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Abstract: Loop quantum gravity is an approach to quantum gravity that starts from the
Hamiltonian formulation in terms of a connection and its canonical conjugate. Quanti-
zation proceeds in the spirit of Dirac: First one defines an algebra of basic kinematical
observables and represents it through operators on a suitable Hilbert space. In a sec-
ond step, one implements the constraints. The main result of the paper concerns the
representation theory of the kinematical algebra: We show that there is only one cyclic
representation invariant under spatial diffeomorphisms.

While this result is particularly important for loop quantum gravity, we are rather
general: The precise definition of the abstract x-algebra of the basic kinematical ob-
servables we give could be used for any theory in which the configuration variable is
a connection with a compact structure group. The variables are constructed from the
holonomy map and from the fluxes of the momentum conjugate to the connection. The
uniqueness result is relevant for any such theory invariant under spatial diffeomorphisms
or being a part of a diffeomorphism invariant theory.

1. Introduction

In the Hamiltonian analysis of theories of gauge potentials, the configuration space
usually is the space A of connections defined on a principal fiber bundle IT : P — X of
a compact structure group G. The cotangent bundle 7*A (appropriately defined) with
the natural symplectic structure becomes the phase space.

In addition to the Hamiltonian equations of motion, the theory will exhibit constraint
equations. The constraints play a double role in a Hamiltonian theory. On the one hand
they generate a group of symmetries of the phase space referred to as the gauge transfor-
mations, on the other hand the set of solutions of the constraints defines the constraint
surface of the phase space.

The simplest example for such a kind of theory is certainly Maxwell theory, where
the structure group is U (1). A more general example is Yang—Mills theory, where the
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structure group may be an arbitrary compact Lie group G. In this case the group of the
gauge transformations is the group of the fiber preserving automorphisms of the given
bundle, homotopic to the identity. The group is often referred to as the “Yang Mills
gauge transformations”.

Another example, in fact the one which has triggered the present investigations, is
gravity, formulated in terms of real Ashtekar variables [1, 4-7]. In the 3 + 1 case, the
structure group is SU (2), the bundle is trivial and defined over a 3-manifold. The group of
the gauge transformations generated by the constraints contains all the bundle automor-
phisms homotopic to the identity map. In terms of a local section, the group becomes the
semi-direct product of the Yang—Mills gauge transformations and the diffeomorphisms
of ¥ homotopic to the identity map. This Hamiltonian formulation is the starting point
of the loop quantum gravity (LQG, for brevity) program.

To quantize such a theory a la Dirac, one first seeks appropriate basic variables. These
are preferred functions separating the points of the phase space which are then quan-
tized. This part of the procedure is called kinematical hereafter. The constraints are then
imposed as operator equations on the kinematical Hilbert space or in an appropriately
selected dual.

In the present paper we are concerned with two issues arising in the kinematical quan-
tization framework of LQG and of every theory of connections whose phase space is
T*A. The first issue concerns the choice of basic classical variables and a definition of a
corresponding (abstract) quantum x-algebra. We slightly generalize and improve details
of the ideas developed in LQG and define a quantum s-algebra 2 of basic quantum
variables. Our definitions are valid for arbitrary dimension D > 2 of the base manifold
3, arbitrary compact structure group G, and arbitrary bundle P.

The second issue arises when we look for representations: If 2{ admits more than one
representation, which one are we going to choose to carry out the Dirac quantization
program? Our result here will hold in a more specific setting than our definition of the
algebra 2: We will show that in the case of diffeomorphism invariant theories,' upon
restricting to diffeomorphism invariant representations, this issue will not arise: we find
a unique cyclic representation

In the following, let us explain the two results of the paper a bit more in detail and

relate them to what has already been achieved elsewhere.
The classical algebra. For the sake of informal presentation, let us choose a (local) trivi-
alization of the bundle P and use the notation of field theory. (The main part of the paper
will be kept in the geometric and algebraic style.) Then the phase space consists of pairs
(A, E) of fields defined on X, where: (i) A is a differential 1-form taking values in the
Lie algebra g of the gauge group G and (ii) E is a vector density of weight 1 taking
values in g*, the dual vector space to g. The non-vanishing Poisson relations between
the fields evaluated at points can be written as

(AL (x), Eb(y)) = 85878 (x, ), ()
where in a local coordinate system (x}, e, xD) in ¥ andin a basis {t1,..., g} of g
the fields are decomposed into A = Aidx* ® 7; and E = E*9, @ t' (¢!,..., 7% e g

denote the dual basis). The first question to ask is which functionals of A and E should
be quantized. A very natural answer is obtained by considering the geometric nature of
the fields A and E: A is a 1-form on X and therefore integrals of A along 1-dimensional

! In the non-trivial bundle case, we mean invariance with respect to a group of automorphisms of P which
induces, by the bundle projection IT, all the diffeomorphisms of £ homotopic with the identity map.
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submanifolds are well defined. E on the other hand, as a vector density of weight one can
be turned into a pseudo (D —1)-form E (still g* valued) using the totally antisymmetric
symbol, namely E = (D D-D1 Ef€aay. .ap_1dx™ A --- A dx?P-1 @ t'. Hence it can be
integrated over (D — 1)- dlmenswnal hyper-surfaces of ¥. Asking in addition for simple
transformation behavior of the functionals of A upon a change of trivialization, that is
with respect to

A g_lAg+g_1dg, E— g_lEg,

where g is an arbitrary (locally defined) G valued function in X, one is led to consider
functionals depending on A via the Wilson loop functionals

ho[Al=P (exp—/ A) ,

where « is a path in X. A similar requirement applied to the canonical conjugate field
E leads to the flux-like variables

ES,fZ/Eifiv 2
s

where S is a (D — 1)-dimensional surface and f : § — g is a function of compact
support on S. Starting from the bracket (1) these variables can be endowed with a Lie
algebra structure with a remarkable geometric flavor which was systematically explored
in [9, 10]: The functions ¥ : A — C depending on A via the Wilson loop functionals
only form the algebra of cylindrical functions and every flux variable Eg r acts as a

derivation X, ¢ on this algebra, defined by the Poisson bracket”
Xs, f¥ = {W, ES’f}. 3)

This is also the approach we will use in the present paper. The product (3) is well
defined provided that the intersection between the path o with the surface S contains
finitely many isolated points. A simple condition that ensures this property uses a real
analytic structure on X, analytic paths and analytic surfaces. Correspondingly, analytic
diffeomorphisms of ¥ are among the natural symmetries inherited from X that define
automorphisms of the algebra of the basic variables. The analyticity requirement, how-
ever, breaks the local character of the non-analytic diffeomorphisms group. Therefore,
the most important difference from the treatment of the previous papers on the subject
[13-16, 20] is that we will employ here a considerably larger group of symmetries.
We will not require that the diffeomorphisms we consider be analytic everywhere but,
roughly speaking, analytic only up to submanifolds of lower dimension. Some care has
to be taken in the precise definition of this notion, mainly to insure that they form a group
and that application of these diffeomorphisms produce surfaces and edges that still have
finitely many isolated intersection points. The important point is that this larger symme-
try group now contains local diffeomorphisms, and this will be instrumental for proving
the uniqueness result.> A more technical difference as compared to the LQG literature

2 The Poisson bracket in (3) preserves the space of cylindrical functions and the Dirac delta is absorbed
completely by the integrations involved in the definitions of the holonomy and flux. This fact was pointed out
for the first time in [1, 8]. The specific flux derivation used in this paper was defined in [9].

3" A more radical enlargement of the symmetry group of the algebra has been advocated for a long time by
Zapata (see ex. [17]). Recently, a similar enlargement has been implemented in [11, 29]. See also [18] for a
discussion of these questions.
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is that, following [20], we will be working with arbitrary space-time dimensions and not
assume a trivialization of the G-bundle.

The quantum algebra. The next step in the quantization program is to define the quan-
tum algebra 2(. Stated in a heuristic way, we want to define an abstract x-algebra of
quantum objects ﬁa, X s.7 whose relations reflect (i) the multiplicative structure of the
functions of the Wilson loop functionals and the derivations, and (ii) the complex conju-
gation structure of the functions of the Wilson loop functionals and the flux functionals.
Such an algebra has been defined in [13—16] on various levels of rigor and abstraction.
Here, we will reach an equivalent, precise definition by using intuition from geometric
quantization.

Representations, uniqueness. After one has defined the quantum algebra I, according
to the Dirac quantization program 2 has to be represented on a Hilbert space, the con-
straints have to be implemented as operators, and solutions to the constraints have to be
found. Generically, 2 will admit an infinite number of inequivalent representations, so
it is an important question which one of them is the right one to use. Ultimately, this
question can only be answered by exhibiting one or more representations in which the
program can be followed through to the end, leading to a bona fide quantization of the
theory.

