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Abstract

Goal of this thesis is the construction of a Hadamard state for linearized gravity
on asymptotically flat, globally hyperbolic spacetimes. To this end, first of all
we characterize the symplectic space of classical solutions for the linearization of
Einstein equations. Afterwards we construct via standard methods the associated
algebra of fields fulfilling the canonical commutation relations. At this stage we
employ the so-called bulk-to-boundary mechanism: We project each solution and
hence each element of the algebra of observables into a suitable counterpart which
is intrinsically defined on null infinity, the conformal boundary. The net advantage
of such procedure is the following: Each state constructed for the algebra on the
boundary yields via pull-back a bulk counterpart. In between all boundary states
we can identify a distinguished choice by requiring invariance under the group of
asymptotic symmetries. The bulk counterpart turns out to be of Hadamard form,
invariant under all isometries and, thus, coincident with the Poincaré vacuum in
Minkowski spacetime.

Abstract

L’obiettivo di questa tesi ¢ la costruzione dello stato di Hadamard per la gravita lin-
earizzata su spaziotempi asintoticamente piatti e globalmente iperbolici. Per questo
fine, prima si caratterizza lo spazio simplettico delle soluzioni classiche dell’equazioni
di Einstein. Successivamente tramite i metodi standard si realizza un’algebra dei
campi che soddisfa le canoniche relazioni di commutazione. In questo modo si
puo ricorrere all’'uso della corrispondenza bulk-bordo: si proietta ogni soluzione e
quindi ogni elemento dell’algebra dell’osservabili in una adeguata controparte che e
intrisicamente definita nell’infinito di tipo temporali, il bordo conforme. Il grande
vantaggio di questa procedura e il seguente: ogni stato costruito per I'algebra del
bordo produce via pull-back una controparte nel bulk. Tra tutti i possibili stati
definiti sull’algebra del bordo si puo identificarne uno richiedendo I'invarianza sotto
il gruppo delle simmetrie asintotiche. La controparte nel bulk & quindi della forma
di Hadamard, invariante sotto tutte le isometrie e, cosi, coincide con il vuoto di
Poincaré nello spaziotempo di Minkowski.






< Nevertheless,
due to the inneratomic movement of electrons,
atoms would have to radiate not only electromagnetic
but also gravitational energy,
if only in tiny amounts.
As this is hardly true in Nature,
it appears that quantum theory would have to modify
not only Mazwellian electrodynamics
but also the new theory of gravitation.>

A. Einstein
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Introduction

A key ingredient is the usual approach to quantum field theory on Minkowski
spacetime is the Poincaré group of isometries. The latter group is used in particu-
lar to select a distinguished state, called the vacuum, which is mostly notable for
enjoying a uniqueness property [!]. However, even the slightest perturbation of the
background spacetime can cause this picture to break down. Moreover, in a curved
spacetime one may find specific effects which cannot be described by Minkowskian
quantum field theory like the renown Hawking radiation [2] and the Unruh effect [3].
It is hence appropriate to ask ourselves if Minkowskian quantum field theory is a
valid approximation even if quantum effects of gravity are negligible. Since we do
not question the success of quantum field theory in general, as it confirms observa-
tions with an unprecedented accuracy [], we strive to improve upon what quantum
field theory has taught us in the past.

Following our argument according to which we should never neglect gravitational
effects but might disregard quantum counterpart at least in a first approximation
due to the weakness of the gravitational coupling, we can focus only on quantum
fields living on a fixed classical background. In contrast to what a full-fledged theory
of quantum gravity will need to accomplish, the background spacetime in quantum
field theory on curved spacetime is fixed by hand or by need. Since this spacetime
will, in general, not even have a timelike Killing fields, we cannot perform the stan-
dard construction to identify a global vacuum state [5]. Therefore, the notion of a
quantum field has to be formulated without referring to a preferred state. This can
be accomplished in the algebraic approach to quantum field theory in which one
starts with an abstract algebra of local observables encoding the dynamics of the
quantum field [1, 5].

Nevertheless, a state is still needed to obtain any concrete result which can then
be understood in the usual probabilistic interpretation of quantum theories. Yet
not all possible states have physically reasonable properties. For a free field the-
ory one demands the Hadamard condition: It is the natural generalisation of the
energy-positivity condition of the Minkowski vacuum state which encodes the UV
properties of physical states in QFT [0, 7, &]. It guarantees moreover the possibility
to regularise quantum observables building a generalization of Wick polynomials,
used to cope with interactions at a perturbative level. It was later found that
Hadamard states can be characterized in terms of their wavefront set of their asso-
ciated two-point functions [9, 10]. This discovery lead to an improved understanding

iii



v 0. Introduction

of Hadamard states and opened the doors for the development of a rigorous per-
turbation theory on curved spacetimes [I1, 12, 13, 14]. Although the existence
of Hadamard states was proven for various quantum fields on globally hyperbolic
spacetimes using deformation arguments, an explicit construction is often notori-
ously difficult [3, 15, 16].

In [17] Dappiaggi, Moretti and Pinamonti suggested a construction which yields a
boundary state on the conformal boundary of asymptotically flat spacetimes that
is invariant under the action of the symmetry group of the boundary manifold,
the Bondi-Metzner-Sachs group. Such state can be interpreted as an asymptotic
vacuum as shown in [18]. Subsequently it was proven that pulling it back to the
bulk one obtains indeed a Hadamard state. This construction, called the bulk to
boundary correspondence, was initially performed for a conformally coupled mass-
less scalar field and later also applied to the Dirac [19, 20] and the electromagnetic
field [21].

In this thesis we construct a Hadamard state for a quantum field theory of lin-
earized gravity, which models quantum fluctuations of the gravitational field at low
energy. At a classical level linearized gravity perturbation is described by linearized
Einstein equations. The class of asymptotically flat spacetimes is particularly inter-
esting from the cosmological point of view, where linearized gravitons can induce
fluctuations in the cosmic microwave background [22]. These arise in a discussion of
inflation and tensor fluctuations. For these reasons, the quantum field theory of lin-
earized gravity has been studied on several spacetimes [23, 24]. Though such topic
has been previously considered by numerous authors, in this thesis we propose to
employ algebraic quantum field theory. The first step consists of the construction of
a classical phase space: One introduces a space of solutions of the linearized Einstein
equations and endows it with a weakly non-degenerate symplectic product. This can
be achieved for the case when the background spacetime admits a compact Cauchy
surface. The resulting symplectic space is quantized using Dirac prescription, which
permits the construction of an algebra of observables consisting of gauge-invariant
smeared fields. It is shown that this algebra satisfies a time-slice condition. Before
using the bulk to boundary correspondence to construct a Hadamard state it is
shown how to associate to each solution of the linearized Einstein equations a field
defined on the conformal boundary. In this sense, we have identified an injection
between the space of solution in the bulk and the space of solution on the bound-
ary. This translates to the existence of an injective *-homomorphism between the
algebra of observables in the bulk and a suitable boundary counterparts. Hereupon
we identify a distinguished state which, via pull back yields a counterpart in the
bulk of Hadamard form.



An outline of the thesis in due course:

e chapter I: We describe the geometrical preliminaries necessary for a formu-
lation quantum field theories on curved spacetimes: In particular Riemannian
geometry of rather generic, Weyl manifolds, asymptotically flat spacetimes,
distributions on manifolds and wave equations are discussed.

e chapter IT: We lay down the foundation to the formulation of quantum the-
ories on curved backgrounds following the algebraic approach. We introduce
the algebra of observables and the Haag-Kaslter axioms, and, after a review
on the category formalism, we discuss the local covariance of a theory. In
the last part of chapter we introduce the Hadamard states and a method to
construct them on asymptotically flat spacetime.

e chapter ITI: We start our study of linearized Einstein equations. After con-
structing an algebra of observables starting from the phase space associated
to the solutions of linearized Einstein equations, we find a correspondence
between these solutions and associated fields on the boundary. This allows us
to apply the bulk to boundary correpondence and to construct a Hadamard
state .
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In theoretical physics the mathematical representation of spacetime would pre-

sumably be based upon a suitable set M whose elements represent “spacetime
points”. Yet a set has no structure other than the elements it contains, and the
question arises naturally, therefore, which other mathematical structures should be
imposed in M. In practice, the idea has arisen that M should also be a topological
space whose open sets represent certain privileged regions in spacetime. The use of
such familiar mathematical model has many important implications, not the least
of which is that differentiation can be defined: This leads to the very fruitful idea
that the dynamical evolution of a physical system can be modelled by differential
equations defined on spacetime itself.
The topological spaces that have actually been used historically to represent space-
time (or space and time separately) are however of very special type: In Newtonian
physics, the three-dimensional physical space is represented mathematically by the
Euclidean R?, and one-dimensional time by R; in special relativity, the combined
notion of “spacetime” is represented by Minkowskian space R*.



2 1. Mathematical structures

One of Einstein major contributions to physics was his realisation that it is pos-
sible to generalise the mathematical model of spacetime: In General Relativity a
spacetime is modelled by a “differentiable manifold”, of which Minkowski space R?
is just a “special” example.

1.1 Riemannian Geometry

In this first section we introduce Riemannian Geometry, a powerful tool in the
formulation of General Relativity and Quantum Field Theory on curved spacetimes.
Our treatment is based on [25], [20], [27] and [28] but for more information it is
possible to consult [29], [30] and [31].

1.1.1 Differentiable manifolds

A manifold is one of the most fundamental concepts in mathematics and physics.
In fact it summarized the idea of a space which may be intrinsically curved and
have a complicated topology, but in local regions looks just like R™. (What we
mean with “just like” is specified in the definition below).

Definition 1.1.1. A topology on a set X is a collection 7 of subsets of X such that:
(i) § and X are in 7
(ii) Any union of elements of 7 lies in 7
(iii) The intersection of any finite collection of elements in 7 lies in 7
A set X for which a topology 7 has been specified is called a topological space.

Properly speaking, a topological space is a pair (X,7) consisting of a set X and
a topology 7 on X, but we often omit specific mention of 7 unless any source of
confusion will arise.
If X is a topological space with topology 7, we say that a subset U of X' is an open
set of X if U belongs to the collection 7. Using this terminology, one can say that a
topological space is a set X’ together with a collection of subsets of X, called open
sets, such that () and X are both open, and such that arbitrary unions and finite
intersections of open sets are open.
The open sets of R, defined by unions of open intervals a < x < b and the null set
(), satisfy the above definition. This topology is called the standard topology on R.

Definition 1.1.2. A differentiable manifold of dimension n is a topological space
M and a family of injective mappings x, : U, C M — R™ of open sets U, of M
into R™ such that:

(i) Ua Uo = M,;
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(ii) for any pair «, f with Uy NUs = W # 0, the sets x, (W) and x5 (W) are
open sets in R” and the mappings x5 o x, ! are differentiable; (Fig. 1.1)

(iii) The family {(Ua,X4)} is maximal relative to the conditions (i) and (ii).

The pair (Uy,Xq) With p € U, is called a chart (or system of coordinates) of M at
p; Uy is then called a coordinate neighbourhood at p. A family {(Un, X, )} satisfying
(i) and (ii) is called a differentiable structure on M.

x (W)

xg (W)

Figure 1.1

Example 1.1. The Euclidean space R", with the differentiable structure given by
the identity, is a trivial example of a differentiable manifold.

Example 1.2. Consider the space which consists of two closed half lines (—oo, O]
and one open half line (O, c0) together with a basis of open neighbourhoods O;,
i =1,2 (Fig. 1.2) of the form (—a;, 0;]U (O, b). This space is locally euclidean; it is
not Hausdorff because any two open sets containing O e O2 will contain a segment

(0,b).

In order to avoid a potential pathology like the presence of a spacetime with
“two origins” we shall require that the following property is always fulfilled:

Definition 1.1.3. A topological manifold is Hausdor(f (separated) if any two dis-
tinct points lies in disjoint neighbourhoods.
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The differentiability of a function on a vector space can be defined with the help
of charts it is possible to extend the concept of differentiability of a function to a
manifold. Consider a function f on M,

fr M—=R
p— f(p)

Let (Uy,Xq) be a chart at p € M, then fo x,! is a mapping from U, into R.

Definition 1.1.4. The function f is differentiable at p on a differentiable manifold
M if, in a chart at p, f ox,! is differentiable at p.

The definition does not depend on the chart: if fo x_ ! is differentiable at p for
a chart (Uy,X,) at p, then fo xgl is differentiable at p for every chart (Us, xg) at
p because
fo xgl = (fo x;Y) 0 (x4 oxgl);

the proposition results from the differentiability of a composite mapping. From now
we omit specific mention of « if non confusion will arise.
Let us extend the idea of differentiability to mappings between manifolds.

Definition 1.1.5. Let M and N be differentiable manifolds. A mapping ¢ : M —
N is differentiable at p € M if given a chart y : V C R" — N at ¢(p) there
exists a chart x : U/ C R™ — M at p such that p(x(U/)) C y(V) and the mapping
y lopox:U CR™ — R" is differentiable at x ! (p). (Fig. 1.3)

Definition 1.1.6. Let M and A be differentiable manifolds. A differentiable map-
ping ¢ : M — N is said to be an immersion if dp), : TpM — Ty, N is injective
for all p € M. If, in addition, ¢ is a homeomorphism onto p(M) C N, where
©(M) has the subspace topology induced from N, we say that o is an embedding.
If M C N and the inclusion i : M < N is an embedding, we say that M is a
submanifold of N.

Example 1.3. The curve o : R — R? given by a(t) = (¢, |t|) is not a differentiable
map at t=0.

Example 1.4. The curve a : R — R? given by a(t) = (¢3,1?) is a differentiable map
but it is not an immersion. Indeed, the condition for the map to be an immersion



1.1. Riemannian Geometry )

(L)

v (@)

.
:
’ v
l’
al )

x (U ) (- ]

4

AN

Figure 1.3
in this case is equivalent to the requirement that &(t) # 0, which does not hold true
at t =0.
Example 1.5. The curve a : R — R? given by «a(t) = (3 — 4¢,t2 — 4) is an
immersion which has a self-intersection for ¢t = 2 and ¢t = —2. Therefore, « is not

an embedding.

Example 1.6. The curve « : (—3,0) — R? given by:

(0,—(t+2)) set e (—3,—-1),
a(t) : { regular curve (see Fig. 1.4)  set € (—1,—1),
(—t,—sin ) set € (—1,0).

is an immersion without self-interaction. Nevertheless, a is not an embedding.
Indeed, a neighbourhood of a point p, in the vertical part of the curve (Fig. 1.4)
consists of an infinite number of connected components in the topology induced
from R2. On the other hand, a neighbourhood of such a point in the topology
“induced” from « (that is the topology of the line) is an open interval, hence a
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connected set.

Example 1.7. It is clear that a regular surface S C R? has a differentiable structure
given by it chart x : Y — S. With such a structure, the maps x,, are differentiable
and, indeed, embeddings of U into S; thus is a consequence of the definition of
regular surface in R3.

1.1.2 Tangent and cotangent space

We would like to extend the idea of tangent vector to differentiable manifolds.
It is convenient to use our experience with regular surfaces S in R3. A tangent
vector at a point p € S is defined as the “velocity” in R? of a curve in the surface
passing through p. Since we do not have at our disposal the support of the ambient
space, we will have to find a characteristic property of the tangent vector which will
replace the idea of velocity. The next considerations will motivate the definition
that we are going to present below.
Let 0 : (—e,e) — R™ be a differentiable curve in R”, with o(0) = p. Write

o(t) = (z'(t),...,2"(t), te€(—¢e), (r1,...,2,) €R"

Then
a(t) = (£1(0),...,2"(0)) = X € R™.

Now let f be a differentiable function defined in a neighbourhood of p. We can
restrict f to the curve o and express the directional derivative with respect to the
vector X € R" as

dzt

v—p dt

d(foo)

- 0
dt = | 2 #Og ] £

p=1

:Z@

p=1

t=0 t=0
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Therefore, the directional derivative with respect to the vector X is an operator
on differentiable functions that depends uniquely on X. This is the characteristic
property that we are going to use to define tangent vectors on a manifold.

Definition 1.1.7. Let M be a differentiable manifold and o : (—¢,6) - M a
differentiable curve. Suppose that a(0) = p € M, and let D be the set of functions
on M that are differentiable at p. The tangent vector to the curve o at t = 0 is the
function ¢(0) : D — R given by

d(f o
&(0)f = (fdt")t_o, fen.

A tangent vector at p is the tangent vector at t = 0 of a curve o : (—¢,6) - M
with ¢(0) = p. The set of all tangent vectors to M at p will be indicated by T, M.

If we choose a local chart x : i/ C M — R” at p, we can express the function f
and the curve ¢ in this parametrization as

fox_l(q)7 g=(x1,...,2p) €U

and
xoo(t) = (z(t),...,2"(t)),

respectively. Therefore, restricting f to o, we obtain

o = d oo = 4 zr(t),. .., z" =
OF = Goo)| = re @)
- of - 0
=>» #0) (=)= FO) | =— | | f-
; (396“) ; (895#)

In other words, the vector ¢(0) can be expressed in the chart x by
= 0
7(0) = E eh(0) | =— ).

Observe that % is the tangent vector at p of the “u-th coordinate curve” (Fig. 1.5)
To avoid confusion, from now we employ FEinstein summation convention: if the
same index appears twice, once as a superscript and once as a subscript, then the
index is summed over all possible values. For example, if ¢ runs from 1 to m, we
have

AMB, =Y A'B,.
pn=1

Definition 1.1.8. A vector field X on a differentiable manifold M is a correspon-
dence that associates to each point p € M a vector X(p) € T, M. Considering a
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Figure 1.5

chart x : Y C M — R" we can define a differentiable vector field as:
X: M—=T,M
p— X(p) =210,
where each z# : U — R is function on ¢ and {0,} = {%} is the basis associated
tox(U), p=1,...,dimM.
This is not the unique definition that can be given.

Definition 1.1.9. For a generic manifold M, a tangent vector at a point p € M
is a linear function X : D(M) — R which satisfies the following two properties:

(i) X(af +bg) =aX(f)+bX(g) for all f,g € D(M) and for all a,b € R
(ii) X(fg) = f(p)X(9) + X (f)g(p) for all f,g € DIM).

An important consequence of this definition of tangent space is the following.

