fixing conditions, naturally select the gauge invariant variables
for the respective gauges, such as the Bardeen potentials for the longitudinal gauge and
the Mukhanov-Sasaki variable for the spatially flat gauge, without re-coursing to look for
appropriate combinations as in the conventional approaches. The method is straightfor-
ward and results in novel insights such as on the deeper relationship between the choice of
clocks, gauge fixing conditions, Dirac observables and natural gauge invariant quantities
in the cosmological perturbation theory. Note that if one does not wish to work in the
context of the relational formalism and considers perturbations in the reduced ADM phase
space along with perturbations of the Lagrange multipliers of lapse and shift, then at the
level of the reduced phase space one can obtain the phase space dependent expressions
for lapse and shift also using the stability condition for the gauge fixing condition (see for

2 This phase space is often referred to as the reduced ADM phase space.



eg. [11]). In the approach used in our work, this process is automatically and consistently
built into the formalism. In our approach the observable map is needed for all degrees
of freedom using the relational formalism, which necessitates the usage of the extended
phase space irrespective of the choice of gauge condition.

The goal of this work is to carry forward our results in [9, [L0] and find the corre-
sponding evolution equations for the gauge invariant variables in canonical cosmological
perturbation theory. This is achieved for the longitudinal and the spatially flat gauges in
the extended phase space formulation. In our approach, we obtain the evolution equa-
tions by generalizing a lemma by Pons, Salisbury and Sundermeyer relating the evolution
of gauge invariant observables and gauge variant quantities obtained earlier in |1, 12]. This
generalization was necessary in order to incorporate the class of gauge fixing conditions
relevant in cosmological perturbation theory. This provides a new method to efficiently
derive evolution equations for different gauge invariant variables in canonical cosmological
perturbation theory.

Let us briefly recall the general setting of the clocks and relational observables approach
and related work. In the application of the relational formalism [12-15] to the framework
of cosmological perturbation theory, one approach is to start with full general relativity,
choose appropriate clocks and construct manifestly gauge invariant observables. These are
quantities that are invariant under gauge transformations up to any order. The associated
gauge invariant evolution equations can then be derived and one obtains a gauge invariant
version of the Einstein’s equations. Given these evolution equations, one can compute their
linearization and treat this as a possible setup for linearized cosmological perturbation
theory. This has for instance been done in [16, [17] for dust matter clocks in the context
of general relativity (see also [18] for an application to scalar-tensor theories and [19] for
LTB spacetimes). In all the cases, one first constructs non-linear gauge invariant quantities
and afterwards considers perturbation theory. This is in contrast to an alternate route
where one first considers perturbations of Einstein’s equations up to a certain order and
afterwards constructs quantities that are invariant under gauge transformations up to the
order that one has chosen for the perturbation theory.

One of the advantages of the first method is that once non-linear clocks are chosen,
the construction of gauge invariant quantities of higher than linear order can be straight-
forwardly obtained, whereas in the second method in principle this has to be discussed
order by order anew. In the existing literature, the latter method was analyzed only in the
context of matter reference fields by introducing additional dust or scalar field degrees of
freedom to general relativity. An attempt to derive the gauge invariant sector with geomet-
rical clocks, which are chosen among the gravitational degrees of freedom in the reduced
phase space where lapse and shift are treated as Lagrange multipliers, was performed for
Ashtekar-Barbero variables [20], albeit only for the longitudinal gauge. In a more recent
work presented in our companion papers |9, [10], several gauges relevant for cosmological
perturbation theory have been considered in the extended ADM phase space. There, the
authors also follow the second approach and show that the construction of the usual gauge
invariant quantities such as the Bardeen potentials and the Mukhanov-Sasaki variable can
be embedded into language of the relational framework using the extended ADM phase
space formulation that includes lapse and shift as dynamical variables. However, non-
linear geometrical clocks in this setting have not been considered in the literature so far,
presumably because the resulting algebra of the observables is in general more complicated
than the associated one for the gauge variant quantities. As a consequence, also their re-
sulting quantization complicates a relevant aspect in a reduced phase space formulation of



quantum gravity, which is for instance discussed in |21, 22]. The work in [9, 10] can thus
be viewed as a first step towards the usage of non-linear geometrical clocks because the
results therein can provide hints on the suitable choice of non-linear geometrical clocks.

In the previous works [9, [10], we covered the first two main steps — identifying ap-
propriate clocks, and using the observable map to find the corresponding gauge invariant
quantities for 5 common gauges in cosmological perturbation theory. However, the as-
sociated evolution equations were not analyzed in detail. As noted above, in this work,
we fill this gap with the standard perturbation theory for the longitudinal and spatially
flat gauge and show that the relational framework provides a convenient technique to
compute these equations in certain aspects more efficiently than in the usual Lagrangian
approach. Furthermore, this will also provide an additional verification that even at the
dynamical level, the results derived in linearized cosmological perturbation theory in the
Lagrangian framework can fully be rediscovered in a phase space formulation in terms of
Dirac observables using the relational framework. For showing this, we have to generalize
earlier results in |1, 12, [16, [17] because the gauge fixing conditions that are needed to be
used in [9, 10] to construct quantities like the Mukhanov-Sasaki variable and the Bardeen
potentials are in some aspects more general than the ones considered in [1, 2, [16, [17].
In addition, we have to carefully analyze whether the properties of the evolution of the
observables holds also in the context of less specialized gauge fixing conditions.

The plan of our manuscript is as follows. Sec. [ consists of two parts, where in the
first part we summarize the general setup on the choice of clocks and construction of
relational observables in the setting of linear cosmological perturbation theory. We follow
the conventions in [9, [10], which we refer to the reader for further details. Section [TBl
provides the theoretical background and proofs to formulate the evolution equations of the
observables such as the Bardeen potential and the Mukhanov-Sasaki variable completely
at the gauge invariant level and in the context of the relation formalism. In this part, we
generalize results of |2, [16] that relate time evolution of gauge invariant observables with
gauge variant quantities to accommodate cosmological gauge fixing conditions considered
in this work. The new result of section [[TBJis a generalization of a lemma that allows
us to find in a straightforward way evolution equations for the Bardeen potential and
the Mukhanov-Sasaki variable. Readers who are mainly interested in applications of this
lemma to cosmological perturbation theory can directly skip to section [[IIl In this section,
this lemma is applied to derive Hamilton’s equations for gauge invariant observables in
longitudinal and spatially flat gauges, which immediately yield the evolution equations for
both the Bardeen potential and the Mukhanov-Sasaki variable. Finally, in section [V] we
summarize, conclude and discuss future applications of the work presented in this article.
Various longer proofs and computations are included in appendices A-D. In particular, in
appendix D we discuss the way how the weakly commuting property of Dirac observables
with all constraints in the full non-linear theory holds also in the perturbation theory.

II. EVOLUTION EQUATIONS FOR GAUGE INVARIANT VARIABLES

In this section, we will start with a very brief summary of the results in [9, [10] on
clocks and Dirac observables, which will be used as an input for the analysis performed
in this article. In the second part of this section, we present a general discussion on
the way evolution equations for the relevant observables can be formulated at the gauge
invariant level. In this part, we present a lemma generalizing results of Pons, Salisbury



and Sundermeyer [1, 2] relating the dynamics of gauge invariant observables with the one
of gauge variant quantities.

A. Summary of the choice of clocks and construction of observables in the
relational framework

We work in the extended ADM phase space of general relativity minimally coupled to
a scalar field. Therefore, our gauge variant degrees of freedom are given by

(Qab7pab)7 (N, H)7 (Navna)7 (9077790)7 (2'1)

where qq, denotes the ADM metric, N the lapse function, N® the shift vector and ¢
the scalar field, and we have introduced their corresponding conjugate momenta. In the
extended ADM phase space, we have 8 constraints of which four are primary — IT and I1* —
and four are secondary constraints — the Hamiltonian C*°* and the spatial diffeomorphism
constraint Ct°*:

H=~0, I°=0, C™=C8°+C¥~x~0, C°=CE+0f=0. (2.2)

Here, we denoted the gravitational and scalar field contributions to the Hamiltonian con-
straint by C8° and C¥ respectively, while C'° labels the total constraint. The canonical
Hamiltonian generating the equations of motions for the gauge variant quantities has the
following form:

Hean = / APz (NC™' + NOC + AT+ A 11%) = / APz (NHCIPY + NIT,) . (2.3)

In the Hamiltonian framework, Einstein’s field equations are encoded in the 8 constraints
as well as the first order Hamiltonian equations for the elementary phase space variables,
that is,

Qab - {Qaba Hcan}y Pab - {PabyHcan}a (24)

and similarly for the remaining gauge variant degrees of freedom.
Next, we consider linear perturbations around a spatially flat FLRW background. In
this case, the spacetime metric is given by

ds? = —N2(t)dt? + Gupda®dzb = —N2(t)dt? + A(t)dgpda®da®, a,b=1,2,3.  (2.5)

Here, A(t) := a®(t), where a(t) is the scale factor of the universe. For this spacetime
metric, the elementary variables in the extended phase space take the form

Gab(F, 1) = A(t)dap + 0qap(E, 1), P(&,t) = P(t)6" + 6P (1),
N(&,t) = N(t) + SN(7,1), I(Z,t) = 6TI(, 1),
N(Z,t) = ON(Z, t), I1,(Z, t) = 611,(Z, t),
(1) = B(t) + (7, 1), To(T,1) = Fy(t) + 0mp (7, 1), (2.6)

where we denote background quantities with a bar and linear perturbations with a 4.
Here, P4 = 3P captures the momentum conjugate to A, where P is given by

po__A

7 (2.7)



Similarly, we can rewrite the secondary constraints in terms of their perturbations as
C™Y(F,t) = SO (Z,t) + 6CP(Z,t), CINF,t) = §C°(Z,t) + 6CP (L, 1),

where we took into account that the background constraints are assumed to vanish because
the background is a solution of Einstein’s field equations. Since scalar, vector and tensor
degrees of freedom decouple at the linear order, we can express the perturbations in the
lapse, shift and spatial metric using scalar-vector-tensor decomposition:

SN = N¢, (2.8)
ON® =PB%4+ 8% and
5qab = 24 (Voub + B cav> + Flap) + 3hey ) - (2.9)

Likewise, we can perform a similar scalar-vector-tensor decomposition for the conjugate
momenta to obtain

6P = 2P (py0™ 4+ pi™” + pi” + Lt ) (2.10)

1 .
po = 0lL, pp=AT10,011" = 6Tl and
pse = OII% — 0*(AT10,0T1%) =: 6117, (2.11)

where A~! denotes the Green’s function of the Laplacian with respect to the metric g
and, as before, 611 and ST denote the conjugate momenta of the perturbed lapse function
0N and the perturbed shift vector SN respectively.