However, there are clearly more and less natural choices of representations to try first:
Most importantly, if the classical theory has symmetries that act on 2( by a group of auto-
morphisms then it is natural to try to find a representation in which these automorphisms
are unitarily implemented. A second natural idea is to first look at irreducible or at least
cyclic representations as the simple building blocks, out of which more complicated
representations could eventually be built. Finally, if 2( is not a Banach-algebra, one has
to worry about domain questions and it is somewhat natural to consider representations
first that have simple properties in this respect.

A simple formulation of these properties can be given by asking for a state (i.e. a
positive, normalized, linear functional) on £l that it is invariant under the classical sym-
metry automorphisms of 2(. Given a state on 2l one can define a representation via the
GNS construction. This representation will be cyclic by construction. Furthermore, by
construction it has a common invariant dense domain for all the operators representing
elements of 2. Finally, if the state is invariant under some automorphism of £, its action
is automatically unitarily implemented in the representation.

In this article, we will investigate the class of representations of 2 delineated above
in a special case, namely if the theory under consideration is invariant under diffeomor-
phisms of the manifold ¥ in the trivial bundle case, and automorphisms of the bundle in
the general case. Most prominently, this is the case for gravity, written in terms of connec-
tion variables, as used in loop quantum gravity. It follows from [9, 19], that for the case
of interest for loop quantum gravity, D = 3 and G = SU(2), a state with these properties
exists. The corresponding representation has subsequently served as a cornerstone in the
LQG program. Moreover, this representation can be immediately generalized to arbi-
trary dimension and arbitrary compact gauge group. Therefore the requirements above
do not reduce considerations to the empty set. However, it is an important question for
the LQG program, and at least an interesting mathematical question in general, whether
there exist other representations with these properties. Our analysis will show that this is
not the case: the only state that is invariant under the group of diffeomorphisms described
above is the one used in LQG. This is a more satisfying result than the ones obtained in
[13-16, 20]. However it relies heavily on the enlargement of the symmetry group of a
state not used in earlier publications.
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While work on this manuscript was in progress, similar results as the ones that we will
present here have been obtained in [29]. The technical setup of [29] differs somewhat
from the one used here, and we refer to Sect. 5 for a comparison.

2. The Holonomy-Flux x-Algebra

The goal of this section is a definition of the x-algebra 2l of basic, quantum observables.
We have already mentioned the algebra in the introduction and explained its meaning; in
this section we will give a complete definition. As indicated, in our approach we will base
all definitions on a new category of manifolds that is larger than the analytic category
but smaller than the m-times differentiable one. The technical definitions and proofs in
this respect are relegated to the appendix. Let us start here by giving a more intuitive
description, justification for this enlargement and outline of the properties relevant in
our paper.

2.1. Semianalytic structures. In this work we consider a D-dimensional differential
manifold ¥. The differentiability class C™ is fixed, m > 1. Our elementary variables —
already mentioned in the introduction and carefully defined in the following sections —
are constructed by using curves (later called edges) and co-dimension one submanifolds
(faces) of X. A necessary condition for the Poisson bracket between the variables to
be finite is that every edge intersects every face in an at most finite number of isolated
intersection points plus a finite number of connected segments (i.e. edges in themselves).
To ensure this condition we need to carefully define a class of curves and submanifolds
we consider. It will be also important that the class be preserved by a sufficiently large
subgroup of the diffeomorphisms of . ‘Large’ means that the subgroup contains suffi-
ciently many diffeomorphisms that act non-trivially only within compact regions. This
is not the case, for example, for the analytic diffeomorphism group that has usually
been considered in this context. We solve this technical issue by defining an appropriate
category of manifolds we will call semianalytic. Next, we assume that the manifold ¥ is
equipped with a semianalytic structure. Henceforth, all the local maps, diffeomorphisms,
submanifolds and functions thereon, are assumed to be C™ and semianalytic. Through-
out the paper, submanifolds are assumed to be embedded submanifolds. A semianalytic
structure is weaker than an analytic one, therefore it can be determined on X for example
by choosing an arbitrary analytic structure.

Briefly, ‘semianalytic’ means ‘piecewise analytic’. For example, a semianalytic sub-
manifold would be analytic except for on some lower dimensional sub-manifolds, which
in turn have to be piecewise analytic. To convey the idea, Fig. 1 depicts a semianalyt-
ic surface in R3. However, whereas in the case of ¥ = R ‘piecewise analytic’ has a
well established interpretation, in a higher dimensional case those words admit a huge
ambiguity. Therefore in the appendix we introduce exact definitions and prove rele-
vant properties. We heavily rely on the theory of the semianalytic sets developed by
Lojasiewicz [2, 3].

The special property of the semianalytic category so relevant for us in this paper,
is that the intersection between every two connected submanifolds, locally, is a finite
union of connected submanifolds. Of course, this is also true in the analytic case. But the
difference between the analytic and the semianalytic structures is in the local character of
the later ones. Technically, the locality is expressed by the fact that every open covering
of ¥ admits a compatible semianalytic partition of unity.
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analytic surfaces, joining in analytic curves such that
the combined surface is still C™

Fig. 1. A semianalytic surface

2.2. The cylindrical functions. Let us recall from the appendix that by semianalytic
edge we mean a connected, 1-dimensional semianalytic submanifold of ¥ with 2-point
boundary.

Definition 2.1. An edge is an oriented embedded 1-dimensional C° submanifold of £
with a 2-point boundary, given by a finite union of semianalytic edges.

Over the manifold ¥ we fix a principal fiber bundle
Mn:P— x. 4)

The structure group of P is denoted by G, and it is assumed to be compact and connected.
The right action of G on P will be denoted in the usual way as G x P > (g, p) —
Rgp € P. We are assuming the bundle is semianalytic. On P we consider the space of
the connections .A.

Given an edge e, a connection A € A defines a bundle isomorphism

Ale) : T (x) — T (y), (5)

where x and y are the beginning and end points of e, and the fibers of P are con-
sidered as pullbacks of the bundle P. The space A, of all the bundle isomorphisms
M~ !'(x) = M~'(y) (in fact, A, depends on the points x and y only) can be mapped in
a 1-1 way into G,

o: A — G, (6)

and the map, called a gauge map, is defined by a choice of two points, p, € IT~!(x)
and p, € 1~!(y), and by

Ae(px) = Ra(Ag)py- (N

Therefore, it is determined up to the left and right multiplication in G by arbitrary
elements g, 1 € G, corresponding to changing the points p, and py. In this way A,
inherits every structure of G which is left and right invariant (including the topology,
the differential manifold structure, the Haar measure).
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Definition 2.2. A function W : A — C is called cylindrical if there exists a finite set
vy ={ei, ..., ey} of edges and a function fy € C*(Ae, x - - - x A, ) such that for every
Ae A

V(A) =y (Aler), ..., Alen)); (®)
in this case, we say that V is compatible with y and .

Every cylindrical function is compatible with many sets of edges. Without lack of
generality, we may assume that y is an embedded graph, that is, if two edges e; # ey
intersect, then the intersection is contained in the boundary of each of them [22].# The
boundary points of edges constituting a graph y are called the vertices of y. It is easy to
see that all the cylindrical functions set up a subalgebra of the algebra of all the complex
valued functions defined on .A; we denote it by Cyl. In a natural way it admits definition
of an involution and a norm

U =W, | = sup |W(A)|. ©)
AcA

2.3. The Ashtekar—Isham quantum configuration space A. The space of connections is
considered here a configuration space. However, promoting the cylindrical functions to
the basic position variables on A (an over-complete set of variables) is equivalent to
embedding A into the Gel’fand spectrum of the unital C*-algebra Cyl defined as the
completion of (Cyl, | - ||, %). Elements of the Gel’fand spectrum of Cyl have a geomet-
ric interpretation of generalized (or distributional) connections on .4. We recall now the
definition of the generalized connections (see [18] for a recent review, and [19, 21-25]
for the origins).

Consider the space £ of all the edges in ¥ including the trivial one. Certain pairs
(e, €') € £ x & can be composed, yielding a new edge. More precisely, let the beginning
point of e be the end point of ¢/, then we define

eoce :=eUe \ (eNe), (10)

provided the result is again an edge, where the line stands for the completion, and the
beginning (end) point of e o ¢’ is defined to be the beginning (end) point of e (¢’). If ¢’
differs from e in orientation only, then e o ¢’ is trivial, hence we will also use the notation
e~ ! for the edge e with orientation reversed.

On the other hand, from the principal fiber bundle P, for pairs of points x, y € X, one
has the bundle isomorphisms I~ (x) = M~'(y), and those from IT~!(x) to IT~'(y)
can be composed with those from IT~!(y) to [T~ ! (z), yielding isomorphisms again.

Definition 2.3. A generalized connection A on P assigns to every edge e a bundle
isomorphism

Afe) : T ey) — T (ey),
where e; is the beginning (source) of the edge e, and e; is its end (target), such that
Aeoey=A(e)o A(e)), and A(e™") = (A(e))”" (11)
whenever e o €' is defined. We denote the space of generalized connections by A.

