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Preface

This thesis is based on the publication [1]. Sections 1.2 and 1.3 are slightly rewritten
versions of sections 1 and 2 of [1] respectively. Further, chapters 3 to 6 are entirely based
on sections 3 to 6 of [1]. This work was performed in collaboration with the co-authors
of this paper.

In addition, this thesis contains a very short, and then a slightly detailed, summary
of the results of [2] in sections 1.3 and 2.3.2 respectively. Although the paper [2] does not
constitute this thesis, its results have been summarised as it is something on which the
work of [1], and therefore this thesis, rests crucially.

Finally, section 1.1 and chapter 2 were written by the author for the sake of this
thesis. Chapter 2 contains no new results; it is a review of known facts in the field,

merely compiled as a ready reference for the subsequent material.



ix
Abstract

Based on the asymptotic structure of the Hilbert space of Quantum Gravity around a de
Sitter (dS441) background, we propose a novel path-integral based norm structure. Due
to the diff x Weyl symmetry of the state wavefunctionals at late times, the integrand is
gauge fixed via a Faddeev-Popov procedure. A residual gauge freedom persists which is
found to correspond to the conformal group SO(1,d+1). This freedom is further fixed by
a point-fixing procedure within the state wavefunctionals. This norm is shown to reduce
to Higuchi’s group-average prescription in the non-gravitational limit. A novel definition
of cosmological correlators is proposed which takes care of fixing large diffeomorphisms
in the spherical dS slice. It is further shown that knowledge of all such correlators in
a finite subregion of the late time slice is enough to completely deduce all cosmological

observables in that state.
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Chapter 1

Introduction

1.1 Background

Thinkers as early as antiquity have spent time formulating the rules that govern grav-
itational phenomena. Brahmagupta attributes gurutvakarsanam to the nature of things

inherent in their existence. He tells us [3]

“..all heavy things fall down to the earth by a law of nature, for it is the
nature of the earth to attract and to keep things, as it is the nature of water

to flow, that of fire to burn, and that of wind to set in motion.”

While this shows, for early medieval times, a profound understanding of geophysical
gravity, a more comprehensive grasp of the matter would come to us from Enlightenment
age Europe. Newton unified all aspects of terrestrial gravity observable at the time with
that of the patterns of planetary motion with his law of universal gravitation. This
formed an (almost) adequate framework for our understanding of gravity for over two
centuries. Finstein’s general theory of relativity (GR) would later decisively address
and rectify the non-causal nature of Newtonian gravity by introducing the notion of
dynamical spacetime. However, unifying his theory as a consistent segment within the
larger framework of quantum theory — the other crowning achievement of 20th century
physics vis a vis GR — remains, to date, one of the holy grails in theoretical physics.

In this regard, it is remarkable that despite the divergent approaches taken and chal-

lenges faced by various theories of quantum gravity (QG), a common theme has emerged
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Figure 1.1: Four important steps in the inflationary process are shown in this figure. An
observer living in present times on the “today” slice has access to a subset of correlations
in the CMB by virtue of the transparency of the subsequent universe. Space has been
modelled as a 2-dimensional plane, and the circle on the “last-scattering” slice represents
the celestial sphere visible to the observer. The dotted lines represent the extent of their
past lightcone.

— the pervasive presence of the holographic principle. The principle states that grav-
ity in D-dimensional spacetime is dual to a nongravitational theory in (D — 1) dimen-
sions [4]. For instance, the area scaling law of black hole entropy [5, 6], the AdS/CFT
correspondence [7, 8], and the black hole information paradox [9-11], all point towards
the holographic nature of quantum gravity. This fundamental idea, which posits a deep
connection between the information content and the geometric properties of space-time,
appears to be a unifying thread across disparate frameworks.

The convergence of evidence from multiple theories of QG persuades us to take the
holographic principle seriously as a guiding principle in our quest to consistently quantise
gravity. The principle should be recognised not as one particular law, but a family of
interconnected statements which all rhyme in the property of dimensional reduction of
information in the presence of dynamical gravity. The central theme of this work is a
certain manifestation of this principle called the “Principle of Holography of Information”
(Hol) in the context of asymptotically de Sitter (dS) spaces. The statement, which will be
made precise later in the text, is roughly as follows: configurational information contained
in a subset of a Cauchy slice is also available in its complement on the same slice when

the complement surrounds it. This is a property that is neither true of classical gravity,
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nor other quantum field theories [11]. We comment more on this in section 5.2.

The study of QG and QFT in a dS background has a history in cosmology as well
thanks to the inflationary paradigm. The model posits that the universe underwent a
finite period of accelerated expansion right after the Big Bang resembling a positive A
universe, of which dS is the simplest example [12]. This resolves many observational puz-
zles like the horizon and the flatness problems. But more remarkably, inflation affords a
mechanism for cosmic structure formation. The idea is that the quantum fluctuations in
various fields give rise to microscopic inhomogeneities during inflation. As inflation ends,
these inhomogeneities have been stretched to macroscopic scales by the rapid expansion.
These tiny variations now act as seeds for structure formation of galaxies and clusters.
For this reason, narrowing down on an accurate mechanism of inflation is a major goal in
early-universe cosmology. On the experimental side, data from the inflationary process is
available to us in the form of spatial correlations of temperature and polarisation fluctu-
ations in the cosmic microwave background (see fig. 1.1 for a schematic representation).
Therefore, the task of relating inflationary models to these observables entails studying
equal time correlations of quantum fields, including gravity, during inflation — a field

now called cosmological correlations. We shall have more to say about this in a bit.

1.2 Motivation

It is known that both in AdS and in flat space, quantum gravity localises information very
differently from nongravitational quantum field theories and manifests the principle of
holography of information [13-19]. In AdS, all information on a Cauchy slice is available
near its boundary, as is well known from AdS/CFT but can also be shown directly from
the gravitational theory. In flat space, it was shown in [13] that all information that can
be obtained on future null infinity can also be obtained on its past boundary. Given this
context, we seek to address the following question in this work: how does the holography
of information work in de Sitter space, where spatial slices have no boundaries?

With a view to addressing this question, we study expectation values of observables
that act on the space of solutions of the Wheeler-DeWitt (WDW) equation recently
found in [2]. To begin with, this requires defining a norm on this space. We propose a

natural norm, obtained by integrating the square of the magnitude of the wavefunctional
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over field configurations and dividing by the volume of the group of diffeomorphisms
and Weyl transformations. We show how this redundancy can be gauge-fixed using the
Faddeev-Popov procedure [20,21].

Additionally, it was shown in [2] that, in the nongravitational limit, the space of
solutions to the WDW equation reduces to the space of dS invariant states defined by
Higuchi using group averaging [22-25]. Higuchi defined a norm on this space by dividing
the QFT norm of the states by the volume of the dS isometry group, resulting in a finite
answer. Here, we show that the norm on the space of WDW solutions described above
reduces to Higuchi’s norm in the nongravitational limit. Our prescription also provides
a systematic set of gravitational corrections to Higuchi’s proposal.

Using our formalism, we turn to the set of observables called cosmological correlators.
These observables are physically significant and have attracted significant attention in
the literature [26-29]. They are usually expressed in terms of a product of local operators
on the late-time slice of de Sitter space. Since the volume of the late-time slice is asymp-
totically large, these coordinates correspond to points that are separated infinitely in the
physical spacetime and are global probes of the state. However, while such a product
is a well-defined observable in a quantum field theory, it does not commute with the
gravitational constraints. Hence, this description is not gauge invariant.

We propose that cosmological correlators should be understood as gauge-fized observ-
ables. We provide a prescription to compute the matrix elements of such observables
between any two states of the theory. This set of matrix elements defines a gauge-
invariant operator corresponding to every cosmological correlator. These operators are
labelled by a set of coordinates on the late-time slice.

We show that our gauge-fixed observables are invariant under translations and rota-
tions, and have simple transformation properties under scaling. Crucially, this property
holds in all states of the theory, and not just in the Euclidean vacuum.

Consequently, the specification of these observables in any open set R suffices to spec-
ify them everywhere. But the full set of cosmological correlators forms an overcomplete
basis for all observables. Therefore, cosmological correlators in any arbitrary small part
of the late-time Cauchy slice are sufficient to uniquely identify the state of the theory.

Cosmological correlators can also be defined in quantum field theory. But in the
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absence of gravity, it is possible to construct states where they coincide inside a small
region but differ outside it. So the result above marks a sharp difference between the
properties of gravitational and nongravitational theories. This provides the necessary
generalisation of the notion of holography of information to asymptotically de Sitter
space.

Heuristically, this result can be put on the same footing as the results on the holog-
raphy of information in AdS and in flat space. There, the principle of holography of
information implies that whenever a region R is surrounded by its complement R then
R contains all information about R. This is simply because when spatial slices are non-
compact, R extends to infinity and so it contains all information about the state. In
the present case, the spatial slices have the topology of S¢. Therefore every region R
both surrounds and is surrounded by its complement. So it is natural for cosmological
correlators in every region R to have information about the entire state.

We present the holography of information in terms of a precise mathematical result.
However this result should be interpreted with care. In particular, we do not suggest
that a physical observer with access only to a small patch of spacetime can glean all
information about the state using local measurements.

First, as noted above, even the region R is a small part of the late-time Cauchy slice,
it still has infinite volume in the physical spacetime. Second, cosmological correlators
are gauge-fixed observables that are merely labelled by a set of points. Since there are
no local gauge-invariant observables in the theory, cosmological correlators also secretly
correspond to nonlocal operators that cannot be measured through any strictly local
process.

Moreover, in dS, it is not always fruitful to think in terms of external observers and
so the question of what is physically observable might require us to construct a model
of an observer who is part of the system. Although, we do not seek to construct such
a model in this thesis, it is reasonable to envisage a model in which a physical observer
can access low-point gauge-fixed observables of the kind we describe. But, as in AdS and
in flat space, the identification of a sufficiently complicated state, from a small region
R, requires very high-point cosmological correlators and presumably, in any reasonable

physical model, such high-point correlators are effectively inaccessible.
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We now provide an overview of the thesis. In the immediately following section 1.3, we
provide a summary of our main results, including its key technical aspects. In chapter 2
we review some technical prerequisites needed to appreciate the material in full detail. In
chapter 3, we discuss norms and expectation values in the space of solutions to the WDW
equation. In chapter 4, we define cosmological correlators and study their properties. In
chapter 5, we prove the principle of holography of information and discuss its implications.

We conclude by discussing open questions in chapter 6.

1.3 Summary of thesis

In [2], it has been shown that the space of solutions to the Wheeler-DeWitt (WDW) equa-
tion with a positive cosmological constant, A, where the spatial slices have the topology

of S¢ take on the asymptotic form

Ulg, x] = 9NN " k"6G, 1 Zolg, X] - (1.1)
n,m

Here, g and x are the spatial metric at a time slice and a generic scalar field respec-
tively, ' Z, represents the Hartle-Hawking (HH) state, and k = +/87GYy is a perturbative
parameter. Gy is Newton’s gravitational constant. Finally, 6G, ,, are functionals which
append to the HH wavefunctional to make it a solution to the WDW equation. We shall
offer a slightly more comprehensive review of this structure in section 2.3.2. For now, we
jump into the main findings presented in this thesis.

It is conventional, in the cosmological literature to restrict attention to observables
that only comprise field operators and do not contain insertions of their conjugate mo-
menta. We will follow this convention in the main text of this thesis. Such observables
are sensitive only to |¥[g, x]|* and not to its phase. (See [30] for more discussion.) How-
ever, from a mathematical perspective, there is no difficulty in generalizing our analysis
to account for observables sensitive to the phase of the wavefunctional and we explain
how to do this in Appendix D.

In this thesis, we will propose that the natural norm on this space of wavefunctionals
is obtained by simply squaring the asymptotic wavefunctionals, integrating over all field

configurations and finally dividing by the volume of the diff x Weyl group. More generally,
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the expectation value of a gauge-invariant operator A is given by

N n+n’ *
(T, AD) = vol(diff;Weyl)/DgDX > K66 1 0Gwa Zolg, XIPAlg. X] . (1.2)

n,m,n’ ,m’

where N is a physically unimportant normalisation constant.
To parse this norm, we use a gauge-fixing condition which fixes the diff x Weyl

invariance. The gauge-fixing condition we choose is
aigij = 0; 5ijgij =d . (1-3)

The corresponding ghost action has zero modes that correspond to residual global sym-
metries that are not fixed by the gauge choice above.

The zero modes correspond precisely to the generators of the conformal group in d-
dimensions: translations, rotations, dilatations and special conformal transformations.
For d > 2, the usual form of the special conformal transformations is corrected by a
metric-dependent diffeomorphism. The integrated operators (inside 0G,, ,,,) that appear
in the correlator (1.2) can be utilised to fix these residual symmetries. We fix three of
the operators to

x1 = 0; To = 1; T3 = 00 . (1.4)

This choice, which is familiar from perturbative string theory, is enough to fix the residual
conformal symmetry in all dimensions up to a residual SO(d — 1) invariance that is
compact and can simply be excluded by hand or integrated over.

The notation m represents the operator obtained by fixing three of the points in an
integrated product of operators like (2.105) using (1.4) with the appropriate measure fac-
tor. (See (3.22) for details.) This leads to the gauge-fixed expression for the expectation

value of an operator A

(\117 A\Ij) = Z /{n—&—n’ <<5g;:,mA[g7 X]égn’,m’ >> ’ (15)

n,m,n’,m’

where the symbol (- )) stands for

(Q) = AMAG / DyDx 5(gs — d)5(Digs) Mo | Zolg, X]2Q - (16)
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Figure 1.2: The residual gauge group is the Fuclidean conformal group in d dimensions
SO(1,d +1). Up to a compact subgroup, it can be fixed by fizing three points.

Here, N is another physically irrelevant constant and Afp is a restricted Faddeev-Popov
determinant obtained by integrating out the ghosts except for the zero modes.

At nonzero coupling the ghost determinant involves nontrivial factors of the metric.
However, as k — 0 these factors vanish. In the nongravitational limit, the residual group
can then also be handled by simply dropping the condition (1.4), and instead dividing by

the volume of the conformal group. The norm of a nongravitational state then becomes

vol(SO(d — 1)) lim (6G7 . 6Gnm) - (1.7)

(Ung, Urng) = vol(SO(1,d + 1)) w—0

This is precisely Higuchi’s prescription for the norm: the RHS is the QFT norm divided by
the infinite volume of the conformal group. The factor of vol(SO(d—1)) in the numerator
arises due to a choice of normalisation and is unimportant. Therefore our prescription
leads to a derivation of Higuchi’s proposal and also provides a precise prescription for
how the norm should be generalised beyond x = 0.

Next, we turn to cosmological correlators. Cosmological correlators are labelled by
points on the late-time slice of de Sitter space. While this makes sense in a quantum field
theory, there are no local gauge-invariant observables in quantum gravity. We therefore
propose that a cosmological correlator that is labelled by a product of p insertions of the
metric and ¢ insertions of the matter field, C%’q(f), (see (4.2) for notation) corresponds

to a gauge-fized observable:

(UICE (@) Whoe = Y K"(6G; 110G mCE (D)) - (1.8)

n,m,n’ m’
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Note that the right hand side depends on the choice of gauge in (1.3) and also that the
points in (1.8) have not been fixed by inserting delta functions for the residual gauge
transformations and the corresponding zero-mode determinant but are simply fixed by
hand.

