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Abstract

In this thesis we consider a number of different aspects of dynamical locality,
an axiom on locally covariant theories proposed by Fewster and Verch [25]
that is closely related to the question of whether a theory describes the same
physics in all spacetimes.

After some introductory material, in Chapters (3| and [4| we examine dy-
namical locality for the nonminimally coupled scalar field and its enlarged
algebra of observables. We show that dynamical locality holds at all masses,
including non-zero masses, for the nonminimally coupled scalar field theory.
We also demonstrate that dynamical locality holds in the massive minimally
coupled and massive conformally coupled cases for the enlarged algebra of
observables, and fails to hold in the massless minimally coupled case.

In Chapter 5], we discuss a number of categorical structures that can be used
in the construction of classical theories that may be quantized using canonical
anticommutation relations (CAR), and their subsequent quantization. We
prove a number of results pertaining to dynamical locality of classical theories
and their CAR-quantized counterparts.

In Chapters [0] and [7} we give a simplified version of the locally covariant
classical and quantum Dirac theories, using the machinery developed in
Chapter 5] We also formulate for the first time versions of these theories
that are entirely independent of the choice of a global reference frame for
the spacetime, and depend only on an equivalence class of these frames.
We demonstrate that both the simplified frame-dependent theories and the

frame-independent theories are dynamically local.
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Chapter 1
Introduction

The area of quantum field theory in curved spacetime attempts to explore
the problem of quantum gravity by treating the spacetime metric as fixed
and unaffected by the presence of quantum fields. This is in contrast to
reality, in the sense that the presence of matter affects the metric in a way
that is predictable by general relativity in large-scale, low energy situations.
We should not, therefore, expect QFT in curved spacetime to give accurate
predictions in all cases: the situations in which it is liable to fail include (but
are not limited to) regions with extremely high curvature or energy density,
or at extremely small length scales.

However, QFT in curved spacetime is useful because it is able to predict
many phenomena that cannot be explained in traditional quantum field theory
on Minkowski space. Examples include the observation by Hawking [34] (and
later in a more rigorous fashion, by Dimock and Kay [21]) that collapsing
black holes radiate as a black body with a certain temperature dependent on
the surface gravity; the demonstration by Kay and Wald [42], 41] that related
thermal properties arising from geometrical properties of the spacetime may
be observed in a wider range of spacetimes, including the maximally extended
Schwarzschild solution; and the Unruh effect |28, [16, [60].

It is equally interesting to see what aspects of QFT in Minkowski space
are no longer present in curved spacetime; it is easy to see that global

Poincaré symmetry is meaningless in a general curved background, but more



1. INTRODUCTION

revealing is the fact that preferred vacuum states — and even a global particle
interpretation — are impossible in general curved spacetimes [63].

However, it is not satisfactory to regard each possible spacetime back-
ground as an independent and distinguished object when constructing our
theories. In order for us to be able to make meaningful predictions, we should
not need knowledge of the geometrical structure of our universe beyond the
regions we are observing. In particular, the result of an experiment should not
be affected by, or affect, any event that exists within its causal complement.
This idea is known as locality, and it asserts that the localized properties of
any quantum theory in a given region of spacetime should depend only on
the local properties of the spacetime in that region.

The loss of Poincaré symmetry also presents a problem; while the absence
of a preferred vacuum state or particle interpretation in general are expected
in curved spacetimes, other results traditionally relying on Poincaré symmetry
such as the spin-statistics theorem [51), [44) [I3] should still hold in curved
spacetimes. It was shown by Verch in [61] that rather than depending on
global symmetries of spacetimes, it is in fact possible to prove a spin-statistics
theorem for general curved-spacetime theories by invoking general covariance,
which requires only local symmetries that exist for all spacetimes.

Following this work, a set of axioms for quantum field theory in curved
spacetime have been set out by Brunetti, Fredenhagen and Verch [11] that
are consistent with the locality principle and build in the idea of general
covariance. A theory obeying these axioms is called a locally covariant theory
(or LCT; definitions are given in Chapter . The basic idea is to use the
tools of category theory to describe a given physical theory as a covariant
functor from a category of spacetimes to a category of physical systems; the
desired properties of locality and covariance come directly from the functorial
status of the theory, although extra causality conditions are usually applied.

We now come to the question of physicality, or ‘what makes a particular
locally covariant theory physically relevant’ (or realistic)? In [25], Fewster
and Verch argue that the condition of local covariance alone is insufficient for
physicality, and support this by constructing a number of locally covariant

theories that display certain types of behaviour that appear to be pathological.



1. INTRODUCTION

However, the construction of such pathological theories alone does not go a
long way towards answering the question of what really does make a theory
physical. Indeed, even heuristically and informally it is difficult to come
up with a useful answer to this question; the naive approach of saying that
physical theories are precisely those that model real, observable fields to
a high degree of accuracy is circular at best, and at worst useless, since
it automatically discounts any theory that models an existing, but as yet
unobserved type of physical field.

The approach of Fewster and Verch is to attempt to come up with condi-
tions that are necessary for physicality, in the sense that they preclude the
type of pathologies that have been observed to exist in the LCT framework.
In particular, the SPASs (Same Physics in All Spacetimes) condition is an
axiom that applies to classes of LCTs, which prevents a natural transformation
existing between two theories in the class that is an isomorphism on some
spacetimes but not on others (again, full definitions are given in Chapter
. The SPASs condition is not particularly tractable, in the sense that it is
difficult to test without additional machinery. The particular machinery that
is proposed by Fewster and Verch in [25] is the axiom of dynamical locality,
which applies to individual theories, is often relatively easy to test, and is
sufficient, when applied globally to a given class, to ensure SPASs.

It is perhaps a point of contention whether the discovery of any number of
necessary conditions for physical realism comes anywhere close to answering
what physicality actually s, rather than is not. Furthermore, although
dynamical locality is sufficient for SPASs, it is not necessary; and although
it is reasonable to consider SPASs necessary for physicality, it is certainly
not clear whether it should be sufficient. Therefore, current understanding
allows no definite logical link between physicality and dynamical locality, in
either direction. Nevertheless, the difficulty inherent in obtaining a more
formal definition of physicality suggests that any inroads into the question
are worthwhile.

We are therefore forced in this situation to resort to empiricism, and
attempt to gather evidence for dynamical locality to be a sensible axiom by

testing it against the small number of rigorously defined locally covariant
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1. INTRODUCTION

theories that we consider should be physical under any reasonable definition.
This approach for testing our axioms is slightly dangerous; it would be
tempting, if dynamical locality proved too strong, to tweak it until it fit our
list of physical theories. This would, of course, make us guilty of the Texas
sharpshooter fallacy, where we adjust our hypothesis to fit our data.

However, it is unfair to suggest that the axiom of dynamical locality
stands or falls on its performance under testing; its central idea (that two
complementary definitions of the local algebras of observables must coincide)
has merit on its own, and so we should not simply discard it if it fails on
a particular theory. In fact, it has been shown in [26] to fail for the locally
covariant theory of the scalar field in the case where the mass of the field is
zero and the field equation is not coupled to the curvature of the spacetime,
and this particular failure can be interpreted in a meaningful way (as resulting
from a rigid gauge symmetry in the Lagrangian), without having to abandon
either the idea that this particular theory is physical, or that dynamical
locality is an appropriate axiom to impose. Dynamical locality has been
shown to hold for the minimally coupled scalar field theory with all other
masses [26]. In addition, the principle of dynamical locality seems to be
intimately related to the behaviour of the stress tensor in the theories that
have been examined so far; since the stress tensor contains the information
about the energy density of a given field, which is the surest indicator of
whether something physical is actually present, this bodes well for dynamical
locality being some link to physical realism. It is also possible to show that
any non-trivial dynamically local theory does not admit a natural state [25],
i.e. a family of states of the algebras of observables, indexed by spacetimes,
that interacts naturally (in the strict categorical sense) with the algebra
homomorphisms arising from local diffeomorphisms of the spacetimes.

In this thesis, we examine three different aspects of dynamical locality.
The first is concerned with demonstrating that the nonminimally coupled
scalar field is dynamically local at all masses — this is given in Chapter [,
along with the proof that dynamical locality holds in two particular cases
of the theory of the enlarged algebra of observables for the scalar field. We

also give a general argument for the conditions under which we can extend
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1. INTRODUCTION

dynamical locality of a given classical LCT to the corresponding quantum
theory quantized according to the canonical anticommutation relations (CAR)
in Chapter[5] following similar work for the quantization according to canonical
commutation relations in [26]. Finally, we demonstrate that the classical
and quantum Dirac theories are dynamically local, giving a simplified locally
covariant construction in the process. We begin with an overview of the
basic facts regarding globally hyperbolic spacetimes, which are the suitable

background objects for our locally covariant theories.

1.1 Mathematical preliminaries

In order to understand canonical quantization in a locally covariant frame-
work, as well as the concept of dynamical locality, we must have a good
understanding of the underlying categorical notions. A complete introduction
to category theory is beyond the remit of this thesis, so we assume that
the reader has a working knowledge of the basics; [45] provides a suitable
introductory text. However, some additional definitions (including some not

contained in the cited reference) are presented in Appendix .

1.1.1 Globally hyperbolic spacetimes

The fundamental objects to which we apply locally covariant (classical or
quantum) theories are globally hyperbolic spacetimes. The definitions contained

in this section are mostly covered in [25].
Definition 1.1.1. A spacetime is a collection (M, g,0,t) where

e M is a smooth orientable paracompact manifold of dimension n > 2

with finitely many connected components,
e g is a smooth time-orientable metric on M of signature + — -+ — |

e 0 is one of the two components of the set of nowhere-zero smooth n-form

fields on M, constituting a choice of orientation for M,

12



1. INTRODUCTION

e t is one of the two components of the set of nowhere-zero smooth 1-form
fields on M which are timelike with respect to g, constituting a choice

of time-orientation for g.

In general, we may safely blur the distinction between a spacetime and its
underlying manifold; given a spacetime M = (M, g, 0, t), to avoid unnecessary
clutter we may for example use notation such as “p € M” to indicate that a
point p lies in the underlying spacetime, rather than the technically correct
“pe M”.

Given a point p € M we denote by Ja;(p) C M the causal future (past)
of p; that is the set of points, including p, which lie on some future- (past-)
directed causal curve beginning at p (a causal curve in this context is a
piecewise differentiable curve in M whose tangent is everywhere non-zero
and either timelike or null). We also have Jas(p) := Jiz(p) U Jaz(p). For any
subset S C M we denote Jl(\f)(S) = Upes J](j[[)(p).

Definition 1.1.2. A spacetime M is globally hyperbolic if it contains no
closed causal curves and for every p,q € M the intersection Jyp(p) N Jy(q) is

compact.

The topic of globally hyperbolic spacetimes is covered extensively in [3} 47].

The most relevant results are as follows:

Definition 1.1.3. Let M be a globally hyperbolic spacetime. A Cauchy surface
is a subset 2 C M which has precisely one point of intersection with every
inextendible timelike curve in M. A spacelike Cauchy surface is a C* Cauchy
surface in which all tangent vectors to the surface are spacelike. Note that

any C* Cauchy surface of M is necessarily a submanifold of codimension 1.

e A spacetime M is globally hyperbolic if and only if it admits a Cauchy
surface [47, Cor. 14.39],

e All Cauchy surfaces of a globally hyperbolic spacetime are homeomorphic
[47, Cor. 14.27],

e A globally hyperbolic spacetime M admits a smooth spacelike Cauchy

surface YJ; moreover, the underlying manifold M is diffeomorphic to

13



1. INTRODUCTION

R x X [3, Thm. 1], and it is possible to construct a diffeomorphism
p: RxY — M such that p*gpr = Sdt®@dt—hy;, where 5 : RxYX — RT is
smooth, and (h;)ser is a smoothly varying family of smooth Riemannian
metrics for ¥ 4, Thm. 1.1].

e As a consequence, all smooth Cauchy surfaces of a globally hyperbolic

spacetime are diffeomorphic.

The following definitions are taken from [25]:

Definition 1.1.4. The category Loc contains as its objects all globally hy-
perbolic spacetimes. An arrow from (M, gy, 0am, ta) to (N, gu, 0nr, tay) is
a smooth embedding v : M — N that is isometric (i.e. V*gn = gum), and
orientation- and time-orientation-preserving (i.e. Yv*on = opq and Yty =
trg). It must also respect the causal structure: the image (M) C N must be
causally convex in N, i.e. any finite causal curve in N with both endpoints
in (M) must be entirely contained in »(M). This has the effect that no
pair of points in (M) can be causally related unless their inverse images in

M are causally related.

An example of a map which does not respect the causal structure in this

way is given in figure

Definition 1.1.5. Let M, N be objects of Loc. An arrow v : M — N is a
Cauchy arrow if 1(M) contains a Cauchy surface for N.

Now, suppose that v : M — N is an arrow in Loc, and that X, is an
arbitrary Cauchy surface of M. We might imagine that the image ()
can always be extended to a Cauchy surface of IN; however, this is not the

case, as we can see in the following example.

Example 1.1.6. Let N = RY! be 2-dimensional Minkowski space,
and let M be the open wedge Jy(0), as illustrated in figure [2]

Then the canonical embedding ¢ : M — N is an arrow in Loc,

!This ‘helical strip’ example comes from Kay ([40]), and was originally suggested by
Stephen Hawking.

14



1. INTRODUCTION

Figure 1: An example of an isometric embedding v : M — A that does not respect the
causal structure: p and ¢ are spacelike separated in M, but ¥ (p) and (q) are connected
by a causal curve in N

and the half-hyperbola ;s defined by 2%, = —1, 2° < 0 is a
Cauchy surface for M. However, >3, cannot be extended to a

Cauchy surface for N.

While Loc is the simplest and most general category of spacetimes that
we will use, it is necessary for some constructions to use different categories
whose objects are subject to additional conditions or are defined in more
detail.

Definition 1.1.7.

(a). Ford € N\ {1}, the category Loc, is the full subcategory of Loc whose

objects are spacetimes of dimension d.

(b). The category Locfd) is the full subcategory of Lociy whose objects are

connected.

(c). The category Locfg) is the full subcategory of Lociy whose objects are

stmply connected (but not necessarily connected).

15



1. INTRODUCTION

Zo

x

Figure 2: Example of Loc-embedding ¢ : M — N and Cauchy surface ¥jps that cannot be
extended to a Cauchy surface of N

A number of other categories of spacetimes based on these will be required
for the construction of the theory of the Dirac field; these will be defined in

due course.

1.1.2 Additional categories

The categorical nature of the constructions contained within this thesis will
require the definition of a number of different categories. The full definitions
of most of these categories are best given in context, and so we will not give
an exhaustive list of categories and their definitions here. For the purpose of
reference only, there is a table of categories with short definitions given in
Appendix [El We do however give the definitions of two categories here that

are used throughout this thesis.

Definition 1.1.8. We denote by Vectc the category whose objects are vector
spaces over C and whose arrows are injective C-linear maps. The equalizer

of two arrows f,g:V — W is given by the inclusion of ker(f —g) in V. The
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1. INTRODUCTION

categorical intersection and union of two subobjects are given by the subobjects
corresponding respectively to the usual intersection and linear span of the

associated subspaces.

Let ¥ : M — N be an arrow in Loc. If f € C§°(M) then we define the
push-forward 1, : C§°(M) — C§°(N) by

)y = T2 VD) (1

0, otherwise.

We therefore have ¢* o 1y 0 ¥, = 1py where ¢* : C*°(N) — C*°(M) is the
pullback map and tps : CP(M) — C®°(M), 1y : C§°(N) — C°(N) are the
canonical embeddings. We may also view C§° as a covariant functor from Loc

to Vectc, and C* as a contravariant functor from Loc to Vectc, if we define
C () =t and C(3) = ",

Definition 1.1.9. The category Alg has as its objects all unital x-algebras;
that is to say, algebras over C with a unit elemenf] 1 satisfying 1A = A = Al
for all elements A, and an antilinear involution * satisfying (AB)* = B*A*
for all elements A, B. An arrow in Alg is an injective x-homomorphism that

preserves the unit.

Definition 1.1.10. An object A € Alg is weakly graded if it may be presented
in the form A = @72, ;, such that A;A; € @o<op<ivj Nivjor for all Ay € 2;
and A; € ;. If A € @y Aok then A is an even element, and if A €

Do Aok+1 then A is an odd element.

This is a generalization of the usual concept of a graded algebra, in which
the rule for products is that A;A; € A;4; for A; € A, and A; € ;. Note
that in a graded unital algebra, the unit must be an element of 2ly, and in
fact we often have 2y = C1. This will also generally be the case for our
weakly graded algebras. An example of a graded algebra is the tensor algebra
T (V) =P, VO of a complex vector space V', where the product of two

elements is given by their tensor product.

2We insist that a unit element should be different from zero; this prevents the trivial
single-element algebra {0} from being classed as an object of Alg.
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Note that since the product of two even elements in a weakly graded
algebra 2l is itself even, it follows that the even elements form a proper

subalgebra of 2.

18



Chapter 2

Locally covariant theories and

dynamical locality

In this chapter, we will review in detail the concept of local covariance, for the
most part following [I1] and [25]. We discuss the ways in which fundamental
solutions, fields and states may be translated into a locally covariant setting,
and give definitions of the timeslice axiom, relative Cauchy evolution and
the SPASs condition before examining dynamical locality in detail, again

following [25].

2.1 The generally covariant locality principle

2.1.1 The Haag-Kastler axioms

Algebraic quantum field theory has its roots in the principle of locality,
embodied by the tenet that some observables of a theory (on a particular
spacetime) may be considered to reside in a certain subregion of that spacetime,
and that observables in regions which are causally disjoint are compatible
[31]. In the cited paper Haag and Kastler consider only Minkowski space as
the background spacetime, but the statement is meaningful as applied to any
globally hyperbolic background.

Haag and Kastler contend that the content of a quantum field theory on

Minkowski space is entirely determined by an assignment .« : Op(R"3) —

19



2. LCTSs AND DYNAMICAL LOCALITY

Obj(Alg), where Op(M) is the set of open subsets of a spacetime M with a

compact closure. This assignment is defined to be causal if
[/ (0), 7 (0")] = {0} (2.1)

whenever O, 0" C R'? are causally disjoint[|] For < to describe a quantum

field theory, it is also necessary that it satisfy further conditions:
e /(0) C «/(0") whenever O C O (isotony),

e The union &7 := Upcop(rrs) # (0) exists, and (possibly after comple-

tion) gives the quasilocal algebra containing all observables of interest,

e The proper orthochronous Poincaré group P(1,3) generates a group of
automorphisms, denoted - 5 : &/ — &7, such that &/ (O)x = &7 (AO) for
all A € P(1,3), O € Op(RY3) (Lorentz covariance).

There are some additional technical assumptions that we do not mention
here.

Note that using this model entails that the content of a theory is inde-
pendent of any particular interpretation given to the observables. In fact,
two theories .« and &/’ for which there exists an isomorphism of the nets
O — #(0) and O — &'(0) (where O € Op(R'?)) are indistinguishable
under this framework. The Haag-Kastler axioms therefore represent a more
abstract scheme for the construction of quantum field theories, and indeed
the phrase ‘field theory’ could be taken to be somewhat misleading in this
framework, since the quantum fields are not the fundamental objects of the
theory, and are not even necessary for the construction.

We may in fact extend this idea to classical field theories, in order to
foreshadow the ideas developed by Fewster and Verch in [25, 26]: a classical
field theory on R!? is defined, at the most basic level, by a space of solutions
to some Poincaré-invariant field equation. Although nonlinear field theories

can certainly be constructed in this framework, here we consider almost

'For any algebra 2l, the commutator of subalgebras 9,9’ is the subalgebra [B, B’] :=
{|[B,B']: B€*B, B' € %'}

20



2. LCTSs AND DYNAMICAL LOCALITY

exclusively linear classical theories, in which the space of solutions is a
vector space, and which often admit a bilinear or sesquilinear form with good
physical propertiesﬂ We may assign a solution space -Z(0O) (in the classical
case, usually the vector space of solutions along with additional structure,
including the bi-/sesquilinear form) to each O € Op(R'?), and in parallel to

the quantum case, require that:
e Z(0)C Z(0") whenever O C O (isotony),

e The union . := Upecopris) L (0) exists, and (possibly after com-
pletion) gives the quasilocal solution space containing all solutions of

interest,

e The proper orthochronous Poincaré group P(1,3) generates a group of
automorphisms, denoted -, : .Z — £, such that Z(0), = Z(AO)
for all A € P(1,3), O € Op(R"?) (Lorentz covariance).

Denoting the aforementioned bilinear or sesquilinear form by b : . x ¥ — K

(where K =R or C), we define a linear classical theory to be causal if
b(£(0),£(0")) = {0} (2.2)

whenever O, O are causally disjoint.
The principle of local covariance described in [11] is an extension of these

ideas to curved spacetimes, using the tools of category theory.

2.1.2 Locally covariant theories

In the spirit of the Haag-Kastler axioms, Brunetti, Fredenhagen and Verch
consider a quantum field theory to be an assignment of an algebra of observ-
ables to each of a suitable class of globally hyperbolic spacetimes. This is

done by defining a covariant functor from a category of spacetimes denoted

2For example, solutions to the field equation typically solve the Cauchy problem for
an arbitrary Cauchy surface in R3, and we find that the bi-/sesquilinear form of two
solutions may then be expressed in terms of their Cauchy data on an arbitrary Cauchy
surface.
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2. LCTSs AND DYNAMICAL LOCALITY

Sp (typically Loc, or a subcategory thereof) to a suitable target category; in
[11] only the category C*-Alg of C*-algebras is considered, but following [25]
we will consider a much wider range of categories, requiring that their objects
may represent some physical system, and that their arrows correspond to
embeddings of these systems. We therefore let Phys be such a category of
physical systems, and require that it possess an initial object Z, that all its
arrows are monic and that it has categorical equalizers, intersections and

unions.

Definition 2.1.1. A locally covariant theory (LCT) is a covariant functor
from a category Sp of spacetimes to a category Phys of physical systems.

A quantum theory will typically be denoted .7, in which case Phys will
generally be some category of algebras. A classical theory, on the other
hand, will generally be denoted .Z; in the linear case, which we consider
almost exclusively, Phys will then be some category of vector spaces admitting
bi- /sesquilinear forms. Definitions of causality are entirely dependent on the
theory in question; for a linear classical theory . with bi-/sesquilinear form

by on the spacetime N, we typically require that
b (2 (tar, ) (L (M), £ (ear,w) (£ (M) ) = {0} (2.3)

whenever the two spacetimes M, M, may be embedded into a spacetime
N via the arrows tpr, N, @ = 1,2, such that tar, n(M1) and tpr, N(M3) are
causally disjoint. For a quantum theory &/ we may use the analogue to
and say that o is causal if

[ (eaa, N)(F (M), o (10,8 ) (7 (M))] = {0} (2.4)

when M, M, are defined as above. This relation is certainly expected when
</ represents a bosonic field theory; in the case of a fermionic theory, however,
we find that on generators, the commutator in is usually replaced by the
anticommutator. In a theory that contains both Bose and Fermi fields, the
algebras assigned to given spacetimes have a Z, grading, and the causality

property that gives the correct (anti)commutation relations is described using
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2. LCTSs AND DYNAMICAL LOCALITY

twisted locality (see e.g. [22]).

The anticommutation at spacelike separation for Fermi fields is not par-
ticularly physical in nature, since the vanishing of the commutator relates to
the lack of a canonical time-ordering of spacelike-separated events. Therefore,
even in the fermionic case, we should regard an algebra that does not obey
to be fundamentally unphysical. However, we will see that physicality
may be recovered by considering the subtheory of a fermionic theory whose
algebras are generated by pairs of generators of the full algebra.

Clearly any LCT defined as a functor from Sp to Phys may also be regarded
as a functor from Sp’ to Phys, whenever Sp’ is a subcategory of Sp. Hereafter
in this section we take & to be a quantum LCT, with the objects of Phys
being algebras; all subsequent definitions may also be applied in an obvious

way to arbitrary LCTs.

Definition 2.1.2. For any spacetime M in Sp, the notation 0(M) denotes
as in [29] the set of all nonempty globally hyperbolic subregions of M with
finitely many connected components, all of which are causally disjoint, and
such that for any O € O(M), the restriction M|o is an object of Sp in its
own m’ghtﬂ For any O € O(M), we denote by taro the canonical embedding
of M|p in M. This immediately gives us a candidate for the local algebra
of a region of M; again following [25], for any O € O(M), we define the
kinematic algebra of O in M to be the algebra &/**(M;0) = o (M]p).
For each O € O(M) we may also define the map offo = o (1p0). The
assignment O — oy, is called the kinematic net. For convenience, we use

the notation
MM 0) = apo (/" (M; 0)), (2.5)

as we will frequently wish to refer to the image of the kinematic algebra in

o (M).

We may now examine the definition of a locally covariant theory to see
whether the conditions of isotony and Lorentz covariance, and the definition of

the quasilocal algebra/solution space survive intact when we use the kinematic

3The latter condition is satisfied automatically when Sp = Loc.
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definition of locality given above. This discussion closely follows [11], §2.4]
and [25], §3.3].

The analogue to isotony comes immediately from the fact that the arrows
in Phys are monic; given an LCT &7, and any O € 0(M), the arrow aﬁi}?o :
N M;0) — o/ (M) is necessarily an embedding. If O, 0" € O(M) with
O C O, then we also have O € O(M]|o), and tpr0 = a0 © Lm0
Therefore &/**(M;0) = alj\ﬂﬁo,(tsszin(Mb/; 0)) C Z%(M:;0'), and so
isotony is satisfied automatically by the conditions imposed on the categories
used in the construction.

While the condition of Lorentz covariance relies explicitly on the Poincaré
symmetries of Minkowski space, and thus cannot transfer directly into a more
general framework where no such symmetry is guaranteed, we may nevertheless
note the following covariance property of the kinematic net proved in [25] §3.3].
Let ¢ : M — N be an arrow in Sp, and consider a nonempty O € 0(M).
We then have o’y o) 0o (Vo) = o (1) o aif,, where Yo : M|o — Ny is
the diffeomorphism induced by . Since &7 (¢)o) is therefore an isomorphism,
it follows immediately that &/(N;(0)) = o (¢)(/"(M; O)). We may
consider the special case where N = M and 1 is an automorphism to note
that the group of automorphisms in Sp(M, M) generates a subgroup of the

automorphism group of /(M) whose elements satisfy the relation
A ()((M;0)) = o (M;9(0)). (2.6)

In the case where M = R'3 and ¢y € P(1,3), we therefore recover the
condition of Lorentz covariance.

There is no direct analogue of the Haag-Kastler quasilocal algebra in the
LCT framework, since there is generally no final object of the category Sp.

Instead, we give the following definition:

Definition 2.1.3. Let o/ be an LCT and M an object in Sp. The quasilocal

algebra generated by </ on M is given by the categorical union

dM) =\ F(DLO0), (2.7)
Oe0(M)

cl(O) compact
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where cl(O) denotes the closure of O in M; in other words, the union is
taken over all relatively compact elements of O(M). There is generally no
guarantee that /4" (M) = o (M). However, we expect this to hold for many

theories of interest, and in this case &7 is called an additive theory.

2.1.3 The timeslice axiom and relative Cauchy evolu-
tion

We have not yet addressed the question of under what circumstances an LCT
may be said to represent a physical system. The purpose of a physical theory
is to make predictions, and therefore at the very least we should expect it to
obey some dynamical rule. In terms of the covariant locality principle, we
demand that the content of such a theory may be reconstructed from the
algebras generated by neighbourhoods of Cauchy surfaces, as in [I1]; we may

put this more precisely as follows:

Definition 2.1.4. An LCT & obeys the timeslice axiom if every Cauchy
arrow ¢ : M — N in Sp is mapped to an isomorphism </ (V) : o (M) —
& (N) (recall that a Cauchy arrow is a map whose image contains a Cauchy

surface for the target spacetime )E]

Given an LCT which obeys the timeslice axiom, we are interested in what
happens to the algebra of a spacetime M when we perturb the metric in a
compact region. Again, these next definitions follow [I1], 25]; we adopt the

notation used in the latter.

Definition 2.1.5. Let M = (M, g,0,t) be an object of Loc. A metric
perturbation of M is a compactly supported symmetric tensor field h €
Co(TY M) with the property that g+ h is a time-orientable Lorentz metric
on M. There is a unique choice of time orientation t, that agrees with t
outside supp h; we denote M[h] := (M, g+ h,0,t). The set of all metric
perturbations of M is denoted H(M), and for any O C O(M), the subset of
H(M) comprising perturbations with support in O is denoted H(M;O).

4As remarked in [25], the definition in [TT] only requires surjectivity of .27 (1)); however,
since arrows are monic, this definition is equivalent.
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Definition 2.1.6. Let o/ be an LCT, M be an object in Loc, and h €
H(M). The relative Cauchy evolution (r.c.e.) of o/ (M) generated by h
is an automorphism rce(ﬂ)[h] A (M) — (M) defined as follows: let
N* € O(M) be subregions of M with the properties that each contains a
Cauchy surface for M, and that Nt lies strictly to the future, and N~ to the
past, of supp h. We find that N* € O(M][h]); since M|+ = M[h]|y+, we
may unambiguously write M+ = N* = MIh]|x=. We denote the canonical
embeddings by * : N* — M and «*[h] : N* — MI[h]. Since these are
Cauchy morphisms, the Phys-arrows oF := o7 (1*) and o [h] := o/ (1*[h)]) are

isomorphisms. We define
reet?[h] = o~ o (a”[h]) L oat[h o (a) . (2.8)

A pictorial representation of the spacetime objects and arrows involved is
given in figure 3] along with the corresponding objects and arrows in Alg.

The explicit labelling of the r.c.e. with the theory to which it applies will
be dropped for the sake of clarity, unless needed to avoid ambiguity. We also
denote by S(M; h) the set of all pairs (N, N7) satisfying the properties
given above.

The relative Cauchy evolutions may be regarded as a family of trans-
formations that measures the reaction of an LCT to a perturbation of the
background metric. We first discuss some general properties of the r.c.e.,

starting with the following lemma:

Lemma 2.1.7. Let o/ be an LCT and M be a spacetime in Sp, and consider
some h € H(M). The definition of the r.c.e. given in (2.8) is independent of
the choice of subregions (N, N~) € S(M; h).

This lemma may be proved using for example [25], Prop. 3.3]; we include

an explicit proof here for completeness.

Proof. Let Nif, NiF € S(M; h) for i = 1,2. We define N, i, i[h], o and
ai[h] as in Definition [2.1.60 We wish to show that

ay o (ar[h]) " oay[h]o(af) ! = a; o (e [k]) " oag[h]o(af) . (2.9)
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Figure 3: Diagrams of the objects and arrows involved in the definition of the relative
Cauchy evolution

To do this we define Ng° € S(M;h), with the additional property that
N C NG, i =1,2. Writing NF = M’Noi = M[h”/\/—oi and the canonical
embeddings as 1f : NT — M, 1i[h] : N — M{[h] and Lfo . N¥ — NI, we
have

F=igoudy, R =3[R o, (2.10)

for : = 1,2. Note that these are all still Cauchy morphisms, so we may obtain

isomorphisms o, aai[h] and 04?7[0 by applying the functor o as above. It

follows from (2.10) that aif o (aff[h])™' = af o (aF[h])~", and so

a; o (a; [h]) " oai k] (a) )t = ag o (ag[R]) oag[h] o (ag) ™" (2.11)

for i = 1,2. Therefore ([2.9) holds. O
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Alternatively, as shown in [25], it is possible to define the regions N+
canonically in terms of the support of h.
We may use this result to prove the following factorization property of

the relative Cauchy evolution, which is an original result:

Proposition 2.1.8. Let o/ be an LCT and M be a spacetime in Sp. Suppose
that hy,hy € H(M) are separated by a region N € O(M) such that N
contains a Cauchy surface for M, and supp hy lies strictly to the future of
N, with supp hy to the past. Then

rcephy + hy| = reep[hy] o reep|hy]. (2.12)

Proof. Let N := M|y, with embedding :° : N° — M, and define sub-
spacetimes N* := M|+ with embeddings «* : N* — M, where N* €
S(M; hy + hy). Denoting a*/° := o7 (1*/°), and as before denoting arrows
into (algebras of) perturbed spacetimes M |h| by affixing [h], we have

rcepr[hy 4+ o] = a” o (a”[hy + hy]) toat[hy + hy)o (o)t (2.13)

Note that we may consider M[hs] as the background spacetime in its own
right, and form the relative Cauchy evolution with respect to the perturbation

hy; we have

reeariny [P1] = @ [ho] o (o [hy + ho]) o at[hy + ho] o (at[ho]) ™. (2.14)
But since the image of N also lies to the past of supp hy, we have

reeariny [P1] = a’[ho] o (a’[hy + ho]) o a[hy + ho] o (aT[he])™';  (2.15)
these definitions are equivalent by Lemma [2.1.7, and consequently

o~ [hy] o (a  [hy + ho]) ! = a’[hy] o (°[hy + hy)) 1. (2.16)
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A similar calculation using rcepspn,j[ho] gives us
at[hy + hy) o (a[hy]) ™! = a’[hy + hy) o (°[hy]) ! (2.17)
Substituting these into (2.13)) yields

rcepr[hy + o] = a7 o (a7 [hy]) " 0 a’[hy] o (a’[h]) ! o at[hy] o (@)
=a o (O[_[hgb_l o Oéo[hz] o (O‘O)_l
00?0 (a?[a]) ™ 0 @] o (o)

= rceps[ho] o reepr[hy]. (2.18)

A simple corollary of this is the following:

Corollary 2.1.9. Let &/ be an LCT and M a spacetime in Loc. Suppose
that hy, hy € H(M) with supp hy causally disjoint from supp hy. Then

rcep| ] o reep[hs] = reepfhy 4+ ho] = reep]hy] o reepfhy]. (2.19)

Proof. 1f supp h; and supp hs are causally disjoint, then we can find a subre-
gion N' € 0(M) containing a Cauchy surface for M such that supp h; lies
to the future of N and supp h, to the past, giving the second equality by
Proposition [2.1.8} conversely, we can find a subregion N’ € &(M) containing
a Cauchy surface for M such that supp h; lies to the past of N7 and supp hs
to the future, giving the first equality. O

As a consequence of this, we find that the relative Cauchy evolutions
generated by spacelike separated perturbations commute.

We now examine a second notion of locality that derives from the dynamics
of the theory (as encapsulated in the relative Cauchy evolution), following
[25].
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2.2 Dynamical locality and SPASs

2.2.1 The dynamical net

Recall that the definitions of the kinematic algebras and nets given above
do not require the theory to obey the timeslice axiom. This suggests that
the kinematic notion of locality cannot be directly related to the physics of
the theory, if we consider the physics of a theory on a given spacetime to be
embodied in the properties of its dynamical laws. An alternative definition of
locality, which takes into account the dynamics of the theory, is given in [25],
as follows.

Firstly, we note that for any compact subregion K of a spacetime M, the
set of all subobjects a of &7 (M) satisfying

recep|hloa =« (2.20)

for all h € H(M;K*) has a maximal element in the subobject lattice,
which we denote aj.; [25, Lemma 5.1]; here K 1 is the causal complement
M\ Jy(K). To define the dynamical net and algebra, we need the following
definition, based on [12]:

Definition 2.2.1. Consider a spacetime M in Loc of dimension n, containing
a Cauchy surface . A region B C % is called a Cauchy ball if there exists a
chart (U, §) of & such that ¢(B) is a nonempty open ball in R"~ with closure
contained in ¢(U). We say that an open, relatively compact O C M is a
diamond region in M if O = Dp(B) for some Cauchy ball B, where Dp(B)
is the domain of determinacy of B in M, i.e. the set of points p € M for
which any inextendible causal curve through p intersects B. The ball B is
called the base of O.

A finite collection of causally disjoint diamonds is called a multi-diamond.
We are interested in the set of compact subregions of M which have multi-
diamond neighbourhoods; as in [25] we denote by & (M) the set of such
subregions, and by & (M;O) those elements of # (M) that are contained in
an open region O C M.
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We may now give the explicit definition of the dynamical net.

Definition 2.2.2. For any LCT <f, spacetime M in Sp and O € O(M), we
define

a(]j\/f,:lO = \/ ok (2.21)
Ket (M;0)
(The simpler definition a3z ) @ not used as this does not give desirable
results when compared to the kinematic algebra [25]). The dynamical net is
then defined to be the assignment O +— a%/y[;%.

The domain of the arrow a%}flo is unique (up to isomorphism) and is de-

noted /(M. O); as before, we denote «/%"(M: O) := a%?o(ddy“(M; 0)).

It is sometimes convenient to deal explicitly with the subalgebra of all ele-
ments of <7 (M) that are unchanged by relative Cauchy evolutions generated
by any h € H(M; K) for a given K € # (M), so we define

A*(M;K) :={Ac o/ (M) :rcep[h]A= Aforall he HM;K™")}.
(2.22)
We usually find that «/*(M; K) coincides with the image of aj;.;, and that

FdM;0)2 ) F°(M;K) (2.23)
Kex (M;0)

for any O € 0(M); this will be the case for all theories defined here explicitly.
As discussed in [25], the dynamical definition of locality can also be shown
to display the properties of isotony and covariance that the kinematic definition
has; isotony may easily be seen from the definition, since £ (M;0;) C
A (M; Oy) whenever O C Oy, and any automorphism ¢ : M — M in Loc

has the property that

o (V) (¥ (M;0)) = o/ (M:4(0)) (2.24)

for O € O(M), as proved in [25, Theorem 5.4(b)].

Definition 2.2.3. An LCT .« is dynamically local if it obeys the timeslice
aziom and if /(M. O) = & (M; O) (alternatively, if aﬁ% = olifo) for
each M € Sp and O € O(M).
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2.2.2 SPASs

The question of what, if anything, can be said to represent ‘physical realism’
in an LCT was discussed at length in [25]. While no absolute conclusions
have been made in this direction (and it is unlikely that this is possible or
even desirable), it was suggested in the aforementioned paper that physically
realistic theories (that is, assignments of Phys-objects to spacetimes) should
be constructible in the LCT framework, obey the timeslice axiom and belong
to a class of theories obeying the following condition, known as the SPASs
(Same Physics in All Spacetimes) condition. Before we give the definition, note
that locally covariant theories from a given category Sp to Phys comprise the
objects of a category LCT(Sp, Phys) whose arrows are natural transformations
between theories. If a natural n : & — £ exists, then we regard it as an
embedding of &7 as a subtheory of #.

Definition 2.2.4. Let T be a class of LCTs obeying the timeslice axiom.
A natural transformation n between theories of and % of T is a partial
isomorphism if at least one of its components ny @ (M) — B(M) is
an isomorphism. The class T obeys the SPASs condition if every partial
isomorphism in T is a natural isomorphism: in other words, if na is an

isomorphism for some M € Sp, then every component of 1 is an isomorphism.

o (M) e B(M)
A () B(1))
A(N) —————— B(N)

Figure 4: A commuting square for a natural transformation n that embeds a theory .o as
a subtheory of Z. If o/ and % both lie in some class of theories with the SPASs property,
then there can be no spacetimes M, N such that exactly one of s, 7y is an isomorphism,
for any such natural transformation 7.
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Therefore, as indicated in Figure , any arrow in LCT(Sp, Phys) between
objects &7, % of T is either an isomorphism (in which case & is equivalent to
Z), or has no isomorphisms as components (in which case 7 is unambiguously
a strict subtheory of £).

It was shown in [25, §4] that it is possible to construct examples of
LCTs that obey the timeslice axiom but manifestly do not display the same
behaviour on all spacetimes, and therefore cannot be said to be physically
realistic theories. It is also possible to construct an LCT which cannot be in
any class obeying the SPASs property, since it admits a natural endomorphism
that is an isomorphism on some spacetimes but not others. The utility of

dynamical locality is demonstrated in the following result [25, Theorem 6.10]:

Theorem 2.2.5. The class of dynamically local theories obeys the SPASs
property.

2.3 Locally covariant fields and solutions

The principle of local covariance also gives rise to a description of quantum
fields as natural transformations [I1]. The starting point is a covariant functor
2 from Sp to some suitable category Test of vector spaces that constructs
a space of test functions Z(M) for each spacetime M. We then consider
a locally covariant theory <7 : Sp — Phys, where Phys is taken to be some
category of algebras. We may consider a quantum field for the algebra <7 (M)
to be amap ®pr : Z(M) — o/ (M); given such a definition for each spacetime
M, the field should satisfy

Oy o D(P) = ()0 Py (2.25)

for each Sp-arrow ¢ : M — N.

If we regard the target category of & and the category Phys as subcat-
egories of some single larger category, we may consider the field ® to be a
natural transformation from 2 to «7; (2.25) is then precisely the condition of
naturality for ®. Note that we do not require that the maps ®p; satisfy any
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further properties, such as linearity, beyond those dictated by the definition
of Test and Phys.

We may extend this idea to the case of a classical theory .Z : Sp — Phys,
where .Z (M) represents the space of solutions to a particular field equation,
and in many cases there is a fundamental solution G : (M) — £ (M) for

some test space functor &. Typically this solution satisfies
GnoD(Y)=ZL(Y)oGu (2.26)

for any Loc-arrow ¢ : M — N. Formally, we give the following definition:

Definition 2.3.1. Let & : Sp — Test be a covariant functor that constructs
some space of test functions for each M € Sp. Suppose that </ : Sp — Phys
is a quantum LCT and £ : Sp — Phys. is a classical LCT. Moreover, let Cg
and Cc be categories with the property that both Test and Physg (resp. Physs)
may be regarded as subcategories of Cq (resp. Cc). We may then construct
both & and </ as functors from Sp to Cq, and both & and £ as functors
from Sp to C¢.