4 In[22] the analyticity was assumed. However, owing to Proposition A.14 the semianalyticity assumption
used in the definition of the edges is sufficient.
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Every cylindrical function W is naturally extendable to A, by using a compatible
graph y and function ¥ (see (8)), namely

W(A) =Y (Aler), ..., Alen)), (12)

(the result defines a unique function on A, independent of choice of the compatible y
and ). Given any A € A, the map

Cyl 5 ¥ — W(A) €C, (13)

is continuous in (Cyl, | - ||) and defines a C*-algebra homomorphism, that is an element
of the Gel’fand spectrum. Moreover, every element of the Gel’fand spectrum can be
represented by a generalized connection in that way [19, 22]. In this way we identify
the spectrum with A.

Definition 2.4. The Ashtekar-Isham quantum configuration space for the loop quan-
tization of the theory of connections defined on P is the space A of the generalized
connections.

2.4. Generalized vector fields tangent to A. Given a finite dimensional manifold as a
configuration space, and the cotangent bundle as the phase space, the momenta corre-
spond to the tangent vector fields® and there is available an elegant geometric quantization
scheme. This idea is easily generalized to an infinite dimensional .4, but for the quanti-
zation, one would need a measure on A in our case required to be invariant with respect
to the automorphisms of the bundle P. Instead, Ashtekar and Isham defined A and pro-
posed to embed A in A because the latter has naturally defined compact topology and
is therefor easier to treat. However, A does not have a manifold structure. Nonetheless,
the fluxes of the electric field and the corresponding derivations (3) defined in Cyl do
lead to a quite precise definition of a generalized vector field tangent to .A. We introduce
it in this subsection in a geometric, manifestly trivialization invariant way.

We define now on A generalized vector fields which correspond to the derivations
(3), that is to the smeared fluxes of the frame field E. The generalized vector fields
are labeled by faces, and appropriate smearing functions. A face S is introduced in the
appendix (see Definition A.16) as a co-dimension 1 submanifold of X, oriented in the
sense that the normal bundle of S is equipped with an orientation. Now, we will care-
fully define the smearing functions. Our emphasis is on the geometric, gauge invariant
characteristics, and on careful specification of the class of fields we are going to use. Let
S be a face. Consider the bundle

Ps:=T1""S)cP (14)
equipped with the principal fiber bundle structure induced by the bundle P.

Definition 2.5. Given a face S, a smearing vector field is a compactly supported semi-
analytic vector field defined on the bundle Ps, tangent to the fibers of the bundle and
invariant under the action of the structure group G in P.

5 Every vector field on a manifold defines naturally a function on the cotangent bundle. If the manifold is
a configuration space, and the cotangent bundle with the natural Poisson bracket is the phase space, then the
function is linear in ‘momenta’.
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Let f be a smearing vector field on Pg. Denote by exp(- f) the corresponding flow.
The map

exp(tf) : Ps — Ps (15)

assigned by the flow to each ¢ € R preserves the fibers of Pg (i.e. [Toexp(zf) = IT) and
commutes with the right action of the structure group (i.e. exp(tf)R; = Rg exp(tf), for
every g € G). Itis easy to show that the flow is semianalytic: in a local trivialization of
Pg, the vector field f corresponds to an element of the Lie algebra of G and the flow
can be expressed by the usual exponential map. Restricted to each fiber [T~ (x) C Ps,
the flow becomes a fiber automorphism exp(zf )y,

exp(tf)x 1= exp(tf)m-1(y)- (16)

We use the latter one to define below a 1-dimensional group formed by maps 6@ :
A — A which, briefly speaking, give every generalized connection A a ‘translation’
exp(=£tf) supported on those edges which intersect the face S transversally (in the topo-
logical sense) where the sign depends on the orientation of the edge with respect to the
orientation of S. To define it, note that S admits an open neighborhood &/ C ¥ such that

U\S=U"uU,

where U/~ and U™ are disjoint, each of them is open in X, connected and non-empty.
The labels ‘+” and ‘—’ correspond to the orientation of S. An action of the generalized
flow 6@ on a generalized connection A € A, can be defined by using only a subclass
of edges taken into account in what follows:

A(e)exp(%tf)x ifeNS={x}ande\ x CU"
0M(A)(e) := {A(e) exp(—11f)x ifenS={x}ande\x CU, (17)
A(e) ifenS=@orenS=e

where x stands for the beginning point of e. Every edge ¢’ can be written as a composition
of edges of the type given on the right-hand side of Eq. (17) and their inverses, there-
fore 6 (A)(e') is determined by (17) and the requirement that Z12 maps generalized
connections to generalized connections. Given an orientation of S, the resulting flow is
independent of the choice of the neighborhoods U, U~ , U*.

Importantly, the pullback 8* preserves Cyl and for every cylindrical function W,
the derivative

d weo® i
Xs f¥ = E\D(Q (A)) li=0 (18)

is a well defined element of Cyl. This definition is equivalent to (3) and it is its manifestly
trivialization independent version. An important observation is that the action of the X g r
on the cylindrical functions is linear in the vector field f,i.e. Xs f+5, = Xs, 5, + X5, -
The explicit formula for the action of the operator can be found for example in [6].

Definition 2.6. The operator Xs r : Cyl — Cyl defined in (18), where S is a face
and f is a smearing vector field (see Definition 2.5) will be called the flux vector field
corresponding to (S, f).
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The space of the linear combinations of the operators Cyl — Cyl of the form

Ve Xs s YolXs s Xsopl, Wl [ Xsy 15 Xso, 0] o0 Xseo e, (19)

where ¥ € Cyland X, 7, X5, f,, ... are the flux vector fields will be called the space
of generalized vector fields tangent to A, and denoted by I'(T A). It will be also conve-

nient to use the complexification I'(TA)© of I'(TA). Note that every Y € (T A)©
is a derivation in Cyl, that is

Y (W) =Y (W) + WY (). (20)

Continuing the analogy with the geometric quantization in the finite dimensional
case, consider the vector space

Aetass := Cyl x (T A) O, (1)
equipped with:
o the Lie bracket {-, -},
(. Y), (W, Y)}:=—-( (W) -Y'(W), [, Y], (22)

e the complex conjugation ~ defined by the complex conjugations in Cyl and in
(T A)© extended to a map

Actass 2 (W, Y) =ara:= (\ijs y) € Aclass (23)
(in F(TZ)(C) the c.c. is defined naturally as Y(¥) := Y (I)).

Definition 2.7. The classical Ashtekar—Corichi—Zapata holonomy-flux algebra is the
Lie algebra (/U class, {-, -}) equipped with ~ as involution.

The ACZ algebra 2 jass admits also an action of the the algebra Cyl,

Cyl xRAclass  — Aclass,
(W, (1, Y) >V (1Y) =WV VYY)

2.5. The quantum *-algebra. The ACZ classical holonomy-flux Lie algebra s, is
used now as a set of labels to define an abstract x-algebra. Consider the x-algebra of the
finite formal linear combinations of all the finite sequences of elements of 2,55 With
the obvious vector space structure, the associative product -, and involutive anti-linear
algebra anti-isomorphism x, defined, respectively, as follows

@i, ..ovan) - (b1, ... by) = (@, ....an, b, ... by, (24)
(ar,....an)" = @, ... an). (25)

Divide the algebra by a two-sided ideal defined by the following elements (consisting
of 1-element and 2-element sequences):

(aa) —a(a) , (a+b) —(a) — (D), (26)

(a,b) = (b,a) —i({a,Db}), 27
(V,a) —(Va), (28)



Uniqueness of Diffeomorphism Invariant States on Holonomy-Flux Algebras 713

givenbyalla € C,a, b € Ucjyss and W € Cyl. The first class (26) of elements of the ideal
relates the linear structure of 2,55 With the linear structure of the resulting quotient.
The second class (27) of elements encodes the familiar quantum relation between the
bracket {-, -} in Ajass and the commutators in the quantum algebra 2(. The third class®
(28) encodes the module structure of the ACZ Lie algebra 2,55 over the algebra Cyl.
Shorter, the algebra 2( may be also viewed as the algebra exp(®%2cjass) divided by the
identities (27) and (28). Note that each of the classes (26, 27, 28) is preserved by .
Denote the quotient x-algebra by 2.

Definition 2.8. The quantum holonomy-flux x-algebra is the (unital) x-algebra (U, *).
The classical ACZ algebra 2,5 is naturally mapped in 2,
UAclass — 2 (29)

in the sense that 2 is isomorphic to the enveloping algebra of cjass (see (26), (27)),
divided by additional identities (28) to preserve the structure of a Cyl-module. The
images in 2 of 1-element sequences ((W, 0)) or ((0, Y)), where ¥ € Cyl and Y €

(T A)© will be denoted by U and ¥ respectively. They generate the algebra 2. In
particular, for every cylindrical function W and every flux vector field Xy ¢,

=0, X3, =Ko (30)

It is easy to see that the map (29) is an embedding. Here is a simple argument.” Consider
a representation 71(/) : exp(®%Aclass) — L(Cyl), where L(Cyl) is the algebra of the linear
maps Cyl — Cyl, defined on the generators as follows:

(W, X)) D = Ud — i{d, X}. (31)

Itis easy to check that each of the elements (27) and (28) is in the kernel of 7). Therefore,
7,y passes naturally to a representation ¢ : % — L(Cyl),

mo A — L(Cyl). 32)
The point is that the composition of the maps (29) and 7,
Acass — A — L(CyD), (33)

is obviously injective. Hence the first map is also injective.

