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Abstract

The aim of this work is to complete our program on the quantization of connections on arbitrary
principal U (1)-bundles over globally hyperbolic Lorentzian manifolds. In particular, we show that one
can assign via a covariant functor to any such bundle an algebra of observables which separates gauge
equivalence classes of connections. The C*-algebra we construct generalizes the usual CCR-algebras
since, contrary to the standard field-theoretic models, it is based on a presymplectic Abelian group instead
of a symplectic vector space. We prove a no-go theorem according to which neither this functor, nor any of
its quotients, satisfy the strict axioms of general local covariance. Yet, if we fix any principal U (1)-bundle,
there exists a suitable category of sub-bundles for which a quotient of our functor yields a quantum field
theory in the sense of Haag and Kastler. We shall provide a physical interpretation of this feature and we
obtain some new insights concerning electric charges in locally covariant quantum field theory.

Keywords: locally covariant quantum field theory, quantum field theory on curved spacetimes, gauge theory
on principal bundles
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1 Introduction

Although Maxwell’s field is the simplest example of a Yang-Mills gauge theory, it is known since [AS80]
that the construction and analysis of the associated algebra of observables and its representations can be
complicated due to a non-trivial topology of the spacetime manifold. This peculiar feature is extremely
relevant when one employs the algebraic framework in order to quantize such a theory on curved backgrounds.
The first investigations along these lines are due to Dimock [Dim92], but a thorough analysis of topological
effects started only recently, from both the perspective of the Faraday tensor [DL.12] and, more generally, the
quantization of linear gauge theories [Pfe09, DS13, FH13, HS13, SDH12, FS13]. The bottom line of some
of these papers is the existence of a non-trivial center in the algebra of fields, provided certain topological,
or more precisely cohomological, properties of the underlying background hold true. In [SDH12], it has
been advocated that the elements of the center found in that paper could be interpreted in physical terms as



being related to observables measuring electric charges. However, this leads unavoidably to a violation of
the locality property (injectivity of the induced morphisms between the field algebras) of locally covariant
quantum field theories, as formulated in [BFV03].

A complementary approach to the above ones has been introduced by some of us in [BDS12, BDS13]
starting from the observation that, in the spirit of a Yang-Mills gauge theory, electromagnetism should be best
described as a theory of connections on principal U (1)-bundles over globally hyperbolic Lorentzian manifolds.
More properly, one starts from the characterization of connections as sections of an affine bundle, dubbed
the bundle of connections [Ati57]. Subsequently the dynamics is implemented in terms of an affine equation
of motion, the Maxwell equation. The system can be quantized in the algebraic framework following the
prescription outlined in [BDS12]. This procedure is advantageous for three main reasons: First of all there is
no need to fix any reference connection, as it is done (implicitly) elsewhere [Pfe09, DS13, SDH12, FS13]. As
a useful consequence of this, we were able to construct in [BDS13] purely topological observables, resembling
topological quantum fields, which can measure the Chern class of the underlying principal U (1)-bundle.
Secondly, interactions between gauge and matter fields are modeled only in terms of connections, while an
approach based on the Faraday tensor, as in [DL12], cannot account for this aspect. Thirdly, contrary to
most of the previous approaches, the gauge group is completely determined geometrically by the underlying
principal bundle, since it is the collection of vertical automorphisms.

By following this perspective, the algebra of fields for Abelian Yang-Mills theories has been constructed
in [BDS13]. Yet, as explained in [BDS13, Remark 4.5], the latter fails to separate gauge equivalence classes
of connections. The source of this obstruction can be traced back to the existence of disconnected components
in the gauge group in the case of spacetimes with a non-trivial first de Rham cohomology group. From a
physical point of view, this entails that those observables which are measuring the configurations tied to the
Aharonov-Bohm effect, as discussed in [SDH12, FS13], are not contained in the algebra of observables.

The main goal of this paper is to fill this gap by elaborating on the proposal in [BDS13] to add Wilson-
loop observables to the algebra of fields, as these new elements would solve the problem of separating all
configurations. Following slavishly the original idea turned out to be rather cumbersome from a technical
point of view. Yet, we found that it is more convenient to consider exponentiated versions of the affine
observables constructed in [BDS13]. On the one hand, these observables resemble classical versions of Weyl
operators, while, on the other hand, the requirement of gauge invariance leads to a weaker constraint — the
exponent does not need to remain invariant under a gauge transformation, but it is allowed to change by any
integer multiple of 2.

After performing this construction, we shall prove that, contrary to what was shown in [BDS13, Section
7] for the non-exponentiated algebra of fields, in the complete framework it is not possible to restore general
local covariance in the strict sense by singling out a suitable ideal. This no-go theorem holds true only if
we consider all possible isometric embeddings allowed by the axioms of general local covariance devised
in [BFVO03]. If we restrict our category of principal U(1)-bundles to a suitable subcategory possessing a
terminal object, a result similar to that of [BDS13, Section 7] can be shown to hold true. We will interpret this
feature as a proof that we can construct a separating algebra of observables fulfilling the axioms of Haag and
Kastler [HK63] generalized to an arbitrary but fixed globally hyperbolic spacetime. We shall further provide
a physical interpretation for the impossibility to restore general local covariance in the strict sense on our
category of all principal U (1)-bundles.

We present an outline of the paper: In Section 2 we fix the notations and preliminaries which should
allow a reader with some experience in differential geometry to follow the rest of the article. For more
details, explanations and proofs we refer to [BDS12, BDS13]. In Section 3 we provide a detailed study of
the exponential observables mentioned above. We characterize explicitly the gauge invariant observables
of exponential type and prove that they separate gauge equivalence classes of connections. This solves the
problem explained in [BDS13, Remark 4.5] and captures the essence of what is called Aharonov-Bohm
observables in [SDH12]. As a rather unexpected result, we find that the set of gauge invariant observables
of exponential type can be labeled by a presymplectic Abelian group, which is not a vector space due to
the disconnected components of the gauge group. We call this presymplectic Abelian group the phasespace
of the theory and prove in Section 4 that those phasespaces naturally arise from a covariant functor from
a category of principal U(1)-bundles over globally hyperbolic spacetimes to a category of presymplectic
Abelian groups. The properties of this functor are carefully investigated and it is found that, in agreement



with earlier results [SDH12, BDS13], the locality property is violated. Subsequently we study whether the
phasespace functor allows for a quotient by ‘electric charges’ in order to overcome the failure of the locality
property as it was done in [BDS13, Section 7]. We prove a no-go theorem: There exists no quotient such
that the theory satisfies the locality property and we trace this feature back to Aharonov-Bohm observables,
which were not present in [BDS13]. We end Section 4 by quantizing the phasespace functor in terms of
the CCR-functor for presymplectic Abelian groups, which we develop in the Appendix A by applying and
extending results of [M™73]. The resulting quantum field theory functor satisfies the quantum causality
property and the time-slice axiom, and thus all axioms of locally covariant quantum field theory [BFV03] but
the locality property. In Section 5 we consider suitable subcategories (possessing a terminal object) of the
category of principal U (1)-bundles and prove that there exists a quotient which restores the locality property.
The resulting theory is not a locally covariant quantum field theory in the strict definition of [BFV03], but
rather a theory in the sense of Haag and Kastler [HK63] where a global spacetime manifold (not necessarily
the Minkowski spacetime) is fixed at the very beginning and one takes into account only causally compatible
open sub-regions. A physical interpretation of our results is given in Section 6.

2 Preliminaries and notation

Let us fix once and for all the Abelian Lie group G = U(1). We denote its Lie algebra by g and notice that
g = ¢ R. The vector space dual of the Lie algebra g is denoted by g* and we note that g* ~ ¢ R. For later
convenience we introduce the Abelian subgroup g7 := 271 7Z C g.