A locally covariant quantum field of the theory <7 is a natural transforma-
tion ® : 9 — o/ . A locally covariant solution for the theory £ is a natural
transformation G : 9 — £. In the latter case, since Gpr is generally
surjective (and linear, in the case of a linear theory), we require that the

components of a locally covariant solution be surjective (resp. linear).

Note that G and ® are commonly not injective, so (in contrast to Sp, Phys,
and Physg, in most circumstances), the arrows of Co and Cq will typically

not all be monic.

2.3.1 Quantization functors

The construction of many quantum LCTs involves first the construction of a
classical theory, followed by the use of the resulting solution spaces to generate
algebras of observables. We will see specific examples of this approach in
subsequent chapters, but it is a natural question to ask whether the step from

classical theory to quantum theory may be made functorial. In other words,
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if we are given target categories Phys, and Phys. for some general classes of
quantum and classical theories respectively, we wish to know whether there
exists a functor 2 : Phys, — Phys,, that gives the quantization of a classical
theory .Z : Sp — Phys,.

It turns out to be possible to construct such functors (although the precise
form depends on the type of quantization to be performed, as we will see
later). For now, we will suppose that we have constructed a quantum theory
o/ : Sp — Physg, and a classical theory 2 : Sp — Phys. such that & = 2.2
for some quantization functor 2: for the following definition and results,
G : 9 — £ is alocally covariant solution and ® : ¥ — & is a locally

covariant field.

Definition 2.3.2. & factors through G if there exists a family of maps
dpr o L(M) — o (M) indexed by spacetimes such that ®py = ®ago Gy

Proposition 2.3.3. If ® factors through G via (@M)MGLOC, and each Oy can
be regarded as an arrow in some larger category Phys' containing Phys, and

Phys., then d is a natural transformation from & to <7 .
Proof. For any Sp-arrow ¢ : M — N we have

() 0 Dpg o Gay = (1) 0 Doy = Oy 0 D (1))
zCi)NoGNo_@(zb) :@Nof(l/))oGM. (2.27)

Therefore <7 () o dpr = Pno Z (1) by the surjectivity of Gz, and so dis a

natural transformation. O

Lemma 2.3.4. Suppose that £ is linear, that the components of ® are linear
maps, and that ® factors through G via & : £ — <. It follows that the

components of ® are also linear maps.

Proof. For a given M € Sp, we pick some ¢1,py € L (M); since Gy is
surjective, we may pick some fi, fo € Z(M) such that ¢; = G f;, and it
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follows that for any A, u € K, where K is the base field of £ (M), we have

D pr (A1 + p102) = Par(Grr (M1 + 11f2))
= A0 (f1) + p®ar(fo) = Anr (1) + n®ar(ip2), (2:28)

so ®,r is also linear. O

Lemma 2.3.5. Suppose that £ is linear and that the components of ® are
linear maps; it follows that a necessary and sufficient condition for ® to factor
through G is that ker Gy C ker @ for all spacetimes M.

Proof. Firstly, suppose that ® factors through G, so that there exists a natural
transformation ¢ : . — o with ® = ® o G. As shown in Lemma , the
components of ® are linear maps, so for any M € Sp and f € ker Gy, we

have
Daa(f) = Dar(0) = 0. (2.29)

Conversely, suppose that ker Gp; C ker @y for all M € Sp; it follows that
for each ¢ € Z (M) we may pick some f € (M) such that ¢ = Gpsf, and
then define &5y : L (M) — o7 (M) by

Drr(p) == Par(f). (2.30)

This is well defined since Gprf = Garf' implies that @ (f) = $ar(f') by
assumption, and it may easily be checked that ® then factors through G via
. O
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Chapter 3

Locally covariant scalar field

theories

The construction of the theory of the free scalar field <7 in a locally covariant
way is well understood [11], 832, 26]. Dynamical locality has already been shown
to hold in the massive minimally coupled case, and to fail in the massless
minimally coupled case owing to a rigid gauge symmetry in the Lagrangian
[26]. Our main aim in this section is to construct an enlarged theory # which,
in addition to containing the theory o7, also contains normally ordered Wick
powers of the locally covariant field ®.

The construction of Wick powers on a single arbitrary spacetime is de-
scribed in [10) 8]; an enlarged algebra containing Wick powers as well as
some additional elements is constructed in [36], where in addition the Wick
polynomials are constructed as locally covariant fields (see also a more general
result in [46]). An alternative prescription for constructing the enlarged
algebra on a given spacetime M is given in [9, [I4], although a fully locally
covariant description of the theory is not given.

We will give precise definitions of the arrows of the theory, and we will
also demonstrate explicitly how the locally covariant construction of the Wick
powers given in [36] may be applied in this setting. The material of this and
the following chapter is mostly contained within a previously published paper

by the author [24]. The construction of the enlarged algebra in [9, [14] may
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equally be applied to the original theory of the free scalar field, so we will

first outline how this may be done.

3.1 The locally covariant scalar field

Definition 3.1.1. The Klein-Gordon operator on a spacetime M € Loc is
Pyr:=Ug+ERy+m?. We call any ¢ € C(M) that solves the field equation
Pro = 0 a classical solution. The coupling constant £ € R and the mass

m > 0 are held constant over all spacetimes.

The Klein-Gordon operator has associated with it two unique continuous
linear operators Eq; : C°(M) — C*°(M) with the propertie]]

Eppo Py =1 = Py o By,
supp(Eaz f) C Ji;(supp(f)) (3.1)
for any f € C§°(M) [63], where ¢ : C§°(M) — C*(M) is the canonical
embedding. The operator Eys := Ey; — Ejy is the (advanced-minus-retarded)
fundamental solution for the Klein-Gordon field on M, and any classical
solution ¢ with compact support on Cauchy surfaces is of the form ¢ =

Enpf for some f € C3°(M). We denote by Ep(z,y) the antisymmetric

bidistribution on test functions satisfying
|, 4y Ene(w. )£ (4) = (Exe f)(a) (3:2)
for each f € Cg°(M)P| Furthermore, we write

(£ f) = [ de f@)(Exf)@) = [ dedy f(x)Bala,9)f ), (33

IThe two instances of the operator Pys in act on different function spaces and
are technically therefore different operators, but as they act pointwise and have the same
action we denote them by the same symbol.

2Here, and throughout this thesis, the notation dy or similar is shorthand for dvolas(y);
in the case where we integrate across a sequence of variables such as z1,...,z,, we write
d"x =dxq---dx,.
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for f, f" € C5°(M). Note that this entails

[ do @) Exf) @) == [ dw (B f)@)f (@), (34)

Since any Loc-arrow is isometric, it follows that v, o Ppy = Py o 1, and
Papop* = 1p* o Py. We then see that ¢* o B o 1), satisfies (3-1), so by
uniqueness

Vo B op, = BLD. (3.5)

When treated as a bidistribution, as in (3.2)), the analogous relation is

En o (. ®1.) = En. (3.6)

3.1.1 The algebra of functionals

Given a fixed spacetime M, the algebra of the Klein-Gordon quantum field
theory is usually constructed directly as the unital x-algebra generated by

elements ®ps(t), t € C§°(M) satisfying the following four conditions:

The assignment t — () is linear, (3.7a)
Opr(t)" = Pum(?), (3.7b)
B ae(t), Baa(F)] = iEaa (1, 1)1, (3.70)
O a7 (Pagt) = 0. (3.7d)

The field ® = (Pps) preLoc is locally covariant [11]; in addition, the quantization
attained through this process can be regarded as the image of a covariant
CCR-quantization functor in a similar fashion to the construction of CAR-
quantization functors in Chapter [5| [26].

In this section, we construct an alternative presentation of the above
algebra, following [9]. While this algebra is well understood and does not nec-
essarily need another admittedly less elegant presentation purely to describe
the free field, the advantage of this alternative approach is that it provides a
convenient framework for the construction of the extended algebra of Wick

polynomials.
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We begin by applying a deformation quantization process to an algebra of
nonlinear functionals that is isomorphic to the freest unital x-algebra satisfying
(3-7a)—(3.7d), and then quotient this algebra further to impose (3.7d). The
underlying vector space of this algebra comprises those functionals on C'*°(M)

of the form

Flf] = Z_jo/ (@, wa) f(3) - f(@), (3.8)

where each t,, is a totally symmetric finite sum of products of test functions

in one variable:

ta(z1, ..., ,) =8 Y ﬁ ©ik(Tr) (3.9)

j finite k=1
for some pj, € C5°(M), where S denotes symmetrisation over the x;. We
denote the set of all such t,, as Z"(M); we define Z°(M) = C, and we may
note that #1(M) = C5°(M). We denote by 1 the constant functional that

maps every f to 1. We will use the shorthand notation
talf] = /Mxn A"zt (1, ..., xn)f(x1) - f(z). (3.10)

For each FF = - t,, with ¢ty # 0 we denote the order of F' by O(F) := N <
0.

Addition and scalar multiplication in this algebra are given by the obvious
pointwise operations on the functionals, and the product is defined below.

The k™ functional derivative of F = ZnN:o t, is given by

N

F(k)[f](:vl, ce, ) = Z t;k)[f](xl, ce s TE), (3.11)
n=k
where for k < n,
(#) __n p p
B 00) = g e @ o (a1 )

f@rin) - flan)). (3.12)
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For k > n we use the convention that t*) = 0. For any f € C5°(M) and
F € (M), we may regard the functional derivative F®[f](zy,...,z}) as
an element of #*(M) for k < O(F). The product of two elements in .% (M)
is defined by

FxF = pexp <;£M> (F e F), (3.13)
where the linear operator £y : (M) @ # (M) — % (M) ® % (M), which

restricts for particular m,n > 0 to a map from F"(M) @ F"(M) to
Fm (M) ® F" (M), is defined for t,, € F™(M), t,, € F"(M) by

ZM(tm & tn)(l’l, ey Tm—15Y1, - - - ;yn—l)
=mn /M><2 d22 EM<21, Zg)tm(zl, L1y ... ,xm,1>tn(22, Y1y - - - ,ynfl), (314)

and for « € F°(M) by Ey(a, F) = 0 = Ep(F,a). Here we also define
p:F(M)® F(M)— .Z(M) to be the commutative multiplication map
p(F @ F')[f] := F[f]F'[f], so that in terms of the symmetric integral kernels

we have

p(tm @) (1, Tmgn) = Stm(21, - o Tt (Tmsts - oy Tingn))- (3.15)

Note that there are no issues with convergence in (3.13)), since the properties
of Epr entail that for every F, F’ € % (M) we have Ei (F @ F') = 0 for all
k > max(O(F),O(F")). We may therefore give an alternative power series

expansion for the product, as

min@EOEN) g
FxFli= Y SonEy(FoF). (3.16)
k=0 :

In particular, where ¢, € % (M), note that

(xS = [ dedy i) )@ ) + 5Eult 1, (317)

M><2

sotxt' —t'xt =1iEp(t,t')1. We prove that the product * is associative in
Lemma [B.1l
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Since 1 € F°(M) we have (F x1)[f] = F[f]1[f] = F|[f] for all f €
C*°(M). Similarly (1 F)[f] = F[f], and so 1 is the identity element. We
may define an involution of F' = YN ¢, € .F(M) by F*:= YN %, so that
F*[f] = F[f], as proved in Lemma .

We denote by ¢ (M) the set of elements in . (M) satisfying F[En f] =0
for all f € C§°(M). This will turn out to be the ideal of the Klein-Gordon
operator Pyy, in the sense that it is the two-sided *-ideal generated by elements
Pyt € Z1(M); therefore, quotienting .Z (M) by _# (M) will have the effect
of reestablishing the field equation as in (3.7d).

Lemma 3.1.2. Let F = YN (t, € #(M) for some spacetime M, where
tn € F"(M) for eachn =0,1,...,N. Then we have the polarization result

(Ex®"t,) (21, ... 2,) = 0. (3.18)

Moreover, ¢ (M) is a two-sided x-ideal of F(M).

Proof. For any f € C5°(M) and x € R we have
N
0 = FlEa(if)] = 3 6t Enc ] (3.19)
n=0

Consequently t,,[Eps f] = 0 for each n, and so by , and using the fact that
for any g,g' € C3°(M) we have [, dz g(x)Epg' (z) = — [y de ¢ () Epg(z),
it follows that

(Er®"ta)[f] = (—=1)"ta[En f] = 0. (3.20)

But if also then follows that (Ea®*"t,)[f + xf'] = 0 for all f,f; if we
differentiate this equation with respect to x and evaluate at x = 0, we see

from the total symmetry of ¢, that

/Mm Aty (21, x0) (1) - f(@n) ' (2n) = 0. (3.21)

We may repeat this argument to see that in fact

/MM At (21, x0) o) - fulzn) =0 (3.22)
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for any fi,..., f, € C5°(M), and therefore Ey®"t, is identically zero.
From this we see that if F[Epf] =0 for all f € C3°(M), then

(WEN(F @ F')) [Emf] =0 (3.23)

for all f € C5°(M) and k > 0, and therefore (F x F')[Epf] = 0. Similarly

(F'x F)[Epmf] =0, and since F*[Epf] = F[Ep f] we also have F*[Ep f] =0
for all f € C5°(M). Therefore ¢ (M) is indeed a two-sided *-ideal. O

Definition 3.1.3. For a spacetime M € Loc, the algebra o/ (M) is defined
to be the quotient F(M)/ _7 (M).

The ideal # (M) generates an equivalence relation ~s; i.e. for any
F.F'e (M), F ~p F' if and only if ' — F' € # (M), or equivalently
FlEmf] = F'[Emf]forall f € C°(M). Forany F' € .% (M), the equivalence
class of F' under ~p; is denoted [F]ps; the elements of the algebra o/ (M)
constitute the set of equivalence classes [F|y with F € % (M).

Since this quotienting has the effect of once again establishing ([3.7d), it fol-
lows that <7 (M) is isomorphic to the algebra obtained from the quantization
procedure set out at the beginning of this section. Given any t € C5°(M ), the
field ®p(¢) is defined on the algebra o/ (M) by ®(t) := [@am(t)],,, where

em(W)f] =y det(x) f(z) for f e C*(M).

Definition 3.1.4. Consider a Loc-arrow v : M — N, and a functional
F =N t,e.Z(N), witht, € F*"(N). The pullback of F' by ¢ is defined

by
N

G =3 (FM) . (3.24)

n=0
Note that ¥* is only a partial function on F(N); since (M) is open in N
and therefore ¥*t,, is not compactly supported in general, we define V*F only
when supp(t,) € Y(M)™" for each n. This entails that (V*F)[f] = F[i.f]
when, f € C°(M). More generally, for f € C*°(M) we have (*F)[f] = F[f]
whenever f € C®(N) satisfies v*f = f.
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We also denote the pushforward of F € # (M) by . F € % (N), where

n

s (ﬁ%ta = (W)t (3.25)

n=0

for all f € C=(N); it follows that (v, F)[f] = F[¢*f].

Lemma 3.1.5. Let ¢ : M — N be an arrow in Loc. Then ¢, : (M) —
Z(N) is an arrow in Alg, and ¢¥* : F(N) — F (M) is an injective partial
x-homomorphism, i.e. has the properties of an Alg-arrow when restricted to

its domain of definition.

Proof. It (¢ F)[f] = 0 for all f € C*°(N) then F[*f] = 0 for all such f,

and therefore F' = 0; therefore 1, is injective. 1, respects the involution

because (V. F)*[f] = (V. F)[f] = F[¢* f] = (. F*)[f]. Moreover, entails
that En o (¢, ®1,) = (s @ 1)4) 0 Epy; it is then easy to see that i, (F * F') =

Yo ' x 1), F" as required. Linearity is obvious, so 1, is a homomorphism and

consequently an arrow in Alg.
Since the domain of ¥* is precisely the range of 1., and ¢* o 1), = 17 (ar),
it follows that ¢* is the inverse of v, considered as a map into ¢, (F(M)).

Therefore 1* must be an injective *-homomorphism on its domain. [

3.1.2 The locally covariant scalar field theory

While the arrows of the theory were not constructed explicitly in [9], never-
theless the construction of o7 (M) is equivalent to the standard method, and
so it is trivial to use the equivalence to construct < (1)) for a given Loc-arrow
¥ : M — N. We first define the map % (¢)) : #(M) — % () to be given
by the pushforward v, defined above, so that #(¢)F := F o*. We have
already shown that this map is an arrow in Alg, and it is easy to see that

F : Loc — Alg is a covariant functor. Moreover, we have the following result:

Lemma 3.1.6. Let M, N € Loc, and ) : M — N be a Loc-arrow. Then, for
any F, F' € F(M) we have F ~pr F' if and only if F()F ~n F (V) F'.
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This is a special case of Lemma [3.2.6 so we will not prove it here. We

proceed to define the map

A () (M) — o/ (N)
[Fla = [F (@) FN- (3.26)

Lemma 3.1.7. The map </ () is a well defined injective x-homomorphism,

and </ : Loc — Alg is a covariant functor.

Proof. </ (1) is injective and well-defined owing to Lemma [3.1.6] and inherits
both the *-homomorphism property and functoriality from .7 (). O

A consequence of this is that the transformation [ -] : . % — & that maps
F e %(M) to [F]a is natural.

Lemma 3.1.8. Let ¢ : M — N in Loc. Then A € o7 (¢)(«/(M)) if and only
if every F' € F(N) with A = [F|n satisfies F[Enf] = FI0] for all f € C§°(N)
such that supp(f) N In(Y(M)) = 0. Moreover, the theory <f is causal.

Proof. Note that o/ (1)(</(M)) comprises elements A € </ (N) that can
be represented by some F' = 1,(.%#(M)). But these are precisely those
F =N t, for which supp(t,) C (M)*" forn > 1, and so F € ¥, (.F(M))
if and only if F[f] = F[0] for all f € C5°(N) with supp(f) Ny (M) = 0.

Since F' ~n F if and only if F[ENf] = F'[Enf] for all f € C§°(N),
it follows that F' represents an element of <7 (¢)(«/(M)) if and only if
F[Enf] = F[0] for all f € C5°(N) with supp(f) N Jnx(y¥(M)) = 0.

Now suppose that M, and M, are spacetimes embedded in N by Loc-
arrows 1y, 1y respectively, and that 11 (M) and (M 5) are causally disjoint
in N. It follows that if A; € o7 (¢;)(</(M;)), i = 1,2, we may pick Fy, F, €
Z (N) such that [Fj|y = A;, and that the n'" component of F} is supported
in ¢;(M;)*". It is then clear from (3.13),(3.14) that (F = F")[f] = F[f]F'[f]
for any f € C§°(N). It follows that [A;, Ay] = 0, and therefore the theory is

causal. O

As a final note on this construction, we remark that while its main

advantage is the immediate extension to the theory containing the Wick
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polynomials as described in the following section, it also has an additional
advantage over the standard construction; namely, that it is easy to work
with arbitrary elements of the algebra .7 (M) rather than the generators only.
In particular, this makes it easy to compute the relative Cauchy evolution of

an arbitrary element, which will be useful when we prove dynamical locality.

3.2 The enlarged algebra of Wick polynomi-

als

The construction of the Klein-Gordon theory can be extended as in [9] and
[14] to a larger theory containing the Wick polynomials. The general aim is
to include in the algebras of functionals previously denoted .# (M) a greater
range of distributions, including (but not limited to) elements representing
smearings of covariantly constructed fields corresponding to normal ordered

Wick powers of the field ®. The following description directly follows [9].

3.2.1 The fundamental solution and Klein-Gordon op-

erator on distributions

We first need to establish the behaviour of the fundamental solution Ej
and the Klein-Gordon operator Pp; on distributions. For a distribution
t € D'(M) (resp. E&'(M), i.e. compactly supported distributions), and
arbitrary f € C5°(M) (resp. C*(M)), we simply define

(Put, f) = (t, Puf) . (3.27)

Since Ppy is a formally self-adjoint linear differential operator, the restriction
of the map Py : D'(M) — D'(M) to C*°(M) is compatible with the previous
definition of Py on smooth functions.

Now, analogously to the case for smooth functions, we wish to construct
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maps Eyy : £ (M) — D'(M) satisfying

Ea Pyt =t = Py Eist (3.28a)
supp(Enzt) C Jaz(supp(t)). (3.28b)
We therefore let Exyt := (Ej;)'t: this expression is clearly a well-defined

element of D'(M) for any t € £'(M), and this definition ensures that
is satisfied. Moreover, we may see that is satisfied by noting that for
any t € &'(M), f € C°(M), we have Jy;(supp(t)) Nsupp(f) = 0 if and only
if supp(t) N J3z(supp(f)) = 0.

Lemma 3.2.1. The operators By : (M) — D' (M) satisfying the conditions
in (3.28al), (3.28b]) are unique.

Proof. Suppose that G3; : £&(M) — D'(M) also satisfy these conditions.
Clearly Ej;PyGist = Efgt for any t € £ (M). However, for any = € M, as
supp(Gist) C Jiz(suppt), we can decompose Gt into a sum xYGit + (1 —
X)Gart, where x € C®(M) is identically 1 in J3;(z) and identically 0 to the
future of some Cauchy surface lying to the future of x. Consequently yGi,t
is compactly supported, and (1 — x)G3,t is supported strictly to the future

of z, and so

(Ear PuGirt) (@) = X(2)(G37)(x) + ExgPar (1 = X)Gigt) () = Gigt(a).

(3.29)
Therefore Ef;t = Ef; PyGiit = Git. Similarly Eyt = Ggt, and therefore
% are unique. [l

We know that the corresponding maps Ei; : C°(M) — C*°(M) are also
unique, so the restrictions of Ey; to C3°(M) must coincide with Ei;. As
before, we let Epy := Ey; — Efy, and therefore Epy = —(Ep)’, as would be
expected from the relation . From now on, we will drop the bar from
the notation and simply write E§t for a distribution ¢ € &'(M).
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3.2.2 The enlarged algebra of functionals

Recall that for any spacetime M, the algebra of functionals .% (M) consists
of elements of the form F = Y-V  t,, with each ¢, € .Z"(M) being a finite
sum of finite products of test functions of one variable. We wish to include
a much wider range of allowed distributions into the new theory #, but we
must apply enough restrictions to ensure that the resulting expressions are
well defined. Again, the construction of the following algebras closely follows
[9]. We might naively assume that we can use the same product as defined in
for distributions, but this is not the case. For example, consider two
elements ¢,t € F!(M); recall from that for any f € C>(M),

)] = [ dwdyt@ ) (7@ ) + 5 Euen); (630

again, for t € £&'(M™") we use the notation

tf] = (¢, o) = /MM A"V t(w, .. ) f(@) - fln), (3.31)

so for any f € C5°(M) we have t[Epf] = (—1)"(Ea®"t)[f]. When t and ¢/
are test functions the second term on the right hand side of is well
defined, but pointwise products of distributions are not always so, and we
require both a condition on the existence of such pointwise products and a
deformation of the product to ensure that all the expressions are well defined.
The solution is given in [9]: we can find a suitable condition for existence of
pointwise products in [38], relying on the wavefront sets of the distributions

concerned.

Definition 3.2.2. Let u be a distribution in D'(M*") (resp. E'(M*"™)). A
pair (x, k) € T*(M™") is a regular direction for u if there exists a smooth
function ¢ € C(M*™) with ¢(x) # 0, a conic neighbourhood V- of k and
a sequence of constants (Cn)nen such that the localized Fourier transform

(i.e. the transform as computed locally in some local coordinates, the choice
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of which does not affect reqularity) of the pointwise product ¢pu satisfies

<O (3.32)

— k/

for all k' € V and N € N.
The wavefront set of u, denoted W F(u) is the set of all (x, k) € T*(M*")

with k # 0 that are not regular directions for u.

Lemma 3.2.3 (Hormander’s criterion). Ift and t' are distributions, then the

pointwise product t(x)t'(x) is a well-defined distribution if the set
{(x,k +K): (x, k) € WF(t), (z,k') e WF(t')} (3.33)

contains no element of the form (x,0).

It is well known (see e.g. [23]) that the wavefront set of the bidistribution
En(z,y) satisfies

WEEM) € U (Vigo X Vi) U Vi X Vi), (334)

r,yeM
Ty

where Vﬂj};x C TZ M is the forward/backward light cone at z, excluding zero,
and x <> y indicates that  and y coincide or are connected by a null geodesic.
We denote by Vy; the union U,eps Vag,,- We then define for n > 1 (cf. [14])

T"(M) = {t € &(M*") : t totally symmetric,
WF(t) N (Va) U (V) *m =0} (3.35)

As before we also define 7°(M) = C. Such a definition ensures that the
expression [y« dr dyt(z)t' (y)Ep(z,y) for t, ¢’ € T1(M) is well defined (and

more generally, that

[ dmidytae. z)t () By, y) (3.36)

for t, € I"(M), t € (M) is always a well defined element of 7"~ }(M)).

49



3. LOCALLY COVARIANT SCALAR FIELD THEORIES

Analogously to the previous case, we wish to define an algebra .7 (M) com-

prising elements of the form

T=>"t, (3.37)
n=0

with ¢, € I™(M), so that at the level of vector spaces we have . (M) =
0 T™"(M). For any f € C*(M) and T of the above form we define the
functional derivative T7(*)[f] in the same way as detailed in (3.11]) and (3.12).
It may be shown using [38, Thm. 8.2.12] that the functional derivative T®*)[f]

is an element of J*(M).

It is shown in [I4] that for any ¢t € ™ (M), the wavefront set of

(Eap)it == 19" @ By @ 197 F¢ (3.38)

has the property that W F((Ex;)xt) N (Va;)*m U (V) *™ = (). Since differential
operators and multiplication by smooth functions cannot enlarge the wavefront
set of a distribution, it follows that any element of &'(M ™) which is obtained
via application of any such operators and (E3;); on an element of .7 (M)
must itself be an element of .7"(M).

Unfortunately, the restriction on elements of .7"(M) alone does not solve
the problem of ill-defined distributions. Note that for any g € C5°(M), the
distribution to(z,y) = g(x)d(x — y) has empty wavefront set, and is therefore

an element of 72?(M); however

(bxt)lf] = [ dvdyt(@)t(y) (f<x>2f<y>2 + 2B (2, ) f(2)g ()

— 1EM(x,y)2>, (3.39)

2
and the distribution Eps(x,y)? is ill-defined since it does not obey Hérman-
der’s criterion. A solution to this problem is given in [9]: on each spacetime
M. it is possible to find a real symmetric ‘Hadamardﬁ bidistribution H which

3The terminology here relates to the Hadamard condition on states w of the algebra
&/ (M), which is shown in [52] to be equivalent to the microlocal spectrum condition, that
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satisfies the property
WF(Ey +2iH) = WFE(Ep) N (Var X Vi) (3.40)

There is no canonical choice for such an H on a spacetime M € Loc, but for
any pair H, H' of possible candidates, the difference H — H’ is smooth [9,
Theorem 6]. For reasons that will become clear, we also demand that H be a

bisolution; in other words, that
H(Puf, f') =0=H(f, Puf’) (3.41)

for all f, f' € C3°(M). We denote by (M) the set of all possible such H
on a spacetime M.

The k-fold pointwise product (Eys + 2iH)* is well defined for any k > 1
and H € (M), and consequently we define a new product xy that acts on

distributions as
Toy T = pexp (;‘ZM;H> (T®T), (3.42)

where in exact analogue to the x product we define, for ¢,, € ™ (M) and

t, € I"(M),

Z:M,H(th ® tn)(‘rl) o Tm—1,Y1, - - - 7y'rl—1)
= mn /sz 422 (Eng(21, 22) + 20H (21, 20))tm (21, 2)tn (22, 7),  (3.43)

with Eprp(a,T) = 0 = Eprp(T, ) for « € T°(M). We then denote by
Ty (M) the algebra whose underlying vector space is @5, 7" (M), with
product xy. We may again write

min(O(T),0(T")) -k

Txy T = M%;H(T T, (3.44)
k=0 :

states that the wavefront set of the 2-point function satisfies W F (w2) C V3 x V;; (other
axioms imply that WF(ws) is also in fact a subset of WF(Eps)). We do not, however,
require H to be the 2-point function of a state.
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and associativity may be shown with an exactly analogous argument to that in
Lemma [B.1] Addition and involution on 7 (M) are again given by addition
and complex conjugation of distributions respectively.

The canonical embedding of C§°(M) in £'(M) induces an embedding
tg » F(M) — Ty(M). For any H € (M), there is an Alg-arrow Ay :
F (M) — Ty(M) defined by

1
A = Ly €xp (—277H> , (3.45)

where ny : F(M) — F (M) is defined for ¢, € F" (M), n > 2, by

N (ty)(x1, ..., Th_2) :==n(n—1) /MXQ Hy1, y2)tn(y1, Y2, 1, - - ., Tpa),
(3.46)
with ng|zoauzi () = 0. Note that every element of . (M) is therefore
annihilated by a sufficiently high power of 1y, so there are no convergence
issues with ; we may alternatively Writeﬂ

LO(T)/2] (_1)k i
(AaT)[f] = Z WLHUH(T) (3.47)

Then Ay is an arrow in Alg, i.e. an injective unit-preserving *-homomorphism;
this result is proved in Lemma We may also show that the choice of H
does not affect the algebra, in the sense that for any pair H, H' € (M),
the algebras (M) and g (M) are isomorphic [9]. We define the map
Mgt Ta(M) — Ty (M) by

o/l )
)\H,H’T = I;) 2Tk:!bH7H’(T]H — 77H/) (T), (348)

where vy 1 Tu(M) — Tp(M) is the identity map on the underlying
vector spaces of Ty (M) and J (M), which are equal. Note that ng — ngr,
defined according to (3.46)), is well defined on elements of Ty (M) ® Tx(M)

because as already mentioned, the difference H — H' is smooth. Again, we

4Note the missing factor of 2% from (3.45)), (3.48) in [, 24].
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may write
1
/\H,H’ e LH,H’ eXp (Q(nH — TIH’)) ’ (349)

since ny and ng themselves commute on their domain of definition we may

alternatively write this as

1 1
AH,H' = LH,H XD (277H> €xp (—277H/> ) (3.50)

where the exponentiated operators are defined as formal series only (ny is
not well defined, on its own, on Iy (M)). It is clear that if we suppress the
embedding maps, it holds formally in terms of the defining expressions for
Ay that

N = A Ay (3.51)

Lemma 3.2.4. The maps Ag g are x-isomorphisms in Alg, and

)\H,H = 1d9H(]W)7 /\H,H’ = )‘;I},HJ AH’,H” © )\H,H’ - )‘H,H” (352)

forany H H' H" € 7 (M).

Proof. The relations in (3.52)) are evident from (3.51)); the *-homomorphism
property may be deduced using an identical argument to that in Lemma

and the existence of an inverse guarantees that Ay g is an isomorphism. [

Notice in particular that the collection (Ag /) m,mcr(a) is a cocycle, and
each Ay g is unambiguously defined (unlike the spin cocycles introduced in
Section .

In exactly the same way that the set # (M) is an ideal for # (M), it

also holds that the analogous set
F (M) ={T € Fy(M): T[Epf] =0 forall f € CF(M)} (3.53)

(which is independent of the choice of H € (M) is an ideal for T (M)[]

We therefore define the algebra #y (M) = Iy(M)/ _# (M). Since the equiv-

5This only holds if H is a bisolution; this introduces certain problems with the con-
struction of covariant fields, which will be discussed below.
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alence class of an element 7' € J (M) does not depend on H, we will denote
it unambiguously by [T]as, and if T —T" € jv(M ) we will write T ~ps T" as
before. It follows from (3.41)) that T ~ps 7" if and only if Ay g'T ~pr AT,

so the isomorphism

M= W (M) = Wi (M)
[T = P T (3.54)

is well defined. We also note that the reasoning used to prove Lemma [3.1.2
can be similarly used to show the corresponding result; that if T € J5 (M)
can be written T = >N ¢, with ¢, € Z"(M) for each n, then T € _# (M)
if and only if £y = 0 and

Ey®'t, =0 (3.55)

forallm=1,..., N.

Since there is no preferred method of uniquely specifying some H € ¢ (M)
for each spacetime M, the above construction does not constitute a locally
covariant theory, as we have not yet defined a unique algebra for each M.
We therefore wish to construct an algebra # (M) which is independent of
the choice of H. Again following [9], we do this by letting # (M) comprise
families of elements indexed by choice of H € (M), as follows:

W (M) = {(Wi)uermn : AamWe = Wi for all H H' € (M)}

(3.56)
Given W = (Wx)uewma), W = Wg)uew(my, we define (W + W)y =
Wy +Wh, (WxWhg =Wg*g Wi and (W*)y = W};. These operations are
clearly consistent with the compatibility condition by w.aWg = Wy Since
this condition also ensures that each family W = (Wx) e € # (M) is
completely defined by any single entry Wy, it follows that # (M) = #y(M)
for any H € 77 (M); in fact, it may easily be seen that the map W +— Wy is

an arrow in Alg for each H.
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3.2.3 The locally covariant theory of the enlarged al-
gebra of Wick polynomials

The construction of the arrows of the enlarged theory is not given in [9]; there
are a number of slight subtleties involved, so we will give a full description
here. We use the same definitions as in ([3.24) and for the pullback ¥* :
T™"(N) — T"(M) and push-forward ¢, : I"(M) — T"(M) given a Loc-
arrow ¢ : M — N; again, the pullback is defined as a partial function whose
domain coincides with the image of ¥,. There are, however, slight impediments
to defining the pullback and push-forward directly on the algebras Iy (M),
due to the requirement that some H be chosen on each spacetime. We may also
extend the definitions (3.24)) and (3.25) to (total) maps ¢* : D'(N) — D'(M)
and ¥, : &'(M) — E'(N). Note that is then equivalent to ¥*En = Ejpr.

Lemma 3.2.5. Let ¢ : M — N be an arrow in Loc. Then for any H €
H(N), we have V*H € 7 (M).

Proof. We have WF(¢*t) C ¢*WF(t) for any smooth ¢ : M — N and
distribution ¢ on N [37, Theorem 2.5.11']. It is a clear consequence that we
have equality whenever ¢ is a local diffeomorphism; this entails that when
¥ : M — N is an arrow in Loc, we have WF (¢*T) = *W F(T) for any
T € D'(N*"). Therefore

WF(Eny + 2" H) = WF@*(Ex + 2iH))
— *WF(Ey + 2iH)
= WF(Ey) 0 (Vi x Vap). (3.57)

Moreover, if H(Pn f, f') =0 for all f, f' € C§°(IN), it follows that
U H(Pnf, f') = H(PnU.f . f') =0 (3.58)

for all f, f" € C§°(M). Therefore v*H € 7 (M). O

Note that for any Loc-arrow ¢ : M — N, we also have WF(¢,U) =
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VWEQU) for U € &'(M*™)F

Now, for any H € ' (N) we define J (1) to be a map from F-y (M)
to J(IN) with the same action as 1.; i.e. for any >, € F- (M) such
that t, € I"(M), we define Ty (V)T := XN 4,t,. Since t, is compactly
supported for each n > 1, we have W F(¢,t,,) = v, W F(t,,). Thus Ty (¢)T is
an element of 7 (IN) as required. An alternative and equivalent definition is
given by

(Fu()T)f]1 =T f]. (3.59)
It is easy to see that J (1)) is then a *-monomorphism.

Lemma 3.2.6. Let M, N be objects in Loc with H € 7 (N), and let v :
M — N be a Loc-arrow. Then, for any T,T" € Ty (M) it holds that
T ~p T if and only if Ty (V)T ~n T (V)T".

Proof. If Ty (V)T ~n Tu(¢)T" then for every g € C3°(N) we have

(Tu(Y)T)[Eng] = (%HW)T/)[ENQ]- (3.60)

Now, for every f € C§°(M) it holds that Enf = ¢*Ent.f; since ¥, f €
C°(N), it follows that

TEmf] = (Ta()T)En.f] = (Ta()T)[Ent.f] = T'[Epf]. - (3.61)

Therefore T ~pr T".

Now suppose that T~y T". Since O(T'), O(T") are finite, it follows that
there is a compact region K C M with the property that the support of the n'®
components of both 7" and 7" lie within K*" for 1 < n < max(O(T),O(T")).
Let >y be a Cauchy surface for M, and consider the intersection S =
Jm(K) N Xy for any classical solution Enf, f € C5°(IN), it will always
be possible to pick a smooth pair of functions (s, 7¢) on ¥ps which are
compactly supported and coincide with the Cauchy data for ¥*Enf on S

(even if ¢ (3ps) cannot be extended to a Cauchy surface for V). But since

5We require compact support of U here; if U € D’'(M), then we might not have equality,
although (x1,...,xn;k1,...,kn) € WE @, U) \ . WF(U) only if x5, € 0(¢p(M)) for each
k.
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(pf,my) are compactly supported they provide data for a solution Eyrg, for
some g € C§°(M). It then holds that Eprg must coincide with ¢*En f on
the domain of determinacy of S; since this region contains K, it holds that
(Emg)lxk = W*ENf)|k. It follows that

(Tu(W)T)ENfl = (Tu()T)[Engl = TEmg]
=T'Emgl = (Tu()T)[VuEmgl = (Tu(Q)T')[Enf]. (3.62)

Since the choice of f € C§°(IN) was arbitrary, we conclude that Ty ()T ~n
T ()T O

Definition 3.2.7. Let ¢y : M — N be an arrow in Loc, and H € 5 (N).
We define

Wi () : Wyt (M) — Wi (N)
[Tas = [Tu (V)T - (3.63)

This is a well defined Alg-arrow, due to the previous lemma and the fact that
T () is also an arrow in Alg. We also define the map # (V) : W (M) —

W (N) by
(W (V)W) = Wi ()W, (3.64)

where H € €(N).

Lemma 3.2.8. The definition (3.64]) is consistent with the compatibility
condition on W (M) and # (N), and # : Loc — Alg is a covariant functor.

Proof. First, we must show that for any pair H, H € 5 (N), we have
A (W (W) = (W (W)W, U W = (Wy)pewary € # (M) with
Wy = [Ty|um, then

A (W (WOW) i = A [T (0) TN = PN T (O) Tyl (3.65)

On the other hand, (# (V)W) = [T (¥) A\, Ty 1| v, 80 we need only
show that Ay g o Ty () = T (¢) o Ap=my=nv; this is easy to see once we
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note that (ng — nur)(Yutyn) = Yu((My+rr — Nymr)(tn)) which is clear from the
definition (3.46)).

Moving to functoriality of #, it is trivial to show that for any spacetime
M, we have # (idpr) = idy (). It remains to show that for any Loc-arrows
Uy L — M, 9 : M — N, it holds that # (19) o # (1) = # (12 0 ¢y). For
any T' € Jyryzn(L) and H € (N ), we have

T (Y2) Tysu (01)T =T o py 0 by = Ty (a0 )T (3.66)

The desired result follows by (3.63)), (3.64)). O

The covariant functor # is thus a locally covariant theory which represents
the extended algebra of Wick polynomials. We also have the corresponding
result to Lemma [3.1.8;

Lemma 3.2.9. Let ¢ : M — N in Loc. Then W € # (¢¥)(# (M)) if and
only if any T € Ty(N) satisfying Wy = [T|n for some H € 5(N) has
the property that T[Enf] = T[0] for every f € C3°(N) such that supp(f) N
IN(Y(M)) = 0. Moreover, the theory # is causal.

Proof. W € # (¢)(# (N)) if and only if we have Wy € Wy (¢)(Wpu(M))
for some (and consequently every) H € J#(N); the required results then

follow using an analogous argument to that given in the proof of Lemma

B.I18 O

3.3 Locally covariant Wick powers

We will now discuss the construction of the local Wick powers of the field
® in a locally covariant way. This has already been done in [36, [46], albeit
with a different construction of the extended algebras # (M). For a given
Y : M — N in Loc, recall that C§° : Loc = Vectc may be regarded as a
covariant functor if we let C3°(¢) := .. It is then easy to see that the

transformation ¢ : C§° — F given by

om(t): f— /M dxt(x)f(x) (3.67)
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is natural; consequently @ : C§° — o given by ®pr(t) := [par(t)]ar is also
natural, since it is the composition of ¢ with the natural transformation |- ].
We therefore have a locally covariant field ® that generates the algebra o/ (M)
on a given spacetime M. We may similarly define a locally covariant field
on #, although this is slightly more complicated due to the construction of

Firstly, note that for any H,H' € J¢(M), the restriction of Ay g
to J1(M) acts as the identity map. If ¢ € (M), we therefore have
(W) aewny € # (M) when Wy = [t]p for all H. Recall that .# (M) has a
canonical embedding ¢y into Ty (M), and therefore ey (t) € Tu(M) for
any t € C°(M) and H € s (M). We define @y, : C°(M) — # (M) by
(®ar(t)) i == [Larar(t)]as for each H; it is then easy to see that @ : C° — #/
is a locally covariant field.

However, we may define further locally covariant fields on # that cor-
respond to the traditional Wick powers of ®. Given a spacetime M, the
Wick powers of the field @y, involve in their construction a specific choice of
Hadamard bidistribution satisfying the wavefront set condition . As a
first attempt, we use a bisolution H € (M) in the construction (although
as we will see, this is not sufficient for local covariance); it turns out that for
any t € C°(M) and n > 2, the H-normal ordered Wick power : &%, (t) 1
corresponds in the algebra #5 (M) to the equivalence class [: % (¢) :m]nr,
where 1@ (t) g € Tg(M) is defined by

PhaO)n ()= [ dot(@)(F)"
_ /M A t(22)0(1, - ) (1) - f (). (3.68)

However, there is of course no requirement that the distribution used to
construct the Wick power must coincide with the bisolution used to construct
the algebra; by , the Wick power &D’M(t) :g must correspond in the
algebra # (M) to Mg (0% () ulm) = Mm@l (t) ], We denote

c o () = A @y () g In the case of the Wick square, for example,
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we may calculate explicitly

(oae(®):mm)[f] = /M dx dyt(x)o(z, y) (f(x)f(y) + H(z,y) — H'(z,y)).
(3.69)
In [36], it was observed that any definition of the Wick square of this type
will conflict with local covariance. We find the same limitation here; using a
bisolution for the construction requires a specific choice H s for each spacetime,
and for any Loc-arrow ¢ : M — N it holds that

(PN (Vut) iy — W () 1 () 2y = Dy ()L, (3.70)

where
Dy(t) = /M da t(x) (4" Hy) (2,2) — Hy(x, 7)) (3.71)

Naturality then requires that ¢*Hy = Hjs (at least on the diagonal); it
was shown in [36] that it is not possible to satisfy this simultaneously for all
possible ¢y, M and N.