2.6. The elements of (. Owing to the identities in 2l defined by the third class (28) of
elements defining the ideal above, the image Cyl C 2{ of Cyl upon the map (29)

Cyls W > e (34)

is a *-subalgebra. Due to (26), the map is linear, it is multiplicative due to (28), and
bijective as the restriction of (29) and hence a x-isomorphism between Cyl and Cyl.
Every element of the algebra 2 is a finite linear combination of elements of the form

W, WXy i V2 XS0 1 XS s -0 Yk XS fur - XS frer - - (35)

6 The theorem we formulate and prove in this paper uses only the fact that the two-sided ideal contains
elements of the third class for a € Cyl.

7 We thank Wojtek Kamiriski for help.
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where W, ¥; € Cyl and Xgi,.,fl.j are the flux vector fields for all the i, j = 1, ..., k. For
example, '

a= }%S’f\if)?s/’f/ = —iXS’f(\IJ))A(S/,f/ + ‘i’f(&f&s/’f& 36)

2.7. Symmetries of A. The group of the semianalytic automorphisms of the principal
fiber bundle P acts naturally in the space A of connections. The action preserves the
algebra Cyl of the cylindrical functions, the norm | - || and the * involution. Therefore
it induces an action of the bundle automorphism group in the space A of generalized
connections. The action of the bundle automorphism group on the flux vector fields can
be viewed either as the action on operators X ¢ : Cyl — Cyl (3), or as the action on the
field E and its flux functional (2). Both definitions are equivalent and lead to an appro-
priate action of the bundle automorphisms on the labels, i.e. the faces and the smearing
vector fields. In this way, the bundle automorphism group induces an isomorphism of the
ACZ classical Lie algebra 2,5, and finally a x-isomorphism of the quantum *-algebra
2. In this subsection we discuss the action of the automorphisms/diffeomorphisms in
detail. But before doing that let us make a remark on the relation between the bundle P
automorphisms and the manifold ¥ diffeomorphisms. For every bundle automorphism,

o:P— P, (37)
there is a unique diffeomorphism
p:X—> X (38)
such that
Mog=goll (39)

In our case both of them are assumed to be semianalytic. If the diffeomorphism ¢ is the
identity map, then the corresponding automorphism is fiber preserving, and we can call
it a Yang-Mills gauge transformation. On the other hand, all the ¥ diffeomorphisms
homotopic to the identity map are related to the bundle automorphisms via (39). In this
sense, the bundle automorphisms represent also the diffeomorphisms of X.

Now we turn to the technical details of the action of the bundle automorphism group
in the quantum x-algebra .

For every edge (only the end points of e matter here), the map ¢ defines the following
map [20]

Adg 1 A, > Aoy, Ale) > G o Ale) 0§ (40)
The map extends naturally to the product space,

Ad(;, : .Ag, X - X AeN i A(p(e1) X X Aw(t’N)’
(Aep),..., Aley)) +— (Ad¢(A(€1)), AU Ad(;,(A(eN)) ). 41

It will be relevant later that the map is smooth which can easily be seen by fixing any
trivialization of the fibers of P in question. Via Ad, the automorphism ¢ acts in the space
of the generalized connections,

Ad;: A — A, (42)
(AdyA) (e) := Ady(A(p~ ' (e))). (43)
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The pullback A_d:; preserves the space of the cylindrical functions. Indeed, for every
cylindrical function W given by (8),

(Ad;W)(A) = (AdZY)(Ap~ " (e1), .., Alp~ " (en)), (44)
meaning that m;lll is compatible with the graph e () = o e, ..., o ()}
and the function AdZy € C™(Ay-1(,)) X -+ X Ay-i(,))-

Given a flux vector field Xg, ¢, the map Adg defined above maps the generalized flow

(17) into a new flow Ad(;G('). It is easy to check that the new flow is the flow of the flux
vector field X s), g, r [20], hence

Adg Xs,r = Xo(8).4.1- 45)
Finally, the natural action of ¢ on 2,
ag A — A, (46)

is a *-algebra automorphism determined by the following action on the generators W
and X, s, where W € Cyl and X ¢ are arbitrary:

C((;,\if = H(’;_l v, a([;)%S,f = X(p(S),([)*f- A7)
The action satisfies
Uglogy = Ug © Uy (48)

It should be pointed out that the quantum holonomy-flux *x-algebra 2l can potentially
admit more symmetries. The relevance of the bundle automorphisms lies in the fact that
they are the symmetries of a diffeomorphism invariant classical theory.

3. States, GNS

In all of the following, we will be concerned with states w on 2{ and their GNS repre-
sentations. Recall that

Definition 3.1. A state on a x-algebra 2 is a functional @ : A — C, such that for every
o € C, andeverya, b € 2,

w(aa+b) =aw(a) +wb), w(@®) =ow), (49)
w(a*a) >0, w() =1, (50)

where I stands for the unity element of 2.

Given a state on 2, we can construct the corresponding GNS representation (H,,,
T, Qu,) Where H,, is a Hilbert space, m,, a representation of 2 on H,, and €2, a vector
in H,, which, when viewed as a state on 2, coincides with w. A detailed exposition of
the GNS construction for algebras of unbounded operators can be found for example
in [12]. Here we will only need the following elements and properties that are easy to
prove: (i) the linear space of the equivalence classes

(2] :=2/3, (51)
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where J is the left ideal formed by all a € 2 such that w(a*a) = 0, is equipped by the
state @ with the following product:

(lal, [b]) :== w(a™D),

where for every a € 2, [a] € /T stands for the equivalence class defined by a; (ii) the
product provides a norm ||all, = /([a], [a]) in [2], and the completion

Hy = [N (52)

together with the product (-, -) is a Hilbert space; (iii) to every element a of 2 we
assign a linear but in general unbounded operator 7, (a) acting in [2(],

7w, (a)[b] := [ab], for every b €U, (53)

(iv) the action 7, preserves the subspace [2(], hence [2A] serves as a common, dense
domain for all the operators 7, (a), a € 2; (v) The representation 7, satisfies

(mw(@)]b], [e]) = ([b], mp(@®)lel), (54)

for every a, b, c € 2.

As we explained in the previous section, 2l contains the subalgebra Cyl C 2 isomor-
phic as a x-algebra with the algebra Cyl. Therefore, every state w defined in 2, restricted
to Cyl defines a state on Cyl. On the other hand, there is known a powerful characteriza-
tion of states defined on the completion Cyl. Fortunately, that characterization applies
also to all the states on the x-algebra Cyl (and hence Cyl) due to the following fact:

Lemma 3.2. 8 Suppose that o : Cyl — C satisfies for every W, W' € Cyl and a € C,
the following equalities and inequality:

o@V +¥) = o) +0(¥), o) =),
w(PW) > 0, o) =1.

Then,
(W) < 2||¥]. (55)

Therefore, w is continuous with respect to the norm || - || and determines a unique
extension to a state defined on the C*-algebra Cyl.

Proof. For every W € Cyl we have
lo (V)| = |o(Vr) +io(V))| = lo(Vr)|+ oW, (56)

where Wg and W are the real and imaginary parts of W, respectively. Let ¥ # 0 be Wg
or Wy (if both Wy and W; are zero then (55) is satisfied trivially). For every real number
q the following equality holds:

(W) =q|¥V'| — w(qlV'[I —¥). (57)
8 This lemma is a modification of similar well known results see for example [30], p. 106,107. We include

it for completeness. The factor 2 in the inequality (55) can be probably lowered to 1, but this is not relevant
in our paper.
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Let g > 1. Then, the function ¢||W’||I — W' is strictly positive, and
A3 A V(A =gV -V (A) (58)

is a well defined function on the space of connections. Importantly, this is also a cylin-
drical function. Indeed, if we represent W’ by a compatible graph y and function ¥ (see
(8)), then the function ¢g||¥'|| — v’ is everywhere strictly positive, because the natural
map A — A, x -+ x A, is onto. Therefore the function

v = sqrigly I -y’ (59)

is C* and the corresponding cylindrical function is exactly W”. But this means that the
second term on the right hand side of the equality (57) (including the sign) is negative.
Indeed,

—o@|lV']| = ¥) = —o(¥"¥") <0. (60)

This observation completes the proof of Lemma 3.2. O

4. The Uniqueness Theorem

Asexplained in the introduction, of particular importance are states invariant with respect
to the automorphisms of the principal fiber bundle P. A state w defined on the algebra
2l is invariant with respect to a bundle automorphism ¢ : P — P, if for every a € 2,

w(a) = w(aga). (61)

If w is invariant with respect to all the fiber preserving automorphisms, we call it
Yang-Mills gauge invariant.