The residual gauge transformations above turn into symmetries of cosmological cor-
relators. Since special conformal transformations involve the metric fluctuation, they
relate lower-point cosmological correlators to higher-point correlators. But we show that
cosmological correlators are covariant under rotations, translations and dilatations in any

state. Under translations and dilatations
(WICZIOT + Q)W) e = A" (WIC2 () [ Whec (1.9)

This leads us to a remarkable result: if one is given the cosmological correlators
(1.8) in an arbitrarily small region, then this is sufficient to determine the correlators
everywhere. But the set of correlators everywhere forms an overcomplete basis for the

space of all observables. This means that for any region R

(U [CEH (D)) ee = (WalC (D) [Wa)co, VI € R and Vp, g== (1, AVy) = (W, ATy),

(1.10)
for any observable A. This result provides the necessary generalisation of the principle
of holography of information to de Sitter space.

As mentioned above, the discussion of observables cosmological correlators is usually
limited to products of the fields. But the set of cosmological correlators can be expanded
to include the conjugate momenta as explained in Appendix D. The set of such generalised
cosmological correlators in an arbitrarily small region suffices to completely determine the
full wavefunctional of the state, including its phase.

While this result marks a clear mathematical difference between quantum field theo-
ries and quantum gravity, it should be interpreted with caution. Cosmological correlators
are secretly nonlocal observables. So the result above does not imply that a physical ob-

server can determine the entire state of the universe through local measurements.



Chapter 2

Preliminaries

2.1 Gravitational Constraints

2.1.1 Setup

We start with a (d + 1)-dimensional spacetime with the metric §,, and cosmological
constant A. The signature is mostly +’s. For most of this section, the only constraint
on this spacetime will be the compactness of its spatial slices. Consider a foliation of
our spacetime given by the coordinates (¢, x"), where ¢ labels the spatial slice. Greek and
Latin indices represent spacetime and space coordinates and therefore run 0-d and 1-d
respectively. The future directed normal 1-form is n = —dt/y/—geo. Since we shall work
with standard Einstein gravity, the relevant action is the Einstein-Hilbert action with a

Gibbons-Hawking-York boundary term,

1 ~ (D m
S = 52 /dtddx v/ —3g (R — 2/\) + Sceny + S™. (2.1)

Here, R is the Ricci scalar associated with Juv, and S™ is a matter action. Sguy is
the Gibbons-Hawking-York boundary term which makes the total action differentiable
with respect bulk fields. Our choice of matter is going to be massive scalar y minimally

coupled to gravity, whereby the action is

§m = —% / dtd"x /=3 (5" D, xDox + mX?) . (2:2)

10
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This choice of minimal-coupling is made purely for the sake of simplicity; the discussion
which follows holds true for more general actions (for instance, containing matter self-
interactions, or other matter-gravity interactions). Equation of motion for the metric

gives the Einstein Field Equations,

1 .
B = K2 (Guw + Agy) — Th = 0, (2.3)

where G, is the Einstein tensor G, = R, — %QWR, R, being spacetime Ricci tensor,

and T}, is the Hilbert stress tensor

2 0S™
T, =—— 2.4
T 2

The vector J; may not be normal to the slice ¢ and hence we have
(9)" = Nn* + (9;)" N, (2.5)

where N and N are shift and lapse functions' respectively. The metric is ADM decom-

posed as

Joo = —N? +gijNiNj7 Joi = giij, gij = Gij, (2-6)
gOO — —N_Q, gOi — N_QNi, gz] — gzj _ N_QNiNj, (27)

5= N3 2.5)
At this point, it is useful to write down the action in terms of spatial slice quantities:

1 ’
S = [ dtd’s N\/g (Ki; K7 — K* + R — 2A) + S™. (2.9)

2k2

Here, R is the Ricci scalar associated with g;;, and Kj;; is the extrinsic curvature tensor

1
Kij =55 (=9ij + ViN; + V;Ny) (2.10)

INote that this means we have
n = —Ndt.

We choose negative sign for the first component of n, to keep n* parallel instead of antiparallel to 0.
This choice is made to ensure that IV is positive which in turn is to keep the formula /—g = N,/g working
without using |N| on the RHS. This is simply a choice of convention to reduce notational burden.
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where V; is the connection associated with the metric g;; (as opposed to @u associated
with §,,). Note that there is no boundary term in the final action (2.9). This is thanks
to the GHY term cancelling out the boundary part coming out of the purely Einstein-
Hilbert action. We define the total energy and momentum density of the system as the

following components of E,,, by
H=—-FE,,, H, = —Eip, (2.11)

where subscript n means contraction with the unit normal n. That is O,, = O,n*. To

see this we write

1 1 .
H = —?Gnn—F?A—l—H , (2.12)
1 m
Hi = —?Gm + HP, (2.13)
where we have substituted g,,n*n” = —1, g;,n* = 0. We have further used the expres-
sions
H™ =T, H" =T (2.14)

for the matter energy and momentum densities. We justify the names “energy” and
“momentum” in the following paragraphs where we show that these quantities are purely

a function of initial data.

Matter part. Matter canonical momentum is

~ g /. i
T = —v—39"0,x = % (X - N 8ix) : (2.15)

Next, one may check that

2
T .
3" 0,x0, X = _EX + g7 9ix0;x. (2.16)

Inserting our matter action in (2.4) we get

I ~o
T,ul/ = uXauX - §guu (g ’BaaXaﬁX + m2X2) . (2]‘7)
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We can read out from above

Ton = Tntn” =T"n,n,
= N2700 (. n=—=Ndt) (2.18)
1

1 .. 1
_ 2 7 2.2

This is clearly the matter Hamiltonian density, and hence, is aptly called H™. Similarly,

we have

— U — el ]
Tm' - T;un - ,I; ny

= —NT,° (. n=—Not) (2.19)
1
= —m0iX.

V9

Hence, we conclude

m 1 2 1 ] 1 2.2
1
H = —m,dix. (2.21)

i \/g
It may be checked with the commutation relations we shall define in a moment, that

these quantities generate local time and spatial translation of the matter field.

Gravitational part. The gravitational parts of H and H,; are

K2 K2 ’ K2
Canonical momentum for the gravitational field is

ij 05 1 ij ij
™ = Sgs —2—/#\/§(K7 - ¢"K), (2.23)

where the raising of both the raising and contraction of indices on extrinsic curvature

are performed with ¢”. In terms of canonical momenta the gravitational parts of the



CHAPTER 2. PRELIMINARIES 14

densities are

’/T]

HE = —2V,—= 2.24
J \/g ( )
2K2 y w2 1
g _ o _ —
H . (7r Mij = 7 1) 5,2 (R[g] —2A). (2.25)

M and 7 = g;;m9. Note that due to

Here we have defined 7,/ = gun®, mij = girgjem
7'/ being a tensor density of weight 1, we must divide it by the volume factor /g before

taking its covariant derivative.

Constraint equations. The F,,, = 0 and F,; = 0 components of Einstein equations

of motion can now be expressed as
H =0, H; = 0. (2.26)

These are called the Hamiltonian and the momentum constraints, respectively. They are
called constraints because, as opposed to the other equations of motion £j;, these do not
contain time derivatives of canonical momenta. Alternatively in the Lagrangian picture,
these equations do not contain second-order time derivatives of any field. Therefore, these
are not true dynamical equations; that is, they only restrict the space of initial data on
a Cauchy slice.

We also note at this point that the action (2.9) does not contain time derivatives of N
and N®. These two quantities are therefore Lagrange multipliers and have no dynamics
of their own. Their form is a choice of gauge and is generally left to the physicist’s

convenience to maximise simplicity of calculation.

Quantisation

Quantisation is realised via the canonical commutation relations

)
[gij(x)v 77“] = B (@k‘sje + 5jk5ie) 5(d)<1’ —9), (2.27)

[x(x), 7 (y)] = 16 (x — ). (2.28)
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Hamiltonian of the system is
H= / d'z /g (NH + N'H;). (2.29)
The constraints (2.26) are now imposed as the pointwise operator statements,
H(z) W) =0,  Hy(z)|¥) =0, Vae bulk (2.30)

In particular the equation H(x) |¥) = 0 is famously called the Wheeler-DeWitt (WDW)
equation [31,32]. The second equation has a straightforward and elegant interpretation

which we go over in section 2.2.

Integrated constraints

It is often useful, for building intuition, to study the integrated version of the above
constraints instead of the pointwise version. We construct this by smearing the constraints
with a vector Y* over a time slice. For the remainder of this section, we shall keep N

and N* arbitrary. Note that for a generic spacetime tensor O,,, we have
Op = 0,(0)" = O,(Nn* + E'N') = NO,, + N'O. (2.31)

Then, we know

E,Y"n" = E,,Y*
=Y (NE,, + N'E;,) + E;,)Y" (2.32)
= — (YO (NH + N"H;) + Y'H,) .

Since £, Y* is a vector current, its Hodge dual can be integrated over a codimension 1

submanifold. We shall take that to be a spatial slice to obtain the integrated constraint

Qy = — / A’z \/gE,,Y"n"

(2.33)
- / d'z /g [YO (NH + NH,) +Y'H,].
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It is useful to separate the gravitational and the matter part of the constraint as follows.

Qv = Qy + Qy, (2.34)

such that
Q% = / d'z /g [Y° (NHE + N'HE) + Y'H?] (2.35)
QY = / d'z /g [Y° (NH™ + NHT) + Y HT] . (2.36)

Gauge transformations

In gravity, gauge symmetry is the symmetry of small diffeomorphisms. The term “small”
refers to coordinate reparametrisations which maintain the boundary conditions set on the
metric. This often means that small diffeomorphisms must die faster than some minimum
rate at large distances. However, in spacetimes with compact spatial slices, such as dS, all
diffeomorphisms (connected continuously to identity) are small and therefore constitute
true gauge transformations. Therefore, while we parametrise gauge transformation with
the vector Y#, we will not need to impose any boundary conditions on it. Under the

diffeomorphism z# — x* — Y'*, the canonical variables transform as follows.

Lygij :Yog,»j + Nl-VjYO + vaiyo + Eygij, (237)
Ly =Y°%" 4 Lyn¥ 4+ (VYO (NFrd — Nigih — Nigik) (2.38)
+ Z—\g [V'Y'VIN + VY°V'N + NV'VY? — g7 (2V*YOVN + NV, VYY),

Lyx =Y°x + LyXx, (2.39)

Lym, =00(Y°m,) + Lymy, + 1, N'V,Y? + N/gVixV'Y". (2.40)
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In the above, Ly represents the spatial Lie derivative with respect to Y.

Ly gij = Y*0,g:; + g0, Y " + gi0;Y", (2.41)
Ly =Y 0,m9 — 7%, YT — n7%0, Y + 199, Y, (2.42)

Lyx =Y*0x, (2.43)
Ly, =Y*om, + mopY*. (2.44)

The dotted quantities g;;, 7 are functions of the initial data {g;;, 7} on the slice through
Hamilton’s equation of motion
SH ., 6H

z = —, 7Tl‘7 — .
gj (571'” 5913

(2.45)

The same is true for x and 7, in (2.39) and (2.40); that is, they are functions of the
initial data {g;;, 7, x, 7, } defined through Hamilton’s equation as well.

The reader may have noticed that the transformation egs. (2.37) to (2.40) resemble
a spacetime Lie derivative of the concerned quantities with respect to Y#. This is indeed
the case. The precise forms are obtained by expressing N, N*, g;; in terms of g,,. Then,
varying the quantities becomes an exercise in repeated use of the Leibniz rule in order
to trace the variations all the way back to g,,. Finally, the action of Y'* on g, is simply

the spacetime Lie derivative (see [33] for details of this derivation)
Ly G = Y Ol + G0 Y "™ + Gun0,Y " (2.46)

In the absence of a boundary in the spatial slice, )y induces the following transfor-

mations which we express through commutation relations.

i[Qy, gi5] = Ly gij,

i[Qy, 7] = Lyr",

[\
=~
N

i[QYa X] = LYX7

—~ — —~~ —
~
(0]

S~— N~— SN— S~—

i[@y, 7TX] = Lyﬂ'x.



CHAPTER 2. PRELIMINARIES 18

2.1.2 Perturbative picture

In this subsection, we review the perturbative form of the integrated constraints and the
transformations they induce on the canonical variables. While this calculation is pre-
sented in rigorous detail by Higuchi in [33], we present a lightning review of the bare
essentials necessary to appreciate the statement of dS invariance within the perturba-
tive paradigm. dS invariance is an important result present in the literature 23,33, 34]
which helps us put in perspective the asymptotic structure of the correlators exposited
in chapter 5.
Consider the perturbation

S
95 = Gig + whij, 7Y = £ ST (2.51)
Y

Here {gij, 7} is a classical background obeying the constraints (2.26) and the equations

of motion (2.45). h;; and II¥ are the quantum operators. Since 7 itself is of order £72,

1

its perturbative correction appears at order k™. Substituting the new variables in the

canonical commutation relations (2.27) gives

(6565 +6;%6,1) 6D (z — ). (2.52)

i), 11 (y)] = 5

Let us expand the constraint (Jy in increasing powers of k as
Qv => VW, (2.53)
n=0

where ng )~ O(k"?). Then, it is easy to see that while @} has zeroth and first-order

terms, Q)Y starts at the second order.
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Perturbation algorithm.

By virtue of the compactness of the spatial slice, the derivatives of Q% can be shown to

be precisely

6 g __ iJ
500 (x)QY = —Lyn(x), (2.54)
0

By utility of the functional version of Taylor series, the gravitational part at n’th order
(n > 1) becomes
g _ L[ a1 \(=1) ypis _ iy (=
Qy " = " d*z - (Lygij) 1Y — i (Lyw") hij| - (2.56)
The (n) superscript on the right hand represents the n’th order change in that term
under the perturbation (2.51)%. Despite appearance, both the terms on the right are the

2

same order of x because 7% starts from =2 as opposed to the g;; which starts at °.

At the zeroth order, the Q§9) vanishes trivially since the background obeys gravitational

constraints.

First order constraint

The leading order perturbation in Q% reads

1 . o ..
QY = —/ddx (H”Lygz'j - hiijﬂ”) ; (2.57)

K

where for keeping track of the powers of k we have defined the rescaled background

momentum I1% = k277 LyloL-j follows directly from (2.38) as

Ly 15 YO0 4 £y019 4 (9,0°) (NI — N — NI (25

N g [VYOVIN + VIYOVN + NVIVIY? — g (2VFY OV, N + NV, VFY0)] .