The solution, suggested by Bernard Kay and detailed in [36], is to use a
covariantly constructed Hadamard parametriz which we denote HYy; . This
is a particular bidistribution satisfying , defined uniquely up to an
arbitrary length scale (which is fixed and constant over all spacetimes),lz] but
which is not a bisolution (so not an element of J#(M)). In non-analytic
spacetimes M, this parametrix can only be defined in a neighbourhood of
the diagonal Ay(M), where A, (M) = {(z,...,z) :x € M} C M™". In
our setting, the construction runs as follows: for any H, H' € (M), we
may regard : ¢}, (t) ;g g simply as a formal expression in H, H" and ¢, and
then replace every instance of H by H}; . This process yields an expression
t @ (t) tpgper g which turns out to be a well-defined element of T/ (M);
the restrictions in defining H}; are not problematic since the distribution
t(z1)0(x1,...,x,) has support contained in A, (M).

Having fixed the arbitrary length scale, we then define the field é’j/[ :

"Note that the reliance of the definition of H};" on the value of a universal length scale
introduces a renormalization ambiguity that cannot be resolved in the setting of locally
covariant QFT. For more details, see [63] [62].
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Co (M) — #/ (M) by (P4 (1) g = [: @l (t) tpeer | v since the covariance

condition ¥*Hyy' = HY" can be satisfied in a suitable neighbourhood of

Ay(N) simultaneously for all N, M and ¢ : M — N [30], it follows that
this construction is locally covariant. However, note that the algebra %' (M)
is not generated by ®%(t) for t € C3®(M) and n > 1; for example, for
any vector field v € T°(TM) and smooth ¢t € F!'(M), the functional

T(f) = Jppededy7(z,y)f(x)f(y) where
T(z,y) = t(z)((1 ® V2)6)(x, y) (3.72)

is an element of 7%(M), yet cannot be expressed as a finite sum of products

of @ and its Wick powers.

3.4 Spaces of smooth functions on spacetimes

Before we consider the timeslice axiom and dynamical locality of the two

theories, we discuss the following spaces of smooth functions on M, in addition

to C§°(M) and C*(M). We define

CP(M)={feC®M):supp(f) C Jyu(K) for some compact K C M},
C (M) = {f € C*(M) : supp(f) C J3;(K) for some compact K C M}.
(3.73)

We also introduce the following notation for the canonical embeddings

o+ C°(M) — ;Oi(M)
L ;’Oi(M) — C*(M)
Lsoo : O (M) — C*(M).

)
9

(3.74)

We wish to demonstrate that there exist continuous maps Ef,‘, O (M) —
C(M) that satisfy E3 = Lsoo O Ly O Ejj@[ As it is clear that for any
f € C°(M), the function E3;f lies within the range of ¢4 © 4, We may

unambiguously let Ery = (1500 0 t+) "' 0 Exy.
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To establish continuity we must first define the topologies on each of these
spaces of functions. The spaces C*°(M) and C§°(M) can be constructed as
convex topological spaces, following [64], 54]. A compact exhausting sequence
for M is a sequence (K,),eny of compact submanifolds of M such that
K, C lo(nﬂ for each n, and for every point p € M there exists N € N such
that p € K, for all n > N. Any space of smooth functions on a smooth
manifold can be endowed with the C* topology; we do not need to go into
details here, except to say that the topology on C*°(M) is generated by
seminorms pg,, k, k,n € N, where (K,),en is a compact exhausting sequence
for M, and pg, 1(f) is given by the supremum over K, of the norms of all
covariant derivatives of f of order no greater than k (using a Riemannian
metric to induce the norms of the derivatives). The C'* topology on a space
of smooth functions on M is then defined as the subspace topology induced
from C>*°(M).

The topology of C§°(M ), on the other hand, is constructed as an inductive
limit of the topological spaces CF (M) (that is, the finest topology such
that each embedding ¢, : O (M) — C§°(M) is continuous), where (K,)nen
is again a compact exhausting sequence for M, and C¢(M) is the space
{f € C°(M) : supp(f) C K} endowed with the C* topology. Now, for
any inductive limit X of locally convex spaces (X,,)nen, and locally convex
space Y, a map T : X — Y is continuous if and only if each restriction
T|x, : Xy — Y is continuous [54, Theorem V.16]. Since the space CF (M)
inherits the subspace topology induced from C*(M), it follows that the
embedding C§°(M) — C*(M) is continuous.

For a given spacetime M € Loc we wish to endow C¢°(M) and Cg% (M)
with topologies in a similar way to that given for C§°(M) in [64] [54]; starting
with a compact exhausting sequence (K, ),en for M, we consider the topo-
logical spaces C7; i) (M) and Cf%( Kn)(M ) defined analogously to C% (M),
and let C°(M) and C% (M) be the inductive limit of C3 g, /(M) and

%(Kn)(M) respectively as n — co. We then have:
Lemma 3.4.1. Let M € Loc. The embeddings 1o+ : Cg°(M) — CL (M),
tis: O34 (M) — CF(M) and s : CF(M) — C*°(M) are all continuous

in the relevant topologies.
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Proof. For the sake of readable notation, we denote X,, = C% (M), Y,;* =

%(Kn)(M) and Z, = CF g, ,(M). First, we consider ¢;: for any n € N,
the space Z,, is endowed with the subspace topology induced from C*°(M),
so the embedding must be continuous; therefore t5 0|z, : Z, — C*(M)
is continuous for all n, which is sufficient for continuity of ¢, .. Now, for
each n we may factorise ¢4 |y, as the composition of the embeddings of
Y* — Z, and Z, — C®(M); the former is continuous as Y has the
subspace topology induced from Z,,, and the latter is continuous by definition
of C°(M). Therefore ¢4 4 is continuous. Similarly, we may factorise ¢o 4 |x,
as the composition of the embeddings of X,, < Y;* and Y — O (M),

both of which are continuous. Therefore ¢( 1 is continuous. O

This also allows us to prove:
Lemma 3.4.2. The maps By : C°(M) — o5 (M) are continuous.

Proof. We recall that if a topological space Y is endowed with the subspace
topology from a space Z, and the embedding is denoted ¢ : Y — Z, then
amap T : X — Y is continuous if and only if ¢ o T" is continuous. We
note that X,, = CF (M) has the subspace topology induced from C*(M);
since By : C°(M) — C>=(M) is continuous, it follows that the restrictions
Eilx, : X, — C>®(M) are all continuous. Denoting the canonical embedding
by by : Xp < C®(M), it is clear that we may factorise Exy|x, = tn 0 Eaflx,,

so each E3;|x, is continuous. Therefore F3; is continuous. ]

We define

Ey : C(M) — C(M)
fr vo(Eprf) = v (B £), (3.75)

which is clearly continuous; we also define Ey; : (C®(M)) — D'(M) by
Ey = —(EM)’ . The map Pj; may be considered to act on elements of
C(M) and Cg5 (M) in the obvious way, from which we see that strictly
speaking PMEJT,If =4 = E’Jj\}PMf for any f € C§°(M).

We say that a distribution ¢ € D'(M™") is time-compact if there ex-
ist spacelike Cauchy surfaces ¥* C M such that supp(t) C (J3(ZT) N
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Jur (7)™, Note that the action of a time-compact distribution ¢ is well-
defined on f € C°(M™"), since the intersection supp(t) Nsupp(f) is compact.
Therefore any time-compact distribution can be considered to be an element of
(C(M™™))'. We also say that a distribution ¢ is future-compact if there exists
a Cauchy surface ¥ C M such that supp(t) C (J3;(X2))*", and past-compact
if there exists a Cauchy surface ¥ C M such that supp(t) C (J3;(X))*". We
may similarly see that a future-/past-compact distribution can be considered
to be an element of (C3%L(M™"))".

We now state the following result, which will be important later:

Lemma 3.4.3. Let u € D'(M), with u[Ppf] =0 for all f € C§°(M). Then
there exists a distribution t € (C2°(M))' such that u = Ept.

Before we prove this, we give a useful definition:

Definition 3.4.4. Let M be an object of Loc. A Cauchy partition for M
is a triple (X224, ¥t ) where X2V qre disjoint Cauchy surfaces for M
such that X C J(3*Y), and where x € C®(M) satisfies x(x) = 0 for
x € J§H(3r) and x(x) =1 for x € J(¥*¥). A Cauchy partition function
(c.p.f.) is such a x € C*°(M) that arises as part of a Cauchy partition.

Figure 5: Diagram of a Cauchy partition

Proof of Lemma [3.7.3. Let (X24v et yadv) he a Cauchy partition for M,
and denote ™' = 1 — x*¥¥. Now, let 7 € C*°(M) be time-compact, and de-
fined such that 7(z) = 1 for all # € J3;(32) N J3;(X7), where Y24/t ¢ M
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are further Cauchy surfaces disjoint from Y24/t with yadv/ret — yk (Sadv/ret)
(so that %24/ Jie within the region enclosed by $24¥/™)  We define the
map 75 : C°(M) — C§°(M) to be the action of pointwise multiplication
by 7. We also consider x*¥/™ . C°(M) — C$°(M) as defined by action
of multiplication. The operator Pys can be considered as an endomorphism
acting on any of the spaces of functions we defined above; we may similarly

consider it as an endomorphism on any of the dual spaces in question, by

(Pau, f) = (u, Paf). (3.76)

We may then show that u = Ep7/Pa(x*)u, as follows. Let f € CS°(M)
be arbitrary, then

(B, Par (") 1) [f] (3.77)
= —(rL P () w) [Ene f]
= (ML Pr (™) W) ey s B f1 = (TLPr (Y Y1) 1 s By f]
= ul}*" Pumats o Egg ] — ul* Payrot_ Epg f]. (3.78)

Since u[PMTSL,,sEJQ, f] = 0 by assumption, we may use ¥ = 1 — y*" to see
that

(EmmPu(C™)0)f] = ul Y Pyt B f] + ulX™ Pyt Ey f].
(3.79)

Now any g € €% (M) can be split into a sum of three smooth functions g_,
go and g, with the properties that supp(g+) C Ji7(3*%24¥) and supp(gy) C
Jar (35 N Jf(32Y). We may note that supp(g—) and supp(go) are both

compact, so we can consider gy and g_ as elements of C§°(M), whereupon

9= to+9- + o190 + g (3.80)

adv also shows

By construction, we have 7ty st0.+90 = go; the definition of x
that \*"Tyg_ = Tyg_ and x*®Thg, = 0 for any operators T} : C°(M) —

C5e(M), Ty : C5 (M) — C§°(M) such that supp(7;f) C supp(f) for all f,
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1 = 1,2. It follows directly from these that if we let g = E']\} f and split as
described, then

adv nEs
X'V PuTsty sEyr f
adv adv adv
=X PMTsLJr,sLO,Jrgf + X PMTsLJr,s[/O,JrgO + X PMTSL+,Sg+

= PMTsL+,sL0,+g* + XadVPMgU (3-81)

But f = (L07+)*1PME}4f = Pumgo + Pug- + (v0+) *Pumgs, so by the

adv

properties of xy**V we have

adv [+
XV PuTsty sEyr f

= Pumstystorg— + XV f = X"V Parg- — X (o) Prgs

= PM<7—s[/+,sL0,+ - 1)9* =+ Xade. (382)

Since u is a weak solution and (75t 504+ — 1)g— is compactly supported, we

have
ulX* Prrroty B f] = ulx* f). (3.83)

We may similarly conclude that u[y" Py7e_ (Erpf] = u[x**' f]. It follows

from (3.79)) that

(Erri Py (™) w)[f] = ulx*® f] + ulx™ f]
= u[f]. (3.84)

This proves the required result, and also gives us an explicit example of a
distribution ¢ € (C°(M))’ satisfying u = Ept. O

While we have been very careful with our definitions in this section, in the
following chapter we will not need to be so exact with our notation. Firstly, we
make the observation that since any multiplication operator u between spaces
of smooth functions is formally self-adjoint, it makes sense to write u't = ut
for a distribution ¢ and formally regard ut as the pointwise product of ¢ with
the underlying function p € C*°(M). We will particularly use this convention

when a distributional solution w is of the form u = Ept, where t € £'(M).
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Lemma m tells us that Eyt = EMT;PM(XadV)IEMt = EMTPMXadvEMt;
however, regarding x*¥ Epst as a pointwise product allows us to see that
in fact the distribution Pa;x*Y Epst must be supported within the region
Jar () N J37(224Y) where x*1¥ is non-constant, by the properties of Py
and Ejp. Moreover, the support of Pyx®VEpt lies within Jys(supp(t)),
which has compact intersection with J3;(3%) N J3;(£24Y), so the support of
Prx*¥ Eprt is compact. Since 7 = 1 everywhere within supp(Pasx* Ent),
we may suppress 7 and instead regard Py x* Epst itself as an element of
E'(M), writing

En Prr* Eyt = Epgt. (3.85)

Moreover PpEpt = 0 for any t € E'(M), so we also have

EMPMXretEMt = —EMt. (386)
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Chapter 4

Dynamical locality of scalar
field theories

In this chapter we will explore the concept of dynamical locality for the
theories defined in the previous chapter. In order to do so, we will provide
proofs that both theories obey the timeslice axiom; this is already known
to hold for both &7 [11] and # [14], albeit with different constructions; we
include proofs both for completeness and in order to obtain explicit expressions
for the inverse maps . (¢))~! and # (¢))~! when ¢ : M — N is a Cauchy
arrow. We will then give expressions for the relative Cauchy evolutions on
o/ (M) and # (M) induced by a given metric perturbation in H(M); this is
relatively straightforward for 7 but involves some subtleties for # due to
the underlying choices of bisolution H € 7 (M). Finally, we demonstrate
dynamical locality for the theory &7 in all cases and for the theory # in some

special cases.

4.1 The timeslice axiom

4.1.1 The scalar field theory

In order to compute the relative Cauchy evolution for either &7 or #, we
must first demonstrate that they obey the timeslice axiom. It is worth

asking first whether the theory .# obeys the timeslice axiom; since the
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4. DYNAMICAL LOCALITY OF SCALAR FIELD THEORIES

construction for .# contains no condition relating to the field equation, we
should not expect .# to obey the axiom, and indeed this is the case. Let
¥ : M — N be a Cauchy arrow in Loc, and suppose that (M) # N; then,
pick some nonzero t € #!(IN) whose support lies within N \ ¢)(M). Clearly
tlt] = [ydx|t(z)|> # 0, but as ¥*f = 0, we have (F(¢)F)[t] = 0 for all
F € #(M). Therefore .Z (1)) is not surjective, and consequently cannot be
invertible; hence .# does not satisfy the timeslice axiom.

To demonstrate that <7, on the other hand, does obey the timeslice axiom,
we use the following lemma, which is proved in [19] (and can also be seen to
be a consequence of Lemma see ) This is a standard result, but

given its importance we include a proof for the sake of completeness.

Lemma 4.1.1. Let x*¥ be a Cauchy partition function on M with x™* =
1— Xadv' Then PMXadv/retEMf c CgO(M)) fOT all f € C(c))o(]w')’ and

ExPux* Emf = Euf,
EMPMXretEMf = —EMf (41)

adv and ™' are constant

Proof. We deal with compact support first: as both x
outside some time-compact slice of M, the function Parx®3¥/™tEp f must be
identically zero outside this slice. Since its support is also contained within
Jy(supp(f)), which has compact intersection with a time-compact slice, we
must have P23/ By f € C°(M).

Now, fix f € C§5°(M), and let x be a second c.p.f. such that y(z) =1 for
all z € Jy;(supp(f)). Then both (x*¥" — x)(Enf) and xEj, f are compactly

supported, and are therefore annihilated by Fy;Pys. Consequently

ExvPux*™Eyxf = ExPuxEmf = ExPuxEyf
— EnPuEnf = Euf. (42)

The remaining equality is obtained by noting that Epy Pas(x*® + X" ) Epr f =
EmvPuEmf =0. O

Now, if we fix some Cauchy partition (324v, 3r¢t x2d¥) for M and define
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4. DYNAMICAL LOCALITY OF SCALAR FIELD THEORIES

Ct == Pyx*VEpt for t € FY(M), it follows directly that for any ¢, €
F"(M), n > 1, we have

supp(C¥™t,,) C (J37(ZY) N a7 (35)) ™ N supp(En®"'ty,). (4.3)

Clearly ¢®™ maps elements of .#"(M) to elements of .#"(M). We also note
that by Lemma [4.1.1] we have

D)™ (EamC) "t f]

(_
(=1)"Ep™"t[f]
= t[Emf] (4.4)

C"t[Emf] =

for any t € F"(M), n > 1 and f € C5°(M). It follows that if we define

we have ZF ~y F for all F € Z(M).
Lemma 4.1.2. The theory o obeys the timeslice axiom.

Proof. Suppose that ¢ : M — N is a Cauchy arrow in Loc. We will always
be able to find two disjoint Cauchy surfaces for N in )(M); we denote the
Cauchy surface to the past by X2V and the one to the future by ¥, and
define the operator Z as above using these Cauchy surfaces for the Cauchy
partition; it follows that for any F € .Z(N), the n'® component of ZF is
supported in (M )*" for each n > 1. We may then define

G(p) : F(N) — F(M)
F— *ZF. (4.6)

For any F' € .#(N) and f € C*(N), we have
(F ()G () F)f] = (FOWZF)[f] = (™ ZF)[f] = (ZF)[f],  (4.7)
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since the n'® component of ZF must be supported in (M )*". Therefore
F (W)Y (W)F = ZF. Now suppose that F' € . (M) and f € C*°(M); then,

(G (W) F (W) E) ] =G W) ()] = o Z ()] (4.8)

Writing F' = SN t,,, with t,, € #"(M), we have

N
VZ(F) =Y P ity (4.9)
n=0
But notice that for any t € (M), f € C5°(M), we have

(W Ct)[Emf] = (Pud* (C Entnt)) [En f]
= (Pu((*X* ) Emt))[Em f] = t{En f] (4.10)
by (4.4) and Lemma [4.1.1] We have therefore shown that Z ()4 (¢)F ~n F
for all F € #(N), and 4 (¢).F ()F ~p F for all '€ F(M).
Next, we observe that if F, F' € Z#(N) with F ~x F’, then we have

F(WW)G()F ~n F (V)9 (¢)F'; a simple consequence of this is that 4 () F
~yp 9 () F'. This means that the map

B(): o (N) — o/ (M)
[Fln = [9W) Flm (4.11)

is well defined, and we can conclude that #(¢) o &/(¢)) = idy(m), and
o/ (V) o B(¢) = idy(n). Therefore &7 (1)) is invertible, and so &/ obeys the

timeslice axiom. O

4.1.2 The enlarged algebra

We now proceed to the timeslice axiom for # ', adapting the proof given for

an equivalent construction in [I4] for the formulation used here.
Lemma 4.1.3. The theory W obeys the timeslice axiom.

Proof. Suppose that ¢ : M — N is a Cauchy arrow in Loc. We choose some
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c.p.f. x*¥¥ for N, and again define (t = Pyx*¥"Ent for any t € 1 (N). For
any H € 7(N), we let

ZZqZ é?H(JV) — 567(IJ)

itn > EN: ¢*"t,  (t, € T"(N)), (4.12)
n=0 n=0

then by (3.85), ZuT ~n T for all T € 4 (N), and T is compactly supported
in ¥ (M). Moreover, since Zy is constructed from differential operators,
multiplication by smooth functions and applications of E3, we recall from
our previous observation that Zy must indeed map elements of J5(N) to
elements of 75 ().

Therefore, if we define

L) Tu(N) = Ty (M)
T — o ZyT, (4.13)

then the same argument as used in the proof of Lemma shows that
Tu(0) Sy (V)T ~n T for all T € Ty (N) and Ly () Ty ()T ~p T for all
T € Tyen(M).

Now, if ¢)(M) contains a Cauchy surface for N then for each H € 5 (M)
there is precisely one H' € J(N) with v*H' = H, as a result of the
condition . We will denote this extension by ¢, H. Now suppose that
W = Ww)uewny € # (N) with Wy = [Ty|p. We then define

U () : Wi (N) = Wy r(M)
Tlw = [ ()T (4.14)

This then gives us a map % (¢) : # (N) — # (M) with the property that
for any H € (M), we have

(% (V)W) = Upert(V)Wyonr- (4.15)

It is easy to show that % (¢) o % () = idy (), and % (1) o W (¢) = idy ().
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Therefore % () = # (¢)~! and so # obeys the timeslice axiom. O

4.1.3 Relative Cauchy evolutions

In order to demonstrate (or rule out) dynamical locality for .7 or #', we must
first compute the relative Cauchy evolution of an arbitrary element; this has
already been done for the scalar Klein-Gordon theory in [I1] for a different
construction, and we will derive a similar expression in our formalism. We
begin with the theory .o; we fix h € H(M) and choose two subspacetimes
N* c M, such that:

e cach N7 is an object of Loc, and their embeddings into M are arrows

in Loc,

e there are Cauchy partition functions x3% for M that are non-constant

only within N*,
e cach N7 is disjoint from the support of h, and N* C J3;(supp(h)).

As before we define

¢t FH M) = FH(M)
t = Py Ept, (4.16)

and let
Z*: F(M)— F(M)
N N
Sotarr Y (CHT (e € F(M)). (4.17)
n=0 n=0
Additionally, we define

¢*[h] : F(M[h]) — 7' (M][h])
t = P X" Enimt, (4.18)

and define Z*[h] : #(M|[h]) — % (M]|h]) in an analagous way to Z*.
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Now, if we denote by ¢, 1*[h] the embeddings of N* into M and M h)|
respectively, it is clear that the Alg-arrows &7 (1F), @7 (1*]h]) act as

o (Z[R])[Fly+ = [Z (R Fpan, (4.19)
and for any F € .F(N¥), f € C®(M) we have
(Z (F)P)f] = Fflnz] = (Z(F[R)F)[f]. (4.20)

Moreover, from Lemma we can see that the inverse arrows 7 (1*)7!,
o (1£[h])~! act as

R
i
- L
e
=
I
K
i
e
2
H_

[Flaem = [4 (F[h]) Fly=, (4.21)

where for any f € C®°(N*), F € #(M) and F' € Z(M|[h]), we see from
(4.6]) that

(G (P = (Z5F) 1,
(& (F[R)F)[f) = (ZF[R]F)[*[h]. f]. (4.22)

It follows that for any A = [F|y € o/ (M), we have

rcepr[h|A = o (1) (1 [h]) Lt (L [R]) e/ ()T A
= [FOGC T RGEHF], . (423)

Now, for any f € C*(M) and F € .# (M) we have
(Z (T [RDG () F)f] = (Z7F)|n+ [fIn+] (4.24)
but since the range of Z* is contained in (™ (IN), it holds that

F(Hh]) 09 (t) = [h], o (1) 0 2, (4.25)
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and similarly

F(7)oY9(t"[h]) =1, ot [h]* o Z7[h]. (4.26)

Explicitly, the relative Cauchy evolution of A = [F]ps is therefore given by
rcepr|h|A = [B[h])F]p, where

and

plh): 71 (M) — F(M)
t = Prrg X" Enein) Pur®™ Ent. (4.28)

Lemmal[2.1.7 entails that the definition of rceps[h] is independent of the choice
of x3¥, provided that the regions N * in which they are non-constant lie
strictly to the future/past of supp(h).

We now calculate the relative Cauchy evolution of an element W € % (M)
generated by a perturbation h € H(M). While the calculation is largely
similar to the process for calculating the r.c.e. of an element of <7 (M), there
are some subtleties introduced by the need to specify an H € (M) to form
the algebras Z5(M). We will proceed as before, fixing some h € H(M) and
defining N*, x4, ¢t and «* and (*[h] as in the previous subsection. The

relative Cauchy evolution of an element W € # (M) is given by
rcepr (W)W = (W)U ([R) W (V[R)%Z (W (4.29)

But when we calculate the component corresponding to H € 5 (M), we see
that

= W () U, (TR W, (TR U, ()W, (4.30)
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where for any H € (M), the distributions H, € s#(M][h]) and H, €
(M) are defined by

Hy = 1 [h]" Hy,. (4.31)

This definition is independent of the choice of N*, as a consequence of .

Note that in general, H, # H; this is closely related to the fact that it is
impossible to make a choice Hy; € (M) for each spacetime M such that
V*Hpy = Hyy for each Loc-arrow ¢ : M — N, as remarked in the discussion
of the construction of Wick powers in Section [3.3] We may in fact calculate

H, explicitly, as follows.

Lemma 4.1.4. Let M be a spacetime, and h € H(M) a metric perturbation
on M. Suppose that H € (M), and let Hy, N* and XY be defined as

above. Then

] n adv\/ - - advy ®2
Hp = (Em(7) Pary () Enany (157) Pu(XX™)') " H, (4.32)

where X3 : C°(M) — C°(M) are the multiplication operators induced by
the functions 2V € C*°(M), and 7= : C®°(M) — C°(M) are defined as
multiplication by time-compact smooth functions T+ that are supported in N,

such that 7= = 1 in the region in which x3% is non-constant.

Proof. Since H is a bisolution, we see from the proof of Lemma that

(Bat (=) P (™)) H = H. (4.33)

Since 7% is supported in N*, it follows that (1) Par(x3")’ )*?H is supported
in (N*)*2 and therefore

2

Huly- = Hly- = B2 () Pu ™)) H)| o (434)

Since the action of our multiplication operators does not depend on the

metric of the underlying manifold, we may also consider them as maps on
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the corresponding function spaces on M[h); since Hy, is a bisolution on M|h]
and EM[h]|N— — Ep-, it follows that

7 ” - aav ®2

Hh = (EM[h] (Ts )/PM(X_d )/) H (435)
A similar argument yields Hy, = (Ep (75 P (Y)Y )®2}~I n, and so (4.32)) is
satisfied [T ]

Lemma 4.1.5. Let M be a spacetime, with a metric perturbation h € H(M).
Suppose also that H € 7 (M), and let Hy, be defined as above. Then supp(H —
Hy) C (Ju(supp(h))*?).

Proof. Let x € M, with x ¢ J3i;(supp(h)). Since supp(h) is compact, we can
find a choice for N~ with z € N~ It follows that H(z,y) = Hy(z,y) for all
x ¢ Ji(supp(h)). Similarly, if x ¢ Jy,(supp(h)) then we can find a choice for
N7 with 2 € NT. Therefore Hy(x,y) = Hy(x,y) for all z ¢ Jy(supp(h)).
Consequently, if x € supp(h)* then H(z,y) = ]jlh(x, y). The required result
follows by symmetry of H. m

The coherency condition on elements of # (M) given in (3.56|) tells us
that (4.30]) can be expressed as

(rcem[hW) = W () U, (v [R) Wi, (R U, (V) Ay 5y, Wh- (4.36)

Explicitly, we can then see from (4.13)),(4.14) that the relative Cauchy evo-
lution of an element W = (Wx) ey € # (M), where each Wy can be
represented by Ty € Jy(M), is given by

I'Note that strongly resembles the action of the map B[h] defined in 7 albeit
with Nt and N~ interchanged; indeed, if we consider the subcategory of Loc containing
only Cauchy arrows, we can regard . as a functor from this subcategory to a suitable
category of distribution spaces, with J#(¢))H = ¢ H. This functor can be seen to be
covariant; the resemblance remarked above can be explained by noting that we may define
the relative Cauchy evolution of the functor 7 in the same way as for a locally covariant

theory; this then satisfies rceg\/j[i&) [h]H};, = H.
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where
Bylh] : ﬂHh(M) — Ty(M)
N N
Sty S BT, (t, € TH(M)), (4.38)
n=0 n=0
with
Blh): 7Y (M) — T (M)
t = PargX™™ Enging Prrx2™ Bt (4.39)
as before.

Before we proceed to the dynamical locality of .&7 and # we will need

the following results, which are proved in Appendix [B]

Lemma 4.1.6. Let M € Loc, and let t € FT2(M) for some H € 5 (M).
For any h € H(M) and f € C§°(M), we have

d

(Bl [Enyf]

_ / dvolar by T [Eadt, Eaf), (4.40)
M
=0

S=

where

T#u,6] = (V0)(V")6) — ¢ (Vu)(V,0)

Fomg g+ €Dy — VIVY — G (ug)  (441)

foru € EyyTY (M), ¢ € EpC3°(M).

Note that the above expression is closely linked to the classical stress-
energy tensor for the Klein-Gordon theory, which we may recover from the

polarized form via T"[¢] = TH[¢, ¢] for a smooth classical solution ¢.

This result leads directly to the following:

Corollary 4.1.7. Let t, € T} (M) for some H € 7 (M) and f € C§°(M).

78



4. DYNAMICAL LOCALITY OF SCALAR FIELD THEORIES

Then

d ®n
(Blsh) "t [Enef]

—n / dvolag by T [Enrf, Enf], (4.42)
M
s=0

where

T}Z(I) = /Mxm—l) dn_lytn(xa Yoo Yn-1) Emf(y1) - Enaf (Y1) (4.43)

forn >2, and 75(x) = t,(x).

Note that the previous two results also apply to the elements of .#!(M)
and #" (M) respectively, by invoking the canonical embeddings of % (M) in
Iuy(M) for H € 7 (M).

4.2 Dynamical locality

4.2.1 Dynamical locality of the £ # 0 scalar field theory

It has already been shown in [26] that the locally covariant scalar field theory
is dynamically local in the case when £ = 0 and m # 0, and that it is not
dynamically local when £ = 0 and m = 0. We wish to show that the theory
4/ obeys the axiom of dynamical locality in the nonminimally coupled case
(i.e. when £ # 0), for both m = 0 and m > 0. Throughout this section, we
consider some fixed M € Loc and O € O(M).

It is easy to construct the kinematic algebra %Akin(M : 0), since the ele-
ments of this algebra are precisely those A € o7 (M) that can be represented
by F = YN t, € (M) with supp(t,) € O*". However, the task of con-
structing the algebras «7*(M; K) for a given K € J¢(M;O), and hence the
dynamical algebras, is much more complicated.

Suppose that A € &/*(M; K); from it follows that rcep[h]A = A
for all h € H(M; K+). Now, suppose that A is represented by a functional
F € #(M). This means that B[h]F ~p F for all h € H(M; K+), and
consequently B[sh|F — F € # (M) for all s € R sufficiently small that
sh € H(M; K*). Writing F = > t,,, with each t,, € .#"(M), we can refer

79



4. DYNAMICAL LOCALITY OF SCALAR FIELD THEORIES

to Lemma to see that forn =1,..., N, we have

(Blshlt,)[Exf] = ((Blsh])*"tn) [Enf] = talEaf] (4.44)

for all f € Cg°(M) and for all h € H(M; K*). The algebra &/*(M; K) may
then be characterized by the following lemma, which we prove in Appendix

c

Lemma 4.2.1. Let M € Loc, and t, € F"(M), n > 1. If O € O(M),
K € 2 (M;O) and ((B[sh))*"t,) [Enf) = tulErf] for all f € C§°(M) and
for all h € H(M; K+), then

supp(En®"t,) C Jar(K) ™. (4.45)

Consequently A € &7*(M; K) if and only if it may be represented by some
F =N t, € Z(M) with the property that supp(En®"t,) C Jar(K)*"
for all n > 1.

The following result applies equally to the enlarged algebra of functionals,

so we prove it in the more general case; it does, of course, still hold on

Lemma 4.2.2. Let t, € T™(M), with supp(Ep®"t,) C Ja(K)*". Further-
more, let S be any open globally hyperbolic neighbourhood of an arbitrary
Cauchy surface ¥ C M. Then there exist s,ur, € I"(M), k=1,...,n, such
that

k=1

where we define (Py)r = 1%%71 @ Py @ 19"7% and such that supp(s) C
(Ju(K) N S)*™. Moreover, if K € J# (M;O) for some O € O(M), then S

can be chosen in such a way that supp(s) C O*F.

Proof. To prove this, we will need the result of Lemma [C.3} namely, that

ker Epo" = {zn:(PM)kuk tug € fn(M)} : (4.47)

k=1

80



4. DYNAMICAL LOCALITY OF SCALAR FIELD THEORIES

Now, if S is an open globally hyperbolic neighbourhood of a Cauchy surface,
then we can find a Cauchy partition function x4 for M that is nonconstant
only within S. We let s = (PMXad"EM)@ntn; by we have Ep®"s =
Ea®"t,, so by Lemma it follows that

tn — S = Z(PM)kuk (448)

for some u, € " (M), k = 1,...,n. The required support properties of s
follow from the support of E;%"t, and the fact that x4V is constant outside
S.

Furthermore, if K € ¢ (M; O) then K has a multi-diamond neigbourhood
based in O, so there exists a Cauchy surface ¥ C M and a finite collection
B; € XN O of Cauchy balls such that K C U; Da(B;). Since K is compact
we may also demand that cl(B;) C O; we can then find an open neighourhood
S D ¥ that is small enough that both (S N Jy(K)) C U; Dy (B;) and
Dy (B;) NS € O. It then follows that (S N Jy(K)) C O, and therefore
supp(s) C O*™. O

The previous two lemmas give us the following:

Corollary 4.2.3. For any M € Loc, O € O(M) and K € # (M;0), we
have *(M; K) C &/""(M: O). Consequently &/ ™(M;O) C «/*™( M O).

We may finally then prove:

Proposition 4.2.4. The locally covariant scalar field theory is dynamically

local in the nonminimally coupled case, for all m > 0.

Proof. Given the result of the previous corollary, it remains only to show that
A (M; 0) C ¥ (M;0) for any O € 6(M). We adapt the proof of [26,
Lemma 3.3].

Given an arbitrary A € &/%"(M;O), there is some F = YN, € .Z (M)
with [F]a = A and supp(t,) C O*". Now, t,, is a finite sum of finite products
of test functions, and we may take each test function ¢ to have support in
O. However, since supp(y) is compact for each ¢, there is a compact K C O

such that supp(y) C K for each test function ¢ used to construct the t,,.
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We take a cover of K by open diamonds based in O, extract a finite
subcover O;, i = 1,..., K, and then choose a smooth partition of unity
x; for K such that supp(x;p) C O; for each i,¢. There is, of course, a
compact K; for each i such that supp(x;p) C K;; by definition we have
K; € #(M:;0), and it follows that ¢ = >K | v, with [;p0|m € &*(M; K;).
Since F' is generated by these ¢, it follows that A € & ¥(M;0O). Therefore
sszin(M :0) = o dyn(M; O), and consequently <7 is dynamically local. [

4.2.2 Dynamical locality of the algebra of Wick Poly-

nomials

We now proceed to examine the cases in which we can demonstrate dynamical
locality for the theory 7. We begin by looking at the minimally coupled
massless case. The corresponding case for the Klein-Gordon theory is not
dynamically local, and so one would not expect dynamical locality to hold
here. Indeed, this is the case; when & = m = 0, any constant function is a
classical solution to the Klein-Gordon equation. Therefore, in any spacetime
M with compact Cauchy surfaces, the function ¢(x) = 1 is an element of
EnC§e(M). However, if we pick ¢ € Cg°(M) such that Ept = 1, and an
element W € # (M) such that Wy = [t|pr for some H € (M), then it may
be shown, using the fact that ¢ = 1 is also an element of EypC5°(M[h]),
that rcep [R]W = W for all h € H(M). Therefore W € #%(M:O) for
any O € 0(M). But it is also the case that if we pick f € C§°(M) with
supp(f) N Jp(O) = 0 and [y, dx f(x) # 0, then t[Epf] # 0; therefore,
W ¢ #¥n(M;0) as long as O := (cI(O))* is nonempty.

We may, however, demonstrate dynamical locality in two cases. To do
this, we need the following results. The first is roughly analogous to Lemma

4.2.1} again, we defer the proof to Appendix [C]

Lemma 4.2.5. Let M € Loc, O € O(M) and K € # (M;0). Lett, €
T"(M) for some n > 1, and suppose that for all f € C(M) and h €
H(M; K*) we have

/ dvolpg hy T [Enr}, Enf] = 0, (4.49)
M
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where T} is defined as in (4.43). Then, in the massive minimally coupled case
(m # 0, £ = 0) and massive conformally coupled case (m # 0, £ = 4&121),
where d is the dimension of M), we have supp(En®"t,) C Jar(K)*".

We now wish to prove that # is dynamically local in these two cases: the
appearance of Ay 5 in the relative Cauchy evolution is a complicating factor,
so we cannot use a directly analogous argument to the proof of dynamical
locality for .o7. However, it is equally easy to construct the kinematic algebras;
given some O € (M), it is clear that W € #%(M; O) if and only if there
exists for a given H € (M) some Ty = SN t, € Jy(M) such that
[Tr|m = Wy and supp(t,) C O*™.

We now wish to construct the algebras #*(M; K) for a given K €
H (M;0). Let W = (Wg)uewmy with Wy = [Ty]am for each H; for a
particular fixed H € (M) we write Ty = SN t, with t, € T"(M).
Then it is clear from that W e #*(M; K) if and only if

Bulh\y 1, Tor ~ae Trr (4.50)

for each h € H(M; K*). Using (3.48)), relabelling and interchanging sums,

we may write

IN/2] ¢ N .
)‘H,HhTH =ty m, Z kL Z (nu — TIHh) (tn)

k=0 *n=2k

IN/2] | N-2k

=t 2 okl > (i = 11g,)" (bne2k)

k=0 n=0
=ty m, 2_:0 k}_:o QTk;l(nH — Niz,)" (bnan)- (4.51)

Note that in the latter expression, the inner sum for each n consists only of

elements of 7" (M); we write

- 2 1

M(nH —,)" (tar) (4.52)
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for n =0,..., N, and may express the condition (4.50) as

((BIA) ™" Euin) [Earf] = tolEar f] (4.53)

for all f € C§°(M) and for each 1 <n < N. We note that the n = 0 term in

(4.50) requires

V2l 4 .
> Qkk[(nH — Ng,)" (f2) =0 (4.54)
k=1 :

for all h € H(M; K+). We have therefore proved the following lemma:

Lemma 4.2.6. Let K € (M) be arbitrary. If W € #*(M; K), then for
any given H € (M) there exists a representative Ty = S0 o t, € T (M)

of Wy satisfying ([4.53)) and ([4.54) for all h € H(M; K*).

The final step before we demonstrate dynamical locality for # in the
massive minimally coupled and massive conformally coupled cases is to prove

the following lemma. Again, the proof is quite long-winded, so we include it
in Appendix [C]

Lemma 4.2.7. Let K € (M) and W € #*(M; K), with Wy represented
by Ty = SN ot € T (M) for some fived H € 7 (M). Then, in the massive

minimally coupled and massive conformally coupled cases,
(a). ton ~arty for allh € H(M; K+) and n > 0,
(b). supp(En®"t,) C Ja(K)*" for each n > 1.

Corollary 4.2.8. Suppose that O € O(M), K € #(M;0), and W €
W (M;K), and fir H € 7 (M). In the massive minimally/conformally
coupled cases, there exists some representative Ty = Zf:[:o t, € Iyu(M) of
Wy such that supp(t,) C O*™ for each n > 1.

Therefore #*(M. K) C #*"(M:0) for all K € % (M;0), and as a
consequence W5 (M; O) C W' (M O).

Proof. This is an immediate result of lemmas |4.2.7| and 4.2.2] O]

Finally, we may prove the following:
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Proposition 4.2.9. The theory # is dynamically local in the massive mini-
mally coupled and massive conformally coupled cases, and not dynamically

local in the massless minimally coupled case.

Proof. The failure in the massless minimally coupled case has already been
demonstrated; for the massive minimally coupled and massive conformally
coupled cases, in light of the previous corollary it remains only to prove that
A5 M;0) € /9 (M;0) for each O € G(M). We may not use exactly
the same argument as in Proposition [4.2.4] since the elements of 7"(M) are
not finite sums of products of test distributions, so we need an alternative
strategy.

The important fact to note here is that any ¢, € 7"(M), supported
in O*" for some O € O(M), is equivalent under the relation ~ps to some
finite sum -7 | w,, where each u, € J"(M) is supported in KX" for some
K, € Z(M;0). The proof of this statement is too lengthy to be contained
here, so it is given in Appendix [C| as Lemma

It follows that given some H € ¢ (M), each t, is a sum of functionals,
each of which represents in # (M) an element of #;(M; K,.) for some K, €
A (M;O). Therefore whenever Wy € #5 (M) is represented by a functional
Ty = SN t, with supp(t,) € O*™, we have Wy € #%(M; 0). O
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Chapter 5
Quantization functors

In this section, we provide concrete representations of the CAR-quantized
algebras of a number of types of locally covariant linear classical theory. These
algebras will be formed by applying covariant ‘quantization’ functors to the
solution spaces obtained on a particular spacetime, and we therefore follow
[7] to a certain extent; however, we go further in providing a more explicit
construction, before examining the circumstances in which dynamical locality
of the quantized theories may be shown. The material in this chapter follows
similar work done for CCR quantization in [26]. The main goal of this chapter
is to provide a framework in which to understand the quantization of the

locally covariant Dirac theories developed in subsequent chapters.