Definition 4.1. If a state defined on the quantum x-algebra is invariant with respect to
all the bundle automorphisms of P that induce, via the bundle projection T, diffeo-
morphisms homotopic to the identity, we call it Yang—Mills gauge and diffeomorphism
invariant or, if there is no danger of confusion, just invariant.

Given a x-algebra and a symmetry group, assuming the existence of a diffeomor-
phism invariant state is a strong condition. However, in our case one invariant state is
already known; we recall it below. It will be, therefore, natural to ask if there are other
states with that property.

Example. A Yang-Mills gauge invariant and diffeomorphism invariant state on 2. De-

fine the action of wy on the elements of 24 of the form a - Y , where a € 2 and
Y € (T A)© as simply

wola-Y):=0 (62)

for every a and every vector field Y. To define the action of wy on an element U cor-
responding to W € Cyl, recall a general form (8) of a cylindrical function. Recall also
that each factor A, in the domain A4,, x --- x A,, has all the left and right invariant
structures of the bundle structure group G. One of them is the probability Haar measure
e. We use it to set

o) = [ Ve, ® - ® due,. (63)
Ay x-x Agp
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Importantly, this integral is independent of choice of the graph y compatible with a
given W. Due to the general form of a € 2 given by (35) the equalities (62, 63) deter-
mine a state wg. The positivity of wg amounts to the positivity of the Haar measure
He; @ -+ @ e, on CP (A, X -+ - x Ag,) which is obviously true.

The state wq is Yang—Mills gauge and diffeomorphism invariant. To see this, note
that every automorphism ¢ of the bundle P maps every flux vector field into another flux
vector field, therefore the condition (62) is manifestly invariant. To see the invariance of
the part (63) of the definition, consider a graph y and function ¥ € C*(A,, x---x A,,)
compatible with W (see (8)), and a gauge map o_ly G — A X oo x A, defined
by the gauge maps (6) and any choice of points p, € IT~!(x) for every vertex x of y.
Then the definition (63) reads

wo (W) = /G o~ wdun, (64)

where py is the probability Haar measure on G". On the other hand, the transformed
function AdgW is compatible with a graph ¢~ '(y), and the function ' = Adgyr. If
we use for the graph ¢! (y) the gauge map 0,1 given by the points @~ '(px), then
simply
o i = o (65)
The state w is well known, and is extensively used in the loop quantization [6, 22].
Given the example of an invariant state above, let us now state and prove our unique-
ness result:

Theorem 4.2. There exists exactly one Yang—Mills gauge invariant and diffeomorphism
invariant state on the quantum holonomy-flux x-algebra 2.

Proof. The existence is known, see the example; therefore it suffices to prove the
uniqueness.

We will assume from now on that w is a diffeomorphism invariant state on 2, label
the corresponding representation obtained from the GNS construction by (H,,, 77,,) and
use the notation introduced in Sect. 3. To simplify the reading, we will break down the
proof into two parts. The first of these is rather technical. It will establish a proof of the
following fundamental lemma:

Lemma 4.3. Let w be an invariant state on . Then for every flux vector field X gy, where
S is a face, and f a smearing vector field, in the corresponding GNS-representation,

[Xs,/1=0. (66)

Once the lemma is established, the rest of the proof of the uniqueness is fairly straight-
forward.

Proof of Lemma 4.3. Let S be a face in ¥ and f be a smearing vector field. We will
decompose f into a certain finite sum,

F=>>" fu. (67)
I
such that each term f}; is a smearing vector field itself which satisfies

[Xs.f,1=0. (68)
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Then, (66) follows automatically from the linearity
XS’f=ZZXS’f1"' (69)
I

To each point x € TI(supp f) C X choose an open neighborhood ¢ in ¥ in such a
way that there exists a trivialization 7 of n! Uy),

T.: Uy x G — I Uy), (70)
and such that there is a chart x, containing U/ in its domain with
S NU) ={Gx! . xP)xP=00<x!<1,....,0<xP <1}, @D

Since the support of f is compact in P, we can choose from that covering a finite sub-
covering {U, 1}1,\’:] of I1(supp f). We denote the corresponding trivialization by 77 and
the corresponding chart by x;. Let ¢; : ¥ — R, where I = 1, ..., N, be a family of
functions such that supp ¢; C Uy for every I, and for every x € supp f,

N
D i) =1 (72)
I=1
We use that partition of unity, to decompose the smearing vector field f,
N
F=>"fi. fi=¢1f (73)
=1
Each f; (I =1, ..., N) is still a smearing vector field in the sense of Definition (2.5)

and additionally has the appropriate support property: I1(supp f7) C Uj.

Now we fix I and decompose the smearing vector field f; further. Suppose R; be
a vector field defined on G and right invariant. It defines naturally a vector field on
U x G. That vector field is mapped by the trivialization 77 into a vector field defined
in TI=!(U}), tangent to the fibers and invariant with respect to the group action. Let

R;,i =1,...,dim G, be a basis in the vector space of the right invariant vector fields
defined on G. Then, every smearing vector field f; defined on Ps = IT~1(S) is a sum
of the vector fields proportional to the vector fields 77, R;,i = 1,...,dim G,
fr=2"fri,  fii = (Th) TrR;, (74)
i

where each coefficient IT*h; is a function /; : S — R lifted to the bundle Pg = IT~!(S).
Obviously supp h; C U;. Now we can finish the proof of Lemma 4.3, by showing that
necessarily (68) is true. To this end, fix indices /, i, and for every compactly supported
function & : S NU; — R consider the following smearing vector field defined on S (no
summation with respect to i):

w(h) := (IT*h) T1«R;. (75)

Consider the following product (- | - ) which, given a pair of compactly supported func-
tions &, g : SNU; — R, assigns the following number (%|g):

(hlg) = <[)A(S,w(h)]y [)%S,w(g)]>-

The product (- | -) has the following properties:
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(i) itis bilinear and symmetric,
(i1) itis invariant under diffeomorphisms of ¥ which are supported in /; and preserve
Uy aswell as S,
(iii) for h = g = h; of (74), it is exactly the norm squared of the Hilbert space H,,
element [)A( s, f;1 under consideration,

1,07 = ([R50 (Rs.,1 ) = Chilh). (76)

The property ii) above, follows from the fact, that via the trivialization 7, every
diffeomorphism ¢ : ¥ — X preserving U/ defines an automorphism ¢ of the bundle P
which preserves each of the vector fields 77, R;. Therefore, if ¢ additionally preserves

S, then the action of ¢ (47) on X S,w(k) amounts to

oG X 5wy = Xs whop=1)- (77)

We will now show that properties i) and ii) already imply that that (k|h) is zero for
every function 2 : S — R with compact support in /. Then iii) shows that we have
reached our goal.

Let us use the chart x; to push forward the action arena into R?:

Uy = iUy, S"= xi1(Snup), (78)
W o= hox ':§ >R, (79)

where h’ has compact support and S’ is defined by (71).

We want to extend /2’ to a function defined in /; and of a compact support. Therefore,
we choose an arbitrary semianalytic function ' : R — R such that «’(0) = 1 and the
function

Gl xP) s R x P (P (80)

has compact support contained in /’;. Using these ingredients, we can define a map’
<pi :RP — RP, where A is a real parameter, by

ot xPy = A el x P (D), X2 X P). (81)

Lemma 4.4. There is Lo > 0 such that for every 0 < A < Ao, ¢} is a semianalytic
diffeomorphism of RP equal to the identity outside of U} and preserving U;.

Proof. The Jacobian of ¢’; is a triangular matrix and the determinant turns out to be
simply 1 + Ax’01h’. Since Ak’d1h’ has compact support and is semianalytic, it is in
particular bounded, and thus there is a A9 > 0 such that 1 + Ax’d1h" > 0 for every
0 < A < Ag. Hence ¢, is locally a diffeomorphism, provided 0 < A < Xg. It is also
a global diffeomorphism, because outside of the support of «'h’ it acts as the identity
and thus lim | ’gog (x)] = 00. Then a well known theorem by Hadamard proves the
assertion. Because all the functions used in the construction of ¢’; are assumed to be
semianalytic, and all the operations used preserve the semianalyticty (see the Appen-
dix), ¢’, is also semianalytic. Finally, note that every bijection which is an identity on a
certain subset, necessarily preserves the complement. O

9 We will use here a modification of the trick mentioned in the Appendix of [27].
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Now let us choose a semianalytic function H’ with support in 2/’; such that

H'x',...,xP)y=x" whenever (x',...,xP) e suppx’h’. (82)

Such a function can be easily constructed by using an appropriate partition of the
unity. Let us see how each of the diffeomorphisms ¢’; acts on H': Because of the
properties of H’ in relation to the support of zailx’h’ we find

s D x4+ an (xb L xPT e’ (xP)  on supp i’k

o H (x',...,x7) = ;o D .
Hx', ..., xY) otherwise

=H & XD+ L P (D).