2Please note that this is a slightly different convention than the one for the integrated constraint
defined in (2.53).
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The matter part does not contribute at this order, so Qg,l) = Q%,(I). It has the following

commutation relations with the canonical variables

| 1 | I T
i[QV, hyy] = —Lvgi, iy, ] = —Lyll”, (2.59)
QY. x1=0, QY. m]=0. (2.60)

This is just the linearised gravity result that, under a diffeomorphism x* — z#* — Y*,

the metric and momentum undergo the transformation

1
hij — hij + ELYgija (2.61)
T — T1V + = Ly 19, (2.62)
Y K
Now, if X* is a Killing vector of the background {g;;, 7}, then Lxg;; = Lx7? = 0.
Therefore
Qg) =0, when X* is background Killing. (2.63)
Second order constraint

At second order, Q% reads

05 = L [ s (L) 0 - (1y19) ). 260

N | —

Here, the first term contains
L h{.:l Lvai )Y = VO & Loh.. 265
YZJ—K(YgZJ) = ij + Lyhij. (2.65)
The second term contains

LyTl9 = i (Lyr)Y = YOITY 4 Ly 119 4 (W, YO)(NFIT9 — NTPF — NITT)
1

1)
1 { \/75 [VYOVIN + VIYOVIN + NVIVIY? — g (2VFY OV, N + NV, VFY0)] } :
KR

(2.66)
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In the above equations, h;; and IT¥ are shorthand for 1 (gij)(” and k (7% )(1) respectively.
Both of these quantities can be expressed purely in terms of the background initial data

{gij, 7} and the quantum initial data {h;;, [I?}. The matter part of the constraint is

77

nontrivial at this order. It is
op® = / Az /g [YO (NH™ + N'HP) + VU] (2.67)

Qg) has the following commutation relations with canonical variables:

ilQP hyj] = Lyhy,  i[QYP, 119) = LyIl¥, (2.68)
QY. X = Lyx, i[QY,m] = Lyn,. (2.69)

de Sitter invariance

dS4.1 has W Killing vectors. Let X* be such a Killing vector. We learnt that
the leading order constraint Qgp vanishes identically. Since imposing the integrated
constraint on state means Qx |V) = 0, the second-order constraint acting on the state
gives,

QY [W) = O(x). (2.70)

Since Qg?) indeed induces a diffeomorphism corresponding to X* as we learnt in the
previous subsection, the above statement means that the |U) is allowed to have only
de Sitter-invariant features up to O(x). This is the perturbative statement of de Sitter
invariance. Note that, for an arbitrary state |¥), <W|Qg?)|\lf) is expected to be O(k°) be-
cause Qg?) is O(k?). Therefore the requirement of de Sitter invariance (2.70) significantly

narrows down the space of allowed states from the full perturbative Hilbert space.

2.2 Wavefunctionals

Most standard treatments of QFT make use of the particle or Fock basis for representing
physical states. This is the case where basis vectors are specific “particles” created by
applying creation operators on a vacuum state. However, for our purpose, it is more

judicious to work with the Schrodinger representation. In this representation, the states
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in the QFT are decomposed in terms of field configuration eigenbasis {|g,x)}. |g, x)
stands for the simultaneous eigenstate of the Schrédinger picture operators x(x) and

gij(z). The wavefunctional corresponding to a state |¥) is defined as

Vg, x] = (g, x|¥) - (2.71)

Note that N and N? do not constitute arguments of the wavefunctional because they are
pure gauge degrees of freedom as established in the previous sections. The canonically

conjugate momenta are implemented as functional derivatives

) )
“Bm@ MO Ea

7 () (2.72)
In the perturbative framework, where h;; becomes the quantum field, its momentum can
be implemented as

Hij (l’) _ ei/{fddx i mi 0 efmfdda: hi;m® (2 73)

Z(Sh”(l‘> ’ ’

where the conjugation by the phase is done in order to subtract off the background
momentum. We shall not make use of this differential operator in this thesis; it has
been provided merely for the sake of completion. For the rest of the section, we shall
proceed with the non-perturbative objects g;; and 7. In general, assuming Schrodinger
picture, the wavefunctional also comes with a time label ¢ (never explicitly indicated).

Time evolution of this wavefunctional is given by the functional Schrodinger equation
i0,¥[g, x] = H¥[g, x], (2.74)

where all the momentum operators in H (see (2.29)) are now implemented as the above
defined functional derivatives.
Momentum constraint as wavefunctional symmetry

It is illuminating to study the effect of the integrated constraint ()¢ on a wavefunctional

U when &* is a purely spatial vector, i.e. £ = 0. The momentum constraint H; |¥) can
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be integrated with &' to get
Q¢ |¥) =0, (2.75)

where Q¢ = [dx \/55’7-[, For the moment, let us assume pure gravity; we shall add

matter in a moment. We may write

(91[Q¢, 9i51|0) = (9]Qegis| V) — g (9]Qe| V) (2.76)

— / Dy (g5 — d;) (9lQelg') ¥lg'] = iLegi; Vo] (2.77)

In the second line we have used (2.47) and (2.37) with £° = 0. Taking inspiration from

quantum mechanics where [z, p| = i gives (z|p|y)) = —i0, (z|1)) we may write
(zlp|le’) = —i0,0(x — ') = i0pd(x — 2'). (2.78)
We deduce that the matrix element of Q)¢ is

(Qels) =1 [ s Leg(o) (0 - o). (2.79)

g;j (z)

Indeed substituting this in LHS of (2.77) we get the RHS via integration by parts. Now

integrating the above equation with [ Dg'U[¢] on both sides and recognising that (g —
9') = {glg’) we get s
01Qe ) = =i [ ' Loy 50 ol0), (280

Adding matter field y to the theory modifies (2.79) to
(9.x1Q !g’x’>=i/ddw Leg; 65(9 ¢) + Lexr—b(x — X) (2.81)
) §19 3 l](s / 3 5ng<x> : :
Duly, (2.80) gets modified to

. ) 4]
(9:1Qul) = =i [ d'a (Leaz+ Loxg-) o). (2582
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With slight abuse of notation, if we interpret ¢ as a differential operator, the above

equation is can be expressed as

Qe¥[g, x] = —iLeVg, X, (2.83)

where the Lie derivative is understood to act on the functional via Leibniz rule. Thus,
imposing momentum constraint on a state |¥) tells us that the wavefunctional W[g, x] is
invariant under all spatial diffeomorphisms.

The interpretation demonstrated here continues to hold in momentum space repre-

sentation of both g;; and x thanks to the transformation laws (2.48) and (2.50).

2.3 de Sitter overview

2.3.1 Geometry

de Sitter space is defined as a manifold embedded in the Minkowski space RV with
the metric:
d+1
ds? = — (dX°)* + 3 (dx)”. (2.84)
i=1

dS4.1 of length 1 is given by the hyperboloid:

(X9 (X)) =1. (2.85)

i=1
Global chart is
X = sinht

X1 = cosht cosf (2.86)

X' = coshtsinf &1, 1=2,...,d+ 1.

Here (£1,...,€%) are d Cartesian coordinates of a unit S In particular, 32 | (£7)* =1

and Zle (d€')? = dQZ_, is the (d — 1)-spherical distance element. The global chart
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Figure 2.1: The Penrose diagram of dSgy1 is square shaped where each horizontal cross-
section is a time slice which is both topologically and geometrically an S¢ (blue lines).
In the expanding Poincaré patch (grey region), the spatial slices (red lines) are naively
a plane, but the point at oo (red dot) should be thought of as part of the Cauchy slice.
Our slice of interest is the late-time one (L7 ) as equal-time correlators here correspond to
inflationary correlations accessible to the post-inflationary meta-observer. It is noticeable
how close to I, both the global and planar slicings converge. The complementary region
of the expanding Poincaré patch is called the contracting Poincaré patch.

metric is

ds® = —dt?® + cosh®t dQ2. (2.87)

Here, we have defined dQ% = d6? + sin?0 dQ?_,, which is the distance element of an S¢

created by sewing together the S? s described by &°.

Planar/Poincaré coordinates. Consider the embedding parametrised by (1, z%;i =

1,...,d),
‘X'O_,r/_nil_m_2
2 2n
—1 2
xt—_ntn 2 (2.88)
2 2n
1—1
Xi—-L . -9 . d+1,
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where 22 = >0 (2%)2. The metric is

ds? = L (—dn + dx? 2.89

§ = E <_ n + ax ) ) ( . )

where dx* = 25:1 (da:i)2. Here, n runs from —oo to 0 in the expanding and from 0 to

+00 in the contracting patches respectively (see fig. 2.1). This is the chart of choice in

cosmological correlator literature.

2’ coordinates of Poincaré patch match that of global at Z*. Let us denote the

d-sphere of the global slicing in stereographic coordinates #* such that
i 0 .
7' :tanafz, i=1,...,d. (2.90)

Then the dS;4; metric becomes

4dx?
ds* = —dt* + costh—XNT (2.91)
(1+2?)
Comparing the embeddings (2.86) and (2.88) we have the transformation
1 , cosht sinf &°
g sinht + cosht cosf’ . sinht + cosht cosf ( )
In particular, note the transformation of spatial coordinates,
. 1 0
i OO0 (2.93)

= 7"
tanht + cosf

Taking the late-time limit ¢ — oo™ we get exact equality between Poincaré and global
spatial coordinates at Z+:

r =7 (2.94)

This equation reveals a curious simplification in the dictionary of correlators computed
using the Poincaré and global charts. The literature on cosmological correlators predom-
inantly uses z° to describe Z*. In this work though, we shall use the coordinates (¢, 7") to
describe it as the topology of the spatial slice will be crucial in the discussion. However,

near the boundary, since the two spatial coordinates are precisely concurrent, the state-
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ments we make about correlations between points Z° hold just as true for correlations
between the points z°. We must remember that this agreement does not extend in the
past of Z7.

In the rest of this work, we shall drop the tilde on #* and refer to it as just a'. There

will be no ambiguity since we will never work in Poincaré coordinates.

Isometry Group. Since dS;.; is embedded in R“¥*! as the surface X - X = 1, the
surface is invariant under O(1,d+1). The flow of all these boosts and rotations projected

on the dS surface forms its isometry group which therefore also has the structure O(1,d+

1).

2.3.2 Hilbert space

The WDW equation combined with the momentum constraints gives us a vanishing

Hamiltonian. This makes the evolution of the quantum gravity state

0¥[g, x] = 0. (2.95)

This equation is a bit concerning at first glance as it seems to suggest there is no time
evolution for the state. However one must note that the full Hamiltonian of a theory with
a boundary, like Anti-de Sitter (AdS) and flat space, is not just the bulk integral of the
constraints but a boundary term along with it. This boundary Hamiltonian indeed gives
the state a non-trivial evolution. The bulk nature of the constraint just echoes the fact
that in gravity, all small diffeomorphisms, that is coordinate reparametrisations which do
not extend all the way to infinity, are gauge transformations. However, we are interested
in spacetimes which are asymptotically dS; specifically, spacetimes with the topology of
dS. This means that their global time slices are topological spheres and therefore do not
have a boundary. Hence, WDW equation in this context does mean that the state is
frozen in time. How does one then recover dynamical gravity? A resolution to this puzzle
was offered in a previous work [2] along with a characterisation of the Hilbert space of

asymptotic dS which we briefly summarise in this section.
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Intrinsic time. It should actually be no surprise that a theory with general covariance
built into it exhibits no evolution over time. Time-reparametrisation, after all, is a
symmetry built into the system. A similar situation occurs in bosonic string theory
where reparametrisation of worldsheet coordinates, the time coordinate 7 in particular,
is a gauge symmetry. Of course, this doesn’t mean that the string is frozen in time
because the dynamics we are interested in evolves in the target-space time X instead of
worldsheet time 7. In other words, time-evolution data is encoded within the state itself!

Notice that in classical dS evolution, the volume of a time slice grows exponentially

with time and therefore the quantity

log/ddx\/g (2.96)

can be taken to be a proxy for time. In the QG case, even though any reference to canon-
ical time itself is lost, the slice volume is still an argument of the wavefunctional. It is
therefore possible to promote it to the status of time, and study the evolution of observ-
ables with respect to it. Now, asking to know the late-time nature of the wavefunction is
tantamount to asking about its nature in the large-volume regime. One has to therefore,

adopt this view of “intrinsic time” and attempt to solve (2.30) in large-volume limit.

Late time solution. In [2], it was found that the WDW equation simplifies dramati-

cally in this limit and the space of solutions can be summarised as follows:

Ulg,y] — e®lz[g . (2.97)

late time

Here, Slg, x| is a real and divergent term which is common to all states. Z[g,x] is a
diffeomorphism invariant functional with anomalous Weyl invariance in even d. Weyl
transformation refers to a simultaneous local rescaling of the metric as well as the matter
field: g;; — Q%g;; and x — Q 2y, where A is a scaling dimension we attribute to the
scalar field x, and €(x) is a local function. The precise formulation of its Weyl property

is

1) )
(29@@ — Ax&) Zlg, x| = AaZg,X] . (2.98)
]
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where A, is an imaginary anomaly polynomial that is nonzero only in even d and is deter-
mined explicitly in [2]. The solution is valid in the limit where the cosmological constant
dominates the spatial curvature scalar R (distinct from the spacetime curvature scalar),
and other terms in the local energy density, everywhere on the slice. This requires the
volume of the spatial slices to become asymptotically large compared to the cosmological
scale. Physically, this corresponds to the late-time limit of an asymptotically de Sitter

spacetime.

Hilbert space ~ Theory space. The diff (difftomorphism) x Weyl invariance of
Z|g, x| points to it being the generating function of correlators of a primary ¢(z) and its
stress tensor T%(x) in a Euclidean CFT. This CFT is sourced by a coupling ¢x and lives

in a deformed background g;;. The relation, in short, is

209, = (e M) e g, (2.99)

Since we are interested in perturbations around the dS metric, g;; is kept close to a perfect
sphere. One can make use of the Weyl invariance of |Z[g, x]?| to “Weyl away” the very

large size and the spherical curvature of the late-time metric to write
Gij = 0ij + Khij. (2.100)

A slight difference here in convention form the previous section is that h;; is a perturbation
away from perfect spherical geometry (denoted by ¢;;) instead of a general geometry g;;.
From this point onwards in the rest of this document, g;; will always represent the full

perturbed geometry instead of the background. Expanding Zlg, x| as

1 =
Z[g,x] = exp {Z ot G (T G R (21) - i (@)X (1) - ~X(3/m)} ., (2.101)
and imposing the diff x Weyl invariance on it reveals the following. The vectorised
position arguments and spatial indices are n-tuples where the k’th entry is associated
with the k’th insertion of h;; or x. The coeflicients Gﬁm(f, /) obey conformal Ward

identities corresponding to a Fuclidean CFT living in d dimensions. This straighforwardly
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leads to conformally covariant transformation laws obeyed by them. This relation can be

represented succinctly as

i - - i1 inin connected
Gn],m(x? y) ~ <T 1]1(3:1) T (xn)¢<yl) s ¢(ym)>CFT : (2'102)
This ¢ has the dual scaling dimension A = d — A, and the CFT has an imaginary central
charge. These symmetry laws follow from integrating to finite deformation the conformal
Ward identities discussed above. Since each distinct set of coefficients {G,, ,,}* describes
a unique CFT, but also defines a unique state, it is concluded that the space of states is

dual to the space of all CFTs of the specified form.