5.1 Hermitian spaces and adjoint structures

In order to construct the classical Dirac field as a locally covariant theory, we
must specify a particular category of vector spaces for the theory to take values
in. We also wish to provide a more general framework for CAR quantization,
and to do this we must establish some preliminary categorical concepts. Unless
otherwise specified, we will always consider vector spaces over C; these will
generally be infinite-dimensional, although we do not insist upon this point.
In the following subsection we introduce categories of Hermitian spaces and

adjoint structures, which will turn out to be the best candidates for the target
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categories of our classical CAR-quantizable theories.

5.1.1 Hermitian spaces

Definition 5.1.1. A Hermitian form over a complex vector space V' is a map
s:V xV — C which is sesquilinear (i.e. antilinear in the first argument
and linear in the second) with the property that for all v,w € V, we have
s(v,w) = s(w,v). The pair (V,s) is a Hermitian space. A sesquilinear form
s (and by association, the pair (V,s)) is weakly nondegenerate if for every
nonzero v € V there exists some w € V with s(v,w) # 0, and degenerate

otherwise.

Additionally, we use the usual terminology that s is positive definite if
s(v,v) > 0 for all nonzero v € V and positive semi-definite if s(v,v) > 0 for
all v € V; a positive definite Hermitian form is an inner product.

Before we continue, we must describe Hermitian spaces from a categorical

perspective.

Definition 5.1.2. Herm is a category whose objects are Hermitian spaces.
The arrows in Herm((V,s), (V', ")) are injective linear maps f : V. — V'
satisfying

s(v,w) = §'(f(v), f(w)) (5.1)

for allv,w € V. There is a forgetful functor from Herm to the category Vectc.

The subobjects of an object (V,s) in Herm correspond to complex vector
subspaces U C Valong with the restriction s|yxpy. The equalizer of two arrows
f,g € Herm((V,s), (V' s')) is given by the canonical inclusion in (V, s) of the
subspace ker(f — g). The intersection and union of two or more subobjects
of (V,s) are given by the intersection and linear span respectively of the
corresponding vector subspaces along with the relevant restriction of s. Note
that the restriction of a weakly nondegenerate form to a subspace might
possibly be degenerate, and vice versa. For example, consider C? with the
forms s;((w, z), (W', 2')) := Wz’ + Zw', which is weakly nondegenerate, and
so((w, 2), (W', 2')) := ww', which is degenerate; when restricted to C @ {0},

s1 becomes degenerate (in fact zero) and s becomes nondegenerate.
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Definition 5.1.3. Let V' be a complex vector space. We may consider V
explicitly as a triple (V, a, 1) where V is the underlying set of elements and
a:VxV = Vand pu: CxV — V are respectively the addition and
scalar multiplication maps. The covariant functor = : Vectc — Vecte maps

a complex vector space V' to its complex conjugate, that is the vector space

V =V, o, i) where
i(z,v) = p(z,v) (5-2)

forv eV and z € C. The identity map on V lifts to a canonical antilinear
map jy : V. — V. The functor = maps an arrow f : V. — V' to the
corresponding arrow f : V — V' whose action on elements is identical to that

of f; in other words, we have f o jy = jyr o f.

From now on, we will use the notation v := jy(v) for any v € V. This
should not be confused with the standard notation for complex conjugation,
as we do not identify the vector spaces V' and V. Note that for any complex
vector space V| we have V =V and jv o jy = idy, so that ¥ = v. The
reason for utilising these structures is in order to accommodate the fact that
many of the maps representing physical operations on our theories will be
antilinear (for example, charge conjugation and Dirac adjoint maps); since
the morphisms in our categories are all linear maps we must regard these
physical operations instead as linear maps from a vector space to its complex
conjugate space, in much the same way that a contravariant functor from C
to D may be considered as a covariant functor from C into D°?. Note that as
Jy itself is antilinear, it is not an arrow in Vectc.

The functor = lifts to a functor from Herm to itself, mapping (V,s) to

(V,3) where 3(v,w) := s(v,w) = s(w,v) for v,w € V.

5.1.2 Adjoint structures and charge conjugations

Definition 5.1.4. A complex vector space V is adjointable if there ezists a
second complex vector space W with a linear isomorphism Ay : V — W, the
adjoint operation. An adjoint structure is a quadruple (V, W, Ay, Aw) where

V.,W are complex vector spaces and Ay : V. — W and Ay : W — V are
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isomorphisms. We also define a Hermitian adjoint structure to be a collection

(V, sy, W, sw, Av, Aw) where (V,sy) and (W, sw) are objects of Herm, Ay

is an isomorphism in Herm((V, sy ), (W, sw)) and Aw is an isomorphism in

Herm((W, sw ), (V,sy)). Consequently
sy(v,v") = sy (Aw Ayv, Aw Ay') (5.3)

for allv,v' € V. A Hermitian adjoint structure is weakly nondegenerate if

one of its Herm-components is weakly nondegenerate (in which case both are).
Lemma 5.1.5. Every complex vector space V' is adjointable.
Proof. Let W =V and Ay = idy. O

Definition 5.1.6. The category HermAdj comprises as its objects all pos-
sible Hermitian adjoint structures. An arrow from (V, sy, W, sw, Ay, Aw)
to (V',syr, W' swr, Avr, Awr) is a pair (f,g) such that f € Herm((V,sy),
(V' syr)) and g € Herm((W, sw ), (W', sw+)), and the following diagram com-

mutes.

Ay A
v

V

=

(5.4)

~
Q|
~

~

Vl v/

3

AV’ AW/

Note that g is therefore determined by f (and vice versa) by g = Ay o

f o Ayl there are also compatibility conditions for f and g given by

AwroAyio f = foAwo Ay,
AyvioAyrog=go Ay o Ay. (5.5)

The category of Hermitian adjoint spaces provides a second candidate
for the target category of a classical CAR-quantizable theory. Note that the
underlying vector space of a Hermitian adjoint structure is always isomorphic

to the direct sum of the underlying vector space of a Hermitian structure with
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itself, and so the process of passing from a Hermitian space to a corresponding
Hermitian adjoint structure involves, in some sense, a ‘doubling’ of the content.
We will see that the CAR quantization of a theory valued in Herm also involves
a similar doubling, which is not present in the quantization of a theory valued
in HermAd;j.

In fact, we will show that the quantization of a HermAdj-object is isomor-
phic to the quantization of either of its undoubled parts, and so the choice of
whether to use Herm and double during quantization, or to use HermAdj and
double before quantization, is effectively irrelevant to the physical content of
the quantized theory. We will see that the locally covariant Dirac theory is
most naturally described using Hermitian adjoint structures.

There are two forgetful functors %, %, : HermAdj — Herm given by

321(‘/7 SV7W7 SW7AV7AW) = (‘/, SV), ﬁl(f, g) = f,
g

Fo(V,sv, W, sw, Av, Aw) = (W, sw), Fo(f,g) = (5.6)

There are also endofunctors %, ~ of HermAdj which act on objects and arrows
by

AV, sy, W, sw,Av, Aw) = (W, sw,V, SV»AV 7A M,
£(f.9) =9, 1),
(V sy, W, sw, Ay, AW) (V 57  SW Aﬁ/lv A;/l)>
(f,9) = (f,9)- (5.7)

It is easy to check that Z and ~ obey the required conditions to be functors.
Moreover, Z o % =id = ~ o~ and Z o~ = = o %. Note that A;;} and A
are used rather than Ay and Ay, as this gives the correct relations when we
come to define charge conjugations on a Hermitian adjoint structure.

A subobject of a Hermitian adjoint structure (V, sy, W, sy, Ay, Aw) cor-
responds to a pair of subspaces Uy C V, Uy C W such that Ay (Uy) = Uy
and Ay (Uw) = Uy, with the restrictions sv |y, vy, Swlvw xvw, Av]e, and
Aw vy -

We wish to be able to deal with physical theories that admit a charge
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conjugation map. Traditionally, at the classical level this comes in the form
of an antilinear involution on a vector space. However, in the categories
introduced above, the arrows are restricted to linear maps; in order to
incorporate charge conjugation into our model we introduce the following

terminology:

Definition 5.1.7. A charge conjugation on a complex vector space V is a
linear isomorphism Cy : V — V with the property that Cy o Cy = idy. In
the case where V. = (V| s) is an object of Herm, a charge conjugation on 'V
must also be an arrow in Herm. A charge conjugation on a Hermitian adjoint
structure is an arrow (Cy,Cw) : (V,W, Ay, Aw) — (V, W, Ay, Ay), where

Cy and Cy are charge conjugations on V and W = (W, sy/) respectively.

We do not impose any particular relation between Ay and Ay beyond
(5.3); in general, it is certainly not the case that Ay = Ay'. However, not all

Hermitian adjoint structures admit a charge conjugation. ({5.5)) requires that

A(/l o A;Vl oCy =Cy oAy oAy, (5.8)

and such a Cy can only be found for certain Ay, Ay. The category HermAdjc
is defined to be the full subcategory of HermAdj whose objects admit charge
conjugations. If V and V' are two objects of Vectc (respectively Herm) with
charge conjugations Cy,Cy+, and f : V — V' is an arrow in the relevant
category, then Cy, Cy are compatible with f if Cyvo f = fo Cy.

Examining (5.4), we see that the condition of (Cy, Cy) being an arrow
from (V, W, Ay, Aw) to (V, W, Ay, Ay) may be restated as the condition
that

Ayt o Oy = Cy o Ay, Ayt o Oy = Cy o Ay (5.9)

Note also that (5.8)) is a consequence of the above condition, and since

Cy o Cy = idy, Cw o Cy = idy, we can see that the two above equations

are in fact equivalent by taking inverses.
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5.1.3 Squared adjoint structures

Before we describe the quantization of these structures to CAR algebras, we
will define one further category of structures that will be needed when we
define a classical Dirac theory that does not rely on an unphysical choice of
reference frame for the spacetime. The basic definition looks rather contrived
and unnatural, but we will in fact find that it provides exactly the right
structure to generate theories whose physical content may be described in

terms of bilinear combinations of an underlying unphysical field.
Definition 5.1.8. A squared adjoint structure is a vector space U € Vectc
equipped with:

o A linear form w : U — C, the trace map

o An antilinear involution * called the adjoint map, satisfying w(u*) =

w(w),

o A linear involution ® called the internal swap map, satisfying *o® = Po*

and wo ® = w,

e Amap Z : U®U — U ® U, the exchange map, satisfying Z* = id,
Zo(@@®)oZ =X, and Zo (*®*) = (*®*) o Z, where X is
the external swap map on U ® U that maps u; @ us to us @ uy, and
Z:=(@@®)oZo (@)

Squared adjoint structures form the objects of the category SAdj. An arrow

from U = (U,w,*, ®,7Z) to U = (U',',*, ', Z") is an injective linear map
f:U —= U satisfying

wof=uw, Tof=for, Pof=Ffod,
Z'o(faf)=(f®[f)oZ (5.10)
The reason for most of this nomenclature will become clear. The most

important squared adjoint structures are those arising from the action of the

following functor.

IThe condition that (* ® *) must intertwine Z and Z is equivalent to the condition that
Z commutes with (* ® *) o (P ® ).
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Definition 5.1.9. Let 4 = (V, W, Ay, Ay ) € HermAdj, where V = (V| sy)
and W = (W, sw) are Hermitian spaces. The squared adjoint structure &(A4)
is given by (U,w,*, @, Z), where

iy
£
®
g
>
I
S
®
£

foru; € Ve W. For a HermAdj-arrow (f,g): 4 — 4 = (V/, W' Ay:, Ay),
we define 8(f,g) = (f S g) @ (fSg).

Lemma 5.1.10. & is a covariant functor.

Proof. Let 4 = (V,W, Ay, Ay) and 4" = (V/, W' Ay, Ay), and (f,g) :
A — A’ be an arrow in HermAd]. It may easily (but laboriously) be checked
that &(A4) obeys all of the conditions for it to be a squared adjoint structure,
and that &(f, g) is indeed an arrow in SAdj; for example,

W' (&(f, 9)((v,w) @ (v, w'))) = W' ({f(v), g(w)) @ (f(v'), g(w)))
= sy (A f(v), g(w)) + swr (Ay f(V'), g(w))
= s (g(Ayv), g(w')) + sW/(( vv'), g(w))
w)
= w((v,w) ® (W', w')), (5.12)

= sw(Ayv,w') + sw(Ay

where we have used the commutativity of (5.4) and the fact that for all
w,w" € W, we have sy (g(w), g(w")) = sw(w,w’).
We also have 6(1dv,ldw) = (ldv ) ldw) X (ldv @D ldw) = id@(/q) and

S((f,9)o(f.9) =6(f ofgog)=6(f,g)0o6(f g), which concludes
the proof. O

In particular, note that for any charge conjugation (Cy,Cy) of 4 =
(V, W, Ay, Aw), there is a SAdj-arrow &(Cy, Cw) : 6(4) — &(A4).
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5.2 The CAR algebra of Herm

Before we discuss the quantization of the classical Dirac field, we will first set
out a more general CAR quantization framework of which the Dirac quanti-
zation is a special case. This formalism is closely analogous to the treatment
of CCR quantization in [26]. To start with we must give a description of an
algebra generated by the elements of a given object of Herm, and satisfying

the canonical anticommutation relations given by its Hermitian form.

5.2.1 Construction

Given any object V = (V,s) in Herm, we wish to define the CAR (canonical
anticommutation relation) algebra of V as a x-algebra generated by the

elements 1 and By (v), By (v),v € V satisfying the following relations:

By (v)" = By(v), (5.13a)

By (Av + pw) = ABy(v) + pBy(w) (5.13b)
{Bv(v), Bv(w)} = 0 = {By(v), By(w)} (5.13¢)
{By(v), By(w)} = s(v,w)1, (5.13d)

for v,w € V and A\, u € C. Note that v — By /(v) is antilinear. While we
might simply define the CAR algebra as the freest x-algebra generated by the
above relations, as in [2], or give a definition in terms of Clifford algebras, as
in [7], we wish to provide a more concrete definition of the algebra. Let W be
a complex vector space equipped with a symmetric bilinear (not Hermitian)
form S and an antilinear involution * : W — W satisfying S(v*, w*) = S(v, w).
We define the deformed exterior algebra Ag(W, *) as the x-algebra whose
underlying vector space coincides with that of the exterior algebra A(WW),
and whose product ¢ is defined in the following way, relative to S: for any

ULy« ey Upyy V1, - - -, Uy € W, the product (ug A« Aty,) o (v1 A- -+ Awy,) is given
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by

min(m,n) /
SgN o sgn o’ SgNn o, 4,

Pm,n,k .
Z Z Qkk‘(m—k)'(n—k)' S (ua(l)y"'aua(m)7va’(1)7"'7UU’(n))7

oc€Sm k=0

o'eSn
(5.14)
where 0, € Spn is the permutation which maps (u1, ..., Upm,v1,...,v,) to
(U1, U1y« v oy Uiy Uy Upg 1y -+ -5 Un) T <my o1 (U, 01, ooy Uy Upy Uy 1y - ey Uy
if m >n, and Pg“”’k(ul, ey Ui UL, -y Un) € Aok (W) is defined to be

S(up,v1) -+ S (U, Vi) U1 AVgar A Aty AUy AVt Ao oo Ao, (5.15)
when m <n, and
S(up,v1) - S (g, Vk)Uks1 AVks1 Ao Aty AUy Atlyg Ao Aty (5.16)

when m > n. This product may be shown to be associative.
Thankfully, it is sufficient to know the definition of products of the form

w o (up A -+ Auy,), which is significantly simpler:

1 n
wo(ug A+ Auy) = wAu A ~/\un—i—§ Z(—l)k“S(w,uk)ul/\~ e Up AUy
k=1

(5.17)
for w,uq,...,u, € W, where 4, indicates omission. We also have w o a = aw
for o € A°(W) = C. We note that the identity in this algebra is the element
1 € A°(W). The *-operation on Ag(W, *) is given on each grade as
"N Ay (5.18)

(wy A ANwp,)* =w),

It is possible to show that the product ¢ respects the x-operation on the
algebra, i.e. (Ao B)* = B* o A* for any elements A, B € Ag(W, *). It follows
that Ag(W, *) is indeed a x-algebra. This allows us to represent the CAR

algebra of a Hermitian space as follows:

Theorem 5.2.1. Let (V,s) be an object in Herm. The freest x-algebra gener-
ated by 1 and elements By (v), By (v),v € V' satisfying the relations ((5.13al)—
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(5.13d) is then isomorphic under the map By (v) — (0,v) to As(V @V, *),
where
S((v1,va), (W1, wa)) := s(vy,wa) + s(wy, v2), (5.19)

and (U, w)* := (w, v).

Proof. The free x-algebra generated by 1 and By (v), By (v),v € V with
By (v)* = By (v) and By (Av+ pw) = ABy(v) + pByv(w) is isomorphic to the

tensor algebra
TVaV) =P VaV)™ (5.20)

n=0

where (V & V)®O := C, with *-operation given by

(T, w1) @ -+ @ (U, wp))" 1= (Wy, vp) @ -+ @ (W1, v1)
= (@n,wn>*® e ® <Ul,w1>*, (521)

under the mapping By (v) — (0, v) (whereupon By, (v) = (7,0)). In order that

our algebra may also satisfy the relations (5.13¢c|) and (5.13d)), we quotient by
the two-sided *-ideal .# generated by elements of the form

(0,v) ® (0,w) + (0,w) ® (0, v)
(1,0) ® (0, w) + (0,w) @ (v,0) — s(v,w)1, (5.22)

for v,w € V. Note that since .# is a *-ideal, it will also contain elements of
the form (v,0) ® (w,0) + (w,0) ® (7, 0).
We may alternatively describe .# as the two-sided x-ideal generated by
elements
VOwW+wRVv—S(v,w)l (5.23)

forv,w € V& V Therefore every element A € (V& V) is equivalent to an
element of the antisymmetric subspace (V@& V) C 7(V & V) (comprising

elements which are totally antisymmetric with respect to the ®-product in

2This can be made even simpler, by noting that .# may even be defined as the two-sided
x-ideal generated by elements of the form v ® v — %S(v, v),v € V@V, by a polarization
argument.

96



5. QUANTIZATION FUNCTORS

each grade). Since the antisymmetric subspace has trivial intersection with
&, it follows that this representative is unique, and we will denote it A.

At the level of underlying vector spaces, Z,s(V @ V) is isomorphic to
As(V @V, *) under the map 7 := @22, 7,,, where

T, A" (VaV)— J,,(Val)

1
VIA- AV, — o g sgn(a)va(l) ® - ® Vo(n), (5.24)

for vi,...,v, € V@ V. It remains to show that the product defined in ((5.17))
is equivalent to the product on 7 (V & V) / &, or alternatively that

Tp(Vio- - ov,) = (Vi® - Q Vy)as- (5.25)

For any vy,...,v, € V@V, consider the finite-dimensional subspace U =
span{vy,...,v,} € V@& V. We may split this as U = Uy & U; where
Uy={ueU:S(u - )=0}and S|y, is weakly nondegenerate. U; has

a basis eq,...,e, which is orthonormal with respect to S, that is to say
S(ei,e;) = 0;;; we also pick a basis ejt1, ..., e, for Uy. It suffices to show
that

(e, o -oe;,) = (e, ® € s (5.26)

for all possible iy,...,i, € {1,...,m}.

We consider first the case in which the 7, are all distinct. In this circum-
stance e;, ®- - -®e;, can easily be seen to be equivalent in the quotient algebra
to m,(e;; A--- Ae; ); however, we also have ¢;, o---0ce; =e€;; N---Ae;,
SO is satisfied. Now suppose that at least two of the i, are the same.
We will denote by j, the r'!' distinct element of the sequence (iy, .. .,14,), and
by p, the multiplicity of each vector e; ; since the effect of transposing two
distinct consecutive elements in e;, ¢ --- ¢ €;, is to introduce a factor of —1,

we have

PLo.oetM (5.27)

o N
€, 0 -0, =(—1) e Yol

where M is the number of distinct basis vectors and N is the number of

transpositions needed to manipulate the product into this form. If p, > 2 for
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some 7, > k, then the above expression vanishes, since e{* = e; A e; = 0 for

1 > k; otherwise, since e; ¢ e; = % for i < k, we may write this as

OO0 = 2= Zi\iﬂpr/% (—1)N H €, (528)

1<r<M
pr odd

eil

where [] is taken using the o-product. We may therefore refer to the previous

case to see that

7Tn(ei1<>---<>ein):2_2?4—1@"/%(—1)]\]( 0 ejr) . (5.29)

1<r<M
pr odd
On the other hand, the effect of transposing two distinct consecutive ele-
ments in the expression e;, ® --- ® e, is to introduce a factor of —1 to its
antisymmetric representative, so we have
(€ @ ®ei)as = (DN @ @S, (5.30)
where M and N are defined as before. If p, > 2 for some 7, > k, then the
above expression vanishes, since e; ® e; € £ for i > k; otherwise, since
e Qe — % € & for 1 < k, it follows that

M
(€, @+ ®€,)as =27 2ormaler/2] <_1)N( X ejT) . (5.31)
1<r<M us
pr odd
Therefore 7 is an algebra *-isomorphism. [

We now wish to make the assignment (V, s) — Ag(V@V, *) functorial; that
is, to define a covariant functor 2car : Herm — Alg satisfying Zoag(V, s) =
As(V @V, *) where S and * are defined as in Theorem [5.2.1] To do so we
must define the action of Zc4r on an arrow f: (V,s) — (V',s'), and check
that 2c4g satisfies the required properties to be a covariant functor. To this

end we define

Doar(f) == T (f2) = é f2®n, (5.32)
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where
fo (@, w)) == (), f(w)). (5.33)

This clearly maps the identity of 2car(V, s) to the identity of Loar(V’,s'),
and it is easy to check that Zcagr(f) is a *-homomorphism from Z2cag(V, )
to Qear(V', ). We still require injectivity; this may be proved via the

following lemma, which is proved as part of Lemma A.1 in [20].

Lemma 5.2.2. Consider vector spaces X1,..., X, and Yy,...,Y,, forn > 1,
with linear maps S; : X; — Y; for each i. Then, if each S; is injective then so
is ST ®--®9,.

We therefore have the following:
Proposition 5.2.3. Qcag is a covariant functor.

Proof. We have shown that Zcar(f) is always an arrow in Alg; the identity
arrow 1y on (V) s) is mapped by Zcar to the identity map 1o, ,m(v,s), and
for f:(V,s)— (V', &), f - (V',s) = (V" s") we have

Doar(f o f)=T(f of)a)=T(fy0 fa)
= T(f3) 0 T(f2) = Lear(f') o Lear(f). (5.34)

Therefore 2¢ 45 is indeed a covariant functor. O

Lemma 5.2.4. For any Herm-object V and (possibly infinite) collection of

subobjects Uy, we have

\k/QCAR(Uk) _ QCAR<\k/Uk>. (5.35)

Proof. Let U =V, Uy; an arbitrary element U € Zc4g(U) is a finite sum
of finite products of generators of 204r(U), and each generator By(v) of
2c4r(U) may be written as Y, By(vg), where each v, € Uy and all but

finitely many of the v, are zero. Therefore U may be written as a finite sum
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of finite products of generators of the subalgebras 2c4r(Uy); consequently
U € Vi Zcar(Uy).

Conversely, suppose that U € V, Zcar(Uyg); then U is a finite sum of
finite products of generators of the algebras 2c4r(Uy), which clearly lies
within Zoar(U). O

Proposition 5.2.5. Let V be an object of Herm. The algebra 2car(V) is

simple if and only if V is weakly nondegenerate.

Proof. Recall that an algebra 2l is simple if it possesses no proper two-sided
ideals. Let V = (V] s) be degenerate; in other words, suppose that there exists
a nonzero element d € V such that s(d,v) = 0 for all v € V. We consider the
two-sided #-ideal % C 2c4r(V) generated by the element d := (d, d). Let
A € . be arbitrary; note that since S(d,v) =0 for all v e V &V, it follows
from that the n'® grade part of A can be written as a sum of terms
of the foom d A vy A --- Av,_; for some vy,...,v,,_1 € V @ V. Therefore
I =doZ2car(V). Consequently .# is a proper ideal (for example, the identity
element does not lie in ., since do A = 1 implies that d = (dod) o A =0,
contradicting d # 0); Zcar(V) is therefore not simple.

Conversely, suppose that V is weakly nondegenerate. Then the (suitably
modified) argument of [57, Lemma 1] shows that 2c4g(V) is simple. O

Recall that the algebra 2c4r(V) is generated by the elements By (v) =
(0,v) and By (v) = (1,0), for v € V, and the identity element. For the
following results it will generally be sufficient and more convenient to work
with generators than arbitrary elements. Note that and entail
that for any f : V. — V' we have ZQcar(f)(Bv(v)) = Bv/(f(v)) and
Qoar(f)(By(v)) = By.(f(v)), or more abstractly,

Dear(f)oBY =By o f. (5.36)

The following result is needed for the definition of charge conjugations on
the CAR algebras.
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Proposition 5.2.6. Let V = (V,s) be an object of Herm. The map =y :

Qcar(V) = Zoar(V) defined on generators by
Eva(U) = B*v(@), EvBC(U) = Bv(@), Ev]_ =1 (537)

is an Alg-isomorphism. Moreover, the components Zvy together make up a

natural isomorphism = : Qoar —> Zcar o ~.

Proof. =y clearly preserves the involution, and must be an isomorphism since
Ev o By = idg, ,(v). We may also easily check that Zy is compatible with

(5.13a)—(5.13d)). It is therefore an arrow in Alg by definition. For = to be a

natural isomorphism, we must show that 2car(f) o Ev = Zv/ 0 Loagr(f)
for any Herm-arrow f : V — V’; this may be straightforwardly done on
generators using (5.36)), and therefore extends to the whole of Zcar(V). O

5.2.2 The CAR algebra of a Hermitian adjoint struc-
ture

We may define a functor Z,q; : HermAdj — Alg by assigning to a Hermitian

adjoint structure (V, W, Ay, Ay) (where V = (V,sy) and W = (W, sy) are

objects in Herm) the unital x-algebra generated by elements Dy (v), Ew(w)

with v € V, w € W satisfying the following relations:

Dy (v)* = Ew(Ayv) (5.38a)

Dy (A + pv') = ADy(v) + uDy (V') (5.38Db)
{Dv(v),Dy(¥)} =0 = {Fw(w), Ew(w')} (5.38c¢)
{Ew(w), Dyv(v)} = sw(Ayv,w)l, (5.38d)

for v,v" € V, w,w" € Wand A, u € C. Note that ([5.38a]) and (5.38b]) together
imply that the assignment w — Ew(w) is also complex linear. For an arrow
(f,g) : (V,W, Ay, Ay) — (VW' Ay, Ay), the action of Z,q;(f,g) on

generators is given by

2aqi(f,9)(Dv(v) + Ew(w)) = Dv/(f(v)) + Ew(9(w)), (5.39)
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wherev eV, w e W.

Note that the inherent symmetry of the Hermitian adjoint structure is
not, in fact, violated by this definition; while it appears that Ay is preferred
over Ay in and , we may replace Ay by A;;} and obtain an

equivalent representation of the same algebra (up to isomorphismED.

Proposition 5.2.7. Let 4 = (V, W, Ay, Ayw) be a Hermitian adjoint struc-
ture. The maps Qg : Dagj(A) = Lagj(Z(A2)) and T4 : 20ai(A) = Lagi(A),
1= 1,2, defined by

QgDv(U) = Ev<U), Q/qu(w) = Dw(U)), le =1
T, Dv(v) = Bx(Aytv), YThBEw(w) = Dy(Ay'w), Yal=1 (5.40)

are Alg-isomorphisms. There are also natural isomorphisms 0 : Zag; —
Dogj 0o X and Y : Doy = Lagj o+, © = 1,2, with components Qg and Y

respectively.

Proof. We recall from (5.7) that 2(4) = (W, V, A, A;)) and 4 = (V, W,
Ayt AVY). Tt is easy to check that Qg4, Y% are isomorphisms in Alg, and
compatible with ([5.38a})—(5.38d)). We also see that for any HermAdj-arrow

(f,9): A— A", we have 2,4;(Z(f, 9))0Qa = Q0 Log;(f, 9) and Logi(f, g) 0
Ty =T%02.4(f,9),i=1,2, and so Q and Y* are natural isomorphisms. [

Proposition 5.2.8. Recall that the forgetful functors %y, %, : HermAdj —
Herm map 4 := (V, W, Ay, Aw) to V and W respectively. There is a pair of
natural isomorphisms ' : Loa; — LoarFi, 1 = 1,2, defined on generators

by

N3 Dv (v) = By(v), nabw(w) = By(Ay'w),  npl=1,
niDV(v) = Bw(Ayv), niEw(w) = Bw(w), 77;1 =1. (5.41)

3Explicitly, the isomorphism that leaves Dv(v) unchanged and maps Ew(w) —

Ew(Ay Ay w) takes the algebra defined by (5.38a))—(5.38d) to an algebra with the same
relations but with Ay replaced by A‘jvl.
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Proof. The components of n* are clearly isomorphisms, and it is easy to show
that n% converts the relations ([5.38a)-(5.38d) to (5.13a))(5.13d]). To prove

naturality of n', we must show that the following diagram commutes for all

arrows (f,g9): A — A4 = (VW' Ay, Ay):

N4

Zaai () Zcar(V)
Zaai(f, 9) Dcar(f)
G A) ——— DoanlV)
N

We may check this on generators: for any v € V,w € W we have

N 2aci (£, 9)(Dv(v) + Bw(w)) = By (Ay/g(w)) + By (f(v))

2oar(/na(Dv(v) + Bw(w)) = By(f(Ay'®)) + Bv(f(v)).

(5.42)

But we recall from (5.4) that Ay o f = Go Ay, and so we also have fo A, =

Ay} oG, which completes the proof for n'. The proof for n? is similar.

]

We now consider a charge conjugation on a Hermitian space V = (V] s).

The functor Qcag lifts the linear isomorphism Cy : V. — V to an Alg-

isomorphism ZLoar(Cy) : Loar(V) — Zoar(V); this in turn induces a linear

involution Gy := Zy' 0 Loar(Cy) of 2car(V), where Zy : Qoar(V) —
2car(V) is defined as in Proposition We may compute the action of

Cv explicitly; on generators we have

[1]

GvBv(v) =
Cv By (v)

v By (Cvv) = By (Cyo),
v Bo(Cyv) = By(Cyv),

[1]

where v € V. More abstractly we have

Cvo By = Byo~oCly,
Cv o By =Byo~oCy.
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Similarly, if (Cy,Cw) : 4 — A is a charge conjugation on 4 = (V, W,
Ay, Aw) € HermAdjc, then there are linear involutions of 2,4;(A4), given by
= (T9) 7 0 Lagi(Cv, Cw), i = 1,2, which act as

Cx(Dv(v) + Ew(w)) = Dy (AwCpw) + Ew(AyCyv),

where v € V', w € W, or more abstractly,

Cio Dy = Ewo Ay o Cy, Cio Bw = Dy o Ay o Cyy,
C2 0 Dy = By o Ay o Cy, C2 0 Ew = Dy o Ay o Cyy. (5.46)

It may easily be checked that
Cvong=n30Cy  Cwollz =130 Ca (5.47)

Definition 5.2.9. Let V = (V,sy) and W = (W, sw) be objects in Herm,
and 4= (V,W, Ay, Aw) an object in HermAdjc with a charge conjugation
(Cv,Cw). The charge conjugation on Z2car(V) induced by Cy is defined
to be the map Cy described above; similarly the maps Ci, C5 are the charge

conjugations on Zaq;(A) induced by (Cy, Cw).

While it may seem odd to have two charge conjugations on the algebra
Z,4;(A4), rather than a single canonical conjugation, it is necessary in order to
retain the symmetry of the adjoint structure. However, it will be convenient
from now on to regard V as the principal vector space of 4 and W as the
auziliary space (without forgetting that interchanging the roles of V and
W gives an equivalent algebra); we call Cj the principal charge conjugation
of 2,4;(A4) (or simply the charge conjugation), and Cz the auziliary charge

conjugation.

5.2.3 The even subalgebra

Recall that for any weakly graded unital *-algebra A = @;> 2, the even

ordered grades together form a unital sub-x-algebra, since the product of
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any two even elements is itself even. In the case of the algebras Zcar(V)
or Z,4i(A4), where V € Herm and 4 = (V, W, Ay, Ay) € HermAdj¢, note
that the non-unital generators of the subalgebra are of the form By (v)By (V')
for v,v" € V, or (Dy(v) + Ew(w))(Dy(v') + Ew(w')) for v,v" € V and
w,w’ € W. The full list of relations that these generators satisfy is not so
tractable, however. We will deal only with the case of the functor Z,q;, as
the situation for 2c4p is similar, using the squared adjoint structures defined

in the previous section.

Proposition 5.2.10. Let 4 = (V, W, Ay, Aw) € HermAdjc. Then the even
subalgebra Lo, (A) of Lag;(A) is generated, under a suitable identification, by
elements 1 and Fga(a), a € &(4), subject to:

Fa(a)” = Fa(a”) (5.48a)

Fa(Aa + pa’) = AFa(a) + pFa(a’) (5.48b)

Fa(a + ®a) =w(a)l (5.48c)

(Fa®) (1 + Z)(a® a)) = (v ® Fa) (Z(Pa ® a)) (5.484)

fora,a’ € 6(A4) and A\, u € C.

Proof. We will show that the above generators and relations generate Ze,(4),

under the identification
Fa({v,w) @ (v',w')) = (Dv(v) + Ew(w))(Dyv (V") + Ew(w")). (5.49)

To do this we must show that the above relations are indeed satisfied given
this assignment; then we must demonstrate that these relations are sufficient
to define the algebra completely.

For v,v" € V and w,w’ € W we refer to Definition to see that
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Fg is clearly C-linear by definition, and

Fa((v,w) @ (v, w') + ©((v,
={

u)))

Ew(w), Dy (v') + Ew(w')}
Ew(w')} +{Dv(v), Ew(w)}
( ( w)—l—SW(AVU w))1
= w({v,w) ® (v, w))1. (5.51)

r—’—\
\_/v/\

Now, consider u; ...,uy € V& W with u; = (v;, w;), and let A; = Dy (v;) +
Ew(w,) We have (1 + Z)((’U,l (029 ’U,Q) X (U3 (29 ’U,4)) = (’U,l X ’U,Q) X ('U,g X ’U,4) +
(u1 ® us) ® (uz ® uy), so

(Fa®) (14 Z)(u1 © us) ® (us @ ug)) = A1{As, A3} Ay
= w(us @ ugz)Fa(u; @ uy), (5.52)

where we have used and (5.38d), (5.38d)). Since Z(®(u1 @ us) ® (us ®
uy)) = (ug ® u3) @ (U1 ® uy), it follows that is satisfied.

In order to show that the relations in f are, in fact, sufficient
to generate the even subalgebra, we show that the relations on even elements
that follow from f may be recovered.

Since even elements are all sums of terms of the form A; --- Ay, where
A; = Dv(v;) + Ew(w;) for (v;,w;) = u; € V@& W, we need only check the
relations on these terms. The first relation, is concerned with the
action of the star operation; for even elements, the relation that must be

recovered is precisely that

(Ay - Agp)* = AL, -+ Af, (5.53)
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where A = Dy (A, @) + Ew(Ayv). Using the relation (5.48a)), we have

(Ap -+ Ag)™ = (Agg—1Aok)™ -+ - (A1 A9)"
= Fa(ugr—1 @ ug)" -+ Fa(u) @ uy)*
= (A3 A1) - (AZAY) (5.54)

as required, where we have used the first two lines of (5.50)).
The second relation ([5.38b)) is concerned with linearity of the maps v

Dy (v) and w — Ew(w). On even elements, it suffices to show that

ADv(Ai)l + ,u’UQ) = )\ADv(’Ul) + [LADv(’Ug),
Dy (Avy + pve)A = ADvy(v1)A + uDvy(v2) A, (5.55)

where A = (Dvy(v) + Ew(w)), with similar expressions for Ew (which in fact
follow from the above via the adjoint property already established). This may

be shown to hold using ([5.48b)).

The anticommutation relations (5.38¢|), (5.38d)) give us precisely the in-

formation we need to calculate the effect of transposing two generators in
a pure product. We must therefore be able to derive from the relations in

(5.48]) expressions of the form
Al Tt {Am Ar+1} e A2k = S(Ara ArJrl)Al e ArflAr+2 e A2k7 (556)
for some 1 < r < 2k, where

S(Ar7 Ar+1) = 5W<AVU7~7 wr+1) + SW(AVUH-I, wr) = W(Ur & Ur+1)- (5-57)

This may be recovered via (5.48¢|) or (5.48d)), depending on whether r is odd
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or even; when it is odd, we have

Ar- A A} Ay
= A A Fa(ty @ Upgy 4 Uy @ Up) Ay -+ - Ay,
= A1 A Fa(1+ Q)u, @ upyq) Ay - - - Aoy
= W(ty @ Upp1)Ar - Ap i Argg - Ay
= S(A;, Ary1) AL Ar i Apyg - Agge (5.58)

On the other hand, when r is even, we use a similar process with ((5.48d)),
noting that

A AL Ava YA = (Fa®)[(1 4 Z) (w1 @ Uy) @ (Urgg © Upg)]
= w(ur X ur—f—l)Ar—lAr—l—Q- (559)

Therefore all properties deriving from the relations (5.38a])—(5.38dl) are recov-
erable, and so ((5.48a))—(5.48d)) are sufficient to define 2.,(4). O

Note in particular that the relations in the above proposition are sufficient
to define the commutator of two generators Fiz(a) and Fz(a’) in terms of a
linear combination of single generators, as follows: if X is the map that sends
a®a' toa ® a,then [Fa(a), Fa(a)] = (F2%*)((1 — X)(a ® a’)). Writing
®; =Pd®1 and P = 1 ® &, we use the defining properties of Z given in
Definition (.1.8 to see that

1-X=0142)—(Z+02) + (P27 + O9°Z) — (%°Z + X))
(1+2)—(1+®)Z + (14 ®,)0%°Z — (ZX + X)
1+2)—(14+P)Z2+A+D1)ZX -1+ 2)X. (5.60)

Now, from ((5.48d) and (5.48d)) we see that Fia(14®) = w and F;®*(1+ Z) =
(w® Fq)Z®q; we also have (Fq @ w)X =w ® Fyg, so

F2?°(1 = X) = (W Fa)(Z®1 + ZX — Z8,X) — (Fa0w)Z
= (WRF)(ZP,+ZX — ZX®y — X 7). (5.61)
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When applied to a ® a’, this operator produces a sum of multiples of single

generators.

Definition 5.2.11. For any object U € SAdj, let 254(U) be the x-algebra
generated by 1 and Fy(a), a € U, subject to the relations ((5.48a)—(5.48d).
For any SAdj-arrow f : U — U’ define 2sa(f) to act on generators by
1og,u) = lag, ) and Fy(a) = Fu(f(a)).

Proposition 5.2.12. For any f: U — U’ in SAdj, 2sa(f) may be extended

uniquely to a well-defined arrow in Alg. Moreover, Zgs4 is a covariant functor
from SAdj to Alg.

Proof. Since Zg4(f) is defined on generators, uniqueness of extension is

obvious; we still need to show well-definedness. This is a matter of checking

that g4 (f) is compatible with the relations ([5.48a)—(5.48d]), which can be
easily done by referring to the definition of an arrow in SAdj given in ([5.10)).
We still need to show that Zg4(f) is injective for any f; this can be done via

Lemma [(5.2.21

For functoriality, note that the identity arrow idy on U is clearly mapped
by Zga to the identity arrow on Zg4(U), and if f: U — U’ f': U — U”
in SAdj then Zg4(f'o f) o Fu = Fuyro f'o f = 2sa(f’) 0 Zsa(f) o Fu. As
Dsa(f o f) and Zsa(f') 0 Zsa(f) have identical action on generators they

are equal. O

Therefore the even subalgebra of 2,4;(4) may be obtained functorially by
applying 2546 to 4 . Moreover, if we denote the embedding of 2¢4(&(4))
in 2,4;(A4) obtained from by €4, then € = (€1) acHermadj. 1S a natural
transformation: if 4 = (V, W, Ay, Ay) and 2’ = (V', W' Ay, Ay) with
an arrow (f,g) : 4 — 4, then

(e © 254(6(£, 9)) © Fa ((v,w) ® (v/,w'))
= ex (Fa((f(v), g(w)) ® (f(V'), g(w')
= (Dve(f(v)) + Bwr(g(w)))(Dv(f(0) + By (g(w')))
= 2.0(1,9) (Dv(v) + Bw(w))(Dy(v') + Bw(w')))
= [2u4i(.9) © a0 Fa| ((v,w) @ (v, ). (5.62)

)
)
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Therefore €4 0 2ga(S(f,9)) = Laqj(f,9) 0 €a.

5.3 Quantization functors

We expect to see CAR algebras arise as the algebras of observables assigned
to spacetimes by a locally covariant fermionic quantum theory. Consequently
we will refer to Zoar and Z,q; as quantization functors. We wish to examine
cases in which such a quantum theory 7 : Loc — Alg can be expressed as
the composition of a classical theory with a quantization functor; either when
A = e, where £ is a covariant functor from Loc to Herm, or when &7 =
DodjLadgj, Where Z,q; is a covariant functor from Loc to HermAdj.. Where an
explicit distinction is necessary, we will refer to theories from Loc to Herm as
undoubled theories, and to theories from Loc to HermAdj. as doubled theories.
Note that any doubled theory .Z,q4; induces two undoubled theories .#;.Z,q;
and %,.%,q;; as a consequence of Proposition the resulting quantized
theories Lo apFi-Zaq; are naturally isomorphic to Z,4;-Z.q;. Moreover, we

also have the following result:

Lemma 5.3.1. Let Z,q; : Loc — HermAdj¢ be a doubled classical theory, with
Lai(M) := (Var, Wy, Al A3y) for each spacetime M. Then the transforma-
tions A' : Py Lg; — FoLaj and A? : Py Long; — F1.Lnqj with components

AL, A3 respectively are natural isomorphisms.