Proposition 1.1.10. Let M and N be differentiable manifolds and ¢ € C*°(M,N).
Then ¢ induces a natural homomorphism ¢, : TyM — T¢(p)N , called push-forward,
such that

(e.X)f = X(fop), VfeDW) and ¥X(p)€T,M

Proof. We need to verify that ¢, X is indeed a vector at ¢(p) according to Defini-
tion 1.1.9. Let us start with linearity, the simplest condition. Let f,g € D(N) and
let a,b € R, then

(e X)(af +bg) = X[(af +bg) o] = X[afop+bgoyp] =
=aX(fop)+bX(gop)=alp«f)X +blpg)X
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where, in the various equalities, we exploited only the definition of ¢, and the
linearity property of X.
To show the Leibniz rule, let us consider f, g € D(N), then

(P« X)(fg) = X(fopgop) =
= (fop))X(gop)(p) + X(fop)(p)(gop)(p) =
= f((P) (s X)(g9) + (0 X)(f)g((p))

where, besides the definition of ¢, we used that the product fg is meant point-
wisely: (fg)(x) = f(z)g(x) for all x € N. O

Since T, M is a vector space, there exists a dual vector space to T, M, whose
elements are the linear functions from 7, M to R. The dual space is called cotangent
space at p, denoted by Ty M. An element w : T, M — R of Ty M is called a dual
vector or cotangent vector or, in the context of differential forms, a one-form. The
simplest example of a one-form is the differential df of a function f € D(M). The
action of a vector X on f is X(f) = 2#9,f € R. The action of df € Ty M on
X € T,M is defined by

(df, X) = X(f) = 2”8, f € R

(df, X) is R-linear in both X and f.
Noting that df is expressed in terms of the coordinates at x = x(p) as df = (0,.f)dz*,
it is natural to regard {dz*} as a basis of T; M. This is a dual basis, since

Ozt
M p— p— M
(dz*, 0y) o oh.

Taken an arbitrary one-form w and a vector X, written respectively as w = w,dz"
and X = 20, it’s possible to define the inner product

(,): TEMOTM—R

w, X — (w, X) = whz,o.

The definition of the cotangent space has an important consequence. A map ¢ :
M — N induces a map:

Note that @, goes in the same direction as ¢, while ©* goes backward, hence the
name pull-back. If we take X € T, M and w € T;(p)/\/', the pull-back of w by ¢* is
defined as

<90*w7 X> = <w7 90*X>

An important special case of the pull-back on a one-form w on a manifold M occurs
in the context of a vector field X with an associated one-parameter group of local
diffeomorphism (flow). Let X,Y € X(M) and o(s,z) be a flow generated by the
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vector field X do™(s.p)

= = XM (o(s,p).
Let us evaluate the change of the vector field Y along o(s,p). To do this, we have
to compare the vector Y at a point p € M with that at a nearby point ¢ = o-(p).
We cannot however simply take the difference between the components of Y at
two points since they belong to different tangent spaces T, M and T, M; the naive
difference between vectors at different points is ill-defined. To define a sensible
derivative, we first map Y|, , to TpM by (0—c)s : T5 ()M — T, M, after which
we take a difference between two vectors (0—¢)« Y|, (,) and Y|, both of which lie
in TyM.

Definition 1.1.11. The Lie derivative of a field Y along the flow o of X is defined
as

o 1
EXY = lim *[(0'_5)* Y‘Og(p) — Y|p}

e—=0¢
Let (U,x) be a chart and let X = 2#0, and Y = y*9,, we find
LxY = (z2"0uy” — y"0ux")0,.

Geometrically the Lie derivative is a measure of the non-commutativity of the two
flows.

In order to proceed from tangent and cotangent vectors to general tensors and
n-forms it was necessary to introduce the idea of the tensor product T,y M ® T, M.
Applying this idea at the elements of the tangent and the cotangent space leads to
the following definition.

Definition 1.1.12. A tensor of type (r,s) at a point p € M is an element of the
tensor product space

QRQTM| @ |(QT,M

As for a vector field, we can define a tensor field of type (r,s) by a smooth
assignment of an element of 7,°(M) at each point p € M.

TrsM = ®

An important example of tensor is given by the metric.

Definition 1.1.13. Let M be a differentiable manifold. A Riemannian metric g
on M is a type (0,2) tensor field on M which satisfies the following conditions at
each point p € M:

(i) gp(X,Y) =gp(Y, X) VX, Y € T,M,

(i) gp(X,X) >0VX,Y € T, M where the equality holds only when X = 0.
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Before the Definition 1.1.12, we have introduced the paring between T, M and
TyM. 1If there exists a metric g, we define an additional inner product between
two vectors X,Y € T,M as g,(X,Y). Since g, is a map T,M ® TpM — R for
all X € T, M, we obtain a linear map g¢,(X, ) : T,M — R by Y — ¢,(X,Y).
We can identify g,(X, ) with a one-form wy € Ty M. Similarly w € T; M induces
Xy € TyM by (w,Y) = g,(Xy,Y). The metric g, gives thus rise to an isomorphism
between T, M and T; M.

Let (U,x) be a chart in M and {x;} the coordinates. Since g € ®>T*M, it can
be expanded in terms of a basis da’ ® dz’ of ®§ T*M as

9p = gij(p)dz' @ da’.
It is easily checked that

0 0
gij(p) =Jp <a$ia 83:J> = gji(P)-

We usually omit p in g;; unless it causes confusion. The isomorphism between 7, M
and Ty M is now expressed as:

— v o
Wy = Guv rm =g Wy

Since g, is a symmetric tensor, the eigenvalues are real. If g is Riemannian, all
eigenvalues are strictly positive and if g is pseudo-Riemannian, some of them may
be negative. If there are v positive and p negative eigenvalues, the pair (u,v) is
called the indexr of the metric. If 4 = 1, the metric is called Lorentzian. Once a
metric is diagonalised at any point by an appropriate orthogonal matrix, all the
diagonal elements are possible to reduce to +1 by a suitable scaling of basis vector
with positive number. If we start with a Riemannian metric we end up with the
Euclidean metric 6 = diag(1,...,1) whereas, if we start with a Lorentz metric, we
get the Minkowski metric n = (—1,1,...,1). In the case (M, g) is Lorentzian, the
elements of T, M are divided in three classes:

(i) 9(X,X) >0 — X is space-like,
(i) 9(X,X) =0 — X is light-like (or null),
(iii) g(X,X) <0 — X is time-like.

Lorentz manifolds are of special interest in the theory of relativity.

Now, let M be an m-dimensional submanifold of an n-dimensional Riemannian
manifold AV with the metric gnr. If f : M — A is the embedding which induces
the submanifold structures on M, the pull-back map f* induces the natural metric
gn = ffgn on M. The components of gy are given by

g./\/l,uu(p) = g/\/aﬂ(f(p))aufaaufﬁa

where f* denotes the coordinates of f(p). For example, consider the metric of the
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unit sphere embedded in (R?,4). Let (9,¢) be the polar coordinates of S* and
define f by the usual inclusion

f: (9,¢) — (sind cos¥, sin ¥ sin p, cos ),
from which we obtain the induced metric
g = gudrt @ dz" = di @ dV + sin? ¥dy @ dep.

When a manifold N is pseudo-Riemannian, its submanifold f : M — AN has a
metric gapq = f*gn. The tensor f*ga is a metric only when it has a fixed index on

M.

1.1.3 Isometries and conformal transformations

A particular class of diffeomorphisms between two manifolds which plays a cen-
tral role in the construction of Hadamard states in asymptotically flat spacetimes
are conformal transformations. Before introducing it, it is due time to recall what
are isometries and Killing vectors.

Definition 1.1.14. Let M and N be (pseudo-) Riemannian manifolds endowed
with a metric g and gy respectively. A smooth map ¢ : M — N is an isometry
if
P IN = gMm-
Consider a point p € M; for all X € T}, M we call length of a vector the quantity
gp.M(X, X). Let ¢ be an isometry

o: M—=N
p—q=o(p)
and

©x : Tp./\/l — Tcp(p)N
X =Y =g, (X)

Since ¢ is an isometry ¢*gn = gm, that is gp m(X, X) = ¢ gopn (X, X) =
Io(p) N (2 X, 0 X) = gy (Y, Y) for all X € T,M. In other words an isometry
maps a vector X € T,M in ¢, X =Y € T,N, keeping the length invariant. An
isometry may be regarded as a rigid motion.

Let p € M, U C M be a neighbourhood of p, X(M) be the set of smooth vector
field defined in M and X € X(M). Let ¢ : (—e,e) x U — M be a differentiable
map such that, for any ¢ € U, the curve t — ¢(t, q) is an integral curve of X passing
through ¢ at ¢ = 0 (U and ¢ are given by the fundamental theorem for ordinary
differential equation). X is called a Killing field if, for each ty € (—¢, €) the mapping
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o(to, ) : U C M — M is an isometry. Necessary and sufficient condition fod this
to happen is that X satisfies Killing equations

250t gy + 0pr® o + 0 2” 9up = 0.
From the definition of Lie derivative, this is tantamount to
Lxgu = 0. (1.1.1)

Equation (1.1.1) shows that the local geometry does not change as we move along
. In this sense, the Killing vector fields represent the direction of the symmetries
of a manifold.

A map that preserves a metric up to a scale factor is a conformal map.

Definition 1.1.15. Let M and N be a (pseudo-) Riemannian manifolds with the
metric grg and gp respectively and Q € D(M). A diffeomorphism
o: M—=N
P q=(p)

is a conformal transformation if
¢ gn = Qg

The set of conformal transformations on M is a group, the conformal group
denoted by Conf(M). Let us define the angle ¥ between two vectors X,Y € T),(M)
by

XY ryv
cos ) = gp,M( ) ) _ Q;WX Y

I
[gp,M (X, X)gp,M (Y, Y)} 2 [gaﬁXaXﬁg'y/\YAY’y]
If ¢ is a conformal transformation, the angle © between . X, .Y € T, N is

1-
2

QQQW,X“YV
1
[QQQQBXaXﬁQQgW)\Y)‘Y'Y] 2

cos© = = cos .

Hence ¢ preserves the angle.
An important consequence on a Lorentzian manifold is that ¢, preserves the local
light cone structure, namely

space-like vector +—  space-like vector
@« © § light-like vector ~ —  light-like vector

time-like vector —  time-like vector
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1.1.4 Affine connection

A vector X is a directional derivative acting on f € D(M) as X : f — X(f).
However, there is no directional derivative acting on a tensor field of type (p,q),
which arises naturally from the differentiable structure of M. What we need is an
extra structure called connection, which specifies how tensors are transported along
a curve.

Definition 1.1.16. An affine connection V on a differentiable manifold M is a
map

V X(M) x (M) — (M)
X,Y = VyY

which satisfies the following properties:
(i) VixigvZ = fVxZ +gVyZ,
(i) Vx(Y +Z2) =VxY + VxZ,
(i) VxfZ = fVxZ +X(f)Z,
in which XY, Z € X(M) and f,g € D(M)

This definition is not as transparent as that of tangent vector. The following
proposition should clarify the situation a little.

Proposition 1.1.17. Let M be a differentiable manifold with an affine connection
V. There exists a unique correspondence which associates to a vector field X along
the differentiable curve o : I — M another vector field %—f along o called the
covariant deriwative of X along o, such that:

(i) 2(X +V)=LX 4 DY

(i) F(fX) =X+ fo5F,

(iii) if X(t) =Y (o(t)), then 5 =V Y,
where X, Y € X(M) and f € D.

Proof. Let us suppose initially that there exists a correspondence satisfying (i), (ii)
and (iii). Let x : U C R™ — M be a system of coordinates with o(I) N x(U) # 0
and let (z'(t),...,2"(t)) be the local expression of o(t), with t € I. Let e, = d,.
Then we can express the field X locally as X = ate,, p = 1,...,dimM, where
at =zt (t) and e, = e, (0(1)).
By (i) and (ii), we have

DX _d® - uDen

dt dt " dt
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By (iii) and (i) of the Definition 1.1.16,
De,, dz”

a - Veen = V(sre)en = " Veslu
Therefore,
DX  dx* dz?
il Sl vV 1.1.2
Q- a T g Vesln (1.1.2)

Equation (1.1.2) shows us that if there exists a correspondence satisfying the con-
dition of Proposition 1.1.17, then it is unique.

To show existence, define 2% in x(¢/) by (1.1.2). It is possible to verify that (1.1.2)
possesses the desired properties. If y(V) is another coordinate neighbourhood, with
x(U) Ny(V) # 0 and we define Z=X in y(V) by (1.1.2), the definitions agree in
x(U) Ny(V), by uniqueness of 2% in x(/). It follows that the definition can be

extended over all of M, and this concludes the proof. O

Part (iii) of Definition 1.1.16 allows us to show that the notion of affine con-
nection is actually a local notion. Choosing a system of coordinates (U, x) about
p € M and writing

X =ale, Y =yYe,

where e, = 0,,, we have
VxY =2V, (y'Ve,) = 2"'y"Ve, e, + xte (v )e,.

Setting Ve, e, = kaek, we conclude that all FkW are differentiable functions and
that

VxY = (aty T, +ate, (")) e,

which proves that V x Y (p) depends on x#(p) and y”(p) and the derivatives z#e, (y*) =
X (y*) of y* by X.
The concept of parallelism and geodesic follows in a natural way.

Definition 1.1.18. Let M be a differentiable manifold with an affine connection
V. A vector X along a curve o : I — M is called parallel when % = 0, for all
t € I or, equivalently, when VxX = 0. The curve o(t) is called geodesic.

An important result on affine connections is the Levi-Clivita theorem. We need
to recall be forehand a few useful definition.

Definition 1.1.19. Let M be a differentiable manifold with an affine connection V
and a Riemannian metric g. A connection is said to be compatible with the metric
g when for any smooth curve ¢ and any pair of parallel vector field X and Y along
o, we have g(X,Y’) = constant.

Proposition 1.1.20. Let M be a differentiable manifold with an affine connection
V and a Riemannian metric g. A connection is said to be compatible with the metric
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if and only if for any vector field X andY along the differentiable curve o : I — M
we have

d DX DY
X V)=¢g(=Y X == I 1.1.
dtg( ,Y) g<dt, >+g< ,dt), te (1.1.3)

Proof. Equation (1.1.3) entails that V is compatible with g. Let us prove the
converse. Choose an orthonormal basis {P1(to), . .., Pu(to)} of T )M, t € I. We
can extend the vectors P;(ty) along the curve o by parallel transport. Since V is
compatible with the metric, {P1(t),..., P.(t)} is an orthonormal basis of T, )M,
for any t € I. We can write, therefore,

X:TMP;U Y:yuPH

where z# and y* are differentiable functions on I. It follows that

DX _dit, DY _dy
dt  dt " dt  dt "
It descends,
DX DY dxt dy*
v X ) = gt 2 ) —
g(dt’ >+g< ’dt) (dty+dtm>
d d
= — (z"y*) = —g(X,Y
o (@Y = 29(XY)

O

Proposition 1.1.21. Let M be a differentiable manifold with an affine connection
V and a Riemannian metric g. A connection is compatible with the metric if and

only if
Xg(Y,2) = g(VxY, 2) + gV, VxZ), X.Y,Z€X(M). (1.1.4)

Proof. Suppose that V is compatible with the metric. Let p € M andleto : I - M
be a differentiable curve with o(tg) = p, to € I, and with %ﬂt:to = X(p). Then

d
t=to
Since p is arbitrary, equation (1.1.4) follows. The converse is obvious. O

Definition 1.1.22. An affine connection V on a smooth manifold M is said sym-
metric when VxY — VyX = [X,Y] =0 for all X,Y € X(M).

We state Levi-Civita theorem.

Theorem 1.1.23 (Levi-Civita). For any a Riemannian manifold M, there exists
a unique affine connection V on M satisfying the conditions:

(i) V is symmetric,
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(ii) V is compatible with the Riemannian metric.

Proof. Suppose V exists. Then

Xg(Y,Z) = g(VxY,Z)+g(Y,VxZ), (1.1.5)
Yg(Z,X)=g(VyZ,X)+g(Z,VyX), (1.1.6)
Zg(X,Y) = g(VzX,Y) + g(X,V,Y). (1.1.7)

By summing equation (1.1.5) and (1.1.6) and subtracting (1.1.7) it holds on account
of the symmetry of V, that

Xg(Y,Z)+Yg(Z,Y) ~ Zg(X,Y) =
=9([X, 2], Y) +¢([Y; 2], X) + 9([X, Y], Z) + 29(Z, Vy X).

Therefore

9(Z,Vy X) :% (Xg(Y,Z) +Yg(Z,Y) — Zg(X,V )+
—g([X, Z],Y) - g([Y7 Z]7X) - g([X7Y]7 Z)) .

(1.1.8)

Formula (1.1.8) shows that V is uniquely determined from the metric g. Hence, if
there exists, it has to be unique.

To prove existence, define V by (1.1.8). One can readily verify that V is well-defined
and that it satisfies the desired conditions. O

The connection given by the theorem will be referred to, from now on, as the Levi-
Civita connection on M. Taken a coordinate system (U, x), the functions I'",,,
defined on U by Ve, = I'" ey, are called Christoffel symbols of the connection

V. From equation (1.1.8) it follows that

1
Fofuygom = 5 (8ugw< + azzg/m - alﬁ?gﬂll) s
where g,, = g(eu, ey).

Since g,,, admits inverse gi”, we obtain

1
Fﬁ,uz/ = 9 (augl/oc + 8Vg/wc - 8ag;w) ger.

In the terms of Christoffel symbols, the covariant derivative has the classical ex-

pression
DX dx”® dxt
= _ (2 g v )
dt < a et g >6”

Observe that % differs from the usual derivative in Euclidean space by terms
which involve the Christoffel symbols. Since for the Euclidean space R", we have

I'",, = 0, the covariant derivative coincides with the usual derivative.
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1.1.5 Curvature and torsion

Since I' is not a tensor, it cannot have an intrinsic geometrical meaning as a
measure of how much a manifold is curved. For example, in normal coordinates,
at a point p € M Christoffel symbols of the connection vanish at p. As intrinsic
objects, we defined the torsion tensor and the Riemann curvature tensor (or simply
Riemann tensor

Definition 1.1.24. The torsion tensor T of a Riemannian manifold M is

T: X(M)®X(M)— X(M)

X, Y =»T(X,)Y)=VxY -VyX — [X,Y].
Definition 1.1.25. The Riemann curvature tensor Riem of a Riemannian manifold
M is map
Riem : X(M)® X(M) @ X(M) — X(M)

X,Y, 7 R(X, Y, Z) = vayZ — VyVXZ — V[Xy]Z.