The first step in our strategy consists of choosing an appropriate set of clocks consistent
with the constraints. In the context of cosmological perturbation theory, we want to
construct quantities that are invariant under linearized diffeomorphisms. Hence, we want
to construct specific combinations of the elementary variables on the linearized phase space
that are gauge invariant up to terms that are of second or higher order. Since the scalar,
vector and tensor sector decouple, we can do this separately for each sector. Further, we
can neglect the tensor sector because their variables are already gauge invariant. The way
non-linear diffeomorphisms can be implemented on the extended ADM phase space was
introduced in [1, 12, 23, 24]. An application of their formalism to linearized cosmological
perturbation theory was studied in [9, [10]. It turns out that implementing our first step
amounts to the choice of four clocks on the linearized phase space denoted by éT*, with
pu=0,1,2,3, where §7° is the temporal clock associated with temporal diffeomorphism
and 0T correspond to the three clocks for the spatially diffeomorphism constraints. In
the relational formalism, choosing 67" can be understood as a choice of physical temporal
and spatial coordinates associated with the reference fields. In order to apply them in
the scalar and vector sector, we use their corresponding projections (see [10] for further
details). As analyzed in detail in [10], there exists a natural choice for the set of clocks for
each common gauge. Therefore, these sets of clocks that we choose are different for the
longitudinal and spatially flat gauges.

Given these sets of clocks, we can perform the second step of our strategy to obtain
relevant observables. This is achieved by applying the observable map on the linearized



phase space. The most general formula for such observables is given by
0s7lr) =55 + [ &y [5G )T} + 5707, Culo)]
~of+ [ &y [ @By [0 TG - 64 ) (RO
4 / B / &Po BE (w, 0) {17 (1), Co (=)} m)] . (2.12)

Let us explain our notation in detail. The function f is the quantity for which we want
to construct gauge invariant extensions. dG* denotes the perturbation of the four gauge
fixing conditions. Often, gauge fixing conditions of the form G* = 7# —T*" are considered,
where 7% is in general a function on spacetime. Hence, parametrized by 7+, we obtain
a family of Dirac observables for each choice of 7. As we will discuss below, we need
to allow more general gauge fixing conditions for our work in the context of cosmological
perturbation theory. The constraints II,, = (I, II,) and C,, = (C*™*, C!°*) encode the set of
primary and secondary constraints. The tildes on top of constraints refer to certain linear
combinations of them that define the same constraint surface. The quantity B denotes a
matrix element of the inverse matrix of Al := {T*#, C, }. Finally, the background quantities
are indicated with a bar on their top. Note that the existence of the inverse matrix is
necessary, which is a condition the chosen clocks must satisfy. The time derivatives of
the gauge fixing conditions and clocks that occur in the observable formula are due to the
stability conditions of the gauge fixing conditions. A detailed derivation of this formula can
be found in [10]. Moreover, it is also analyzed there what kind of clocks and gauge fixing
conditions respectively have to be chosen such that the observable map in (2.12) yields
automatically the common gauge invariant quantities used in cosmological perturbations
theory. These are the Bardeen potentials for the longitudinal gauge and the Mukhanov-
Sasaki variable for the spatially flat gauge. Here, we will just list the results of [10] that can
be found in table [l In this table, for each projected elementary gauge variant quantity
in the scalar and vector sector, the corresponding Dirac observables are listed for the
longitudinal and spatially flat gauge, together with the choice of clocks relevant for the
individual gauges. We take this as the starting point for this paper, where the evolution
equations for these observables are derived and analyzed.

B. The evolution equations for the observables

The evolution of the gauge variant quantities are generated by the canonical Hamil-
tonian in (2.3)). In this subsection, we want to carefully analyze how we can formulate
the equations of motion at the level of the observables. For this purpose, we have to
generalize results presented in [1, 2] (and also |16]) to a class of gauge fixing conditions
that are relevant in the context of cosmological perturbation theory. Our discussion will
involve generic gauge fixing conditions, and, in the next section, we will apply our results
to the longitudinal as well as the spatially flat gauge, for which the associated gauge fixing
conditions fall in the class considered here.

The work in [16, 17] considered coordinate gauge fixing conditions of the form

GH=r1F—TH  with p=0,1,2,3, (2.13)

where 7" is a generic spacetime function and the clocks T* are linear in one of the con-
figuration variables. In particular, T* are chosen as the four dust scalar fields that are



coupled to general relativity in addition to a minimally coupled scalar field. It should be
noted that the gauge fixing conditions chosen in |1, 2] are a special case of the ones in
[213) because the former consider 7# = z* and also four scalar fields as clocks, whose
dynamics, however, is not specified.

The class of gauge fixing conditions we want to analyze here is of the form

GH = —TH(q", pa,2")  with  p=0,1,2,3, (2.14)

where we introduced a compact notation for the configuration variables ¢ = (qap, ) and
their conjugate momenta py = (P, m,). Here, for T#, we assume a generic dependence on
phase space variables that do not involve the lapse and shift degrees of freedom and only a
possible dependence on the temporal and spatial coordinates®. For our applications in the
next section, T“(qA, pa,x*) will always be a linear function of the phase space variables,
but not necessarily only of one variable. Further, its dependence is not restricted to
configuration variables only. Moreover, it will depend explicitly only on the temporal
coordinate. In the case of cosmological perturbation theory for the gauges considered
here, the time dependence is due to involved background quantities associated with the
background FLRW solution.

In general relativity, we need to choose four independent gauge fixing conditions, whose
stability requirement will induce specific relations among lapse, shift and the remaining
variables on phase space. In the reduced ADM phase space, the Lagrange multipliers
for lapse and shift will be fixed by the stability of the gauge fixing conditions and thus
become phase space dependent. On the other hand, in case of the extended ADM phase
space, lapse and shift are among the phase space variables — and the stability of the gauge
fixing conditions induces relations among the phase space variables. A crucial observation
is that at least one of the gauge fixing conditions needs to be explicitly time dependent
as, otherwise, lapse and shift are fixed to be trivial function on phase space. This can be
easily seen from the stability of the gauge fixing condition. We have

dG* oG+
@ = (6 Han) + @)

ot
@+ [ SN )6 @), )

~ %u) _ / APy N” () AL (z, y)

Lo, (2.15)

where we used in the second line that G* does not depend on lapse and shift degrees of
freedom and in the third line that {G*(z),C,(y)} ~ —AL(z,y), where the weak equality
here is with respect to the secondary constraints. From the stability requirement, we
immediately obtain

NH(z) ~ /dgy%(y)l?ﬁ(x,y) for p=0,...,3. (2.16)

Note that all N* vanish if we choose all G* with no explicit time dependence. This is
ensured in the work in [2, [16, [17] because at least 7° is assumed to depend on time. In

3 Note that this restriction does not exclude gauges where, in the Lagrangian framework, the corresponding
lapse or shift degrees of freedom are gauge fixed such as, for instance, in the longitudinal gauge. As
shown in [10], these gauges can be reproduced in this framework.



our case, the explicit time dependence is encoded in the function 7#(t), which is always
chosen to be a non-trivial function at least for one of the p’s.

Now, if we use gauge fixing conditions of the form in (ZI3]), as has been done in
[1,12,116,[17], we can interpret the dynamics of the observables as an evolution with respect
to the parameter 70, which is the value the chosen clock TV takes. However, using the gauge
fixing conditions in (ZI4]), this interpretation seems to be lost. This is because in order
to obtain common gauge invariant variables such as the Bardeen potential as well as the
Mukhanov-Sasaki variable, specific components of the perturbed metric degrees of freedom
are set to zero, and they are exactly those from which we build our clocks on the phase
space. As we will show below, due to the dependence of at least one of the functions T# on
the temporal coordinate, it is nevertheless possible to define a sensible notion of evolution
for the observables. We also discuss the way these observables can be interpreted. We will
analyze this at the full non-linear level of the observables and later simply specialize this
to the linear order relevant for linearized cosmological perturbation theory. The way the
condition for Dirac observables as well as the formulation of their dynamics can be carried
over to perturbation theory has been in detail discussed in appendix [D] building on former
work in |16, [17], where the notion of constants of motion in the context of perturbation
theory has been analyzed. At the non-linear level, the observable of a given function f on
the extended phase space has the following form:

Opr = £+ 3 o [ @ [ 0 00)®™ ()80 )}, ()} (27)
n=1

Here, we introduced the notation &' = (G*, G®#") and &;(x) = (C,,11,), where G
denote the conditions obtained from the stability requirement of the gauge fixing conditions
G*, while CN’H and 1:[“ define specific abelianized versions of the secondary and primary
constraints respectively that define the same constraint hypersurface as the original ones.
To obtain them, we need to consider the Poisson brackets among the individual constraints:

(2.18)

Al = —{esf,cJ}z—[ Ay 0 ]

(Tm,C,} Al

Note that we have used the identity 7# = 0,T" + [ dz AL (-, 2)N¥(z) for the last entry of
the above matrix, and we further used the already introduced definition A} = {T*,C,}.
Let us denote the inverse of 2 by %B. As shown in [1], B can be easily computed and has
the following form:

B = @) = [gg [EA : (2.19)
with
SH(z,y) = —/dgz/dgv B‘p‘(az,z)BS(v,y){Tp(z),CU(U)}. (2.20)

The abelianized constraints that enter the observable map can be constructed by using
B, yielding

&) = / By B (4, 2)C5(y) - (2.21)
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We define the equivalent abelian set of constraints by €;(z) =: (C,,,11,,). Using B, their
form in terms of the original constraints C,, II,, is explicitly given by

i, (z) = / dy By, )T, (1),
Cule) = [ @ By [cxy)— [ [ @ seame.cune|. e

More details and a derivation of this formal power series for the observables can be found in
[9]. Due to the gauge-fixing conditions and their temporal derivatives involved in &/, the
observable O 1 depends explicitly on time and we can compute its total time derivative:

dOfT 80fT
: = : Hean} =
dt ot T 1057, Hoan}

00y
ot ’

(2.23)

where we used in the last step that, in the context of general relativity, all observables
commute with H¢,, by construction. In appendix[Dlwe derive the corresponding equation
in the context of perturbation theory, where a similar result holds. The equation above
also motivates why we are choosing gauge fixing conditions that depend explicitly on time
because the way the observables are constructed their explicit time dependence enters via
the gauge fixing conditions. In this work in particular, we want to prove the following
lemma:

Lemma 1 For a gauge fizing condition of the form in (2.14) that is allowed to depend
on all phase variables except lapse function and shift vector degrees of freedom, and that
can have an explicit dependence on coordinates, and for which the associated matriz AL =

{T*,C,} has the property that agiﬁ ~ 0, the following result holds:

dOsr
d]tc’ %O{fyHcanLT' (224)

A similar property was proven in [2], however, only for a class of gauge fixing conditions
GF = xM — T* that cannot be applied to the case of cosmological perturbation theory.
As we will show below, the proof in [2] can be generalized but involves additional non-
trivial steps which will be fulfilled in our analysis. Furthermore, this result allows to
derive the evolution equations for the observables without explicitly knowing the physical
Hamiltonian. This will be of advantage in the context of cosmological perturbation theory
with geometrical clocks, as discussed in this work, where the derivation of the physical
Hamiltonian is less straightforward than in models with matter clocks, as for instance in
[16-19, 22, [25].

Let us briefly comment on our assumptions used in the lemma. First, we require the
gauge fixing condition to be independent of lapse and shift degrees of freedom, as otherwise
the zero submatrix in 2/, in (ZI8) is non-vanishing and thus the entire observable map
needs to be generalized. The second assumption, namely that agiﬁ ~ 0, is necessary in
order to ensure that all additional terms that occur in the temporal derivative of the
observable weakly vanish. Note that gauge fixing conditions of the form G* = x#* — T*
and G* = 7# — T where T" is one of the configuration variables, as used for instance
in [1, [16], obviously satisfy 9,4, = 0 and thus can be seen as a special subclass of the
gauge fixing conditions considered here. Furthermore, it is also necessary to still be able
to replace the gauge generator €; by the weakly equivalent one, shown in (AJ]) in the
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appendix where this aspect is also discussed in more detail. As we will show, from the
assumption 85‘? ~ 0, it automatically follows that aai;’ ~ 0. Thus, our assumption is
sufficiently strong for our purpose. This is presented in detail in the appendix (see the
discussion in the paragraph below (AT0)).