Proof. We need to show that for any Loc-arrow v : M — N, we have
0] 0 Aly = Ay 0 P Laa(0)) and Fo(Zug(D)) 0 Aly = A o
Fo(Laaj(¥)). This follows immediately from the commutativity of (5.4)), and
59). 0

Proposition 5.3.2. Consider an undoubled theory £, and suppose that
2 : Loc — Test is a functor which constructs some space of test functions
for each spacetime. Given a locally covariant solution G : 9 — £ defined
as in Section we may define locally covariant fields &, ®* : ¥ — of =
Deard by B = By 0 Gor.

110



5. QUANTIZATION FUNCTORS

Proof. Let ¢ : M — N be an arrow in Loc. We must show that ,Qf(w)oq)s\’j_,) =
%) o P (1); this follows from (5.36) and ([2.26)).

U

While the nature of a locally covariant solution for an undoubled theory
is clear, it is not so clear what happens for a doubled theory .Z,4;. For a
given spacetime M we might wish to consider a single test function space
2P(M) as for the undoubled case, and a pair of maps G%, : 2(M) —
Fi(Lpaj(M)), i = 1,2, which would then satisfy the naturality condition
Gy 0o (V) = Fi(Lgj(¥)) o Gy for any ¢ : M — N. Alternatively, we
might wish to consider a doubled test functor which assigns to each M a
pair of test spaces Z;(M) and Z,(M) and to each ¢ : M — N a pair of
arrows (21 (V), Zo(V)) : D1 (M)DDo(M) — 21(N)® Po(N), and then define
G Di(M) — Fi(Laai( M) satisfying Gy 0 Z;(¢) = Fi( Laaj(¥)) oGy We
will insist in this case that %, (M) is isomorphic to Z»(M ), so in fact the two
alternatives are equivalent, but we find that the latter is more intuitive, so this
is the approach we will use. We write Z,qj := %1 & Z» and G*¥ .= (G, G?),

so the naturality condition may be written
GN © aai(V0) = Logj(¥) 0 G557 - (5.63)

Proposition 5.3.3. Consider a doubled theory Z,q;, and suppose that Dg;
and G* are defined as above. We may define locally covariant fields ¥ :
@i — %dj = Qadj"%adb 1= 172; by

\Ij}\([ = Da"zl(fadj(M) © G}M[?
\IJ?W = E«72(fadj(1\47) © G?\l (5.64)

Alternatively, we may consider this to be a single locally covariant field, by

U= U @ U2 Doy — gy (ice. Uig(v,w) = Wiy(v) + Vig(w)).

Proof. Similarly to the previous result, this follows from (5.39) and (5.63). O

Definition 5.3.4. A charge conjugation on an undoubled theory £ is a
natural isomorphism C : £ —— £ with the property that C o C = id.y, where
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Z is the composition ~ o L and C : L — £ is the natural transformation
with components Cyy.

A charge conjugation on a doubled theory Z,q; is a natural isomorphism

(CY,C?) : Lagy —> Zuaj with the property that (C1,C?) o (C',C?) = idg,,;,
where Z,q; 15 the composition = o L,g; and (C1,C?) : Loy —> ZLagj 15 the

natural transformation with components (Cyy, C3y).

Note that this definition entails that each component of a charge con-
jugation on an undoubled theory is itself a charge conjugation at the level
of Hermitian spaces, and that for every arrow v : M — N in Loc, the
components Cpy and Cy are compatible with £ () in the sense of Definition
Similarly, each component of a charge conjugation on a doubled theory
is a charge conjugation at the level of Hermitian adjoint structures, and for
every arrow ¢ : M — N in Loc, the components C%,; and C% are compatible
with .Z;(Zaq;(¢)) in the sense of Definition [5.1.7] for i = 1,2.

Proposition 5.3.5. Let £ be an undoubled theory, and Z,q; a doubled theory.
Every charge conjugation C on £ induces a natural automorphism x of the
quantized theory o 2carL with components Xy = Ce(my as defined in ,
and every charge conjugation (C*,C?) on Z,q; induces natural automorphisms
X' x? of the quantized theory pgy = Paqj-Laaj With components x4y =
C}/adj(m’ 1 =1,2, as defined in .

Proof. The components of y and x* have already been shown to be automor-

phisms, so we need only show naturality. Let ¢ : M — N be an arrow in

Loc; since C' is natural we have Z(¢) o Cpr = Cy 0 Z(¢), so

A (V) 0 xpm © Bany = Loar(L (1)) 0 By o= 0 Cuy
= By o 0L () oCy
= Biyny o oCno L)
=X~ ° By o Z(¥)

= xn ° A (V) o By (). (5.65)
Similarly 7 (¢)oxaro Byar) = X0 (1) 0 By pyp; since the ranges of By (ar)
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and B () generate o/ (M) it follows that x is a natural automorphism of
o
The result for the doubled theory then follows immediately from the

undoubled case, using ([5.47)). O

Since the maps Cg(ar) and szdj (M) are involutions, it follows that the
natural transformations y and ' are also involutions; i.e. y o x = idg. .

and x'o X! =idy,i=1,2.

5.4 Dynamical locality of quantized theories

It was shown in [26] that while dynamical locality of a classical theory does
not immediately confer dynamical locality on the CCR-quantized theory, it is
possible to find a small number of additional conditions on a classical theory
which, if satisfied, are sufficient for the quantized theory to be dynamically
local. We claim that the following similar conditions perform an analogous role
for CAR-quantized theories. We consider a weakly nondegenerate classical
theory £ : Loc — Herm which obeys the timeslice axiom, and denote the
Hermitian space Z (M) for M € Loc by (Var, sy). The relative Cauchy
evolution induced by a perturbation h € H(M) is denoted Rprh]. The

conditions are:

(H1) £ has a smooth stress-energy tensor: the relative Cauchy evolution is
differentiable in the weak topology induced by sjs and the derivative
Fuy[h] = %RM[sh]‘ _, satisfies

saa (v, FulBlv) = /M o T [0] dvolag, (5.66)

where Tpr[v] € C®(TZ(M)) is a smooth conserved real symmetric

tensor field for each v € Vyy.

(H2) For each O € 0(M) and h € H(M; O), we have

im Fy[h] ¢ Z5"(M;0). (5.67)
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(H3) Z obeys extended locality: for any spacetimes My, Mo, N with arrows
t; : M; — N such that 11 (M) and 19(Ms) are spacelike separated,
we have

L ()L (M) N 2L () (£ (M2)) = {0} (5.68)

(H4) For every K € J# (M), we have

ZL*(M;K) = (| ker Flhl. (5.69)

heH(M;K"1)

Note that the existence of T pr[v] as defined in |(H1)|is equivalent to the
existence of a polarized stress-energy tensor, i.e. for each v, w € Vj; there is

a smooth symmetric tensor field T pr[v, w] € C°(TZ(M)) satisfying

sy (v, Fy[hlw) = % /M h Thf [0, w] dvol g (5.70)

for each h € H(M).

The conditions are closely analogous to the conditions (L1)-
(L4) in [26] for CCR-quantizable theories. The only real difference is in
where the Hermitian form is used in place of a presymplectic form.

The main result of this section is to demonstrate that these conditions are
indeed sufficient to ensure that the quantized theory is dynamically local; we
consider a weakly nondegenerate classical theory . : Loc — Herm obeying
the timeslice axiom and the conditions and its CAR-quantization
A = QoarZL. First, we state the following result; it is directly analogous
to the corresponding result [26, Prop. 3.7], and the proof is identical, so we

will not include it here.

Lemma 5.4.1. Let £ : Loc — Herm be a weakly nondegenerate theory

obeying timeslice and conditions ((H1)H(H4),, and M € Loc, O € O(M) be

arbitrary. If Y is a finite dimensional subspace of £ (M) which is invariant
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under Fylhl] for all h € H(M;O) then

YC (] kerFulh. (5.71)
he H(M;0)

Consequently, for each v € Y the stress tensor Tylv] vanishes in O. If
O = K* for some K € # (M), thenY C £*(M; K).

We will need the following proposition:

Proposition 5.4.2. Let £ : Loc — Herm be a weakly nondegenerate classical
theory obeying the timeslice axiom and. The corresponding classical
theory £ : Loc — Herm is also weakly nondegenerate, and obeys the timeslice
axiom cmd. Moreover, if &' : Loc — Herm is a classical theory and

n: L — £ is a natural isomorphism, then £’ is weakly nondegenerate,
and obeys the timeslice aziom and |(H1)H(H4)|

Proof. Showing that . is weakly nondegenerate is easy, and since functors
preserve isomorphisms it follows immediately that it also obeys the timeslice
axiom. We denote the relative Cauchy evolution for .Z and % generated by
a perturbation h on a spacetime M respectively by Rgf)[h] and Rg)[h], and
their functional derivatives by F\f )[h] and F ](f )[h]; we note that Rg)[h] =
RSP [h] and F](f)[h] = F\7[h), so for any v € Z(M) = (Var, sp) we have

531(0, Fyy ) [h]0) = sae(v, Fy7 [R]v)
—% /M hy Tay [v] dvol g

- % /M hy T2 5] dvolyy, (5.72)

where Tp[v] € C®(TE(M)) is defined by T p[v] := — Tar[v]. Therefore &

obeys |(H1)|
For O € 0(M) and h € H(M;O), we have

—kin

im F$O[h] = im Fg[h] € 2% (M;0) = 2 (M;0), (5.73)

so £ obeys . The properties |(H3)| and |(H4)| may be proved for &

similarly.
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The results for £’ are easy to show. We will prove the rest are
similar. Suppose that M1, M5, N are spacetimes and that there exist arrows
i+ M; — N with ¢;(M;) and ¢y(M3) spacelike separated in N. Let
Ae L' ()L (M)NL ()L (Ms)); in other words, A = Z'(1;) A; for
some A; € £'(M;), i = 1,2. But since Z'(¢) = nn o L () o nyy, it follows
that ny'A = L)y As) € LW)(L(M;)) for i = 1,2, and therefore
INA = 0. Consequently 2/(1n)(2/(M1)) N 2/(4) (£ (M3)) — {0} as
required. O

A trivial consequence of this result and Lemma is that if Z,q; is a
doubled theory, then the undoubled theory .%#,.Z,q; is weakly nondegenerate
and obeys timeslice and if and only if .#,.%,4; has the same
properties.

We may observe that since .Z obeys the timeslice axiom, Z(¢) is an
isomorphism whenever v is a Cauchy morphism in Loc; it follows immediately
that @7 (1) is also an isomorphism, and therefore the quantized theory </
also obeys the timeslice axiom. Given the relative Cauchy evolution Rps[h] :
Z(M) - £(M) in £, we may immediately calculate the relative Cauchy
evolution in rceps[h] : &7 (M) — o/ (M) by

rceM[h] - QCAR(RM[h]) == @RM[}L]Q, (574)

where as in we define Rps[h]2(v, w) := (Rp|h]v, Ry [hJw).

We now move to the computation of the kinematic and dynamical nets for
QoarZ. For any O € O(M), we clearly have o§ft, = 2car(Nifo), where
alj\iln;O and )\lj\iﬁo are the kinematic nets for & and .Z respectively. We may
alternatively express this as @*"(M;0) = Qoar(L*"(M;0)). However,
as in [26] it is much harder to compute the dynamical algebras; we use a
similar strategy, and note that every element A € o7 (M) has associated with
it a subspace Y4 C £ (M), called its support space: for each n > 1, we take
the n''-grade component A, € A"(Z(M) ® £(M)) of A in the concrete

description of the CAR algebra given in Subsection [5.2.1], and regard it as
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the linear map

that acts as

J n

SN (DM w(vin A Ve A Vi)V, (5.76)
where A, = 37 vj1 A+ AV, and vy, € Z(M)®.2(M). The image of this
map is of the form im(A,) = W; @ Wy, where Wy, W, are finite-dimensional
subspaces of .Z(M): the support subspace Y, of A, is defined to be the span
of Wi and Ws5. The support space Y, is defined as the span of the support
subspaces; it is finite-dimensional since all but finitely many of the support

subspaces are trivial.

Lemma 5.4.3. For any A € o/ (M), we have A € 2car(L(M)ly,).

Proof. Let A =Y"_ A, with each 4, € A"(Z(M)®.%£(M)), and fix n > 1.
As above we write A, = Z}Ll Vit A AVj, with vy, € Z(M) & L (M).
We may assume without loss of generality that for any j the components
Vj1,...Vj, are linearly independent; we may also assume that for any 1 <

71 < j2 < J, we have

span{vj 1, ..., Viiks-- > Vi ZSpan{vi1, ..., Viks, -, Visn}  (5.77)

forany 1 < k; <n,i=1,2, otherwise v;;; A---Avj,,, and vj,1 A+ - - AV, could

be combined into a single term. It follows that the vectors v;; A - V- A

Vin € AL (M) & £(M)) are linearly independent; therefore for every
1 <j<Jand 1<k <n there exist functionals wj; satisfying

(,Ujk(qu VAN {\’j’k’ SURIVAY Vj’n’) = 5jj’6kk" (578)

From (5.76)), it follows that v;;, € im(A,,) for each j, k; writing v;x = (Ujz, wjk),
we have v, wj, € Y, C Y4. This holds for all n > 1, so consequently
A€ Qoar(Z(M)|y,) as required. O

117



5. QUANTIZATION FUNCTORS

As in [26, Lemma 5.2], we have

Lemma 5.4.4. Let K € # (M), and A € &/*(M; K). Then Y, is invariant
under Ryh] for all h € H(M; K). Moreover,

(M K) C Doap(Z* (M K)). (5.79)

Proof. The proof runs along the same lines as in [26]; if A € &/*(M; K) then
for all h € H(M; K') we have 2car(Ru[h])A = rcep[h]A = A. This entails
that for n > 1, we have Ry[h]s"" A, = (Ry[h] ® RM[h})mAn = A, where
A, € AL (M) ® ZL(M)) is the n™-grade component of A. By [26, Lemma
A 1], if we regard A,, as a linear map as in then the image im(A,,) is
invariant under the isomorphism Rps[h]s. Consequently the support subspace
Y,, is invariant under Rps[h] for all h € H(M; K), and we may conclude that

the support space Y}, is also invariant.

It immediately follows that Y4 is invariant under Fys[h] for all h €
H(M; K1); by Lemma we therefore have Y, C Z*(M; K). Therefore
A€ Qoap(ZL*(M;K)), by Lemma [5.4.3] O

Finally, corresponding to [26, Theorem 5.3], we have

Theorem 5.4.5. Let £ : Loc — Herm be a weakly nondegenerate theory

obeying the timeslice axiom and (H4), and let o = DoarZ. For any
M € Loc and K € # (M),

(M K) = Doan(2(M; K)), (5.80)
i.e. ayrx = Zoar(Nyx ). Moreover, for any O € (M),
Y (M;0) = Qoap( LY (M, 0)), (5.81)

i.e. oz}lvyﬁo = QCAR()\?\ZI?O). Consequently if £ is dynamically local then so is

o

Proof. The inclusion of the left hand side of (5.80]) in the right hand side is
established by Lemma Conversely, for any A € Zoar(L*(M; K)) and
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h € H(M; K+), we have rcep[h]A = A by (5.74), so the reverse inclusion
holds. ([5.81) follows from ({5.80) by Lemma [5.2.4] O

Due to the equivalence between quantized doubled theories and the corre-
sponding quantized undoubled theories noted earlier, this result leads immedi-
ately to a corresponding result regarding theories of the form .o7,q; = Z,q;-Zaqj,
where Z,q4; : Loc — HermAdj( is a classical theory obeying the timeslice axiom
such that for any M € Loc, we have Lq(M) = (L (M), L(M), A}y, A%p).
For h € H(M), we have

reey V' [h] = (R[], R3[R), (5.82)

where RY,[h] is the relative Cauchy evolution on %;(Zq;(M)). The definition

we use for the Hermitian adjoint structure Z%;(M; K) is

[ ]
"E/ﬂadj

(M:K) = (£ (M: K), Z3(M:K), Ay M) (5.89)

for K € (M), where Ay = Alyl(z.2.4) k). Note that this is a
well-defined subobject of Zq;(M), since R3;[h| o A}, = Ay o Ry,[h] and
therefore AL, (L (M; K)) = %3 (M; K) (and similarly, A%,(Zy(M; K)) =
Z?(M; K)) as required. A consequence of this is that

Lo (M;0) = ((F1.2) ™" (M 0), (F2Zaay) ™™ (M 0), Abr0, Adro):
(5.84)
where O € O(M) and Aly. := Alyl(2,.2..)0r.0)- We have:

Theorem 5.4.6. Let Z,q; be a doubled theory, and let pq; = LaqjLaqj- If

F1La; 15 a weakly nondegenerate theory obeying the timeslice aziom and

(H1)H(H4)|, then for any M € Loc and K € J# (M),

[ ]
%dj

(M; K) = 2,4;( L% (M K)). (5.85)

adj

Additionally, for any O € O(M),

AE(M;0) = Doy (LN (M 0)). (5.86)

a
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Consequently, if Z,q; is dynamically local then so is Hq;.

Proof. Suppose that .#,.Z,4; is weakly nondegenerate and obeys the timeslice
axiom and |(H1)H(H4); we let &7 := QcarF1-Zaq;. Since n' as defined in
Proposition is a natural isomorphism from Z,q; to Zcar-#1, it follows
that 15 ) © rcers¥[h] = rce[h] o Mgy Therefore % (M;K) =
(nﬁlgadj(M))*lszf'(M; K) for any K € # (M), but by Theoremand

we have

(/r/-}g}adj(M))_ld.(M; K) = (n_]?adj(M))_1QCAR((ﬁlgadj).(M;K))
car(F (L (M; K)))

ad)

= (n,lfadj(M))_lc’@
= Zaqj(L3(M; K)). (5.87)

Similarly, we may use the same theorem and ([5.84)) to show that
Aoy (M;0) = 2o (L3 (M 0)) (5.88)

a

for any O € O(M).

120



Chapter 6
Spin geometry

We now present a construction of the Dirac field theory in a locally covariant
way. While this has already been set out in [56], based on work in [20], 27, [17],
we are able to give a significantly simplified version of the theory resulting
from observations by Geroch [29] and Isham [39] regarding the nature of
possible spin structures on four-dimensional globally hyperbolic spacetimes.
In this section we set out some preliminary geometrical material that is

necessary for the construction.

6.1 Spin structures

6.1.1 Categories of vector bundles

First we establish some further categorical notions which will be needed for

the construction of the Dirac field.

Definition 6.1.1. The category Bund has as its objects all smooth fibre
bundles (B, ) over a base space M € Loc. An arrow 8 : (B, 7)) — (B',7’) is
a smooth map from B to B’ with the property that there exists a (necessarily
unique) Loc-arrow v : m(B) — 7' (B’) satisfying ' o f =1 onw. The functor
b : Bund — Loc maps a fibre bundle to its base space and a bundle morphism
to its associated Loc-arrow. An arrow 3 : (B,n) — (B',n’) is called base-
point-preserving if b(B) = b(B') and b(S) = idsg).
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There are covariant functors T,T* : Loc — Bund which assign to any
M € Loc the (co-)tangent bundle T*IM. A Loc-arrow ¢ : M — N is mapped
by T to the derivative D1, and by T™ to the push-forward 1, defined by

(€, ) = (§, Dy, '), (6.1)

where & € TyM and x € Ty ) M.

Definition 6.1.2. The category RPBund has as its objects all smooth principal
G-bundles (B, m, G, R) where (B, ) € Bund, G is a group and the group action
R, : B — B, g € G acts from the right. An arrow (§,«) : (B,7,G,R) —
(B',7',G', R) consists of a Bund-arrow from § : (B,m) — (B',7’') and a
group homomorphism « : G — G’ with the property that B intertwines the
group actions, i.e.

Ra(g) o 5 = 6 o Rg (6.2)

for all g € G. The composition of two RPBund-arrows is given by
(8',a) o (B,a) = (8"0p,d oa). (6.3)
The covariant functor p : RPBund — Bund is defined by

p(B77T7G7R) = (B77T)7 p(ﬁva)zﬁ- (64)

For any group G there is a covariant functor Jg : Loc — RPBund that
maps M € Loc to the trivial G-bundle, that is to say (M x G, 7y, G, R) where
mo(p,g) == p and Ry(p,q') :== (p,g'g). For an arrow ¢ : M — N we have

Ta() = (¥,idg) where ¥(p, g) := (¥(p), 9).

More generally, a given principal G-bundle B = (B, 7, G, R) over a space-
time M is trivial if there is a base-point-preserving RPBund-isomorphism
between B and J5 M of the form (3,idg); we call such a map a trivialising
morphism. To distinguish between principal bundles that are trivial in this
sense and the trivial G-bundle ;M , we will describe Z5 M as the product
bundle of M with G. Moreover, a functor .# : Loc — RPBund is called
G-trivial it F (M) is a trivial G-bundle for each M € Loc, and naturally
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G-trivial if there is a natural isomorphism 7 : . % — Z; whose components
are trivialising morphisms, which we call a natural trivialisation. Clearly all
naturally G-trivial functors are G-trivial, but the converse is not true, as we
will see later.

The categories Bund and RPBund have full subcategories Bund%sc) and

RPBundE%sc) whose objects have base spaces residing in Loc%sc).

Definition 6.1.3. Let M = (M, g,0,t) € Locy be a 4-dimensional spacetime.
The oriented orthonormal frame bundle FIM € RPBundy is the principal
,Cl—bundle of (time-)oriented orthonormal frames of M, i.e. the bundle whose
fibre at p € M consists of all ordered bases e = (e, ...,e3) of the tangent
space T, M that are oriented and time-oriented according to o and t, and
satisfy eley g, () = nab. Here ,Cl is the proper orthochronous Lorentz group
sometimes denoted SO*(1,3) or SOy(1,3). The right action R of L. on
FiM is given by Ry(p,e) := (p,eN), where (el), := ey Ab,. We denote the
canonical projection of FIM onto M by 7.

Lemma 6.1.4. There is a covariant functor FI : Locy, — RPBundy that
assigns the frame bundle to each 4-dimensional spacetime M € Locy, and to
each arrow v : M — N the pair (Y, idﬁl) : FIM—> FIN The push-forward
Y, is defined in this case by V.(p,e) = (Y(p), DY, e), where (D, e), :=
D, eq.

Proof. Tt is easy to see that mn 01, = 1) o wps, so 1, is an arrow in Bund,
as required. To see that 1, intertwines the group action, note that for
any A € L} and (p,e) € FLM we have Ryi.(p,e) = (¢(p), (D, e)A)
and ¢, (Ra(p, e)) = (¥ (p), DYp(eA)); these are equal because [Di,(eA)], =
D), ey AP, = [(Dvp, €)Al,. O

Note that the relation wn o 1, = 1 o mps entails that the projections
mar form the components of a natural transformation 7 : FI — 77, where
I = {1} is the trivial group and we identify M with .97 M.

A basis e = (eg,...,e3) € FIMP has associated with it the dual basis
(€9, ...,¢e3) of the cotangent space Ty M defined by ej; := G (p)ney. We

'Some authors use n%etey = g"(x); the two definitions are equivalent.
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write €” 1= (%, ...,¢e%). Given any vector z € T,M and covector u € M

we use the notation u(z) := w,x", so that in particular e®(e,) = dp for
any e € FIMP. For any pair of bases e, e’ € FlMp, we define e'’(e) :=
[e'"(ey)]2 ,—o € My(R). As it happens, we always have e’’(e) € cl.oif
A% = €'"(ep) then e, = ¢, A%, and so A € L] by definition.

Finally, given an established choice of frame e € FIM », and a vector

x € T, M or covector u € T;‘M , we use the notation

rt = ey, Uq 1= uyeh. (6.5)
It may be checked that this definition is compatible with the raising and
lowering of indices, in the sense that (2°), = z,e* = 2,€%0,9"" (p) = Nap?,

where 2” € T M is the covector with components (2°),, := ¥ g, (p).

6.1.2 Spin bundles

Definition 6.1.5. The Dirac algebra © s the unital algebra over R that is
generated by an orthonormal basz’sﬂ 90, 91, 92, g3 of Minkowski space R and

satisfying the relation

9a9b + Gb9a = 2Map1. (6.6)

We fix an irreducible complex representation v, 1,72, v3 € GL4(C) of
®; the structure of the theory does not depend on this choice, since any
two such representations are equivalent [BU]EI but since we wish to make our
construction of the Dirac theory as concrete as possible, we will use the chiral

representation pg(g,) = 7, defined by

0 I 0 —0;
= , e 6.7
Yo ([ 0) ¥ (Ui 0’) (6.7)

2That is to say, a basis go, g1, g2, g3 satisfying 9L G Nuw = Nab-

3‘Equivalence’ here means that for any two irreducible complex representations p, p’ :
D — GL4(C) there exists a matrix L € GL4(C), which is unique up to multiplication by a
non-zero complex number, that satisfies p'(9)L = Lp(0) for all 0 € .
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where as usual

0 1 0 —2 1 0
o= (1 0) , o9 1= (z 0) , o3 1= (0 _1) (6.8)

are the Pauli matrices. The proper subalgebra ®° C @ is generated by
elements of the form g,g,. The groups Pin; 3 and Spin, 3 may be defined as
in [56] as

Pinj3:={0€®:0=wuy---uy, u; € RY3, uf =41},

Spin, 5 := Piny 3N 2% (6.9)

We may safely blur the distinction between these groups and their images in
GL4(C) under py; Piny 3 may then be classified as the group of all S € py(D)
with det S =1 and

Sv.S57' = 1A (S)’, (6.10)

for some A(S) € My(R). It is well known that A(S) must be an element of
the Lorentz group £, and that the assignment Pin; 3 5 S — A(S) is a group
homomorphism given by the above relation is a double covering of the Lorentz
group (indeed, the universal double covering) [43, Thm. 2.10]. We denote
by Spin%3 the connected component of Spin; 3 containing the identity; the
map A restricts to a double covering of El by Spin(i?,. The following result is
proved in [56, Thm. 3.5] (see also [30]):

Lemma 6.1.6. For any irreducible complex representation p of © in G L4(C),
with v, = p(ga), there are matrices A, C € GL4(C) satisfying

A=A i = Ay, A7 Ap(n) >0
cC =1, —Fa = Cv,C™* (6.11)

where n s any future-pointing timelike vector in RY3. In the chiral represen-

tation, we may take A := vy and C := =y,. For these matrices it holds that
A=—CTATC, STAS = A, CS=SC (6.12)
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for any S € Spin(l)’g (taken in the chiral representation, although the same

holds for any representation).

In order to construct the theory classical Dirac field, we will require the
definition of a spin structure on a given 4-dimensional spacetime M. In
[20, 27, 17, 56] a spin structure on a spacetime M € Locy was defined to be
any principal Spin?:’-bundle S =(S,p, Spin(l)’37 R) over M (the spin bundle),
along with a RPBunds-morphism (7,A) : S — FIM that preserves base
points. The map 7 : (S, p) — p(F1M) is called the spin frame projection. In
the above references the structure of the spin bundle is not specified further,
and in [50] a locally covariant theory is constructed from a category whose
objects are spacetimes with a choice of spin structure. However, it is proved
in [39] that a spin bundle over a 4-dimensional globally hyperbolic spacetime
is necessarily trivial; in summary, the structure group of a Spin(l)73—bundle
may be reduced to SU(2), and it may be shown that there is a one-to-one
correspondence between SU(2)-bundles over M with the homotopy classes
of maps from M to S*. These in turn are in one-to-one correspondence with
the elements of the cohomology group H*(M;Z), which is itself trivial for
any spacetime M € Loc,.

This allows for a much simpler presentation than in the cited references.
We emphasise that this does not preclude the existence of distinct and
inequivalent spin structures, but rather that any nontriviality in the choice of
spin structure is located in the freedom in defining 7 and not in the choice of
spin bundle; we cannot simply define the classical Dirac theory as a functor
whose domain is Locy.

For the sake of neatness we use the notation S' := ‘?Spin(l)ﬁ for the trivial spin
bundle functor, and write m7g(M) : SM — M as the canonical projection
onto a given M € Locy (again writing g if the spacetime is clear from
context).

A spin structure on M may be expressed as the following commuting

diagram.
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SM ~ FIM
s ™
M

Since 7y and wg are canonically defined the only freedom of choice here
is in the definition of w. Therefore we may denote a spin structure over
M with spin frame projection 7 unambiguously by (SM,m). Note that for
any p € M and S € Spin?’S, we have 7(p, S) = Ras)m(p, 1) by definition,
and so 7 is completely defined by its action on elements of the form (p,1).
In addition 7 is smooth and preserves base points, so we are restricted to
maps of the form 7(p,1) = (p,e(p)) where € is an element of the space
FOO(FJTr M) of smooth sections of the frame bundle. For any such € we write
e(p) = (go(p), - - .,e3(p)), and define 7.(p,1) := (p, e(p)); this entails that

Te(p, S) = Ras)(p. €(p)) (6.13)

for any S € Spin(i?).

The existence of smooth global sections of the frame bundle in an arbitrary
object of Locy is not obvious: it is clear that such sections exist if and only if
the manifold is parallelizable, and due to [4, Thm. 1.1}, a globally hyperbolic
spacetime is parallelizable only if its Cauchy surfaces are. A Cauchy surface
Y of M € Locy is an orientable 3-manifold, and it is a well-known theorem of
Stiefel [59] that compact orientable 3-manifolds are parallelizable. There is a
generalization to the non-compact case in [49], and an independent proof was
kindly provided by Christian Baer (private communication). Note that the
existence of global frames on all objects of Loc, implies that the frame bundle
of any M € Loc, is trivial, and therefore F| is £ -trivial. The following

lemma classifies its trivialising morphisms:

Lemma 6.1.7. Given any fized global frame € € FO"(FI]\J) we may define a
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trivialising morphism (¢e,id 1 ) : FIM—> T+ M by
+ +

de(p,€) = (p,€(p)’(e)). (6.14)
Moreover every trivialising morphism ¢ : FIM—) T+ M is of this form.
+

Proof. ¢e is obviously smooth, and (¢, id ct ) can then easily be shown to be a
RPBundj-arrow into %1 M by the properties of the frame bundle. (¢g,id ct )
has a two-sided inverse (¢z ", idﬁl) where ¢z'(p,A) = Ra(p, é(p)). Therefore
(e, id ct ) is a trivialising morphism.

On the other hand, if (¢, id ct ) FIM — %1 M is a trivialising morphism
then ¢(p,e) = (p, d(p, e)) for some ¢ : FIM — El. For fixed p € M, the
map gz;(p, ) FIM » — 51 is an isomorphism, so there exists a unique
e, € FL M, such that ¢(p,e,) = 1. We write &(p) := e,, and since ¢ has a
smooth inverse we have & € FOO(FIM ). Furthermore, since Ry o ¢ = ¢ o Ry
for all A € L], we have ¢(p,e)A = ¢(p, eA) for all A € L1 If we choose A :=
é(p)’(e), where e € F. M, is arbitrary, then (é(p)A)q = &(p)[E*(P)(€a)] = €a,

SO

o(p,e) = o(p,€(p)A) = d(p,€(P))A = A = €(p)’(e). (6.15)
Therefore ¢(p, e) = (p,€(p)’(e)). O

Since F! is £]-trivial, the obvious question to ask is whether it can be
shown to be naturally £} -trivial. The above lemma shows that a choice of
section €y € D°(F] M) for each M gives a family of trivialising morphisms
Opr = (Peyy, id‘i) : FiM — ’21M7 over M € Loc, and any natural
trivialisation of FI must be of this form. However, we have the following

lemma:
Lemma 6.1.8. F. is not naturally L\ -trivial.

Proof. Suppose that & : FI — .+ has components made up of trivialising
+
morphisms, so that ®a; = (¢e,,,id,+ ) for some choice of €xs € > (FI M)
+

for each M € Loc. Naturality of ® requires that for any (p,e) € FIM and
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¥ € Loc(M, N), we have

(W(p), ém(p)’(€)) = P(dey (p, €)) = dey(1h:(p, €))
= (¥(p), én(¥(p))’ (DY e)).  (6.16)

Therefore we have éy(p)°(e) = En(¥(p))’ (D1, €); letting e = &pr(p) yields
1 = én(¥(p))’ (D, én(p)), and therefore én (1 (p)) = Db, épr(p). This is
impossible to satisfy in general; if we consider N = M = R'? and let 1 be
some rotation of M around an axis passing through p, then this relation
becomes €p(p) = Db, €p(p), which entails that €p(p) is conserved under
any such rotation. This is clearly impossible; therefore no natural trivialisation

exists, and so F'| is not naturally £ -trivial. O

6.2 Global frames

As previously mentioned, it will not turn out to be possible to define the
locally covariant classical Dirac field theory as a functor with domain Loc.
We wish to give the most general formulation possible, and to do this we will
need a number of additional categories based on Loc, but with the additional
properties necessary to construct the theory. In this section we will examine
some of the properties of the global frames € € F‘X’(FIM ), and give definitions
of further spacetime categories based on these properties. We will first give

the following definition and result:

Definition 6.2.1. A right G-torsor is a triple (X, G, R) where X is a non-
empty set, G is a group and R is a right action of G on X. RTor is the
category of right torsors; an arrow from (X,G,R) to (X',G', R') is a pair
(f,a) where a : G — G’ is a group homomorphism and f : X — X' is a
function that intertwines the group actions, i.e. Ry o f = f o Ry for all

g€ qG.

Clearly the fibre at any point of a principal G-bundle may be regarded as
a G-torsor, and any bundle morphism in RPBund consists of a fibrewise family
of RTor-arrows. Furthermore, the space C(M; L1) of smooth £ -valued

129



6. SPIN GEOMETRY

functions over M can be given a group structure via pointwise multiplication;
the space I'™°(FL M) of global frames of a spacetime M € Locy is then clearly
a right C°°(M; L1 )-torsor, inheriting the group action pointwise from F1 M.

Lemma 6.2.2. Consider the category FlLoc4 C RPBundy, that is the image
of Locy under the functor Fi There is a contravariant functor I'*° from
Fllocy to RTor that maps FLM to T>°(FI M) and F1(¢) = (w*’idﬁp to
(v*, "), where for arbitrary € € FOO(FI]V) and p € M we define

(¥*(€)), (p) = D, " ea(¥:(p)). (6.17)

Proof. Firstly, (6.17]) is well defined since 1 is a local diffeomorphism. This
definition of T (F1 (1)) can then easily be seen to make I'™ a contravariant

functor; in particular, for Locy arrows ¢ : L — M and ¢’ : M — N we have

(¢*v"*(e)) (p) = Dy (v <>) (¥ (p))
= Dy DYy a0 (()))
= D(¥ o ), ea< V' (1(p)))
= (W o v)*(e)), (p). (6.18)

Finally, we show that ¢* intertwines the group action. Let A € C(V; Ll)
We have

(Ryrt*()), () = (Dvy " e((p)) Na((p))
= Dy (Rae)a(9(p))
= (V" (Rxe)), (). (6.19)

Therefore Ry«\ o ¢* = 9* o Ry, and so (¢*,9*) is an arrow in RTor as
required. O

If €'(p) = e(p)A(p) for some smooth X\ : M — L1 i.e. & = Rye, then by
(6.13) we have 7o (p,1) = Rx(p,e(p)) = Rame(p, 1), so

TTRye = R,\ O Te (620)
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for all e € I°(FLM).

6.2.1 Equivalence of spin structures and global frames

Lemma 6.2.3. Let M, N € Locy. Suppose that there exists an RPBundy-
arrow (o, idsping{g) : SM — SN. Then there exists a smooth map s : M —
Spin{ 5 such that o(p,S) = (b(c)(p),s(p)S), where b(c) is defined as in
Definition [0.1.1]

Proof. Since SM and SN are product bundles, the fibre bundle p(SM)
is simply (M X Spin?vg,wo). Therefore for any p € M, we have o(p,1)

(b(o)(p), s(p)) for some smooth s : M — Spin(l)73. Moreover, in order for
(0,idgpin0 ) to be an RPBunds-arrow we must have Rg oo = 0 o Rg for any

Se Spin?ﬁ, and accordingly

o(p,S) = Rs(b(o)(p),s(p)) = (b(a)(p),s(p)S). (6.21)

Definition 6.2.4. Following [39], we say that the spin structures (SM, )
and (SM, ") over M € Locy are equivalent if there exists an RPBund,
isomorphism (o, idSpin(l)ﬁ) : (SM, ) — (SM, ') satisfying m = 7' oo. We
then write (SM, ) ~ (SM,7'). It is clear that the map o may be chosen to
be base-point preserving, and is then of the form o : (p,S) — (p, s(p)S) for

some smooth map s : M — Spin(1)73, by the above lemma.

Lemma 6.2.5. Suppose that we have spin structures (SM, me) and (SM, )
over M € Locy, where we now specify the global frames €, €’ € F"O(FI]VD that
define the spin frame projections as in (6.13). Then (SM,mc) ~ (SM, mr)
if and only if there exists a smooth map s : M — Spin(i3 such that e(p) =
e'(p)Als(p))-

Proof. We choose a base-point-preserving isomorphism o : (SM,7.) —
(SM, 7er) such that m. = mo 0 0, which must act as o(p, S) = (p, s(p)S) for
some smooth map s : M — Spin(l)’?). For arbitary p € M and S € Spin(l)’?),
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(6.13) entails that

(P, &(p)) = (P, Lsping ) = 7er (P, 5(P))
= ’/TE’RS(P) (p7 1Spin(1)’3) = RA(s(p))’/TE’ (p7 1Spin(1)’3) = (pa 8’(]))/\(8(])))) (622)

Conversely suppose that s : M — Spin(i3 is smooth, and € € FOO(FIM)
is arbitrary; then we may define a new global frame & € FOO(FIM ) by
e(p) = €'(p)A(s(p)). There is then an equivalence (SM,m.) ~ (SM, 1) via
o:(SM,r.) = (SM, ) defined by o(p,S) := (p, s(p)S). O

Definition 6.2.6. The frames €, € I'°(F| M) are equivalent if e(p) =
&'(p)A(s(p)) for some smooth s : M — Spin} 5. We then write € ~ €’

6.2.2 Equivalence classes of global frames

We might be tempted to assume in fact that e ~ &’ whenever (p) = €’'(p)A\(p)
for some smooth A : M — El. However, although such a map exists for
all e,e’ € I°(FIM ) there may be examples of such maps which cannot
be decomposed as A = A o s for any smooth s : M — Spin?:’. This is a
consequence of a more general property of covering spaces (see e.g. [33, Prop.

1.33)):

Lemma 6.2.7 (The lifting criterion). Consider a topological space X and a
point xg € X. Let C be a covering space of X with cover p: C — X and let
co € C satisfy p(co) = xo. Furthermore, consider a continuous map f:Y —
X from a path-connected and locally path-connected space Y with yy € Y
chosen such that f(yo) = xo. Then a continuous map f:Y = C satisfying

f=pof and f(yo) = co exists if and only if f.(m(Y,y0)) C p(m(C,co)).

A map f of this form is called a lift of f. Note that in the case that p is
the universal cover, C' is simply connected; therefore the condition becomes

simply f.(m1(Y,y0)) = {0}. Moreover, since A : Spin{, — £ is a local

‘For any e,€’ € FOO(FIM) and p € M we define \(p) := €'(p)°(e(p)) € El; as € and

¢’ are smooth so is the map A : M — EL, and we have g(p) = €'(p)\(p).
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diffeomorphism, it has a smooth local inverse; therefore if A : M — El is
smooth, then any lift of A must also be smooth.

We may apply this criterion to the situation of a continuous map A : M —
L1 where M is connected, letting Y = M, C' = Spin[i3 and X = L1 with z

arbitrary; this gives the following corollary:

Corollary 6.2.8. Let M € LocS, and let X : M — L1 be smooth. Then \
has a smooth lift X\ : M — Spin{ 5 if and only if A (m (M)) = {0}.

This result is explicitly stated in [39], where the following result is also

proved.

Lemma 6.2.9. Let M € Loc). The equivalence classes of global frames (and
hence spin structures) are in one-to-one correspondence with the homomor-
phisms from m (M) to Wl(ﬁl) = Zso, or alternatively, the elements of the
singular cohomology group H'(M;Z,).

Using the convention that when M € Loc, is composed of two or more

disconnected components My, ..., My € Locy, we take

7T1(M) = >< 7T1(MZ'), (623)
i=1
the above lemma extends directly to the whole of Locy.
Another immediate consequence of corollary [6.2.8, which is also stated in
[39], is the following:

Lemma 6.2.10. Two frames ,&' € T°(F| M) are equivalent if there exists
a homotopy between them; in other words, if there exists a continuous function
E: Mx[0,1] — FIM such that E(-,0) =€, E(-,1) =& and E(-,7) €
I (FI M) for all 7 € [0,1].

Proof. The existence of such a homotopy E is equivalent to the existence
of a continuous function L : M x [0,1] — £1 such that L(-,0) = 151 and
e =eL(-,1),sothat E and L are related via E(p,7) = €(p)L(p, 7). In other
words, if A\: M — El is defined via € = €\, then € and €’ are homotopic if

and only if A is homotopic to the constant map 1,1 .
+

133



6. SPIN GEOMETRY

Suppose that such an L exists, and that f : ST — M is a loop in M. We
denote by g := Ao f the induced loop in £}. Then G : S* x [0,1] — £]
defined by G(e¥, 1) := L(f(e"), 7) is continuous and satisfies G(-,0) = L
and G(-,1) = g, so ¢ is null homotopic. Since f was arbitrary it follows that
A = 0, and therefore A has a lift into Spin(l)73. Consequently € ~ g’. O

The converse to this lemma is not true; since Spin(l)’3 is not contractible,
there may be a map s : M — Spin[i:,, that is not null homotopic. In this case
a frame € on M would not be homotopic to eA(s).