In [BDS13, Definition 2.4] we have defined a suitable category G—PrBuGlobHyp of principal G-bundles
over globally hyperbolic spacetimes. An object is a tuple = = ((M, 0, g, t), (P,r)), where (M, 0,g,t) is a
globally hyperbolic spacetime (with M of finite type) and (P, r') is a principal G-bundle over M. A morphism
f =1 — 2o is a principal G-bundle map f : P, — P», such that the induced map f : M; — M> is an
orientation and time-orientation preserving isometric embedding with f[M;] C Mo causally compatible and
open. B

To any object = in G—PrBuGlobHyp we can associate (via a covariant functor) its bundle of connections
C(Z), that is an affine bundle over A/ modeled on the homomorphism bundle Hom(7'M, ad(Z)). Notice
that the adjoint bundle is trivial, i.e. ad(Z) = M x g, since G is Abelian. The set of sections I'*°(C(E)) of
the bundle C(Z) is an (infinite-dimensional) affine space over Q*(M, g). We denote the free and transitive
action of Q'(M, g) on I'™°(C(Z)) with the usual abuse of notation by A + n, for all n € Q(M,g) and
A € I'®(C(Z)). Let us denote by I'S°(C(Z)T) the vector space of compactly supported sections of the vector
dual bundle C(Z). Every ¢ € T'$°(C(Z)") defines a functional on the configuration space I'°(C(Z)) by

O, :T(C(E) =R, A= 0u,(N) = /M volp(A) . (2.1)

For any A € I'*(C(Z)) and n € Q*(M, g) we obtain the affine property Oy,(A + 1) = O,(A) + {pv, n),
where

(v, m) = /M v A*(n) . (2.2)

We have denoted the Hodge operator by * and the linear part of ¢ by ¢y € Q3 (M, g*). The duality pairing
between g* and g is suppressed here and in the following. Let us define the vector subspace

Triv := {a 1:a e O (M) satisfies / vola = 0} creeE)h, 2.3)

M

where 1 € T>°(C(Z)") denotes the canonical section which associates to any = € M the constant affine map
a € C(2)|; + 1. Notice that any ¢ € Triv defines the trivial functional O, = 0 and, vice versa, that for any
trivial functional O, = 0 we have ¢ € Triv. Hence, we consider the quotient T3°(C(=Z)T)/Triv. Elements in
this quotient are equivalence classes that we simply denote by ¢ (suppressing square brackets).



The gauge group Gau(P), i.e. the group of vertical principal G-bundle automorphisms, is isomorphic to
the group C*°(M, G), which acts on I'*°(C(Z)) via

T®(C(E)) x C(M,G) =+ T¥(C(E)), (\J) = A+ [ (ua) . (2.4)

where pg € Q1(G, g) is the Maurer-Cartan form. Let us define the Abelian subgroup of Q' (M, g) which is
generated by gauge transformations,

Bg = {f*(uc): [ € C*(M,G)} C QY(M,g) . (2.5)

The Abelian group Bg can be characterized by using cohomology: Let us denote by H'(M, gz) the first
sheaf cohomology group of the locally constant sheaf with values in g7 = 27¢ Z. An explicit realization of
this group is via Cech cohomology with values in g. Notice that the Abelian group H* (M, gz) is a free
Z-module, which is finitely generated because M is assumed to be of finite type. Furthermore, due to the
embedding Z — R and the Cech-de Rham isomorphism there exists a monomorphism of Abelian groups
HY(M,gz) — Hjg(M,g), whose image we denote by H (M, gz). The Abelian subgroup H (M, gz) is
alattice in H} (M, g), i.e. any Z-module basis of H} (M, gz) provides a vector space basis of Hlg (M, g).
As a consequence of [BDS13, Proposition 4.2] we obtain

Be={ne€Qy(M,g):[n] € Hir(M,g9z)} , (2.6)

where [n] € Hl (M, g) is the element of the first de Rham cohomology group defined by n € Q) (M, g).

The gauge invariant functionals of affine type (2.1) have been characterized in [BDS13, Theorem 4.4]. It
is found that these functionals are labeled by those o € T'9°(C(E)")/Triv which satisfy ¢y € 6Q2(M, g*),
where 0 is the codifferential. As a consequence of [BDS13, Remark 4.5], these functionals in general do not
separate gauge equivalence classes of connections. The goal of the present article is to resolve this issue by
studying a set of observables different from (2.1).

3 Gauge invariant functionals of exponential type
Instead of (2.1), let us consider the functionals of exponential type, for all ¢ € T'§°(C(2)T),
W, :T®(C(E)) = C, A Wy(\) = 2™ 0N (3.1)
The affine property of O, implies that, for all A € I'™°(C(Z)) and n € Q*(M, g),
Wo(A+1) = W,(\) e levn (3.2)

We notice that the functional W, is trivial, i.e. W,, = 1, if and only if  is an element in the Abelian subgroup

Trivy := {a]l ta € C5°(M) satisfies /

vola € Z} creeE)?h. (3.3)
M

Hence, we consider the quotient £ := T'5°(C(Z)") /Trivz. Elements in this quotient are equivalence classes
that we simply denote by ¢ (suppressing square brackets). We say that a functional W, ¢ € X", is gauge
invariant, if W, (A + 1) = W,(X), for all A € I'*°(C(Z)) and € Bg. Due to (3.2) this is equivalent to
{(¢v, Bg) C Z. A necessary condition for W, to be gauge invariant is that ¢y = 0, i.e. py € Qf s(M, g*).
This can be seen by demanding invariance of ¥V, under the gauge transformations A +— A —I—,dx, X €
C*°(M, g), which are obtained by choosing f=expoy € C*(M,G) in (2.4). We can associate to such oy
an element [py] in the dual de Rham cohomology group H{ jp- (M, g*) := Q(lw(M7 g*)/6Q3(M, g*). Since
any 1) € Bg is closed, the pairing in (3.2) depends only on the cohomology classes, i.e. (v, n) = ([¢v], [7]).
Notice that the pairing (, ) : Hj g+ (M, g*) x Hjp (M, g) — R is non-degenerate due to Poincaré duality,
ie. H} g+ (M,g*) ~ Hip (M, g)* :== Homg(Hlz (M, g),R).

Let us denote the dual Z-module of H} (M, gz) by Hiz (M, gz)* := Homy(Hig (M, gz),Z). Since
H}. (M, gz) is alattice in H) (M, g) any element in H} (M, gz)* defines a unique element in H} (M, g)*
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by R-linear extension. Thus, there is a monomorphism of Abelian groups H. éR(M ,02) = H éR(M ,8)"
which we shall suppress in the following. Composing this map with the isomorphism H& ar (M, g*) ~
H}p (M, g)* given by the pairing ( , ) we can regard Hj (M, gz)* as an Abelian subgroup of H} j5+ (M, g%),
which we shall denote by Hj} 5+ (M, g%)z C H} z- (M, g*). With these preparations we can now provide a
characterization of the gauge invariant functionals.

Proposition 3.1. Let p € EX" be such that 6oy = 0, i.e. @ satisfies the necessary condition for W, being
gauge invariant. Then W, is a gauge invariant functional if and only if [py] € H& ar: (M, g%)z.

Proof. The functional (3.1) is gauge invariant if and only if (pv, Bg) = ([¢v],[Bg]) € Z. By (2.6)
this is equivalent to the condition {[¢v], Hig(M,gz)) C Z, which is satisfied if and only if [py] €
HédR,*(M7 g*)Z. D

Let us define the Abelian subgroup
e = {p e & oy = 0and [py] € Hygr-(M,g%)z} C 97, (3.4)
which labels the gauge invariant functionals W,

Theorem 3.2. The set {W, : ¢ € £ vy of gauge invariant functionals of exponential type is separating on
gauge equivalence classes of configurations. This means that, for any two A\, \' € T'°°(C(Z)) which are not
gauge equivalent via (2.4), there exists ¢ € E™, such that W, (N') # Wy(N).

Proof. Let \, X' € I'°*(C(Z)) be not gauge equivalent, i.e. \' = X\ +n with n € Q*(M, g) \ Bg.