We will prove lemma [Il by means of several intermediate results. As a first step, we
want to have an explicit form for the time derivative of the observables Oy . Using the

expression of the observable in (2.I7]), we get for its time derivative

dOfT - / 3 / 3
= E d d°yp,
at 2 Y1-. Y

Iy
&8 ()-8 (g 1) Lo () (A F & ()}, B 90}

= Z /d3y1 /dgyn/d Yn+1

& (1) (1) 2 () L8, (), (). i )

=1
~ Zm/dsylm/dzsyn/dsyn-i-l
n=0

& (1) () 2% ) A, 1 ) B ) @5 (3,

(2.25)

where we used in the last line that the weakly abelianized constraints weakly commute,
and, hence, we can reshuffle the order of their associated Hamiltonian vector fields. Fur-
thermore, for the first weak equivalence in the first line, we took into account the as-
sumption that 0;4, ~ 0. As shown in the appendix, this carries over to 9,25 ~ 0 and
consequently 9;B) ~ 0 so that all possible contributions that could in principle occur
when the partial temporal derivative acts on the iterated Poisson bracket weakly vanish?.

Now, let us consider the partial time derivative of the gauge fixing conditions &' in
more detail. We have

(2.26)

08! (9Gr 9 dG¥
ot \ ot ot dt

4 Furthermore, we checked that we can replace the ¢ by a weakly equivalent expression that differs only

by terms that are quadratic in the primary and secondary constraints C~',“ fIM without changing the final
result. A detailed discussion on the point can be found in section [Alin the appendix.
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The second entry, % d(i“, yields

o dGH dG d7*
EF('Z’) ~ F(x)chan}_{E(x)’Hcan}

— (@) Han) + [ E9{{T" ). N 0)Co(0)}. Hoan)

-/ Py 2 (@), NP W)y} + [ AT @), Co)HN ), Hoa)
4 / ByN () {{T" (), Cpl)}, Hean)
~ [ @@ N WG+ [ ) A
4 / ByN () {{T"(2), Cp(y)}, Hean ) (2.27)

Here, we used in the first line the stability of the gauge fixing condition, in the third line
that the gauge fixing condition does not depend on lapse and shift degrees of freedom and
in the last step the equations of motions for V¥, that is lapse and shift on the extended
phase space. Now, for the last term in the last line, we use the Jacobi identity leading to

{T"(2), Co(v)}; Hean} = —{{Hean, T"(2)}, Cp(y)} = {{T"(2), Hean}, Cp(y)}-  (2.28)

We combine this term with the one that involves a temporal partial derivative of T* and
get a total time derivative, which we denote by TH:

%dd_i”(x) ~ / ByN (y) AL (z,y) + / EyN? (y){T"(x), Cy(y)}

/dgy)\p 2z, y) /d3 /d3 . V Bi(y, 2){T"(x), Cp(y)},
(2.29)

Q

where we used the stability of the gauge fixing condition, (2I6]), in the last step. This
equation can be easily solved for M\ yielding the following expression for the Lagrange
multiplier:

w(a) = [ @y S ) B ey)

- / a3y / d3u / d?’v%(v)ﬁ’ﬁ(u,v)Bﬁf(m,y){T)‘(y),C’p(u)}. (2.30)

Thus, with (216) and (Z30]), we have determined N* as well as the Lagrange multipliers \*
in terms of the derivatives of the gauge-fixing conditions. These results will be reinserted
into (2.25]), where the temporal partial derivatives of &! are involved. In order to prove
lemma [Il, we have to show that we can pull 88—91] inside the n-fold iterated Poisson bracket.
Of course, this yields several additional terms that in general will not vanish even weakly.
However, for the class of gauge fixing conditions of the form (2I4]), we will show that
all these extra terms vanish weakly. In the case of the gauge fixing conditions considered
in [1, 2] and [25, 26] &' are phase space independent and hence lemma 1 is trivially
satisfied. Note that in general this is no longer given for the generalized class of gauge
fixing conditions considered in this work.
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In the following, we will consider the specialized case where the function f in Oy 7 is
assumed to be independent of the lapse and shift degrees of freedom. Afterwards, we will
discuss the more general case in appendix [Al

In the case where f is a function on the reduced ADM-phase space and hence does not
depend on lapse and shift or their conjugate momenta, the observable formula in (217
simplifies to

Ofr = f+2%/d3y1---/d3yn G (1) G (y) (A F, G (1)}, - Cla, ()} (2:31)
n=1

In order to rewrite the iterated Poisson bracket in a more compact notation, we will
introduce the Hamiltonian vector fields associated to C,, denoted by XéH - f=A{f,Cu},

with C,(z) = [ d*yB(y,2)Cy(y). Then, we can rewrite the observable formula in (2.3T))
in the following way:

— 1
Of7T = f + Z m /dgyl... / dgyn G/”’l (yl)...Gun (yn)Xéun (yn) A Xé;tl (yl) N f. (2.32)
n=1

Now, in the special case considered here and expressed in terms of the Hamiltonian vector
fields, the time derivative of the observables reads

dOsr =1 3 3 . oG Hn+1
= ngom/d yl.../d 1 G (1) G (yn) 57— (yn1)
Xéun (yn) o Xéul (yl)Xéun+1 (yn+1) ’ f (233)

In order to be able to pull aGgZH (Yn+1) inside the iterated Poisson bracket as needed for

proving lemma [, we need one more lemma discussed below.

Lemma 2 For a gauge fizing condition of the form in (2-1]]) that is allowed to depend on
all phase variables except lapse function and shift vector degrees of freedom, and that can
have an explicit dependence on coordinates, and for which the associated matriz Al (x,y) =

—{GH(z),C,(y)} has the property that 354; ~ 0, we have for alln € N:

OGHn+1
ot (yn+1)XéH7L (yn) = Xém (yl)XéMn+1 (Yns1) f
N X ) Xy () X2t o (2.34)

ot Cun+ 1 (Ynt1

Before proving lemma 2l for generic n, we illustrate this identity for the most simple case,
namely n = 1, which will be also relevant for linear cosmological perturbation theory.
Using the Leibniz rule, we obtain

oGH?
ot Xém Xéuz f
oGH2

= Xo, Xogag,, - f = Xe, CuaXogea - f = (Xém ‘ 7) Xe,, 1 (2.35)

where we neglected to write the arguments of the constraints and gauge fixing conditions
respectively to keep our notation compact. In order to get the correct result for n = 1,
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we have to show that the last two terms in the above equation vanish weakly. Let us first
consider the second term on the right hand side in (2.35]). We have

_Xém éuzXa%’:z . f - _éuzXém Xa%t:z . f N <XéM1 ' éﬂz) Xa%itz . f
~ — (Xéul . 6“2) Xa%v!;z . f
= {éuuéuz}Xa%ﬁ - f
t
~ 0, (2.36)
where we used in the last line that the weakly abelianized constraints weakly commute.

For the third term on the right hand side of (2.35]), we use the fact that the clocks and
secondary constraints build weakly a canonically conjugate pair. Hence, we get

oGH2 aGr: . :
- (Xém(yl) ' 7(92)>X%<y2>‘f: {5 2), Cu (1)}, Cpa (12)}

a2} o (167 (32), Coa (1))
F Coaly) HE (52), -G ()}

~ (Gl (5269 (32

4 / B 2{f, G (92) HG™ (12), C <>} O B, 2)

- / B4, Co (1) HEP (1), o)) S B0, (01, 2)
~0. (2.37)

Here, we used in the third line that {G*(y),C,(z)} ~ —645®) (x,y) and in the last step
the assumption of the lemma, namely that 0;.A} vanishes, which carries over to ;8.
vanishing. Considering these two intermediate results, we indeed obtain for the case of
n = 1 the following weak identity:

oGH2

ot
Now, we consider the case of arbltrary n for lemma 2. We have by means of the Leibniz
rule

X6 X, |~ X, Xoarag - f. (2.38)

H1

OGHn+1
ot (yn+1)Xéu7L (yn) o Xém (yl)XéMn+1 (Yn+1) ' f

= Xéun(yn) ce Xéul (yl)XOGNn+1 éun+1(y”+1) :

OGHn+1
- <X0*M<yn>'”Xém<y1> ot > (X, 1)
= X)X, () O W) Xogrmin (o f (2.39)
Similar to the case n = 1, we have to show that the last two terms on the right hand side
of ([Z39) vanish weakly. This will follow if we can show the following two results:

Yn+1

() Xe, ) Xép ) Cunia(ns1) ® 0¥k €Np  and

g OGH~+1
(@) X&) Xeww)  ~ay

~0, VkeN. (2.40)
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Let us first consider condition (¢). For k = 0 it just reads Cu +1, Which of course weakly
vanishes. Taking into account that {C (x),Cy(y)} =~ 0 as well as the first class property
of the constraints é“($), this also trivially follows for all &k > 1 € IN. Note that the
abelianized constraints éu have the property that their structure functions vanish weakly,
as shown in [27], and hence their structure functions are also a linear combination of the
secondary constraint. This has the effect that the resulting terms we obtain from the
multiple applications of the Hamiltonian vector fields can contain even higher than linear
powers of the secondary constraints. However, for our proof, we only need that all of the
terms are at least linear in the secondary constraints.

As far as (i7) is concerned, we have shown the case k = 1 already in (237]). For higher
order k > 1, we also have to consider the terms that weakly vanish up to the point when
all Hamiltonian vector fields have been applied. From the property of the clocks, we know
that

(6"(2).Coy)} = —{T"(x).Colv)}
- {Th), / & 2BY(y, 2)Cp(2)}

. / a3 2{T(x), C, () }BE(y, 2) — / B 2{T(x), BE(y, 2)}Cy(2)
_ / 42 Al (2, 2)BE(y, = / BT (z), By, 2)}C, (2)
= 560 (2, ) - / aB2{T"(x), B2y, 2)}C(2)

(2.41)
Therefore, we get
OGH(x ) B " ~ " 0 ~
20 6,y = 2 (164, Cw))) — 16" @), S Culw)
0
=- / @2 ({T(2), BE(y, 2)}) Cy(2)
3 9 3 9
&A1 (2), 5. By (y, 2)}Cp(2 &z A (2,y) 5. By (y, 2)
- / @ | d3z'{aw<x>,85<y, AN, 2)On()
—I-/dng’,j(:E,y)%Bﬁ(y,z). (2.42)
Using this for (2.40]) we can rewrite (ii) as follows:
OGHn+1 OGHn+1 ~
Koo Ko wy g Wnt) = Xey o Kew ) 15— Wnt1), Ca (1)}
(2.43)

Considering the first term on the right hand side of (242]), we realize that it is just a
linear combination of the abelianized secondary constraints and hence each contribution
is proportional to the secondary constraints é/r Thus, we can apply (i) and know that
their contribution weakly vanishes. Hence, the only remaining term that could contribute
is the second one on the right hand side of ([2.42). Since, by assumption, d;A% vanishes



16

weakly, there exist two cases. Either 9,4} vanishes already strongly then we do not need
to consider this term any longer. In case it vanishes only weakly, it can be expressed as
some time dependent linear combination of the secondary first class constraints éu and,
as a consequence of (i), its contribution to (ii) vanishes weakly. This finishes the proof of
lemma 2l Now, we will use this lemma to prove our main result in lemma [II

Using lemma 2] we can express the time derivative of the observable in (2.33)) as follows:

dOsr 1 3 3 n
— R nzzzom/d yl---/d Yyn G (y1)--G"" (yn)

Xéun (yn) X(jm (yl)Xf d3ynt1 OGZZH (¥n+1)Chup s (Yn+1) -f (244)

Next, we will show that the Hamiltonian vector field that is applied first onto f in the
above formula is the one associated with H.,,. For this purpose, we use the result in

(2.I6) and obtain

OGHn+1 -
/dgyn+17(yn+1)cﬂn+l(yn+1)

~ /dgyn-i-l/dgzl/d322Np(Zl)-AZn+1(Zlayn+1)82n+1(227yn-i—l)C)\(ZZ)
:/dgzl/d3Z2Np(Z1)C)\(22)5;\5(3)(Zl,22)

:/dglep(Zl)Cp(Zl)
s (2.45)

where we used in the last step that, by our assumption, f does not depend on lapse
and shift variables or their momenta. Let us remark that what we have used is a weak
equivalence for the term aGgZH . This holds only up to terms that are linear in the first
class constraint. However, since these additional terms will be multiplied with terms also
linear in the first class constraints, their contribution weakly vanishes in d(?i’;’T.