Excitation basis. It is possible to give another basis for this Hilbert space which
is interpretable as “excitations” on the Hartle-Hawking (HH) state. The HH state is
a naturally arising vacuum often discussed in quantum gravity literature for its many
pleasing properties, foremost amongst which is the fact that it is a solution of the WDW

equation [35]. It is defined via the no-boundary prescription

Unnlg, x] = / DDy e~ 619, (2.103)
9,X

The sum runs over all Euclidean 4-geometries (assuming we are in 3 4+ 1 dimensions) §,,,
which induce the 3-geometry g¢;; on its sole boundary, which is also the final time slice.
Further the bulk field is summed over configurations y with the boundary condition
on the final time slice. Sy stands for the Euclideanised Einstein-Hilbert action. This
prescription is natural from the perspective of quantum mechanics and as such solves
the WDW equation. It also has the nice property that in the non-gravitational limit
(Gn — 0), it reduces to the Bunch-Davies vacuum familiar in dS-QFT literature. Since
Wyp is computed with the explicit procedure above, it incorporates information about
the specific interactions of the theory, and in this sense the HH state is a special state.
Although the remaining material will pivot on the HH state as a reference, all the prop-
erties demonstrated shall continue to hold for other states. Let the HH state |¥,) have

—

wavefunctional coefficients Gﬁm(i 7). Let another physical state be [{Gym}). Then it

3spatial indices will be often dropped for brevity.
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Figure 2.2: In the Hilbert space (square box), we can interpolate physical (WDW-obeying)
states between the HH state |Vo) and another physical state |{G7(~f)m ) by exponentiating
convex combinations of the wavefunctional coefficients of the theories at either end of the
curve. Then the tangent vector 6G |Wo) (indicated with solid arrows) also represents a
physical state.

is possible to create a “tangent” state

Vg, x] = 9NN " 1"6G, 1 Zolg. X1 (2.104)

n,m
which also solves the WDW equation. Here,

1 e
6Gnm = — / dzdy 6G (%, )iy, (1) - - iy (20) X (W1) - X (Ym), (2.105)

and we have defined the difference of two coefficients as
0G,(7,5) = GU . (Z,5) — G (Z.7). (2.106)
Notice that this state is an “excitation” on the HH state in the following sense

U) = K"0G,m [Wo) . (2.107)

This machinery allows us to cover full perturbative Hilbert space in terms of excitations

on top of the HH vacuum (see fig. 2.2 for a visual representation and sec 5 of [2] for the
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detailed procedure). One must note that these states are not normalisable in the naive
QFT norm. That quantity always diverges for all states except the |¥g) itself due to the
conformally covariant nature of the excitation tail. We now proceed to prescribe a norm

for this Hilbert space which will reproduce finite results for the excited states.

de Sitter invariance. In the nongravitational limit (v — 0), the excitation tail van-

ishes with the exception of the leading term leaving a state of the kind

[Wag) = 0Gng.mo Vo) (2.108)

where ng, mg are a pair of positive integers. These states can be explicitly shown be
invariant under dS isometries (see [2]), thereby being in line with the discussion in sec-
tion 2.1.2. We shall revisit this idea in sections 3.4 and 5.1 where we discuss norms and

correlators of said limit states.



Chapter 3

Norm proposal

In this chapter we discuss the problem of defining a norm on the space of solutions to the
WDW equation that take the form (2.104). We also show that in the nongravitational
limit, this norm reduces to the norm defined by Higuchi. The definition of a norm also

tells us how to compute expectation values of observables.

3.1 The general problem

We have determined the form of the wavefunctional in equation (2.104) only in the limit
of large volume i.e. in the regime where the cosmological constant dominates the Ricci
scalar of the spatial slice and the matter potential. Nevertheless, we expect that this
information is sufficient to define a norm on the Hilbert space. The intuition is that
the large-volume limit is equivalent to the late-time limit in the physical spacetime. In
quantum mechanics, the norm of the state can be defined at any instant of time and does
not require knowledge of the full time-evolution of the state. Therefore, we expect that
the norm can be defined on the space of wavefunctionals in the large-volume limit and
should not require details of the wavefunctional everywhere in the configuration space.
Once the question has been reduced to that of finding the norm on states of the form
(2.104), we find another simplification. Although the wavefunctional W itself has a phase
factor that is not Weyl invariant, and Z[g, x] might have a Weyl anomaly, |¥|? is diff x
Weyl invariant since the phase factor cancels and the anomaly is pure imaginary. So it

makes sense to study |¥|? beyond the domain of large-volume metrics where the form

33
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(2.104) was originally derived. (This point is discussed in some more detail in section 4.2
of [2].)

We propose that the norm of a wavefunctional W is given by considering the integral
of |¥|? over all field configurations and dividing by the volume of the group of diffeomor-

phisms and Weyl transformations.

_ M n+n’ * 2
(\Dv \II) - Vol(diffoeyl) /DgDX Z K 5gn,m6gn’,m’|z0[gy><” . (31)

n,m,n’ m’

Here N is an overall state-independent normalisation constant that we will choose below
for convenience.

Now consider a diff x Weyl invariant operator A[g, x| that maps states of the form
(2.104) back to the state space. We propose that the expectation value of the operator
is given by

M

U AV) =
(7, A%) vol(diffx Weyl)

[ DaDx S w0 8Gukel Zalg X P AN (32
Note that the knowledge of the norm for the state (a|¥1) + b|W5)), and the expectation
value of A in this state, for all @ and b is sufficient to determine the overlap (¥, ¥y) and
the matrix elements (W;, AU5) including their phase.

The proposal for the norm and expectation value, (3.1) and (3.2), is not unique but
we adopt it because it is natural and simple. It might be of interest to explore alternative
norms, as we briefly discuss in section 3.5. We also postpone a discussion of some subtle
aspects of the proposal to section 3.5. For now, we proceed to examine the technical
problem of gauge fixing the diff x Weyl redundancy to obtain a practical method of
computing the norm. In the section below, we use the Faddeev-Popov formalism to
obtain a gauge-fixed expression. In appendix C, we show that the gauge-fixed functional

integral is invariant under a BRST transformation.

Comparison with DeWitt norm. Note that it is not clear if the norm presented here
follows from DeWitt’s norm [32] in an obvious way. In fact, these two norms are dissimilar
in at least two immediate ways. While the DeWitt norm, essentially a Klein-Gordon norm

in the superspace, contains metric derivatives within the integral and suffers from issues
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of positive-definiteness, the norm proposed here does not have that problem due to being
an integral of [¥|2. Secondly, the norm proposed here uses only the late-time behaviour
of the wavefunction, as opposed to the DeWitt norm which uses the full wavefunction.
Despite these superficial dissimilarities, it will an interesting pursuit to explore if these

two norms are connected in a deep way.

3.2 (Gauge-fixing conditions

In order to implement the Faddeev-Popov procedure to gauge fix the functional integral,

we use the following gauge-fixing conditions
0i9i; = 0; gii =d . (3.3)

We use the standard summation convention, so that repeated indices are summed over.
The derivative that appears in (3.3) is an ordinary partial derivative and so the gauge-
fixing condition explicitly breaks both diffeomorphism invariance and Weyl invariance.
With g;; = d;; + kh;j, our choice requires h;; to be traceless and transverse.

In d = 2, the conditions (3.3) are equivalent to fixing g;; to ¢;;. However, for d > 2 it is,
in general, not possible to fix the metric to a “fiducial metric” using only diffeomorphisms
and Weyl transformations.

We adopt the gauge choice (3.3) for simplicity. In Appendix A, we discuss alternate
choices of gauge that lead to the same physical results.

The infinitesimal variation due to a diffeomorphism ' — 2* 4 ¢ and a Weyl trans-

formation g;; — €*#g;; of the metric is given by
Oep9is = Vi&i + Vi&i + 2045 , (3.4)

where & = g%, It will be convenient below to change the parameter of the Weyl
transformation to implement the shift ¢ — ¢ — ékak. The infinitesimal transformation

now takes the form

O 9i5 = (PE)ij + 20045 (3.5)
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where we have defined

2
(P& = ginVil" + gin V€ — Egijkak (36)
3.6
2

= '04gi; + 90" + g 0;€" — Egijgkeﬁgﬁk :

The shift is chosen so that the (P¢);; is traceless provided g¢;; = d.

3.2.1 Residual gauge transformations

The gauge fixing conditions (3.3) do not completely fix the gauge. Since (P§);; is traceless

provided g;; = d, the residual symmetry corresponds to solutions of the equation

Solutions of this equation are in one-to-one correspondence with the generators of SO(1,d + 1).

However, the nature of the solutions is slightly different for d > 2 and for d = 2.

It is shown in Appendix A that, for a general metric, in d > 2, there are w
solutions of (3.7). These are given by
translations : €' = a;
rotations : & = Mg
(3.8)

dilatations : &' = Az’

SCTs: & = (2(8-x)2’ —a?p") + 0]

where )\, and M% denote, respectively, a number and an antisymmetric matrix and o
and ' are vectors.

The notable aspect of (3.8) is that the usual special conformal transformations are
corrected as noted in [36,37]. The matrix v} depends nontrivially on the metric and
vanishes when g;; = d;;. In Appendix A, we present an algorithm to find vg in perturbation
theory. It is also shown there that although the SCT itself is modified, the algebraic
structure of the residual transformations (3.8) remains that of SO(1,d+1). Appendix A
also discusses residual gauge transformations for other choices of gauge.

In d = 2, since the conditions (3.3) fix g;; = J;;, the correction term in the SCT always
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vanishes.

vl =0, ford=2. (3.9)

Appropriate linear combinations of the two allowed SCTs in d = 2 correspond to the
two independent special conformal transformations that are usually described in terms
of “holomorphic” and “anti-holomorphic” transformations in the discussion of string per-

turbation theory.

3.2.2 Fixing the residual symmetry

To fix the residual gauge symmetry, we will take advantage of the presence of insertions
in (3.2). We will assume that the state under consideration has at least two insertions,
which implies the presence of at least four insertions in (3.2). In all dimensions, the
residual gauge symmetry can then be fixed by setting the position of three insertions as
follows:

The choice of a point at the origin and another point at infinity fixes the translations
and special conformal transformations. Fixing xs to 1 = (1,0, ...,0) fixes the dilatations
and also part of the rotations. This choice does not fix the SO(d — 1) group of rotations
of the hyperplane orthogonal to the 0 — 1 axis. But since this group is compact, it can
simply be integrated over and does not lead to any divergence in the functional integral.

It is convenient to impose the last condition using the coordinates &% = ;Tﬁg so that it

can be written as 23 = 0.

3.3 Faddeev-Popov procedure

To gauge fix the functional integral for the expectation value of an operator in (3.2), we

insert the following expression for the identity,
1= App / DED 8(g$ ) — d)5(0,g5s™)0(1)8(y — 1)8(25) | (3.11)

where the notation g(¢%¥) indicates the metric obtained upon acting on g;; with the dif-

feomorphism parameterised by ¢ and the Weyl transformation ¢. App is the standard
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Faddeev Popov determinant that we will evaluate below.

Substituting the infinitesimal transformations in (3.11), we can write

App = /DSDW(?CMJ) 3((DE):) 6(¢7(0)) 8(€7(1))3(€7 (0)) (3.12)

where, at infinity, we use the diffeomorphism in the inverted chart

%

E@) = T (€@ -2 075) (313
which is inserted at x = oo corresponding to £ = 0. The delta function for ¢ is trivial,
and one can simply integrate it out.

The Faddeev-Popov determinant may be evaluated using the standard procedure of
first writing the delta functions as integrals over auxiliary parameters, and then simply
replacing the bosonic parameters by Grassmann numbers. This leads to an expression

for App in terms of a c-¢ ghost action:
App = No / DeDee % ( H d(0)d (1) (0)) (3.14)
J

where the ¢ ghost insertions correspond to ¢ insertions in (3.12) and the ghost action

(derived in appendix C) Sy, is given by
S = / 4"z & (Do), . (3.15)

The ghost action (3.14) has zero modes corresponding to the residual gauge trans-
formations discussed previously. Some of these are soaked up by the insertion of the 3d
c-ghosts in the denominator. But in the ghost functional-integral (3.14), we ezclude the
zero modes that correspond to rotations that leave the point x5 = 1 invariant. (All rota-
tions leave the origin and the point at co invariant.) These zero modes correspond to the
unfixed compact part of the residual symmetries and if we were to integrate over them
we would obtain zero since there is nothing to soak them up. But there is no difficulty
in excluding them in the functional integral since they are orthogonal to all other modes.
These unfixed residual transformations also contribute a factor of vol(SO(d — 1))~! in

App but this can be absorbed in the overall normalisation constant N5.
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We do not keep track of the overall constant Ny. This factor always drops out of
any physical computation since the same constant appears in both the norm and the
expectation value and so (¥, )~} (¥, A¥) does not depend on this constant.

Combining everything together, the gauge-fixed expression for the expectation value

of A can be written in the following form.

(U, AT) = V1N, / DgDxDcDe > k"8G . Alg, X10Guw | Zolg, X][Pe %"
Y - (3.16)
x 6(gii — d)6(0;9:7)0(x1)0 (22 — 1)5(553)<Hcl(o)cl(l)él(m» -

It is understood that the points 1, 2o, x3 correspond to operators that are part of A or
0Gn,m.-
In Appendix C we show that the gauge-fixed integral (3.16) remains invariant under

a BRST symmetry when the delta functions are implemented using auxiliary fields.

Ghost determinant. The expression (3.16) can simplified by evaluating the ghost
determinant. First we expand the c-ghosts using a basis of orthonormal vector fields.
The correct inner product between vector fields is the one on the sphere. (See Appendix
A for more discussion.)

We then divide the space of vector fields into the subspace of zero modes and the
subspace of nonzero modes. Since we have excluded modes corresponding to rotations
that leave (1,0,...,0) invariant, the remaining subspace of zero modes is exactly 3d
dimensional. Using the index z to run over zero modes and the index n to run over the

non-zero modes, we can write

=3 eyt D el - (3.17)

First, consider the contribution of the non-zero modes. This can be evaluated by ne-
glecting any c insertions outside the ghost action. This is because in the ghost action,
the nonzero modes of ¢ are always paired with a mode of ¢. Upon series expanding the
action, further c insertions simply give zero either in the integral over the ¢ modes or the ¢

modes (for further details, see [38]). Then, to obtain the non-zero mode contribution, we
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simply perform the integral over the ghost action to obtain a restricted FP determinant
/Dch' e 5 = App | (3.18)

where the prime label indicates that the zero modes have been excluded from the mea-
sure. Note that the above notation is somewhat deceptively compact since this restricted
determinant depends on the metric fluctuation.

We now turn to the zero mode contribution. The zero-mode fields are proportional
to those given in (3.8) but we will fix the normalisation below for convenience. We
can choose d modes to correspond to translations in the d-possible directions; one mode
corresponds to dilatations; d modes correspond to special conformal transformations; and
(d — 1) modes correspond to rotations with M% 5;05{ - (5’1'550 with i # 1. The index z

runs over all these 3d fields and we can therefore construct the 3d x 3d matrix

¢y o ¢ () (1) hylee) L (f(o0)

Cé).(()) CEIQ).(O) C(lz).(l) g(d2).(1) C(12)(OO) 5(d?)(oO> . (3.19)

Caay(0) - Gy (0) Cg(D) o (Gg(1) Gag(00) - (fg)(00)

The zero-mode determinant is

Adp = det(M) . (3.20)

We now find that our gauge choice leads to a simplification. The special conformal trans-
formations depend on the metric through 'U;- as shown in (3.8). However, this dependence
vanishes at infinity. Moreover, while the special conformal transformations become a
constant at infinity, all other zero-mode fields vanish at infinity. Therefore det(M) does
not depend on the special conformal transformations at the points 0 or 1 and thus det(M)
is independent of the metric. By normalizing the zero-mode fields appropriately, we can
simply set

Adp =1. (3.21)

Final answer. We now introduce some notation and present our final answer in a

compact form. When three points within an integrated product of operators are fixed
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using the delta functions that fix the residual transformations, we denote this using a

overline. For instance,

G = / A7 (21)8(xy — 1)8(F3) G () iy (21) iy gy (1) -+ X(Tns1) -+ X (Tm) -
(3.22)

The notation G, Alg, x]0G;,, allows for the position of any three operators in the
product to be fixed.

Next, in the expression for the functional integral (3.16), we choose

-1

1
M= U DgDx 8(gi: — d)3(Dig:) Ap| Zolg. XII*| - (3.23)

This choice makes the product N7 N3 equal to the inverse of the functional integral over the
wavefunctional of the Euclidean vacuum. Hence we should think of physical observables
as the ratio of a functional integral with operator insertions, and the functional integral
over the Euclidean vacuum.

Given a general product of the metric and other matter fields, (), we also define the

notation

(Q) = NN, / DgDx 6(gii — d)5(ai9ij)A%P|Zo[ga X]|2Q- (3.24)

Intuitively, the notation can be thought of as the expectation value of () in the Euclidean
vacuum although this intuition should be used with care since (see section 3.5) the vacuum
itself might not be normalizable.