Since T and Riem are tensors, their actions on vector fields is obtained upon lin-

earity from the counterpart on the basis vectors. With respect to both a coordinate
basis {e,} and to dual basis {dz"}, the components of these tensors are

T, = (dz",T(ey, e,)) = (dz", Ve, e, — Ve, e4) =
= (dz", T ea =1 60) =17, =",

v
and
uw = (dz", R(ey, ev)ey) = (dz", V¢, Ve, 64 — Ve, Ve, e,) =
= (2™, Ve, T eq — Ve, I, ea) =
< ( ) + Faywrﬂua - (81/Fa/n/)ea + Fa/ryrﬁuoceﬁ> =
= 0,I"%,, — 9,I",, + 17, 1%, —TI°T%,

From the Riemann curvature tensor, we construct new tensors by contracting the
indices. The Ricci tensor Ric is of type (0, 2):

Ric(X,Y) = (dz", R(ey, Y, X))

the components are
R,LLI/ = R(eu, €y, ) R’Y

pyv:

Contracting once more, we obtain the scalar curvature R
R = g" Ric(ey,en) = " Ry
The Riemann tensor satisfy two important identities.

R",. + R"

vy vy T R =0, (first Bianchi identity)
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Ve Ry + Ve, R\ + Ve, RS, = 0. ( second Bianchi identity)  (1.1.9)

Contracting the indices k and v of the second identity and using V., = V,
VaRuy — VuRyy + Vi RY ,, = 0.
If the indices v and p are further contracted, we obtain
Vu(R—-2RK) =0

or equivalently,

V,.G" =0,
where G* is the Einstein tensor defined as
1
G" =R" — Jg"R. (1.1.10)

1.2 Weyl Manifolds

In 1918 H. Weyl introduced a generalization of Riemannian geometry in his
attempt to formulate a unified field theory. Weyl theory failed for physical reasons,
but it remains a beautiful piece of mathematics, and it provides an instructive
example of non-Riemannian connections. The physical motivation for Weyl ideas is
as follows: In the general theory of relativity, Einstein used Riemannian geometry as
a model for physical space. However, the Universe is not a Riemannian manifold, for
there is no absolute measure of length. To wit, instead of assuming a scalar product
on the tangent space at each point, we are given a scalar product determined point-
wisely only up to a positive factor. This fact does not produce essential changes
in the geometry provided that a measure of length at one point uniquely induces
a counterpart globally (i.e., if it makes sense to compare the size of two tangent
vectors at two distinct points). We make these ideas precise. Our treatment is
based on [32].

M will always denote an n-dimensional smooth manifold, 7, M the tangent space
of M at p and A'(M) the space of one-forms on M.

Definition 1.2.1. Two Riemannian metrics ¢ and g on M are said to be equivalent
if and only if g = Q2g where Q € D(M) and Q # 0.

Definition 1.2.2. A conformal structure on M is an equivalence class G of Rie-
mannian metrics on M. A manifold with a conformal structure is called a conformal
manifold.

Note that in a conformal manifold one can speak of the angle between two vectors
at a point, or of the ratio of their length, although their absolute lengths are not
defined. Also the notions of a symmetric or skew-symmetric transformation of
vector fields make sense.
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Definition 1.2.3. A Weyl structure on M is a map F : G — A'(M) satisfying
F(Q2%g) = F(g) — 0, In 2, where g and 02g are two arbitrary representation of the
same equivalence class in G. A manifold with a Weyl structure is called a Weyl
manifold

The main facts about Weyl manifolds, that we shall not prove, though one can refer
to [32], are the following.

Theorem 1.2.4. Let g be an arbitrary element of G, and denote F(g) by .

(i) A linear connection on a Weyl manifold M is said to be compatible if and
only if Oxguv + guver =0

(ii) On every Weyl manifold there exists a unique torsion-free compatible linear
connection, the Weyl connection V; its components 'y, with respect to a chart
(Ua,xq) are:

1ik
29(

s, = OuGiv + Ovgpi — Oiguw) + %(55% + 600 — g g™ pi) =
=T, + %(55% + 850 — gy ) =
=T+ e

where @, = %(559011 + 050 — gwgik%)

(i1i) Conversely, a torsion-free linear connection on a manifold M for which there
exist a Riemannian metric g and a one-form ¢ satisfying (ii) is the induced
connection of the Weyl structure determined by g and ¢

As a consequence, the Weyl connection, is conformally invariant: If g and g are
equivalent, namely g = Q2, the following property holds

L7, (%) =T}, (9) (1.2.1)

In place of V that is not metric compatible, one can use the Weyl covariant deriva-
tive defined via

D,Tg = (Vu+wp )T = (Vy+we )T + o8 T — o5, T (1.2.2)

where T is a given conformal tensor field of rank (r,s) and conformal weight w =
w(T). Under conformal transformations, conformal tensors are mapped as

T — QYT.

The Weyl covariant derivative is metric compatible.
Before introducing the “The Weyl-to-Riemann method” let us define the Weyl-
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invariant Riemannian tensor

54 )\ A

RS, = 0,08 — 8,[%, + %I, —~ T2, =
- Raul/ + VM(PVO' - vllgpua + SOuA(pua - 905/\9020 -
= ng/ + Rg;w

1.2.1 The Weyl-to-Riemann method

We present a simple, systematic and practical algorithm which translates the
problems of constructing conformally invariant equations in arbitrary Riemannian
spaces into a set of algebraic equations. This method, called “Weyl-to-Riemann”,
is based on two features of Weyl geometry:

(i) Using the Weyl covariant derivative and the Weyl geometrical tensor, all ho-
mogeneous equations written in Weyl space are conformally invariant.

(ii) When the Weyl structure satisfies ¢, = 9, InQ, the Weyl space is called Weyl
Integrable Space (WIS) and the Weyl connection reduces to F =T vy Where

Fu is the Christoffel connection of the metric tensor g, = Q v

In practice, to construct a Riemannian conformally invariant n*’-order equation for
a tensor field T of weight w, one starts by writing the most general homogeneous
equation in Weyl space, say

alﬁl+a252+'--—|—b1(71+b2ﬁ2+"':0,

where D; are derivative terms acting on 7', U; are geometrical terms whereas a;, b;
are free parameters. As stated above, this equation is conformally invariant in a
Weyl space. The game consists in looking for combinations of w, a;, b; in order to
obtain, when reducing to a Riemannian space imposing ¢,, = 9, In €, an equation

a1D1 4+ asDs+ -+« +b1Uy +bUs 4+ --- =0,

which is conformally invariant.

Example 1.8. This example! is taken by [33]. The most general second order
scalar field equation in a Weyl space involves the second-rank geometrical tensors.
It reads _ » ~

g'm/(DuDu + blR;w + bQRguu)'(/) = (D2 + aR)q/; =

!The author employs the signature (+, —, —, —). In this way the Weyl covariant derivative is
DHTBOL: (v - W@u)T @z,uTB + SOZB;LT'LQ

whereas the Ricci tensor is

R=R-6(V'ou —¢"op)
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where oo = by + 4by. This equation is expanded as

(O+aR —2(1 + w)p, V¥ — (6o + w)VFg, + (w? 4 2w + 6c) o) v =0,
(1.2.3)
where [J = g"”V,V, and all other contractions are performed using g,,,. We can
eliminate ¢ from this equations if and only if

1+w=0
6a+w =20
W+ 2w+6a=0

This system has a unique solution

Equation (1.2.3) is nothing but the usual conformally invariant scalar field equation
in 4D Riemannian spaces,

O+ %R)z/z = 0.

1.3 Asymptotically flat spacetimes

A spacetime is a four-dimensional smooth, Hausdorff, second countable, time
oriented, manifold M equipped with a Lorentzian metric g assumed to be every-
where smooth.

Definition 1.3.1. A vacuum spacetime is a spacetime satisfying vacuum Einstein
equations

1
G,uu =R, — §g,uuR =0 (1.3.1)

Contracting with g"” we obtain
"G =—-R=0
In this manner, a vacuum spacetime satisfies
R, =0

We shall give a brief introduction of the notion that a spacetime be is “causally well
behaved”. Our treatment is based on [34], [35] and [30].

All spacetimes in General Relativity have only locally the same causal structure
as in the special relativity. Globally they can be have very significant differences.
For example, we can construct a (flat) spacetime with the topology S' x R3 by



1.3. Asymptotically flat spacetimes 23

identifying the hyperplanes ¢ = 0 and ¢ = 1 of Minkowski spacetime, as illustrated
in Figure 1.6

\dentify P

Figure 1.6

The integral curves of (0;)® in this spacetime will be closed and timelike. In
addition, in this spacetime with closed causal curves, severe consistency conditions
may exist on the solutions of equations describing the propagation of physical fields.
Spacetimes with closed causal curves can not be blamed entirely on “artificial”
topological identifications as in Figure 1.6, since examples with the topology R*
can be constructed by “twisting” the light cones, as illustrated in Figure 1.7.

It is generally believed that spacetimes with closed causal curves are not phys-
ically realistic. It is thus very useful to formulate precise conditions which charac-
terize this type of behaviour. One such characterization is strongly causality.

Definition 1.3.2. A spacetime (M, g) is said to be strongly causal if, for all p € M
and every neighbourhood O of p, there exists a neighbourhood V' of p contained O
such that no causal curve intersects V more than once.

Unfortunately this requirement does not suffice neither to single out the possi-
bility that a perturbation of the metric around two or more points leads to closed
causal curves nor to guarantee the existence of a splitting of M which singles out
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a family of hypersurfaces where to assign Cauchy initial data for a suitable field
equation. Let us introduce a few characterizations:

Definition 1.3.3. Let M be a smooth time-orientable manifold endowed with a
smooth metric g. Then we call:

e chronological future of p € M , the set I (p) of points ¢ € M such that there
exists o : I C R — M connecting p and ¢ and such that the tangent vector
of o is everywhere timelike and future directed.

e causal future of p € M | the set J*(p) of points ¢ € M such that there exists
o: 1 CR — M connecting p and ¢ and such that the tangent vector of o is
everywhere either timelike or lightlike and future directed.

An analogous definition holds for the chronological and causal past of p, indicated
as I~ (p) and J~(p) respectively.

Definition 1.3.4. A subset ¥ C M is said to be achronal if there do not exist
p,q € S such that g € I't(p), i.e., if IT(S)NE =0, where I (p) is defined as the
set of events that can be reached by future directed timelike curve starting from p.
Futhermore we call

e the edge of 3, the set of p € X such that, for all O C M containing p, there
exist g € ONIT(p) and r € ON I~ (p) and a timelike curve which joins ¢ and
r without intersecting 3,

e the domain of dependence of ¥, D(X), the set of all points p € M such that
every inextensible curve through p intersects X.

From this definition, it descends a proposition whose proof is available in chapter
8 of [34]

Proposition 1.3.5. Any non-empty closed achronal set ¥ C M with empty edge
is an embedded C° submanifold of M of codimension 1.

This proposition leads us to define globally hyperbolic spacetimes

Definition 1.3.6. A time-oriented spacetime (M, g) is called globally hyperbolic
if and only if it contains a non-empty closed achronal set ¥ with empty edge and
D(X) = M . Furthermore ¥ is called a Cauchy (hyper)surface of (M, g).

We introduce a other class of manifolds asymptotically flat spacetime. For more
information see [37] and [38].

Definition 1.3.7. A vacuum spacetime (M, g) is called to be asymptotically flat
at null and spatial infinity if there exist (M, g) with g everywhere smooth except
possibly at a point i" where is at least C° and a conformal isometry ¢ : M —
p[M] C M with conformal factor Q satisfying the following conditions :
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(i) JTE)JJ- () = M — M. In other words, i¥ is spacelike related to all
points in M and the boundary OM of M consists of the union of i, #*+ =
0J+(i% — 4% and £~ = 9J (i) — i°.

(ii) There exists an open neighbourhood V of M = i®J.#+J.#~ such that
spacetime (V,g) is strongly causal.

(iii) © can be extended to a function on all of M which is C? at i and C™
elsewhere.

(iv) (a) On .#* and .#~ we have Q@ = 0 and V,Q # 0.
(b) We have Q(i%) = 0, limoV,Q = 0 and limjV,V,Q = 2g,,(i°)

(v) The map of null directions at i’ into the space of integral curves of nt =
gV, Qon #t and £~ is a diffeomorphism.

Note that we have defined asymptotic flatness only for the case of vacuum
spacetimes, i.e. R,, = 0. However, since only properties “near infinity” will play
role in our analysis, we required only R, = 0 in V [ M. The physical Ricci tensor
R,, = 0 is related to the unphysical Ricci tensor ﬁuv by

Ry = Ry + 207V, V,Q + 5,3 (071V,V,Q - 3072V,0V,Q)  (1.3.2)

In equation (1.3.2), the right-hand side is the vacuum Einstein field equation ex-
pressed in terms of unphysical variables.

It should be emphasized that there exist a considerable arbitrariness in the as-
sociation of an unphysical spacetime (M,g) with an asymptotically flat physical
spacetime (M, g). In fact, (Mv ,g,82) is defined up to a rescaling transformation

(M,5,Q) = (M, w?F, wQ) (1.3.3)

Thus, there exists a considerable gauge freedom in the choice of the unphysical
metric. In other words, it is possible to implement condition five of Definition 1.3.7:
For the smooth function, w on M —i® with w > 0 on M |J.#* |J.# ~ which satisfies
Vu(w'n) =0 on # 1.7, the vector field w™n# is complete on .#+ .7 .

Let us now discuss the meaning of all five conditions appearing in definition (1.3.7).
The first three imply that (/(/lv,ﬁ) possesses the basic properties of the conformal
completion of Minkowski spacetime. The first one states that i represent spatial
infinity, the second assures that no causal pathologies occur near infinity and the
third fixes the behaviour of € near infinity. An important role is played by condition
(iv) . The requirement that € vanishes at ., .# ~ and i° implies that .#*, .#~ and
i¥ represents “infinity” for the physical spacetime. Furthermore, the requirement
on the derivatives of 2 imply that the metric g is asymptotically Minkowskian as
one approaches spatial infinity. Finally, condition (v) fixes the topology of .#* and
#~ to be S% x R.

Note that the five conditions define asymptotic flatness at both spatial and null
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infinity. From now with asymptotically flat spacetimes we would indicate asymp-
totically flat vacuum spacetimes at future null infinity.

We conclude this section by mentioning an important property of asymptotically

flat spacetimes, which is related to the notion of asymptotic symmetries. Minkowski
spacetime (R*,7) has a 10-parameter group of isometries, the Poincaré group. Such
isometries play an important role in the analysis of the behaviour of physical fields
on Minkowski spacetime, in particular in the proof of conservation laws. On a curved
spacetime one would not expect any exact isometries to be present. However, in an
asymptotically flat spacetime, one might expect to recover a notion of asymptotic
symmetry. The asymptotic group, however, is not the Poincaré one, but rather an
infinite dimensional group known as the Bondi-Metzner-Sachs (BMS) group. Let
us introduce it.
In the unphysical spacetime, the unphysical metric g induces a degenerate metric
q on the null hypersurface .# . Futhermore, since the vector field n* = gV,
is tangent to ., n* may be viewed as a vector field on .#T. Under a gauge
transformation of the form (1.3.3) the triple (.# 1, ¢, n) behaves as

It It q— wiq, n wlin, (1.3.4)

If C denotes the class containing all triples (£, ¢, n) transforming as (1.3.4) for
a fixed asymptotically flat spacetime, the gauge freedom does not allow to select a
preferred element in C. If C and Cy are the classes of triples associated to (M, g1)
and (Ma, g2) respectively, there exists a diffeomorphism

Y /1"' — f;
such that for (,ﬂ1+,q1,n1) € C1 and (,ﬂ2+,q2,n2) € (Cs
oI =S5 Ya=q  m=ns.

This guarantees that for every asymptotically flat spacetime (M, g) with an initial
choice of 2y one can fix 2 = w{)y in order that the metric

G+ = —2dedQ + dS? (¥, p).

This descends from the possibility to define in a neighbourhood of .# ™ a coordinate
system (¢,,9, ). dS?(9, ) is the standard metric of a unit 2-sphere and £ € R is
an affine parameter along the complete null geodesic forming .# * itself with tangent
vector n = 9/9¢. In these coordinates one has finally the triple (£, qp,ng) =
(R x S2%,dS? 0/01).

We conclude this section with the definition of Bondi-Metzner-Sachs group.

Definition 1.3.8. The Bondi-Metzner-Sachs group G s is the group of diffeomor-
phisms of ¢ : /T — T which preserves the universal structure of .7, i.e.
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(p(F 1), 0*q, p*n) differs from (£, q,n) at most by gauge transformation

It It q— w?q, n— w in

To give an explicit representation of G » we need a suitable coordinate frame
on £ . Having fixed the triple (£, qp,np) one is still free to select an arbitrary
coordinate frame on the sphere and, using the parameter u of the integral curves of
np to complete the coordinate system, one is free to fix the origin of u depending
on ¢,< generally. Taking advantage of the stereographic projection one may adopt
complex coordinates (s,<) on the (Riemann) sphere, ¢ = € cot(/2), 9, being
the usual spherical coordinates.

Definition 1.3.9. Coordinates (¢,¢,5) on £ define a Bondi frame when ¢,5 €
C x C are complex stereographic coordinates on S? , £ € R (with the origin fixed
arbitrarily) is the affine parameter of the integral curves of n and (£ T, q,n) =

(A", qp,nB).

In this frame the set G is nothing but SO+(3,1) x C*(5?%), and (A, f) €
SO4+(3,1) x C*®(S?) acts on & as

=0 = Kz(,9)(l+ f(s5,9))

NV aps + ba

cAS + da

T T = AT~ aAf-FEA

CAS +dp
Ka(s,3) = — 7(1+g§) — and II'(A) = [GA bA]
(apns 4+ ba)(@aS + ba) + (cas + da)(TaS + da) ca da

IT : SL(2,C) — SO4(3,1) is a surjective covering homomorphism. The matrix of
coefficients ay, bp cp, dp is thus an arbitrary element of SL(2,C) determined by A
up on overall sign. G can be viewed as the semidirect product of SO4(3, 1) and the
Abelian group C*°(S?). The elements of this subgroup are called supertranslations.

To conclude this section, we introduce some terms which will be often used in the
following in order to specify the support properties of the most relevant operators
in the study of hyperbolic equations on globally hyperbolic spacetimes.