Since any spacetime M is diffeomorphic to R x ¥ where ¥ is a Cauchy
surface of M, it holds that m (M) = m(R) x m(X) = m(2). We would
therefore expect equivalence or otherwise of global frames to be visible when
we restrict only to a given Cauchy surface of a spacetime, and indeed we find
this to be the case.

Lemma 6.2.11. Let M € Locy have a Cauchy surface ¥, and consider
e,e’ € I°(FLM). The restrictions €|s, €'|s are equivalent (in other words,
are related by €'|s = €|sA(sx) for some smooth sy, : ¥ — Spin(1)73) if and only

if € and € are themselves equivalent.

Proof. Suppose that € ~ €', with € = eA(s). Then €|y = €|gA(s]y),
so €|y ~ €’|x. Conversely, suppose that €', = €'|sA(sx) for some smooth
sy © X — Spin{ 5. There exists a Loc-arrow 1 : Rx ¥ — M with ¢({0} x ) =
YCM;ifA: M — El is defined by € = €, then A may be pulled back by ¢
to a map MRxY — EL We define \; := Xl{t}xz, so that A\g = A = A(sy).

Since \ is smooth it follows that )\, is homotopic to Ao for all ¢ € R, and
so there exists some s; : ¥ — Spin‘i3 for each ¢ such that A\, = \gA(s;). But
since R is contractible it follows that s; may be chosen to vary smoothly with
respect to ¢, so that there exists some smooth §: R x ¥ — Spin(l)’3 satisfying
5(t,x) = s;(x). Then A(t,z) = No(2)A(5(t,z)) = A(sg(2)3(t,x)), so X is
liftable to Spin(ig. Hence A\ = A(s) for some smooth s : M — Spingg, and

therefore € ~ €. O]

Clearly, the global frames of a spacetime M € Locy are all equivalent
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iiﬂ (each disconnected component of) M is simply connected, in which case
71 (M) — and hence H'(M;Z,) — are trivial. If H'(M;Z,) is non-trivial,
we wish to ask whether we can find an equivalence class of frames that is
‘preferred’ in some way over the others; the existence of spacetimes in which
there is no preferred class (or more than one) provides an obstacle to defining
the full Dirac theory as a functor with domain Locy. One way of approaching

this problem is to look at extendibility of global frames under a Locs-arrow
v: M — N.

6.2.3 Extendibility of global frames

Lemma 6.2.12. Let v : M — N be an arrow in Locy. If two global frames
e,e' € T°(FIN) are equivalent, then the frames 1*(g),y*(e') € T°(F1 M),
as defined in (6.17), are also equivalent.

Proof. If € and €’ are equivalent then there is a smooth map s : N — Spin(i3
such that €'(p) = eA(s(p)), or equivalently €’ = Rj.se. Applying the RTor-
arrow ['*°(¢) = (¢*,v¢*), we find that

V(") = Y (Raos€) = Ryr(ros)V™(€) = Rpo(yrs)?™(€). (6.24)

Since ¥*s: M — Spin(i3 is smooth, it follows that ¢*(e) ~ *(g’). O

Definition 6.2.13. Let v : M — N be an arrow in Locy. A global frame
e € I°(FI M) is extendible under v if there exists € € T°°(FLN) such that

Vr(e) =e.

The converse of Lemma that given v : M — N, two equivalent
global frames e1,&5 € FO"(FJTr M) have equivalent extensions under 9, fails on
two levels. First, there may exist frames in [°°(F] M) that are not extendible
under 1; and secondly, equivalent frames in FOO(FIM ) may have extensions
in T°°(F]N) that are not equivalent.

SBut not only if; for example, we might construct a spacetime in Locy with Cauchy
surfaces homeomorphic to a spherical manifold of the form S2/Z,, for p odd. This spacetime
then has fundamental group Z,, and by the first isomorphism theorem, this group admits
only the trivial (zero) homomorphism into Zs.
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In the first case, consider the situation where M has more than one
equivalence class of frames, and where N is simply connected’] By Lemma
6.2.12, the image of I'°(F1 N) under ¥* is a subset of only one of the two
equivalence classes of frames of M, and so only these frames may have
extensions with respect to ¢. In the second case, consider the reverse case
where M is simply connected but IN has multiple equivalence classes of global
frames. We may choose €,&’ € I'°(F| N) that are inequivalent; however it
must hold that ¢¥*(g) ~ ¢*(e’).

Even if two frames e,&’ € ['°(FLM) are equivalent, extendibility of &
under ¢ : M — N does not guarantee extendibility of € under 1. The

following examples demonstrate why this is the case:

Example 6.2.14. Let Z; = {(0,0,0,2) € R} and M =
R\ Jp13(Zy). Denote the canonical inclusion of M into R by
tpr- The standard frame € on M is defined by €¥(p) = 6¥; this is
clearly extendible under ¢p;. Now, define a nonconstant function
¢ : [0,27] — R satisfying ¢(0) = ¢(27). Define a second frame

e[@] by
e[¢lo(p) := Eo(p),
e[@li(p) = cos(¢(0,))e1(p) — sin(¢(0,))22(p),
e[@l2(p) == sin(¢(0,))€1(p) + cos(d(6,))e2(p),
edls(p) = &3(p), (6.25)

where 6, € [0,27) is the angle in the x-y plane obtained by
expressing p in cylindrical polar coordinates. This frame is a
well defined element of I°(FL M), and is equivalent to & under
the homotopy E(-,7) = €[r¢], since €[0] = €. However, it is
not extendible under ¢ps; since ¢ is nonconstant, there is no well-
defined choice of €[¢](p) for p € Z, that would retain continuity,

let alone smoothness of e[¢].

5For example, let N be Minkowski space R"3, and let M be defined as in the following
example, so that M has fundamental group Z and H'(M;Zy) = Zs.
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Example 6.2.15. Consider N € Loc)® consisting of the ‘fu-
ture half’ of Minkowski space R'?, i.e. with underlying manifold
{(t,z,y,2) € R*: ¢t > 0}, and the standard flat metric 5. As in
the previous example, we denote the canonical inclusion of N in
R'? by ¢, and denote the standard frame for N by &; this is
again extendible under (. We now fix u € R\ {0} and define a
new frame efu] € T(F] N) by

= &(p), (6.26)

where ¢, is the time coordinate of p. Clearly this frame is well
defined and equivalent to € under the homotopy [0, 1] 5 7 +— &[Tul,
since €[0] = €. Again, however, e[u| is not extendible under ¢y
since there is no possible choice of e[u](p) for ¢, = 0 that would

retain continuity of &[u].

Therefore, it is not even guaranteed that a well-defined frame on a simply
connected spacetime is extendible to a second simply connected spacetime
under a Cauchy arrow, which we might expect to be the case. However, we

do have the following result:

Lemma 6.2.16. Let M € Locy, and X C M be a smooth Cauchy surface.
Let ey, be a smooth frame defined only on X. Then there is an extension
e € T°(F! M) such that e|s = ex.

Proof. The spacetime M is diffeomorphic to R x ¥; we choose a diffeomor-
phism ¢ : Rx Y — M. We also pick an arbitrary global frame € € T’ ‘X’(FI M),
then there is a unique map Ay : X — El such that ey = €|sAy. We then
define a smooth map A : M — L1 by A(w(t,p)) := Ag(p) for p € ¥, and
define € € T®°(FI M) by € := é\. It follows that ey, = 5. O

The property of extendibility clearly depends on the Loc-arrow; indeed,
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there are examples of pairs of Loc-arrows 11,1, : M — N where M has
more than one equivalence class of frames and N is simply connected, and
yet for any frame € € FOO(FIM ), the pulled-back frames ¢je and ¢¥5e on M
are inequivalent. This suggests that there is no way of canonically specifying
a preferred class of frames for each spacetime M.

In the following chapter we will show that any sensible construction of the
Dirac theory must depend on the equivalence class of frames chosen, and so
we abandon hope of constructing the Dirac theory as a functor whose domain
is Locy, and concentrate instead on making the formulation as general as we

can. To this end we define the following additional categories of spacetimes:

Definition 6.2.17. The category FLocy has as its objects all pairs (M, €)
where M € Locy and € € T°(FIM). An arrow v : (M,ep) — (N, en)
covers a Loc-arrow v : M — N that satisfies *(en) = €.

We also define the category [F]Loc,, whose objects are pairs (M, E) where
M € Locy and &€ is an equivalence class of global frames on M. An arrow
[¢] in [F]Loc,((M, Em), (N,EN)) consists of an arrow ¢ : M — N such that
there exists € € En with Y*(g) € Epr. (By Lemma it then follows that
Y*(e') € Epr for any €' € En.)

There is a forgetful functor & : FLocy — [F]Loc, that maps (M, e) to
(M, E) where £ 5 €, and maps an arrow v to the arrow [¢] that covers the

same underlying Locy-arrow.

We find that the simplest construction of the classical Dirac field theory
is given by a functor from FlLocs to the category HermAdj. of Hermitian
adjoint structures, defined in the previous chapter, and this may be made
into a quantum theory based in Alg by applying the quantization functor
Zaqj- We will also show that it is possible to successfully define classical and
quantum Dirac theories whose domain is [F]Loc,, although these theories are
not isomorphic to the aforementioned theories from FlLocy; in fact, in the
quantum case, we find that the algebra arising from the FLoc, theory is a
weakly graded algebra, and the corresponding [F]Loc, algebra is isomorphic
to its even subalgebra. We will see that this relationship arises due to a

sign ambiguity in the transformation law for spinor fields between different
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spacetimes, resulting from the need to define a way of converting between
each pair of global frames in an equivalence class for a particular spacetime.
We will therefore discuss the difficulties inherent in this particular problem

before we begin to construct the classical Dirac theory in any form.

6.2.4 Conversion between equivalent frames

Suppose that we have two equivalent frames € ~ &’ € FOO(FIM ) for some
M € Locy. According to Definition [6.2.6] this entails that there is some
smooth map s : M — Spin(i3 such that €’ = eA(s). However, A : Spin%3 —
Loc is, of course, a double cover; there are precisely two options for such a
map, given by s and —s. There is no canonical choice of which sign to take
(unless €’ = €; and even then, we argue, the constant map _]'Spin(l);,) in this
context should be no less preferred than lspmfl)’g). This sign ambiguity does
not usually present a problem; after all, for most purposes we are concerned
only with the value of A(s) and not with s itself. However, we will see that
when we attempt to define the transformation law for spinors under a change
of frame, we do need to deal directly with s, and a choice must therefore be
made.

Suppose we choose an equivalence class £ of frames for M, and make such
a choice of map into Spin(l);,) for each pair of frames in £, so that &’ = eA(s%))
for all €,&’ € £. We clearly then have

/

A(sg) =1g, A(s2)=A(s2)™' A(s2)A(sgn) = A(s2) (6.27)

€

for all e,e’,e"” € £. If the s satisfy the corresponding identities, i.e.
Sz - 1Spin(1)737 Ss - (Sz/>_1, Sz,Sz:/ - Sg// (628)

then we call the collection (s )eeres @ spin cocycle for €.

Lemma 6.2.18. Let £ be an equivalence class of frames for a spacetime

M € Locy. Then & admits a spin cocycle.

Proof. Let é € € be fixed; we can certainly make a choice s for each € € £
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such that & = &A(s$). We then define s, := 52 ', for cach pair €,&’ € £.
This choice clearly satisfies (6.28)). O

While spin cocycles will turn out to be useful, they should not be thought
of as ‘physical’, in the sense that they are merely a non-canonical way of
choosing a lift to Spin(l),3 for each possible transformation between global
frames. There is also no natural concept of the restriction of a spin cocycle
to a particular region; for every proper subregion O € (M), there are
an infinite number of distinct smooth functions s : M — Spin(l),3 that are
identically 1gp;,0  in O. Therefore, given some frame é € I°(FL M), there
are an infinite number of equivalent frames € whose restriction to O coincides
with €|p; namely, any frame € = €A(s) where s is one of the maps whose
value is the identity everywhere in O. Moreover, as we observed earlier, there
are frames on Mo that are not extendible to frames on M. Therefore, if s
is a spin cocycle for M, the restriction s|o = (55/|0)eerce cannot be a spin

cocycle for M|o.
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Chapter 7
Locally covariant Dirac theories

In this chapter, we provide a two constructions of the locally covariant Dirac
field, both in the classical and quantum case. The overwhelming majority
of the work is concerned with the classical construction, in view of the
quantization procedure that has already been set out in Chapter 5| We will
first provide a locally covariant construction of the classical Dirac field that
has domain FLocy, and therefore depends on a particular choice of global
frame as well as a spacetime, and then proceed to define a theory with domain
[F]Loc,, which therefore no longer depends on the individual frames, but

rather on the equivalence classes thereof.

7.1 The classical Dirac field

We start with the construction of the classical Dirac field on a given object of
FLocy. We follow [20] 27, [17], 56] for the most part, although the observations
made in the previous chapter provide a number of simplifications. We will
find that in fact many of the structures involved in the classical Dirac theory
may be defined without any reference to the choice of spin frame projection.
This is in contrast to the aforementioned references, where the choice of spin
structure affected the construction to a much larger degree.

Given a spacetime M € Locy, the spinor bundle on a given spin structure

with spin bundle § has traditionally been constructed as the space D :=
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S Xgpind, C*, that is the vector bundle whose fibre at p € M consists of

equivalence classes
[(p,s),z] == {(Rs(p,s),S ') e SxC*: S € Spin?73}, (7.1)

where x is taken to be a column vector. However, we recall from Section
that the only spin structures (up to equivalence) are those for which the spin
bundle is SM; an element of the fibre of Dgps at p € M satisfies

(p,S),2] = [(p, 1), Sal, (7.2)

and so the spinor bundle for SM is equivalent to (and may indeed be defined
to be) the trivial bundle M x C*:

Definition 7.1.1. Let M € Loc,. The spinor bundle on M is defined to
be M x C* and denoted DM. Analogously, we define the cospinor bundle
D*M to be the dual bundle to DM, given by D*M = M x (C*)*. We denote
the spaces of smooth spinor and cospinor fields by (M) :=T'°(DM) and
S*(M) :=T°°(D*M). We also denote Sy(M) = T(DM) = C°(M, C*)
and SF (M) := T(D*M) = C°(M, (C*)*); elements of these spaces are

called test spinors/cospinors respectively.

There is a canonical bilinear pairing (-, -), : D*M, x DM, — C given
by
((p,w), (p,2))p = w(x), (7.3)

from which we define the pairing (-, -) : 75,(M) x S(0)(M) — CF, (M),
by
(h, ) (P) = (h(p): (D)) (7.4)

There is an obvious notion of the pullback of a smooth (co)spinor field for

a Loc-arrow ¢ : M — N, given by

(¥ u)(p) := u(¢(p)) (7.5)

where u € #"(N), and a similar notion of the pushforward of a test
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(co)spinor, namely

(60)(p) = (¥~ (p)), pEYM), (7.6)

0, otherwise,
where v € . (M). For any arrow 1 : M — N in Loc,, we define

S W) : A(M) = A(N)
u = i, (7.7)

and

FO) : SN) = .7O(M)
v = Pt (7.8)

It is trivial to check that these define «5”0(*) as covariant functors from Locy to
Vectc, and .#™) as contravariant functors from Loc, to Vectc.

We now construct some maps on D™ M that will turn out to be the
adjoint maps and charge conjugations for our theoriesH For any p € M we
may form the linear maps A, : DM, — D*M,, C, : DM, — DM, and
C,: D'M, — D*M, by

Ap(pv (L’) = (pa :L‘TA),

Cp(pv ZL‘) = (p,éf), (79)

C3(p,w) = (p,w0),

where z € C*, w € (C*)* and A, C are the matrices defined in Lemma [6.1.6]

It is easy to see that the properties of A and C entail (A,z,z’), = (4,2, x),

!These maps are the same as those used in previous constructions (|20, 27, 17, 15, 56]),
except for the fact that here they are defined as linear maps (by taking the formal complex
conjugate of the target space), in order that they be consistent with the categorical
description given in Section
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and (Crw, Cpx), = (w, ), for x, &' € DM, and w € D*M,; we also have

CrAy(p,x) = Ci(p, xtA) = (p, 2" AC)
= _(pa xTC’TA) = _Ap(pvéf) = _Ipcp(pv ZL’), (710)

where we have used ((6.12)).

We may use the above maps to construct linear isomorphisms Ap; :

S (M) = F5/(M), Cu = Ho)(M) = Hop(M), and Cyy = F 5 (M) —

ZB)(M ), by applying A,, C, and Cy pointwise. Note that we then have
Cipo Ay = —Apro Oy, (7.11)

as well as

(A f, 1) = A f' ) (Cigh,Carf) = (b, f) (7.12)

for f, f' € S (M) and h € ./*(M).

7.1.1 Transformation of spinor fields

In defining the spinor bundle DM as in Definition [7.1.1] we lose the explicit
relation between DM and the spin group that is obvious from previous
definitions, i.e. as given in . To recover this, note that according to
and we may associate the element (p,x) € DM with [(p,1),z] €
SM XSping C*. This gives us the rule for transforming a spinor field under a
change in spin frame; according to (6.13), if €’ = eA(s) for some & € T'°(F| M)
and smooth s : M — Spin?,g,, then 7.(p, 1) = 7o (p, £s(p)~1) for any p € M.
Therefore a change in spin frame from € to € must be accompanied by a
transformation of (p,1) € SM to (p, +s(p)~'), and consequently a change of
[(p,1),2] to [(p,1), £s(p)~'z]. Finally, we see that under the aforementioned
equivalence, (p,r) € DM must transform to (p, £s(p)~'z).

As a result, if a spinor field f € .#)(M) is given by f(p) = (p, f»), then f
must transform to £s7! f under a change of spin frame from € to €’ = eA(s),
where (s7'f)(p) == (p,s(p)"'f,). We must therefore regard f € o) (M)
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as merely the component expression for an underlying unobservable field [
since f itself changes under a change of spin frame, and we do not expect the
underlying fields to depend on a particular non-canonical choice of spin frame
(beyond perhaps a choice of equivalence class). Since (h, f) is a scalar field
for any h € *(M), it must remain constant under changes of spin frame;
therefore h : p — (p, h,) must transform to £hs, where (hs)(p) := (p, hps).

Unfortunately, it is clearly impossible to give an unambiguous formula for
the rule under which (co)spinor fields themselves transform under a change of
spin frame, due to the inherent sign ambiguity. We present a way of partially
resolving this problem in Subsection [7.1.5] by passing to a squared adjoint
structure.

Recall that for any frame e € I°(FI M), a vector field v € T°°(T M)
may be written in component form as v = g,0%, where v* = £%(v) = e, vk
It follows that the transformed components under a change € — eA(s) are
given by v"* = A(s~') 0% Similarly, the components w, of a covector field
transform to w), = w,A(s)%.

We may also write the components of a spinor field f € .(M) explicitly
as f4, A=1,...,4, where for fixed A and p € M, the complex number f4(p)
is simply the A™ component of f, € C*; similarly, we write h € .#*(M) in
components as h 4, where h4(p) is the A™ component of h, € (C*)*. Note that
since DM is now defined as the trivial Spin(l)’3 bundle, we have global ‘basis’
sections Fy € (M), for A=1,...,4, given by E4(p) := (p,ba) where by
is the A™ standard C* basis vector. Similarly there are basis sections E4
for .*(M) defined by the property that (E4, Ez)(p) = 65 for all p € M.
Alternatively, E“(p) = (p, b*) where b is the dual basis to by.

This entails that using the summation convention, f = E4f* and h =
haE“4. We see that the components f# transform to f'4" = +(s~1)4 41 f4
under a change of spin frame from € to eA(s), where (s7})4p are the matrix
elements of s71. Similarly, the components h, transform to A’y = dhs% 4.

Note that this change in components could also be seen as the result of

2In the same way, a vector field v € I'™°(T' M) may be described in a given frame by
its four components, which hold information corresponding to an underlying geometrical
object and transform in a particular way under a change of frame. Unfortunately, there is
no similar geometrical picture of a spinor field.
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a change of basis at each point p from (ba)%_; to (bas(p)4 )% _,, which
underlines the fact that the spinor field f € . (M) is really just a list of
components in a particular basis rather than the field itself.

We may now write down the transformation rule for the components of an
arbitrary spinor-tensor 7 € I'*(TM® @ T*M®* @ DM®™ @ D*M®") under
such a change of frame, namely

T/a/lma;'bll.A.b;cAllm ;ﬂBi“'B%
= (ED)™AGsTH - AT, (5T e (T g,

Talmajbl...bkAlmAmBl...Bn A(S)blb/l e A(S)bkbasBlBi ce SB"B%. (7.13)

In particular, note that this and (6.10|) entail that the spinor-tensor v €
['°(TM @ DM ® DM ), whose components in some frame & are the matrix
elements v,” g of the a'™™ gamma matrix, has an identical component expression

in any equivalent frame.

7.1.2 The spin connection

We will now cover the basic facts behind the spin connection and Dirac oper-
ator. These are generally well known, and more details of their construction
are given in [55, §4.1.4]. We fix a spin frame e € I'°°(F M)). Since the vectors
ga(p), a=0,...,3 span T,M it follows that we may write

Ve e =1, (7.14)

for some real numbers I'%,. | These have the form of connection coefficients
for the covariant derivative, in the following sense: for any vector field

v € I'°(TM), we have v = v%,, where for each a the component v* is a

3Writing spacetime indices explicitly, we may calculate
a _ _a n_ _a_v n_ _a_v m a_V_prn
e = € (Ve,eo)! = g6y Vel = ey Oyl + elep el

where I'#,,, are the usual Christoffel symbols.
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scalar field, so

Vv =V, (v%,)
= (D5bva)€a + 0"V, e,
= (D, v* + ') &4, (7.15)

where D,,v* denotes the contraction of the gradient of the scalar field v* with
Ep-

For any covector field w € I'™°(T*M) and vector field v € I'™°(T'M)
we have w(v) = wyv®.
that w,D.,v* + (D w,)v* = w(V.,v) + (V,w)(v). Hence (V,w)(v) =

((Deywa)e®)(v) — (weI'%ee€)(v), and since v was arbitrary, it follows that

Accordingly, we may use the Leibniz rule to see

V.w = e (Dwe — I'pew,) (7.16)

As usual, we may then express the covariant derivative of any tensor by
appending the relevant term for each index. For example, since g = (€®e%)1.q,

we have
0= Vebg = <€C ® €d) (ngncd - nadrdbc - nacrabd) . (717)
Since D,,neq = 0, it follows that

nadrdbc + nacrabd =0. (718)

Associated with the connection I'%,. on T'M is a system of coefficients ¢, 5

that define a connection on DM, the spin connectionf]] These coefficients are
given byl

1
oy p = zfabc’YaAc’VccB, (7.19)

and we may then extend the covariant derivative to DM via

vngB = O'bABEA. (720)

4Details are given in [55, §4.1.4].
®Note the sign error in [20, 27| 7], pointed out in [55].
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Since the relationship between SM and FIM depends explicitly on the spin
frame g, it follows that the connection on DM also depends on €, as does
the covariant derivative. This dependence is in fact required, since the spinor
fields f € .(M) are only component expressions of an underlying object that
require a choice of spin frame for their definition. The covariant derivative
must therefore respect the transformation rule for spinor fields, so that if
V and V' denote the derivatives defined with relation to € and €' = eA(s)

respectively, then

Vo(sTf) = s'Vof (7.21)

for any vector field v.

As before, we see that for any f = E4f*4, we have

Veof = Ve, (Eaf?)
= EAD., f* 4 (Ve,Ea) 4
— B, (ngff‘ + JbABfB) . (7.22)

Just as the coefficients 7,45 may be regarded as the matrix elements of a
matrix 7, € GL4(C), we may regard o, g as the matrix elements of a matrix

o; we then have o, = iF“bc'ya'yc and
VEbf = Debf + a-bfa (723)

where D, f := EADEbfA.

Again, we may use the Leibniz rule and the property that (h, f) = hf*
for h € #*(M) and f € (M) to see that for any cospinor field h € .7*(M)
we have V,h = D, h — hop. It must also hold that V) (hs) = (V,h)s for any
vector field v, where V' again represents the covariant derivative defined with
relation to € = eA(s).

The action of the covariant derivative on mixed spinor-tensors may then

be computed by appending the relevant term for each index, so for example

Ve, ¥ = (Dey¥a = TaYe + 00Ya — Ya0b) €°. (7.24)
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In this case one may show that in fact V.~ = 0 as expected: following [55],
we use ([7.18]) and the fact that the components of « are constant in any frame

to see that

1
(veb7)a = Fcbd (_7c5;l + 1[767(17 7a])
1 1
=T <—%55f + 77 et = e %}'yd)
1 1
=TI° -5 céd_* dac)
bd < 2')’ a 27 n
~0. (7.25)

Given M = (M, €) € FLocy, we now define operators Yy, : o) (M) —
o (M) and Y, : S5 (M) — S5 (M) by

Yol =7"Veo f = Eav**5(V., /), (7.26)
Vorh = (Vo, b)Y = (Vo h) gy B AE*, (7.27)

for spinor fields f and cospinor fields h. From now on it will be convenient to
use the notation V; := V,, and Dy, := D.,; however, we should take care to
remember that for example V,v? is the derivative along a particular vector
field e of a scalar field v, and not an abstract tensor field with indices used

merely as placeholders.

Lemma 7.1.2. (cf. [55, Lem. 4.1.22]). Let M = (M, e) € FLocy. Then
AmoVa = ﬁoAM, Caro Vo = _ﬁOOMa Cpro Vo = —777;{00;/1-

(7.28)

Proof. This can easily be checked by using (7.19), (7.9) and Lemma [6.1.6]
For example, we have v*TA = Av® and

1 1
O'J;")’GTA — Zrcab,be,yi,yaTA — ZFCabA’Yb')’c'Ya _ _Ao'a'}’a, (729)
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so for a spinor field f,

[Am(VacH)(0) = Ap(p, ¥ (Daf)p + Y00 ufp)
= (Do AT floii )
= (p, (Duf)bAy® — flAc.y?)
= [Var (A )] (p). (7.30)

The other two statements can be proved in a similar way:. ]

7.1.3 The Dirac equation and solution spaces

Definition 7.1.3. Let M = (M,e) € FlLocs. The Dirac operators Py,
S0y (M) = H0)(M) and Py : S5 (M) — S (M) for a fized mass m > 0

are given by
Py = —iVy +ml, Pg =iV, +ml. (7.31)

The Dirac equations for spinor fields f € (M) and cospinor fields h €
S*(M) respectively are

P f=0, Pih=0. (7.32)
Lemma 7.1.4. For any M = (M, €) € Floc,,
AMOP;{:@OAM, CY]WOP;V[:@OC(]\J7 C}kwopyc\{:@oc;(\l (733)

Proof. This is an immediate consequence of Lemma [7.1.2] m

Therefore if f € (M), h € .*(M) are solutions to the Dirac equations
then so are Apf, Cprf, Ayth and Cih. Moreover, whenever f € . (M),
h € .7*(M) satisfy the condition that h(f) € C°°(M) is compactly supported,

we have

/M dvolar (h, Pi,f) = /M dvolar (Pich, f): (7.34)

this may easily be proved by noting that Vo (h, ¥ f) = (Yach, ) + (h, Vorf)
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and integrating over M (cf. [20]). Note that since any ¥ : M — A in FLocy

covers v : M — N in Loc, which is isometric, it follows that
PS/COw* — w* OPS/C PS/COw — w OPS/C (7 35)
M ) A * * M .

in analogue to the scalar case.

Lemma 7.1.5. Let M = (M, e) and M' = (M, €’) be objects of FLocy where
' =el(s) for smooth s : M — Spin{ 4. For any f € ./ (M) and h € .*(M),
we have

P(s'f)=s"Psf,  Psp(hs) = (Psh)s. (7.36)
In particular, if Pi,f =0 and PSh =0, then Pi,(s™'f) = 0 and P&, (hs) = 0.

Proof. We denote by V and V' the covariant derivatives defined with relation
to € and &’ respectively. We see from ((7.21)) that

Yaor (s~ ) =~V (s7'f)
="'V f
=~ A(s), V., f
=5 'V, f
=5 'V fs (7.37)

where we have used in the penultimate step. We may similarly show
that Vi (hs) = (Vach)s.

It then follows that Pi,(s7'f) = s™{(—iVyf +mf) = s 'Ps f, and
P (hs) = (i¥gch +mh)s = (PS.h)s. O

For each M = (M,e) € FlLocy there exist maps (S5,)* : A (M) —
S (M), (S5)* : S5 (M) — *(M) that satisfy

P o (S5)E = 03 = (S5 o P, (7.38)
supp ((S3)"u) € Jaz(supp(u)), (7.39)

where v is an arbitrary test (co)spinor and ¢5,; (resp. ¢°) is the canonical

embedding of .7,(M) into . (M) (resp. /(M) into .*(M)); these maps
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are unique [20, Thm. 2.1]. This uniqueness property, along with ([7.35]), entails
that
U0 Sy ot = Sif (7.40)

for any v : M — AL in FLocy; it also allows us to show that

Apro (Si)* = (S5,)F o Aur, Cu o (Sy)* = (S50)F 0 O,
Crpo(S5)F (SC ) o Oy (7.41)

For example, since A3} and P;[/C do not enlarge the support of a (co)spinor
field, we have supp(Aar(S5,)¥Apsh) C Jaz(supp(h)) for all h € (M), and

ProApro (S5,)F 0 Ayp = Apo P30 (S5,)F 0 Ay
(

Anr o (S3)% 0 Azt 0 Py = An o (S3,)% 0 Py o Ay
= 5 = (S50)* o Pir, (7.42)

hence Apo (S5,)* o o Ayt = (S5,)*. Moreover, for any test spinor f € /(M)
(M

and cospinor h € ), we have

/MdvolM (h, (S5~ f :/ dvolar (Par(S5)Th, (S50)* )

- / dvolar ((SS,)Fh, P2, (S5)* / dvolar ((S5)Fh, f), (7.43)

where we have used - As for the scalar field theory, we define the
advanced-minus-retarded fundamental solution for (co)spinor fields by SS/ Ci=
(Sjéc) - (S;éc) Clearly Ps/C o SS/C 0= S;f o P;{/C, we state the standard
results that ker Sjéc = P/ 05’0 (M), and that every (co)spinor field u with

s/c

compact support on Cauchy surfaces satisfying P, "u = 0 is of the form

u= Sﬂé v, where v is a test (co)spinor. For fi, fo € S (M) we define

(fr, fo)® = —i / dvolar (Antfr, Soe fo). (7.44)

This is a Hermitian form on #(M): it is clearly sesquilinear, and (|7.12]),
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(7.41)) and (7.43) entail that

(f1, f2)° = z’/M dvolpr (SsrAm f1, f)
= Z/M dvol g <m7 f2>
— i/M dvolpr (A fa, S f1)

= (fa, f1)*. (7.45)

We also define a Hermitian form on . (M) by
(hi, ho)¢ = (Apfhe, Ayphi)®. (7.46)

Note that
(Pacf1, [2)° = 0= (Pyha, ho)°. (7.47)

7.1.4 The framed-spacetime classical Dirac theory

We are finally, then, in a position to define the vector spaces that will comprise
the content of the classical Dirac theory in a given spacetime. We begin with
M € FlLocy, and define

Sol* (M) := 85,7 (M),  Sol*(M) := S5, S5 (M).  (7.48)

Therefore Sol*/¢(M) is the vector space of all (co)spinor solutions to the
Dirac equations ((7.32)) with compact support on Cauchy surfaces. We equip
Sol*/¢(M) with Hermitian forms defined by

S%C(S%Cub S%CUQ) = (u1,u2)* (7.49)

these are well defined owing to ((7.47). We denote the corresponding Hermitian
spaces by
LM = (Sol”/*(M), 3°). (7.50)

Lemma 7.1.6. The spaces ZL°/°(M) are weakly nondegenerate.
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Proof. If u € Dy(M) has the property that s (S5, S;u) = 0 for all
u € Do(M), then (v,u)® = 0 for all «/, so it is clear from (7.44]) that

Saru = 0. The result for cospinors follows since Aps is an isomorphism. [

Proposition 7.1.7. For every M = (M, e) € FlLocy,
L(M) = (L°(M), L(M), Ans, —Ayt) (7.51)

is a Hermitian adjoint structure (see Definition m)

Proof. Ay is clearly an isomorphism from Sol*(M) to Sol°(M), and —Ay;
is likewise an isomorphism from Sol°(M) to Sol®(M). It therefore remains
to show that they are also isomorphisms in Herm. Firstly, for any hq, hy €
5 (M) we have

S5 (—Ang Ssphi, — A3t Sschs) = si(Ant Sepha, Ayp o)
— 55,(55, AyiTa, S5, AT
= (Aprhe, Apthn)’®
= (b1, ho)*

- sM(SMhl, S5 ha). (7.52)

Secondly, for any f1, fo € (M), it follows that

Sor(AmSacf1, Am S5 f2)

Sar(An Sy fo, A Sy f1)
5 (Sarf2, Sacf1)
ac(Sacf1, Sacf2)- (7.53)

Il
V)

Therefore Ay and —TX} are indeed Herm-isomorphisms. ]

Proposition 7.1.8. For every M = (M, e) € FLocy, (Ca, Cyy) is a charge
conjugation of L (M).

Proof. In order that (Cps, C3f) be a charge conjugation, we must show that
S5 (Cagur, Cppug) = s5,(uy, ug) (7.54)
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for all uy,uy € Sol*(M), that
55, (Carvr, Crpvg) = s5e(v1, v2) (7.55)

for all vy, vy € Sol®(M), and that in line with (5.9)), we have —Apr o Cpy =
C%; o Apr. This last condition is seen to be true from (7.11)); as for (7.54)), if
u; = Sy, fi with fi, fo € Do(M), we calculate directly

S5 (CaSacf1, OamSacfo) = sa(CuSypfr, Car S fo)
= Sar(Sar O f1, 95:Cm f2)
= —i /M dvolar (ApCr f2, S Cr f1)
- i/M dvolns (CrrAne f2, Crr S5 f1)

= i/MdUOle

= (f2, f1)*
= su(Sacf1, Sacf2), (7.56)

where we have used (6.12)). Finally, we have

Sor(Crpva, Crpv1) = 534(14]’\/_,10;4@1, AX}C’;_,UQ)
SfM (@TX/}UD @T;\/Ilv2) = 8?\/[(14]7\/[11}727 Ali\/.flvil)

sor(v1, v2). (7.57)

@(C}kwvl, C}kw’l)g)

This concludes the proof. O

In order to construct .Z as a functor from FLocy to HermAdj. we must
define the arrows Z (1), where @ : M — A for some M = (M,ep) and
N = (N,en). To this end we define

L) Sacf = Sauf,
L) Ssch = Sabh, (7.58)
L) = (L), Z°(¢)).
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These are well defined: for example, S5, f = S;,f" if and only if f' = f+ P;.g
for some g € S (M), and Sy, f' = S5 (f + Parg) = Sz« f, by (7.35).

Lemma 7.1.9. For every FLocy-arrow ¥ : M — N, the map ZL(v) is an

arrow in HermAdj.

Proof. First, we must show that .£*/¢(1)) are Herm-arrows from .£Z*/¢(M) to
£%/¢(N). They are clearly linear maps, and are injective since they have a
left inverse (namely ¢*, by (7.40)). Moreover, for any S}, f1, S5, fo € L°(M)

we have

sx (L) S5 f1, L () S5cf2) = s3(Sxefr, Sxcoef)
_ /N dvoly (AN, fi, Syt f2)
_ /M dvolar (VAN f1, 0" Syt fa)
— /M dvolar (At 1, Sirfo)
= s5,(95, 11, S50 f2), (7.59)

where we have used the fact that An, fi is supported in ¥(M) in the third
equality. The analogous statement for Z“(1)) follows from previous results
and the fact that Ay o Z°(¢) = ZL¢(1)o Aps. This, along with the statement
that Ay o Z¢(¢) = Z*(¢) o Apr, may be seen to follow from the properties
of Ay, An, S;f and S%C. These last two results show that commutes

in this case, and therefore £ (1)) is indeed an arrow in HermAdj. O

Proposition 7.1.10. The map £ : FLocy — HermAdj defines a covariant
functor, and is hence a locally covariant theory (the framed-spacetime classical

Dirac theory ).

Proof. As we have already shown that £ (1) is a HermAdjc-arrow from 2 (M)
to .Z(N) whenever @ : M — A is an arrow in FLocy, it remains only to show
that L (g 01h) = L(¢s) 0 L(1pq) for any ¢ : L — M and o : M — N,
and that £ (L) = id »(ar) Where 14 is the identity arrow on M. Note that
L) 0 L(v1) = (L5(¢h2) 0 L°(¢h1), L¢(2h2) 0 L¢(1p1)) by definition, and
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for any f € ,VO(*)(L), it holds that

L) L (1) Sy = L (o) S3 (U)o f = Sy () (W1 f
— S (s 0 tn).f = LV (s 0 1) f. (7.60)

Moreover, £ (tqs) = id #(ar) follows immediately from the observation that
(tag)of = f for all f € .7 (M). O
Note that .Z is a doubled classical theory, in the sense of Section [5.3|

Proposition 7.1.11. The family (C,C*) = (Cum, Cyy) (Me)eFLoc, 5 a natu-
ral transformation between & and Z; that is to say, (C,C*) is a charge

conjugation on L.

Proof. We need to show that for any map v : M — A in FLocy, we have
CV o L5/e(ap) = Lo/e(ah)oC). This follows immediately from the properties
of C](\?, C]({:), S;éc and Sj\éc listed in ((7.41]). O

For each M = (M, €) € FLocy, we define

Sar : So(M) & S5 (M) = L°(M) D L(M)
(f,h) = (S3,f. Sach). (7.61)

Proposition 7.1.12. S = (Sa)areFLoc, S a locally covariant solution for £,
in the sense of Section[5.3

Proof. We recall that the condition for S to be a locally covariant solution in

this case is that Sy, is surjective for each M, and that

Sac 0 Faqj(¥) = L (1) 0 Sy (7.62)
for each FLocy-arrow v : M — N[, or equivalently that

Sy ot = L°(4p) 0 Sy (7.63)

Both conditions follow immediately from the definition of .Z’; the former from
(7.48), and the latter from ([7.58)). O]
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7.1.5 The frame-independent classical Dirac theory

We have seen that it is possible to construct a classical Dirac theory valued in
HermAdj. with a charge conjugation and locally covariant solutions; however,
so far we have required the choice of a global frame e € I'°(F] M) in order
to define the Dirac operators (and hence the solution spaces). This choice has
been at least implicitly required in the previous locally covariant formulation
[56], but we regard this as an obstacle to a completely general theory, since
the physics and observable quantities of the system should not depend on the
choice of frame (at least within a given equivalence class). We will therefore
attempt to describe a classical Dirac theory that does not display such a
dependence.

Note that this situation is very similar to the situation of defining the alge-
bra of Wick polynomials for the scalar field, where a choice of the symmetric
bidistribution H satisfying the Hadamard wavefront set condition and
the bisolution condition was required for the explicit construction. In
that situation, as here, there was no covariant, canonical choice of H for each
spacetime, but there was a canonical isomorphism between the theories arising
from each pair H, H', and so we were able to define a covariant H-independent
theory # by constructing the elements of the algebra as families of elements of
the individual H-dependent algebras #5(M), with a compatibility condition
that ensured that the resulting algebra # (M) was isomorphic to each of the
individual algebras #(M).

We might attempt a similar approach here to define a covariant theory
based in [F]Loc,; for each object (M, £) we would like to define a theory around
a vector space whose elements are families of solutions to the Dirac equation on
(M, e), indexed by € € £, with a suitable compatibility condition. However,
the existence of such a condition relies on the existence of isomorphisms
between the individual solution spaces, and although we have shown that such
isomorphisms exist, we have also shown that there exists a sign ambiguity
in each map that prevents us from making a canonical, covariant choice
of compatibility condition. We will see that this makes it impossible to

construct a covariant theory based in [F]Loc, that is isomorphic on a given
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(M,E) € [FlLoc, to Z(M,e) for any e € &; rather than a failing of the
theory, this is a result of the fact that even in a classical context, individual
spinor fields are fundamentally unobservable.

We first need to check how the solution spaces Sol*/¢(M,¢e) react to
a change of frame € — &’ = eA(s). Recall from Lemma that if f €
Sol*(M,€) and h € Sol°(M, €) then s~! f € Sol*(M, €’) and hs € Sol°(M, €').
By swapping the roles of € and € we may prove the reverse implication, and
so for every pair €, €’ in a given equivalence class of frames, we have a pair of
isomorphisms between Sols/C(M, €) and Sols/C(M, g'), given by f > s71f,
h +— £hs.

As before neither of these two isomorphisms is preferred above the other.
However, we find a solution to this problem in Subsection [6.2.4} given an
/e .

7€ :

object (M, €) € [F]Loc, and spin cocycle s = (5% )cece, we define o
Sol*/¢(M, &) — Sol*/*(M, ') by

ol f = (s2)7', ag o h = hsg. (7.64)

/c

We may clearly define these maps a;e/

in exactly the same way as automor-
phisms of Z%)(M ), and we will use the same symbol for the maps on both
spaces without ambiguity; which is meant will be obvious from context. Note

Z/ec, = a:/g, o P(S](JC,E) for all e, &’

that by Lemma |7.1.5( we have P(SJ(;7E,) o

Lemma 7.1.13. Let (M,€) € [F]loc,, with a spin cocycle s = (5% )ecercs,

and consider €,€' " € £. Then

a). ee = (a2 _,af ) is a HermAdjc-isomorphism between £ (M, e) and
) €,€ €,€ C

Z(M,e'),

(b). C%) o as = a5 0 C, and

€, e,e’
g _ —1 _
(C)' Uge = ld.i”(M,s)y Qg e = Oger 7, and Qg g O Qg gt = Qggll.