Given this, we finally obtain our main result of this section for the time derivative of

the observable:

dOsr 1 .
a = Z%E/d?)yl”'/dgy" G (1) G (W) X, () Xy () X Hean * f

— 1
= Z;)m /d3y1/d3yn Gﬂl (yl)GM" (yn)Xéun(yn) .. .Xéul (1) . {f7 Hcan}
= O{f7Hcan},T N (2.46)

This finishes the proof of lemma [I]in the special case where the function f is independent
of lapse and shift degrees of freedom. If we relax this assumption, we have to repeat the
above analysis for the more complicated time derivative in (Z25]). This result is proved in
the appendix.
Note that in the case of gauge fixing conditions of the class in (2I3]), we have
{G*(z),C,(y)} ~ —045B) (z,7). And, even for a generic 7# as a function of spacetime
OGH IGH orH

coordinates, <5~ will no longer be phase space dependent because “5- = %, and 7/

is assumed to be independent of the phase space. However, in cosmological perturbation
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theory, already at the linear order gauge fixing conditions have a more complicated time
dependence due to background FRLW quantities that are involved as pre-factors in the
linearized variables. Therefore, in our case, W will be phase space dependent. Our
analysis shows that the criteria that we express the dynamics of the observables in the
way shown in lemma [ is given by ;A5 ~ 0. This condition holds for all gauge fixings
considered in |10], and in particular for the longitudinal and spatially gauge discussed in
this work. Hence, we can apply lemma [l to derive Hamilton’s equations of motion for the
observables under consideration. As far as the equations of motion are considered, one of
the advantages of this lemma is that we are able to derive the dynamics of the observables
without explicitly knowing their Poisson algebra and the corresponding physical Hamilto-
nian. This is due to the following facts. First, the algebra of the observables can be more
complicated than the algebra of the gauge variant quantities. Second, in general, it is not
as straight forward to derive the physical Hamiltonian in the case of geometrical clocks
as compared to models where matter reference fields have been chosen (see for instance
the discussion in [20] in the context of the longitudinal gauge). Therefore, from this per-
spective, this lemma enables us to derive the dynamics of the observables in an efficient
way.

IIT. APPLICATION TO CANONICAL LINEARIZED COSMOLOGICAL
PERTURBATION THEORY

In this section, we use the result obtained in the previous section to obtain equations
of motion for two specific gauges, namely the longitudinal and the spatially flat gauge,
which are of the form (ZI4]). In terms of the perturbations of the metric, the longitudinal
gauge is identified by E ~ 0 and B =~ 0, and the spatially flat gauge by ¥ =~ 0 and
E ~ 0. Both gauges correspond to an isotropic threading of spacetime, in which the
longitudinal part of the spatial metric perturbation is zero. These gauges have been
recently studied in the observable formalism using geometrical clocks [10], which we refer
to the reader for details on the relationships between observables and metric perturbations.
In table [ we summarize the results of [10] on relationships between the metric, matter
and corresponding momentum perturbations and the Dirac observables in longitudinal and
spatially flat gauges. Also the corresponding geometric clocks for both gauges are stated.
Therein, in our convention, the potential V() is twice the usual value of the potential,
k = 16mGNewton, Ay 1S the coupling constant of the scalar field in the Hamiltonian for the
minimally coupled massless scalar field and H = LM(H) = %% is the Hubble parameter

in phase space, related to P via H = _ VA

NP
The equations of motion for the matter degrees of freedom then read
N _ . NA2

— T and Tp=— V(). (3.1)
4PA3/2 P ® 2)\@

o=\
We also introduce p and p as the energy density and pressure of the scalar field,
=5 (Freave)  m e (FRE-gve) (32
where p and p satisfy the Friedmann equations
2 =

_ LN
gwp and H=H -
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Variable|| Longitudinal Spatially flat
0T° |2PVA(E+pe)| R -31AE)
8T 5 (B, + Fy) §%(E, + Fy)

& —v oY - (%—F—I%Ap)\ll
Se 4Hv® 4Hv®

P v 0

E 0 0

F, 0 0

Dap T T+ a¥
PE 0 =V
P v v
5 Splad) v
0Ty 57n(fi Ty
Do L5II %51_1
DB 11 11
P 11 11

Table I: This table summarizes results of geometrical clocks and linearized observables correspond-
ing to various metric perturbations and their momenta for the longitudinal and the spatially flat
gauges obtained in [10]. Symbols used are summarized in table [[I}

Symbol||Relation to background and perturbation variables
@ T —|— mAp — §EA
ve P (@) + 6 Fy(2)
v V(@) + ZAE + pp)(2) — LAB(x)
T py +4E + 2ApE —(??VQAJr )(E+pE)
v dp — g/zHwa, (w — gAE)
o b1, — T AE + 3AZV() X (4 - JAE)

Table II: Various symbols used in table[ll defined in terms of background and perturbed quantities,

where V'(p) = %(@)

The equations of motion for various scalar and vector components of metric pertur-
bations and of their momenta can be systematically found using the Hamiltonian for-

mulation [10].

For the scalar components of the metric perturbations, these are given
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b =2H <p¢ — %z/;) +Ho + %AB (3.4)
and
E = —4H(E 4 pg) + B. (3.5)

Time derivatives of their corresponding momenta are

V2 V2 V2
Dy = ELA <¢+¢— 1AE) + <—17:1+EN—~p> (pd, — 11/)) — Eiéf

6 AH 2 4 H 2 8 H
1 K N? 1
2< H+Z%p>¢+ OB, (3.6)
and
_ 1 N? 1 5~ KkN?

Here, 6T denotes the spatial energy momentum perturbation5

6T == -3 S01431#—1—)\%01435 —2)\ V'()de. (3.8)
The equations of motion for the vector component of the metric perturbation and its
momentum are
d [6°°F, —4H —4H] [6PF Sa
1t a ’ = " " a b + al > (39)
dt F r PE =S

where [ == (10H? + xN2p)/4H.
The time derivatives of the perturbed lapse and shift perturbations are given by

. N oA . N Sa a
¢:_ﬁ¢+ﬁ , B =6\ and S =0X7, (3.10)
whereas the corresponding momenta of lapse and shift satisfy
d 1, -
) T —(N A1
o = dt<Na> 5 (Npg +50) (3.11)
pp=0ll=—6C and  pge = OI1% = —6C- . (3.12)

Further, the perturbed Hamiltonian and spatial diffeomorphism constraints for the per-
turbed FLRW metric turn out to be

_ 1
6C = _g\/fuﬂ(w +4py) + 4V AA (w — gAE)
3/2 Ap Lo
+ kA —3py + 7r¢577¢ —V'(p)y |,
2\,

§C = —4AP <p¢ - —w + gA(E +pE)> + KT, 0p and

6CE = 2AP(F, + p5-dup). (3.13)

5 We want to point out that in [9] in equation (3.97) the prefactor K%/_2 is a typo. However, in what follows

in [9], the correct version of 87 was used e.g. given in (C7) therein.
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Finally, we will need the equations of motion for the perturbation of the scalar field
and its momentum5:

%) :N/\—“DTT <¢—31[)—|— 57%) and

A3/27¥ T
, AR 1 1o, _
©

A. Dynamical equations for the longitudinal gauge

For the longitudinal gauge, the perturbed clocks are [10]
5T = 2PVA(E +pp)  and  6T% =6%(E, + F,) . (3.15)

It is straightforward to see that the conditions 67° ~ 0 and 6T ~ 0 along with their tempo-
ral stability conditions are equivalent to the longitudinal gauge conditions and conditions
for its stability on the phase space: '~ 0, B~ 0, pp ~ 0 and ¢ &~ —¢. In the following,
we use the observables found using above geometrical clocks to obtain their Hamilton’s
equations of motion. This is then followed by deriving the corresponding second order
equation for the Bardeen potential.

1. Hamilton’s Equations for the longitudinal gauge

In this subsection, we derive the gauge invariant Hamilton’s equations of motion for all
observables in the longitudinal gauge. The procedure uses various equations for the gauge
variant perturbations in the lapse, shift and spatial metric degrees of freedom and their
momenta, along with their time derivatives which have been obtained in [10]. A crucial
property of observables that we will often use in the further computations is (cf. e.g. [25])

Or(gp)r = F(Oqr,0p1) - (3.16)

Let us start with the observable for the trace part of the spatial metric perturbation,

denoted by . Using lemmal[ll we can then find the time derivative of Ofpl)T using (3.4)) as
follows:

d 1) _ H0) ()
7901 ® Oy =9y r
_ oW

2H (py—5¢)+Ho+3ABT
N 27%01(,}23 ~HOLY +HOL),
= 2H (T - ) . (3.17)

Here, we have used (3.I6), the vanishing of Q1,5 in the longitudinal gauge in the
3 b

third step and the observable formulae for gauge invariant variables in table [l in the last
equation.

6 We want point out that in 9] in equation (3.98) and in |10] in equation (2.46) the last term involving
0B is missing. The results in [9, |10] however involve this contribution, because either equation (3.68)
in |10] was used where this term is taken into account or the second equation was only used for the
longitudinal gauge where this term vanishes anyway.
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The equation of motion for the observable corresponding to longitudinal scalar part of
the spatial metric perturbation turns out to be

d a1y _ ()
EOE/T ~ O{E7HADM}7T o OE,T
= —4H(OG) + 0V )+ 05, ~ 0, (3.18)

using results from table [l The last equations shows that, as expected, the stability of the
gauge fixing condition is also implemented at the level of observables.