Definition 1.3.10. Let M be a globally hyperbolic spacetime and consider a region
Q C M . We say that € is:

e spacelike-compact if there exists a compact subset K C M such that  C
Im(K);

o future-(past-) compact if its intersection with the causal past (future) of any
point is compact, namely if QﬂJ/tl (p) (Q N Jj(/l (p)) is compact for each p € M;

o timelike-compact if it is both future- and past-compact.
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1.4 Distribution on Manifold

The history of the theory of distributions is closely connected with the theory of
differential partial equations. In this section we first recall the notion of distributions
on R™ and then we remark on their generalization on arbitrary manifolds. Our
treatment is based on [39] for more information see [10] and [11].

1.4.1 Distribution on R"

Let 2 be an open set in the real n—dimensional space R™ and let u be a con-
tinuous function defined in Q. By support of u, denoted by supp(u), we mean
supp(u) = {z;z € Q,u(xr) # 0}. The support is thus the smallest closed subset of
Q) outside where u vanishes.

Definition 1.4.1. By £(Q) = C*(Q), 0 < k < oo we denote the set of all
k—differentiable functions u defined in Q and by D(Q) = CE(Q) we denote the
set of all functions in £(§2) with compact support. The elements of D(12) are called
test functions.

D(Q) is a real vector space. It can be given a Fréchet topology by defining the limit
of a sequence of its elements. A sequence fi, € D(Q) is said to converge to f € D(Q)
if the following two conditions are satisfied:

(i) there exists a compact set K C € containing the supports of all fj
U, supp(fi) € K

(ii) for each multiindex «, the sequence of partial derivatives 0 fi, tends uniformly

to 0% f

With this definition, D(§2) becomes a complete locally convex topological vector
space satisfying the Heine—Borel property.

Definition 1.4.2. A linear map u on D(Q) is called a distribution if there exists a
positive constant C' and an integer k such that for all f € D(Q) it holds

lu(f)| < € max sup [0 f ()|

la|<k zeQ

The set of all distributions in Q2 is denoted by D(Q2)" and it is dual to D(Q).
Example 1.9. Let n =1 and Q = (0,1). The linear map

=1
U(f):kaE

1

lies in D(Q2)".
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An equivalent form of Definition 1.4.2 is given by the following theorem, which
we shall not prove.

Theorem 1.4.3. A linear map u on D(Q) is a distribution if and only if u(fr) — 0
when k — oo for every sequence fi € D(Q) such that

(i) 0%fr — O uniformly when j — 0, for every multiindex o

(ii) there exist a fixed compact subset of Q0 containing the supports of all fy
A sequence satisfying the above properties is said to converge to 0 in D(S2).

Any locally integrable function f € L} () defines a distribution in D(Q)’ as:

loc

D@31 [ |fie)lde.

Theorem 1.4.4. Let u € D(Q). If supp(u) is a compact subset of Q, then u has
a finite order N < co. Let K C V C (), where V is an open set. Then there exist
finitely many functions fg € Q with supports in V such that:

U = 1)l z)(0%u) (x)dz
) ; 1) /Qfa( J(@u)(x)dz | D)

This theorem, proven in [12], justifies the notation used commonly in physics,
where the evaluation of a distribution on a test function is written as an integral.
However this characterization must be taken with care, since it is in general not
possible to write a distribution U as a sum of measures with supports contained in
the support of u.

A number of operations on functions can be extended to distributions. The
most important of which is differentiation. If u(z) is a C* function, then both u
and its derivatives d,u can be identified with distributions.

For any f € D

(Batis f) = / £(2)Bu ) = / (B() F(2)) — () B f ()

As u(z) f(z) has compact support, [ 9,(u(z)f(z))dz vanishes. Hence

(Bot f) = / w(@)00 f (2)dz = (1,00 )

The derivative of a distribution is defined by generalizing this identity
Theorem 1.4.5. If u € D', then the linear forms

(Oaus, [) = —(u, 0af)

are distributions and are the derivatives of u. If u € C%, then its distributional
derivatives are identical with its classical derivatives. The map u +— Jyu are con-
tinuous maps D' — D’
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By iteration, one obtains the derivatives of higher order as
(0%, f) = (=1)*I(w, 8 ).

If w = f, a locally integrable function, then

(0°F, ) = (~1)l* /f(x)aaf(a:)da;.

Conversely, any distribution can be written locally in this form

Theorem 1.4.6 (Structure theorem). Let u € D' and let Q be an open set with
compact closure. Then there ezists a continuous function f(x) and a multiindez o
such that u = 0% in Q.

Theorems 1.4.5 and 1.4.6, whose proof can be found in [39], are fundamental to
define a linear differential operator of order m.

Definition 1.4.7. Let {a®(%)}|4|<m be a set of C° functions and u a distribution.
A continuous linear map P : D' — D’

D >u— Pu= Z a®0%u

la|<m
is called a linear differential operator of order m.

Explicitly, for all f € £ the distribution Pu is

(Pu, f) = (u, P*f)

where
Prf= %" (=)o (a"f)
la]<m
is another mth order differential operator, called the formal adjoint of P. The for-
mal adjoint of P* is P itself.

Now we discuss the singularity structure of distributions.

Definition 1.4.8. The singular support of u € D(Q)", sing supp(u), is the smallest
closed subset O such that u|g\p € E(Q\ O).

If a distribution has a nonempty singular support we can give a further char-
acterization of its singularity structure by specifying the direction in which it is
singular. This is exactly the purpose of the definition of a wave front set.

Definition 1.4.9. For a distribution u € D(2) the wavefront set WF(u) is the
complement in @ x R™\ {0} of the set of points (z,£) € Q x R™\ {0} such that
there exist

(i) a function f € D(Q2) with f(x) =1
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(ii) an open conic neighbourhood C of &, with

sup(1+ [E)N|f- () < o0 YN €N
gec

Introducing the concept of regular direction, it is possible to recast the Defini-
tion 1.4.9 so to give a more “physical” interpretation.

Definition 1.4.10. A neighborhood C of xg € R" is called conic if x € C implies
Az € Cforall A € (0,00). Let be u € D'(2) a distribution, a pair (z,§) € QxR"\{0}
is a regular direction for w if there exists ¢ € C§°(R"™) with ¢(x) # 0, a conic
neighbourhood C of ¢ and constants Cy, N € N such that

Cn

< —— Vke(C,N eN
1+ [gIY

|Pu(6)]

ou is said to be rapidly decreasing as k — oo

Definition 1.4.11. Let be u € D'(Q2) a distribution. The wavefront set of u is
defined to be

WF(u) = {(z,&) € Qx R"\ {0} | (z,€) is not a regular direction foru }

With Definition 1.4.11, we have given the idea of the wavefront set as the set of
points and directions along which a distribution takes singular values.

Example 1.10. Let u € C§°(R") be an everywhere smooth function. Every pair
(x,€) € R" x R™\ {0} must be regular, so that

WEF(u) = 0.

The great advantages one gains in using wavefront set are due to its properties.
Theorem 1.4.12. Let be u € D'(R™) a distribution, then follow:

(i) if w is smooth, it holds W F(u) = 0,

(i1) for every u,v € D'(R™) and Vo, 8 € C it holds

WF(au+ fv) CWF(u) UWF(v)

7

(iii) if P is an arbitrary partial differential operator it holds W F(Pu) C W F(u),

(iv) Let U,V C R™, let w € D'(V) and let x : U — V be a diffeomorphism. The
pull-back x*(u) of u defined by x*u(f) = u(xsf) for all f € D(U) fulfils

WF(x"u) = X" WF(u) = {(x (), x"€)|(z.€) € WF(u)}

where x*k denotes the push-forward of x in the sense of cotangent vectors,
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(v) let be ui,ug € D'(R™) two distributions and let
WF(u1) W F(ug) = {(z,&1+&) | (z,&1) € WF(w) and (z,&) € WF(u2) }

if &+ & # 0, the product uyug is a well-defined distribution in D'(R™) and
it holds that

WF(uluQ) - WF(ul) U WF(UQ) U (WF(U1> D WF(UQ))

Moreover, if uy,us € C°(R"™) it reduces to the standard point-wise product of
smooth functions.

Condition (iv) establishes that the wave front set transforms covariantly under
diffeomorphisms as an element of T*R™ , and we can extend its definition to dis-
tributions on general curved manifolds M by patching together wave front sets in
different coordinate gluing of M .

1.4.2 Distribution on M

Before introducing a theory of distributions on manifolds, it is useful to define
the concept of bundle and, in particularly, of vector bundle. For more information
see [13]

Definition 1.4.13. A bundle is a triple (E, 7, M) = £, where 7 : E — M is a map.
The space M is called the base space, the space E is called the total space, and the

map 7 is called projection of the bundle. For each ¢ € M the space F, = 7~ !(q) is
called the fibre of the bundle over g € M.

Intuitively, one thinks of a bundle as a union of fibres 7=!(q) for ¢ € M
parametrized by M and “glued together” by the topology of the space E.
A vector bundle is a bundle with an additional vector space structure on each fibre.

Definition 1.4.14. A k-dimensional vector bundle £ over F' is a bundle (F,m, M)
together with the structure of a k-dimensional vector space over F' on each fibre
77 1(q) such that the following local triviality condition is satisfied:

(i) each point ¢ € M has an open neighbourhood U and a U—isomorphism
h:U x F¥ — 77Y(U) such that the restriction ¢ x F¥ — 771(q) is a vector
space isomorphism for each ¢ € M.

An F-vector bundle is called real vector bundle if F' = R and a complex vector
bundle if F' = C.

Now let M be a manifold equipped with a smooth volume density dV, a Rie-
mannian metric g and consider a real or complex vector bundle £&. The space of
compactly supported smooth sections valued in F will be denoted by D(M, E).
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We equip E and T* M with connections, both denoted by V. They induce coun-
terparts on the tensor bundles ®;7T*M ® E. For a continuously differentiable sec-
tion f € &M, E) the covariant derivative is a continuous section in 7"M ® E,
VfeEM,,T*" MR E).

For a subset U C M and f € C¥(M, E), we define the C*-norm as

| f llex@y= max sup|V¥f(q).
1=0,....k qeU
If U is compact, then different choices of the metrics and of the connections yield
equivalent norms || - [[cr(yy -
The elements of D(M, E) are referred to as test sections valued in E. We define a
notion of convergence of test sections.

Definition 1.4.15. Let f, f,, € D(M, E). We say that the sequence ( f,,), converges
to f in D(M, E) if the following two conditions are satisfied:

(i) there exists a compact set K C M such that the supports of all f, are
contained in K, i.e., supp(f,) C K for all n;

(ii) the sequence (f,), converges to f in all C¥ -norms over K, i.e., for each k € N

If = fallew )y 7= 0-

We fix a finite-dimensional K-vector space W . Recall that K =R or K = C
depending on whether E' is real or complex.

Definition 1.4.16. A K-linear map F' : D(M, E*) — W is called a distribution in
E with values in W if it is continuous in the sense that for all convergent sequences
fn — f in D(M, E*) one has F|[f,] — F[f]. We write D'(M, E, W) for the space
of all W -valued distributions in F.

We provide two important examples of distributions.

Example 1.11. Pick a bundle E — M and a point ¢ € M. The delta-distribution
dq is an E*-valued distribution in E. For f € D(M, E*) it is defined by

loc

Example 1.12. Every locally integrable section ¢ € L (M, E) can be interpreted
as a K-valued distribution in E by setting for any f € D(M, E*)

All definitions and properties mentioned in the previous section extend easily
to manifolds, since locally they are isomorphic to R”.
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1.5 Wave Equation

We start with our study of wave operators, based on [11], that is consider an
equation of the form Pu = f where P is a normally hyperbolic (see below) operator
acting on sections in a vector bundle. Solving wave equations on all of the Lorentzian
manifold M is, in general, possible only if M is globally hyperbolic.

Definition 1.5.1. Let M be a Lorentzian manifold and let £ — M be a K vector
bundle. A linear differential operator P : E(M, E) — (M, E) of second order will
be called normally hyperbolic if its principal symbol is given by the metric:

O'p(X)Z*<X,X>~idEX Ve e M,VX € T* M.

In other words if we choose local coordinates on M and a local trivialization of
FE, then

P=-> ¢g"0.0,+> Au0,+B
pv H

where A, and B are matrix-valued coefficients depending smoothly on local co-
ordinates.

We want to find operators which are inverses of P when restricted to suitable
spaces of sections. We will see that existence of such operators is basically equivalent
to the existence of fundamental solutions.

Proposition 1.5.2. Let M be a time oriented connected Lorentzian manifold and
P be a normally hyperbolic operator acting on sections in a vector bundle E over
M. Then there ezist two linear maps G1 : D(M, E) — C*(M, E) satisfying

(i) PoGt :GiOP:idD(M,E)

(ii) supp(G+f) C J (supp(f)) for all f € DM, E)
called advanced (retarded) Green operator for P.

Not all linear differential operators admit Green operators, but, indeed, those
who do, are of primary physical relevance, since, as we shall show in the next section,
one can associate to them a distinguished algebra of observables, built out of G+ .
For this reason we can encompass these special operators in a specific class.

Definition 1.5.3. Let M be a time oriented connected Lorentzian manifold and P
be a normally hyperbolic operator acting on sections of a vector bundle £ over M.
P is called Green-hyperbolic if it admits advanced and retarded Green operators.

Starting from G4 and G_ it is also possible to define an new operator

Definition 1.5.4. Let M be a timeoriented connected Lorentzian manifold, P be
a Green-hyperbolic operator acting on sections in a vector bundle F over M and
let G+ be the advanced and retarded Green operators for P. Then G = G4 — G_
is the causal propagator for P.
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The causal propagator entails the full characterization of the space of solutions
of the wave equation Pu = 0. G satisfies properties similar to (i) and (ii) of
Proposition 1.5.2

(i) PoG=0

(ii) supp(Gf) C Jpm(supp(f)) for all f € D(M, E)

We outline the last result of this section which has an important physical inter-
pretation.

Proposition 1.5.5. Let M be a timeo riented connected Lorentzian manifold, P
be a Green-hyperbolic operator acting on smooth sections of a vector bundle E over
M and let G be the causal propagator. The space S(M) of solutions with spacelike-
compact support of the equation Pu =0 on M is isomorphic to the quotient space
D(M, E)/P(D(M,E)) via the map I : D(M, E)/P(D(M, E)) — S(M) that [f] —
Gf.

This proposition guarantees the possibility to endow S(M) with a symplectic
form, which allows to use an holographic principle to construct Hadamard states
for the linearized Einstein equations.
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We apply the analytical theory of wave equations and develop a few mathe-

matical basic tools necessary to introduce the quantization of fields. These are
henceforth meant as sections in vector bundles, which dynamics is ruled by a suit-
able wave equation. There are two different approaches.
In the more traditional one a quantum field is constructed as a distribution satisfy-
ing the wave equation in a weak sense, via a mode expansion. These distributions
take value in the selfadjoint operators on the Fock space realized using the creation
and annihilation operators associated to the modes, up to the selection of a cyclic
vector which lies in the kernel of all annihilation operators. The construction of the
Fock space is however crucially dependent upon the choice of modes. For the case
of Minkowski spacetime, the resulting Hilbert space is the unique Fock space whose
vacuum state vector is covariant under the action of the Poincaré group: Heuristi-
cally, the physical interpretation is that all inertial observers will agree on what is
to be regarded as the vacuum state. The fact that we have covariance under the
action of the Poincaré group entails that it is meaningful to talk about particles,
but for curved spacetimes this is no longer the case.

37
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A general curved spacetime will possess no symmetries that can be used to pick
out a preferred representation, through invariance of a vacuum state, and thus the
particle interpretation becomes difficult. It seems that for a quantum field theory
on curved spacetimes the approach of local quantum physics is more appropriate.
The idea is to associate to a physical system a suitable algebra of observables which
encodes the relevant physical properties of isotony, locality and covariance. Once
the algebra has been constructed and once a continuous, linear, positive functional
on the algebra has been assigned, it is possible to identify via GNS theorem the
observables as linear operators acting on a suitable Hilbert space. The choice of the
algebra is not random but it must fulfil a set of axioms, first formulated by Haag
and Kastler in [15]. Although they assumed to work in Minkowski spacetime, it is
possible to generalize these axioms to a generic spacetime [16].

As said by mathematical physicist Edward Nelson: “quantization is a mystery, but
second quantization is a functor”. Using the formalism of category theory, it is
possible to construct a local covariant field as a functor from the category of glob-
ally hyperbolic Lorentzian manifolds equipped with a formally selfadjoint normally
hyperbolic operator to the category of C* -algebras. This functorial interpretation
of locally covariant quantum field theory on curved spacetimes has been introduced
in [12], [17] and [15].

Before sketching the algebraic approach, it is useful to introduce the x-algebras.
We follow [11] and for more information see [19] and [50].

2.1 (*-algebras

Definition 2.1.1. Let A be an associative C-algebra, let || - || be a norm on the
C-vector space A, and let *x : A — A, a — a* , be a C-antilinear map. Then
(A, || - ||, %) is called a unital C*-algebra, if (A, || - ||) is complete with respect to the
norm for all a,b € A and A € C, the following conditions hold true:

(i) I1e Ast. al =la=a

(ii) a** =a

(iii) (ab)* = b*a*

(iv) (a+ Ab)* = a* + \b*

(v) [rab (i<l alllb]

(vi) [l a* I=[l o |

(vil) || a%a ||| a |

The conditions (i) to (iv) define a unital x-algebra.
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Example 2.1. Let M be a differentiable manifold. We call
A =DM) = C5°(M)

D(M) the algebra of smooth functions of compact support. All f € D(M) are
bounded and we may define a norm and a %-operation as follows:

| £ 1= sup |f(z)]
zEM

fH(x) = f(2)

(D(M), || - ||,*) satisfies all axioms of a commutative C*-algebra except for
(A, ] - ||) not being complete.

Definition 2.1.2. An element a of a C*-algebra is called selfadjoint if a = a*.

Like any algebra a C*-algebra A has at most one unit 1. Let b be another unit,
then
1=1-b=0b

For all « € A we have

and similarly it descends al* = a. Thus 1* is also a unit. By uniqueness 1 = 1*
,i.€., the unit is selfadjoint. Furthermore,

I (=l 22 =] 2|

hence || 1 ||=1 or || 1 ||= 0. In the second case 1 = 0 and therefore A = 0. Hence
we may (and will) from now on assume that || 1 ||= 1.

Definition 2.1.3. Let A be a C*-algebra with unit. An element a € A is called
(i) normal if aa* = a*a
(ii) an isometry if a*a = 1
(iii) wnitary if a*a = aa* =1

In particular, sefladjoint elements are normal. In a commutative algebra, all
elements are normal.