Now let us pull this relation back to U/; and the manifold ¥ again by using the chart
x1. Denote the pullbacks of the functions H', h’, k' and ¢}, respectively, by H, h,
and ¢;.. The functions H and i« have support contained in U{;, therefore we can extend
them as identically zero to the rest of X. Similarly, ¢, for every 0 < A < Ag, is a
diffeomorphism defined locally in ¢/ that can be extended as the identity to the rest of
%, and the result is a diffeomorphism of X. The above relation then reads

¢iH = H + Axh. (83)
Now we compute

(H|H) 2 (pfH|p}H) = (H|H) + A(h|H) + A(H|h) + 22 (hlh), (84)

where we have used the invariance of the product (- | -) under diffeomorphisms homo-
topic to the identity (the ¢; obviously are) and the fact that x|s = 1. Since the equality
(84) holds for every value of A provided 0 < A < Ag, we conclude that

(h|h) = 0. (85)

Then, as announced above for i = h;, we get the desired result, and in turn conclude
that [Xs, ] = 0 as a vector in the GNS-Hilbert space H,,. O

Now that we have established the fundamental Lemma 4.3 asserting that [}A( s,71=0
for any face S and any smearing vector field f in any GNS-representation coming from
the invariant state w, we can show that the structure of the GNS-Hilbert space H,, is
actually very simple.

Let us start by reminding the reader of the form (35) of elements of 2l whose linear
span is 2. It follows immediately that a dense set of vectors in H,, is given by the linear
span of all the vectors of the form

[\"p]’ na)({pl)[)ﬂ(S“,f“]a nw(\i’ZXSﬂ,fz])[XSzz,fzz]» “e
~--a7Tw(‘i'kj(Sk|,fk1 ~--)[)A(Skk,fkk]a--~- (86)
But because of Lemma 4.3, of these vectors, only the ones of the form [\il] are non-zero.

Therefore, all the information on the state w is contained in the corresponding state
defined on the algebra Cyl,

Cyl > W > o(b) =[], [&:]}H : (87)

10}
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where 1 is the unit element of 2. Now we make use of Lemma 3.2 from Sect. 3: the
state (87) is actually continuous with respect to the C*-norm on Cyl. Thus, using the
representation theorem by Riesz and Markow, there exists a measure p on 4 such that

o) = LWd/L.
A

Notice now that Lemma 4.3 implies what follows:

Lﬁxs,f(w/)du <[\if], [XW’)]>
A

Ho
(19, (s, 01— 19 %s,01)

10

i(191, [£s.097)

i Rs.0 9. 197)

_ _ﬁmwﬂ.
A

Setting W = I (i.e. the constant function on A of the value 1) we see that for any face
S and any smearing vector field f and for any function ¥’ € Cyl,

/7XS,f(\1ﬂ) dp = 0.
A

As it was shown in [15] the only measure satisfying the above condition coincides with

the measure defined on A by the state wy described in the example.
In conclusion,

® = wy. (88)

5. Closing Remarks

As we have emphasized the uniqueness result proved in the last section is reassuring
for the LQG program, and it shows that diffeomorphism invariance can sometimes be a
powerful remedy against complications that one expects based on what one knows about
background dependent field theories. Our result is based on certain, albeit reasonable,
assumptions, therefore an immediate question is whether it can be generalized.

Certainly the result holds for any enlargement of the symmetry group that contains
the diffeomorphisms considered above. Whether it also holds for smaller extensions,
or even for only the analytic diffeomorphisms is an open question. We feel however
that as soon as the subgroup of diffeomorphisms is big enough to contain ‘local ones’,
application of the techniques used above should be straightforward.

Also, even if uniqueness were to break down if only invariance under analytic auto-
morphisms is required, it is not clear how relevant the result would be physically, as it
would heavily involve details of the structure of analytic diffeomorphisms on a given
manifold X.
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Another way to generalize the result would be to consider, instead of the flux operators,
the unitary groups that they generate, and ask for diffeomorphism invariant representa-
tions in which these groups are strongly continuous. In [16] this setting was considered,
however the results were not satisfactory due to the more complicated domain questions
arising. A more satisfying result was recently obtained by Fleischhack in [29]. It does not
make the assumption of a common dense domain for all flux operators and cylindrical
functions that is implicit in our treatment. However, it needs an additional assumption
on the action of the bundle automorphisms in the representation.

Finally, as for background dependent theories, at least the definition of the kinemat-
ical algebra 2l applies in principle. Whether one expects the type of variables used to
be well defined in the quantum theory is certainly a difficult question. Still it seems
worthwhile to look for non-diffeomorphism invariant representations of 2l and see if
they can be put to use in physics.

Another interesting starting point for future work is the observation that the unique-
ness theorem fails if a rather innocent looking assumption — that of compact support
on § for the smearing functions f used in the flux variables Eg ¢ —is removed: Con-
sider the example ¥ = R?, G =U(1), and drop the assumption of compact support for
the smearing functions. The hyper-surfaces S are one dimensional in this case. Let us
also choose an orientation for X. From that orientation, together with the orientation on
the normal bundle of a given S we can equip S with an intrinsic orientation, and thus
integrate one-forms on S. Then we can define

() = wo(D),
oW Xs 5. X5, 1) :=/S dfl.../s df wo(W).
1 n

It is easy to check that w defines a state on 2l and is manifestly invariant under the
action of orientation-preserving diffeomorphisms. Obviously it is different from wg and
thus would constitute a counterexample to our uniqueness result, were it not for the fact
that for smearing functions f with compact support in S, [ ¢ df=0. Hence under the
assumptions made in this paper, v = wy, and there is no contradiction.

Since obvious generalizations of this state to a higher dimensional situation seem to
fail, the existence of w for smearing functions without compact support might just be a
peculiarity of D = 2. However, just as for w the endpoints of the lines S can be used to
“anchor” diffeomorphism invariant information in the state, it is not inconceivable that
similarly points of the boundary of hyper-surfaces S in which the boundary has a lower
differentiability than C” might be used to that end in higher dimensions.!’ In any case,
the restriction to compact support does not seem to be unphysical.!! It can be viewed
as analogous to the smoothness and decay properties assumed for smearing functions
in standard quantum field theory. A more detailed investigation into these issues will be
carried out elsewhere.

A useful for LQG outcome of our work is introducing the semianalytic category. The
corresponding diffeomorphisms form a subgroup of the C"” diffeomorphism group, the

10 In a similar way, one might intuitively understand the need to use semi-analytic smearing functions, not
just, say, continuous ones: Singular points (from the semianalytic perspective) of the smearing functions could
not be removed by semianalytic diffeomorphisms and evaluation of the function at such points would thus
constitute diffeomorphism invariant data that could give rise to other diffeomorphism-invariant states.

11 And, as for applications to Loop Quantum Gravity, all results that use smearing functions with
non-compact support (such as the definition of the volume operator) can be recovered by taking appropriate
limits once the state is fixed to be w.
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group of symmetries induced by the action of the diffeomorphisms of X in the classical
phase-space and preserving our classical Ashtekar—Corichi—Zapata algebra. The rele-
vance of this symmetry group consists in its local character (as opposed to the analytic
diffeomorphisms). For example, the symmetry group provides a new, elegant version of
a map Cyl — Cyl* (the algebraic dual) which averages with respect to the (allowed)
diffeomorphisms of X. This application has been recently implemented in [6]'% (see
also [5, 26, 27]). There are several similar, non-equivalent extensions of the analytic
diffeomorphisms recently introduced in literature. One of them is due to Fleischhack
[29] who also applies the theory of the stratifications. Another one was considered by
Rovelli and Fairbairn [11]. They even advocate the relevance of non-differentiable ho-
meomorphisms in the classical Einstein’s Gravity. The Rovelli—Fairbairn generalized
diffeomorphisms, however, are defined to be smooth everywhere except a finite set of
points, therefore they would not be useful in our case.
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A. Semianalytic Category, Details

A.l. Semianalytic functions in R". In this section we introduce semianalytic functions,
semianalytic manifolds and semianalytic geometry. We will take advantage of the results
of the theory of semianalytic sets [2, 3]."> Throughout this section, by ‘neighborhood’
we always mean ‘open neighborhood’, even if ‘open’ is dropped.

Briefly speaking, a real valued function f defined on an open subset of I/ C R" will
be called semianalytic if it is analytic on an open and dense subset of ¢/, and if the non-
analyticity surfaces have also an appropriate analytic structure, and if the restrictions of
f to the non-analyticity surfaces are again analytic in an appropriate sense. To introduce
our definition, we need a notion of a semianalytic partition of /. Consider in U a finite
sequence of equalities and/or inequalities, namely

hi(x) 010,
(89)
hy(x) onO0,
where each o; is either of the three relations >, <, =, and {hy, ..., Ay} is a set of

analytic functions defined on a domain containing /. More formally, there is defined a
map

o h={h,....,hn} = {>, =, <} (90)
and in (89) we denoted
op :==o0o(hyp), On

12 Except that our definition of the extension of the analytic diffeomorphism group has changed since then.
13 We thank Christian Fleischhack [28] for drawing our attention to the theory of semianalytic sets.
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where the integer I runs from 1 to N. The set of the conditions (89) determines the
following subset of :

Uno ={x el : (89)}. 92)

Definition A.1. Given a finite set h of real valued analytic functions defined on a
neighborhood of an open subset U of R", the corresponding semianalytic partition
of U is the set of all the subsets Uy, - C U defined by (89, 92) such that o is an arbitrary
map (90). Given U and h as above, the partition will be denoted by P(U, h).