Using this notation, we can then rewrite the gauge-fixed path integral (3.16) as

(T, AD) = > &"(0G; ,, Alg, XI0Gusm) - (3.25)

n,mn’ m’

Note that setting A = 1 yields the norm.

(T, 0) = > &""(6Gr, 0Gum) - (3.26)

n,m,n’ m’

The relations (3.26) and (3.25) represent our final answers in compact form.
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3.4 Nongravitational limit

We now show that our expression for the norm coincides precisely with the norm proposed
by Higuchi [22,23] in the nongravitational limit.

It was explained in [2] that the form of the allowed states simplifies in the nongravita-
tional limit. More specifically, in the nongravitational limit, with the state corresponding

to the Euclidean vacuum denoted by |0) the allowed states take the form

|Wng) = /df‘;GZm@a Dhig, (1) - P (Un)x(21) - - X (2)[0) - (3.27)

The simplification above is that we do not have a sum over multiple values of n that is
necessary when s # 0 by the Ward identities.

Now consider the nongravitational limit of the expectation value defined in (3.24),

0QI0)grr = lim (Q) - (3.28)

In the nongravitational limit, the ghosts decouple from the metric. Since App has no
dependence on the metric fluctuation in the limit x — 0, it trivialises to a numerical
factor. The gauge conditions still ensure that h;; is transverse and traceless. Therefore,
this expression instructs us to integrate the product of insertions over the matter fields
and over the transverse traceless fluctuations of the metric using the x — 0 limit of the
wavefunctional for the Euclidean vacuum. This is precisely how one would have computed
the expectation value of the product of operators in the quantum field theory, including
the fluctuations of free transverse-traceless gravitons. This explains the choice of notation
in (3.28).

Now consider the norm of two states of the form (3.27). Our final answer for the norm

in the nongravitational limit can be written as

(g, Ung) = / dTdT §GU,(7) (6GT ) ()8 (x1)d (w5 — 1)8(i3)

X (Ol g (1) - - i o, (U )x(21) « - X (20 ) Py (Y1) -+ P (9n) X (21) - X (2)0) rr
(3.29)

where x1, 29,3 can be any three coordinates from the ¥ = (¢, 2) or & = (¢/,2") that
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appear above.
We recognise that this is just the gauge-fixed version of Higuchi’s proposal as we can
undo the residual gauge-fixing and write this as a group average which becomes

vol(SO(d — 1))
vol(SO(1,d + 1))

(W, V) = / dzdz 56, (%) (5GT, )" (7)

X (Ol ha g1 (1) - - hagr (wn)x(21) - - X (2o Py (W) - - P (U)X (21) - - X (2m)[0) @ -
(3.30)

This can be derived repeating the steps in section 5.3 of [2]. We can also write this as

vol(SO(d — 1))
vol(SO(1,d + 1))

(\I/ng7 \Ilng) = <\Ijng|ang>QFT (3‘31)

and we recognise Higuchi’s inner product. In this expression the infinite volume of the
conformal group in the denominator cancels the infinite QFT norm. The additional finite
factor of vol(SO(d — 1)) emerges because an SO(d — 1) subgroup of SO(1,d + 1) leaves
three points invariant. Since this is an overall finite normalisation constant in the norm,
it is physically irrelevant.

Note that it would not be correct to equate (3.29) with (3.30) away from the non-
gravitational limit even after replacing the QFT expectation values with a gravitational
expectation value of the form (3.24). First, away from this limit the form of the states
shown in (3.27) is corrected. More importantly the action of a special conformal trans-
formation on the operators that appear there is corrected due to the correction term in
(3.8). Consequently, special conformal transformations relate an expectation value to
another expectation value with additional metric insertions. Therefore, away from the
gravitational limit the gauge-fixed integrand that appears in (3.29) cannot simply be
equated with a group average.

Therefore our proposal (3.26) reduces to Higuchi’s proposal in the nongravitational
limit but also provides a systematic method of correcting it at nonzero k.

If, in addition to the nongravitational limit, we consider the free-field limit for matter
fields in the principal series then the space of “conformal blocks” naturally provides an
orthonormal basis for the Hilbert space under the norm (3.30). This interesting point is

discussed further in Appendix B.
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3.5 Subtleties

In the technical discussion of the norm, we have glossed over some subtleties that we now

list.

1.

In even dimensions, the transformation of the measure might introduce a Weyl
anomaly in (3.25) and (3.26) [39]. Relatedly, in string theory, where a similar
functional integral appears, the critical dimension is fixed by demanding that the
Weyl anomaly vanishes. So, in even d the expression for the norm might need to be
improved by adding auxiliary fields to preserve diff x Weyl invariance. However,
we also note that we have some more freedom because |Zy[g, x]|* is not a local
functional and therefore it might be reasonable to study nonlocal measures. We
leave a deeper study of the measure to future work. For odd d, which includes
the case d = 3 of physical interest since it corresponds to an asymptotically dSy

spacetime, we do not expect these issues to arise.

The question of the normalizability of the Hartle-Hawking wavefunctional and its
relation to the nonperturbative instability of de Sitter space has been discussed
in [40-42]. This is related to the question of the measure. We will not address this
issue in this thesis. We note that physical quantities are always related to the ratio
of an expression of the form (3.25) and an expression of the form (3.26), which

might be better behaved.

The formula (3.25) requires the presence of at least three operators in the product
6Gn mAlg, X]0Gw mr. Therefore it cannot be used to compute the norm of the original
Euclidean vacuum. (This problem is separate from the one discussed in point 2.)
This suggests that the vacuum state itself is not part of the Hilbert space at all and
only excitations above the vacuum are normalizable states. This issue was noted
earlier by Higuchi [23] and also, recently, in [43]. It is similar to the one that arises
in string perturbation theory, if one attempts to define the sphere partition function
with less than three vertex operator insertions. It would be nice to understand this

better, perhaps using the techniques of [44—48].

Consider a term with a given value of n, m in the expression (3.25). This involves the

“expectation value” of a product of operators integrated with coefficient functions
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that are conformally covariant. (Recall the definition of G,, ,, in (2.105).) It will be
shown in chapter 4, that the expectation value also transforms in a simple fashion
under the conformal group. When combined with the coefficient function this
produces an integrand that is invariant under rotations, dilatations and translations
and in the £ — 0 limit under SCTs. Fixing three points in such an integral suffices

to remove an obvious divergence that comes from the volume of the conformal

group.

5. Nevertheless, there might be additional divergences in (3.16) that arise due to
the “collision” of operators. This issue again parallels an issue that appears in
string perturbation theory. We hope that the ideas developed to deal with these
divergences in that setting, including a suitable ie prescription [49], the use of string
field theory techniques [50] and off-shell methods [48,51,52], will be effective in this

setting as well. We leave further study of this issue to future work.



Chapter 4

Cosmological correlators

Cosmological correlators are of interest since they provide a leading-order approximation
to the fluctuations generated during the inflationary epoch, when the universe could be
approximated by a de Sitter spacetime. In this section, we will define these quantities

within our framework and discuss some of their properties.

4.1 Definition of cosmological correlators

In the literature, cosmological correlators are usually computed as QFT-expectation val-
ues of the form (x(z1)...x(zn))qrr, Where x; are points on the late-time boundary of
de Sitter. Note that since these points are on the asymptotic late-time slice, they are
infinitely separated in physical distance for any finite separation of the coordinates. In a
quantum field theory, the meaning of such correlators is clear. However, in a theory of
quantum gravity, the product of local operators on the late-time slice does not commute
with the constraints and so is not gauge invariant.

For instance, under a diffeomorphism z* — z’ + &%, an operator insertion y(x) trans-

forms as

x(x) = x(x) + £0x(x) | (4.1)

and thus does not remain invariant. Since diffeomorphisms on the late-time slice are
generated by the momentum constraint, this means that the operator x(z) does not
commute with the momentum constraint. Likewise, it may be checked that the operator

does not commute with the Hamiltonian constraint. This is expected from the well-known

46
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result [32] that gauge-invariant observables in gravity cannot be local.
Nevertheless, it is possible to make sense of such operators by fixing the gauge. We

propose the following definition of cosmological correlators. Let

Co'(T) = Dy (21) - Py, ()X (01) -+ X (W) (42)

denote a product of p metric fluctuations and g matter fluctuations. Now consider a state
of the form (2.104). We propose that the cosmological correlator corresponding to the

product (4.2) in the state (2.104) be defined as

(UICE @) W)ec = D K""(6Gs m0GnmCEA(T)) (4.3)

n,m,n’ ,m’

using the expectation value (3.24). This can be written more explicitly as
(VICZ (@) ¥)ce = Nk [ DgDxDeDee SC2(@). (4.4
where, for convenience in the discussion below, we have introduced an “action” S

e 8 = e 50 5(gii — d)3(0igig)| Zolg, XIP Y KOG 100G m - (4.5)

n,m,n’ m’

Let us discuss some features of our proposed correlator.

1. Recalling point 4 in section 3.5, our prescription for the correlator makes sense pro-
vided that the product (4.2) has at least three points. §G,, ,, also contains products
of the form (4.2) integrated with conformally covariant functions. Therefore, if we
study a k = p + ¢-point cosmological correlator, each term in the sum in (4.4)
is an expectation value of a product of (n +m) + (n’ +m’) + k operators where
(n+m)+ (n'+m’) operators are integrated with a conformally covariant function.
It will be shown below that the expectation value is conformally covariant. (See
section 4.2 for a precise discussion.) Therefore a value of & > 3 is sufficient to
remove a potential divergence from the volume of the conformal group. It would

be nice to understand two-point correlators, perhaps, by generalizing the methods

of [44].
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2. The prescription (4.4) continues to make sense if we remove the insertions of §G,, ,,
and consider only the vacuum state. In the vacuum state, the restriction k£ > 3
does not apply. Although the vacuum is the state that is most commonly used to
compute cosmological correlators, especially in the literature that makes contact
with AdS/CFT [26,53], we remind the reader that it is not normalizable when the

norm is given by (3.16).

4.1.1 Dependence on the gauge choice

The prescription (4.4) defines the expectation value of a gauge-fized operator. Since the
product of operators C%’q is not diff xWeyl invariant, if one were to choose a different
gauge (as opposed to the transverse-traceless gauge chosen above), one would obtain
a different answer for the cosmological correlator. In fact, it is perfectly reasonable
to make a different gauge choice, and alternative gauges are discussed in appendix A.
The transverse-traceless gauge is convenient for us since it will be shown below that the
symmetries of cosmological correlators take on a simple form. In other gauges, these
symmetries might be realised nonlinearly although different gauges might be suitable for
different physical applications.

Given a gauge choice, the prescription (4.4) defines an unambiguous conjugate-bilinear
functional on two states. Therefore, there necessarily exists some gauge invariant operator
on the Hilbert space whose matrix elements are defined by (4.4). More precisely, with
|W) = a|¥y) + b|¥y), we can simply define a gauge-invariant operator C%; with matrix

elements as follows
0 d
Oa* 0b

(T4, CELW) = (wlez (@) Whee (4.6)

where the right hand side is defined by (4.4). The operator A%’; is not a local functional
of x and h;; and the Z are simply labels for this operator.

The map between the product C, (%) and the gauge invariant operator depends on
the gauge choice. However, the difference between different gauge choices manifests itself
only at O(k). In the nongravitational limit, there is a simple gauge-invariant operator
whose expectation value yields (4.4). This is given by simply taking the group average
of (4.4).

To see this more precisely, let U be the operator in nongravitational quantum-field
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theory that implements the action of the conformal group on the late-time metric and

matter fluctuations. Then we have

. 1
P — fend(z 4.
cre ) /dUU CEABU, (v —=0), (4.7)

where dU is the associated Haar measure. The right hand side makes sense provided
p+q > 3. We see that é%; is an average of an infinitely delocalised operator.

In the nongravitational limit, it may be checked using (3.30) that the expectation
value of (4.7) in a state of the form (3.27) is the same as (4.4). We find that

N 1
D,q — Tepa(z *
= (010G 1mCL4(%)3G;,|0) qrr (48)

- <\Ijng|C§?(f) ‘\Ijng>QFT )

where, in the second line, we use the invariance of |U,,,) under conformal transformations.

At nonzero k we do not know of any simple analogue of (4.7) that gives an explicit
expression for the gauge-invariant operator whose matrix elements coincide with the
gauge-fixed operator. Note also that, at nonzero x, one must take a linear combination
of an infinite set of terms (4.2) with increasing values of p to construct a gauge-invariant

operator of the form given in (2.105).

4.2 Symmetries of cosmological correlators

Cosmological correlators are defined in (4.4) by inserting a product of operators in the
path integral weighted with a specific action. This action is invariant under the residual
gauge transformation that are left unfixed in (4.4). We will utilise the finite action of

translations, rotations and dilatations on the matter fields and the ghosts, which is given
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by

translations:  h;;(x) — hij(x +();  x(z) = x(x + ();

(@) = Nz +Q); d(x) =z +Q);

rotations: h;j(x) — RfthM(R -x); x(x) = x(R-2); (49)
9
c(x) — Récj(R -x); &(x) — R;@j(R - xT);

dilatations: h;;(v) = hij(Ax);  x(z) = Xx(\x);

d(x) = At (), E(x) = ATE () .

Here ( is a vector, R is a SO(d) rotation matrix and A is a number. We discuss special
conformal transformations below. It is important that what we call “dilatations” above
includes not just a diffeomorphism but a compensating Weyl transformation that pre-
serves the gauge conditions. For this reason, the metric transforms as g;;(x) — ¢;;(Az)
and does not pick up an overall factor of A=2. The metric fluctuation transforms as shown
above.

Since the “action” S is invariant under the transformations above, cosmological cor-
relators transform covariantly under these transformations. Under a combined dilatation

and translation we find that in any physical state |¥)
(PICEIOT + O oe = A (UICLH) W) (4.10)
Under a rotation we find that
(WICL (R )| Wheo = RERE . RY R (W(CH(7)] W)oc (4.11)

The symmetries of cosmological correlators should be distinguished from the sym-
metries of the coefficient functions (2.105) that appear in the wavefunctional. Those
coefficient functions are constrained by the full conformal group, even away from x — 0,
as a consequence of the WDW equation. Cosmological correlators are obtained by squar-

ing and integrating the wavefunctional with a choice of gauge.
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Dilatations.  The inclusion of dilatations in the group of symmetries requires expla-
nation since, in a quantum field theory, scale invariance is often broken by loop effects.
So the reader might worry that UV effects might force us to use a regulator that is
inconsistent with scale invariance.

However, here, the residual group of symmetries involving dilatations is a subgroup
of the diff x Weyl group. The latter symmetry is a gauge symmetry of the path integral
used to compute expectation values. So we expect that even if counterterms need to be
added to the expression for the wavefunctional to regulate UV divergences, |¥[g, x||* will
still remain diff x Weyl invariant. Moreover, the form of the ghost action is protected
by BRST symmetry. Therefore we expect that the reduced Faddeev-Popov determinant
that appears in (4.4) remains invariant under these symmetries even when loop effects

are included.

Special conformal transformations. For d > 2 and away from x — 0 the action of
special conformal transformations is corrected as shown in (3.8). Such a transformation

acts on an insertion in (4.4) via
i Ag
oex = E£'Oix + T Vid'xs O¢gij = (P&)ij (4.12)

where P is defined in (3.6).

But since & contains factors of the metric, this transformation acts nonlinearly on
the fields. In appendix A, it is shown how &' corresponding to SCTs can be found
perturbatively in terms of the metric fluctuation. Keeping this structure in mind, we
see that the action of (4.12) converts a single insertion of the metric or a matter field
to an infinite series that involves powers of the metric. Therefore special conformal
transformations relate low-point cosmological correlators to higher-point cosmological
correlators [36,54]. Although this is an important and useful constraint on cosmological
correlators, it will not be required for our purposes.

