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Abstract

We investigate a certain distributional extension of the group of spatial diffeomor-
phisms in Loop Quantum Gravity. This extension, which is given by the automor-
phisms Aut(P) of the path groupoid P, was proposed by Velhinho and is inspired
by category theory. This group is much larger than the group of piecewise analytic
diffeomorphisms. In particular, we will show that graphs with the same combina-
torics but different generalized knotting classes can be mapped into each other. We
describe the automorphism-invariant Hilbert space and comment on how a combi-
natorial formulation of LQG might arise.

1 Introduction

Loop Quantum Gravity is an attempt to quantize the theory of general relativity
(see 1L, 2, 3} [4] and references therein). This is done by casting classical GR into a
hamiltonian formulation, in which it becomes a constrained theory with fields on a
Cauchy hypersurface ¥. These fields are an su(2)-connection AZ(z) (the Ashtekar
connection) and its canonically conjugate E{(x), which is the analogue of the elec-
tric field in SU(N)-Yang-Mills theory. Modulo physical constants, which can be
absorbed into the definition of E{(x), the Poisson structure reads

{Al(2), Eb(n)} = &% 8(.y). (L1)

The connection A plays the réle of the configuration variable, and E is the canoni-
cally conjugate momentum. The classical configuration space is the space of smooth
connections A.

By going over to the quantum regime, the space A is extended to A, by adding
also connections which are “distributional” in the sense that they can have support
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on lower-dimensional subspaces of ¥. The space A can be endowed with a topology
that turns it into a compact Hausdorff space, and a regular, normalized Borel mea-
sure par, the Ashtekar-Isham-Lewandowski-measure. The quantum theory is then
formulated in the kinematical Hilbert space Hyg, = L?(A,dpar). The space A is
topologically dense in A, but measure-theoretically thin: A is contained in a set of
measure zero. 4]

This is analogous to the case of quantum field theory: Consider the case of the
Euclidean free scalar field. Then the path integral formalism proposes to write the
partition function Z([J]) as an integral over all field configurations

2] = Z[0) / D e~ Jo"Em)o+i67] (1.2)

In this case, the integration ranges over a set of field configurations ¢, in which the
smooth fields lie dense. The set of these fields, however, are contained in a set of
measure zero.

In the Hamiltonian formulation of GR employed in Loop Quantum Gravity, the
dynamics is contained in the constraint functions, which are phase space functions
that generate a Hamiltonian flow on the constraint hypersurface. Two of the con-
straints, the Gauss- and the Diffeomorphism- constraint, encode the invariance of
the theory under change of SU(2)-gauge and diffeomorphisms on ¥. Consequently,
their Hamiltonian flows generate gauge-transformations and diffeomorphisms on X,
respectively. Classically, the corresponding group of smooth gauge transformations
G and diffeomorphisms Diff(¥) act on A:

ag : A — A, geg (1.3)
ag : A — A, ¢ € Diff(2).

The action of the groups G and Diff(¥) can be easily extended to the quantum
configuration space A. But also the groups themselves can be extended to groups of
generalized gauge transformations and generalized diffeomorphisms, G and Diff(X),
to give

ag + A — A, geg (1.4)

ag + A— A, ¢ € Diff(2).

The group of generalized gauge transformation G is taken to be the group of all
maps from ¥ to SU(2), i.e.

G = SU(2)*. (1.5)

Although classical GR is not invariant under this group, in the quantum theory this
arises as a natural candidate for the extension of the smooth gauge transformations.

There are reasons to believe that also the diffeomorphisms have to be extended:
First, the Hilbert space Hgq;g of states invariant under diffeomorphisms, is not sepa-
rable and contains many degrees of freedom (the so-called moduli) that are believed



to be unphysical [4, 5]. Also, there are other physical reasons to believe that the
group of diffeomorphisms is too small [6]. For an extension of the diffeomorphisms
Diff(¥) to Diff(X), several suggestions have been made.