Let us first assume that 7 is not closed, dn # 0. Forall ¢ € Q3(M, g*) let us consider F*(¢) € £, where
F* Q3(M, g*) — EX is the formal adjoint of the curvature affine differential operator F : T*°(C(Z)) —
Q2(M, g) (cf. [BDS13, Lemma 2.14]). Notice that F*(¢)y = —d¢, hence F*(¢) € £™. We obtain for the
corresponding functional

Wer)(N) = Wee (g (A) e 26 (3.5)

Since dn # 0 there exists ¢ € QF(M, g*) such that Wr« () (X) # Wz=(o)(N).

Let us now assume that dn = 0. By hypothesis, the corresponding cohomology class [n)] € H, CllR(M ,9) is
not included in the Abelian subgroup H', (M, gz) C H}g (M, g), since otherwise 1 would be an element
in Bi;. We prove the statement by contradiction: Assume that W, (\') = W, (M), forall ¢ € E™. As a
consequence, (H} 4r+(M, ")z, [n]) C Z, which implies that [] defines a homomorphism of Abelian groups
H} yg+ (M, g*)z — Z. Notice that this is an element in the double dual Z-module of H} (M, gz), which is
isomorphic to H, éR(M , 9z since the latter is finitely generated and free. This is a contradiction and hence
there exists ¢ € MY, such that W,(\') # W, (). O

Remark 3.3. There is the following relation to the usual Wilson loop observables: Given a smooth loop
7 : S' — M we can construct the pull-back bundle v*(P), which is a principal U(1)-bundle over S'. By
construction, we have the commuting diagram

v (P)— P (3.6)

st— 2 M

Notice that *(P) is necessarily a trivial bundle and hence there exists a global section o : St — v*(P)
of 7. Given any A € I'™°(C(Z)), its associated connection form wy, € Q'(P, g) pulls back to a connection
form 7*(wy) € Q' (y*(P), g), which can be further pulled back via the section to a g-valued one-form on S!,
o*(7*(wy)) € QL(S!, g). We call the functional

wy : TP(C(E)) = C, A wy(A) = et 777 @A) (3.7)



a Wilson loop observable and notice that w., does not depend on the choice of trivialization o. Wilson loop
observables satisfy, for all A € I'°(C(Z)) and n € Q' (M, g),

Wy (A 4+ 1) = wy(N) elsr () (3.8)

which the reader should compare with (3.2). Hence, if we allow also for distributional sections of the vector
dual bundle C(Z)T, the usual Wilson loop observables (3.7) are contained in the class of functionals of
exponential type (3.1). Notice, however, that the set of gauge invariant observables {W,, : ¢ € £ vl s
sufficiently large to separate gauge equivalence classes of connections, cf. Theorem 3.2. Thus, we do not need
to enlarge this set of observables by distributional ones, which upon quantization would lead to singularities.

Let us denote by Gy : Qk(M,g*) — QF(M,g*) the causal propagator of the Hodge-d’ Alembert
operator Ly := dod +dod : QF(M,g*) — QF(M, g*), where k = 0,...,dim(M). Given further a
bi-invariant pseudo-Riemannian metric A on the structure group G, we can define a presymplectic structure
7 : EM % £ 5 R on the Abelian group £™ by, for all p, 1) € £V,

m(p,9) = (pv, Gy (¥v)), = /M ev Ax(hH(Gay(Wv))) (3.9)

where h™! : g* — g is the inverse of h. This presymplectic structure can be derived from the Lagrangian
density L[A\] = —% h(F (X)) A x(E(X)) by slightly adapting Peierls’ method [BDS13, Remark 3.5]. The
metric h plays the role of an electric charge constant and it will be fixed throughout this work.

Before we take the quotient of £ by an Abelian subgroup containing the equation of motion, let us
study the elements ¢ € £™ which lead to central Weyl symbols in the quantum field theory. The Weyl
relations (A.1) read W () W () = e *T@¥)/2W (o + 4). W (1)) commutes with all other Weyl symbols
if and only if 7(£™, 1)) C 27 Z. We denote by N’ C £™Y the Abelian subgroup of all elements 1) € £
satisfying this condition.

Proposition 3.4. N = {1/1 e &My € (5Q(2),d(M *) and [ ( (¢V))] €2r Hix (M, gz)}.

Proof. We first prove the inclusion D. Assume that 1) € £V satisfies the first condition of the Abelian group
specified on the right hand side above, i.e. ¢y = ¢ for some ¢ € Q%vd(M, g*). Then d(h™ ( nv))) =

h_l(G(2) (do¢)) = h_l(G(Q)(D(Q)(Q)) = 0, thus the second condition is well-posed. Using Proposmon 3.1
the following holds true,

T(EM™, ) = (Hyqr+ (M., g%)z, [0 (Gy(yv))]) S 27 Z . (3.10)

To prove the inclusion C, suppose that ) € £™ is such that 7(£™,¢) C 27 Z. Since £™ contains
the Abelian subgroup {p € £ : oy € 0Q3(M,g*)}, we obtain that d(h~!(G(1)(¢v))) = 0. As
a consequence of global hyperbolicity and [y being normally hyperbolic, dyy = ) (¢) for some
¢ € Q5(M,g*). Applying d to this equation shows that ¢ € Qf (M, g*). Applying ¢ and using that
Sy = 0 we find ¢y = §¢. The condition 7(EM, 1)) C 27 Z then reads as in (3.10), which implies that
(W1 (G (Yv))] € 2 Hig (M, gz). O

With this characterization it is easy to see that the equation of motion is contained in \.

Lemma 3.5. MW* [Ql(M g*)] C N, where MW* = F* o d : Q}(M, g*) — EXIM is the formal adjoint of
Maxwell’s affine differential operator MW := § o F : T*(C(Z)) — Q' (M, g).

Proof. For any ¢ € Q(M, g*), MW*(()y = —dd(. As a consequence, G 1) (MW*(¢)y) = —G(1)(dd¢) =
—Gy((O) —dé)(¢)) = déG 1y(¢) and thus [~ (G 1y (MW*(¢)v))] = 0. O

The characterization of A/ given in Proposition 3.4 is still rather abstract. In particular, it is pretty hard to
control the second condition since it involves the causal propagator and hence the equation of motion together
with its solution theory. Fortunately, it will be sufficient for us to characterize explicitly only the Abelian
subgroup of A given by

N = {p e €™ : gy € 608 4(M, g*) and [h~" (G1y(4bv))] =0} SN . @.11)
Notice that N° can be defined as the set of all o) € £V satisfying 7(£™, ) = {0}.



Proposition 3.6. N0 = {¢ € &M : ¢y € §(Q%(M, g*) NdQ.(M, g*)) }, where the subscript 1 stands for

forms with timelike compact support.

Proof. We first show the inclusion C: Let ¢y = ¢, € Q?),d (M, g*), be the linear part of ¢» € NV. The
second condition in (3.11) implies that there exists a X' € C*°(M, g), such that = (G 1y (¢y)) = dx.
Absorbing h~! into x’ we obtain the equivalent equation Gy(¥yv) = dx, for some x € C(M,g").
Applying 4 to both sides leads to [g)(x) = 0, hence there exists an a € Cg7 (M, g*) such that x = G(g) ().
The original equation implies that 1y = da +J(q)(3) for some 3 € QL. (M, g*). Applying J gives a = —513
and the equation simplifies to 6¢ = ¥y = ddB. Applying d shows that ( = dS and hence ¥y = ddg,
B € QL.(M, g*). The other inclusion D is easily shown, for all d8 € Q4(M, g*) N dQL(M, g*),

G1)(6dB) = 6dG 1) (B) = (D) — d6)(G(1)(B)) = —ddG 1y(B) (3.12)
and hence [~ (G(1)(6dB))] = 0. O
Corollary 3.7. MW*[Q} (M, g*)] € N
Proof. Follows immediately from the proof of Lemma 3.5. O
There is another interesting Abelian subgroup of . It is specified by
Ne={pe&™ gy =0} CNOCN . (3.13)

Elements 1) € A€ can be identified with those (non-trivial) functionals that give the same result on any two
configurations, for all \, \ € I'°(C(Z)), Wy (X') = Wy (). Similar to [BDS13, Section 6] one can show
that /¢ contains the Abelian subgroup F* [Qg s(M, g*)], which defines via (3.1) functionals that measure the
Chern class of the underlying principal G-bundle, cf. Remark 4.11.