The equations for the time derivative of the observables corresponding to the momen-
1)

tum of ¢ and E can be derived similarly. For Ol(hp

7> We get

dH0 o oW
dt e T {py,Hapm},T

LN ! ! 1 kN2 H 1 1
— EA/]:[(O(A;T + O(Aq)/;,T - O(AgEvT) <Zﬁp -5 ) ( I()w)j B O(%?T)
2 (Z?p 5) O¢7T + EOABT - 8—~06T,T
N _, ) o
) <_% " ZN’ﬁlp> b %\Ij - g%‘sT(gl) ’ (3.19)

where §T(8) = (’)((S;)T. Above, in the second step, we have used (3.6 and in the final
’ (1)

step the longitudinal gauge condition, which implies OWT ~ —Oé{%ﬂ, along with relations
between observables and gauge invariant variables. The equation of motion for O;(zlE)T
becomes with (3.7

dpv o oW

dt pesT 7 Y{pr,Hapm},T

1N% g 1 1 5  KkN? 1 1 1
= _ZA—,]:[(Og(b,%“ + 01(/;)7“ - O%,T) + <§7'l + Zﬁp> (O(E,)T + O;()E),T) - O(B,)T
~ 0, (3.20)

on using conditions for the longitudinal gauge.
For the vector component of the metric perturbation and its momentum, using (3.9))
and relations in table [, we get

d a 1 5 (1 1 1
Eogjg’T ~ OEF)'avHADM}yT - _4H(O%‘27T + Ol(?}lﬁ)vT) + OFS'%T
=0 (3.21)
and
d 1) (1) (1) (1) (1)
EOP%’T ~ O{pl}rvHADM},T - F(OFavT + Op‘fwT) - OSG,T
= (F —4H)" . (3.22)
In case of perturbations of lapse and shift, after using (8.I0]), we obtain
d 1) o o0 _ Now 1w
791 ® O mpuyr = 7%t 591
N 1
= FV+ 500 (3:23)
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d ) _ »0) (1)
EOB,T * OB mwuyr = Por =0 (3.24)
and
d

1 1 1
— 04~ O v = OSse 1 (3.25)

The observables corresponding to Lagrange multipliers can be determined as follows. The
(1)
T7

same is not true for (9( )\)T and Oc(i)\)a . Let us note that Oé)l)T —Ofpl)T, which implies

simplest of these is (’) which vanishes owing to the equation of motion for Oj(gl)T. The

%Oé{gp ~ —%(91(/}1}. Using this together with the observable equivalent of (310,

%Oé{)T ~ _%O% + %O((Si),T : (3.26)
and (BI7), we get
Oy = (2AN — N) W — 28N . (3.27)
Thus, we can rewrite ([3.26) as
%0(1) 2RV =) . (3.28)

Similarly, noting that Oéla),T = 47:[(9;?%T implies 3 Oég = 47-[ O(l)a T %V we get

Oy, = (41— 1672 + 45 ) v* (3.29)
1)

which equals the time derivative of Osa T
The equation of motion for the momentum of the perturbation in the lapse function

turns out to be

d a0y _ N ) 1
dt peT O{P¢7HADI\I}T N2 O5H7T_ ﬁac
N
~ —5 — M ~0, (3.30)

where we have used (B.I1]) and the vanishing of 0C' and dII. Similarly, time derivatives of
the momenta of the components of the shift perturbation, using (8.12]), become

d ,m 1) (1) N
dtOpB7 O{pBJ‘IADM} T 061_[ T =0ll~0 (331)
and
d 1 1 .
EOI(JS)E,T O({S)a Hapm},T — O((Sl_[)i,T = oI ~ 0. (3.32)

Finally, the equations of motion for the scalar field and its momentum perturbation can
be found using (8:I4]). These turn out to be

d Haq) (1) Ap (1) o 10
05%07 0{5@7HADM} T NA3/2 Oqﬁ,T a 301!},7“ + ﬁ._spoémp,T

DY s
- Nm%< 4+ = (3.33)
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and
Ao Lo
dt 57I'LP,T {67TLP7HADM}7T
A 1 _ 1 1 I a 1 oS = !
- —NAT“;2 <§V/(<,0)((9§52p + Oéw),cp) - ZO(A()Scp,T + §V//(90)O<(5¢)7T> + WAOJ(B,)T
D\ 1 o1 i
~-NEE <V'(cp)\I/ — A5 4 §V”(so)5so(gl)> : (3.34)

2. Second order equation for the Bardeen potential

We now illustrate the way our formalism yields directly the evolution equation for the
Bardeen potential. To derive this equation, we note that

.4 a.
-t (505}7;) ~ 2 (AW ) (3.35)

where T is the gauge invariant observable corresponding to py (see table [I). Using the
Friedmann equations (3.3]) together with (3:19) in (B.35]), we get

U~ —2HT — <2%7¥ —3H? — gjv?p) (T —17)

¥ 2
2y PN oy (T KNP
+HU 4N<5T +27—l< 2—1—4 ry T. (3.36)
This quickly simplifies to
N AT R L A (3.37)
N 2 4 '

where we now need to find an expression for §7() in terms of ¥ only. Since this requires
some lengthy but straightforward steps, we refer to Appendix [Bl for details and just state
the final form for the second order equation of motion for the Bardeen potential:
. N2 N2 - N _- N .
U~ — AT+ <gN2p - —=V'(p) - 37—[2> U+ <N —TH — ——=V'(p) | V.
14 ¥

A
(3.38)

We thus see our formalism yields the Lagrangian evolution equation in a simple and
straightforward way when compared to the conventional derivation.

While ([B:37) is in correspondence with the result of [5] (cf. the third equation of (4.15)
therein, with D = 0, k = 0), our final second order equation equals the one in [28] (cf.
(62) therein)?.

Lastly, we note that ¥ is one of the three remaining independent degrees of freedom

in the longitudinal gauge, with the other two being covered by the perturbed metric’s
(1)

tensorial part, O .
O

" Note that in [28] they use conformal time N = /A, implying H = —ﬁ-, ’;‘:L = —%_ — %Ap and ¢ =
—2HE = 3V (9).
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B. Dynamical equations for the spatially flat gauge

We now perform the same steps for the spatially flat gauge defined by
Y =0 and E ~0, (3.39)

where we will end up with a second order equation for the Mukhanov-Sasaki variable. The
perturbed clocks read in this gauge [10]

N 1
oT° = i <qp — 5AE) and 0T = 5ab(E7b + Fp). (3.40)

Demanding 5T.0 ~ 0 and 67 ~ 0 together with the corresponding stability conditions

670 ~ 0 and 6T =~ 0 result in the above stated gauge conditions ¢ ~ 0 and E =~ 0 as well
as

4 .
gb ~ —2p¢ - gApE and B = 4HpE. (3.41)

The next subsection introduces the Hamilton’s equations for all observables in table [I]
followed by the derivation of the Mukhanov-Sasaki equation in the subsequent subsection.

1. Hamilton’s Equations for the spatially flat gauge

In this subsection, we derive the gauge invariant Hamilton’s equations of motion for all
observables in the spatially flat gauge. The procedure is the same as for the longitudinal
gauge — the time derivative is firstly moved to the perturbation the observable map acts
on, then the equation of motion thereof is inserted and finally we apply the observable

map according to table[l, as depicted here for O((z)lgp:
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By the same method, we obtain the full set

d ~a) _ N 1 1
FTAL Sl v <—2T—(2 P2pA) >+N06>\T
(3.56) N? 1 kN2 N?
= (e (5 ) ) T (342
d 1
dtopdﬂT 0, (3.43)
d
d 1N2 k N%p K2 Nip?
dtopw’T 6A;«¢M”r SR 16
1 N? k N2p k N2
S AY oy - s 3.45
3AH 2 H 8 H ( )
d - a
Lo, ~o. (3.40)
d ) 1 N? k Nip 1 N?
—0O ~-——=7 —— ——— |V 4
dt el 2 A7 8AH3 4AH) il

&Q

d @58 (NN N2 N2 2p
&og}T ~ oW <— - 3—) U4 — <2T + <1 + 5N—> m) . (3.48)

SAT AH A A 2 4 32
dHrm
&OPB,T ~ 0
(3.49)
and for the scalar field degrees of freedom
4w ~ Ay NTo oy (L 8NP g o d (3.50)
dt el T e 2 17 7)) ‘
_ 3
d (1) NAz2 /1 "o ,
= ~ “Av— =
dto‘gﬂ'va )‘30 A v 2V (SD)U +V (QD)T
NA:_, (1 kN N2
+ " V(¢)<4+8H2> +%AH , (3.51)

where we already inserted later results for Oéi\)T, B50), and (’)g\)T, B358), to make the

list complete at this stage.
The vector sector of the spatially flat gauge coincides with the one of the longitudinal
gauge:

d )

d a
dtOS“ "~ Ohs 1 &Oz(ys)mT ~0, (3.52)
Lo ~o d 4w 4 3.53
dt FaT an dt “rr% r=\F - (3.53)

Now, we want to determine the observables for the Lagrange multipliers 6\, 6\ and
0Xq . Since the calculations are a bit more elaborate than in the longitudinal gauge, we will

show the essential steps. Starting with OS\)T, we first recap that this observable entered
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through the equation of motion of Oélgp,

d N 1 1«
&Oé,)T ~ _ﬁog(b,%“ + ﬁog)\),T : (3.26)

We then notice that we can reformulate

1 _ 1

1 21 4 1
=27 —pA |V — ——AY | — ——AU
[ +<4+ 22’ ) 3 P2 } 3 P2
(1) (1)
= 20" A(’)pE’ (3.54)

and, with that, solve ([3.20]) for O(l)T and replace O(l)T according to (3.54]) as well as the

respective expressions of the time derivatives of (’)( )T and (’)( )T to get

O v L v d a0 A gd (1) (1)
Osnr = NOyy + N0y = NOjp + N ( 200) 1~ ngpE >
= K 73p (1) /{NS = (gi
pu— _— _— gl)
( +5 7_2>(’)¢7T+ 7%5T (3.55)
= kN3 1 kN?% K}N3 Pei)

Proceeding with O 5.0 We first notice

doym N o (35 NP )
Hence, using the expression of 7—?, B3), we get
W _ 4,0 (1)
O, = =0 ~ (4710% )
~ N 72 1) (1)
~ <4—7—[ —12H > Oper——0
NN _N? N2 1 kNZ%p
() e (5 T)e)

Since the vector sector is the same as in the longitudinal gauge, we also get
Oy = (47 = 1672 + 4F 7) v° . (3.59)

This completes the derivation of the Hamilton’s equations of motions for all observables
in the case of the spatially flat gauge.
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2. Second order equation for the Mukhanov—Sasaki variable

We will show now that our formalism yields directly the evolution equation for the

Mukhanov-Sasaki variable. We first notice that the Mukhanov-Sasaki variable v = O((;SID)T
corresponds directly to the linearized observable of the scalar field perturbation d¢ and
we can therefore calculate its second time derivative directly via

. d /d _d Nﬁp (1) N
v = a <EO5%T> ~ E <Asp A% O¢7T + )\SDETI'U

N? N2, N o\ wrram) Nty 1)
~ IAU—7V (@v+ i —3H | 0= NV(P)O, 71+ Ay PE Oy 1
N7
AL A0 (3.60)

3
2
using the previously derived Hamilton’s equations for the linearized observables as well as

As 1 . A(1
Ty = N/\@v - mp(?é)’%ﬂ , Ty = O((;W)WT , (3.61)

(BI) for the expression of 7, and (B3) for the expression of H.
Since we want to have a closed second order differential equation for v only, we need
to reformulate O;lgp, O((z)lgp and Og’)T in terms of v and ¢¥. This is done in appendix [C] in

some detail and we only state the final result here:

N2 N - k2 Gt 3k¢? kNG N2
U % _A - J e _—~V/ 1) - _V// D .
i —Av+ ( 3%) b+ < SN 2N 2 (@) = (@) v

(3.62)

By this, we see that — besides the second order equation of motion for the Bardeen po-
tential we found in the course of the longitudinal gauge — we can also derive the Mukhanov-
Sasaki equation in the framework of Dirac observables in the spatially flat gauge.