In [B], it was shown that already a slight extension of the group of diffeomor-
phisms gives rise to a separable diff-invariant Hilbert space. In [7], Ashtekar and
Lewandowski discussed C"-diffeomorphisms on ¥, which are analytic except for
lower-dimensional subsets of 3. The proof of the uniqueness of the diffeomorphism-
invariant state w4y, on the holonomy-flux-algebra for Loop Quantum Gravity uses
these for n > 1 [§]. In [6], the stratified diffeomorphisms, introduced earlier by
Fleischhack have been investigated. In [9] the piecewise analytic diffeomorphisms
have been introduced, which are bijections on X that leave the set of analytical
graphs I' invariant. In [10], the graphomorphisms extended this concept to the
smooth and other categories.

In [111 12], it was displayed how the basic ingredients of Loop Quantum Gravity
can be formulated naturally as concepts of category theory, i.e. as morphisms, func-
tors and natural transformations. In this language, the connections arise as functors
from the path groupoid P of ¥ to the suspension of the gauge group Susp(SU(2)),
and the generalized gauge transformations are in one-to-one correspondence to the
natural transformations of these functors. Furthermore, the diffeomorphisms acting
on X can be naturally interpreted as elements in the automorphism group Aut(P),
i.e. as invertible functors from P to itself. Velhinho pointed out that in the light
of category language, Aut(P) arises as a candidate for an extension of the diffeo-
morphisms Diff(3), and this extension appears to be natural, at least from the
mathematical point of view.

In this article, we will investigate the consequences of choosing Diff(X) = Aut(P).
The automorphisms ¢ € Aut(P) are invertible functors on the path groupoid P,
i.e. they permute points in ¥, and also the paths between them in a consistent
way. We will, however, encounter elements in Aut(P) that can not be interpreted
as bijections of ¥. By this, the elements in Aut(P) will also be able to map graphs
into each other that have the same combinatorics, but lie in different generalized
knotting classes. By this, a combinatorial picture emerges, which is a desirable
feature for a quantum theory of gravity [4l [13, [14].

The emphasis of this article lies on two topics: First, we will prove that the au-
tomorphisms Aut(P) leave the Ashtekar-Isham-Lewandowski measure p 47 invari-
ant, and hence have a well-defined unitary action on the kinematical Hilbert space
Hyin = L2 (ﬂ, dpar). Second, we will have a closer look at the automorphisms and
the orbits of its action on Hy;,, in order to describe the automorphism-invariant
Hilbert space.

We will start in chapter [2] by reviewing the basic concepts of Loop Quantum
Gravity, with emphasis on the categorial formulation, and for general gauge group
G. We introduce the concept of a (primitive) metagraph, which will be useful in
the investigation of the automorphisms Aut(P). We will continue by presenting two
kinds of nontrivial automorphisms in section [B] which will both be not induced by
a bijection on X, but are most useful in what follows. In particular, with the help
of these automorphisms we will prove in chapter [ that the automorphisms leave
the Ashtekar-Isham-Lewandowski measure invariant, but also be able to show that
any two graphs (in fact, hyphs) with the same combinatorics can be mapped into



each other by an automorphism. It is in particular this fact which suggests that by
using the automorphisms, a combinatorial picture emerges.

In section [Bl we will investigate the orbits of vectors in H);, under the action
of Aut(P). For a certain choice of rigging map, we will define the Hilbert space of
vectors invariant under the action of Aut(P). For the case of abelian Loop Quantum
Gravity, i.e. G = U(1), an explicit orthonormal basis will be given. for G = SU(2),
we will comment on how to obtain such a basis.

In the appendix, we will, after briefly presenting notions from category theory
and combinatorial group theory, present a way of how to write the exponentiated
fluxes in category language, and present a categorial version of the Weyl- and the
holonomy-flux algebra.

2 Basics

Loop Quantum Gravity rests on the observation that, instead of knowing a g-
connection A,, it is equivalent to know, for every possible path p, its parallel trans-
port A(p) = Pexp fp Agudz® along p, which is an element of the gauge group G.
These parallel transports, or holonomies, form the configuration space A of the
classical theory, which is extended to A, the set of generalized connections, in the
quantum theory. The close relation to lattice gauge theory is rooted in this formal-
ism.

2.1 Curves, ways and paths

In the following chapter we will review the basic notions to deal with the set of
generalized connections, as well as their categorical formulatio. For a more de-
tailed mathematical treatment and the omitted proofs, see e.g. [4, [15, [16]. Also, we
will restrict ourselves to the category of piecewise analytic paths, which is usually
employed in Loop Quantum Gravity. In all what follows, > will denote an analytic,
connected, closed manifold of dimension n > 2.