4 The phasespace functor and its quotients

We associate a phasespace, i.e. a presymplectic Abelian group, to any object = in G—PrBuGlobHyp and study
how morphisms in G—PrBuGlobHyp induce morphisms between phasespaces. Our strategy is to construct
first an off-shell phasespace functor, i.e. a functor which does not encode the equation of motion operator
MW, and then to characterize consistent quotients of the oft-shell phasespaces which contain at least the
equation of motion. For the definition of the category PAG of presymplectic Abelian groups we refer to the
Appendix, Definition A.1.

Proposition 4.1. There exists a covariant functor PhSpOff : G—PrBuGlobHyp — PAG. It associates to
any object = the presymplectic Abelian group BhGpOFf(Z) = (€M, 1), where E™ is given in (3.4) and T
in (3.9). To any morphism f : 21 — Zo the functor associates a morphism in PAG via

PHSPOFf(f) - PHSPOFf(E1) — POHSPOFf(Z2) , ¢ = fulw) , (4.1)
where f, is the push-forward given in [BDS13, Definition 5.4].
Proof. The proof can be obtained by following the same steps as in the proof of [BDS13, Theorem 5.5]. [

This covariant functor is not yet the one required in physics since it does not encode the equation of
motion. We will address the question of taking quotients of the objects PhSpOff(=Z) by Abelian subgroups
Q(E) C PHSpOFf(Z) from a more abstract point of view. This is required to understand if we can take
in our present model a quotient by the equation of motion and also certain “electric charges”, cf. [BDS13,
Section 7]. Eventually, this will decide whether the covariant functor resulting from taking quotients satisfies
the locality property (i.e. injectivity of the induced morphisms in PAG) or not.

There are the following restrictions on the choice of the collection Q(=) C PHSpOFf(Z) of Abelian
subgroups. First, for PHSpOff(Z)/Q(E) to be an object in PAG (with the induced presymplectic structure)
it is necessary and sufficient that Q(Z) is an Abelian subgroup of N° C PBhSpOff(Z). Second, for
PHSPOFf(f) : PHSPOFf(E1) — PHSpOFf(E2) to induce a morphism on the quotients it is necessary and
sufficient that it maps Q(Z1) to Q(Z2). These conditions can be abstractly phrased as follows.



Definition 4.2. Let C be any category. A quotient of a covariant functor § : C — PAG is a pair (Q,¢),
where £ : C — PAG is a covariant functor and ¢ : £ = § is a natural transformation, such that for any
object A in C the morphism ¢4 : Q(A) — §(A) is injective and its image is contained in the radical of the
presymplectic structure in §(A).

Remark 4.3. Notice that if the category C is G—PrBuGlobHyp and the functor § is PhSpOff we recover
exactly the situation explained before Definition 4.2. We have formulated the definition in this generality,
since in Section 5 we encounter also the case of a category C different from G—PrBuGlobHyp.

Remark 4.4. Let (Q,¢) be any quotient of a covariant functor § : C — PAG. Then the presymplectic
structure in £ (A) is trivial for all objects A in C. For any morphism f : A; — Ay in C the morphism Q( f)
is uniquely determined by F(f), since ¢ is a natural transformation with all ¢ 4 injective. We will suppress in
the following the injections ¢4 and consider Q(A) as a presymplectic Abelian subgroup of F(A), for all A.

Proposition 4.5. Let (Q, 1) be a quotient of a covariant functor § : C — PAG. Then there exists a covariant
functor §/9Q : C — PAG. It associates to any object A in C the object F(A)/Q(A) in PAG. To any morphism
f A1 — Agin C the functor associates the morphism §(A1)/Q(A1) — §(A2)/Q(A2) in PAG that is
canonically induced by §(f).

Proof. For any object A in C the quotient §(A)/Q(A) is an object in PAG, since Q(A) is a presymplectic
Abelian subgroup of the radical of the presymplectic structure in §(A) (remember that we suppress the
injections ¢4). For any morphism f : A; — As in C the morphism F(f) : §(A1) — §(Az2) induces a
well-defined morphism between the quotients, since by hypothesis (i.e. the natural transformation is injective)
Q(A;) is mapped to Q(As2). O

It remains to provide explicit examples of quotients of PhSpOFf : G—PrBuGlobHyp — PAG. The
following example is standard, since it describes within the terminology developed above the quotient by the
equation of motion.

Proposition 4.6. Let 90 : G—PrBuGlobHyp — PAG be the covariant functor defined as follows: To any
object = in G—PrBuGlobHyp it associates the object MA(Z) = (MW*[Q} (M, g*)],0) in PAG, where the
presymplectic structure is trivial. To any morphism f : Z1 — =9 in G—PrBuGlobHyp the functor associates
the morphism in PAG defined by

MA(f) : MAW(E1) — MW(Z2) , MWi(n) — f.(MWi(n)) . (4.2)

Let v = {1z} be the canonical injections 1= : MW (E) — PHSpOff(Z). Then (MW, ) is a quotient of
PHSpOff : G—PrBuGlobHyp — PAG.

Proof. The morphism (4.2) is well-defined, since f.[MW}[Q} (M, g*)]] € MW3[Q (M, g*)], cf. the proof
of [BDS13, Theorem 5.5]. The canonical injections ¢= are injective and they are morphisms in PAG, since
MW*[Q4(M, g*)] lies in N0 C BPHSpOFff(Z), cf. Corollary 3.7. O

Using Proposition 4.5 we construct a covariant functor PhSp := PHSpOFf /MW : G—PrBuGlobHyp —
PAG. This functor describes exactly the usual gauge invariant on-shell phasespaces, i.e. for any object = in
G—PrBuGlobHyp we have PhSp(Z) = (£ /MW*[QL(M, g*)], 7) with £ given in (3.4) and 7 in (3.9).
As we will comment below, the functor BHGp has many desired properties of a locally covariant field theory
(the causality property and the time-slice axiom), however it does not satisfy the locality property.

Definition 4.7. Let C be any category. A covariant functor § : C — PAG is said to satisfy the locality
property, if it is a functor to the subcategory PAG™ where all morphisms are injective, cf. Definition A.1.

Proposition 4.8. The covariant functor BHSp = PHGSpOff/ MW : G—PrBuGlobHyp — PAG does not
satisfy the locality property.



Proof. We design a suitable counterexample following [BDS13, Remark 5.6]: Let us take any object =5 in
G—PrBuGlobHyp such that (M3, 02, g2, t2) is the Minkowski spacetime of dimension m = dim(Msz) > 4.
Let us denote by = the object in G—PrBuGlobHyp obtained by restricting all geometric data to the causally
compatible and globally hyperbolic open subset M := M\ Jaz, ({0}), where {0} is the set consisting of some
point 0 in M. The canonical embedding provides us with a morphism f : =; — Zg in G—PrBuGlobHyp.

We will now construct an element ¢ = dB € Q3(M,g*) N dQL (M, g*) that is not contained
in dQ§(My,g*). This element is used later to show that PhSp(f) is not injective. Notice that M
is diffeomorphic to R? x S™~2. This allows us to introduce a time coordinate ¢ and a space coordi-
nate = on the R? factor of Mj. Let 0 # [a] € Hyr(R) and a € € 4(R) any representative. We
pull « back via ¢t and x and define an element ( := iy A a, € Q%,d(Mh g*), where the complex
unit 4 is used to make ¢ valued in g* ~ iR. Since Hlz(M;) = {0} and da, = 0O there exists a
v € C*°(My), such that a, = —d~y. Then ¢ = d(iyay) =: dB, where B := iya; € QL (My,g*) is
the desired element. Indeed, ¢ = dB & dQj(M, g*) since [y, ¢ A pr¥(vgm-2) = i( [ a)? # 0, where
pr : My — S™ 2 is the projection to the sphere factor and vgm—2 is the normalized volume form on
Sm=2. Notice further that HZ jg (M1, g*) =~ H(%—Q(Ml, g*) ~ g* ~ iR is one-dimensional and hence
QF(My, g*) N dQy. (M, g*) = QF 4(My, g*) for our choice of M;.