We end this section by first mentioning that (3.62]) agrees with the Mukhanov-Sasaki
equation Langlois derived in [7] (cf. (56) therein)®. Secondly, we note that v is the

remaining scalar degree of freedom in the spatially flat gauge, with the other two being
(1)

covered by the perturbed metric’s tensorial part, OhTT o 88 in the longitudinal gauge.
ab

IV. CONCLUSIONS

The main goal of this manuscript was to understand the dynamics of gauge invariant
quantities in canonical cosmological perturbation theory. The evolution equations for such
quantities are well known in the conventional approaches to linearized cosmological pertur-
bations, but were never obtained in the canonical approach for different choices of gauge

8 To compare (56) of [1] with ([B82) above, one has to insert the Friedmann equations [B3) and ¢ =

% - NT2V'(L,5) — 3’;‘%@ Note that Langlois uses proper time, i.e. N = 1, and a different definition for

the potential, V = 2Vianglois, as well as A = AApanglois-
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invariant variables. The fundamental reason for this can be traced to the lack of under-
standing of an appropriate phase space construction which allows an explicit equivalence
with standard and covariant perturbation techniques. Traditionally, in canonical pertur-
bation theory one works with a (reduced) ADM phase space which treats lapse and shift
as Lagrange multipliers, thus freezing their essential properties as phase space variables.
This serves as the main roadblock to establish equivalence with the standard approach
based on perturbations of Einstein field equations and the covariant approach, and masks
various novel properties of the canonical theory. Recent developments in [9, [10], provided
a platform to fill these gaps and answer above questions. In these works, an extended
ADM phase space formulation of canonical perturbation theory using relational formalism
was made available. In the extended phase space, lapse and shift are restored their phase
space character, owing to which bridges between canonical approach and the conventional
perturbation theory can be established. Our analysis, using the results in [9, [10], derived
for the first time the gauge invariant dynamical equations for gauge invariant quantities or
the Dirac obervables in the canonical cosmological perturbation theory. An important gap
between the canonical and standard approaches to perturbation theory, thus gets filled.

We focused on two of the most popular gauge choices in cosmological perturbation
theory: the longitudinal gauge and the spatially flat gauge. We derived the Hamilton’s
gauge invariant equations of motion for the Bardeen potential and the Mukhanov-Sasaki
variable and showed in section [Tl that they agree with the second order differential equa-
tion obtained in the Lagrangian framework. To obtain these equations, it was essential to
generalize a proof presented in [1, 2] that relates the gauge invariant equations of motions
for the Dirac observables to the gauge variant ones. The reason for a generalization of
this result is tied to the fact that class of gauge fixing conditions relevant in linear cos-
mological perturbation theory do not fall in the specific class of gauge fixing conditions
considered in |1, |2]. Using observable map, a generalized lemma was established in our
work which allows more general gauge fixing conditions, and in particular those relevant
for cosmological perturbation theory to be considered. With this generalization at hand
we were able to compute the corresponding equations of motions in a straight forward way.
Our method not only demonstrates that canonical perturbation theory does indeed yield
the same equations as obtained in standard approach using Lagrangian methods, but that
such an exercise is straightforward and efficient in contrast to standard approaches. It is
to be emphasized that for the application of lemma [Il it was pivotal that the observable
map was defined on the extended ADM phase space and lapse and shift are not treated
as Lagrange multipliers.

Furthermore, lemma [ provides an efficient technique to compute the equations of
motion for Dirac observables without knowing the algebra of the observables or their
corresponding physical Hamiltonian explicitly for the class of gauge fixing conditions under
consideration in this work. Given that we have shown agreement between our formalism
and the conventional Lagrangian approach also at the dynamical level, a next natural step
will be to take this work as a basis and go beyond the classical theory and discuss the
corresponding quantum dynamics for the observables. In this case, the knowledge of the
algebra of the observables as well as their physical Hamiltonian is crucial. If we consider
the results obtained here in the context of a reduced phase space quantization, then the
final physical degrees of freedom consist of one scalar degree (the Bardeen potential or the
Mukhanov-Sasaki variable) and two tensorial degrees of freedom. As a consequence, the
physical Hamiltonian will only depend on these degrees of freedom and yield directly the
corresponding equations of motions. In this work, we have followed closely the conventional
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approach where one considers the dynamics of a set of observables that are not independent
of each other, and then uses their relationships to obtain the final equations of motion
for the physical degrees of freedom. Since we derive the equations of motion by means of
lemmal[ll we will analyze in a future work whether it allows us to rederive the corresponding
physical Hamiltonian. It will be interesting to explore its connection with the properties
of the observable algebra in this context.
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Appendix A: Proof of lemma [Il in the general case

In this section, we generalize the proof of lemma [ from the specialized case in the
main text, where the phase space function f was not allowed to depend on lapse and shift,
to phase space functions that can depend on all phase space degrees of freedom. This will
involve to use the more complicated form of the observable map suitable for lapse and

shift degrees of freedom as well as generalizing lemma [2] to this case. If we rewrite d(ié’T

in terms of the Hamiltonian vector fields Xz - f = {f, ¢;}, we obtain

do
fT Z /d3y1 /d3yn/d Yn+1

Q5In+1
ot

B (11).- 8™ (9) 2 () X W Xe, Xg, T (A1)

n+1

Similarly to the specalized case in the main text, in order to be able to proof lemma [I]

I’!L . . . .
here, we need to show that we can pull the term 8®8t+1 inside the iterated Poisson bracket,
that means writing it next to the most inner Hamiltonian vector field. For this purpose,

we adjust lemma [2] from the main text to our more general situation here. This reads

Lemma 3 For a gauge fizing condition of the form in (2.14]) that is allowed to depend

on all phase variables except lapse function and shift vector degrees of freedom and that

can have an explicit dependence on coordinates and for which the associated matriz AL =
85? ~ 0, we have for all n € N:

861n+1
o W) Xe, ) Ky o Xer i)

~ X; e X

X
[ e nt1
1, (1) o

Qt]n (yn) (A2)

€rpiq (Yns1)
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Using the Leibniz rule, we get

OB In+1
ot (y”'i'l)XéIn (yn) " Xéll (yl)X&I7l+1 (Ynt1) f

= X- oo XA X I .
n+1 ~
€I7L (yn) Q11 (yl) fele) Bt Q:I7L+1 (yn+1)

O+
o <Xéln (yn) "~ Xéll w1) ot ) <X¢In+1 f>

Xé]n (yn) X@n (y1)Q:In+1 (yn-i-l)Xaesng -f (A3)

(Yn+1)

Now, we have to show that the last two terms on the right hand side of the last equation
weakly vanish. This will be automatically given if the following two results hold:

(2) X&Ik(yk) o X@n () é:InJrl(Zln+1) ~0, VkeNg and

.. OB In+1
(’LZ) Xélk(yk) s X&Il (1) T ~ 0, Vk € N. (A4)
Let us focus on (i) first. For k = 0, (i) is just given by €, (y,) =~ 0 and hence obviously
weakly vanishes. For k > 1, we can use that {€;(x),€;(y)} ~ 0 as well as the first
class property of the constraints €;’s from which trivially follows that (i) is satisfied for
all k > 1 € N. Now, for the second condition, as before, we need to consider also the
terms that weakly vanish at each order to analyze carefully whether they contribute to the
final result. In this context, we have to discuss a subtlety for the generalized observable
formula. In our companion paper [9], we closely follow [1, 2] and replace the generator
of gauge transformations of the extended ADM phase space by a weakly equivalent one
that has a much simpler form, see (2.52) in section 2.b in [9]. In our notation here, we
can incorporate this as follows. The non-simplified gauge generator derived in [1, 2] can
be expressed in terms of generators Q’ whose relation to €; used in our observable map is
given by

Cr(x) = él[(l‘)+/d3yn+2/dgyn+3]:[p>\(yn+27yn+37l‘)0p(yn+2)n)\(yn+3)

= ¢(x /d yn+4/d Yt 5F ) (Yntds Ynt 5, ) Cop(Ynra) I (Ynts),  (AB)

with the appropriate definitions of F }))‘ and flp A, Their explicit form can be easily deter-
mined from the formulas in section 2.b in [9] but is not important for our further discussion.
The only information we need is how this additional term depends on the secondary and
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primary constraints. Given the relation in ([A5]), we obtain
{6/(2),€s(y)} = {&'(2),€)(y)
+/d3yn+4/dgyn+5f§)\(yn+4ayn+57y)ép(yn+4)ﬁ)\(yn+5)}
= {&'(2), ¢ (y)}
K K CU N R TS NOE)

= _5§5(3) (‘/Evy) + /dgyn+4{®l($)7 %g(yn+47y)}€l/(yn+4)

—h

- / T / oy s {6 (), F Ynady Untss ) }Co(Ynsa)Ta (Ynss)

+ / ST / s {6 (@), Co(Ynsa) Y7 Ynsas Ynsss Y) A (Yns)
+ / ST / Y5 {S (@), T Un45) 17 Ut U5, 4) Co(Una).
(A6)
We realize that all terms but the first one are at least linear in the primary and secondary

constraints respectively which will be crucial for the next step where we consider the
temporal partial derivative of &!. This leads to

I ~
O @), &)}

o a I ~ I 8&]
= = ({6'@).&W)}) —{6'(2). T2 W)}
0 -
= /d3yn+4/d3yn+5{a®l(x)v%g(yn+4yy)}QlJLV(yn+4yyn+5)€N(yn+5)
0
~ [ el @), €400} 5 B nra,0)
0
_/dgyn+4/dgyn+5/dgyn+6§%§(yn+4yy)
Zz), ~L Yn+55 Yn+65 Yn+4 ~p Yn+5 ~)\ Yn+6
{& (), FA( )Clp(Yn+5) T (Yn+6) }

0 ~ x ~
+§/d3yn+4/dgyn+5{®l(ﬂf)7-7‘—5)\(yn+47yn+57y)}Cp(?Jn+4)H/\(yn+5)
9 3 3 I A P =
+t5 AYnga [ CPYns{® (), Co(Ynta) }FT Wnta Ynts, ¥) N (Unts)

ol - ~ x
to / T / s {6 (@), T (Ynt5) }F7 Ynrts Ynrs ¥)Cp(Ynga) (A7)
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and further

I ~
O (), E5(a)

) N
= /dgyn+4/dgyn+5{a®j($)’%g(yn+4,y)}glg(yn+4ayn+5)Q:N(yn+5)

0
+ / dgyn+4m£(x7 yn+4) E%g(yn—i-% y)

0
_/dgyn+4/d3yn+5/dgynﬁ-ﬁa%g(yn-i-%y)

{®I(x)7 -’%Z)\ (yn+57 Yn+6, yn+4)Cp(yn+5)ﬁ)\ (yn+6)}
0 ~ z -
+a /dgyn+4/d3yn+5{(’5[(gj)7}'5>‘ (yn+4ayn+5yy)}Op(yn+4)H)\(yn+5)

0 x ~ -
+a/dgyn+4/dgyn+5{61(x)vCp(yn+4)}]:5>\(yn+4ayn+5ay)H)\(yn+5)

0 - ~ ~
+o / Y4 / Y5 {B (), T (Ynt5) }F7 Untas Ynt5 V) Cp(Unsa),  (AS)

where we introduced j—"g’\ with the appropriate definition in the fourth line so that the
equality is satisfied. If we compare this to the result in (2.42) and using G* = —T*, we
realize that the first two terms here are of the same kind as the two terms in (Z42). The
additional terms in the result in (AS8]) are caused by the fact that we have to involve also
all weakly vanishing terms that come from the replacement of the gauge generator by a
weakly equivalent one up to terms quadratic in the constraints. Our next step consists in
writing condition (i) in (A4) in terms of the Poisson bracket computed in (A8]). We end
up with

o® n1 o® In1 .