Obviously, every semianalytic partition covers U,

U= Jlo. (93)
o

where o runs through all the maps (90). Also,
oc#oc = Une NUp o =1, (94)

and a set U, , may be empty itself. Another obvious property is that given a semiana-
lytic covering P(U, h) and an open subset V C U, the family & of functions defines a
semianalytic covering P(V, h).

Now, we are in a position to define a semianalytic function:

Definition A.2. A function f : U — R™, where U is an open subset of R", is called
semianalytic if every x € U has an open neighborhood U equipped with a semianalytic
partition PWU., h), such that for every Z;Ih,g € PU., h) there is an analytic function
fo: U — R™ such that

g, = folyg,,» (95)

that is, such that f, coincides with f on Z;{h,g.

Given a semianalytic function f and a point x in its domain, a semianalytic partition
P (U, h) which has the properties described in Definition A.2 will be called compatible
with f at the point x. There are infinitely many semianalytic partitions compatible with
a given f at x. Clearly, if f : «/ — R” is semianalytic, and V C U is open, then the
restriction function fy, is semianalytic. Given a semianalytic covering PU, h) com-
patible with £, and an open subset V C U NV, the semianalytic covering P(V, h) is
compatible with fjy.

Example. Consider a function f : R — R analytic on every closed interval [n, n + 1].
f is semianalytic. A semianalytic partition P({/, h) compatible with f at xo is defined
for the open interval

U:=]lxol =1, [xol +1] (96)

(we denote by Ja, b| the open interval bounded by a, b € R and by [a] the integer part
of a) by the set {h_1, ho, h1} of functions

h_1(x) =x —[xol +1, ho(x) =x —[xol, h1(x) =x—[xo] — 1. o7
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Proposition A.3. Let f1 : U — R, and f, : U — R™ be two semianalytic functions,
where U is an open subset of R". Then the functions

Us x> i) eR™, Usx e (filx), frx) e R™ (98)
are also semianalytic.

Proof. Let x € U. Let PUD, hD) be a semianalytic partition compatible with f;
at x, and PUP, h®) be a semianalytic partition compatible with f> at x. The proof
becomes obvious if we construct a single semianalytic partition compatible at x with
both functions. The natural choice is just the semianalytic partition of the intersection

uU=uvnu® (99)
defined by the set of functions
hi=hMun®. (100)

Indeed, it is enough to notice, that for every Z:{hﬁ € P(U, h) there are some Z;l}(lgl)) o €
PV, kDY and Z/?,(f% o € PUP, k@) such that

"~ ~(1 "~ ~(2
Uno CU), o and Uyo CUD o (101)
O

It is obvious that if f : &/ — R is a semianalytic function and it does not vanish on
an open set U, then 1 is also semianalytic. This fact will be important in construction
of semianalytic partitions of unity. They are useful owing to Proposition A.3.

We turn now to the issue of the morphisms of the semianalytic functions. It is obvious
that every analytic map ¢ : U/ — U’ between two open subsets U/ C R" and U’ C R
pullbacks all the semianalytic functions defined on{’ into semianalytic functions defined
on U. The following proposition shows that the same is true for a semianalytic map.

Proposition Ad. Let Y C R" and U' C R" be open subsets. Suppose the functions
U — R"and ¢ : U — U’ are semianalytic. Then, the composition function
flo¢ U — R™ is semianalytic.

Proof. The idea of the proof is simple: we construct a suitable partition of ¢/ using the
inverse image of a given partition of U’ compatible with f’. The inverse image is not, in
general, semianalytic, but we show it can be sub-divided into a semianalytic partition. O

Lemma A.5. Let P(U', h') be a semianalytic partition. Let ¢ : U — U' be a semiana-
Iytic function, where the subset U C R" is open. For every xo € U there exists an open
neighborhood U and a semianalytic partition PWU, h) such that for every element of
PWU, h), say Z;Iﬁ’&, there is an element of P(U', h'), say Z;I’,’a,, such that

o €07 (o) - (102)
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Proof. Let xo € U. We will construct a partition P(Z:{ , fz) which satisfies the conclusion.
If ¢ is analytic, then the set of the pullbacks of all the functions 4, € h’ defines a suitable
partition of the whole /. In general, ¢ is not analytic. However, it gives rise to a family
of analytic functions ¢, defined in some neighborhood U of xq via Definition A.2 (with
/ being replaced by ¢). We choose U small enough, such that all the images ¢, ) are
contained in the given Z{"). Hence, consider a semianalytic partition P (I/, h) compatible
with ¢ at xo, and the corresponding family of analytic functions ¢, : U — U. We
define / to be the set of functions formed by (i) all the functions h'; o ¢y defined by
all the functions ¢, and all &, € k', and (ii) all the functions /; € h. Let us demon-
strate that the corresponding semianalytic partition P(U, h) satisfies the conclusion. Let

&5:h—{> = <}bean arbitrary map. Denote
o :=0|p, (103)
=0 lgza), (104)

where o in the second line is the one introduced in the first line, and ¢ (4') is the set
of pullbacks of the elements of 4’ by using ¢*. Now, it follows directly from (103) (see

(89) with h; and o7 being themselves as well as being replaced by /; and ;) that
Uy 5 CUno. (105)
On the other hand, the second line (104) means that
b Uy 5) C Up . (106)
The combination of the last two facts with
bz, = Pl (107)
concludes the proof of the lemma. O

We go back to the proof of the proposition. Given xo € U, consider the point ¢ (x0)
and a partition PU', K compatible with the function f at ¢ (xp). Let P(U h) be a
partition provided by the lemma. For every U _ € PU, h) use the pair o, ¢’ defined
by (103,104). The function f/, o ¢, is the wanted analytic extension of f/ o ¢|uﬁ . O

In general, the inverse of an invertible semianalytic function is not necessarily semi-
analytic. However, a carefully formulated set of assumptions ensures the semianalyticity
of the inverse.

Proposition A.6. Let ¢ : U — U’ be a semianalytic and bijective function, where
U, U C R" are open. Suppose that for every xo € U there exists a semianalytic par-
tition PU, h) compatible with ¢ at xo, and such that for every Z;{h,g € PU, h) the
restriction ¢|dh,n is extendable to an analytic, injective function ¢, : U — U, such
that: (1) ¢o (Z:{ ) is an open subset of R", and (ii) the inverse ¢ L ¢y (Z;{) — Uis analytic.
Then, ¢~ is semianalytic.
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Proof. Given a point x; € U, let P(U, h) be a partition compatible with ¢ at xo =
p! (x;) € U. Suppose P(U., h) and ¢ satisfy the assumptions. We have to construct a
semianalytic partition of a neighborhood 24’ of x(, compatible with ¢ ~!. We choose u
such that all the inverse functions ¢_ I are well defined, namely

U'=¢.. (108)

Mapping with ¢ the partition (I, h) we get a partition of {4’ which consists of the sets
¢ (L?h,a) nu', (109)
given by all the elements Z:{h,(, € P(Z;{ , h) . For every set ¢ (Z;lh,(,) NU' we have

-1 -1
¢ |¢(Z/~lh,(,)mb~l’ = ¢o‘ |¢(Z/~lh,(,)mb~{” (110)
where ¢ !is the analytic function provided by the assumptions. That would be sufficient
for the semianalyticity of ¢! if the constructed partition were semianalytic. We do not
know if it is the case, though. However, we will subdivide the partition in such a way that
the result is a semianalytic partition without any doubt. Establishing that refined partition
will be enough to complete the proof by referring to (110). The needed semianalytic

partition is defined in the following way. First, we fix a subset ¢ (Z:lh’g) N’ and use the
corresponding analytic function ¢ ! to pullback all the functions #; € h from U onto

U'. Denote the resulting set of analytic, real valued functions defined on u by ¢, Yh,

and consider the corresponding semianalytic partition PU, oy Pn). It is easy to see
that

P (dh,g) N e P, o5 " h). (111)

Next, enlarge the set ¢ "h corresponding to a given o by taking the union with respect
to all the o's (90),

n o= U¢;1*h. (112)

Consider the semianalytic partition P({’, h") defined by 4’. This partition just divides

every ¢ (Z/N{h,g) N U’ into smaller subsets of I/’ , that is it consists of subsets of the sets

1) (Z;{h,g) NI'. This concludes the proof. O

Corollary A.7. Suppose ¢ : U — U’ is a diffeomorphism of the differentiability class
C™, whereUd,U' C R" areopenandm > 0. If ¢ is semianalytic, then sois =" : U — U.