Let us consider F7(¢), which is an element in N C & since F7(¢)y = —&dp, cf. Proposition 3.6.
Notice that the class [F;(¢)] € BhSp(Zy) is not trivial: If there would exist an n € Q}(My, g*) such
that 77 (¢) = MW7 (n), then taking the linear part gives dd3 = ddn. Applying d implies d3 = dn which
is a contradiction since by construction [¢] = [df] # 0 in HZ (M1, g*). Applying the morphism (4.1)
corresponding to f : =1 — =2 we obtain

£ (F1(©Q) = E5(£.(0)) = F3(dn) = MW3(n) . (4.3)

We have used that the cohomology group HZ 4, (M2, g*) is trivial and hence for f Q)€ 02 ,(M>, g*) there
exists an 7 € Q}(Ma, g*) such that dn = f_({). As a consequence, LBhSp(f)([F75(¢)]) = 0 and PHSp(f)

Tk

is not injective. 0

This proposition shows that the usual on-shell phasespace functor ‘PhSp : G—PrBuGlobHyp — PAG is
not locally covariant in the sense of [BFV03], since it violates the locality property. We have traced back this
failure to the existence of non-trivial elements in N7 /MW} Q4 (M7, g*)] C Y /MW[Q4 (M7, g*)] which
map via a suitably designed morphism BhSp(f) to the trivial class in Y /MW;[Q4 (M2, g*)]. This result
might suggest that we can restore injectivity by taking quotients larger than (9120, ¢), cf. [BDS13, Section 7]
for a similar strategy. Notice that any physically reasonable quotient (£, ¢) should be such that for any object
E in G—PrBuGlobHyp we have M (=) C Q(E), since otherwise the equation of motion is not encoded.
This turns out to be impossible due to the following

Theorem 4.9. There exists no quotient (Q, ) of PHSpOFf : G—PrBuGlobHyp — PAG, such that
1.) For any object = in G—PrBuGlobHyp we have MW (=) C Q(F),
2.) PHSpOff/Q : G—PrBuGlobHyp — PAG satisfies the locality property.

Proof. The strategy for the proof is as follows: We will construct three objects =;, 7 = 1,2,3, and two
morphisms f; : 23 — Z;, j = 1,2, in G—PrBuGlobHyp, such that injectivity of PhHSpOff(f2) on the
quotients requires (=3) in such a way that PhSpOFf(f1) is not well-defined on the quotients.

To this avail, we consider M7 := R x S' x S 2 withm > 4 and g; := —dt ® dt + d¢ @ do + gsm-2,
where ¢ is a (time) coordinate on R, ¢ € (0, 27) is an angle coordinate on S and ggm -2 is the canonical metric
on the unit §™~2-sphere. Let us further consider My := R x R™ ! with g := —dt@dt+a(r?) Y de'®
dz' 4 B(r?) dr ® dr, where z* are Cartesian coordinates, r = /Y7 xi % is the radius, a : R — R
is a strictly positive smooth function, such that (&) = 1 for ¢ < 1 and a(¢) = ¢! for € > 2, and
B : R — R is a positive smooth function, such that 5(£) = 0 for ¢ < 1and B(§) =1 — ¢~ for & > 2.

Notice that, for 2 < 1, go = —dt @ dt + 22—11 dz' @ dx' is the Minkowski metric and that, for 72 > 2,
go = —dt ® dt + dr ® dr + ggm-2 formally looks like g.



Let us define M3 as the Cauchy development of {0} x I x S™~2 in (M, g1), where I is some open
interval in (0, 27). Notice that (M3, g3 := g1|as) is a causally compatible and globally hyperbolic open
subset of (M, g1). We denote by f; : (Ms, gs) — (M, g1) the isometric embedding. Furthermore, there
exists an isometric embedding fo :7(M3, g3) — (Ma, go) into the region of M, specified by r2 > 2, such
that the image is causally compatible and open. We can equip M;, i = 1,2, 3, with orientations and time-
orientations, such that the isometric embeddings preserve those. Furthermore, taking the trivial principal
G-bundles P, = M; x G, i = 1,2,3, we can construct three objects =;, ¢ = 1,2, 3, and two morphisms
fj=(f,id) : M3 x G — M; x G, j = 1,2, in G—PrBuGlobHyp.

The arguments in the proof of Proposition 4.8 show that for BHSpOFf( f2) to be injective on the quotients
(with MA(=2) C Q(E2)) it is necessary that F3; [Q%,d (Ms3,g*)] € Q(=3). We finish the proof by showing
that Zg[Qad(Mg, g*)] is not mapped to N7 (and in particular not to N7) via PhSpOff(f1). Remember
that dQ}(Ms, g*) # Q(Q)’d(Mg, g*) = Q3(Ms, g*) N dQL.(Ms, g*) on our specific choice of M3, cf. proof of
Proposition 4.8.

Let ¢ € Qad(Mg, g*) be any representative of a non-trivial class [(] € HZ z(Ms,g*). Under the
morphism PHSpOFf(f1) the element F7%(¢) is mapped to Fi(¢), where ¢ := f1,(0) € Qg’d(Ml, g"). If we
could show that ¢ ¢ dQ{. (M, g*) = dQ}(Mj, g*) (the last equality holds since M; has compact Cauchy
surfaces), then [h~1(G (1)1 (6¢))] # 0 would be non-trivial. Using the possibility to rescale ¢ by any element
in R this would show that the discrete condition in Proposition 3.4 is violated and hence that BHSpOFf( f1)
does not map F3[Q ;(Ms, g*)] to V7.

Thus, it remains to show that ¢ ¢ dQ§(My,g*). Let us consider the closed form pri(vgm-2) €
le_2(M1), where pr; : M; — S™~2 denotes the projection on the sphere factor and vgm -2 is the nor-
malized volume form on the sphere. Introducing also the projection pry : M3 — S™~2 we obtain

CApri(vgm—2) = [ CApry(vgm—2) #0, (4.4)
M1 MB

since ¢ has been constructed in the proof of Proposition 4.8 such that it has a non-trivial integral with
pri(vgm—2). O

We consider for the remaining part of this section the usual on-shell phasespace functor PhSp =
PHGSpOff/ MW : G—PrBuGlobHyp — PAG, with the quotient (9120, +) given in Proposition 4.6. Analo-
gously to [BDS13, Theorem 5.7], the fact that the presymplectic structure 7 is given by the causal propagator
(cf. (3.9)) implies that the covariant functor ‘PhSp satisfies the classical causality property. Following the
steps in the proof of [BDS13, Theorem 5.8] one also obtains that 3hGyp satisfies the classical time-slice
axiom.

Let us finally comment on the quantization of the phasespace functor ‘BhSp. Due to Theorem A.5 we can
construct a covariant functor 2l : G—PrBuGlobHyp — C*Alg by composing the covariant functors PhHGSp
and CCR, i.e. A := CCR o PHhSp. The functor A describes the association of C*-algebras of observables
20(Z) to objects = in G—PrBuGlobHyp. The validity of the classical causality property and of the classical
time-slice axiom for the phasespace functor 3HGp implies the quantum causality property and the quantum
time-slice axiom due to the construction of the functor €€R. We can summarize this construction as follows:

Theorem 4.10. There exists a covariant functor 2 := ECRPHGSp : G—PrBuGlobHyp — C*Alg describing
the C*-algebras of observables for quantized principal G-connections. The covariant functor 2 satisfies
the quantum causality property and the quantum time-slice axiom. Furthermore, for each object = in
G—PrBuGlobHyp the C*-algebra (=) is a quantization of an algebra of functionals on T'*°(C(Z)) that
separates gauge equivalence classes of connections (cf. Theorem 3.2). However, 2 does not satisfy the locality
property, i.e. 2 is not a covariant functor to the subcategory C*Alg™.