As in the specialized case in the main text, we have to show that all terms on the right
hand side of (A8]) weakly vanish for all values of k € N. The first and the third term in
(AS) are obviously linear in the constraints. If we apply the partial temporal derivative
onto the last three terms, each resulting term can also again be written as expressions
that involve the constraints at least linearly. Hence, for the case of k = 1 all these terms
weakly vanish. For k > 1, we use the fact that each of this terms involves the constraints
at least linearly together with (i), and we can easily conclude that also for all £ > 1 the
contributions of these terms vanish weakly. The only remaining term is the second one in
(AR). Here, we consider our assumption in lemma [I, namely that 9;.A) ~ 0. Considering
the explicit form of 2/, in (2.I8]), we want to show that using 9;.A) ~ 0 we can conclude
8,92[5 ~ 0. Thus, we need to prove that from 9,45 ~ 0 follows 8t{T“ ,Cy} = 0. If we use
the Jacobi identity and Al = {T*,C,}, we obtain

0 0 0 0
H AP B NA H
o 8tAV + N°C .Ap N {at.Al,,C)\}, (A10)

o .
il g o/ —
8t{T =2 A ot

where C’f\’u denote the structure constants of the secondary constraints C,. By our as-
sumption, O; AL ~ 0 vanishes at least weakly. If it vanishes strongly, then we also have
ath{] = (0. In case it vanishes weakly, it can be written as a linear combination of the
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primary and secondary constraints, that is ;A5 = ol C,, + BL°I1, for appropriate choices
of the coefficients «, 8. Reinserting this into the last equation and taking into account
that the constraints are first class, we get %{T“, C,} ~ 0. As a consequence, we obtain
8th5 ~ 0. Because 8335 is the inverse of 215, this carries over to 8335 ~ 0 by means of
the Leibniz rule. Therefore, for £k = 1, this term at least weakly vanishes by assumption.
For larger k > 1, we can again use (i) because either 8t%§ ~ 0 vanishes already strongly,
then we do not need to take this into account for any value of k, or it only weakly vanishes,
but then it can be written as a linear combination of the €; and, with (1), its contribu-
tion for all k € N weakly vanishes. Thus, we have proven lemma [3] for the general case
involving lapse and shift degrees of freedom. Now, using lemma [3] the time derivative of
the observable can be rewritten as

doO
fT Zn| /d3y1 /d?’ynﬁl1 yl ®In(yn)

X~ - X- X ) 5 - f. All
€I7L €Il fd3yn+1 Bcbg’;rl (yn+1)€1n+1 f ( )

As our final step, we will show that the most inner Hamiltonian vector field can be rewritten
as the Hamiltonian vector field associated with H.,,. We have

OB Int1 ~
/ dgyn—l-l ot (yn+1)61n+1

OGHn+1 = 9 dGHn+1 -
:/dgyn+1 8 O/Jn+1(yn+1 /d Yn+15, at dt H/Jn+1(yn+1)‘ (A12)

Considering ([Z22)), we can rewrite the constraints C,, and II, in terms of the original
constraints C,, and 11, yielding

O®Hn+1 =
/ dsyn+1 TQ;MH (Yn+1)

OGHn+1 Ynil
~ /dgyn—l—l/dgyn+2$gﬁ;ﬁf(yn+2yyn+1)cﬂn+2(yn+2)

OGH" 1 (yn41)
—/dgynﬂ"'/dgyn+4Tn5ﬁZﬁ(yn+2,yn+1)5ﬁf§i§(yn+4,yn+3)

{Tun+3 (yrH-?» 42 (yn+2)}HMn+4 (yn+4)

8 dGHn+1(y,,
/d yn+1/d Un+2, dt(y H)Bﬁﬂf(yn%yn+1)Hun+z(yn+2)- (A13)

We consider the expression for N* in (2.16]) and for the Langrage multiplier A* in (2.30)
and realize that the first integral on the right hand side of the last equation involve N*
whereas the second and the third integral combine exactly to A*. Thus, we obtain

a@InJrl ~
/ i1 Yn+1)C1

~ /d yTL+1 (]\[‘un+ C,Ufn+1 + Alu”,H»l:l_[,uf'rH»l) (yn“l‘l)

= Hen. (A14)
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We reinsert this into the total time derivative of the observable to finally get

dofvT ~ . 1 3 3 11 In ~ -~
5 nzzg)m/d yl.../d Yn (QS (y1)...® (y")Xﬁ‘zn “‘XQIIXHoan f>

— 1
= O{f7HCan}7T' (A15)

This finishes our proof of lemma [I] for the general case and as our presentation shows the
proof in the general case can be formulated along the lines of the specialized case.

Appendix B: Towards the final Bardeen equation

The purpose of this section is to illustrate how to obtain the final second order equation
of motion for the Bardeen potential, (B:38]), from the starting point (337)):

. N ). _ o
U | = —am | &+ SN2 — N7 B37)
N 2 4
We first recap (C8) of [9]° for the gauge invariant extension of (3.8):

LR CE (e ! — V()6 (B1)

2
rgi)
OTE) = —3) o5 o,

¥ A3
(gi)

So we need expressions for dmy"’ and 58 in terms of ¥, which we can obtain via the
components of 67 . Starting with the second equation of (C34)g), we get

~ 1 K — .
H (YT — 20| ~ ZN2570(D
A (1o gr) =

©31@ K Fo M m 4 on
C2)g & N7T<p (1)
T4 Ak < 5va) ’ (B2)

where we also used that OEE)T = O;l)T = 0 in the longitudinal gauge. We can therefore

identify the left with the rlght hand side without the differentiation respectively and obtain
for 6¢(&) by inserting (3.123)f)

by 8HAY 1
(81) ~ T—20) . B
0% K Nﬂsp ( 2 > (B3)

”

9 For reasons of being concise, we now refer to equations of [9] by “(.. ’)lg} whenever we use one.
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Next, we want to express (57T<(pgi) in terms of ¥ only and begin with the first equation

Of (C34)[9]
- N2 P
3H? (U —27) + AU~ N25T8(g1)
(C27) Hox2
=H SNZSTY + 3rA,— ((’)S’TJF o8 1)
2 £ (1) (1) L)
= Z (3)\@ A3 Ow T )‘go A3 O(S’TI'LP,T — %V/((,D)O&@’T .

(B4)

With O}, = ¥ and (3.123)g) and (3.124)g, we obtain

. 2 3 VHAY? _
om(#) ~ 37, W — iA—A\IJ i ,A_ iN}_‘A V(@) + 6H> (T — 1@) .
KAy T KXo N27, \ Ay Ty 2

(B5)

Now, (B3) and (BI) together with (C33)g, T = ﬁ\lf + U, can be combined and put
into (BI) to get

e 4 4 HAY? 12 H?
TE) o - AV 4+ [ — 15 5 Vv . B
o KA * </~i)\¢ N7, Vie + - K N2> <7—[ - > (B6)

Inserting this into (B.37) results in (B.38)) after also using (B.1) for 7.

Appendix C: Towards the final Mukhanov-Sasaki equation

Analogously to the section before, we now want to present the essential steps for ob-
taining our final second order equation of motion for the Mukhanov-Sasaki variable, (3.62]),
when starting with (3.60)),

N2 N2 ]\7 ~ . = _ 1 Nﬁ- 4(1
N A= V(@) + (ﬁ ) 3H> o= NV(@)Op 1 + A= Ofy
2
N_
+ A, ?AOS,)T- BH
2

)

. . 1
Since we want to have a second order equation in v alone, we need to reformulate o' T

O((z)lgp and Og?T in terms of v and v. To get an expression in terms of v for Oégp, we use

the observable of 6C' — the scalar part of the diffeomorphism constraint:

Of) = —4AP <O(1)T + AOI(,Q T> + KO
~ 2A15(9§512F + KT, =0 . (C1)

In doing so, we used the stability condition of ¢ =~ 0, (3.41), on the observable level:

4

o, T Py T 3 pe,T * (C2)
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Thus, we finally get our desired expressions

N7,

6T g HU and, derived thereof, (C3)
_ 2 3= N2 N7 N7
Opr = (i P ST Vi) - o W)HE Ty (C4)

16 A%72 SAH T8 A3 4 437

Finding an expression in terms of v and © for 0531)’[ turns out to be more elaborate. We
start with Og?T = %1’, which implies

N2

AOY) = 72 (C5)
and then use
T R .
AV = ZAST + 3 (H\I/ + fo) (C6)

to continue with finding a respective expression for AW. The origin of (C6) can be found

n [9], (028)191
Now, for expressing the last bracket of (C@)) in terms of v, we continue with (C32)g:

<”Fl\1/ n \If) _ g N2570(E)

Ne)

D kg <5T0 i (O() 4 oW ) )
4 a

Y N2 A2 re,T
©2)g x _, T AH 7>
~ ® (1) e (»M)
~ V5 <(95%T)7a—/\¢]\_[2 = <(9PE7T)’G (el
where we used OS)T ~ (0. This leads to
. Nﬁ' 7:[71' 1
HO + 0~ %% - I{/\SDA—;DOI(]E)’T (C8)
Finally, we use (C27)fg and (C24)fg) to reformulate
. H272 )
OI0 ) = 61 + 120,25 (O} + O}, 1)
To (1) | Home )
_)\SD A3 Oéﬂ'tp, - %V ((,D)’U + 12)\@ A2N2 OPE7 . (CQ)
Plugging in the observable equivalent of (B.61), recap that (’)((;}TL’T =y, We get
3
1 A2
B = T TpOL . (C10)
and combining this with (C8)) and (C6), formula (CH) becomes
N7r k N? 3k NT K ApTL N2
AOW BTy (B ) 4 20T Ee e olh) 11
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ey

where we notice that the terms proportional to (’) T indeed cancel each other.

We can therefore now combine this expression with the ones for Oé%ﬂ and Oé)l;, (C3)
and (C4), in order to obtain the Mukhanov-Sasaki equation from our previous

_2 _2 h ~
ﬁ—im + iV”(<,b)v — (% — 3%) v

A 2

w5y 0 e B (T )

- _g%V'(gb)v — 37”;";21) + %2%@ : (C12)
where we used /\ =p+p (cf. B2)), the Friedmann equation p = N2 and (B3] for

the expression of 7730 for going from the second to the third line.