Proof. Letus assume that ¢ satisfies the assumptions made in Corollary A.7 and consider
an arbitrary point xq in the domain /. Since ¢ is semianalytic, we can find: (a) a neigh-
borhood I/ of xo, (b) a semianalytic partition P(U, h), and (c) for every Uh,g e P, h)
an analytic function ¢, defined on U, which coincides with ¢ on U (h, o).
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It would be sufficient to show that the data (a)—(c) can be chosen in such a way that
every function ¢, of (c) has a non-degenerate derivative D¢, at every point of U. Then
the hypothesis of Proposition A.6 would be satisfied. Certainly the derivative of ¢ is
nowhere degenerate in 4. Therefore, for every function ¢, of (c) there is an open subset
of U such that the derivative of ¢ is non-degenerate. The problem is that the subsets
of points on which the derivatives are non-degenerate may be too small. They may be
smaller than I/, and some of them may even not contain the point xg at all. Therefore
the data (a)—(c) is not yet sufficient to apply Prop. A.6.

We therefore define new data (a’)—(c’) given by shrinking the nelghborhood U appro-
priately. For every Uh + € P(U, h) consider the subset S, C U of points such that the

function ¢, has a nondegenerate derivative. Note that S, contains the completion Uh,o.
Indeed, it follows from the continuity of D¢ and D¢, . As a new U’ we take,

d=( ) (U o)

O‘ZonUh,g 0'5x0¢l~]h,a

The set I’ constitutes new data (a’). A new partition (b’) and functions (c’) are given

just by restricting the previous (b),(c) to u'. (a’)—(c’) then fulfill the assumptions of
Prop. A.6. O

Once we have generalized the notion of analytic structure into the notion of the semi-
analytic structure, it is natural to introduce new partitions by relaxing in Definition A.1
the assumption that the functions constituting the set / are analytic, and replace it by a
condition that they be semianalytic. Let us do it, apply the same notation as in Definition
A.1 to a finite set of semianalytic functions 4 and call the result a semi-semianalytic
partition.

Given any partition of a set into subsets, another partition is called finer if every
element of the first partition is a finite union of elements of the second partition.

Lemma A.8. Suppose P(U, h) is a semi-semianalytic partition of an open U C R".
Then, every x € U has a neighborhood U which admits a semianalytic partition finer
than P(U, h).

Proof. Let xo € U. There is a neighborhood U of xo which admits a semianalytic
partition P(U, f) compatible with all the (semianalytic functions) elements of 4. As
before, we start with collecting all the analytic functions available. Firstly, all the ele-

ments f; € f are analytic functions defined on u. Secondly, for every assignment
o: f— {>, =, <},every element h; € h defines an analytic function /.. Given o
denote the set of the functions &, such that i; € h is arbitrary, by &, . The resulting set
of the analytic functions is

ﬁ::fUUhg. (113)

Our candidate for a semianalytic partition of U compatible with P(U, h) is the semian-
alytic partition defined by the set of functions 4. Consider an arbitrary

o:h—{> = <}, (114)
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and the corresponding set Z:{;h s € P(U, h). We have to point out an element {f}, ,» which
contains Z;{;l 5+ It is defined as follows. Consider

o =35/ (115)

Using this o select another subset of &, namely /. The restriction

G lhy (116)
defines naturally an assignment o’ : h — {>, =, <}, namely
o'(hy) =6 (his). (117)

It is easy to check that Z;{ﬁ s ClUpo. D

Finally, our interest in the semi-analytic sets is a consequence of a certain strong
result of that theory ([2], see Prop. 2.10 in [3]) which we translate now into the terms of
the semianalytic partitions.

We call a semianalytic partition analytic partition if every element of the partition is
a connected, analytic submanifold.

The result we are referring to reads:

Proposition A.9. For every semianalytic partition P(U, h) of an open U C R, every
pointx € U has aneighborhoodU which admits an analytic partition finer than P(U, h).

A.2. Semianalytic manifolds and submanifolds. In this subsection, ¥ is an n dimen-
sional differential manifold. Henceforth we will be assuming that ¥ and all the consid-
ered functions are of a differentiability class C", where m > 0.

By analogy with the definitions of an analytic structure, analytic function, and analytic
submanifold, we introduce now natural semianalytic generalizations. The generalization
is possible due to Propositions A.3, A.4, A.6 of the previous subsection.

We denote below an atlas of X by {(U;, x1)}1c7 , where Z is some labeling set,
{Ur}1e7 1s an open covering of X, and {x;};c7 is a family of diffeomorphisms yx; :
Uy — Uy C R

Definition A.10. An atlas {(U;, x1)}1e7 of 2 is called semianalytic if for every pair
1, J € T the map

xroxy s xiUr Uy — xg U NU) (118)

is semianalytic. The diffeomorphisms xj are called semianalytic charts. A semianalytic
structure on X is a maximal semianalytic atlas. A semianalytic manifold is a differential
manifold endowed with a semianalytic structure.

Definition A.11. Given two semianalytic manifolds ¥ and ¥/, amap f : £ — X’
is called semianalytic if for every semianalytic chart x; of X, and every semianalytic
chart x4, of ¥’ the function x}, o f o Xl_l (whenever the composition can be applied) is
semianalytic.
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In particular, if
¥ =R (119)

and the semianalytic structure is the natural one defined by the atlas {(R"/, id)}, then
the map f is a semianalytic function defined on X.

Definition A.12. A semianalytic submanifold of a semianalytic manifold ¥ is a sub-
set S C X such that for every x € S, there is a semianalytic chart x defined in a
neighborhood Uy of x, such that

xi(SNUH) ={x!, .. xMeR : x'=...=x"" =0,

0<x"™"* 2 1,...,0<x" <1), (120)

where n' is a non-negative integer, n' < n, and n' is called the dimension of S.

Definition A.13. An n’ dimensional semianalytic submanifold with boundary of ¥ is a
subset S C X such that for every x € S, there is a semianalytic chart x; defined in a
neighborhood U of x, such that either (120) or

xi(SNU) ={x' ..., x") eR" : x! =...=x"" =0,

0<x" "1 o 1,0<x""*2 < 1,...,0<x"<1}). (121)

It is also assumed that the set of points x such that (121) is not empty.
The key property of the semianalytic submanifolds crucial in our work is:

Proposition A.14. Let S| and Sy be two semianalytic submanifolds of a semianalytic
manifold . Suppose x € S1 N S>. Then, there is an open neighborhood W of x in %,
such that YW N S§1 NS, is a finite, disjoint union of connected semianalytic submanifolds.

Remark. What is crucial for us in the conclusion of Proposition A.14 is the finiteness of
the partition and the connectedness of its elements. After all, an infinite set of disjoint,
embedded intervals may also form a single submanifold, disconnected though. Those
two properties simultaneously hold due to the (semi) analyticity.

Proof. For every point x € S1 N S, there is a neighborhood VW which can be mapped
by a semianalytic chart into an open subset &/ C R”. The intersection YW N S; N Sy is
mapped into a subset of U/ described by a finite family of equalities of the form (89)
defined by some fixed family of semianalytic functions /; and relations o7 = ‘=" (the
definition of a semianalytic submanifold involves also inequalities, however WV can be
chosen such that the latter ones are satisfied at every point in VW; we are assuming this
is the case). Hence, the intersection is an element of the semi-semianalytic partition
defined by the family of the semianalytic functions /7. Due to Lemma A.8, if we choose
the neighborhood W of the point x appropriately, then the intersection YW N S1 N S is a
finite union of elements of certain semianalytic partition. Finally, via the result quoted
in the previous subsection, the neighborhood 1V can be chosen such that every element
of a semianalytic partition of the image U/ is a finite, disjoint union of connected ana-
Iytic submanifolds. Their inverse image by the chart defines the decomposition of the
intersection YW N §1 N §; into semianalytic submanifolds. O
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In the paper we are using extensively two particular classes of submanifolds: edges
and faces.

Definition A.15. A semianalytic edge is a connected, 1-dimensional semianalytic sub-
manifold of ¥ with 2-point boundary.

Definition A.16. A face is a connected, codimension 1 semianalytic submanifold of ¥
whose normal bundle is equipped with an orientation.

The property of the semianalytic structures which distinguishes them so much from
the analytic ones is local character of the spaces of the semianalytic functions and semi-
analytic diffeomorphisms. That feature is guaranteed by the existence of a partition of
unity compatible with an arbitrary open covering. We formulate this fact precisely now,
in the form we refer to in the proof of our main theorem:

Proposition A.17. Suppose VW C X is a compact subset. LetUy C X, 1 =1,..., N, be
a family of open sets which covers W. There exists a family of C"* semianalytic functions
¢r: X —> R, I =1,..., N such that for every I,

suppg; C U (122)

and

> bilw =1 (123)
1

Proof. The proof is standard owing to the following two properties of the semianalytic
functions:

(i) For every open ball in R?, there is a C” semianalytic function greater than zero
at every point inside the ball and identically zero everywhere else.
(ii) If f is a nowhere vanishing C” semianalytic function thensois 1/f. O
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