Remark 4.11. In analogy to [BDS13, Section 6] we can construct a natural transformation ¥™# from
the singular homology functor 9 to the functor 2. The interpretation of this natural transformation is
that of a topological quantum field measuring the Chern class of the principal G-bundle. To be precise,
let us denote by $2 : G—PrBuGlobHyp — Monoid the covariant functor associating to any object = in
G —PrBuGlobHyp the singular homology group Hy (M, g*) (considered as a monoid with respect to +) of the
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base space. To any morphism f : Z; — Z5 in G—PrBuGlobHyp the functor associates the usual morphism
of singular homology groups, considered as a morphism in the category Monoid. We further use the forgetful
functor C*Alg — Monoid, which forgets all structures of C'*-algebras (but the multiplication) and turns the
multiplication into a monoid structure. With a slight abuse of notation we use the same symbol 2 to denote the
covariant functor 2 : G—PrBuGlobHyp — Monoid. With K : Hy(M, g*) — HZ g~ (M, g*) denoting the
natural isomorphism described in [BDS13, Section 6] we can define for each object = in G—PrBuGlobHyp a
map

VE%: 9(2) = AE), o= W([E(K(0))]) - (4.5)
Notice that W2 is a morphism of monoids, since, for all 7,0’ € $2(E),

W(F (K(o +o)]) = W(F (K()] + [F(K(0)))
= W ([E (K(0))]) W (K(0))]) - @6)

where in the last equality we have used the Weyl relation (A.1) and the fact that 7 ([F*(KC(0))], [E*(K(c"))]) =
0, which follows from F*(K(c))y = 0. The collection U™?¢ = {UZ*®} is then a natural transformation
from )9 to 2 that associates to elements in the second singular homology group observables that can measure
the Chern class of the principal G-bundle.

S The locality property in Haag-Kastler-type quantum field theories

We have shown in Theorem 4.9 that there exists no quotient (£, ¢) (containing Maxwell’s equations) of
the off-shell phasespace functor BPhHSpOff : G—PrBuGlobHyp — PAG, such that the covariant functor
PHGSpOFff/Q satisfies the locality property. In this section we shall prove that if we fix any object Z =
((]\/4\ ,3,9,0), (P, 7)) of the category G—PrBuGlobHyp and consider a suitable category of subsets of M, then
there exists a quotient such that the corresponding phasespace functor satisfies the locality property. This
setting does of course not cover the full generality of locally covariant quantum field theory, however, it
provides us with a quantum field theory in the sense of Haag and Kastler (generalized to curved spacetimes),
where the focus is on associating algebras to suitable subsets of a fixed spacetime in a coherent way.

Let us fix any object == ((]/\4\, 0,5,1), (18, 7)) of the category G—PrBuGlobHyp. We denote by Subz
the following category: The objects in Subz are causally compatible and globally hyperbolic open subsets

of M. The morphisms in Subs are given by the subset relation C, i.e. for any two objects M, My in
Subg there is a unique morphism M; — My if and only if M; C M,. Notice that by definition there

exists for any object M in Subz a unique morphism M — M. , L.e. M is a terminal object in Subs. We

interpret M physically as the whole spacetime (the universe). There exists further a covariant functor
Pulls : Subz — G—PrBuGlobHyp: To any object M in Subg the functor associates the object Pullz(M) in
G—PrBuGlobHyp obtained by pulling back all the geometric data of = to M. To any morphism M; — My
in Subz the functor associates the canonical embedding Bulls (M1) — Pullz(Mz), which is a morphism
in G—PrBuGlobHyp. We can compose the covariant functor ‘Pullz : Subz — G—PrBuGlobHyp with the
on-shell phasespace functor PhSp := PHSpOFf /MW : G—PrBuGlobHyp — PAG and obtain a covariant
functor PHhSpz := PhSp o Pulls : Subz — PAG. Physically, PhSpz associates the on-shell phasespace
to any causally compatible and globally hyperbolic open subset M of the terminal object M.

We shall make heavy use of the following fact: Let M; — Mj be any morphism in Subgz, then by
definition of the category Subz there exists a commutative diagram:

AN

My ——— My

(5.1)
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Due to functoriality this induces the commutative diagram:

RhSps (M) (5.2)

T

PHSps(M1) PBHSpz(M2)

Lemma 5.1. For any object M in Subz define fer=(M) to be the object in PAG given by the kernel
of the canonical map ‘BhSpz(M) — ‘Bh@pg(ﬁ) For any morphism My — My in Subz define the
morphism Revs(My) — Rerz(Ma) in PAG by restriction of PhSps(M1) — PhSps(Ma) to Kerz(My).
Then Rerg : Subz — PAG is a covariant functor. Let further © = {1y} be the canonical injections
Ly Revg(M) — PhSpz (M), then (Revs, 1) is a quotient of PhSps : Subz — PAG.

Proof. For any object M in Subg, the kernel fetz (M) of the canonical map PhSps (M) — ‘Bprg(]\/i) is
an object in PAG with the presymplectic structure induced from BHSp= (M), that becomes trivial in Kerz (M).
Furthermore, due to the commutative diagram (5.2), the restriction of any morphism iBhGpg(Mz) —
PHhSps(Ma) to Rerz (M) induces a morphism Kevs (M) — Kerz(Mz) in PAG. The composition property
of PhSpz is preserved and hence Rerg : Subs — PAG is a covariant functor. The family ¢ = {¢p/} is
obviously a natural transformation, such that ¢, is injective and maps to the radical N° C PHhSps(M).
Hence, (Rerg, ¢) is a quotient of ‘PHSpz : Subz — PAG. O

We can now prove the main statement of this section.

Theorem 5.2. The covariant functor ‘Bh@p% := PhSpz/Rerz : Subz — PAG satisfies the locality property,
the causality property and the time-slice axiom.

Proof. The causality property and the time-slice axiom are induced since PHSp : G—PrBuGlobHyp — PAG
satisfies these properties. To prove the locality property we have to check if all morphism ‘BprQ( 1) —

PHSpL (My) are injective. Since by definition ‘,BhGp (M;) = BhSps(M;)/RKerz(M;), fori = 1,2, and
due to the commutative diagram (5.2) we obtain the commutative dlagram

PHSpl (M) = Ph&Spz (M) (5.3)

T

PSP (M) PSP (Mo)

where both upwards going arrows are injective (by construction). As a consequence, the horizontal arrow has
to be injective too, which proves the locality property. O

As a consequence of this theorem we can consider i}fﬂ)@p% as a covariant functor ‘}3[)6)3% : Subz —

PAG™, where the latter category is defined in Definition A.1. Using further Theorem A.8 we obtain a
covariant functor 210 := CENR o PHSpY : Subg — C*Alg™.

Corollary 5.3. The covariant functor A° : Subz — C*Alg™ satisfies the causality property, the time-slice
axiom and the locality property.

Remark 5.4. Following the ideas presented in [BFVO03, Proposition 2.3] we can construct a theory in the
sense of Haag and Kastler from the covariant functor 2A° : Su bz — C*Alg™: Let us consider the set
Obj(Subz) of ob]ects in Subg, i.e. the set of causally compatible and globally hyperbolic open su subsets of the

reference spacetime M. The functor 2A° associates to the terminal object MacC* -algebra 2°(M ) which we
shall interpret as the global algebra of observables. To any element M € Obj(Subz) the functor associates a

C*-algebra A°( M), which can be mapped with an injective unital C*-algebra homomorphism into A° (]\//.7 ).
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With a slight abuse of notation we denote the image of 2(°( M) under this map by the same symbol. Hence,
we have an association

Obj(Subz) 3 M s 2A°(M) C A°(M) . (5.4)

Following the proof of [BFV03, Proposition 2.3] one can show that this association satisfies isotony, causality
and the time-slice axiom. Furthermore, if there is a group of orientation and time-orientation preserving
isometries acting on M, the association (5.4) is covariant. Hence, it is a quantum field theory in the sense of
Haag and Kastler [HK63], generalized to an arbitrary but fixed spacetime M.