Definition 2.1.4. Let A and B a C*-algebras. An algebra homomorphism
m: A= B
is called a *-morphism if for all a € A we have
w(a*) = 7(a)*

A map 7 : A — A is called x-automorphism if it is an invertible *-morphism.
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2.2 The algebra of observables

Since our ultimate goal is the quantization of a free field theory, our starting
point will still be the field ® : M — R which solves a linear field equation P® = 0,
where P is an hyperbolic operator (see Definition 1.5.1).

Hence we call S(M) the space of solutions built out of smooth, compactly supported
initial data:

S(M) = {®; € EM) |3 f € D(M) and &; = G(f)}

where G is the causal propagator (see Definition 1.5.4). §(M) can be equipped with
a bilinear, skew-symmetric non degenerate form o : S(M) x S(M) — R. In this
way S(M) becomes a symplectic space and it can be interpreted as the phase space
of the theory. Classical observables are maps Fy : S(M) — R, or equivalently from
D(M) into R if we recall the properties of G, the causal propagator. In between
the classical observables of especial relevance are those of the form

F@) =0 = [ dey/flew)e
whose Poisson brackets for f # g € D(M) yield

{Fy. Fg} = G(f,9) (2.2.1)

As a matter of fact our quest will be to find a way to collect all our observables
into an algebra A, or in other words we look for a map ¢ : D(M) — A where
the symbol ¢ is here used without any reference a priori to the field, which was
previously indicated as ®. The choice of A is not random, but, actually, it must fulfil
the requirements of Definition 2.1.1: An example is represented by the Borchers-
Uhlmann algebra. For a more detailed treatment see [20].

Definition 2.2.1. The Borchers-Uhlmann algebra </ (M) is defined as
d(M)=EPDM)®  and  DM)’=C
n=1

The algebra </ (M) satisfies the following properties:
(i) there exists a product defined by linear extension of the product of D(M)";

(ii) there exists a *—operation defined by the antilinear extension of | f*|(x1, ..., 2y)

f(xn, ... x1);

(iii) there exists a sequence { fi }r = {®n fr }r of elements in .7 (M) that converges

to f = @uf" if flgn) tends to f(™ for all n in the locally convex topology of
D(M)". There exists moreover N such that fy =0 for all n > N and all &

(iv) all elements of &7 (M) are finite linear combinations of multi-component test
functions
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The Borchers-Uhlmann algebra has no information on the dynamics of the under-
lying field. To solve this problem, one can quotient <7 (M) by an ideal .# generated
by elements of the form

—1G(f,9)®(f®g—9g®[f) and Pf

Definition 2.2.2. The field algebra F (M) defined as

is equipped with the product, x-operation and topology descending from </ (M).
If O is an open subset of M, .%(O) denotes the algebra obtained by allowing only
test functions with support in O

Lemma 2.2.3. The field algebra # (M) fulfils the time-slice axiom: Let ¥ be a
Cauchy surface of (M, g) and let O be an arbitrary causally convex neighbourhood
of ¥. Then F(0O)=F(M).

From the above discussion, one can infer that ¢ plays indeed the role of a field
in the algebra and thus its symbol can be correctly exchanged with ®.

The field algebra is not the only possible choice which fulfils the requirements
of the Definition 2.1.1: There exists a second possibility, the Weyl algebra.

Definition 2.2.4. We call Weyl algebra 20(M) the unital C*-algebra generated
by the abstract symbols W (), for allp € S(M) such that for all ¢, € S(M) the
following conditions are satisfied:

(i) W(0) =1
(i) W(=¢) = W(p)
(iii) W(p)-W(y) = e 7@I2W (o + ).

The symplectic vector space (S(M), o) in which is defined a Weyl algebra 23(M)
is commonly referred as Weyl system. 20(M) is unique up to *-isometries (see [19]).

As defined, the Weyl algebra cannot be read as map from C{°(M) into suitable
algebra elements. In order to solve this potential problem, recall that every ® €
S(M) can be written as ® = G(f) for a suitable f € C§°(M) (see Proposition 1.5.2).
Furthermore on account of (2.2.1) and of the subsequent identity, we also know
that o(®, V) = G(f,g) where ® = G(f) and ¥ = G(g). In other words we have
identified a #-isomomorphism which associates to each generator W (®) another
generator V([f]) such that

VI =V(=If)  and  V(IMV() = e2“UHDV (5] + [g])

for all [f], [g] € C§°(M)/J where J = {f ~ g if 3h € C§°(M) fulfilling f—g = Gh}
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2.3 Haag-Kastler axioms

The algebraic approach was initially developed by Haag and Kastler in [15] as a
way to lay down a collection of axioms which should be obeyed by an algebra, that
describes the observables of a quantum field theory in Minkowski spacetime. One
begins by considering the open relatively compact subsets of Minkowski spacetime to
ensure that one is only taking into account those observables that can be measured
within a finite region, such as a laboratory. This rules out global observables such as
total energy and charge. For each such subset O, a quantum field theory assigns an
algebra A(Q), which will contain all local observables that can be measured within
the region O. Each A(O) is assumed to be a C*-algebra. The smallest C*-algebra
containing the union of all the algebras over all the regions with compact closure
will be denoted by A and is known as the algebra of observables for the spacetime.
To ensure that such a net describes the observables of a quantum field theory, certain
extra conditions need to be imposed on it. These conditions are the Haag-Kastler
axioms and we now state them in their modern form:

(i) Isotony: for all open sets O C O C M , then A(O) C A(O’) and the full
x-algebra of local observables is defined as the union of all A(O), with O ¢ M
contractible open bounded,

(ii) Causality: for all open sets O, 0’ C M spacelike separated [A(O), A(O')] =0,

(iii) Covariance: for any isometry h : O — O’ we can associate «y, : A(O) —
A(O') which maps (anV)(f) = V(foh™t).

The first condition ensures that if a measurement can be made in a region O,
which satisfies O C O, then that measurement can also be performed in the second
region O’. The second condition is where relativity enters: Measurements made in
causally disconnected regions cannot influence each other. If one can extend all
relations to include unbounded regions, which contain a Cauchy surface for the
ambient spacetime, then a time-slice condition might hold true. The existence
of a time-slice condition is important for making physical predictions: One can
determine the state of system by examining its expectation values on all elements
of the algebra. However, if one had to do this for elements of the algebra that were
localised anywhere within the spacetime, then it would be totally impractical to
obtain the state. FEven if the time-slice condition holds, it is still impractical to
know all expectation values in a whole slice. The final condition express the idea
that a theory on a globally spacetime should be covariant under its isometry group.
The preceding formulation has since been implemented by the methods of locally
covariant quantum field theory due to Brunetti, Fredenhagen and Verch [18], which
permit to generalized on all physically admissible spacetimes, using methods from
category theory.

2.4 Category theory

Definition 2.4.1. A category € consists of the following data:
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(i) a collection 0bj€, whose elements will be called objects of the category,

(ii) a collection of morphisms between objects, i.e. f: A — B, where A, B €
obj€. Furthermore it is required that for all f: A — Band forallg: B — C
there exists h: A — C such that h = go f, where A, B,C € 0bjC

(iii) for every object A, there exist a morphism 14 € €(A; A) called the identity
on A.

These data are subject to the following requirements:

(i) Associativity: given any morphism f € €(A; B), g € €(B;C), h € €(C; D) it
holds that ho (go f) = (hog)o f

(ii) Identity: given any morphism f € €(A;B), g € €(B;C), it holds 1o f = f
and gollg =g

In the theory of categories, it is possible to define, also, a map between cate-
gories.

Definition 2.4.2. Let €; and €, two categories. A functor F is a “map”
F: ¢ — &

such that for all A € 0bj€;, there exists B € 0bj€y such that B = F(A) and for
each morphism f : Ay — Ay there exists g : F/(A;) — F(Az), where A1, As € 0bj€;.
In shorthand we write g = F'(f).

This paragraph was only a very brief introduction to category theory and for
more information see [51], [52] [53].
The formalism of category theory is useful to construct a locally covariant quantum
field theory according to [18] as a functor from a category of spacetimes to a cate-
gory of suitable algebras. The first step in this construction is the definition of an
appropriate category of spacetimes. We have already explained in section 1.3 that
four-dimensional, oriented and time-oriented, globally-hyperbolic spacetimes are
the physically sensible Lorentzian manifolds. It is therefore natural to take them as
the objects of a category of spacetimes. Regarding the morphisms, one could think
of various possibilities to select them among all possible maps between the space-
times under consideration. However, to be able to emphasise the local nature of a
quantum field theory, we shall consider isometric embeddings between spacetimes.
Heuristically, the underling ideas is to require locality by asking that a quantum
field theory on a “small” spacetime can be embedded into a larger spacetime with-
out having information about the remainder of the larger spacetime. A sensible
quantum field theory will depend moreover on the orientation and time-orientation
and the causal structure of the underlying manifold, we should therefore only con-
sider embeddings that preserve these structures. To this avail, we follow [18]. Let
us now resume the above considerations in a definition.
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Definition 2.4.3. The category of spacetimes Man consists of the class of objects
obj(Man) constituted by globally hyperbolic, four-dimensional, oriented and time-
oriented spacetimes (M, g). Given two spacetimes (M, gar,) and (Ma, gaq,) in
obj(Man), the morphisms x € homanan (M1, g, ), (M2, gm,)) are orientation and
time orientation preserving isometric embeddings

X (th/\/h) — (M279M2)
such that:

(i) if v : [a,b] = Ma is any causal curve and (a),vy(b) € x(M;) then the whole
curve must in the image x(My), i.e. y(t) € x(My) for all ¢ € (a,b) ;

Forany x € homfmaﬂ((Mla .g./\/l1)v (M27 gMz)) and ¢ € hom{)ﬁau((M2v gMQ)? (Mi’n g/\/lg))
the composition rule ¢ o x is defined as the composition of maps. Hence ( o x :

(M1,9m,) — (M3, gum,) is a well-defined map which is a diffeomorphism onto
its range ((x(M1)) and isometric; also property (i) is fulfilled, and hence ( o x €
homonan (M1, g, ), (M3, ga,)). The associativity of the composition rule follows
that of the composition of maps. Each homgne((M, gm), (M, ga)) possesses a
unit element, given by the identity map ida : x — z, x € M .

Before concluding this section we give a last definition, which will be used in
the following section.

Definition 2.4.4. The category of C*-algebra 2Alg consists of objects obj(Alg),
all unital C*-algebras, whose morphisms are faithful (injective) unit-preserving *-
homomorphisms. Given a € homgyg(A1, A2) and o € homgyy(Asz, A3), the compo-
sition o/oq is again defined as the composition of maps and it is seen to be an element
in homgy(Ai, Az). The unit element in homguy(A, A)) is for any A € Obj(Alg)
given by the identity map id4 : A — A, A € A.

2.5 Axioms of Locally Covariant Theory

As anticipated at the end of section 2.3, a locally covariant theory incorporates
in a local sense the principle of general local covariance of general relativity. So
locally covariant quantum field theories will be described mathematically in terms
of covariant functors between the categories of globally hyperbolic spacetimes and
that of C*-algebras. Moreover, locally covariant quantum fields can be described
in this framework as natural transformations between certain functors. The usual
Haag-Kastler framework can be regained from this approach as a special case. It is
possible to resume in a three point the azioms of locally covariant theory:

(i) to each globally hyperbolic time-oriented spacetime (M, g) we associate a
unital C*-algebra A(M);

(ii) let x : M — N be an isometric embedding which preserves causal relations,
then there exists an injective homomorphism a,, : A(M) — A(N);
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(iii) let x : M — N and ¢ : N' — L be isometric embeddings. Then acoy = acooy;

The first three conditions characterize a quantum field theory as a covariant functor
F from the category 9Man to the category RAlg. It is possible to add additional two
conditions which correspond to causality and to the time-slice axiom.

(iv) let x; : M; = N , i = 1,2, be morphisms with causally disjoint images.
Then the images of A(M;) and A(My3) represent independent subsystems
of A(N) in the sense that the algebras A(M;) and A(M3) commute and
AM1) @ A(Ms3) — A(M1)V A(Ms) defines an isomorphism from the tensor
product A(M;) ® A(Mz) to the algebra generated by A(M;) and A(Mys);

(v) let x : M — N be a morphism such that its image contains a Cauchy surface
of N'. Then «, is an isomorphism.

In quantum field theory fields are defined as distributions with values in the
algebra of observables. They are required to transform covariantly under isometries
of spacetime. At first sight, it seems that the latter requirement becomes moot on
generic spacetimes. Furthermore, it seems to be difficult to compare fields which
are defined on different spacetimes. Yet it turns out that the locally covariant
framework offers the possibility for a new interpretation of the concept of fields.

Definition 2.5.1. A locally covariant quantum field is a natural transformation ®
between the functors D and A, i.e. for any object (M, g) in Man there exists a
morphism @4 @ D(M,g) — A(M) in Alg such that for each given morphism
X € homgan (M, grm), (N, gpar)) holds the following commutative diagram:

DM) 2 A

| [

pNV) 2N 4

The commutativity of the diagram means that o, o @y = Py 0 x4, i.e. the
requirement of covariance for fields.

2.6 Algebraic states

The last step in the algebraic approach consist of representing the algebra of
observable on a suitable Hilbert space: The quest to find a representation either of
the Weyl or of the field algebra is the most difficult aspect of the algebraic approach
to quantum field theory, even Minkowskian spacetime. A method to tackle to this
problem was given by Gelfand, Naimark and Segal and their theorem represents
one more important result of the whole algebraic approach. As a starting point, let
us to define the concept of algebraic state.

Definition 2.6.1. We define an algebraic state of a x-algebra A a linear functional
w : A — C which satisfies the following properties:
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(i) w(l)=1
(i) w(a*a) >0Va e A

Let us show that, whenever we represent a x-algebra on a Hilbert space via
linear operators, we can automatically construct several states.

Lemma 2.6.2. Let A be any topological x-algebra with an identity element and
a Hilbert space with scalar product (-,-), such that there exists a strongly continuous
representation m : A — L(D), where D is a dense subspace of A, L(D) is the
space of continuous linear operators on D and where 7(a*) = w(a)* for all a € A.
Then, for any v € D of unit norm, the functional wy : A — C defined as wy(a) =
(Y, m(a)y) is a state on A.

Proof. Let 1) € D be any element such that ||| ,» = 1. Let wy(a) = (¢, m(a)y). Per
construction wy, is linear and continuous since 7 is linear and strongly continuous.
wy (1) = 1 follows from ||| » = 1 and (1) = idp, m being a representation. To
conclude we notice that

wy(a*a) = (p,m(a*a)y) = (b, m(a)*n(a)y) = [Iw(a)]% > 0,
where we exploited 7(ab) = 7(a)w(b) and w(a*) = 7(a)*. O

As we can directly infer from the proof, the assignment of (¢, 7, 7#) allows to
construct a state in the algebraic sense and the overall result depends strictly on
the choice of 9. Notice that one is not forced to choose a single element of norm 1,
but it is possible to consider a linear combination of vectors in ., say . 1; such
that || >, ¢ ||= 1. The whole discussion is motivated by following theorem!

Theorem 2.6.3 (GNS). Let w be a state on a topological x-algebra A with a unit
element. There exists a dense subspace D of a Hilbert space (I, (-,-)), as well as
a representation w: A — L(D) and a unit vector Q € D, such that w = (Q,7(-)2)
and D = (A)Q. The GNS triple (D, ,Q) is determined up to unitary equivalence.

Proof. The first step consists of endowing A with an inner product defined as
(a,b)e = w(a*b) for each a,b € A. This is per construction sesquilinear and positive
semidefinite, since (a,a)s = w(a*a) > 0. We need to check Hermiticity, namely that
(a,b)e = (b,a)e holds for all a,b € A. To this avail one needs to take into account
the following two identities:

4a*b = (a+b)*(a+b)— (a—b)*(a—0b) —i(a+ib)*(a+ ib) + i(a — ib)*(a — ib);
4b*a = (a+b)*(a+0b)—(a—b)"(a—0b)+i(a+ib)*(a+ ib) —i(a —ib)*(a — ib).

The positivity requirement on w yields the Cauchy-Schwarz inequality for (-,-)e,
namely |(a,b)s|?> < (a,a)e(b,b)s, but it does not ensure that non-degeneracy holds
for this sesquilinear form. Hence, we have to single out the vanishing elements
introducing the subset Z = {a € A | w(a*a) = 0}. This is a closed left ideal of A
(but Z* ¢ T in general):

'The proof of the Theorem 2.6.3 is slavishly copied from [54]
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e It is a closed subset of A being the preimage of 0 under the continuous map
a€ A— w(a*a) € R;

e Using the Cauchy-Schwarz inequality, we note that w(ba) = 0 = w(a*b) for
each a € Z and for each b € A. In particular, this means that Z = {a €
A | w(ba) =0,Vb € A}, showing that Z is a vector subspace of A;

e w((ba)*ba) = w((a*b*b)a) = 0 for each a € Z and each b € A, hence 7 is a left
ideal.

We can thus define the vector space D = A/Z, where the latter is the set of equiv-
alence classes [a] induced by the following equivalence relation: a ~ o’ if and only
if there exists b € Z such that ' = a +b. We can endow D with the positive def-
inite Hermitian non-degenerate sesquilinear form (-,-) defined as ([a], [b]) = (a,b)’
for all [a], [b] € D, where a and b are any representative of the equivalence classes
[a] and [b] respectively. This is well defined as a consequence of the remarks made
above and it endows D with a pre-Hilbert structure. Taking the completion of
(D, (,)) produces a Hilbert space . The representation 7 can be induced via
left multiplication exploiting the fact that Z is a left ideal, namely we introduce
7w : A — L(D) defined via 7(b)[a] = [ba] for all b € A and for all [a] € D. For
each a,b € A it is easy to check that 7w(ab) = 7(a)7(b), while w(a*) = 7(a)* follows
from the identity ([a*b],[c]) = ([b],[ac]), so that 7 turns out to be a representa-
tion. Furthermore, setting € = [1], one has (2, 7(a)?) = w(1*al) = w(a) for each
a € A and 7(A)Q2 = D. This concludes the identification of the GNS triple. Let
us now tackle uniqueness. Suppose that one can find another realization of w as
(D', 7n',€) and let us introduce the operator U : D — D’ such that U(n(a)f2) =
7'(a)Q for each a € A. This is well-defined since 7(a)Q2 = 0 means w(a*a) = 0,
which yields ||7/(a)€|’> = 0. Furthermore U preserves the scalar product, namely
(Ula],U[b]) = (7'(a), 7" (b)) = (¥, 7" (a*b)) = w(a*d) = ([a],[b]), and has
an inverse U~! : D' — D, defined as U~!(7'(a)?) = 7(a)Q for each a € A, pre-
serving the scalar products as well. Thus it can be extended to a unitary operator
from % to 7', the Hilbert space obtained via completion of D’. In other words
this means that ' = U and that the defining relation for U can also be read as
7'(la]) = Ur(a)U~L. This is nothing but the statement that the two representations
m and 7/ are unitary equivalent. O

Let us conclude this section with a definition.
Definition 2.6.4. Let A be a x-algebra and .% the field algebra.