Appendix D: Dirac observables in perturbation theory

In this appendix, we briefly discuss how the condition that Dirac observables at least
weakly commute with all constraints in the full non-linear theory can be carried over to
perturbation theory. The discussion is in the setting of extended ADM phase space.

For this purpose, let us consider an extended ADM phase space with elemen-
tary variables (qu(7), P%(z), N#(x),11,(x)), first class constraints C,(z) ~ 0 and
II,(x) ~ 0, with o = 0,...,3, and a corresponding canonical Hamiltonian Hc.n =
fd3a: (N*C), + A1) (x), where M are Lagrange multipliers for p = 0,...,3. As pre-
sented in detail in [9, [L0] and following [1, 2], the generator of diffeomorphisms on the
extended ADM phase space is given by

Ge= [ & (6111, +6C,.) a),

where S“ ,&F are arbitrary descriptors and ﬁu, éu are weakly equivalent forms of the first
class constraints II,,, C,,. On the extended ADM phase space, the condition for weak Dirac
observables Oy reads

{0, Ge} = 0.

Since this condition needs to be satisfied for any chosen descriptors, it is equivalent to,

{04,Cu} {01, Cu} % 0, {05, 11} = {0y, 11} % 0.

We wish to address the question the way this condition for observables carries over to the
case of perturbation theory and how this is related to the evolution of observables. To
answer this question, we generalize the discussion in [16, [17], where in appendix E of [16]
the notion of constants of motion in perturbation theory was analyzed for Hamiltonian
systems. Similar to the presentation in [16], we consider a finite dimensional analog whose
results can be straight forwardly generalized to the field theoretic context relevant for the
ADM case. Hence, we consider the simplified model of an extended phase space with
elementary variables (¢,p, N#,1I,,), with p = 0,...,3, satisfying the canonical Poisson
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brackets {q,p} = 1 and {N*# 1I,} = 6}/, where all remaining Poisson brackets vanish. The
eight constraints are of the form Cy(¢,p) ~ 0 and II,, = 0 and the canonical Hamiltonian
is given by Hean = NHC,, + MI1I,. The corresponding equations of motion induced by
H.,, read

dg dq
E = {Q7H0an}7 =, {Q7Hcan}
dNH dH
W = {NuyHcan} = /\N’ d— = {H,uyHcan} = -

(D1)

Let (7,p, W“,ﬁu) be an exact solution of the dynamical system above. We consider per-
turbations around this background solution of the form

8¢q=q—7q, Oop=p—p, ONF=NF_N" 5Hu:Hu_ﬁu’

These have the following non-vanishing Poisson brackets: {dq,dp} =1 and {dN# I, } =
o. For a given phase space function f, we consider its Taylor expansion around the
background solution

if (m; 0m, t),
k=0

where the function is allowed to have an explicit time dependence that will be necessary
for the Dirac observables later. We introduced the abbreviations m := (¢,p, N*,11,,), m =
(q,p, N”,ﬁu) and om = (dq, op,dIN*,6I1,) denoting a generic point in the corresponding
phase space, and f*) denotes the k-th order of the Taylor expansion which is a polynomial
of degree k in the perturbations (dq, ép, IN*,6I1,). Explicitly, we have

k
1 841+~~+410f
(k) (—. 5 — = sdhspt .. 5(TTR )00 m,t).
f (ma om, ) . % . 0l floléq op 5( 3) (85q51 85]952 .. 35(1'[3)510) ( t)
15---£10=
L1+-+Lro=k

(D2)

The lemma E.1 from the appendix E of [16] can be directly applied to our case, thus no
generalization is needed here. For lemma E.2 in [16], we formulate the following general-
ization:

Lemma 4 (Generalization of lemma E.2 from [10])

Suppose that Oy is an exact weak Dirac observable of the non-linear system under con-
sideration with elementary variables (q,p, N*,IL,), = 0,...3, with first class constraints
Cu(q,p), I, as well as a canonical Hamiltonian Hean = NPC,(q,p) + M1, where N\
are Lagrange multipliers. If we expand the canonical Hamiltonian up to n-th order in
(0q,0p,6N*,611,,), with n > 1, the the following holds:

(i) the equations of motion to order n of dq,6p,0N*, 011, are generated by

n+1

can ,__ §
H’I’L Can
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(ii) the perturbation up to order n of Oy, given by

n

k
Ofn =y OF,
k=0

is a Dirac observable with respect to Hcan, and hence C,, 11, up to terms of order
at least n + 1.

The proof of (i) proceeds exactly with the same techniques as in [16], so we will just
demonstrate this for the first variable. The remaining ones follow in a straightforward
way. Let m(t) = (q(t),p(t), N*(t),11,(t)) be an exact solution of the equations of motion,
then we have

dq

T®) = Ha Hean -

Subtracting the same equation for the background solution 72(t) = (g(t), B(t), N' (), TI(t)),
we obtain

ddgq > oHE)
E(t) = [{qucan}]m:m(t) - [{ancan}]m:m(t) = Z :

If we restrict to perturbations of order n, the statement (i) follows directly. Likewise, this
can be shown for all other phase space variables.

)

In order to prove (ii), we consider that Ogck depends explicitly on the background

variables as well as time and we get

(k) (k)
a0l ol

(k) (k) (k)

= 7+ p+—=LN + I
dt a7 1 Top P aWE om, "
o0k o0k a0® 0% 50
+ 304 0q + Bop 5p+—85N#5N + 85HM6H”+—(‘% , (D3)

where the ‘dot’ refers to the evolution with respect to Hc,,. Using the definition of the
physical Hamiltonian, we can replace the time derivatives of the phase phase variables and

rewrite (D3) as,
40} _ 001 oy 001" ol 001 onll) 007 ol o)
dt 0§ 0Odp op 06q ON" 001,  Om, O6NH

20 gen 90 ggem  90P gpean 90V gpen g0,

ddq  dp dsp 9dq ' OSNK QST 9O, SN ' Ot

¢ OHean _ oHG)
d . 9oq
m=m

next step, we take a closer look at the partial derivatives with respect to the background

where we used tha and likewise for the remaining variables. As the
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degrees of freedom. We have

oo®) k 1 gl +iot+1 (k)
f 05,0 1 f —
it A L gl §(TTy) k0 ¢
aq . "%;o:() Ot 0T P (Il3) 90q0+190p" - - D3(I15) 0 (m, 1)
£ Y o=k
) b 1
_ bi+1g Lo L10
~ g > G agtd P o(Ils)
L1, ,£10=0
l14-+L10=k

351+~~-+£10+10(k)
- f (m. 1)
06qlt198pta - - - 96 (113)0 ’
9 k+1

_ 9 1 s b t10
~ g 2. Z AT a0 P ols)

=1 L, ,l10=0
L1+-+Lio=k+1

Hhit-+lio+l O(k)
: ! (77, t)
8q4196p2 - - - 96 (I13) o '

k+1 (k) k+1 (k)
— i O(k—i-l) - 1 ot O 5pk+1 ot Of 5(N,u)k+1
i (k+1)! aapkﬂ Do (N#)EHT

8k+10(k)
Wé(nﬂ)k-H

ao;k—i-l)
0dq

where we used in the last line that the second term in the bracket in the line before does
not depend on dq. We can repeat the same calculation for the remaining variables to
obtain

op ~ 9sp 9N" 96Nk oI, 00l

Reinserting this back into the first line of the right hand side of (D4), we realize that the

first line precisely combines to the Poisson bracket {(’) (k+1) Héan} on the extended phase

space. Considering this together with our former results this leads to

do(k) 8O(k)
_r — (k+1) (1) can f
L= o QY + {0y + —

which finally yields

dOf n % (k+1) r7(1) = (k) 77(0) aOfn
dt ; <{Of can} + Z{O ) can} ot ( 5)
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Our aim is now to show that the R.H.S. of (D3)) is up to terms of order 6"! given by
the partial derivative with respect to ¢ only. Following [16], we realize that {O(k C(Qn}
is of order k£ + ¢ — 2 and thus for fixed k, we can restrict the range of the sum over ¢ to
[2,n 42— k] — up to terms that are at least of order §"*!. In a second step, we will change
the summation variable to r = ¢ + k — 2. This yields

dOy,n - (k+1) (1) oy () 8Of,n n+1
dt = Z {Of Hcan}+ Z {Of 7Hcan} ot +O(5 )

k=1

_ - (k+1) 77(1) (k) r(r—k+2) 90¢n n41
= E JH, E —nn
e <{Of can} + {O ’ Can }> + Ot + 0(5 )

_ (r+1) 71(1) (k) rr(r—k+2) 90¢n n+1
= g H + E () ,H + —=40
<{Of ) can} k:1{ can }> ot (5 )

r=1

n r+1
00+,
— E 'E {O(k, ank+2 +a—f’+0(5”+1).
r=1 k=1

At this point we take into account the fact that O is a Dirac observable of the full
non-linear theory, that means

[e'e) oo r+1
0~ {0, Hean} = >_ {0V, HOY =SS {0, HG H+2). (D6)
k. £4=0 r=0 k=1

Now, we can apply the same argument as in [16]. Since the last equation is a weak identity
on the entire phase space, the coefficients in the Taylor expansion of 5qf .- §(II3)4 have
to vanish separately for all ¢1,...,¢19 > 0. The term corresponding to order r in (DGl

contains all terms of the kind §¢** - - - 5H§1° . Consequently, we can can conclude

ly+-+Lio=r

that for all » we have
r+1

Z{O“’ G2~ 0

and this further implies

dOgn 005,
ot
Hence, we have shown that (i7) in lemma 4 holds true. That is, a Dirac observable in

perturbation theory up to order n is still a Dirac observable up to corrections of order
ontt,

+ 0>, (D7)

Let us finally consider the case n = 1 that is relevant for the linear perturbation theory.
Then, the corrections O(6"*!) vanish identically, which happens only for n = 1. In this
case, we obtain

dOy, N 00¢ .,
dt ot
and the non-linear condition {Of, Hean} = 0 carries over to
a) {0{,HQL} ~0 (D8)
b) {07 HG) + {0, HE)} ~ 0, (DY)
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where we also included the condition a.) that is required for linearized observables on the
linearized phase space. Furthermore, this result shows that observables only have a non-
trivial evolution if they are explicitly time-dependent. Whether this evolution can again be
written in Hamiltonian form by means of a physical Hamiltonian is an additional question
that has been positively answered in the deparametrized matter models for instance in
16, 17, 22, 125, 26, 29, 130]. In the context of the relational formalism, one can then
reexpress the evolution of the observables O in terms of the physical time parameter 7
by using appropriate Jacobians.

This lemma further shows that even for linearized perturbation theory we need to know
(9;2) in order to actually test condition b.). Also, a question arises on why it was justified
to not consider such contributions in the derivation of the equations of motion of the gauge
variant quantities in the extended ADM phase space because even for non-observables the
equation (D3] still holds. The reason is simple because we only computed equations of

motion for elementary phase space variables for which o trivially vanishes. However,
this is no longer given if we, for instance, consider more complicated observables such
as the Bardeen potential or the Mukhanov-Sasaki variable that will have a non-trivial
contribution in second order perturbation theory. Note that this is also not relevant for
our results in this work since we used the lemma 4 derived in this article to compute the
equations of motion for such observables in a different way using the equations of motion
of the gauge variant phase space variables.
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