The considerations in this section make heavy use of a terminal object in the category Subz. Indeed, the
existence of this object has provided us with commutative diagrams of the form (5.1), which are essential for
constructing a suitable quotient. With this quotient we could construct quantum field theories in the sense of
Haag and Kastler. Notice that the category G—PrBuGlobHyp has no terminal object, hence the techniques
developed in this section do not apply to this case. This is of course already clear from Theorem 4.9, where
it is shown that there exists no quotient which leads to a theory obeying the strict axioms of general local
covariance [BFV03].

6 Concluding physical remarks

The theory of electromagnetism contains several features which are connected to the topology of a region
M of an m-dimensional spacetime M in an algebraic description — the Aharonov-Bohm effect, related
to Hiz (M), as well as electric and magnetic charges, related to H'; *(M) and Hag (M), respectively.
Describing electromagnetism as a theory of principal U (1)-connections in its entirety, we have been able to
provide a quantum framework which describes all of these topological features in a coherent manner. In the
following we briefly comment on the relation of our constructions and results to these physical aspects of
electromagnetism.

To discuss the Aharonov-Bohm effect, we recall the main aspects of [SDH12, Example 3.1] (see also
[LRT78] for an early account of the Aharonov-Bohm effect in the algebraic framework): Consider as a
globally hyperbolic spacetime M the Cauchy development in 4-dimensional Minkowski spacetime of the
time-zero hypersurface {0} x R3 with the z-axis removed. The (necessarily trivial) principal U (1)-bundle
over M pulls back to a trivial principal U (1)-bundle over M. One has Hjy (M, g) # {0} and, choosing the
trivial connection as a reference, H 1y (M, g) can be spanned by the on-shell vector potential i dp € Q'(M, g),
with ¢ being the azimuthal angle around the z-axis in cylindrical coordinates (t, p, ¢, z) on M. Here the
z-axis represents an infinitely thin coil whose magnetic flux ® through the plane perpendicular to the coil can
be encoded in the vector potential ¢ %dgp. The gauge invariant affine functionals (2.1) introduced in [BDS13]
can not distinguish connections with the different gauge potentials ¢ %dcp, ® € R, and are thus not sufficient
to measure this flux, cf. [BDS13, Remark 4.5]. The exponential observables (3.1) solve this problem and
further shortcomings in previous treatments of the subject. On the one hand, they contain Aharonov-Bohm
observables which in contrast to the ones in [Dim92, Pfe09, SDH12, FS13] are fully gauge invariant and
measure the phase exp ¢® rather than the flux & itself. This is consistent with and, indeed, reproduces the
Aharonov-Bohm experiment. On the other hand, they are regular enough for quantization, in contrast to
Aharonov-Bohm observables of Wilson-loop type. In fact, they can be considered as regularized Wilson loops,
cf. Remark 3.3.

In [DL12] it has been found that the sensitivity of electromagnetism to H2 (M) (and Hjs ?(M)) leads
to a failure of the locality axiom in locally covariant quantum field theory as introduced in [BFV03]. This
has been confirmed in [SDH12, BDS13] and in Proposition 4.8 of this work and ascribed to the Gauss law in
[SDH12]. To understand this in view of our results, we introduce a few notions.

Definition 6.1. An electric charge observable is a gauge invariant functional of exponential type W,,, with
o =F* (). ¢ € N(M,g*)and 0 # [¢] € HZ 4z (M, g*). An electrically charged configuration is an
on-shell connection, i.e. A € I'*°(C(Z)) and MW(X) = 0, such that there exists an electric charge observable
with W,(A) # 1. In the notation of Section 5, for any object M in Subz a material electric charge
observable is an electric charge observable W, such that 0 # [¢] € Kerz(M). A materially electric
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charged configuration is an on-shell connection A, such that for some material electric charge observable

W,o(\) # L.

It is easy to prove that no materially electric charged configuration on M can be extended from M to M.
Thus, all of these configurations are unphysical in pure electromagnetism and have to be discarded. In an
interacting theory including charged matter fields, these configurations can be interpreted as the connections
sourced by an electric current density located in M \ M, cf. [SDH12, Example 3.7]. Consequently, all material
electric charge observables have to be discarded by taking an appropriate quotient as in Theorem 5.2, since
they do not measure anything in pure electromagnetism. In view of Remark 5.4, one may say that this quotient
gives for each region M of an arbitrary but fixed spacetime M the correct, full algebra of observables of
this region in pure electromagnetism. In this respect Theorem 4.9 can be interpreted as to imply that it is
mathematically impossible to construct the correct algebra of observables of a region of spacetime in pure
electromagnetism without knowing a priori the whole spacetime. In the counterexample constructed in the
proof of this theorem, considering three objects Z;, i = 1,2, 3, and two morphisms f; : 23 — Z;,7 = 1,2, in
G—PrBuGlobHyp, the electric charge observables on M3 are material with respect to M» but not with respect
to M;. Thus, they might or might not belong to the correct algebra of observables depending on whether Ms
or M3 is the whole spacetime. We expect that this problem disappears in an interacting theory containing
matter field currents, see also [SDH12, Remark 4.15].

By starting from a smaller algebra which does not contain Aharonov-Bohm observables, it is possible
to construct a quantum field theory functor on the full category G—PrBuGlobHyp that satisfies the locality
property, cf. [BDS13, Theorem 7.3]. In the context of the counterexample constructed in the proof of
Theorem 4.9, this implies to discard all electric charge observables on M3, even if they might be indispensable
observables in pure electromagnetism depending on the nature of the whole spacetime. Hence, the result in
[BDS13, Theorem 7.3] seems mathematically very pleasing, but it is not satisfactory from the physical point
of view.
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A CCR-representations of generic presymplectic Abelian groups

In this appendix we discuss the generalization of the theory of Weyl systems and €E€R-representations from
symplectic vector spaces to generic presymplectic Abelian groups. For the case of symplectic vector spaces the
theory of €ER-representations is well understood and details can be found in the textbooks [BGP0O7, BR96].
The generalization to presymplectic vector spaces has been studied in [BHR04] and €€i-representations of
presymplectic Abelian groups appeared in [M*73]. We will first review the results of Manuceau et al. [M 73]
and afterwards provide some further constructions which are essential for locally covariant quantum field
theory.

Definition A.1. (i) A presymplectic Abelian group is a tuple (B, 7), where B is an Abelian group' and
7 : Bx B — R is an antisymmetric map, such that 7(b, - ) : B — R, V/ — 7(b, V') is a homomorphism
of Abelian groups, for all b € B.

! We denote the group operation by +, the identity element by 0 and the inverse of b € B by —b
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(ii) The category PAG consists of the following objects and morphisms: An object is a presymplectic
Abelian group (B, 7). A morphism ¢ : (B, 1) — (Bs, 72) is a group homomorphism (not necessarily
injective) that preserves the presymplectic structures, i.e. 72 0 (¢ X ¢) = 1.

(iii) The category PAG™ is the subcategory of PAG where all morphisms are injective.

To any object (B, 7) in PAG we can associate a unital x-algebra over C as follows: Consider the C-
vector space A(B,7) that is spanned by a basis W (b), b € B. Any element in A(B, 1) is of the form
a = Zf\il a; W(b;), where a; € Cand b; € B, foralli = 1,...,N. We can assume without loss of
generality that all b;’s are different in expressions like this one. We define the structure of an associative unital
algebra on A(B, 7) by, for all b, c € B,

WOB)YW(c) :=e T2 W (b +¢) . (A1)

Notice that W (0) = 1 is the unit element. We further define a *-structure on A(B, 7) by W (b)* := W (-b),
for all b € B, and we notice that this turns A(B, 7) into a unital x-algebra over C. All W (b) are unitary.