Proof.
/c

(a). Since aJ are isomorphisms between the individual vector spaces,

we need only show that o, is an arrow in HermAdj.. Writing M =

159



7. LOCALLY COVARIANT DIRAC THEORIES

(M,e) and M’ = (M, €'), we must then show that s%f(ai{g,u, aZ{g,u’) =
sf,v/[c(u, ') for all u € Sol*/(M); in addition, we must have Apy o =
@o Aps (the analogue to the right hand box of being redundant
in this situation). For the latter condition, given a spinor field f we

have

(An(a o)) = (. ((s2) " F)TA) = (p, fi(s&T)1A)  (7.65)
and
(@ (A ) (p) = (p. f1AsS), (7.66)

and these may be seen to be equal via (6.12). For the former, note that

by Lemma [7.1.5 we have

P;{{/,C o ai{g, o (S;éc)i o (o) = a’/% o P;[/C o (Sjéc)i o (ozs/cl)f1

€,€ €,€ €,E

= (7.67)

when acting on test (co)spinors, and similarly

025 o (S )= 0 (aZlf) ™ o Payt = vy (7.68)
Since (ai{ 5)*E! cannot alter the support properties of (co)spinor fields,

it follows by uniqueness that

@l o (SS)E = (S5 F o 0t (7.69)

Consequently, for any S3,f, S5, f € Sol*(M) we have
$30(08 S50 f, 02 S5 1) = —i / dvolar (Apra o f, a2 S5, ')
bl b M b b
= —i/ dvolar (@ A f, ol oS
M K b

= /M dvolns (At f, Sacf")
= 55,(S50S. S3c ). (7.70)
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The result for cospinors may be proved in a similar way.

(b). Let f be a spinor field. Then

(Cu(aZ e f))(p) = (p, C(s2) 7 1)
= (p, (s2)7'Ch)
= (a2 (Cuf))(p), (7.71)

where we have again used (6.12)). The result for cospinors may be proved

analogously.

(c). These relations are a direct consequence of the condition that (s )eeree

be a spin cocycle.
O

We have therefore shown that whenever e,&’ € T°°(F M) are equiva-
lent for a given spacetime M € Locy, the HermAdj: objects £ (M, e) and
Z(M, €' are isomorphic, though we require a spin cocycle to give an explicit
set of compatible isomorphisms for each such pair of frames. We finally move
to the definition of a locally covariant theory whose domain is [F]Loc,, and is
therefore independent of both the choice of a particular spin frame, and the
requirement for an explicit spin cocycle. As previously mentioned, we will
not attempt to define a locally covariant theory from [F]Loc, to HermAdjc
that is isomorphic for each #Z = (M,€) to £ (M,e) for any € € £. We
will, however, use the machinery developed in this subsection, along with the
squared adjoint structures defined in Section to construct a theory that
is able to deal with the sign ambiguities present in the choice of spin cocycle.

Let # = (M,E) be an object of [F]Loc,, and pick some € € £. Now
define the squared adjoint structure £, (4 ) := &(Z(M,e)); recall that the

underlying vector space of this object is then
(Sol*(M,e) @ Sol(M,e)) ® (Sol*(M,e) @ Sol‘ (M, g)). (7.72)

We will show that these spaces are canonically isomorphic for different €, and

then use them to define a further squared adjoint structure that does not
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depend on e, denoted by Lp (A ).
First define Solp;(.#) as the set whose elements are families (ac)cce such

that a. € Z.(#') and such that there exists a spin cocycle s for £ satisfying
ac = (0 D ag,)® (o ®agy)ae (7.73)

for all e,&’ € £, where aZ{j - Sol*/¢(M, €) — Sol*/*(M, ') are defined as in
(7.64). Then:

Lemma 7.1.14. If (a¢)cce satisfies (7.73) for some spin cocycle s, then it

satisfies it for any other spin cocycle s'.

€

Proof. For each pair €,&’ € £, we must have s

I1s/c j:als/c

e’ T e,

, = £sZ, by definition. Hence

Q and therefore

(Oé;s’&./ D Oé;cye/)®2 = (ZI:O[;E/ @D i@g7€/>®2 = (C(;E/ D C(;E/)®2, (774)

and so ([7.64)) is satisfied. O

This immediately leads to the following:

Corollary 7.1.15. Any element a = (a¢)ecs € Solpr(A) is uniquely defined

by a single component a..

/c

Since the maps a;/; are linear, it follows that we may define Solp; to be

a vector space, with vector operations acting pointwise.
We also define the trace map wpg; : Solp(#) — C by

wrr((ae)ecs) = we(ae), (7.75)
where € € £ is arbitrary, an adjoint map
[(@e)ece]” == (ag)eee. (7.76)

an internal swap map

Prr[(ac)ece] = (Pee)ecs, (7.77)
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and an exchange map

Zri[(@c)ece] ® [(a;;-)eeg] = (Zri(ae ® aﬁ;-))eefa (7.78)
where w,, ®. and Z. are respectively the trace map, internal swap map and
exchange map on 6(Z (M, e¢)).

Lemma 7.1.16. The above objects are well defined, and
gp[(%) = (SOIF[(,///),MF[,*,(I)F[,ZF]) (779)

is a squared adjoint structure.

Proof. We may prove that the structures given by (7.75)—(7.78)) are well
defined by using the fact that for any spin cocycle s for £ and its associated

maps Ot:/ o, the map s, o == &(ag ,af ) is an arrow in SAdj. Since ao =

Se erQc for any (ac)ees, it follows from ((5.10) that

we/(ae’) = We! (5e,e’a/e> = we(ae)a
(aé/)* = (55,6’015)* = 55,5’(0'2)7
Coay = o (55,5’0/6) = (I)ea'a

Ze(ae @ L)) = Zer((Seer @ Seer)(@e @ aL)) = Ze(ae ® al). (7.80)

It is then easy to show that Zp (. #) is a squared adjoint structure by looking
at the definitions of its constituent parts on components in a particular frame
E. [

Definition 7.1.17. For an arrow [¢] : (M, €) — (N, &') in [F]Loc,, define

fp[([w]) : D%F[(M, 5) — ,,%F[(N, 5,)
(as)s»EE = (ge’(f‘/)s’)a'w*(e’))s’eg’ (781)

where e - (M, *(€')) — (N, €’) is the FLocys-arrow covering v and the map
ge’(q/)sf) : g¢*(e’)(M7€) — gs(N, 6/) 18 gZ.’U€’n, by

Lo (her) = (L (W) & L (), (7.82)
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which we note from Definition to be just (L (Ye)).

Proposition 7.1.18. Z; defines a covariant functor from [F]Loc, to SAdj,
and is therefore a locally covariant theory (the frame-independent classical

Dirac theory ).

Proof. Let M = (M,E), #' = (M',E") and A" = (M",E") be objects of
[F]Loc, with arrows [¢] : # — A" and [¢'] : A" — A", and let [¢ 4] be the

identity map on .#Z. For a = (a.)ccs, we have

(Zri([Lal)(@)), = Ze(te)(ac) = ac (7.83)

for all € € &, so Lpi([t.r]) = id g, (a); moreover, for any € € £”,

(Zri([W] o [¥])(a)). = Ze((¥ 0 ¥)e)(a(propye))

Ve © Py (o)) (@yr v+ (e)))

W) (Lo (o) (P 0) (@ (o)) )
L) (Ler([8)(@)) (o))
(

(Ler([W)(Zer([]) @) (7.84)

(
(¥
(¥
(¥

Therefore Zini([1'] o [1]) = Lor([¥']) 0 Lo ([]) as required. 0

Lemma 7.1.19. There is a natural isomorphism p : Lrpi& — &L that
maps an element a € Lp1(&(M,€)) to pue(a) = a. € S(L(M, s))ﬁ

Proof. Naturality of p requires that for any arrow @ : (M, e) — (N, &’), we
have py e 0 Lr(&(Y)) = S(ZL(Y)) o pare; this is evident from Definition
7.1.17, The isomorphism property is a consequence of corollary [7.1.15, [

Thus we have defined a locally covariant theory for the Dirac field that
depends only on the spacetime M and a choice of equivalence class for the
global frames of M. Since the subcategory Locj® of simply connected 4-
dimensional spacetimes contains spacetimes with only one equivalence class of

frames, it follows that the restriction of £ to simply connected spacetimes

6The description of the functor & is given in Definition
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may actually be taken to act directly on Loc)"; this is the closest we come to
a theory on Locy itself.

However, we do not think it will be possible to remove the dependency of
the frame-independent theory on the frame classes in non-simply-connected
spacetimes. It is not clear whether the sign change in a spinor field resulting
from a 27 rotation would be in any way observable in this setting. Some,
such as Aharonov and Susskind [I], have suggested that it might be possible
to design an experiment that is sensitive to such a rotation, and indeed
experiments demonstrating similar behaviour have actually been performed
[0, 53, 65]. Nevertheless, there is significant criticism of the argument of
Aharonov and Susskind (e.g. [35]), and it is not clear whether the phenomenon
observed in the experiments in question is indeed exactly analogous to the
sign change of a spinor field under a 27 rotation. However, this sign change is
an important feature of the spinorial description of the Dirac field, and thus
the description of observed phenomena, whether or not it is itself directly
observable.

For example, consider two smooth timelike paths uy,us : [0,1] — FI M
through the frame bundle of a topologically nontrivial spacetime M with
u1(0) = uz(0) and wuy(1) = us(1). If the underlying paths through M are
homotopic then the rotation of u; relative to us, up to 4w, can be deduced
from M itself. However, if the underlying paths are not homotopic (for
example, if they pass to either side of some topological obstruction in M)
then the possibility remains that the relative rotation of u; and uy can only
be fixed by a choice of equivalence class of global frames on M. Since the
underlying spinor fields are sensitive to this relative rotation, it follows that
the choice of equivalence class is necessary to adequately define the fields in
this setting.

We therefore claim that the choice of a global frame in the construction is
physically justified, and leave the question of the observability of this frame

in a topologically nontrivial spacetime for future work.
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7.2 Dynamical locality for the classical Dirac

theories

We now move to the question of whether the theories defined in the above
section obey the axiom of dynamical locality. We begin by the demonstration
of the timeslice axiom and formulation of the relative Cauchy evolution for
each theory, following results already shown in [56] for the full quantized

theory.

7.2.1 The timeslice axiom

The aim of this subsection is to demonstrate that the theories defined in the
previous section (£ and .Zr;) both obey the timeslice axiom. To do this we
will need the following lemma, which is analogous to Lemma for the

scalar field theory.

Lemma 7.2.1. Let M = (M,e) € Floc, and consider u € Sol*’*(M). If
(Ladv yret yadv) s a4 Cauchy partition for M, then P;‘{/C(Xadvu) is compactly
supported in Jir(35%) N Jp(32Y), and

u = SPI (M), (7.85)

Proof. We will provide the proof for spinors; the result for cospinors is

exactly analogous. For the support properties note that since y*Vu = 0 in
Jir(E1), we have (P (x*u))(p) = 0 for p € J37(X7); on the other hand, for
p € Jpr(X7) we have (Ps,(x*u))(p) = Pj;u = 0. Since P, (x*™u) is also
supported within Jr(supp(f)) the result follows.

Now consider f € (M) such that v = S f. We have

S Par (X" u) = S5, Par (X (S50) ™ f = XV (S50) 7 f), (7.86)
and since supp(x*¥(S5,)7f) C Jpr (X)) N J3;(supp(f)), which is compact,
we have S5, Ps (x*¥(S5,)"f) = 0. Now consider a further Cauchy partition

adv

function y satisfying x(p) = 1 for all p € supp(f). It follows that supp(x
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X) N Jar(supp(f)) is compact and x(S5,)” f = (55,)” f, and therefore

Sae P u) = S3 P (S30) )
= S5 Pac (Y = ) (S50 f + X(S30)S)
= S5, P3(S3) " f
= S5, f =u. (7.87)
UJ

Corollary 7.2.2. Suppose that O € O(M), and that u € L%/¢(M) is sup-
ported within Jpy(K) for some K € J# (M;0). It is then possible to find
fe 5/0(*)(]\4) supported within O such that u = S;écf.

Proof. We pick some multi-diamond set O with base B C O, such that
K C O; since Jy(K) € Jy(0) = Jy(B), it follows that we may find some
open neighbourhood O' C M of B N Jy(K) that lies within O. We then
define a smooth function x on Jp(O’) such that x = 1 to the past of O’, and
x = 0 to the future of O’; we may extend this to a Cauchy partition function
on the whole of M, and by the previous lemma, we have u = Sjéc f where
f= P;l,?cxu. But P;l,{cxu = 0 in any region where y is constant or u = 0, so
therefore f is supported within O" C O. ]

We now move directly to the proof of the timeslice axiom for the theory
£ : FLocy — HermAdj.
Proposition 7.2.3. .Z obeys the timeslice axiom.

Proof. Let M = (M ,e) and N, = (N, €’), with an arrow ¥ : M — A that
covers a Cauchy arrow ¢ : M — N. We define maps # /(1) : Sol*/¢(\) —
Sol*/¢(M) by choosing a c.p.f. x*¥ for N such that the region in which y*a¥

is non-constant is contained within ¢ (M), and letting
K@) = SywT (P () (7.88
P)u = Syt (Py " (X* ). .88)

We claim then that J#*/¢(¢) is an inverse to .2*/¢(1) in Herm, and that
H () = (), (1)) = L(¢)"! in HermAdjc, and consequently, &

obeys the timeslice axiom.
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Firstly, P;[/ “(x*Vu) is compactly supported within (M) by the choice of
Y2 and therefore w*(P_;C/ ‘(x*Vu)) € YO(*)(M ); consequently J£%/¢(4p) does
map into Sol*’*(M) as required. Next, note that for any u € Sol*/¢(N),

L) A () = L) (S5 (P (™))
= Sy " (Py (") (7.89)

by definition, and since ¥,19*g = g whenever supp(g) C (M) we have

L (ap) A (p)u = S%CP;\C/C(Xaqu) = u. (7.90)

We also therefore have fs/c(w,b) o%s/c(@b) ojs/c(gb) = ,%S/C(¢) - $S/C(¢) o
id. Since .Z*/¢(1p) is injective, and therefore monic, it follows that ¢ */¢(1)) o
Z%/(p) = id. Therefore £ */¢(p) = £*/¢(1p)~!, and consequently 7 (1)) =
ZL()~L. Since £°/¢(zp) is an arrow in Herm and .Z(1p) is an arrow in
HermAdjc, the same is true for .2 */¢(p) and # (1)) respectively. O

Thus .Z obeys the timeslice axiom, and it does not require much extra
work to prove the same for £y, since its arrows are built componentwise out
of £ arrows. However, before we prove this, we will show that the theory .Z

is causal:

Proposition 7.2.4. . is causal — by which we mean that each of £*/° is
causal, in the sense of (2.3]).

Proof. Suppose that ¥; : My — N, W, : My — N are arrows in FLocy, where
M, = (M,;,e) and AL = (IN,€’). Suppose also that 1, (M;) and 1o(M3)
are causally disjoint in N. Consider spinor solutions u; = 53, f; € £°(M;);
writing f; = (¥i).fi, we have Z(1b;)u; = S5 f{, and

s3 (L )ur, L (a)un) = i /N dvol (An 7, S3cf3) =0, (7.91)

since supp(An f1) N supp(95.fa) C ¥(M1) N In((My)) = 0. The result for

cospinors may be proved in a similar way. O

Proposition 7.2.5. Zr; obeys the timeslice axiom.
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Proof. Let # = (M,€) and A = (N,&') be objects of [F]Loc,, with a
Cauchy arrow [¢] : A — N . Let a = (ae)eresr € Lrr(AN); we pick some
e’ € £ and define

by-(e) = (7 (Per) © H (o)) Pae. (7.92)
Now, for an arbitrary € € £, we define

bE = 5¢*(E’),Eb¢*(€’)7 (793)

s/c

where we recall that s. o := &(af ., al /), where o is defined according to

(7.64) with relation to some spin cocycle s (although s¢ o is independent of
this choice). Then the family (be)ece is an element of Zp;(#'), and moreover

is independent of the choice of €’; if we instead chose €’ € &', we would have

bs :5111*(5”)76(‘%/ ( s”) @%c( )) a.r
= 5¢*(€"),€(<%/ ( E”) ) %C(",bs )) 55/ E://0,5./
= Sy (en) Sy () (o) (A (her) © K (her)) PP @
= 5y (en,e (7 (Yer) © K (Yer)) P ae (7.94)
as required, where we have used the fact that since %S/C(¢) = gs/c(@b)fl,

we have 2 %/¢(1pn) o oze/ o = ocf/f( (e © A (1her). We define

Hri([Y])a = (be)eee, (7.95)

whereupon it is clear that Jz;([¢)]) = ZLri([¢]) . Therefore L obeys the

timeslice axiom. OJ

Causality properties similar to that proved for . may be analogously

demonstrated for Zr;.

7.2.2 The relative Cauchy evolution

We proceed to the calculation of the relative Cauchy evolution for the classical

Dirac theories we have defined. The calculation for an already-quantized
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version of this theory is done in [55], [56], where the expression in is
derived as part of the process. We will unsurprisingly find a similarity when we
derive the r.c.e. for our theories, but here we do examine a previously unnoticed
subtlety in defining a perturbed frame on M [h] that potentially causes an
ambiguity in the relative Cauchy evolution under certain circumstances.

Throughout this subsection, M will be a spacetime in Locy, h will be a
smooth metric perturbation in H(M) and N* € M will be subspacetimes
of M such that:

e cach N* is an object of Loc, and their embeddings = into M are

arrows in Loc,
e cach N* admits a Cauchy partition (334v, ¥t ad¥) for M.

As usual we denote the embeddings of N* into M[h] by (*[h]. Let € €
I'°°(F1 M), and denote e = e|y+, so that M = (M, e), N* = (N*, &)
are objects of FLocy. We need to define the perturbed FLocs-spacetime M [h],
and this proves slightly more difficult than in Loc, since an object of FLocy
includes a choice of global frames. Of course, global frames for M are not
global frames for M [h] unless h = 0, but we may always choose a frame € for
M[h] that coincides with e outside supp(h)[] (although there is unfortuately
no canonical way of doing this). In most cases, it is enough to pick one such
frame €, define M[h] = (M|[h], €), and define the relative Cauchy evolution
accordingly. However, in some particularly pathological cases, this introduces

a sign ambiguity into the definition of the r.c.e., as we will show shortly.

"The vector field g is always future-pointing and normalized according to the metric g
of M. This is not necessarily the case for g+ h; however, since h = 0 on d(supp(h)) and the
future light cone at any point is open it follows that there is an open neighbourhood O D
O(supp(h)) on which &g is at least future pointing. We choose a normalized future-pointing
vector field a on M [h] that is linearly independent of €1, e5,¢3, and let £ : M — [0,1] be a
smooth function with & = 1 on supp(h) \ O and £ = 0 outside supp(h). We then define
€0 := v/||v]|, where

v:=(1-=E&eo+ &a.

Since €y = a in supp(h)\ O and &y, = ¢ outside supp(h), and the convex linear combination
of two future-pointing vectors is future-pointing, it follows that &g is future-pointing and
normalized as required. We then apply a Gram-Schmidt-type process to &g, €1, €2, €3, which
will produce a global frame for M[h] that coincides with & outside supp(h).
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Happily, this issue may be resolved by imposing a slightly stronger condition
on the choice of €.

We begin by calculating the expression for the relative Cauchy evolution
generated by the perturbation h and a particular choice of € € T°°(F| M|h])
that coincides with e outside supp(h), denoting M[h] = (M|[h],€). Note
that the embeddings ¢*, t*[h] covering «*, t*[h] respectively are arrows in
FLocs. It is then a simple task to calculate rceq [h] = (rcej [h],rceg, [h]) :
L(M) — L(M); note that L/°(¢F[h])H/(tH)u = SS/C ;[/cxidvu and
L) (T [h])v = SS/CP;{/[Ch]XadVU S0

reel[h]u = SS/CP;J/E:,L] adVS;ﬁh Py (7.96)

for u € £%/¢(M) (cf. [56, Prop. 4.15]; note the difference in sign convention
for N¥).
It is easy to show that while keeping € fixed, the expression in ([7.96)) is

adv

independent of the choice of N* and x4, as long as N* are kept disjoint
from supp(h), by Lemma m However, for the relative Cauchy evolution
to be well-defined, must also be independent of the choice of €, subject
to the restriction that it coincides with e outside supp(h). Clearly, (7.96))
seems to be dependent, through the appearance of PM/[ch and 5%/ Ch], on the
choice of €; as mentioned before, we will show that there are circumstances
where this creates a potential sign ambiguity.
Suppose that M has compact Cauchy surfaces, and that the interior of
supp(h) contains a Cauchy surface for M. It follows that there is a map
. M — Spin! 5 Which is identically g0~ to the future of supp(h), and
1dent1cally Lsping , to the past of supp(h). Consequently & = €A(s) coincides
with €, and therefore €, outside supp(h), and so we may equally use & for the

definition of the relative Cauchy evolution. Using this map s, we construct

the map a~/ & asin ; this allows us to compare the results of using €
and €' to construct the relative Cauchy evolution. We write f = PS/ Cxidvu,

/

which is supported within N*; since a5 acts pointwise we have Ozé af=1.

We also write M [h] = (M|[h], &) and 1nv0ke Lemma [7.1.5/and (7.69)) to see
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that

Ss/cps/c ades/c

s/c s/e adv s/c s/c
M[h h]’f S M[h]’ SM[h’ ss’f

_Ss/c s/e s/chdVSs/c f

M[h]’ Qg er M [h]
= S o s Pl XV St f- (7.97)

But since PM[h adVS s/¢ [k f is supported within N, it changes sign by the
action of a/ &, and so

Ss/cps/c ades/c

X Sagpy f = =5 SeP ;{/[ch advsjé[ch]f (7.98)

It is not enough, therefore, to simply demand that € coincides with &
outside supp(h), given the possibility of compactly supported metric pertur-
bations that nevertheless contain a Cauchy surface within their support
Instead, we demand that there exists a homotopy between € and €, regarded

as ordered bases of T'M, that is fixed and equal to & outside supp(h).

Lemma 7.2.6. Let h € H(M), and consider e € T®(FI M) and & ¢ €
I°°(F1 M[h]). Suppose that there exist homotopies between € and both € and
€' that are fized and equal to € outside supp(h). Then, denoting M[h] =

(MTh], €) and M[h) = (M[h],&"),

s/c ps/c adv s/c s/c adv., _ qs/cps/c adv s/c s/c adv
Sar Popimx® SarmPar X u =8y, P x™ SM[h o X (7.99)
for any u € L5/¢(M), where X3 are Cauchy partition functions that are
nonconstant in some subspactimes Nt C M defined as in the beginning of

this subsection.

Proof. Clearly € and €' are themselves homotopic, so there is a continuous
map L : M x [0,1] — £ with L(-,0) = 1£1 and €'(p) = €(p)L(p,1). By
the defining properties of € and € we may take this L to be fixed and equal
to lﬁl outside supp(h).

Since the constant map 1 ct is trivially liftable to Spim(l)’3 under A, and

any covering map has the homotopy lifting property [58, Thm. 2.2.3|, there

8This point seems to have been overlooked in [56].
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must be a homotopy S : M x [0,1] — Spin(l)’g satisfying L = A o S. Now
L(-,0)=1 £t
for all 7 € [0,1] and p ¢ supp(h), it follows by continuity that S is fixed

so we may take S(-,0) = lg,,o . But since A(p,7) =1,
s +

and equal to 1g,;,0 ~outside supp(h). Consequently there exists a smooth
s : M — Spin{ 4, given by s = S(-, 1), such that & = £A(s); outside supp(h),
we must have s = 1spinf1)73.

Again, we use this s to construct the map 042{ o as in (7.64), and write

f= ij/cxid"u. The argument used to show (7.97) still holds here, but this
time a;/ o must act as the identity outside supp(h), and so (7.99) holds. O

This gives us an expression for the r.c.e. for .Z; we use this to find the
r.c.e. for Zp;. For #4 = (M, E) € [F]Loc, we may denote by £|y=+ the unique
equivalence class of frames on NT that contains the restriction of frames in
£; we have #F ;= (NF,E|y+) = (N*,E[h]|y+), and may form the relative
Cauchy evolution by

rce g h] == Zr(i7]) 0 Hr (i [R])) o Lor (0¥ [B])) 0 Hpr (). (7.100)
Since p : Lp1& — &% is natural, we have
Pm.e o rce g [h] = S(ree(ys o [h], ree(ps o [h]) 0 P, (7.101)
so for any a = (a¢)ecs We have

(ree.z[h] a)e = (rce(p; o)[h] © rce‘(jMﬁ)[h])@?aE. (7.102)

7.2.3 The dynamical solution spaces

We are now, finally, in a position to calculate the dynamical solution spaces for
the classical Dirac theories. We start with the theory .Z; given M = (M, ¢) €
FLocy4, an open subregion O € & (M) and compact K € J# (M;0O), the space
LM K)=L2(M; K) D L2 (M; K) comprises solutions u € Sol’(M) and
v € Sol“(M) such that

reeg [hlu = u, reeg [hlv = v, (7.103)
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for any h € H(M; K+). We now show that the (co)spinor solutions supported
within Jps(K) include all those that comprise the spaces 2. (M; K). In
exact parallel to the argument given in the proof of Lemma in Appendix
[Cl we may see that for sufficiently small s € R

rce;ﬁSh]u —u= —S%C(Pmsxz[csh] N Pﬂsw/c)u +0(5), (7.104)

(cf. [56, Prop. 4.16]), and so if u € Z.(M; K), we have
Flh)u = 4 ree’/“[shlu| = — dgstepsse o g (7.105)
Y = s T L, ds M Talwt T :

The proof of the following lemma is tedious and long-winded, and has therefore
been relegated to Appendix [D} there are also proofs of very similar results
contained in [55, §4.3.2].

Lemma 7.2.7. For any u € Z*(M) and v € L°(M), we have

d 1 i v a c
%S;{ij[sh]u . = S;/[ <2hab’YGVbu - Z(éhruyp)gzgasg’y YooY U’) ;
d c pc c i ab i m b_v_p a c
%SMPM[Sh]U i = SM <_2h (va)')/a - Z(dhr Vp)gugagc ,U’Y 7177 > )
(7.106)
where 6pI'*,, = %(Fﬁsh)“l,p - Moreover, for v € £5(M) and V' €

L(M), it also holds that
1 . .
sar(u', Far[RJu) = ~1 /Mdvothab ((AMu’,'y(“Vb)u> — (AMV(au’,'yb)u)) ,

1 _ -
sqr (V' Fsr[hlv) = ~1 /Mdvothab ((V(“v'yb), A’y — (v, A]_VIIVI’)U’)) .
(7.107)

This allows us to prove the following property of 8'/C(M K.

Proposition 7.2.8. Let M = (M,e) € FlLocy, and K € ' (M). Ifu €
e(M; K) then supp(u) C Ju(K).
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Proof. Let u € £2(M; K). As remarked earlier, we know that Fj;[h]u =0
for all h € H(M; K*), and therefore by the above lemma we have

/ dvolps hap ((AMu’,'y(“Vb)u) — <AMV(au’,7b)u>> =0 (7.108)
M

for all such h and all v’ € Z%(M). Tt follows that within K+, the integrand

is identically Zero, and in parlicular,
M /7 M 9 . .

We pick some p € K*; since u' can be chosen such that u/(p) = 0 and V°u/(p)
is arbitrary, it follows that u(p) = 0. Therefore u = 0 everywhere in K=+, so
supp(u) C Jpr(K). This shows that Z2(M; K) C {u € L*(M) : supp(u) C
Ju(K)}. The proof for cospinors is similar. O

Corollary 7.2.9. Let M = (M,e) € Flocy, and O € O(M). Then
L (M:0) € L5 0).

Proof. It is easy to see that u € A;?(M ;0) if and only if u = S%C f for
some f € YO(*)(M ) with support in O. Therefore the previous proposition,
along with corollary [7.2.2, shows that .5, (M; K) C ,,2251‘/‘2(9\/[, 0) for all

K € #(M;0). The required result follows. O

Proposition 7.2.10. The theory £ is dynamically local, and both £° and
Z¢ obey the conditions (H4)|.

Proof. Let M = (M ,e) € FLocy, and O € 0(M). For dynamical locality, it
remains only to show that O?Zk/‘él(ﬂ/[ ;0) C iﬁs%n(ﬂ\/[ ; O); once again, we adapt
the proof of |26, Lemma 3.3]. Any u € ,,ﬁk/i;l(ﬂ/[; O) may be decomposed into
a finite sum u = 37, u;, where u; € Z.(M; K;) for some K; € A (M;0), by
writing u = S;f f, finding a finite cover of supp(f) by diamonds O; based in
O, and defining u; = Sjéc(xif) and K; = supp(x.f), where y; is a smooth
partition of unity satisfying supp(x:f) C O;. Therefore u € L% (M;0),
and so .Z is dynamically local.

For the conditions we prove that they are satisfied for .Z*; the

proof for £ is similar (and follows from Proposition [5.4.2)). By Lemma
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we have ,
53, (u, F2,[h)) = % /M dvolar hayT22[u], (7.110)
where
Teu) = % ((AMu’,'y(aVb)u} - (AMV(au’,'yb)w) : (7.111)

The tensor field with these components can be seen to be real by , and
conserved; in fact, it is the usual classical stress tensor for the Dirac theory.
Therefore £* satisfies

Now suppose that v € Z*(M), O € (M) and h € H(M;O); since
Fy[hlu=—-4 S;{Pjﬂh]u’szo, we see from Lemma |7.2.7| that F};/[h]u may be
written S, f where supp(f) C supp(h) C O, and therefore u € L 0).
Therefore is satisfied.

For , suppose that v; : M; — A are arrows in FlLocy, for i =
1,2, such that ¥ (M) and ¢(M,) are spacelike separated, and consider

u € Z°(1)(L*(M)) N L2 (12) (L7 (M)). Then supp(u) C Jn(¢1(Mr)) N
JINn(12(Ms)), which means that u must be zero within both v, (M) and
o(My). However, this is only possible if u = 0.

Finally, is evident from the proof of Proposition O

In the concluding part of this section, we show that the theory Zp; is

also dynamically local.
Proposition 7.2.11. Zr; is a dynamically local theory.

Proof. Consider .# = (M,E) € [F]loc,, and an element @ = (@c)ees;
it is clear that @ € Z¥"(.#;0) if and only if each a. is an element of
(LEn (M, e) & L (M, e))®2. This is the case for every € € & if and only if
it is the case for at least one g, since the isomorphisms Oé;/ < defined in (7.64)
do not change the support of (co)spinor solutions.

Now a. € (Sol* (M, ) @ Sol®(M,€))®?, and following [26], may therefore
be regarded as a linear map from (Sol*(M, €))*®(Sol‘(M, €))* to Sol*(M, e)®
Sol(M, €) in two ways, by contracting in either the first or second slot. We

denote these induced maps by p; and p, respectively, and write Y; := im p; for
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the associated support spaces. From [26, Appx. A], we see that a. € Y1 ® Y5,
and if

(ree.r[h] @)e = (rcefpr o [h] © rce‘(jMﬁ)[h])@Qae = a. (7.112)

for some h € H(M) then Y7, Y are invariant under rcefy, . [h] @ reefys o [h].
Consequently, by Proposition and Lemma ifae Ly (M; K) for
some K € # (M) thena. €Y1 ®Y, C (L2 (M,e; K)® £ (M, e; K))®.

Conversely, if a. € (L2(M,&; K)®.L (M, e; K))** for some K € (M)
and € € £ then

(ree{nr eny[h] © rcevas,)[hD@QaE/ = a. (7.113)

forall e’ € &.

Consequently a € £2(#;K) if and only if a. € (£ (M,e;K) &
ZL2(M ,e; K))®? for some € € &, and therefore a € 2" (.4; O) if and only if
a. € (LY (M,e;0)® LY (M, e;0))%? for some e € £. Then the property
LM 0) = LEn( M O) follows directly from LY (M ) = 25 ( M ¢),
and so the theory Zr; is dynamically local. O]

7.3 The locally covariant quantum Dirac the-

ories

We now finally come to the quantized theory of the Dirac field. While the
full description of the classical theories of the Dirac field were quite involved
and technical, we will find that the machinery developed in Chapter [5| makes

the subsequent definition of the quantized equivalents very straightforward.

7.3.1 The framed-spacetime quantum Dirac theory

The functor .Z is a weakly nondegenerate theory from FLoc, to HermAdj,
with charge conjugation C' = (Cyy, CX/[)(M,e)eFLoc4- Therefore there is a CAR-
quantized theory &/p = 2,4 : FLocy — Alg and a charge conjugation
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X = (Xar)areFLoe, With Xxar = (T}iﬂ(%))*1 0 2,4i(Cm, Cyy) (definitions are
given in Section [5.2.2]). Explicitly, the algebra o/ (M) is generated by a unit
1 and elements Dy (u), Eqr(v), with u € Z5(M) and v € L°(M), subject

to the relations

Dor(u)* = Eqr(Apru) (7.114a)
Dar(Au+ pu') = ADgg(u) + pDagr(u') (7.114b)
{Dac(u), Da(u)} = 0 = {Ea(v), Ear(v')} (7.114c)
{Bac(0), Da(u)} = sy (Farit, o)1, (7 1140)
for A\, u € C; note that this entails
{Ear(S5,h), Dag(S3f)} = —i /M dvolar (h, S5, ) 1. (7.115)

We see that on any particular framed spacetime M = (M, e), our quantized
theory is equivalent to the algebra defined in |20} 27, [17], 56] for the quantum
Dirac theory, with the fields ¥y : (M) — p(M), ¥}« A(M) —

p(M) in these formulations being linked to our generators by

Ua(h) = Eac(Sach),  War(f) = Dar(S5.f). (7.116)

It follows from propositions [5.3.3| and [7.1.12| that U* : . % — o/p, U :
Ly — dp and VT @ U . A D S — o are locally covariant fields. By

following the relevant definitions, we see that the charge conjugation acts as

XarDar(w) = Ear(AprCrrtt),  XarEar(v) = Dag(CarAyiv).  (7.117)

The theory @7p clearly inherits the timeslice axiom from ., since Z,q;
maps isomorphisms to isomorphisms. Moreover, suppose that M; = (M, &;)
€ Flocy for i = 1,2, and that ; : M; — N are arrows such that ¢ (M) is
spacelike separated from ty(Ms). Then, for S5 f € £°(1p1)(ZL*(M;)) and
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Sich € Z(1ha)(L°(Mz)), we have

{Eac(S5h), Dag(S3.f)} = —i /M dvolar (h, S5 f)1 = 0. (7.118)

Therefore all generators of 2 (¢)(.Z(M;)) anticommute with all generators
of Z(s)(L(M)). As mentioned previously, we do not therefore consider
the theory @7p to be truly causal. We will see that this unphysical behaviour

is remedied when we pass to the frame-independent theory.

Proposition 7.3.1. The framed-spacetime Dirac quantum theory </p is dy-

namically local.

Proof. This may be seen by combining the results of Theorem [5.4.6, Lemma
and Proposition [7.2.10] n

7.3.2 The frame-independent Dirac quantum theory

It remains only to describe the quantization of the frame-independent theory
Zrr, and establish dynamical locality. We compose the functor 2g4 with
L1 to get a frame-independent theory @p; = ZgaLp; : [F]loc, — Alg; for
a given # = (M, &) € [F]Loc,, the algebra @7r(.#) is generated by 1 and
elements Fy(a), a € Lp( M), subject to

Ey(a)" = Ey(a”) (7.119a)

Ey(Na+pa’) = Ay (a) + pEy(a) (7.119b)

Eyla+ Ppra) = wrr(a)l (7.119c)

[Fy(a),Fy@)) =2w® Ey (Zrpi((a— Prra) ® a')), (7.119d)

where A\, u € C, and *, ®p;, wpr and Zp; are defined according to ((7.75)—
(7.78]).

Proposition 7.3.2. For any # = (M,E) € [FlLoc, and € € &, the algebra
(M) is isomorphic to the even subalgebra of </p(M,€).

Proof. Lemma|7.1.19|and (7.75))—(7.78)) make it clear that .Zp;(.#) is isomor-
phic to §(Z (M, €)) as a squared adjoint structure, and therefore the algebras
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Api( M) and Psa(S(ZL (M, €))) are isomorphic. But by Proposition
the algebra Zg4(6(Z(M,e€))) can be identified with the even subalgebra of
aaj(ZL (M €)) = p(M ). 0

More explicitly, there is a natural transformation p : &p; — 2316.Z
defined by pare = Zsa(pme), which acts on generators by pare Fy(a) :=
Fyme(ac). From Proposition [5.2.10, we see that for a ‘pure’ element

ac = (u,v1) ® (ug, v2) | we have
Fooue(ac) = (Dar(ur) + Ear(v1))(Dag(uz) + Ear(v2)). (7.120)

Proposition 7.3.3. The theory o/r; obeys the timeslice axiom and is causal.

Proof. Once again, @7p; inherits the timeslice axiom from Zr;. For causality,
suppose that #; = (M;,&;) € [F]Loc, for i = 1,2, and [¢] : A, = N =
(N,€&) are [F]Loc,-arrows such that (M) is spacelike separated from
1o(M3). Now, we pick some € € &, and choose a € L ([V1])(Lri(A1))
and a’' € ZLr([ths])(Lri(Ay)) such that a. = (u1,v1) ® (ug,v2) and al. =
(uy, v}) ® (ub, vh). It follows that

{D(u;) + E(v;), D(u}) + E(v})} =0, (7.121)

and since [AB, A'B'| = A{B,A'}B'—{A, A"} BB'+ A’A{B, B’} - A'{A, B'}B,
it holds that [Fy(ne)(ae), Fene(a.)] = 0. Consequently

[Fix(a), Fa(a)] = 0, (7.122)

and by linearity this holds for any a € Zrr([1])(ZLri(#1)) and a' €
Lr1([1a])(Lrp1(A2)). But since the commutator of any finite product of gen-
erators in ZLrr([V1])(Lrr(A1)) with any other finite product of generators in
Lri([Wa])(Lr1(Ms)) may be decomposed into terms each of which contains
a commutator of single generators, which vanishes, it follows that [A, A'| =0

for any Ac€ gp‘[([wl])(é/ﬂp[(%l)), A e gp[([wz])(gpj(%g)) Therefore @5

9The term (u;, v;) here represents an element of the direct sum rather than the complex
scalar field obtained from pairing v; with wu;.
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is causal. O

Therefore the theory o7r;, in addition to relying only on measurable
properties of a spacetime rather than a non-canonical choice of frame, also
displays better causality properties than the theory o7p. It remains only to

show demonstrate dynamical locality.
Proposition 7.3.4. The theory <r; is dynamically local.

Proof. Let # = (M,E) € [FlLoc, and O € O(M), and choose € € €£.
It is clear that A € /5P #;0) if and only if ppo(A) € FE™(M, e;0).

Moreover, since p is natural we have

PM.e © rce%”)[h] = rcegfi)[h] O PMe- (7.123)

Therefore the image of sz;?l}'n(/// ;O) under ppre coincides with the even
subalgebra of @ "(M,e;0). Consequently the dynamical locality of @y
follows from the dynamical locality of o7 itself. n
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Chapter 8
Discussion

It was shown in [26] that the locally covariant scalar field theory was dynami-
cally local in the minimally coupled massive case, and failed to be dynamically
local in the minimally coupled massless case. In this thesis we have shown
that in the nonminimally coupled case, the theory is dynamically local for
all masses. We have also shown that the theory of the extended algebra of
Wick polynomials is dynamically local in the massive minimally coupled and
massive conformally coupled cases, and fails to be dynamically local in the
massless minimally coupled case.

This has been done by demonstrating in Chapter [3| how the functional
formalism of [9] may be established in a locally covariant setting, then in
Chapter 4| by constructing the kinematic and dynamical algebras for the
aforementioned cases of the two theories. We were unable, however, to use
our approach to generate useful presentations of the dynamical algebras for
the general nonminimally coupled formulation of the enlarged algebra theory,
which prevented us from obtaining a complete characterization of the extent
to which the enlarged theory obeys dynamical locality. We conjecture that as
for the basic scalar field theory, dynamical locality should hold in all cases
but the massless minimally coupled case.

In Chapter [0, we have provided a concrete representation of the CAR
quantizations of certain classical solution spaces as deformed exterior algebras,

in a categorical context. This follows similar work in [26] for the process
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of CCR quantization, in which a list of sufficient conditions for dynamical
locality of the CCR quantization of a classical theory was obtained. We found
a similar list of conditions for CAR quantization, and proved that they were
again sufficient for dynamical locality of the quantized theory to hold.

In Chapter [0 we have reviewed the geometrical constructions necessary for
the construction of the Dirac field on a curved spacetime, incorporating some
simplifications made possible by material in [29, 89]. This was followed in
Chapter [7| by a construction of the locally covariant classical Dirac theory, first
in a way that depended on the choice of a particular global frame, and then
in a way that depended only on an equivalence class of frames — although
these two constructions were not isomorphic. Finally, we showed that these
classical theories were dynamically local, and that their quantizations under
the functors constructed in Chapter [5| were also dynamically local.