In the nongravitational limit and in d = 2, the metric-dependent term in SCTs goes
away. So, in that setting, cosmological correlators with a fixed value of p,q transform
covariantly under SC'Ts.

We note that rotations, dilatations and translations act in a simple manner on cos-
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mological correlators because they correspond to metric-independent residual gauge-
transformations left unfixed by the transverse-traceless gauge. In some choices of gauge,
such as the alternative gauge discussed in appendix A, all the residual gauge transfor-
mations are metric dependent. In such a gauge, all the symmetry transformations of
cosmological correlators will change the value of p. Physically, cosmological correlators
are still constrained by these symmetries in such gauges. But the constraints are more

complicated than (4.11) and (4.10).

4.3 Symmetries and initial conditions

Our analysis of symmetries does not assume that the state in (4.4) is the Euclidean
vacuum, as obtained from the Hartle-Hawking proposal. Cosmological correlators in all
states have the same symmetries; and vacuum cosmological correlators do not display an
enhanced symmetry group.

This also means that, contrary to what is sometimes claimed, the observed approx-
imate symmetries of cosmological correlators including scale invariance do not provide
evidence that our universe was in the Hartle-Hawking state during the inflationary pe-
riod. If there was a period of inflation, and if the universe was well described by an
excited state of the form (2.104), one would obtain cosmological correlators with the
same symmetries.

This strengthens the argument made in [55] that the symmetries of correlators —
which completely fix specific low-point functions — provide a sharp test of inflation,
since it removes the need for assuming a particular initial state.

On the other hand, to make contact with empirical observations, it is often interesting
to consider departures from the slow-roll approximation. These must be present in the
real world since inflation cannot go on forever but must end before the local curvature
becomes arbitrary small. To analyse these corrections in our language, would require
knowledge of the state away from the large-volume limit. We are unable to make any
statements about these corrections since we have not considered these subleading terms

in this thesis or in [2].
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Holography of information

The symmetries of cosmological correlators immediately lead to a remarkable result.
Let R be any open subset of R and 7 = (a4, ... ,Z),,,) be an arbitrary set of p + ¢
points in R?. Then we can find a set Z of p + ¢ points in R such that

z), = A\rg + ¢, z; € R, k=1,....,p+gq, (5.1)

for some choice of A > 0 and vector . In other words, an arbitrary configuration of points
can always be mapped to lie in the region R with a suitable dilatation and translation.

Therefore, if we are given the set of all cosmological correlators

{{wlcz" (@) W)ec} (5:2)

for all values of p, ¢ and all configurations of points z; € R, the symmetry (4.10) implies
that this information is sufficient to determine all cosmological correlators in the state W
everywhere on the spatial slice (see fig. 5.1). But the set of all cosmological correlators
everywhere on the spatial slice are evidently enough to reconstruct all observables on the
slice.

This immediately leads us to the following result.

Result. The set of all cosmological correlators in any open region R in a state VU deter-

mines all observables in the state.

Our result relies on the relation (4.10). In other gauge choices, such as the alternative

gauge discussed in appendix A.5, translations and dilatations will act on cosmological

53



CHAPTER 5. HOLOGRAPHY OF INFORMATION 54

X3ze. X4

Xp®
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Figure 5.1: Given all correlators in a subregion R (blue shaded region) and a set of
points x; (black dots) in the dS late-time slice (outer square), one can perform a dilatation
to bring these points to within some desired distance of the origin (red dots inside red
shaded circle). Then, one translation (blue dotted line) is sufficient to map these points
to within R. Since the correlation of these points transforms predictably under both of
these operations, it can be deduced from the correlations within R even though the points
x; were outside R to begin with.

correlators by changing the value of p as the residual symmetry generators have metric-
dependent corrections. Nevertheless, they still relate the set of all cosmological correlators
in a region R (i.e. cosmological correlators with all possible value of p, ¢) to cosmological
correlators outside that region. Therefore we expect that the result above should also
hold for cosmological correlators in such gauges although it is calculationally harder to

obtain the value of a cosmological correlator outside R using information inside R.

5.1 Nongravitational limit

Somewhat surprisingly, the result above remains true even as we take x — 0.
It was shown in [2] that the states U,, (displayed in (3.27)) have the property that

they are invariant under the de Sitter isometries,

UlWng) = [Wrg) - (5.3)
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Following the steps in section 3.4, we see that the expression for the cosmological corre-
lator is simply

i, (0|7 (2) [ Wg e = (Vg2 () [ Wogh e (5.4)

where, on the right hand side, we now find simply the QFT expectation value of C%q(.f)
in the state |U,,). Using the invariance of the state under the de Sitter isometries we see
that

(Wl () Waghoe = (WaglUTCEI @)U Vg (5.5)

So, in the nongravitational limit cosmological correlators are invariant under the entire
conformal group. This includes the action of special conformal transformations that do
not appear in the group of symmetries at finite x shown in (4.9). The result on the
holography of information follows immediately.

Physically, this analysis tells us that holography of information does not rely on
the measurement of “small gravitational tails” but rather from an imposition of the
gravitational Gauss law. The constraints implied by the Gauss law restrict the form of
the allowed states in the theory, which is why it is possible to uniquely identify states

from cosmological correlators in any open set.

5.2 Difference between quantum field theories and
quantum gravity

We have shown that holography of information persists, if one takes the nongravitational
limit of a theory of gravity while preserving the gravitational Gauss law. This can be
held in contrast to classical gravity, which is not holographic (see fig. 5.2). In this section,
we explain why nongravitational quantum field theories do not display this property as
well.

Starting with the Euclidean vacuum, which is still obtained by the Hartle-Hawking
prescription, states in a QFT take the form

[¥) = /dﬂdfwﬁ(ﬁ, Dhisii (1) - i, (n)x (1) - X (2)10) (5.6)

where h;; are transverse traceless graviton fluctuations. Here 9" is an arbitrary smearing
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Figure 5.2: Let p15 be two stationary and spherically symmetric but radially distinct
distributions (weight shown in red) with support in a ball of finite radius such that
[ d% py = [dz py. In classical gravity, these two configurations of mass/energy would
be indistinguishable for any number of mutually communicating observers in the exterior
of the ball. This is due to Birkhoff’s theorem which posits identical exterior gravitational
fields for both configurations.

function and the only constraint is that |¢)) should be normalizable under the usual QFT
norm.

(l)qrr = / azd7 4 (5, 27 (7 2) .

X (Ol hir e (1) - - - X (20 ) iy (1) - - X (2m)|0) Qe -

We emphasise the difference with the Hilbert space obtained in the nongravitational limit
of a gravitational theory where the states take the form (3.27). In (3.27) the smearing
function is constrained by conformal symmetry, whereas in (5.6) it is not.

Moreover, the smearing functions that appear in (3.27) are disallowed by normaliz-
ability in (5.6). This is simply the statement that, apart from the vacuum, there are no
states that are invariant under the de Sitter isometry group in the usual QFT Hilbert
space. This can also be seen directly from the expression for the norm (5.7). The cor-
relator in the Fuclidean vacuum is conformally covariant because the Euclidean vacuum
itself is invariant. But if this correlator were to be integrated with the smearing function
that appears in (3.27) the entire integrand would be invariant under the action of the
conformal group. Therefore, the norm would pick up a divergence proportional to the
volume of the conformal group. When we consider states in the nongravitational limit of
a gravitational theory and use the correct norm, this divergence is cancelled by dividing
by the volume of the conformal group but there is no such factor in the ordinary QFT

norm.
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Therefore for a generic value of A and ¢ and for any QFT state except for the vacuum,

(WICK O + ) harr £ X (WICH(@))avr 5.9

So the argument leading to the holography of information breaks down in the QFT Hilbert
space.

As usual, in a QFT, it is possible to prepare “split states” [56] where correlators
coincide inside a region but differ outside that region. This means the following. Let
R. = R Ue€ be the complement of the union of the region R and a small “collar region”,
€. Then given any two states of the form (5.6) one can find a split state with the property

that when z; € R and 7} € R,
<¢Sp“t|0%q(f) 5}?’(f’>|¢sp“t>m = (1#1|C%’q(f)|¢1>QFT<¢2\C§/;’7/(5')!¢2>QFT (5.9)

for any choice of the operators C%’q(f) and C;;;,m/(f’ ). In such a split state, not only are
observations in R. not determined by observations in R, they are not even correlated.
Clearly this means that the full state cannot be identified by observations in R.

We conclude that the result on holography of information marks a clear mathematical
difference between the properties of quantum field theory and quantum gravity, in terms
of how such theories localise information. This difference persists in the nongravitational
limit of a gravitational theory provided one consistently imposes the Gauss law while

taking this limit.

5.3 Comparison to flat space and AdS

The result above can be placed in the context of similar results proved in AdS and in
asymptotically flat space. There, the principle of holography of information is usually
framed as follows: “the information in the bulk of a Cauchy slice is also available near
its boundary.” More precisely, in asymptotically flat space, it was shown in [13] that all
information that is available on all of Z is also available on its past boundary Z*; and, in
a spacetime that is asymptotically AdS, all information that is available on the timelike

boundary is also available in an infinitesimal time band.
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In the form above, it is unclear how the principle should be generalised to dS, where
a Cauchy slice has no boundary. But, consider the following alternative phrasing of this
principle: “in all pure states of the theory, whenever a region, R, is completely surrounded
by its complement, R, then all the information inside R is accessible in R.”' In flat space
and AdS, this is trivially equivalent to the usual statement; when R surrounds R then it

also includes the asymptotic region near infinity.

a

AdS or flat space dS

Figure 5.3: In flat space and in AdS (left), when a region on a spatial slice, R is
surrounded by its complement then R extends to infinity. But in dS (right), every region
R surrounds and is surrounded by its complement on a sphere.

The second form of the slogan generalises naturally to dS. Since the Cauchy slices
in dS are compact, every region R both surrounds its complement and is surrounded by
its complement. (See Figure 5.3.) So it is natural that cosmological correlators in every

region R contain all the information that is available on the Cauchy slice in a pure state.

5.4 Higher-spin matter fields and stringy corrections

In the analysis above, we have studied a massive scalar field in the matter sector. This
choice was made for simplicity. It seems clear that the proof of the principle of holography
of information will go through in the presence of higher-spin matter.

Our results in [2] and in this thesis rely only on an asymptotic analysis. The assump-
tion is that the formalism of quantum field theory makes sense at asymptotic infinity.

This assumption is usually taken to be valid even in the presence of stringy corrections.?

'We restrict to pure states to avoid situations where entanglement with an auxiliary system has
produced an “island” inside R.
2Here, we do not enter into the recent debates on whether de Sitter solutions can be found within
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However, there is an important difference in dS compared to AdS and flat space. In the
latter setting, it is reasonable to assume that the asymptotic structure of the spacetime
is not modified even nonperturbatively. Therefore the results of [13] are expected to
hold even nonperturbatively. But the asymptotic structure of dS is not expected to be
nonperturbatively stable [60]. Therefore, nonperturbatively, our analysis might require

modifications.

5.5 Cautionary physical remarks

The principle of holography of information provides an interesting mathematical dif-
ference between quantum field theories and quantum gravity, but the result should be
interpreted with care. First, as we have emphasised above, there are no local gauge in-
variant operators in the theory. Therefore, the measurement of a cosmological correlator
is secretly a nonlocal process. Cosmological correlators are labelled by a set of points in
R; but they do not correspond to any physical observable that is strictly localised in R.

Second, in both AdS and flat space, if one considers heavy, nonperturbative states in
the bulk, then it is usually necessary to study nonperturbative correlators at infinity to
identify the state. This point was already noted in [13,16] and recently re-emphasised
in [61,62]. So, in a typical heavy classical state, mundane notions of locality are preserved
at all orders in perturbation theory. This is important since it explains why we do not
“see” the holography of information all around us.

This does not mean that the unusual localisation of information in gravity is unim-
portant. In its nonperturbative avatar, it is important for understanding the information
paradox [15]. Moreover, if one studies simple states like low-energy excitations about
empty AdS then the holography of information can be seen even within perturbation
theory.

We expect the same features to hold in dS. In a “little Hilbert space” comprising
simple excitations about the Hartle-Hawking state, we expect it should be possible to
identify states uniquely using only perturbative cosmological correlators. On the other
hand, to identify sufficiently complicated states might require very high-point cosmolog-

ical correlators. It would be interesting to work this out in more detail.

string theory [57-59].



Chapter 6

Conclusion

We started this thesis, review of technical material aside, by studying the norm on the
space of solutions to the WDW equation obtained in [2]. The magnitude-squared of
these wavefunctionals leads to a diff x Weyl invariant functional. We defined the norm
by averaging this functional over field configurations and dividing by the volume of the
diff x Weyl group. We used the Faddeev-Popov trick to make sense of this expression,
leading to the final gauge-fixed expression (3.16).

In the nongravitational limit, our norm reduces to the one proposed by Higuchi on
the space of group-averaged states. Therefore, our procedure provides a derivation of
Higuchi’s prescription in the nongravitational limit and a means of understanding grav-
itational corrections to this prescription.

In chapter 5, we explored the meaning of cosmological correlators. We proposed
that these commonly-discussed quantities correspond to gauge-fixed observables. These
observables are labelled by a set of local coordinates although their gauge-invariant de-
scription is necessarily nonlocal. We showed that, in any state of the theory, these
observables are invariant under rotations, translations and dilatations of their coordinate
labels. This marks a sharp difference from nongravitational quantum field theories, where
cosmological correlators manifest this symmetry in the vacuum but not in other states.
As a consequence of this symmetry, we showed that, in a theory of gravity, cosmological
correlators in an arbitrarily small region, R, suffice to uniquely identify any state in the
theory.

These results open up several interesting questions that we now describe.
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Holography in de Sitter. Strictly speaking, our result on the holography of infor-
mation does not allow us to obtain information about a higher-dimensional space from a
lower-dimensional space since R still has codimension 0. This is similar to the situation
in AdS — where arguments based on the gravitational constraints are sufficient to show
that information in the bulk is available in an infinitesimal time band in the boundary,
but are not sufficient to squeeze the time band to a time slice. Moreover, our results
pertain to information but do not address the issue of bulk dynamics.

So the natural question is whether there is some way of understanding bulk dynamics
in all of de Sitter space from a lower-dimensional subregion on the late-time slice. Similar
ideas were recently explored in [63]. (See [64] for a different perspective.)

Such a holographic duality, if it exists, should account for all states in the bulk theory.
In the literature, the study of dS/CFT has often been restricted to understanding the
Euclidean vacuum, obtained from the Hartle-Hawking proposal. But as we have shown
the bulk theory has many other interesting states.

It would also be interesting to understand the relationship of such a holographic
dual to the work on holographic spacetime [65-67] and the proposal of static patch
holography [68,69]. In the latter proposal, it is suggested, using very different arguments,
that all information about the state can be obtained from the bifurcation sphere that lies
between two static patches. This sphere lies in the “bulk” of dS whereas our results have
to do with the asymptotic late-time slice. So our results do not contradict this proposal,
but nor do they obviously lend it support.

A related question is to understand the relationship of our results to the de Sitter
entropy. One interesting possibility — which deserves further exploration — is whether
small effects in our norm likes the ones alluded to in [70] can render the Hilbert space

finite dimensional [65-67, 71-75].