Definition 2.1 Let X be an analytic, connected, closed manifold of dimension n >
2. A (piecewise analytic) curve in ¥ is a map ¢ : [0,1] — X, such that there exist
0=ty <ty <...<ty,=1, sothat c restricted to [ty,tx+1] is an analytic embedding.
Denote the set of all curves as C. Write

e s(c) := ¢(0)
e t(c) = (1)
e r(c) == ¢([0,1]) C X.

Some curves can be concatenated, and all of them can be inverted:
Definition 2.2 Let ¢1,co € C such that t(c1) = s(c2). Then

a(2t)  telo,i]
crocy(t) =
(1 —=2t) telsz,1]

'We follow the notation of [4], where the concatenation of, say, two curves c;, and cp is denoted as
c1 o cg, rather than cp o ¢1, which is usually employed in category theory texts.

(2.1)

NO[—=
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defines an element in C, which is called the product of ¢1 and cy. Furthermore, for
any c € C:

c(t) = e(1—1) (2.2)
also defined an element in ¢~ € C which is called the inverse of c.

All this endows C with some structure, but so far the multiplication o is not asso-
ciative.

Definition 2.3 Define an equivalence relation on curves: ¢y ~ co if there is a
piecewise analytic, monotonically increasing function ¢ : [0,1] — [0,1] such that
c1(t) = ca(p(t)). So two curves ci, ca are equivalent if and only if there is a sequence
of curves dy,...,d, € C such that dj, ~ di41 in the above sense and dy = c1, d,, = c2.

The set of all equivalence classes [c] is called the set of ways, and is denoted by
C. Forw=1d €C, s(w) :=s(c), t(w) := t(c) and r(w) = r(c) are well-defined.

The set C carries the structure of a category in the following way: The objects of
C are points in ¥: |C| = X. For z,y € X the set of morphisms Mor;(z,y) is given
by the set of all ways w starting at = and ending at y, i.e. s(w) = z, t(w) = y.
The concatenation [c¢1] o [co] := [c1 0 ¢g] is well-defined and associative, since ways
do not depend on a parametrization. Also [¢] ! := [¢~!] defines an involution on C.
For each x € ¥ the identity id, is given by the equivalence class [¢] of the constant
curve ¢(t) = x.

Definition 2.4 Let x,y € ¥. On the elements of Morz(z,y) define an equivalence
relation by: Let w1 =~ ws if there are ways v,v1,ve such that wy = v1 o vy and
wy = vy ovov touwy. This generates an equivalence relation ~ on Moré(m, y). The
set of equivalence classes [[w]] are called paths. The set of paths is denoted by P.

The category which is defined by |P| := |C| and Morp(z,y) == Mors(z,y)/ =,
as well as [[w]] o [[v]] := [[wov]] is called the path groupoid, and will also be denoted
by P.

Usually, P is defined by defining an equivalence relation & on C by combining
the two equivalence relations above, and directly go from the curves c¢ to their
equivalence classes p = [[[¢]]]. However, in this work it will turn out to be more
convenient at some points to work with the category C , so we also define it here.

Also note that s([[w]]) := s(w) and ¢([[w]]) := t(w) can also be defined in P, but
r([[w]]) = r(w) is not well-defined. One can define

r(p) = ﬂ r(w), (2.3)

p=[[w]

but this has the property that r(poq) # r(p) Ur(q). But r(poq) =r(p)Ur(q) is a
desirable property if one wants to speak about “points x € ¥ lying on p”. It is this
particular fact that makes the set of automorphisms of P much larger than the set
of automorphisms of C.



Definition 2.5 Let p be a path in 3. If there is a representative ¢ € C with p =
[[[c]], such that from c(t) = c(t') it follows that either t =t ort = 0,¢ =1 or
t=1,t =0, then p is said to have no self-intersections.

Note that for paths without self-intersections it is easier to talk about points lying on
that path. Let ¢ be a representative of such a path, then r(p) := r(c) is well-defined
and gives the same result as (2.3]). We will use this notion in some constructions
later.

Definition 2.6 A path e € P is called an edge if there is a representative ¢ € Cyl
with e = [[[]]], such that ¢ is analytic, and e has no self-intersections.