(i) A state w on A(M) is said to be mized, if it is a convex linear combination
of states, i.e. w = Awy + (1 — Awa , where A < 1 and w; = w are states on A.
Otherwise a state is said to be pure.

(ii) A state w on .7 (M) is said even, if it is invariant under ®(f) — —®(f), i.e.
it has vanishing n-point functions for all odd n.
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(iii) An even state on .# (M) is called quasifree or Gaussian if, for all odd n

wn(f1,--+, fn) =0 and for all even n
n/2
Wn(f1y--oy fn) = Z HWZ(fwn(%—l)vfwn(Qi))
WHES,;L =1

Here, S), denotes the set of ordered permutations of n elements which satisfies
the following condition

Tn(2i—1) < 7, (26) for 1<i<n/2, m(2i—1) <m(2i+1) for 1<i<n/2

(iv) Let oy denote a one-parameter group of s-automorphisms on A, i.e. for
arbitrary elements A, B of A,

ai(Ax B) = (ai(4)) a(B)  ar(as(A)) = arps(A)  ao(4) = A

A state w on A is called ay-invariant if w(oy(A)) = w(A) for all A € A.

2.6.1 Hadamard states

Definition 2.6.1 is too general encompassing also states which do not have phys-
ically reasonable properties. To restrict this freedom, it seems reasonable to look at
the situation in Minkowski spacetime. We require that all ground states possess the
same ultraviolet properties, i.e. they have the same UV energy behaviour, namely
they satisfy the so-called Hadamard condition which we would like to explain in a
more formally manner later. We will see that this condition ensures us that the
possibility to regularize quantum observables, building a generalization of Wick
polynomials which are used in perturbative quantum field theory. As a by product
this yields also finite quantum fluctuation for observables.

In this subsection, we present only the analysis of Hadamard states for real scalar
fields following [54]. The counterpart for highter spin fields can be found in [20]
and [21].

Let us consider the field algebra: It contains only linear combinations of products
of free fields at different points. However, if one wants to treat interacting fields
in perturbation theory, one needs a notion of normal ordering, i.e. a way to define
field monomials like ®2(z). So, let us consider a massless scalar field in Minkowski
spacetime. Its two-point function is

1 1

w2($7 y) = W2((I)(:L‘)(I)(y)) = 151&)1 477T2 (I’ — y)2 + ié‘(.’L’o — yO) 42 (261)

where € € R. For € = 0 this is a smooth function if x and y are spacelike or timelike
separated. It is singular at (z — y)? = 0, but the singularity is ‘good enough’ to
give a finite result when smearing ws(z,y) with two test functions. Hence, wo is a
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well-defined (tempered) distribution. However, if we were to define ®2(z) by some
“limit” like
®?(z) = lim ®(x)P(y)
I*)y
the expectation value of the resulting object would “blow up”. A solution to this
problem is to define field monomials by appropriate regularising subtractions. For
a squared field, this is achieved by setting

:®2(z): = lim (®(2)P(y) — wo(x,y)1)
Ty
The field :®2(z): has a finite expectation value. In the standard Fock space picture,
one writes the field in terms of creation and annihilation operators in momentum
space i.e.
= a, e + akge .
)= s | Vam
This procedure is equivalent to the above defined subtraction of the vacuum ex-
pectation value. However, having defined the Wick polynomials is not enough. We

would include them in the Borchers-Ulhmann algebra. Using the mode-expansion
picture, one can compute

O(x

0% (x): :0%(y): = :2%(2) 27 (1): +4:0(2)D(y): wa(, y) + 2 (w2, y))?

Obviously, wa(z,y) is singular, and one could wonder whether the singularities are
mild enough to yield finite integrals when evaluated with test functions: In terms of
a mode decomposition, one could equivalently wonder whether the momentum space
integrals, appearing in the definition of :®(z)®(y): via normal ordering converge in
a suitable topology. In Minkowski spacetime, on account of the energy property of
the vacuum state, this is indeed the case. In more detail, the Fourier decomposition
of the two-point function ws is written as

n(e,y) = lim (2;)3 /R @ (k)3 ek (2.6.2)
where O(kg) denotes the Heaviside step function. We see that the Fourier transform
of wo has only support on the forward lightcone. This corresponds to the fact that
we have associated the positive frequency modes to the creation operators in the
above mode expansion of the quantum field. This insight allows to determine the
square of we(x,y) by a convolution in Fourier space

2 _ g L / / 2 2\ i(q+p)(@—y) ,—(po-+ao)
(wa(z,9)) —18%1 G o dgq . dp©(q0)d(q°)O(po)d(p”)e e

li L
= 1m
el0 (2m)6

[k [ daoa)s(@)0k - w)a((k - et ve .
R?j R3

Since wo has only support in one “energy direction”, namely the positive one, the
intersection of its Fourier support and the same support evaluated with negative
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momentum is compact, and the convolution therefore well-defined. Moreover, as
this statement only relies on the large momentum behaviour of the Fourier trans-
forms, it holds equally in the case of massive fields, as the mass shell approaches the
light cone for large momenta. It looks promising to promote the Hadamard condi-
tion to a good selection criterion for physical states in Minkowski spacetime. It is
indeed also used in quantum field theory in curved spacetimes in order both to se-
lect physical states among all possible ones and to discuss perturbatively interacting
theories.

We shall outline the definition of the Hadamard condition. It can be formulated
in two ways, one being a generalisation of the position space form (2.6.1) of the vac-
uum two-point function and the other being a generalisation of its momentum space
form (2.6.2). We shall start our review of the Hadamard condition by considering
the microlocal aspects of Hadamard states. Heuristically, the language of microlocal
analysis is well-suited because generic curved spacetimes are not translationally in-
variant and therefore do not allow to define a global Fourier transform and a related
global energy positivity condition. Moreover, recalling by Definition 1.4.11 that the
wavefrontset is the collection of all points and directions along a distribution taking
singular values, it is useful to characterize the wavefront set with test functions.
From equations (2.6.1) and (2.6.2) and from Theorem 1.4.12 one can infer that the
wavefront set of the two-point function (for m > 0) in Minkowski spacetime is

WEwn) = {(e.y.h,—k) € TRE\ {0} |2 £y, (z— 1) =0, kl[(x —y), ko >0}
U {(z,z,k,—k) € T*R¥\ {0} | k¥* =0, ko > 0} ,

(2.6.3)
where k||(x — y) entails that k is parallel to the vector connecting the points = and
y. It is the condition kg > 0 in particular, which encodes the energy positivity of
the vacuum state. We can now rephrase our observation that the pointwise square
of wo(x,y) is a well-defined distribution by noting that WF(wy) & W F(w2) does
not contain the zero section. In contrast, we know that the o-distribution d6(x) is
singular at = 0 and that its Fourier transform is a constant. Hence, its wave front
set reads

WE(0) = {(0,k) € T'"R\ {0} [ k € R\ {0}},

. We see that the d-distribution does not have a “one-sided” wave front set and,
hence, cannot be squared. The same holds if we view § as a distribution d(x,y) on
C§°(R?). Then

WES(z,y)) = {(z, 2, k,—k) € T*R2\ {0} | k € R\ {0}}.

The previous discussion suggests that a generalisation of equation (2.6.3) to
curved spacetimes is the sensible requirement to select physical states. We shall
now define such a generalisation.

Definition 2.6.5. Let w be a state on the field algebra F (M) (see Definition 2.2.2):
We say that w fulfils the Hadamard condition and is therefore a Hadamard state if
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its two-point correlation function wy fulfils
WE(w2) = {(z,y, ke, —ky) € T*M?*\ {0} | (z,ks) ~ (y,ky), kz>0} .

Here, (z,k;) ~ (y, ky) implies that there exists a null geodesic ¢ connecting = to y
such that k, is coparallel and cotangent to c at x and k, is the parallel transport of
k; from x to y along c. Finally, k, >0 means that the covector k, is future-directed.

Example 2.2. All vacuum states and thermal equilibrium states on ultrastatic
spacetimes (i.e. spacetimes with a metric ds? = —dt? + hywdx,dz, , with h,, time
independent) are of Hadamard form.

Example 2.3. Given a Hadamard state w on the field algebra F(M) and a smooth
solution ¥ of the field equation P¥ = 0, one can construct a coherent state by
redefining the quantum field ®(z) as ®(x) — ®(z) + ¥(z)1. The induced coherent
state has two-point function wy 2(x,y) = wa(x,y) + ¥(x)¥(y), which is Hadamard
since ¥(x) is smooth.

Example 2.4. The Bunch-Davies state on de Sitter spacetime fulfils the Hadamard
condition. It has been shown in [17] and [55] that this result can be generalised
to asymptotically de Sitter spacetimes, where distinguished Hadamard states can
be constructed by means of a holographic argument. These states are generalisa-
tions of the Bunch-Davies state in the sense that the aforementioned holographic
construction yields the Bunch-Davies state in de Sitter spacetime.

2.7 Holographic principle

One of the main obstacles in combining in a unique theory general relativity
and quantum mechanics consists in the understanding of the role and of the num-
ber of quantum degrees of freedom of gravity. A new direction in this investigation
has been proposed by G. 't Hooft in [56], who suggested the famous holographic
principle: The physical information in a spacetime is fully encoded on the bound-
ary of the region under consideration. 't Hooft paper represented a starting point
for countless research papers which led to an extension of the Bekenstein-Hawking
result on black hole entropy to a wider class of spacetime regions. A weaker version
of the holographic principle states that any quantum field theory living in a D-
dimensional spacetime can be fully described by means of a second theory living on
a suitable submanifold, with codimension 1, which is not necessary boundary of the
former. However, this principle does not give any prescription on how to construct
an holographic counterpart of a given quantum field theory. A few example are
known, the most notable being the so-called anti deSitter - conformal field theory
(AdS/CFT) correspondence [57] (or Maldacena conjecture or gauge/gravity dual-
ity). We outline and we use in the construction of Hadamard states for linearized
gravity another implementation of the the holographic principle known also as bulk
to boundary correspondence (BBC). Our treatment is based on [17], in which, in or-
der to implement the holographic principle in four-dimensional asymptotically flat
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spacetimes (M, g), it is proposed to construct a correspondence between a theory
living on M and a quantum field theory living on the conformal boundary .# of

M.

2.7.1 Bulk to Boundary Corrispondece

The paradigm of the Bulk to Boundary Corrispondence is to encode the infor-
mation of a QFT defined in the bulk of a manifold into a counterpart living on
the boundary. Our treatment is a briefly introduction. For more information refer
to [17].

This correspondence is motivated by the following Proposition.

Proposition 2.7.1. Assume that (M, g) is asymptotically flat (see Definition 1.5.7)
with associated unphysical space (.K/lv, g) with glap = Q2g. Suppose that there exists
an open set V.C M with MNJ—(F-) C V (the closure being referred to M )
such that (‘7,§) is globally hyperbolic so that (M NV, g) is globally hyperbolic, too.
If®: Mn V = C has compactly supported Cauchy data on some Cauchy surface
of M N V and satisfies the massless conformal Klein-Gordon equation,

D@—éR@zO (2.7.1)

where L1 is d’Alembert operator and R is the scalar curvature, the following condi-
tions are satisfy:

(i) the field ® = Q~'® can be extended uniquely into a smooth solution in (V)
of
D%-éﬁ%:o

(ii) for every smooth positive factor w defined in a neighbourhood of %~ used to
rescale Q — wQ in such a neighbourhood, (W) 1@ extends to smooth field ¥
on I~ uniquely.

Proof. Let My := MnN V and the symbol “tilde” written on a causal set indicates

that the metric ¢ is employed, otherwise the used metric is g. Notice that J- (M)N
S = () so that J~(p; My) = J- (p; V) if p € M. (Mg, g) is globally hyperbolic
because it is strongly causal and the sets J~(p; Mg) N J(¢; My;) are compact
for p,q € My (see sec. 8 in [34]). Indeed, (V,3) is strongly causal and thus
(M5, g) is strongly causal. If p,q € Mg, J (p; Mg) N J*(q; M) is compact
because J~ (p; M) N JH(q; M) = J=(p; V)N J+(g; V) and J=(p; V) N J+(q; V)
is compact since (f/,ﬁ) is globally hyperbolic. As a consequence, we can use in
My (but also in V) standard results of solutions of Klein-Gordon equation with
compactly supported Cauchy data in globally hyperbolic spacetimes [34]. (a) Let S
be a spacelike Cauchy surface for (Mg, g). It is known [34] that, in any open subset
of M and under the only hypothesis g = Q2g, is valid for ® if and only if is valid
for ® := Q~1®. The main idea of the proof is to associate ® with Cauchy data for



2.7. Holographic principle 53

® on a suitable Cauchy surface of the larger spacetime (V J), so that the unique
maximal solution ® of uniquely determined in (V g) by those Cauchy data, on a
hand is well defined on .# C V/, on the other hand it is a smooth extension of Q'@
initially defined in Mj; only. Let Kg be the compact support of Cauchy data of ®
on S. As V is homeomorphic to the product manifold R x X, R denoting a global
time coordinate on V and ¥ being a spacelike Cauchy surface of V', one can fix ¥ in
the past of the compact set Kg. Since Kg is compact and the class of the open sets
I- (p V)OI+ (g; V) with p, ¢ € My is a basis of the topology of M, it is possible to
determine a finite number of points P1; - - Pn € My in the future Of K s in order that
Uil ™ (pi; Myy) D Ks. In this way one also has U;J ™ (p;; My) = Ui~ (pi; V) D Kg.
On the other hand, as is well known UiJ:(pi;V) N DT (X) is compact and, in
particular, Ky := Uij—(pi; VINYE = Ui (ps; M) N'¥ is compact too, it being a
closed subset of a compact set. Notice that, outside J~ (Kg; M) U JH(Kg; My)
the field ® vanishes in My;. Thus we are naturally lead to consider compactly
supported (in Ky) Cauchy data on ¥ for the equation , obtained by restriction
of Q1@ and its derivatives to ¥. Let ® be the unique solution of in the whole
globally hyperbolic spacetime (V g), associated with those Cauchy data on ¥. By
construction ® must be an extension to (V g) of ® defined in M; (more precisely
in D+(3;V) NMy = D (XN My; My,)), since they satisfy the same equation and
have the same Cauchy data on E The proof concludes by noticing that % C 1%4
and thus ¢ = ®| ,— is, in fact, a smooth extension to .# of ®.

(b) The case with w # 1 is now a trivial consequence of what proved above replacing
Q with w2 in the considered neighbourhood of .#~ where w > 0. O

Proposition? 2.7.1 entails that, at level of classical fields, there exist a corre-
spondence between solutions of the field equation (2.7.1) and an associated field ¥
defined on .#~. In the next paragraph we show how to implement at a level of
algebras of observables such correspondence. If it can be implemented in terms of
an injective x-homomorphism, the algebra of the bulk can be realized as subalgebra
of the observables of the boundary counterpart.

Bosonic QFT in the bulk

Consider a real linear bosonic QFT in (M, g) based on the symplectic space
(S(M),0r1), where S(M) is the space of solutions ® of equation

P®=0

where P is the Klein-Gordon operator P = O+ &R +m? with = —V,V%, m > 0
and £ € R constants. The symplectic form oy is:

M((I)l, (I)Z) = / (®QVN®1 - <I>1VN<I>2) dués) (2.7.2)
P

2The proof of the Proposition 2.7.1 is slavishly copied from [17]
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for all ;,P9 € S(M). X is an arbitrary Cauchy surface of M with normal
unit future-directed vector N and 3-volume measure d,ugz) induced by g. For
any symplectic space (S(M),onr), it is possible to construct an algebra of ob-
servables, a Weyl algebra 20(M) in these cases. This algebra is, up to (isometric)
x-isomorphisms, unique and its generators Wy (®) # 0, ® € S(M), satisfy Weyl

commutation relations
Wai(=®) = Was(®)*  Wag(@)Wg(0) = 67 @2 (@ 4 ) (2.7.3)

where 20(M) represents the basic set of quantum observables associated with the
bosonic field ® propagating in the bulk spacetime (M, g).

Bosonic QFT on .~ and G ,-invariant states

Recalling Definition 1.3.7 on page 24 .#~ = R x S?, consider the symplectic
space (S(.#7),0), where

S(IT)={V e C®(R x §?) |V ,0,¥ € L*(R x §*,dl A dS*(9, )}
dS? being the standard volume form of the unit 2-sphere and the symplectic form

o is given by

Uy, Wy) = Pog— — U —=
o(¥y,Vs) /Rxs2< 2 5y 175, >d€/\dS (9, )

for all U1, ¥y € S(# 7). As in the previous paragraph, we associate to (S(.#7),0)
the Weyl algebra 20(.# ~) whose generators W (V) # 0 satisfy the Weyl commuta-
tion relations (2.7.3). It is possible to prove that (S(.# ), o) is invariant under the
pull-back action of G -, where G - is the BMS group (see Definition (1.3.8)). In
other words,

(i) VogeS(IF )iV eS(I);
(ii) o(¥10g,¥a0g) =0(Vy,V¥y) for all g e G, and ¥y, ¥y € S(F7).