Given a morphism ¢ : (By,71) — (Ba, 2) in PAG we can construct a unital x-algebra homomorphism
between A(Bi, ) and A(Bs, 72) as follows: Define for any element a = Zfil a; Wi(b;) € A(By, 1),
A(p)(a) :== N | o, Wa(6(D;)). Then A(¢) : A(By,71) — A(Bg, 1) is clearly a C-linear map and also a
unital x-algebra homomorphism, since ¢ is a group homomorphism preserving the presymplectic structures.
Notice that for the identity morphism idp ;) in PAG we have that A(id( B,r)) = id A(B,7)- Furthermore, given
two composable morphisms ¢ : (By,71) — (B2, 72) and ¢2 : (B2, 72) — (Bs,3) in PAG it is easy to
check that A(¢g 0 1) = A(p2) o A(¢1). Hence, A : PAG — *Alg is a covariant functor, where the category
*Alg consists of unital x-algebras over C as objects and unital *-algebra homomorphisms (not necessarily
injective) as morphisms. It is easy to see that A restricts to a covariant functor A : PAG™ — *Alg'™ where
*Alg™ is the subcategory of *Alg where all morphisms are injective.

For constructing a suitable C*-completion of A(B, 7) we follow the strategy of [M*73] and introduce as
an intermediate step a x-Banach algebra. Let us consider the *-norm || - ||B2" : A(B,7) — R defined by

N N
H Sa W] =3 el (A2)
=1 1=1

We denote the completion of A(B,7) by AP (B, 1) and notice that it is a unital *-Banach algebra. A
generic element in AB* (B, 1) is of the form a = Y2y a; W(b;), with a; € C and b; € B, such that
2oy lai| < oo

Given a morphism ¢ : (Bi,71) — (B2, 72) in PAG we note that A(¢) : A(B1,71) — A(Ba,72)
is bounded by 1, ie. ||A(¢)(a)||5*™ < |la|Pa", for all @ € A(By, 7). Hence, there exists a unique
continuous extension of A(¢) to the completions, which we denote by the symbol AP2%(¢) : ABan (B, 7) —
AB(By ). If the morphism ¢ is in PAG™, then A() is an isometry, i.e. | A(¢)(a)|| 52 = ||a|| P2 for
all @ € A(By, 7). In this case AB%(¢) is an isometry and hence in particular injective. Furthermore,
given two composable morphisms ¢ : (By,71) — (B2, 72) and ¢2 : (Ba,72) — (Bs,73) in PAG it is
easy to check that ABa%(¢g 0 ¢1) = AP (¢9) o AB(¢1). Hence, AB2" : PAG — B*Alg is a covariant
functor, where the category B*Alg consists of unital *-Banach algebras as objects and unital x-Banach algebra
homomorphisms (not necessarily injective) as morphisms. Notice that AB2 restricts to a covariant functor
ABan . PAG™ — B*Algi™, where B*Alg™ is the subcategory of B*Alg where all morphisms are injective.

In the following we shall require states on the *-Banach algebras AP (B, 7), i.e. continuous positive
linear functionals w : AP (B, 1) — C satisfying w(1) = 1. The following proposition, which is proven in
[M ™73, Proposition (2.17)], will be very helpful in constructing such states:

Ban

Proposition A.2. Any positive linear functional on A(B, T) extends to a continuous positive linear functional
on ABa (B, 7).

There exists a faithful state on AB2"(B, ), which can be seen as follows: Let us define a positive linear
functional w : A(B,7) = Cby w(W (b)) = 0,if b # 0, and w(W(0)) = w(1) = 1. By Proposition A.2 we
can extend w to a continuous positive linear functional on AB2"(B, 7) (denoted by the same symbol), which

satisfies w(1) = 1, hence it is a state. This state is faithful, i.e. w(a*a) > 0 for any a € AB (B, 1), a # 0.
The existence of a faithful state allows us to define the following C*-norm on AB (B, 7).
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Definition A.3. Let F be the set of states on AB2%(B 7). The minimal regular norm on AB* (B, 7) is
defined by, for all a € AB*(B, 1),

lal| := sgg): Vw(a*a) . (A.3)

The completion of AP (B, ) (or equivalently A(B, 7)) with respect to the minimal regular norm is denoted
by €ECR(B, 7). Then €ECR(B, 7) is a unital C*-algebra (cf. [MT73]).

Proposition A4. Let ¢ : (B1,72) — (Be, m2) be a morphism in PAG. Then there exists a unique continuous
extension CER(¢p) : CCR(By, 1) — CCNR(Ba, 72) of AB™(p) (and hence also of A(s)).

Proof. We have to prove that there exists C' € R, such that ||[AB2(¢)(a)|l2 < C|al|1, for all a €
ABa (B 7). The existence and uniqueness of a continuous extension then follows by standard exten-
sion theorems. We obtain by a straightforward calculation

|AP (@) (a)]l2 = sup \/w(AB(@)(a%a)) < sup v//(a"a) = [al|y (A4)

weFo w'eF

where in the second step we have used that w o AB2%(¢) € F;. Hence, C = 1. O

Let us denote by C*Alg the category whose objects are unital C*-algebras and whose morphisms are unital
C*-algebra homomorphisms (not necessarily injective). The first main result of this appendix is summarized
in the following

Theorem A.5. €CR : PAG — C*Alg is a covariant functor.

It remains to show that CER restricts to a covariant functor €€9R : PAG™ — C*Alg™, where C*Alg™
is the subcategory of C*Alg where all morphisms are injective. Notice that for a morphism ¢ : (By,71) —
(Ba, 72) in PAG™ the morphism €CR(¢) : CCR(By, 71) — CER(By, 72) would be an isometry (in particular
injective) if we could prove that for any w’ € F) there exists a w € JFo, such that w o AP (¢) = w'. Due
to Lemma A.2 it is sufficient to prove that for any normalized positive linear functional w’ on A(By, 1)
there exists a normalized positive linear functional w on A(Bg, 72), such that w o A(¢) = w’. On the image
A(p)[A(B1,11)] € A(Bg, ) we can invert A(¢) since it is injective and hence arrive at the following
extension problem: Does there exist a positive linear functional w : A(Bz, 72) — C extending w’ o A(¢)~!
A(¢)[A(By,11)] — C? Indeed, such an extension can be found by applying the positive-cone version of the
Hahn-Banach Theorem, see e.g. [Edw65, Theorem 2.6.2].

Proposition A.6. Let ¢ : (By, 1) — (Ba, ) be a morphism in PAG™. Then there exists for any positive
linear functional & : A(¢)[A(B1,71)] — C an extension w : A(Bg, 1) — C that is a positive linear
functional on A(Ba, 73).

Proof. Let us denote by H := {a € A(By, ) : a* = a} and H := {a € A(¢)[A(B1,71)] : a* = a} the
R-vector spaces of hermitian elements. Notice that 1 € H C H. The given positive linear functional @
restricts to a positive R-linear functional (denoted by the same symbol) & : H — R. By [Edw65, Theorem
2.6.2] we can extend w to a positive linear functional w : H — R, provided that for each element h € H
there exists at least one 4 € H, such that b — h is in the positive cone K 2. This condition is satisfied
for the following reason: Any h € H can be expressed as a finite sum of the basic hermitian elements
hap := aWa(b) + @ Wa(—b), with a € C, b € By and ~ denotes complex conjugation. Hence, it is sufficient
to prove that for any o € C and b € B there exists h € H, such that h— hy, b € K. Defining a := 1—a Ws(b)
we find a*a = (1 +@a) 1 — hapand thus h — h, g € K for h = (1 —|—aa) 1.

The positive linear functional w : H — R which is obtained by this extension procedure is further extended
to A(Ba, 12) as follows: For any a € A(Bz, m2) we define the real and imaginary part by ar := (a + a*)/2
and a; := (a — a*)/2i. Notice that ag,a; € H. We then extend w to a C-linear map on all of A(By, 72)
by defining w(a) := w(agr) + iw(ay). It is easy to see that this is an extension of @, which completes the
proof. O

% The positive cone here is the subset X C H consisting of finite sums of elements 8 a*a, with 8 > 0 and a € A(Ba, ).
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Corollary A.7. For any morphism ¢ : (By,11) — (Ba,72) in PAG™ the map C€ER(p) : CER(By, 1) —
CCR(B2, 12) of Proposition A.4 is an isometry. In particular, CCR(P) is an injective unital C*-algebra
homomorphism.

The second main result of this appendix is summarized in the following

Theorem A.8. €CR : PAG™ — C*Alg™ is a covariant functor:
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