Potential toy models for explicit checks. While the work in [2] indicates, on general
grounds, the existence of a large class of WDW wavefunctions, frameworks to explicitly
generate such a wavefunction from a putative CFT are harder to come by. Such models
have been worked out in a few cases; for instance the authors of [76] and [77] envision
the CFT as an Sp(NN) and O(V) model respectively, which is able to produce the HH

wavefunction of Vasiliev higher spin gravity in dS4. It will be interesting to test out the
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ideas presented in this thesis, chiefly that of cosmological correlators, in such an explicit

setting.

Significance of holography of information. For asymptotically AdS and asymptot-
ically flat spacetimes, it is understood that holography of information is significant in two
regimes. One regime is when we study low-energy excitations about the vacuum. Then,
in AdS [14] and flat space [78], it is possible to completely identify the excitation using
only simple observables at infinity. The second regime is when we ask questions about
the unitarity of black-hole evaporation. To make this question meaningful, one must keep
track of fine-grained observables outside the black hole since we do not expect a coarse-
grained description to be unitary. But, when the spacetime is asymptotically AdS or flat
space, holography of information tells us that fine-grained observables at infinity always
have information about the black-hole interior. This helps to identify a precise loophole
in Hawking’s argument for information loss [17]. In a third intermediate regime, where
we consider a heavy classical background but also restrict ourselves to coarse-grained
observations — where we do not keep track of exponentially small corrections — the
unusual properties of gravity are not apparent. In this regime, gravity behaves much like
an ordinary field theory as was shown in AdS in [61]. It would be interesting to work out

the analogue of these three regimes in de Sitter space.

Observers in quantum cosmology.  An interesting conceptual question is the fol-
lowing. Gauge-invariant operators in gravity must be nonlocal but this is in apparent
contradiction with our physical intuition that measurements are made locally. Fixing
the gauge, as we did to study cosmological correlators, provides a mathematically con-
venient method of obtaining observables that are labelled by a set of coordinates. But
it is important to develop a deeper understanding of the meaning of measurements in a
cosmological setting. The usual theory of measurement [79] involves an external appara-
tus that is entangled with the system by the experimenter who turns on an interaction
Hamiltonian. Clearly this cannot correctly describe measurements in a theory of gravity,
where bulk evolution is generated by the constraints, that cannot be altered at will. Pre-
sumably, the correct framework is to study an observer who is already part of the system

and where measurement happens through the autonomous evolution of the system. We
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do not know the correct formalism to analyse this process.

A simple model of an observer was recently discussed in [43] where it was argued that
the algebra of observables dressed to the observer’s worldline is of type I1;. Since we have
presented the full Hilbert space and a formalism for understanding observables, it should
be possible to embed the model of [43] into our analysis and make it precise. It would be

interesting to work out these details.

Technical questions about the norm. From a technical perspective, we would like
to better understand the functional integral that was used to define the norm. Some
subtleties, including the question of the measure, the requirement of a minimum of three
operator insertions, and potential divergences due to the “collision” of operators are listed
in section 3.5. Similar problems have been studied extensively in string perturbation
theory and we hope that the techniques developed there can be applied to the functional

integrals that appear in our context.

Implications for cosmology. Our result implies that when gravitational constraints
are taken into account, every physical state has the same symmetries as the vacuum.
This would not be true in quantum field theory where the vacuum is singled out by its
symmetries. This suggests that the approximate scale invariance observed in the early
universe cannot be used to justify the Hartle-Hawking proposal. It is in fact a general
consequence of the constraints in any asymptotically de Sitter spacetime, such as the

early universe as predicted by inflation.



Appendix A

Residual gauge symmetry

In this Appendix, we study the residual gauge symmetry after fixing the diffeomorphism

and Weyl gauge symmetries using
az'gij =0, 5“9@' =d. (A-l)

After solving for the traceless condition, the variation of the metric is a combination

of a diffeomorphism and a Weyl transformation

1
0egij = (P&)ij = Legij — ggiﬁswﬁggu (A.2)
in terms of the Lie derivative
Legij = E"0hgij + gin0;€" + ;0,8 = V& + V& (A.3)

The residual gauge symmetry algebra corresponds to solutions of

H(PE); =0 . (A4)

The metric is written as

Gij = 0ij + Khij | (A.5)
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which leads to the expansion
(P€)i; = (Po&)ij + K(P1)ij + K2 (Pak) s (A.6)

that is exact since no higher orders of xk appear.
Firstly, note that in the limit x — 0, the residual symmetry is SO(1,d + 1) because
we then have

2
(PoC)ij = 0iGj + 0;G — Zi@‘ﬂ“@(é =0, (A7)

for any conformal Killing vector ¢. In other words, conformal Killing vectors preserve the

background metric and hence trivially preserve any gauge-fixing condition.

A.1 Translations, rotations and dilatations

We will see that translations, rotations and dilatations remain residual symmetries at

finite k. To show this, we write the explicit form

0;(P§)ij = |:(akgij + 09k — ggiﬁafgjk) O + <gij5k£ + gjrdic — ggz‘kgjﬁ) 3@4 &
(A.8)
We see that translations &/ = const are always a residual symmetry since at least one
derivative acts on & in (A.8). For rotations and dilatations, the term with two derivatives

vanishes so we get
2 )
0;(P§)ij = (akgij + 0;9ik — ;lgwazgjk> k&’ . (A.9)

Rotations are of the form & = M7*z*F where M/* is antisymmetric. So we see that
0x&9 = M* and the above expression vanishes by symmetry. For dilatations, we have
& =127 50 &l = 6% and the expression vanishes using the transverse and trace conditions.

As a result, we see that translations, dilatations and rotations are residual symmetries.
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A.2 Modified special conformal transformation

The usual special conformal transformation takes the form

vy =2(8- )" — 2?8 . (A.10)
We can check that this is not a residual symmetry as we have

0;(Pvo)i; = —2kdB hyj (A.11)

which does not vanish.
However, using a standard perturbative procedure, the SCT can be systematically

corrected [37] to give a residual symmetry, &,
E=vg+ Ko+ K. ... (A.12)
Define the operator
Do) = airie)y =% + (1- 3 ) 0se” (A13
The corrections v, are obtained by solving the equation (A.4)
(Dov, ) = s, n=12... (A.14)

where

) = 2dBhy; (A.15)

and the higher order sources are determined iteratively using
8% == —(9,-(P1Un_1)ij - ai<P2Un_2) 3 n Z 2. (A16)

We can show that, provided one places physical boundary conditions on the metric
fluctuation, the equation (A.14) always has a smooth solution v/ that is smooth on the

sphere so that it is always possible to correct the SCT in this way. As detailed in the
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next section these boundary conditions constrain the metric around x = oo to be

LTy _
hij = Wikﬂ# +O(|z|7?) , (A.17)

where W;jie is a constant tensor with the symmetries and tracelessness of a Weyl tensor.

As a result the first source has the fall-off

Ty

s = 2d [ Wikje +0(|2[7%) (A-18)

[t

and higher order sources are more suppressed as they contain additional factors of the
metric.
The decay of the sources at infinity guarantees that solutions for v/ always exist. For

the leading fall-off, we obtain the solution

Ty

v{ = BiVViijW

+O0(||™) = [2*B hiy + O(|| ") | (A.19)

which is just proportional to the source at this order. For the subleading fall-offs, the

solution can be written in Fourier space

: dp 1 2(d —2)pipj \ ipw ~i
o) = / 2r) (“5”’ * %p_) ) 420

which is well-defined as the sources are s' = O(|x| ™) at infinity so their Fourier transforms

are 8'(p) = O(|p|*>~?) around p = 0.

A.3 Boundary condition for the metric

Although the physical metric is the round metric on S¢, we have performed a Weyl
transformation so that the background metric becomes flat. The Weyl factor is singular
at © = 00 so we must impose an appropriate boundary condition at infinity. The physical
metric takes the form

ds® =

4
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and we should demand that this metric be regular. In addition we impose the gauge-fixing

conditions

The Ricci scalar of the physical metric must be a regular function on the sphere. At first
order in k&, it is a linear combination of 9;,0;h;;, x;0;h;; and x;x;h;;. The first two terms

vanish due to the transverse condition and we obtain
R =d(d—1)(1 + xhjjzz;) + O(K?) . (A.23)

This must be a smooth function on the sphere which implies that h;;x;x; must tend to a

constant C' at infinity. Our gauge-fixing conditions also imply that
0i(zjhi;) = 0ijhij + x;0;hi; =0 | (A.24)
which after integration over a ball of radius r gives by Stokes’ theorem
0= / d%x 0;(w;hij) = / d* Qr 22 by = vol(SHri2C r— 400 . (A.25)
This implies that C' = 0 so we find that
mhﬁlrgO hijriz; =0 . (A.26)
Additional constraints come from demanding that the metric be smooth near infinity.

Expansion around infinity. The metric around x = oo can be expanded using the

inverted coordinates defined as

(A.27)

€Tr; = |1’|2 .

The inverted metric ilij is defined as

4 .
2 = — .. .. ~. T .
ds* = TENEDE (05 + Kkhij)dZ;dz; | (A.28)
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and is related to the original metric using

1 -
hij = W(&HJZP — 2ZEZ{Ek)((5]g|ZE|2 - QJZjJZg)hM . (A29)

The expansion around x = oo is an expansion around £ = 0. The boundary condition

(A.26) in inverted coordinates gives

lim == — () | (A.30)

z—0 ‘I|

To analyse this condition, we demand that the metric be smooth and at least twice

differentiable near £ = 0 so that it is possible to perform a series expansion

hij(#) = HY + HO)F + HO) o+ .. (A.31)

iJ g

where Hl(]rz) are constant tensors.

For the leading orders, the limit implies that we identically have

HY 3,3, =0,  HZiin=0,  Holdidind =0, (A.32)

)

Taking derivatives, we obtain that Hi(J(-) = 0. For the linear term, we obtain constraints

on H Z.(jllz which allows us to write the transverse equation as

(d-1)

0=0,nY =
1) 2|J}|4

Hypwya, (A.33)

which implies that H (.1,2 = (. This means that limz;_,q &Jlm = (0 so that z; are the Riemann

(5]

normal coordinates around Z = 0. Thus we have

1

Gij = 3i(0) + BRW(O);zm +0(|zP) , (A.34)
and this fixes the term quadratic to
@ _ Lz A
Hz’jkz = gRikjf(O) . ( ‘35)

The tracelessness condition also implies that Rij(O) = 0 so this is really a Weyl tensor.
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As a result H i(]?,zé can be any constant tensor with the same symmetries of a Weyl tensor.
Conversely, we can verify that this gives a valid metric.

As a result, we obtain the leading behavior of the metric at infinity

TRT
hij = mw’;_‘j +0(z|?), 1z — 4o, (A.36)
where Wi is a constant tensor with the symmetries and tracelessness of a Weyl tensor.
Note that for dS,, we have Wjjr, = 0 as there are no non-trivial Weyl tensor in d = 3 ;

so in this case we have h;; = O(|z|™3).

A.4 Residual symmetry algebra

The residual symmetry algebra is generated by vector fields £[g] which in general have
metric-dependent corrections. The Lie bracket between two generators must be modified

as

[€1lg], Ealglln = [€11g], E2[9]] = O, qalg] + deatgiald] (A.37)

where we have added the action of the transformation on the metric-dependent terms
obtained from the transformation of the metric.
For example, let & be a translation, rotation or dilatation and & be a modified SCT.

We can write

§o = (C+vlh], (A.38)

where ¢ is the unmodified SCT and v[h] contains the metric-dependent corrections. We

then have

(€1, Saln = (&0, (] + [0, v[h]] = 0, v[h] = [€1,C] (A.39)

which gives the standard Lie bracket as if the SCT was unmodified.
As a result, the modification at finite x doesn’t affect the algebra which is always the
conformal algebra. The residual symmetry group is then always SO(1,d + 1). However,

the finite x corrections to the SCT modify the way this group acts on the fields.
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A.5 Alternative gauge-fixing conditions

In this thesis, we have presented our analysis in a Weyl gauge where the background
metric for the sphere is flat. We can also consider the a similar gauge-fixing procedure
where we keep the round metric.

In this case, we write the metric as

46,4

9ij = Yij + khij,
where ;; is the round metric on S¢. The gauge fixing conditions can be taken to be

where we use D; for the background covariant derivative with respect to ;;.

After solving for the trace condition, the variation of the metric is
0¢gij = (P€)ij = (Pof)ij + k(Pi&)y; + K (P2)ij (A.42)
and the residual symmetry is generated by solutions of
VFDy(PE)i; =0 . (A.43)
Again we see that at k — 0, the residual symmetry is generated by the CKVs as we have
2 ke
(Pof)ij = Di&; + Dj&i — 777" Dide (A.44)

is the conformal Killing equation on S¢.

At finite k, we can write
= v + kvl + R4 (A.45)

Taking vy to be any CKV, we can make ¢ into a residual symmetry by choosing the



APPENDIX A. RESIDUAL GAUGE SYMMETRY 72

corrections v, to be solutions of

(Dovn)’ = s n=1,2,..., (D) =~+""D;(Pyw) , (A.46)

n’

where the sources are given as

st = = D (Prog_1 ) re, st =~y (D (Pyvn_1)ke + D (Povn_o)re), n>2.
(A.47)

The operator —Dy is Hermitian and non-negative as we have

Lo~ ) 1 o
—/ddx\/f_y'yijvz(l?ov)] = 5/ddx\/f_y’ylkfyﬂ(ng)ij(Pov)M >0, (A.48)

using integration by parts. This can only vanish when Fyv = 0 so that v is a CKV. This
shows that the only zero modes of 750 are the CKVs. A similar argument shows that for
any vector field v, 15022 is always orthogonal to the CKVs. Note that this was used by
York in [80] to prove the existence of his decomposition.

As a result, the operator —750 preserves the space of vector fields orthogonal to the
CKVs and is strictly positive on that space. We can see that the sources s, belong to

that space. Indeed for any CKV (, we have

/ddﬂfﬁ%jcisﬂ = /ddiﬂﬁ’yik’YﬂDiCj (Prvn—1)ke + (Pyvp—2)ke) (A.49)

2
= 0,

= 1/ddaz:\ﬁ7"'“73‘13(1300”- ((Pron—1)ke + (Povn-2)ke)

using integration by parts, tracelessness and symmetry of (Pv);;, and the fact that Py¢ =
0.

As the operator 750 is invertible on the space of vector fields orthogonal to the CKVs,
the corrections v, in (A.46) always exist and are unique. An explicit representation can

be written by decomposing the sources in eigenvectors {uy} of 250:

sl = Z crk, (A.50)
k
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where 50uk = —A\guy with A, > 0. This is well-defined because 250 is an elliptic operator
on a compact manifold and hence has a discrete spectrum. The solution can then be

written as

i Ck i
v, = — Z /\—kuk . (A.51)
k

We can check that the SO(1,d+1) algebra is satisfied after using the modified Lie bracket
(A.37) which takes into account the transformation of the metric-dependent corrections.

More generally, we expect that for a large class of gauge-fixing conditions, SO(1,d+1)
should always be the residual symmetry group. This is because the CKVs preserve the
background metric and it should be always possible to correct them so that they preserve
the gauge conditions.

The advantage of the transverse-traceless gauge used in the main text is that trans-
lations and dilatations are realised linearly. This results in simple symmetries for cosmo-
logical correlators and simplifies the proof of the holography of information. In a different
gauge, the symmetries of cosmological correlators relate correlators of different orders.
We expect that the holography of information will still hold in alternative gauges, since
given the set of all-order cosmological correlators in a region, the residual symmetries can

be used to obtain correlators outside that region.