As a consequence, G »- induces a x-automorphism « : 203(.# ~) — 2(.# ), uniquely
individuated by the requirement

ag(W()) =W (¥og™)

with ¥ € S(F7) and g € G 4- .
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G ,-invariant algebraic states on 2J(.¥ ")

Consider the quasifree state w on 2(S(.# 7)) defined as follows:
if Uy, Wy € S(F7), then

w(W () = ¢ H¥:¥)/2

—_ 2.7.4
(0, s) = Re/ 2k0(k)T1 (k, 9, 0)Us(k, 9, @)dk A dS>(9, ©) (2.74)
RxS2

the bar denoting complex conjugation. O(k) is the Heaviside step function and v
stands for the [-Fourier-Plancherel transform of U:

ikl

(1,9, 0)dl  (k,9,9) € R x S2

(k, 0, ) i/Rm

For every ¥, Uy € S(.#7), the constraint
o (W1, Wo)|* < 4 (W, Uy)p(Va, Uy)

must hold for every quasifree state and it is fulfilled by the scalar product u, viz:

o (T, Ty) = —2Im . 2kO (k)1 (k, 9, ) Us(k, 9, p)dk A dS2(9, ).
X

Consider the GNS representation (£,II,T) of w. Since w is quasifree, $ is a
bosonic Fock space F () with cyclic vector T given by the Fock vacuum. The 1-
particle Hilbert .7# space is obtained as the Hilbert completion of the complex space
generated by the “positive-frequency parts” ov = K, V¥, of every wavefunction
U e §(# ), with the scalar product (-,-) individuated by p. In our case

(1,00, K, 00) = [ KO T, 0, 9)Ta(l, 0, )k A dS(0. ).
Rx 52

The map K, : S(F ) — H is R-linear. As w is quasifree, it is regular, so that
symplectically-smeared field operators o(¥;, ¥s) are defined in Fy(57) via Stone
theorem, namely:

(W (£ D)) = e~ o (V20

with ¢ € R and ¥ € S(.#7) and these operators have the usual form in terms of
creator and annihilator operators.

The state w satisfies two theorems, which are proved in [55]. The first concerns the
invariance properties of w.

Theorem 2.7.2. The state w defined in (2.7.4) whose GNS triple is (9,11,7),
satisfies the following properties:

(1) it is invariant under the x-automorphisms representation G y- > g — oy ,
namely: w(og(a)) = w(a) for alla € W(I~) and g € G 4- ,
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(ii) the unique unitary representation U : G y— > g — Ug that implements « in
9 leaving Y invariant, namely,

UgaU, = ag(a) and U, X =70 Vaec QU ),g€ Gy

leaves € invariant and it is determined by U|» completely. U has the ten-
sorialised form

U=IaU|lr®Ulx@Ulx)®Ulr@Ulr®Ulr)...

(i1i) the unitary representation U|p : 7 — H is irreducible.

A second important result concerns the positive-energy /uniqueness properties of
w. In Minkowski QFT positivity of energy guarantees that, under small (external)
perturbations, the system does not collapse to lower and lower energy states. In
general spacetimes the notion of energy is associated with a notion of Killing time.
This interpretation can be extended to this case too: the positive-energy require-
ment is fulfilled for the “asymptotic” notion of time associated with limit values Y
towards .# ~ of a timelike future-directed vector field Y in M. The positive-energy
property for 0y, determine completely w.

Theorem 2.7.3. Consider the state w defined in (2.7.4) and its GNS representa-
tion. The following holds.

(i) The state w is the unique pure quasifree state on Q0(F ) satisfying both:

(a) it is invariant under o9,

(b) the unitary group which implements %) leaving fized the cyclic GNS
vector is strongly continuous with non negative self-adjoint generator (en-
ergy positivity condition).

(ii) Let X\ be a pure (not necessarily quasifree) state on 2W(I~) which is G y--
invariant. w is the unique state on QW(I1~) satisfying:

(a) it is invariant under o2,

(b) it belongs to the folium of w.

Interplay of QFT in M and QFT on .4~

While in the previous section we have shown that there exists a preferred

quasifree pure state A invariant under the action of SG, we induce a state w on
the algebra of field observables in the bulk.
To this avail, we concentrate beforehand on the algebraic properties, establishing
the existence of a nice interplay between 20(.# ) and 20(M) under suitable hy-
potheses on the considered symplectic forms. Such interplay will be used to define
wpr in the next subsection.
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Theorem 2.7.4. Consider an asymptotically flat spacetime (M, g) and suppose
that every ® € S(M) extends smoothly to some T® € S(F7) in order that:

O'M(‘I)l,@g) = O’(F(I)l,l—‘q)g) (275)

for every @1, Py € S(M).
Under these assumptions there exists an (isometric) x-homomorphism 1 : 2(M) —
Q(S ) that identifies the Weyl C*-algebra of the bulk M with a sub C*-algebra of

the boundary &~ ; it is completely determined by the requirement:
Lt (W (@) = W(I'd) (2.7.6)
for all ® € W(M).

Proof. Notice that the linear map I' : S(M) — S(.#7) has to be injective due to
nondegenerateness of o and of equation (2.7.5). Consider the sub Weyl-C*-algebra
Apng of 0(.#7) generated by the elements W (I'®) with & € S(M). Since Weyl
algebras are determined up to *-algebra isomorphisms, Aaq is nothing but the
Weyl algebra associated with the symplectic space (I'(S(M)), o) and the map T :
S(M) — T'(§(M)) is an isomorphism of symplectic spaces. Under these hypotheses,
there exists a unique *-isomorphism ¢ : QW(M) — Ay C W(F ™) completely
individuated by (2.7.6). O

The existence of I : S(M) — S(.#7) fulfilling (2.7.5) implies the existence of a
isometric *-homomorphism ¢ : (M) — 20(.# 7). In this way the field observables
of the bulk are mapped into a suitable counterpart on .#~ as a bilinear product for
every state w : 20(.# ) — C which satisfies Definition 2.6.1 there exists wy = t*w :
W (M) — C defined on the generators of W(M) as

wm(W(p)) = FwW(p)) = w(W(p)) = w(W(Tp))

namely, the state w on 20(.# ) induces a counterpart wys on 2W(M) via pull-back.
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Around 1915, Einstein formulated his theory General Relativity, which provided
explanations for phenomena, such as the precession of the perihelion of Mercury, and
the deflection of light rays by massive objects. However, even before Einstein’s gen-
eral relativity, various experiments were revealing that an entirely new framework,
far removed from the “classical” approaches to physics, was required to describe
nature on a microscopic scale. This framework came to be known as quantum the-
ory. From those years, a tremendous amount of research has been devoted to the
attainment of a full quantum description of gravity. A number of candidate theories
have been put forward, most notably canonical quantum gravity, string theory and
loop quantum gravity, but up to now a quantum theory of gravity proves to be elu-
sive. Let us begin with field theories in Minkowski spacetime, say Maxwell theory
to be specific. Here, the basic dynamical field is represented by the tensor field F,,
on Minkowski. The spacetime geometry provides the kinematical arena on which
the field propagates. We can foliate this spacetime by a one-parameter family of
three dimensional spacelike hypersurface, and analyse how the values of electric and
magnetic fields on one of these hypersurfaces determine those on any other surface.
In General Relativity there is no fixed background and the metric itself is the fun-
damental dynamical variable. Thus in the canonical approach quantum gravity the
metric tensor is split in two parts: Ones which plays the role of background and
the other one which represents the role of linear perturbations which propagate on
the background, i.e. a dynamical field. Specifically, one quantizes these perturba-
tions and treats them as another quantum field propagating on the chosen fixed
classical background. This approach has found applications particularly in early

59
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universe cosmology, where one studies tensor fluctuations in the cosmic microwave
background (CMB) (see [22, 58]). A particular class of spacetimes used in the
study of cosmology are Friedmann-Robertson-Walker and de Sitter spacetimes. In
these it is possible to quantize the perturbations using the framework of algebraic
quantum field theory, see [55] and [23]. The goals of this thesis is to generalize the
quantization of gravitational perturbations on asymptotically flat vacuum space-
times (see 1.3.7) and to construct thereupon an Hadamard state (see 2.6.5).

Let us start with the linearization of Einstein equations. For more details refer
to [34].

3.1 Linearized Einstein equations

Let M be a globally hyperbolic vacuum spacetime (see 1.3.6 and 1.3.7) and let
¢" be a solution of Einstein equations, namely

Ry (g°) =0
and let g be an approximate solution of the form

Guv = 921/ + by

We are interest to linearizing the Einstein equations and to this end we follow [59]
We consider a one-parameter family of exact solutions A — g(\) which solve

G {g(N)} = 0 (3.1.1)

where A measures the size of perturbation namely
G (N) = 92u + Ay

Equation (3.1.1) is difficult to solve. Nevertheless, we can obtain a much simpler
equation expanding it in Taylor series

Curto )} = Cule’) + A0 G (g) +0(3?)

By imposing that the right hand side vanishes order by order in A. We obtain

%Gw{g(k)} T 0 (3.1.2)

Equations (3.1.2) are linear per construction and we can be express then in the
following form

(Zh)w/ =0 (3.1.3)
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where .Z is a linear operator. Equations (3.1.3) are referred to as the “linearization”
of (3.1.1). As shown in [3/]

1 1 1
(Zh)w = _§Dh“" + VOV (e = §vuvvhaa - §g#l’(vavﬁhozﬁ —0n%,) (3.1.4)

where (-, ) represent the symmetric part.
The linearized equations (3.1.4) also follow from the Euler-Lagrange equations of

L =T h,oV ghe., (3.1.5)
where TH*P7 is given by
THvaBy %( uﬁgvagév + gwgﬁ(vga)tS + gﬁ(l/goz)'yg/uS
— ghB v gy _ gn6 B gra _ gBv gedu g0y, (3.1.6)

The Lagrangian (3.1.5) comes from the second order expansion of the Einstein-

Hilbert action
S = / RdVy,
M

where dV,, denotes the metric volume element of M.
The covariant conjugate momentum
1 08

A = T 2T N0 5hog (3.1.7)
vV pnliy

is given by

1 1 1
H,uz/)\ — _§v,uh1/)\ + igy)\v“haa o igyAv6hM6+

o ig,uz\vyhaa . igyuvz\haa + %Vyh,u)\ + %v/\hm/

and the Euler-Lagrange equations are
VA = (ZLh)* = 0.

The principal symbol of (3.1.4) is

1
ol (K)%f =~ 51@}(@5355 + K K (0, 08+
1 1
- iK#KVg’\Q(Sf\Yég - §gW(K>‘K9(5§‘65 — K°K.g%5547).
It is not hyperbolic. To recover hyperbolicity we notice that

(£ (Leg)),,, =0 (3.1.8)
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for any vector field § where L¢g stand for the Lie derivative. This entails that for
any solution h of (3.1.4), hj,,, = hy, + Leg is again a solution. This corresponds to
linear counterpart of the group of diffeomorphisms, which is the group of General
Relativity.

Suppose we choose a solution h of (3.1.4) such that

VFhu, # 0.
We can use the gauge freedom to select ones which verifies
V#hy,, = 0. (3.1.9)

Starting from h;w = huw + Leg, this tantamount to look for &, which solves the
following differential equations

0¢, = —V*hy,.

Existence of a solution for these equations is proved in [60]. It is possible to note
that there exists a residual gauge symmetry, namely h;w = hyy = h;w + L¢rg such

that O¢ = 0. This implies V“%W = 0. Such additional freedom can be used as
follows. Suppose h/‘L # (0. Let h be equal to h + Egg such that 0O¢, = 0 then
R, = 0. (3.1.10)
Can be required provided a &, solves the following differential equations
0&, =0 VHEE, = —h"L.

Existence of a solution for these equations is guaranteed under the construction
that the Cauchy surface is not compact [23]. This gauge is also known as transverse
traceless gauge (TT-gauge) and using h in place of h we obtain

VP, =0
g (3.1.11)
he, = 0.

In the TT-gauge equations (3.1.4) descends to
1 (e
— 5P + VIV (e = 0

From the defining properties of the Riemann tensor and using R, = 0 (see Defini-
tion 1.3.1)
VaV(th,)a = V(Nvah’/)a + Roz,u,u)’yh'ya + ROEMQ\/YhV)'Y =
=V, Vo + Ro‘wﬂhw.
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the linearized Einstein equations becomes
(L) = Ohyy — 2R%, ) hyq =0

Vhy = 0 (3.1.12)
h®, = 0.

3.2 The structure of the space of solutions

In this section we present the construction of the phase space for the solutions
of the linearized Einstein equations (3.1.12) . The existence and the uniqueness of
these solutions is guaranteed by Proposition 1.5.2.

Theorem 3.2.1. Let be h € T(®>T*M) and G the causal propagator. Then h
solves the linearized Einstein equations namely

Luw(h) = Ohyy — 2R, Phag =0

VFEh, =0

h, =0
if and only if hy, = G(A\w) for every Ay, € F(®§ T*M) and if it holds the following

condition:
Aw =V, Vya+eu,

with o € D(M) and ¢ € F80(®z T*M) which satisfies €', = 0 and VFe,, = Ov,,
for an arbitrary vector field v.

Proof. Let be PWO‘B = D(Sﬁ‘éﬁ — 2RO‘W5 and let be h,, be such that PWO‘BhaB =0.
This implies that exists an operator

G :T(@2T* M) — T(R2T* M)
M = Ty = G (Aag).
There exists also an hyperbolic operator (g which satisfies the following identities:
9" [Phl, = 0g" hyw — 29" R,y = (3.2.1)
= O, +2R* Plhy, = OR, = [Qoh]

where in equation (3.2.1) we have used the symmetry properties of Riemannian
tensor and R,, = 0. In this way ¢g""P = Qog"". Using the properties of the
advanced and retarded Green operators G (see 1.5.4), we have

+ +
Go, 9" =9"G
from which it descends per linearity that

GQug" =g"G
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Hence g Gﬁg Aop = 0 if and only if A € ker(Gg,). It yields that

A=D0a = ¢"A\w =g"(V,Via+ew) | €, =0

il (3.2.2)
Aw = Vi Vya+ep.

In a similar way we construct an other hyperbolic operator )7 which satisfies the
following equation
V# [Ph],, = V*V*Vahu, — 2(VFR,Yhap — 2R, VFhas =

= ¢ IV AV Vghu — 2R, PV hes =
= g’“gw(vxwwhw) _ Ruxnggh/w 4 R”X,fvxhgy—i-
+ RM 2VXhyy, — 2R* PV hog =
= g“AgXﬁ(vxvﬁVAhW) 4 VXRMXHQhQV + VXRuXV thu_i_
+ RM,2VXhy, — 2R*, PV by =
= OV hyy + 2R*, 2VXhy,, — 2R%, PV hag =
=0OVPh,, = Q1VF h,

(3.2.3)

where in equation (3.2.3) we have used the symmetry properties of the Riemann
tensor, the Bianchi identity (see 1.1.5) and R,, = 0. Using the properties of
advanced and retarded Green operators G (see 1.5.4), we have

Go, VH = VHG*
from which descends per linearity that
G, V' = V!G.
Hence V“ijfj)\ag = 0 if and only if VA € ker(Gq,). It yields that
VH A = Ov,. (3.2.4)
Replacing (3.2.2) in (3.2.4) we obtain
Vhe = Ov, — OV, = Ow,

where w, = Ov, — OV, «. This concludes the proof. ]

As a straightforward consequence of Theorem 3.2.1 and defining the space of
test functions A(M)

A(M) = {\ € T(R2T* M) |Ya € D(M), Yv € T (T* M), Ve € TP (2T* M)
AN =V Voa+euw N e =0A Ve, =0uv,}
(3.2.5)
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the space of solutions of linearized Einstein equations is defined as follow
S(M) = {hy € T(R2T*M) | 3N € AM) A by = G(\w)} (3.2.6)

As shown in [23], (3.2.6) can be endowed with a pre-symplectic product whose
action on perturbations h', h? € S(M)

ox(ht, h?) = /E (h}Ww’;” - hiwa”)dvg, (3.2.7)

where X is a spacelike Cauchy surface with future-pointing unit normal vector n,
dV, denotes the volume element on X associated with the induced spatial metric g
and 7 is defined in terms of the covariant conjugate momentum II, given in (3.1.7),
by

T = —n JJIHY.

The product (3.2.7) is independent of the choice of Cauchy surface.

Lemma 3.2.2. Given h',h? € (M) and two spacelike Cauchy surfaces ., % then
ox(ht, h?) = ox/(h!, h?).

Proof. Let the current of h' and h? be j*(h',h?) = hZ I{" — bl I5*. The
pre-symplectic product of these perturbations is

ox(ht, h?) = / naj*(h', h?)dv,. (3.2.8)

b
Now, the divergence of the current is V,j% = hwa’“’(hl) - h}wL‘“’(hQ) = 0, where
we used (3.1) and the symmetry properties of TH**#% (see (3.1.6)). Using the
divergence theorem over the region bounded by the two Cauchy surfaces ¥, ¥’ and
the property according to which Supp(h*)N Y@ is compact, with i = 1,2, gives the
desired result. O

To make the pre-symplectic product into a symplectic one, it is necessary to
account for the degeneracies of (3.2.7), that is, non-trivial solutions whose pre-
symplectic product with all solutions is zero. The subspace of degeneracies is also
known as the radical of the pre-symplectic form o 4.

Let the subspace of pure gauge solutions be

G(M) ={Leg|§ € TF(T" M)}

As shown in [23] M has compact Cauchy surfaces, the radical of o is precisely
the subspace of pure gauge solutions G(M), namely, given hy € S(M) such that
om(hi, hy) = 0 for all hy € S(M), then hy € G(M). In any spacetime for which
G(M) is the radical of o, we obtain the complexified phase space as the quotient
space

P(M) =S(M)/G(M) (3.2.9)
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with weakly non-degenerate symplectic product
oW 7)) = [ (Wt = iy et)av, (3:2.10)

This is independent of the choice of gauge.

3.3 The algebra of observables

In section 2.2 we have defined classical observables for a scalar field as functions
on the phase space G(M) and then we have constructed the field algebra and the
Weyl algebra. In this section we generalize such construction to symmetric second-
rank tensor fields the result obtained. Let be A € A(M). We introduce the basic
observable Hy : P(M) — C :

HA(H) =) = [ hura (3.3.1)

The observables 3.3.4 do not depend from the choice of a representative; in fact if
we chose another representation A/, we can correlate them which

W = Py + Vs (3.3.2)

In this way equation(3.3.4) becomes

W) = / Rl N AV = / (hyw + V&) A dV, (3.3.3)

The vector field £ is chosen to be compactly supported. Hence we obtain
h'(\) = /hw)\“"d‘/;, (3.3.4)

The classical observables satisfy three relations.
(i) complex linearity: H, , 55([h]) = aHx([h]) + BH;([R]) for all o, 8 € C and all
A€ AM);
(ii) Hermiticity: Hx([h])* = Hx+([h*]) for all A € A(M);
(i) symmetry: Hy([h]) = 0 for all antisymmetric A € A(M).

As a matter of fact we can collect all our observables into an algebra which
satisfies Definition 2.1.1.