The construction of the locally covariant classical and quantum Dirac
theories that depend only on the spacetime (that is to say, topological structure
and metric) and an equivalence class of global frames is new; in the past,
constructions have relied on unphysical choices of spin structure so cannot
be said to be locally covariant in the true spirit of the term. In passing to
this frame-independent setting we have essentially lost information, since
the frame-independent quantum theory on a particular [F]Loc, object is
always isomorphic to the even subalgebra of the frame-dependent theory of
an associated FLoc, object. However, we feel that this loss of information
is not undesirable when compared to the simplifications made, and is even
advantageous; since the physically observable quantities should not rely on a
particular unphysical choice, the full algebra obtained from our FLoc, theory
cannot be a true algebra of observables.

On the other hand, we do not think it possible to construct a simpler
Dirac theory (that is to say, dependent on fewer pieces of information) that
still contains all physically observable quantities, since the nature of spinorial
objects entails that the choice of equivalence class of frames will have an effect
on the theory.

We have thus found that dynamical locality has held up well to scrutiny,

in the sense that we have managed to considerably enlarge the number of
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theories known to obey the axiom, and apart from the minimally coupled
massless enlarged algebra for the scalar field (in which failure was expected
and explainable for the same reason as for the plain scalar field theory), it has
not failed to hold for any of the theories for which we have definite results.
In terms of the discussion of dynamical locality in the introduction, we have
found significant evidence to support dynamical locality as a realistic measure
of physicality, and none to oppose it.

While there are few models of QFT in curved spacetime that have been
formulated rigorously, let alone in a locally covariant way, there are still
a number of cases in which dynamical locality may be checked. We feel
that a result totally classifying the cases in which the enlarged algebra of
the scalar field obeys dynamical locality is within reach, and as mentioned
before, we suspect that the axiom will be satisfied in all cases apart from
the massless minimally coupled case. Another obvious extension of our work
on the enlarged algebra of observables for the scalar field would be to test
whether dynamical locality holds in the perturbatively constructed interacting
scalar field theory, which is well-understood on curved spacetimes (see e.g.
[9]). Tt will also be interesting to explore what effect our formulation of the
Dirac theory that has domain [F]Loc,, and hence depends only on observable
factors, has on the construction of the enlarged algebra of observables for the
Dirac field, as in [I5], and the interacting theory, as in [66]. In both cases it
should be possible to examine the extent to which dynamical locality holds.
For the enlarged algebra, as for the scalar field, we conjecture that dynamical
locality will hold for all masses, but we do not make any firm prediction for

the interacting theory.
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Some categorical definitions

In this appendix we give a very brief overview of some categorical concepts.
A good basic reference to category theory is contained in [45], and material
more specific to the categorical unions and intersections defined below can be
found in [I8]. The presentation here closely follows [25, Appx. B]. We assume
that the reader is aware of the definitions of a category, objects, arrows (or
morphisms), functors, and natural transformations.

A concrete category is a category with a forgetful functor to the category
Set of sets with functions as arrows. In other words, a category is concrete
if its objects can be described as sets with some extra structure, and its
arrows are functions between those sets satisfying certain properties. The
vast majority of categories we use in this thesis are concrete categories.

An arrow m is monic if it is left-cancellable, i.e. it has the property
that m o f = m o g implies f = ¢g. Note that in a concrete category, all
injective functions between objects that are also arrows are monic (however,
the converse is not necessarily true). Whenever an arrow f factors through
a monic m in the sense that f = m o g for some arrow g, the left-cancelling

property implies that g is unique.

Definition A.1. A subobject of an object A in a category C is a diagram of
the form M -+ A, where m is monic. If M’ ™y A s also a subobject and
m =m’ o [ for some (unique) arrow f, then we write m < m'. If m < m/

and m' < m, then we say that m and m’' are isomorphic.
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Note that if m = m/ o f and m' = m o g for some arrows f,g, then
moidy = mo go f, which entails that g o f = id);. Similarly f o g = idyy,
and so f is an isomorphism. The subobject M =+ A is of course entirely
defined by the arrow m.

In the case where C is a concrete category, we may associate each subobject
M s A with the image of m in A, which coincides with the more usual
understanding of the term ’subobject’. In the case where all monic arrows
are additionally injective functions (which is not always the case for concrete
categories, but will hold in most circumstances here, since we often define
arrows to be injective anyway) then it holds that two subobjects of A are

isomorphic if and only if the associated images in A coincide.

Definition A.2. An equalizer of two arrows f,g: A — B in a category C is
an arrow eq satisfying f o eq = g o eq, with the property that if foh=goh
for some other arrow h then h = eqob for some unique b.

A category has equalizers if every pair of arrows with common domain

and codomain have an equalizer.

It is easy to see that an equalizer is necessarily monic, by the uniqueness

of factorization.

Definition A.3. Consider a collection {M, ey A] . of subobjects of an
object A, where I is some indexing class. An intersection of this collection
is a subobject M — A such that for each i € I there exists a (necessarily
unique) arrow j; : M — M; satisfying m; o j; = m; it must also satisfy the
additional property that if there exist arrows f : B — A and f; : B — M; for
all v € I satisfying f = m; o f;, then there exists a unique arrow g : B — M
such that j; 0 g = f; for allv € I.

A category has intersections if an intersection exists for every such class

of subobjects.

Note that the intersection is hence an extension of the idea of a (categorical)
pullback to an arbitary class of arrows, which bears some relation to the
categorical product. The intersection is uniquely defined up to isomorphism,

and therefore, in a concrete category with injective monics, is associated
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with a unique image in A. In Set, the intersection of a given collection of
subobjects, each of which is associated with a subset A; C A, has image equal
to the usual intersection (M;c; A;.

Definition A.4. Consider a collection {Mz RN A} o1 of subobjects of an
object A, where I is some indexing class. A union of this collection is a
subobject M - A such that for each i € I there exists a (necessarily unique)
arrow u; : M; — M satisfying m; = m o u;; it must also satisfy the additional
property that if there exists an arrow f : A — B and a subobject N — B
such that for each i € I, we have f om; = mnow; for some v; : M; — N, then
there exists a unique g : M — N such that nog = fom. (Note that this also
implies that g o u; = v; for each i € I).

A category has unions if a union exists for every such class of subobjects.

Again, the union is uniquely defined up to isomorphism. In the same way
that the intersection can be related to the idea of the categorical product, a
similar relation exists between the union and the coproduct. However, these
two ideas should not be confused — in Set, as for intersections, categorical
unions can be understood to be equivalent to unions in the usual set-theoretic
sense. However, the coproduct of two sets is always the disjoint union.

If a category C admits unions and intersections, then there is a lattice
structure over subobjects of a given object A, the subobject lattice, with the
ordering < defined as in Definition meets given by intersections and joins

given by unions.
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Properties of algebras of

functionals

In this appendix we prove a number of properties of the algebras of functionals

defined in Sections B.1l and 3.2
Lemma B.1. The product defined in (3.13)) is associative.

Proof. Throughout this proof, composition is maps is denoted by concatena-
tion for the sake of readability.

Recall that we may write F'x F' = pexp (%EM) (F ® F'), where ‘Epy is
defined in and p is the pointwise multiplication map. The product is

therefore associative if and only if
pez™ (1 ® ue%ZM> = pestm (ue%fM ® 1) . (B.1)

Now, consider ¢,, € F™(M), t, € F"(M) and t, € FP(M). We have
w(tn @tp) (21, ...y Tnyyp) = S(tn(z1, ..., x0)ty(21,...,2p)), so by a combina-

torical argument we have

Epr (b @ p(tn @tp)) = (1@ p)(Epm (L ®15) @) + (1@ p) (Epa (L @) D).
(B.2)
Therefore, if we define ¢o3 : ﬁ(M)&g’ — gf(M)®3 by ¢a3(F1 @ Fy ® F3) =
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(F1 ® F3 ® Fy), then
Ev(1@p) = (1@ p)(Eym @1+ ¢o3(En © 1)¢ha3). (B.3)
Since [Epr @ 1, do3(Enr @ 1)¢has] = 0, we have
/J,e%ZM (1 ® [,LG%ZM) —pu(l® H,)e%ZM®16%¢23(£M®1)¢23€%1®£M. (B.4)
Similarly
Err(p®1) = (0 ®1)(1Q Eng + ¢og(Ens @ 1)bos), (B.5)
and [1 ® Epr, da3(Enmr @ 1)¢pas] = 0. We also have [1 ® Epr, Eyr @ 1] = 0, so

Ne%fM (NeéfM ® 1) — u(u ® 1)eé1®fMe%¢23(fM®1)¢2ae%$M®l

— “(H ® 1)eé£M®1e%¢23(ZM®1)¢23€%1®£M' (BG)

The equality (B.1)) follows from the observation that (1@ p) = p(p®1). O
Lemma B.2. The map (Zfl\fzo tN)* =N %, is an involution on .F(M).

Proof. Since the bidistribution Ejs is real and antisymmetric we have for
tm € F"™(M), t, € F"(M)

£ oxtt = per™, @1,

= ue_%Eth Rty
= ueéfMtn Rt
= (tp*tm)". (B.7)

The map F' — F* is clearly antilinear, and F** = F', so it is an involution.

]

Lemma B.3. For any H € 5€(M), the map A\g = tgexp (—%nH> from
F (M) to Tg(M) is an arrow in Alg.

Proof. Ay is clearly linear, preserves the unit and has a left inverse given by

exp (%UH) L', so it is injective. It only remains to prove the homomorphism
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property Ay (F * F') = Ay F xy AgF’. This is equivalent to the condition that

i _ 1, \®2 _1 i
,u,e2ZM?H(LHe 277H) = Le 2 ez ™, (B.8)

To prove this, we consider t,, € F™(M), t, € F"(M). Recalling the
symmetrizing properties of u, note that the action of ng on the pointwise
product of t,, with ¢, gives a sum in which every possible pair of variables is
integrated against H. Therefore ngp(t, ® t,) consists of three terms, one in
which both of the integrated variables come from ¢,,, one in which both come
from t,, and one in which a variable from ¢, is paired with a variable from

t,. Explicitly, we have

Nap(t, @t,) = p (Mut, @ty + ty @ nut, + 205 (6, @ t,)) (B.9)
where .

(which is well-defined on .# (M) ® % (M)) has the effect of pairing a variable
from t,, with one from ¢, in the integration against H. We also have [ng ®
1,0n] =0=[1® ny, 0|, therefore

1 i 1 1 i
LHefgnHueé'EM — LHue*§WH®1€*§1®nHe*GHeéfM

_1 _1 2
:M<LH®LH)6 277H®1€ 21®77H62£M;H

i 2
= ,ueﬁf"“’(LHG_%”H)® : (B.11)

This completes the proof. n
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Construction of dynamical
algebras for the scalar field

theories

This appendix contains proofs of various results stated in Chapter[4] concerned
with the construction of the dynamical algebras & ¥ (M; O) and # ¥ (M; O)
for a given M € Loc and O € 0(M). Lemma was stated as follows:

Lemma C.1. Let M € Loc, and let t € F53(M) for some H € s (M). For
any h € H(M) and f € C§°(M), we have

d

= (Blsht) [Eaef

_ /MdvolM by T [Engt, Eacf), (C.1)
=0

s

where
T(u,6] = (V0u) (V)6) — 5o (V") (V,0)
+ ;m2g“yu¢ +&(g"0, — VAVY — G*) (ug) (C.2)
foru e EyTY M), ¢ € EyyC(M).

The proof of this lemma follows the strategy used in Appendix B of [26].

Proof. Let h € H(M), and consider the metric perturbation sh where s € R
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is sufficiently small to ensure that sh € H(M). We have EpS[sh]t =
En(~ [sh](Tt, therefore

EMﬁ{Sh]t — Eyt = EM(PM[sh] - PM)XidVEM[sh}g—i_t
+ EMPMXidV<EM[Sh] — EM)C+t. (03)

Since Py is a differential operator it follows that the support of (Pasisn)— Par) f
lies within supp(h) Nsupp(f) for any f € C°°(M). The support of x> lies
strictly to the past of supp(h), so the first term above vanishes. Moreover,
note that the support of Eyy,f — Eprf is contained within Jy(supp(h))
adv)

for any f € C§°(M), and is also therefore disjoint from supp(x*®"); it follows

that
EmBshlt — Ext = ExPrx> (Eppra — Ear)S't. (C.4)

Similarly, (Eje — Ear).f must be supported in Jy,(supp(h)) for any f €
C3°(M); it follows that the support of Xr_et(E];‘,[sh} — Eyp) f is compact. There-
fore

EmBlshlt — Emt = Exe Pr(E g — Ear)C' e (C.5)

We use PM[Sh]E;/I[Sh]CH = ("t = Py Ey; (Tt to see that
Emplshlt — Epyt = —En(Paisn) — PM)E]Tﬂsh}C—Ft

= Ent(Paisn) — Pa) Engony (Pratsn) — Par) EygCTt
— Ent(Pugsw) — Pu)EyCt, (CL6)

where we have used the fact that Ey, Pan Eyu = Ejqu for any u € &'(M)
and h € H(M); this is proved below.
Finally, we note that supp(h) N supp(E3;¢t) =0, so

Enplshlt — Ent = Ent(Pagsn) = Par) Engion (Paagsn) = Par) ErgC
— Ene(Papen — Par)EmCHt. (C7)

Now, for any ¢ € C*°(M) we wish to calculate the value of %Dgﬂhgb‘ o

In order to calculate this quantity, it is first convenient to consider the
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functional derivative of the contracted Levi-Civita connection I'*,,. The

connection I'*,, can be expressed in terms of the metric as

1
I',lg) = 5gW (0v9ps + 0pGvo — OvGup) - (C.8)

Therefore I'*,,,[g] = 39" 0,9, and so

jsr“yp[g + Sh]’so - B(g‘“’ = )0, G+ shy) + O]
_ ; (9" Db — W8, g)
_ ; (9" 0k + by
- ;aphuu, (C.9)

where we have used the fact that the inverse of the perturbed metric g + sh
can be expanded as g"* — sh*” + O(s?).

Now Oy¢ = V9"V, = 0,(9"0,¢) + I'*,,9"?0,¢. Consequently, we see
that

d

1
%Dﬁshqﬁ = —0,(h"0,0) + 5(8ph“u)g”pay¢ —-I*,,h"0,0  (C.10)

s=0

_ ;(vphuu)qua VL (WY,0). (C.11)

We may also note that

d

TRewa = (970, = VIV — R*)hy, (C.12)

s=0

(see e.g. [48]). Therefore, for any f € C§°(M), the limit lim,_o(Epr(Prrjsn) —
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Par)/s)En f exists and is equal to
Leyiw Lo, o L.,
§V (W VuEmf) + ih um Ey f + §h WSREMf

- Vu(hquVEMf) + SEMf (ngDg - VIVY — Ruy) huu)a
(C.13)

where we have used the fact that Ejsf solves the field equation.

By duality, the same limit holds for distributions in the weak topology.
Moreover, the first term of can now be seen to be of order O(s?) as
s — 0, and therefore

1 1
= —EM <2V”(hVVVuEMt) + §h'uum2EMt
s=0

1
+ §h“u§REMt — V*(h,, VY Ept)
+ {Ept (¢"'0y — VAVY — RMY) hW>, (C.14)
where the derivative is taken in the weak topology, and we have used the fact

that Ep(Tt = Ept. For any f € C§5°(M), the quantity d%(ﬁ[sh]t)[EMf]‘

may then be seen to equal

s=0

1 1 1
/ dvolps (Enrf) <2V“(h”,,VuEMt) + S Bt + Sh*,EREngt
M
— V(b V" Ergt) + EEpgt (g0 — VAVY — RH¥) h,w>. (C.15)

Integration by parts then yields

d

- (Blsh]t) Enf)

- / dvolns hy T [ Eart, Eat f] (C.16)
M
=0

Ss=

as required.
It remains to show that for any v € &'(M) and h € H(M) we have
E]T,I[h}PM[h}E;/‘,u = Eyu. We may see that this holds by considering an
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arbitrary f € C§°(M) and splitting Fyu = t + ¢ where t € £'(M) and
t' € D'(M) with Jy(supp(¥')) Nsupp(f) = 0. It follows that

Enrim Puin Eagulf] = Epggy Prmit[f] + Engppg Praingt'[f]
— 4[f]. (C.17)

But t[f] = t[f] + t'[f] = Eprulf]. Since f was arbitrary, we have

By Prin Eypu = Eppu. (C.18)

We also include a proof for Lemma 4.2.1}

Lemma C.2. Let M € Loc, and t, € F"(M), n > 1. If O € O(M),
K € A (M;0) and ((8[sh])*"t,) [Eatf] = tu[Enf] for all f € C*(M) and
for all h € H(M; K+), then

supp(En®"t,) C Jp(K)*". (C.19)

Proof. For each n > 1 it is possible to differentiate (4.44)) with respect to s
and set s = 0; by corollary [£.1.7], this yields

dvolpg h,, T" |Ey77, E =0 C.20
/M volar hy, { MTy Mf} ( )

for each h € H(M; K*) and f € C3°(M), where 7} is defined as in (4.43).
It follows that for all n > 1, we have

T [ Ee7?, Encf)(z) = 0 (C.21)

for z € K+.

Now consider an arbitrary point # € K+, and a null geodesic v : I — K+,
where I C R is an open interval containing 0 and «(0) = x. Since u
is a null geodesic, it satisfies both v*u”g,, = 0 and u*V,u” = 0, where
ut is the tangent vector to u. For each point p on the geodesic we have

w,(p)uy, (p)TH [Em7i, Ep f](p) = 0, and consequently for our chosen z € K+
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we have

(VuBEu} (@) (VuEr f (2))
+&(=V2 = Ru(@)uu”) ((Eyr}(2))(Earf(x))) = 0. (C.22)

Note that this is equivalent to

(1 =2)(VuEmT} (2))(VuEum f(2)) — ERwu v (EmTf (2)) (Em f ()
+ {(Ept} (2)VaEn f(x) + En f(2)Vi Exy () = 0. (C.23)

It follows that for any f € C§°(M) for which Epf(z) =0 =V, Epf(x) and
VZEnuf(x) # OH we have Ey7f(7) =0, as § # 0.

We now split up the remainder of this proof into three cases, for n = 1,
n =2 and n > 2. The n = 1 case is simplest, since EMT} = Eptq for all f;
we immediately see that Eyti(z) = 0 for all 2 € K.

Now, we look at n = 2 case. We have Ey77(x) = [y dy ta(x,y) Ep f(y),
which is linear in f. Let f again be chosen in such a way that Epf(z) =0 =
Vu.Euf(z) and V2Ey f(z) # 0; additionally, we choose f' € C5°(M) such
that supp(f’) C {x}*. Then Epf+ Enf = Earf in an open neighbourhood
of x, so

Enti(z) = By} p(x) — En7i(x) = 0. (C.24)

It follows that for any f’ € C5°(M) supported outside Jps(x), we have

| dy (Ew®t)(2.9)f'(y) = ~Eumri () = 0. (C.25)

Therefore Ear*?*ty(z,y) = 0 whenever z € K+ and y € {z}+.
However, we may note that Ep®*ty(z,-) € EynCse(M) for any fixed

1Such a solution always exists; we may explicitly construct one as follows. We work
in normal coordinates p* in a neighbourhood S > z such that z is at the origin, and
the p® = 0 hyperplane is a subset of a spacelike Cauchy surface ¥ € M, and we take
our null geodesic u such that in coordinates, the tangent at x is u*(z) = (1,1,0,...,0).
Then any solution v is uniquely determined by its data (¢, 7) on X, where ¢(p) = ¥|s(p)
and 7(p) = (Vov)|s(p). It is then easy to check that defining ¢(p) = (p*)?, 7(p) = 0 for
p € £N S gives us a solution 1 satisfying the above conditions. B
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x € M by the definition of .#2(M), and Ep;**ty(x,-) is therefore a smooth
classical Klein-Gordon solution. If ¥ is a spacelike Cauchy surface containing
z, then the data for Ey®*ty(z,-) on X is supported in {z} for any z € K+
by the above result. But the data for a smooth solution is itself smooth, and
therefore cannot be both nonzero and supported at a point. Consequently
En®*ty(z,y) = 0 for any (x,y) € K+ x M, and by symmetry we have
supp(Ea®?ty) C Jpr(K)*2.

We finally consider the case where n > 2. Suppose that we have f, f; €
Ce°(M) such that Epf(x) =0= V., Enf(z), Epfi(z) =0=V,Epfi(z),
and V2 Ey f(z) # 0. For sufficiently small x we have V2 Ep(f + kf1)(x) # 0,

and so Ey7f,.;, (z) = 0. Therefore, by symmetry of ¢, we have

P a1y {(EM@)ntn)(x, Yly -y Yn_1)

Al f @)+ Sga-r)| + O = 0. (C.26)

Eni(x) + (—1)"(n — 1)/@/

Differentiating this expression with respect to xk and setting x = 0 yields

/Mxmfl) d" 1ty (Em®"t0) (1, - oy Yn—1) Fr(y1) f(y2) - -+ f(yn—1) = 0. (C.27)

We may repeat this argument to see that

/Mx(nfl) d"y (Exe®"to) (15 Yn1) f1(y1) -+ fooi(yno1) =0 (C.28)

for any fi,..., fu_1 such that Epfi(z) =0=V, Enfi(z),i=1,...,n— 1.

It follows that for any x; € K+, we have Ep®"t,(z1,...,2,) = 0 when-
ever at least one of zs,..., 7, lies in ;. Fixing z; € K+, we note that
Ea®"tn (1,91, - - -, Yn_1) is a smooth Klein-Gordon (n — 1)-solution; its data

on a spacelike Cauchy surface ¥ 3 z is supported in {z}*™~Y. Consequently
we must have Ep®"t, (21,91, ... Yn_1) =0 for o1 € K+, y1,...,yn1 € M
by smoothness. Again, we conclude that supp(Ep®"t,) C Ju(K)*" by
symmetry. 0

Lemma C.3. Let M be a spacetime, and consider Epr as a map from T (M)
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to D'(M). Then for alln € N,

ker EM®n = {i(PM)kuk U € yn(]w')} , (029)

k=1
where (Pap), = 1971 @ Py @ 1977F,

Proof. Let S, denote the set in the right hand side of the above equation.
Clearly any distribution in S,, lies in ker E3,%"; therefore, we need only prove
the inclusion ker Ep®" C S,,. Suppose that t € (M), with Ept = 0. We
have Ej;t = Epyt; t is compactly supported, and so by the support properties
of E3;t we must have that Ej,t is compactly supported. But t = Py E3,t,
and therefore ker Epy C Py 7' (M). This proves the case where n = 1. Now
suppose that t,, € 7"(M) with Ep;*"t,, = 0. Then pick a Cauchy partition
function x for M. We know that EpPyrxEpmt = Ept and that Py Epgt is
compactly supported for any t € 7 (M); it follows that

(B @ (PuxEm)®" tn = (Eap @ (PuxEar)®" i, (C.30)

and that by the support properties given above the left hand side of the above
equation must be compactly supported. Denoting this as u; we therefore

have t,, = (Ppr)1u1 + v1, where
vy =t, — 1@ (PyxEm)®" 't,. (C.31)

As observed earlier, since wu; is obtained from an element of J"(M) by
the application of E3;, differential operators and multiplication by smooth
functions, it follows that its wavefront set also has the desired properties for
uy itself to be an element of 7" (M).
Now t,, (Pa)iur € T"(M), so vy € T"(M); but 1 ® Ey®* ;= 0, so
v € ker(1®Ep*"1): we may repeat the argument to see that vy = (Paz)aug+
vy for some uy, vy € T(M) with vy € ker(1 ® 1 ® Ep®"?). Continuing the
argument further, we may eventually see that ¢, = (Ppr)1us + -+ + (Ppr)ntn
for some uy,...,u, € I"(M), and consequently t, € S,.
]
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Here we prove Lemma [£.2.5}

Lemma C.4. Let M € Loc, O € O(M) and K € #(M;0). Lett, €
T™(M) for some n > 1, and suppose that for all f € C(M) and h €
H(M; K+) we have

/ dvolag by T | Eaee, Engf) = 0, (C.32)
M

where Tf is defined as in (4.43). Then, in the massive minimally coupled case

(m # 0, £ = 0) and massive conformally coupled case (m # 0, £ = 4&__21),

where d is the dimension of M), we have supp(Ep®"t,) C Jpr(K)*™.

Proof. We will consider the massive minimally coupled case first, in which
m # 0 and £ = 0. Clearly implies that T [Ep7F, Ep f](7) = 0 for all
feCe(M) and z € K+; now, we fix z € K+ and pick some f € C5°(M)
such that (Eprf)(x) # 0. In the case where M has dimension 2, we note that

0= guwT" [Enmty, Emfl(x) = m* Eyri (z) Enc f(2), (C.33)

and consequently F MTJ’}(JU) = 0 for any such f; in higher dimensions, we
choose normal coordinates at x oriented such that VoEpf(z) = -+ =
Va-1Emf(z) = 0, and define the tensor v,, € T;(M) ® T}(M) such
that in these coordinates we have vyg = 1, v;; = —1, and all other en-
tries zero. It follows that vy, ¢" (z) = 2 and v, VW Ey 7} (2)VY Ep f () =
VEEMTH (2)V, Ep f(), so that we have

0 = 0T [Emt}, Epfl(x) = m* Exrf (z) Eng f (). (C.34)

Again, we may conclude that Ep77(z) = 0 for any such f.

When n = 1 we deduce immediately that Eyti(z) = 0 for all z € K+.
For n = 2, we note that TJ? is linear in f, and as any f € C§°(M) may
be expressed as f = fi — fo where Epfi(z) # 0 # Epfa(x) we have
Enti(x) = — [y dy (Ep®*t2)(2,y) f(y) = 0 for all f € C§°(M). Therefore
Eyn®*ty(z,y) = 0 for all # € K+, and so supp(En®*ty) C Jay(K)*? by
symmetry. For n > 2, we pick f € C§°(M) with Epf(z) # 0 and let
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f1 € C5°(M) be arbitrary; for sufficiently small k we have Ep(f+rf1)(x) # 0,
and so Ey7fy . p, (7) = 0. We differentiate this expression with respect to

and set k = 0, which yields

/Mx(n_l) A"y (Br®" ) (@91, - Y1) Fr (1) f(y2) -+ (Y1) = 05 (C.35)

we may then repeat this argument to see that

/Mx(n_l) A"y (Ep®"t) (2,91, Y1) Fr(02) fo2) -+ froa(yna) = 0
(C.36)
for any fi,..., fo1 € C(M). Tt follows that Epr®"t, (2,91, Yn_1) =0
for all x € K+, and by symmetry we have supp(Ea*"t,) C Jar(K)*™. This
concludes the proof for the massive minimally coupled case.

In the massive conformally coupled case, where m # 0 and £ = 431;_21)7
where d is the dimension of M, we have g,,T" [¢1, 2] = m*¢1¢o for any
¢1, 02 € EpCee(M). Tt follows that En7f(x)En f(z) for all z € K+ and
f € Cs°(M). We may then use the same argument as above to show that

supp(Ep®"t,) C Jpr(K)*™. O
Finally, we give the proof of Lemma [4.2.7}

Lemma C.5. Let K € (M) and W € W*(M; K), with Wy represented
by Ty = SN t, € Ty(M) for some fized H € 7 (M). Then, in the massive

minimally coupled and massive conformally coupled cases,
(a). tpn ~amrty for all h e H(M; K+) and n > 0,
(b). supp(En™"t,) C Jau(K)*" for each n > 1.

Proof. We recall from Lemma that W € #*(M; K) if and only if (4.53)
and (4.54)) are both satisfied. We may freely replace h in (4.53|) with sh for
sufficiently small s € R, and then differentate with respect to s to see that

(Bl ) [Ene ]

: =0 (C.37)

s=0
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for all f € C°(M) and h € H(M; K*). Since 3[0] = 1 and %, = t,,, this is

equivalent to

d -
+ 7tn;sh[EMf]

=0 C.38
s=0 ds ’ ( )

(3110 (Bae]

S

and by corollary 4.1.7, we have

(31Dt [Bne]

—n /M dvolas by T [Eret?, Enef), (C.39)
5=0
where as before 77 is defined according to .

Now, rather than attempting to prove both parts of this lemma separately,
we will instead show that @ implies @ for any particular n, then prove
@ for n = N and n = N — 1 and proceed by descent. We therefore assume
that fn;h ~um t, for some n > 0; this implies that the second term of

vanishes, and by (C.39) we have
/ dvolag by T [Ep?, Eng f) = 0. (C.40)
M

It follows from Lemma that in the massive minimally/conformally
coupled theories, we have supp(Ep®"t,) C Jar(K)*".

We may observe from that ., = ty and {y_1., = ty_y for any
h € H(M), and therefore[(a)] (and consequently certainly hold for n = N
and n = N — 1. Now, for a given n < N — 1 we assume that @ and @ are
satisfied for all n 4+ 2k with 2 < 2k < N —n. We may use Lemma to
see that for any open neighbourhood S of an arbitrary Cauchy surface, each

distribution ¢,,, 2, may be written

n+2k

tn+2k =s+ Z (PM)jujk <C41)
=1
where s, u;;, € T (M) and supp(s) C (Jar(K) N S)* 20 If we now fix
some h € H(M, K*) and choose S such that Jar(supp(h)) N Jar(K)NS = 0,
it follows that

(1 = 1g7,)" (s) = 0, (C.42)
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recalling from Lemma m that supp(H — Hy) C (Ja(supp h))*2. But this
means that for all f € C§°(M), we have

n+2k
(s = mi,) (tnan)) [Enaf] = X2 (0 = gz, )* ((Par)juze)) [Ena f] = 0
"~ (C.43)
for 2 < 2k < N — n, where we have used the fact that (Pyy ® 1)H =0 =
(1® Pp)H for any H € 52(M). By , we therefore have &, ~as t,, for
any h € H(M; K1), and consequently supp(En"t,) C Jpr(K)*™.
Since [(a)] and [(b)] hold for n = N and n = N — 1, it follows by descent
that they are satisfied for all n > 0. m

Lemma C.6. Let M € Loc and O € O(M), and suppose that a distribution
tn, € T"(M) is supported within O*™. Then there exists some u € T"(M)
such that t, ~p u and u may be written as a finite sum of distributions,
u = SR u,., where each u, € T"(M) is supported within KX for some
K, e #(M;O0).

Proof. O is globally hyperbolic, so M| admits a spacelike Cauchy surface
0. This may or may not be extendible to a spacelike Cauchy surface of
M, as seen in Example [1.1.6] However, since t,, is compactly supported, by
taking a compact exhaustion of ¥ we will find some compact X C ¥y with
supp(t,) C Dpr(X)*™; we may then extend X to a spacelike Cauchy surface
Y. of M, by [5, Theorem 1.1].

It is possible to take a cover of X x = X N X by Cauchy balls based on
>N O that are sufficiently ‘small’ that every union of m < n of the balls
has an open neighbourhood in ¥ N O with at most m connected components,
each of which is diffeomorphic to a ball in R?~'. We take a finite subcover
By, ..., By of this cover (which must obey the same property). Now, we
may find a globally hyperbolic neighbourhood S of ¥ with the property that
Sx = Ju(X) NS is contained within UY., Das(B;). We let ¥ be a Cauchy
partition function for S and write O; = Dpy(B;) for each ¢, so that each O; is
a diamond region in M.

We take a smooth partition of unity SN, x; = 1 for S, satisfying
supp(k;) C O;. We denote K; := supp(k;) N Sx, which is compact. Now
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Xn
ty ~ar U= (PMxEM)®ntn, and supp(u) C Sx®" C ( fil Ki) , SO

u= (ki +-+rn)"u= > Keu (C.44)
a€{l, ,N}pxn

where Kg 1= Kqy @ * -+ @ Kq,,. NOW Kqu is supported within K,, x - x K, ;
by the defining property of {Bj,..., By}, there exists a collection m < n
disjoint Cauchy balls B, ..., B,, in ¥ that are based in O (some of which
may be elements of {Bi,..., By}) such that K, := UY, K,, is contained
within UL, D m(B;). Since the B; are disjoint and contained within a single
Cauchy surface, it follows that they are spacelike separated, and therefore

K, has a multi-diamond neighbourhood based in O.

Since {1,...,N}*" is finite, we may write all the k,u in a single list
Uy, ..., ug, with u, supported in K" € & (M;0O). We clearly have t,, ~pr
SR u, and u, € T(M). O
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Proof of Lemma [7.2.7

We present a proof of the following result, which is essential for computing
the dynamical solution spaces for the framed-spacetime classical Dirac field
theory. We reiterate that a proof of a very similar result is contained in [55]
§4.3.2], although the result in question refers directly to the quantized version
of the Dirac theory contained therein. We present the following proof for the

sake of completeness.

Lemma D.1. Let M = (M, e) € FLocy, and consider h € H(M). For any
u€e L5 (M) andv € L(M), we have

d 1 1
%S;{Pj,[[sh]u = Sir <2h“b7avbu - Z(éhl““,,p)szsgsg 7“7;,7%) ,
s=0
d c pc c i ab i " b_v_p a c
%SMPM[sh]U = Sar <—2h (Vov)va — Z(éhr vp)EpEatl VY VY ) ;
s=0
(D.1)
where 5pT%,, = L(Tgyon)sp - Moreover, for u € L(M) and V' €

L(M), it also holds that
1 - _
sar(u', Far[hJu) = _Z/ dvol prhay ((AMu’,’)/(aVb)u} - (AMV(au’,'yb)u>) :
M

1 _ _
sq (V' Fs[hlv) = 2 /Mdvothab ((V(“v'yb),AJ_V}v’) — <v7(“,AJ_\/}Vb)v’)) .
(D.2)
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Proof. Throughout, the symbol §, will denote a derivation defined on frame-
dependent quantities as follows. We choose a smoothly varying family of
frames e(s) € I°(F| M[sh]) for {s € R : sh € H(M)}. These frames must
satisfy €(0) = € and e(s) = & outside supp(h). It follows that there is always
a homotopy from &(s) to € as ordered bases of 7'M that is fixed and equal to
e outside supp(h), so for each s the relative Cauchy evolution may be defined
as in with M[sh] = (M|sh],e(s)). Now, for every frame dependent
quantity Q|e] we define

Q= T Qle(s)]| (D.3)

s=0

Since the perturbation sh may be derived from the frame e(s) through
sh = nu(e(s)* @ e(s)?) — g, it follows that dy, is also defined (in the usual

way) for any quantity that depends explicitly only on the perturbation h.
We have

5h(Y7;{u) = Y0p(Dou + ou)

1
= (5h5’j)527“Dbu + Z(éthac)'y“'yb'ycu, (D.4)

and through I'*,,, = F“bcsgsgsz — ggaygg, we may see that

OnT" 0 = On (bl (T 28 + D))
= (el )T e 4 (Onet )T g — (6neh)en T ae

+ Da((6h55)53) + (5hF“,,p)5Z€Z£§, (D.5)

SO

s a 1 c a
Sn(Vau) = (Onet)eby“ Viyu + ZDC((MZ)&Z)V Yy u
1
+ 7 (Onet)e, (M vay™ = 0y y°) u

1
+Z(6hf“yp)82525§7“7b76u. (D.6)
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Now,

De((dneh)ep )Y Ay u = ¥ De((Onel)ep ) — (Oneh)e, v vy Deu
= Var((0nel)eh vy u) — (Onel e vy Vagu

+ (Oneh)ep, vy Y1 Deu + [y Yoo Ju) .
(D.7)

Since Pju = 0, and any variation along h must be supported within supp(h),

we have

Sar (Var((Ongt)ehmy™u) — (Gne)etmy Vacn)
=S5, (Pj{((éhag)az'yb'y“u) — (5h5’;)527b'y“P_§{u) =0 (D.8)

Therefore D,((pe4)eb,)y“vey" u is equivalent, modulo S}, to
(One)eb, ([ Y1 Deu + [y, Yoo cu) - (D.9)
We have [y, v = % {v" YT = {79, Y 37" = 20"y — 20077, s0
(Yo", YD = 2(n*“vy Do — v Dyu). (D.10)

We may also use the antisymmetry property (7.18]) and

1
[ ou) = T%ey” = ST w, v}y (D.11)
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to show that

a C 1 a C e
Y, Yoo = dece[w Y Yy

1

= ST 0" W yay” = Sy + 0" Ny v

— YY"+ Ma Y YA — Y Aay”)
2(n*“wo. — oY) — Tery Y — Ty vay*
2"y, — Yoy + [V, b)) — Tacvv ™y — Ty yay"
= 20" Yo — Y'0s) + T a1y — Ty vay".  (D.12)

This and (D.10)) entail that is equal to

2(0nel )b, (" Vet — Vi) + (Onelt)eh (T 1y” = Ty vay”) .
(D.13)
Substituting into (D.6), it follows that d5(Ya,u) is then equivalent modulo
Sy to

1 1
5(5h55)52(77“67bvcu +4*Vyu) + Z(éhl““,,p)azazeg'y“%'ycu. (D.14)

Finally, we have

1 1
5(5;155)52 (v Veu +4*Vyu) = f(sh(gggg)ncdggsﬁ%vbu

2
1
= 5(5hg””)6283'7avbu. (D.15)
We use the fact that (Jpg")elel = —h#*ele) = —h® to see finally that
n(Psu) = —idp(Vaeu) is equivalent modulo S5, to
1 1
Py[hlu = ih“b'yavbu - Z(dhf“yp)ezsge’c"y“'yb'ycu, (D.16)

which concludes the first part of the proof for spinors. The proof for cospinors

is similar.
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Now, using (7.105)) and writing v’ = Sj,f’, we see that
s (u', Far[hJu) = (f', 25 [h]u)®
— / dvolar (Apr 7, S5, 25, [h]u)
M

— /M dvolar (Aprid, By [h]u). (D.17)
We use to see that
opl*,, = ;g/“(vphw + Vihop — Viohy,), (D.18)
and consequently

i i
P [hlu = 5h“byavbu +3 (Veh)ae = (Veh)ap — (Vah)pe) ¥ v u,

i al /I/ a C C a a C
= Sh Vi + (Veh)ay (Y7 = 72" = A"y ) u
i i
= §h“b7avbu +5(Veh)a (209" = YY"y = Ay = Ay ) u,
(D.19)

where (V. h)w = [Vch|(e, ® €p). But since h is symmetric, it holds that
(Vch)ab7a7b = %(vch)ab{'yauﬁyb} = (vch>ab77aba therefore

b.a..c

(Veh)ab(27%" — ¥4°y" — 4y " — 4P4)
= 2°°(V.h) Y’ — 3n°(V.h)wy©, (D.20)

and consequently

z/ dvolpr (Aprt!, Pas[h)u)
M
1 —_ 1 -
= —/ dUOlM <2h“b(AMu’,'7aVbu> + Enac(vch)ab(AMu’,*ybw
M

3 -
- gn“”(vch)ameu/, 'ycu)) (D.21)

We may integrate by parts (using the fact that h is compactly supported to
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discard the integrals over M of total derivatives) to see that

L b7 1 —
/M dvolM <2hab<AMU/,’YaVbU> + Z”ac(vch)abVlMUIa 7bu>>
1 A ./ —_—
= 1 /M dvolpr hap ((AMU’,»YGV”M — <AMVau/7,7bu>) ’ (D.22)

whereas

/M dvol g 1% (V o) (Aprtl, v 1)
_ / dvoly " ((Aatd, Vo) + (Am Ve, u) )
_ / dvoly "y ((Aard, —imu) + (Ap (—imal), u))
(D.23)

Putting this all together, and using the symmetry of h, we see that

1 - .
sar(u', Farlhlu) = —1/ dvolar hay ((AMU’,')/(“Vb)u) — <AMV(“u’,'yb)u>)
M
(D.24)
as required. The result for cospinors may be obtained from this by noting
that

s (V', Fa[hlv) = 53 (A Fy [h]v, Aygv')
= sa(F3 [ J A3, Ay V)
= sar(Ay 0, (Fa[h]) " Aprv')
= — 5 (AfT, Fi[R| A0, (D.25)
where we have used the fact that (Fj [h])~t = —Fj[h]. O
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Table of categories

The following table contains an overview of the various categories defined
within this thesis. It should only be used as a quick reference and not as an
indication of their full definitions, since these are often fairly complicated and
there is not enough space for all the relevant details here. In cases where
significant details have been omitted, the entry is marked with . Where
the entry in the ‘Arrow’ column for a particular category is simply another

category, this means that the former category is a full subcategory of the

latter.
Table 1: Glossary of categories
Category | Object Arrow
Alg Unital x-algebra Unit-preserving
x-monomorphism
Bund(q) Smooth fibre bundle over | Smooth bundle morphism
base in Locy)
Bund(,, Smooth fibre bundle over | Bundg)
base in Loc(y,
Bund(g, Smooth fibre bundle over | Bund )
base in Loc(g
FLoc, Locy-spacetime with Frame-preserving Loc-arrow

global frame
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[F]Loc,
Herm
HermAd]

HermAdj

Loca)
Loc(y
Loc(y
Phys

RPBund(d)

RTor

SAd]

Test

Vectc

Locy-spacetime with
equivalence class of

frames
Hermitian space

Hermitian adjoint

structure

HermAdj object
admitting a charge
conjugation
(d-dimensional) globally

hyperbolic spacetime

Connected
Loc(a)-spacetime
Simply connected
Loc(g)-spacetime

Arbitrary category of

physical systems

Principal bundle over
base in Loc(gy with right

action

Right torsor

Squared adjoint structure

Arbitrary category of

spacetimes

Arbitrary category of test

function spaces

Vector space over C
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Equivalence class-preserving

Loc-arrow

Injective linear map!

Pair of Herm-arrows'

HermAd]

Isometric orientation-

preserving embedding

LOC(d)

Loc(q)

Smooth bundle morphism

with group homomorphism?
Function with group

homomorphism?

Injective linear map!

Injective linear map
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