Appendix B

Orthonormal basis of conformal

blocks

In this Appendix, we explain that for free fields in the nongravitational limit, the quantum
gravity Hilbert space admits a basis in terms of conformal blocks or conformal partial
waves. Moreover we will see that the Higuchi inner product is the natural inner product
studied in the CFT literature.

We consider a set of free massive scalar fields x, in the principal series so that they

have dimensions

with v is real. We can define a basis of dS invariant states following section 3.4 as

) = /ddxl...ddxnw(xl,...,xn) x1(21) - Xa(@a) £ 10) (B-2)

where, as in the main text, |0) is the Hartle-Hawking state. Note that we have redefined
the basis by replacing the product of operators by its normal-ordered product which
simply corresponds to taking a specific linear combination of the basis elements (3.27).
We must take ¢(x1,...,z,) to transform appropriately under the conformal symme-
try so that |¢)) is dS invariant. This corresponds to taking ¢ (xq,...,z,) to have the

symmetries of a CFT correlator

vz, ..., xn) ~ (O1(x1) ... Op(zn))cFT S (B.3)
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where Oy () is a local operator of dimension d — Ay in a CFTy. This implies that ¢ can
be decomposed as a sum of conformal blocks or conformal partial waves. In the example

of n =4, we have the decomposition
Y@y, oae) =Y eas VRN (@, 1) (B.4)

where the conformal partial waves \I/ﬁf ; are linear combinations of conformal blocks.
(See [81] for details.)
In the principal series, the complex conjugate operator x; has the conjugate dimension

A} = d — Ay and conformal symmetry implies that we have [82,83]
(Oxk(x)"xx(2")|0)qrr = 8 (x — ) . (B.5)

This can be derived for example from the asymptotic limit of de Sitter Green’s functions.

The Higuchi inner product then takes the form

vol(SO(d — 1))

W) = vol(SO(1,d + 1))

/ddwl...ddwn\w(ml,...,xn)\z : (B.6)
This is actually the natural inner product on conformal partial waves. In the example of

n = 4, we have the orthogonality relation

vol(SO(d — 1))
vol(SO(1,d + 1))

(\IlﬁfJ,\IféfJ> = / Ay .. Al UR ()W (23) = na,s2m8 0 (v—')

AT
(B.7)

where we have written A = g + v, = % — 4/ with v,/ > 0 and the normalisation
constant na ;s is the one given in [81] multiplied with an additional factor of vol(SO(d—1))
to match our convention. This appeared recently in [81,84-86] following earlier work
[87,88]. The case n = 4 has been most studied in the CFT literature but we expect
that similar results exist for all n. This implies that conformal partial waves provide an
orthonormal basis for the quantum gravity Hilbert space of free fields in dSg ;.
Semi-classical dS3 gravity can be formulated as a Chern-Simons theory [89]. So it
would be interesting to understand the connection of the construction above to the

construction of the Hilbert space of Chern-Simons theory in terms of two-dimensional
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conformal blocks [90].



Appendix C

BRST invariance of inner product

In this section we demonstrate that the correlator
(\117 A\I]) - / DgDX DCDE(S(QZZ - d)5<alglj)|‘lj[gv X] |2A[g7 X]e_sgh ) (Cl)

where [¥[g, x]|*> and Alg, x| are diffeomorphism and Weyl invariant, enjoys BRST sym-
metry as is expected of gauge fixed path integrals. In order to show this, we introduce
BRST transformation for matter, metric and ghost fields. The BRST operator g that we
define below should be distinguished from the BRST operator that would arise if we at-
tempted to implement the gravitational constraints using the BRST formalism. Rather,
it arises when we gauge fix functional integrals like (3.1) and (3.2) in order to define norms
and correlators. For this reason, it does not appear that the cohomology of the BRST
operator discussed in this section has any particular significance. In this Appendix, for
simplicity, we do not consider the fixing of residual gauge.

We will proceed in two steps. First we show BRST invariance of the ghost action
containing both diffeomorphism and Weyl ghosts. In the next step, we integrate out
the Weyl ghost to obtain the effective ghost action (3.15) and show that the inner prod-
uct path integral (C.1) with this action is also BRST invariant. (See [91] for a similar

procedure in the context of string theory.)
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C.1 BRST formulation

We remind the reader that the gauge transformation of the fields under diff x Weyl group

is given by

Sep)X = OEX + 00 x = & Ox — Apx, (C.2)

O(e.p)9ij = 5?91‘]‘ + 5};‘/9@ = Vi&; + V& + 2pgi; (C.3)

where 6P and 6% represent an infinitesimal diffeomorphism and a Weyl transformation

respectively. The change in gauge fixing functions under this flow is

O(t.0) (gii — d) = 2V &, + 2gip, (C4)

Oe0)(959i5) = 05 (Vi&j + V& + 200945) - (C.5)
From here we can read off the full ghost action as,
Se = / d*z (2gibb + 2bVycp + 28°0;(gijb) + €05 (Vic; + Vjci)) (C.6)
where b, b, c', @ are the Weyl and diffeomorphism ghost anti-ghost pairs.

Structure constants. Commutators of the gauge group algebra can be given through

their action on Y,

00, 021X = 02ax: (60,08 Ix = —0gapx,  [00,68]x =0 (C.7)

¢ Yw
It’s easy to check that the same commutation relations hold for the action on g;;.
08, 6819i5 = 02 195 03, 6819i5 = =08 00915 (03,0509 = 0. (C.8)
Consider the diffeomorphism and Weyl basis {62,V } defined by

i X

= [angwi, oY = [a ey (©9)
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Define the structure f(_ | , ) as
32821 = [ dtu sl 7)ob (C.10)
SW 2D d i\ AW
(6, 0.:] = /d w f(wly, 2")6,, (C.11)
SwWoAwy [ AW
6, 6W) = /d w F(w)z )5V (C.12)
The notation f(_| , ) has been overloaded so that its indexed and un-indexed argu-

ments indicate diffeomorphism and Weyl basis indices respectively. From the commuta-

tion relations (C.7) or (C.8) we can read off the structure constants,

fw*ly', 27) = 0id(w — 2)6(w — y)éjl'C — 0ib(w — y)d(w — 2)0F, (C.13)
flwly, 2") = —0(w — 2)0:d(w — y), (C.14)
flwly,z) =0 . (C.15)

BRST transformation. Let us rewrite the path integral (C.1) as
(U, AV) = / DgDx DeDEDbDb DBD B ¢SS5t =5 (C.16)

where have implemented the gauge fixing delta functions through the Nakanishi-Lautrup

fields B, B* and the gauge fixing action

and indicated the rest of the gauge invariant integrand using e &

The BRST transformation is

oy =0 (ciaix - be) , 5%gij =0 (Vic; + Ve + 2bgi;)
§8ct = 0cho,ct, 68" = —i0 B,
§8%b = 0cF oL, 68 = —ifB, (C.18)

8B =0, 8B =0.
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We have used the following formulae to obtain the ghost field transformations

Shet(w) = ¢ / dy dz f(wtly, ) (9)e (=), (C.19)

SLF (w) = G/ddy d?z f(wly, 2)b(y)c'(2) . (C.20)

BRST invariance. We shall show that the amplitude (C.16) is invariant under the

above transformation. Let us define the operation dp via
6% = 60.
Firstly note that the operator dg is nilpotent on all variables. That is
dBoBYi; = OBOBXY = 6pog(c,c',b,b,B", B) =0 . (C.21)

This is a group theoretic result which can be easily checked (see for instance [92]). This
further means

dpdp (any polynomial in field variables) =0 . (C.22)

The ghost and gauge fixing actions can be rewritten as

Sg}llu = /ddx (Eég(gu — d) + Ei53(3jgij)) s (023)
ngf = /ddl’ (—(SBB (g” — d) — (SBEi ngij) . (024)

Adding these up,
Sl + Syp = —0p / d*z (b(gii — d) + ¢ (9;955)) - (C.25)

Since the sum is BRST exact, we have

Sp(Sa' + Sgr) =0 (C.26)
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C.2 Eliminating the Weyl ghost

Now, since the b, b ghosts in the action (C.6) are non-dynamical, we can simply integrate

them out to get the effective ghost action

e~ Sen — /DbDb 6752;]“
— /DbDb e_fddm{g(2giib+2vk0k)+25i8j(.‘]ijb)'f'éiaj(vicj"rvjci)}
i B (C.27)
— [ Db (=i + Tica) Tl )
) 2
= ,/\/’3 exp {— /dd$ Ezaj (Vicj + VjCi — g—gmvkck) } .

Here N3 = det(—2g;). As we will see shortly, this is invariant under our new BRST
transformation and so A3 reduces to an unimportant numerical constant. For these

reasons we can drop it from our effective ghost action, and quote
d,. =i 2
Sgh = dr e 8j ViCj -+ VjCi — —gijvkck . (028)
Gii
The gauge fixing part Sy ¢ remains the same,

The new BRST transformation is obtained by replacing b — —%chk in (C.18).

, 1 2
6%)( =40 (cz@-x + —VkaAX> N 5%91] =0 (VZ‘C]' + VjCi — g—chkgij> s
i1 174

88t = 0choc, 0%e" = —ifB’, (C.30)

08B =0, 6% B = 0.

Nilpotence of 6g. Since the transformations of ¢, &, B, B* are unchanged, their nilpo-
tence is trivially maintained. So we only need to show the nilpotence of the transforma-
tions of x and g;;.
Firstly we note that
0BG =0 . (C.31)
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This gives 6gN3 = 0. The modified BRST transformation can thus be interpreted as
a diffeomorphism followed by a compensating Weyl transformation which preserves g;;.

Written explicitly in terms of the ghost field, the transformation is

5}39@']' = (ch)ij ) (0-32)
where we define
_ Kk k 2 0 1
(ch)ij =C (9kg” + 2gk(18j)c — g—gw gkgakc + §C . 8gkk s (C33)

whose gauge-fixed version is (3.6).
The b-ghost transformation in the full analysis is compatible with the substitution

b— —ivkck in the new transformation. That is,

(SB <—ivkck> = Ci@i (_;chk) . (034)

0 (22

Now for the matter field,

) 1
dgdBX = 0B (ClaiX + kaCkAX)

2

. , 1 A
= (530281')( — c’&-éBX + A(gB (—chk> X — - (chk) 5BX

0 n

) ) . ) o ) A A )
= d0;c'0;x — d0;c'0;x — ' 0;0;x — 0, <kack> X + ;chkc](()jx (C.35)

% i

A A - A?
+0p (ka0k> X — ;vkckcja]X - vackvzce

=0.

In the third line, the second and last terms cancel out due to antisymmetry of the ghost

field and the fourth and sixth terms cancel out due to the relation (C.34). After a slightly
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more tedious computation of the same for the metric we get

2
0B0Bgi; = OB (Ckakgij + gkiajck + gkjaick — _vkckgij)

mm

= —"0), (9u0;c" + 9o;0:¢") + (" Omgri + guiOc’) 0;cF

(C.36)
+ (Cmamgkj + ggjakcz) 8,~c’“ + gi0; (Cﬁagck> + g1;0; (c‘é?gc’“)
=0.
Hence, we can once again make the following assertion for the new dg:
dpdp (any polynomial in field variables) =0 . (C.37)

Also once again,

/dd[E 6153(8jgij), (038)

Set = /ddiﬁ (iB(gi — d) — 68T 0;945) (C.39)
giving

Seh + St = —6B/dd:c (20,9:) —|—i/dde(gii —d) . (C.40)

The first part is BRST exact, and the other parts depend on ¢; and B, both of which
are BRST closed, thereby yielding

OB (Sgh + ng) =0. (C.41)

Since Sg; is by definition diffeomorphism and Weyl invariant, this concludes the proof of

BRST invariance of the correlator (C.1).



Appendix D

Phase of the wavefunctional

In the literature on inflationary cosmology, it is generally assumed that the phase of the
wavefunctional, U[g, x], is not observable. (See [30] for more discussion.) In accordance
with this perspective, in the main text we restricted attention to observables that de-
pended only on the field insertions. Such observables are only sensitive to |¥[g, x]|* and
not to the phase of the wavefunctional.

On the other hand, from a formal perspective one may wish to study a broader class

5
3gij

of observables. The conjugate momenta, that act on the wavefunctional as 7% = —i
and m, = —i% are sensitive to the phase of the state. However, the derivative acts on
the leading phase-factor in the wavefunctional (2.104) to give a divergent contribution
in the large-volume limit. This is the reason these operators are usually excluded in the

study of cosmological correlators.

To obtain finite quantities we focus on the “dressed” momentum operators

i — 18'[9:X] 115 =5 [9.X] Ty = eiS/[gvx]WXe*iS’[g,X] (D.1)

where S'[g, x| = Slg, x| + Salg, x] and S4[g, x] is any solution to the anomaly equation
(2= — Av2 ) Sulgix] = A (D.2)
¢ Gij 591’]‘ X5X ALY, X] = Ad- .

These operators remain finite even in the large volume limit. We will show that the
discussion in the main text easily generalises to cosmological correlators that include

such dressed conjugate momenta.

84
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If A is an operator that involves the dressed conjugate momenta then the expression

(3.2) must be generalised to

N

U AV
(7, A%) = vol(diffx Weyl)

/ DgDx U*[g, x]A¥]g, x], (D.3)

i.e. the functional derivatives in A act on the wavefunctional on the right but not on its
conjugate.
Similarly, one may define a generalisation of cosmological correlators. Consider the

string of operators

C%g.gs(f) = Rivjs (Y1) - i (U)X (21) o X ()T () o T ()T (01) - T (05).
(D.4)

Then, we can define a generalised cosmological correlator

(PICEE ()W) o = MM / DgDxDeDc'e™6(g;i—d)d(0;i) ¥ [g. X]CLE" (2) ¥ g, .
(D.5)

We note the following.

1. The operators (D.1) involve a choice of the functional S4[g, x]. This choice can be
made according to convenience and our discussion is valid for any choice. Given
correlators of operators with one choice of S 4, it is evident that one may obtain

correlators of operators corresponding to another choice.

2. In (D.5), all the momenta appear on the right. Since the momenta and the fields
satisfy canonical commutation relations, it is clear that knowledge of all such cor-
relators suffices to determine cosmological correlators of operators with other or-

derings.

By combining the anomaly equation (D.2) with (2.98), we see that the wavefunctional

Vg, x] = e ¥[g, y] (D.6)

is diff x Weyl invariant. A slight manipulation shows that the cosmological correlator
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can be written as

(VICs" (D) Whoo = NN, / DgDxDeDc'e™%5(gi; — d)3(0,9:5)

X Wlg, X hiv (1) - By, (9)X(21) - X ()T (r) o () (1) (03) g, X

D.7)

Here, note that all the dressed momentum operators have been replaced by their ordinary
counterparts and it is the wavefunctional that is dressed instead.

Using the diff x Weyl invariance of \Tf[g, x|, and by repeating the arguments in subsec-
tion 4.2, we see that cosmological correlators involving the momenta have the following
symmetries.

(WICZETSOAE + )| W) = A3 (W () [ e, (D)

(wicz (R 2)|Whee = RIR!...RIR x RZiRﬁi - R Ry (W|CHET ()W ) o,

ilj/k/zl

(D.9)

with A = d — A. This is a straightforward generalisation of (4.10,4.11) with the corre-
sponding momentum insertions acquiring dual scaling dimensions and the gravity mo-
menta rotating the inverse way.

The result of chapter 5 can now be generalised to

Result. The set of all generalised cosmological correlators of the form (D.5) in any open

region R in a state ¥ is sufficient to determine the wavefunctional V|g, x].

We emphasise that the generalised correlators fix not just the magnitude but also the

phase of the wavefunctional.
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