Definition 3.3.1. We call Weyl algebra 20(M) for linearized Einstein equations
the unital C*-algebra generated by the abstract symbols W (h), for all h € P(M)
such that for all hq, he € P(M) the following condition are satisfied:

(i) W(0) =1
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(ii) W(=h) = W(h)*
(iit) W(hy) - W (hg) = e @(huh2) 2V (hy 4 hy)

where o is the symplectic product defined in equation (3.2.10). The symplectic
vector space P(M) = (S(M), o) for which it is defined a Weyl algebra 23(M) is

referred as Weyl system for linearized Einstein equations.

Here 0 : S(M) x S(M) — C is defined so that o(GAu, GN,,) = G(A\uw, A,,)
for all Ay, N, € A(M) (3.2.5).

For completeness we construct also the field algebra for linearized Einstein equa-
tions. We start to construct a Borchers-Uhlmann algebra and then we single out
an ideal to implements the dynamics of the underlying field.

Definition 3.3.2. The Borchers-Uhlmann algebra <7 (M) is defined as follow

A (M) =PAM)®  and  AM)’=C
n=1
If we single out /(M) by an ideal .# (M) generated by elements of the form
GO B ARX—A®A) and P
The field algebra .7 (M) for the linearized Einstein equations is
FM)=Ad (M) I

is equipped with the product, *-operation and topology descending from <7 (M).
The algebra .7 (M) satisfies the following properties:

(i) there exists a product defined by linear extension of the tensor product of

AM)™;
(ii) there exists a x—operation defined by the antilinear extension of |\*|(x1,...,zy,) =
MZny -5 21);

(iii) there exists a sequence {\g}r = {®@npAx } of elements in .% (M) that converges

to A = @, A" if )\,(Cn) converges to A for all n in the locally convex topology
of A(M)™. There exists moreover N such that A\ = 0 for all n > N and all &

(iv) all elements of .# (M) are finite linear combinations of multi-component test
functions.

The distinction between 20(M) and % (M) is primarily technical: Any sufficiently
regular representation 7 : 20(M) — B(J¢) in a Hilbert space ¢ induces a repre-
sentation 7 of .# (M) as unbounded operators on J¢ , so that

T(W(GN)) = ™)

for any test function A. The main advantage of the Weyl algebra are the following;:
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(i) it is generally easier to work with bounded rather than unbounded operators;
(ii) expectation values of the W (h) take a simple form in quasifree states (2.7.4)
The main advantages of the field algebra are:

(i) to define a quasifree state we need a presymplectic product on the contrary
to Weyl algebra which requires a weak non degenerate symplectic product;

(ii) via Definition 2.6.4 is always well-defined the n-point correlation function.

Both Weyl algebra and field algebra for linearized Einstein equations satisfies
the Haag-Kastler axioms (see section 2.3) per construction.

3.4 Hadamard states

The last step in the algebraic approach consists of representing the algebra of

observables on a suitable Hilbert space. We have seen that using the GNS Theo-
rem 2.6.3 it is possible to find a representation either of the Weyl or of the field
algebra. Yet the construction of an algebraic state is fundamental.
In section 2.7.1 we have outlined the bulk to boundary correspondence and we
applied it to a scalar field. A key ingredient has been the existence of a correspon-
dence between solutions of the field equation in the bulk and a scalar field defined
intrinsically in .# ~. With the next theorem, we proposed a correspondence between
solutions of equations (3.1.12) between bulk and .#~.

Theorem 3.4.1. Assume that (M, g) is asymptotically flat (see Definition 1.5.7)
with associated unphysical space (Mv, g) with glap = Q%g. Suppose that there exists
an open set V C M with M N J=(F7) C V such that (‘7,§) is globally hyperbolic
so that (M NV, g) is globally hyperbolic, too. If h € S(M) the following condition
is satisfied:

(i) the field h = Qh can be extended uniquely to of

e
VVah = 5 ViV + 5 VaVeh* g )

~ ~ 1~ ~ . ~
— 2Ry 0p,h*P — 3 Rosh® g, — Z Rhy =0

| =

where V is the Levi-Civita connection depending from g while Euaﬂy, ]%W

and R are respectively the Riemann, the Ricci tensor and scalar curvature
depending from g.

Proof. Let be h € F(®§ T* M) which satisfies the TT gauge (3.1.11)

Vi hy, =0
h=0
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and let be ® : M — A a conformal transformation, which map g in g = Q22g. Then
equation (3.1.11) becomes

VFhy, = 3Q73VHQh,, # 0

h= Qg" hy, = 0.
This allows to construct conformally covariant equations for symmetric second-rank
traceless tensor. For this aim, we use The Weyl-to-Riemann method, defined in
subsection 1.2.1. In this construction we follow [33]: The author, in his calculation,
employs the signature (+,—, —, —) a which we shift for convenience. Only at the
end of the calculation we can switch back to our signature arranging the signs.

Let us write the most general second order equation for symmetric second-rank
traceless tensors in Weyl space

5#1/ + ﬁuu =0 (342)
where the derivative part is given by

ﬁuu = Ezhwj +a E(Hﬁahl,)a + a2 5aﬁ5haﬂgw,+

~ ~ ~ (3.4.3)
+ a3 DyDyh + ay D*hg,
and the geometrical part reads
Uy = b1 Ryaph® + by Ragh™ g, + b3 Rouh,5 + 5440
+ by Rhyy +bs Ryyh +bg R g h.
The free parameters a;, with ¢ = 1,...4 and b; with j = 1,...,6 are real constants.

Both (3.4.3) and (3.4.4) are defined using the Weyl covariant derivative (1.2.2) and
the Weyl connection (1.2.4), which are conformally covariant (see (1.2.1)). In this
manner also equation (3.4.2) is conformally covariant. By direct inspection we have:

EQhW =0Ohy —2(w—1)Vahue® + (w2 — 2w — 2)(p2hwj — (w=2)Va“hp+

— 204 Vuh?%, = 20aVuh®, + 40,V )0 — 80 hya ©* + Guhase®e”,

D Djah =V Viahly — (@ = )@V ha + (2 + w)guhase®e’+
— (W +2)Vhypa + +(w? — 2w — 8)h vy Pa — (W + 2)Vap(,h,j,

DaDgh®® = VoV h? —2(1 + w)Vah®ps + (2 + w)h* (Wpatps — Vgpa),
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Ryuaph® = Ryuapuh™ + (9aps + Vaps)h g+
+ @2huu - 2ha(u(v|a\§01/) + (p|a|(pu))a

o a « @ 2
Roc(,uhy) - Ra(uhy) —2h (u(v\aﬁpu) + ‘70|o¢|901/)) - (Va(,D -2 )hlﬂh
Eaﬂ haﬁ = Raﬂ haﬁ — Q(QOQQOB + ngOa)haﬁ,

R=R—6(Vap® — %),

where w and ¢ are defined in equations (1.2.2). Focus on (3.4.3). We cancel all
terms containing both ¢ and derivative of hy,, to express (3.4.2) in terms of the
Levi-Civita connection.

Dy, =Dy —2(w—1)p*Vahu
-4+ a(w+2)e*Vihya
+ (4= a1(w = 4)p,Vih)a
—2(a1 + az(w + 1))¢“V’8haggm,
+ non derivative terms,
where
Dy = Ohyy + a1 V(,V%hyya + a2 VaVsh* g,

The resulting algebraic system reads

w—1=0,
2+ a1(w+2) =0,
2—aj(w—4)=0,
ay + az(w+1) = 0.

This system has the following set of solutions,
w=1, a; = —— as = —.

The resulting expression for the derivative part reads

Dy =Dy +4 (goah?‘“gol,) + h?uvu)@a> +

(3.4.5)
= (V%o + 0app)h® g + (Vap™ = 30" .
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Adding (3.4.4) to (3.4.5)

Dy + Uy = Dy + Uy + (1 = 2b3 — 6b4) Vao®hyu,

+ (=3 4 by + 4b3 + 6by) p*hy,

+2(2- b~ %) (Gapy+ Vel ) 0§ (3:46)
+ (=14 by — 2b3) (Vo + vaws) B g
0

where

Uw = b1 Ruagnh®® + by Ragh®® g, + bg Rauh, + ba R by,

o
The resulting algebraic system reads
1 — 2bg — 6by = 0,
—3 + by + 4b3 + 6by = 0,
2—0b; —2b3 =0,
—14+b; —2by =0.
This system has an infinite set of solutions which can take the form

1 1 1

Setting 7 = 0 and changing signature

g(+7_7_7_) = _g(_7+7+7+)

equation (3.4.6) reads

4 2
Dhul/ - g V(“vahy)a + § VQVIBhaﬁg}u/ (3 1 7)
1 1 o
— 2 Ryap,h®? — 3 Rosh®P g, — G Rhy, = 0.

Bear in mind that (3.4.7) is written in terms of Levi-Civita connection and it is

conformally covariant for construction. If we consider a vacuum spacetime, namely
R,, = R =0, they are reduces to

4 (e} 2 o «
Ohyy — 3 VY huya + 3 VaVsh®? g, — 2 Ry, h® = 0. (3.4.8)

These equations are not hyperbolic, but we are interested at solution which satisfies
also TT gauge (3.1.11). With such additional constraint (3.4.8) reduces a

Ohyw — 2 Ruaprh® = 0. (3.4.9)

Since (M, g) is asymptotically flat it is possible to associate an unphysical spacetime
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(M ,g), namely, there exists a conformal transformation defined as follows

X (M7g) - (M/’gﬂ)

- (3.4.10)
h — h = Qh.
After transformation 3.4.10, (3.4.7) becomes
T 7 4 = VTN 25 & TaB~
VNV = 5 ViV + 5 VaVh* g,
o0 3 L . (3.4.11)
— 2 Ryaph®™ — 3 Rogh® g, — G Bl =0
and the gauge TT (3.1.11)
VA = 3Q73VHQR,h = Q1" hy, = 0. (3.4.12)

Equations (3.4.8) becames hyperbolic one we insert (3.4.12) since the second and
the third terms became dependent only upon the first derivative of h hence they
are subprincipal terms (see 1.5.1). This conclude our proof. O

We are interested to propagate our solution from the bulk to the conformal

boundary .# in which the conformal factor §2 take zero value. This might be hin-
dered by which might that by second and third term in (3.4.8), blow up in the limit
2 — 0. This hurdle is bypassed in [(1], in which is shown that a smooth prop-
agation of a solution to .# is ensured by switching to the Geroch-Xanthopoulous
gauge. This entails that, at a level of classical fields, there exists a correspondence
between solutions of the field equations (3.4.9) and a smooth field h on .#~. This
allows us to apply the bulk to boundary correspondence.
We are interested in formulating a quantum field theory on .# and in constructing
a well defined state. The first step consists of endowing the space of solutions on .#
with a symplectic product. Let us start considering .# equipped with a collection
of pairs of smooth fields (g, n) (see (1.3.4)) satisfying the following conditions:

(i) qun” =0,
(ii) the Lie derivative £yq,, =0,

(iii) (¢,n) and (g,n) are both in the collection C (see (1.3.4)) if and only if there
exists a function w on .# such that

_ 2 - ~1
T = W Qv nt =w n*, Low =0,

(iv) m* is a complete vector field and the space of its orbits is diffeomorphic to S2.

Fix a conformal frame, i.e. a pair (¢,n) from the collection C' on .# and denote
by V the affine space of torsion-free connections D on .# satisfying

Daqu =0, D,n" = 0.
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Finally, introduce the following equivalence relation on C"
D~ D — (DM_D;L)KV:fQ,anaKa

for any function f and vector K on .#. Finally, denote with T" the space of equiva-
lence classes {D}. T has the structure of an affine space: By fixing any point {D°}
as “origin”, the results vector space is the collection of symmetric tensor fields v,
satisfying:

Yuwn” =0, Y@ = 0. (3.4.13)

Let us introduce
S(F7) = {y e N(@ET*R@ET*S?) | v,0ry € L*(R x §2,dl A dS*(9, ) @ My(C)} .

This is a symplectic space if endowed
Oy = /] (’Yuwcniaﬁ - Vuuﬁn'Yaﬁ) q,uozqzzﬁ de A dS? (0, ).

We associate to such symplectic space the field algebra % (.# 7). It is constructed
starting from the Borchers-Uhlmann algebra

(I )=CaS(I ) (S(F)8(I ) (S(F)8(I)S8(F 7)) ...
and single out an ideal .# which is generated by elements of the form
P @@yl — 10 ,(4hA2)1

In this way the algebra of fields on .#~ is

Having constructed the algebra of fields on .#~ we are interested to identify an
injective *-homomorphism ¢

Li F(M) = F(I7)

where .# (M) and .% (.# ™) are the algebras of fields. This is tantamount to construct
a symplectomorphim between S(M) and S(.#7), the generated spaces for .# (M)
and .Z (. ) respectively. We look for a linear map I' : S(M) — S(.# ) such that

om(h1, ha) = 0 (Thy, Thy).
Via Theorem 2.7.6, the corresponding injective x-homomorphism

t: F(M)— F(I7)
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is defined via its action on the generators of % (M)

In this way the field observables of the bulk are mapped into counterparts for the
theory on .#~. If we define moreover an algebraic state wy : % (M) — C on ¥,
it induces a preferred state waq on % (M) via pull-back:

Wpm = "W g (3.4.14)

Theorem 3.4.2. Let be hy, ho solutions for linearized Einstein equations 3.1.12
and let x a conformal transformation defined as follow

X1 (M,g) = (M,55)
h— h = Qh.

Then there exists a linear map I' : S(M) — S(F# ) which satisfies
opm(hi, he) = 04— (Thy, Thy).

Proof. For a more exhaustive proof it is possible to see [(1].

om([h'], [p?]) =3 /Z ek (hlsVgh2, — hi(;Vgh,lw)dS”M

where ¥ is any Cauchy surface in (M, g) and [h'], [h?] € S(M). This symplectic
product is well-defined and using gbr Ly = Q20 v and hy,, = Q_lhw, one has

o (W], 7)) =3 [ 20, (RAsVaR, — B2y Vot +
—Q NV, QhLh2, + Q‘l(VnQ)Eiaﬁ}w) s

Since the 3-form appearing in the integrand is curl-free, we may choose for 3 a
surface defined by Q= const. Then, replacing V with V one obtains

o([] . [12]) =3 [ 22, (RSTaR2, — R2sahto+
b

—Q N (V, QhLh2, + Q—l(%ﬂ)ﬁgaﬁ}w) s,
Finally, replace 3 by .#. Using (3.4.13)

hun’ =0 Lo(huwg™) =0

one obtains

o [11). 1) =3 [ Ohpbarts —Esurf) ddS
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where 7, = EW —-1/2 ﬁagqaﬂqw,. O

In case the hypotheses of Theorem 3.4.2 are fulfilled. Another relevant conse-
quence is the following: Any algebraic state wy : % (# ) — C can be pulled back
on S(M) through ¢ to the state w, : % (M) — C defined as

wi2(hi, he) = t'wga(hi, he) = wga(t(hi, he)) = wy 2(Thi, Thy)

for all h € .7 (M). In between all boundary states we would identify a distinguished
choice by requiring invariance under the BMS group. According to Proposition 2.11
in [21], the following two point correlation function of the state w » defined on the
boundary algebra

hluuﬁ’ﬁ’ 9. h2 0,9,
wﬂ,2(h17h2) = lim ( L (’D) Lo ul/( 2 SD)

dlidls N dS? (Y
el0 J & (El—fg—l&‘) 1% (,(P)

is well defined and satisfies Hadamard condition 2.6.5. Furthermore in [15] is proved
that this state is the unique quasifree pure state on 20(.# ~) which is invariant under
the action on the BMS group. Under the action of the pull-back map, we obtains
the state on the bulk algebra of fields:

w,2(hY, h?) = lim LRt B (Ly,9, 0) 0, Thi, (L2, 9, ¢)

2
0/, (61 - Ze’f) dlidly N dS (’19, QO).

This state turns out to be an Hadamard form and it is also invariant under the
actions of all isometries of the bulk: In particular when the spacetime coincident
with Minkowski, it is invariant also under the action of Poincaré group and it is
possible to identify it with the vacuum state.






Chapter

Conclusions

In this thesis we provided a self-contained description of the quantization of
linearized gravity. Hence, as a starting point, we laid down the necessary mathe-
matical foundations. Although it does not include novel results, it offers a partly
different perspective on some of the mentioned definitions and propositions.

Afterwards we discussed several aspects of quantum field theory on curved space-
times in the algebraic approach. We introduced first the formalism first outlined by
Haag and Kastler: The algebra of observables is seen as a x-algebra, which fulfils a
suitable set of axioms motivated by physical requirements. Our treatment departs
from the existing literature insofar that the field algebra and its properties are often
only discussed for the scalar field. Since our goal is to focus on Hadamard states we
employed the bulk to boundary correspondence in asymptotically flat spacetimes for
an abstractly defined bosonic quantum field. The net advantage of such procedure
is that it yields naturally an asymptotic vacuum state.

In Chap. 3 we tackled the main issue of this thesis, namely, the quantization
of linearized gravity and the construction of an associated Hadamard state via the
bulk to boundary correspondence. We introduced first the linearized Einstein equa-
tions and we investigated their classical space phase. Using the causal propagator,
we construct the algebra of fields and the Weyl algebra. A full-fledged application of
the bulk to boundary correspondence has been then used to select a Hadamard state
for the field algebra which reduces on Minkowski spacetime to the Poincaré vacuum .

In other words we have constructed a quantum field theory of the free gravi-
ton within the rigorous mathematical framework of algebraic quantum field theory.
In particular the existence of a concrete Hadamard state is useful and essential to
develop a theory for which we can perform reliable calculations for the quantum
corrections to classical gravity, of course under the assumption that these are small
and thus a perturbative treatment is allowed. Such corrections are vital for instance
when one considers cosmology: Via Hadamard state, one could calculate the ex-
pectation value of the renormalized stress-energy tensor and then the fluctuations
in the cosmic microwave background [62]. Additionally, in [63] it is shown that an

7



78 4. Conclusions

approach to quantum gravity within the algebraic framework is conceivable, but
in their construction an algebraic state is found only for ultrastatic spacetimes. In
particular there does not exist a deformation argument which could help us to prove
existence of Hadamard state on an arbitrary background. In this respect this is an-
other context where an application of our results might be of help. Nevertheless
it is possible to give more and more motivations for the importance of studying
the quantum aspects of gravity; yet, we prefer to conclude this thesis with a (very
purposeful) quotation from Feynman:

“Physics is like sex. Sure you can get some interesting results,
but that’s not why we do it. ”
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