The edges are special elements in P. They are the equivalence classes of analytic
curves that do not self-intersect (unless they start and end at the same point). By
definition, every path p can be decomposed into finitely many edges, which will be
crucial for the rest of the work.

Edges are the key to gain access to the analytic structure of Loop Quantum
Gravity.

Definition 2.7 Let~y = {e1,...,eg} be a set of edges in P, such that the following
holds: For each ey, there is a representative ey, = [[[ck]]] in C such that the ¢ mutually
intersect at most in their beginning- or endpoints. Then v is called a graph. Denote
the set of all graphs by T.

Lemma 2.1 Given two graphs 1, 72, such that each edge in 1 is a finite product
of edges and their inverses of vo. Then one writes 1 < 2. This defines a partial
ordering, in particular for any two graphs 1, o there is a graph v3 such that v1 < 73
and yo < 73.

This Lemma has an important corollary: Given any finite number of paths
{p1,...,pn} in P, there is always a graph 7 such that each pj is a product of edges
(and their inverses) in «. For this to hold, the piecewise analyticity of the curves
in C is essential. In particular, the same does not hold if one drops the condition
of analyticity and works in the smooth category. However, one can work with the
so-called webs, or hyphs, which can also be used in this context and which generalize
the concept of graphs. In the analytic category, the definition of hyphs is as follows:

Definition 2.8 Let v = (p1,...,pn) be a finite sequence of paths with the following
property:

For each k € {1,...,n} the path py has a segment which is free with respect to
the p;, 1 € {1,...,k — 1}. This means that, given a graph ~y such that each py is a
product of edges in vy and their inverses, then in the decomposition py = ey, 0. . -O€,,
there is one edge ey, (or its inverse) which appears exactly once, and which does not
appear in the decompositions of all p;, 1 € {1,...,k — 1}.

Denote the set of all hyphs by V.

The set of hyphs is also partially ordered. Since all graphs are also hyphs, this is
trivial in the analytic category, but stays true in other cases, such as the smooth
category as well [16]. Note that in the original definition of a hyph, the additional



condition that each p; has no self-intersections. This is a much stronger condition,
but we will need the weaker definition presented here later.

In Loop Quantum Gravity, GR is written in terms of a gauge theory, i.e. the
notion of a compact, connected, semisimple Lie Group G is employed. The following
definition a priori depends on this gauge group. For LQG, the cases G = SU(2)
and G = U(1) are the most important.

Definition 2.9 Let G be a semisimple, connected, compact Lie group. Let further-
more pn = {p1,...,ppm} be a set of paths in P that are algebraically independent. This
means that for each set {g1,...,9m}, g € G, there is a functor A : P — Susp(QG)
such that

A(pr) = k- (2.4)
Then p is called a metagraph. Denote the set of all metagraphs by M.

Note that this notion depends on G: Consider for instance two loops I; # I and
p=1liolyol;'oly'. Then {p} is a metagraph for G = SU(2), but is not for
G=U(@).

For the gauge groups in question, however, one can show that ' C V C M.
So, each graph is a hyph, and each hyph is a metagraph, but not the other way
roundd. Define a partial ordering on M by the same rule as for graphs or hyphs:
p1 < po iff every path p € 1 can be composed by paths in po, or their inverses.
Since for every finite set of paths {py} one can find a graph v so that each py can
be composed of edges in vy and their inverses, and each graph is again a metagraph,
< defines a partial ordering on M.

The metagraphs are a useful concept when investigating the automorphisms
Aut(P), since Aut(P) leaves M invariant, which can be seen easily. In contrast, we
will encounter explicit examples of elements ¢ € Aut(P) that do not leave I' or V
invariant. So, the mathematical concept of metagraphs will be quite useful in order
to investigate the action of Aut(P) on P.

2.2 Notions from Loop Quantum Gravity

We now briefly review how the concept of the path groupoid P is used in Loop
Quantum Gravity, in particular how to define the quantum configuration space A.
We will do this in terms staying as close as possible to category language. For a
brief introduction to category notions, see appendix [Al

Definition 2.10 Let P be the path groupoid of ¥, and G a compact, connected,
semisimple Lie group. Then a functor A : P — Susp(G) is called a (generalized)
connectiorﬁ. This means that A maps paths in P to elements in G such that

A(poq) = A(p) - Alq) (2.5)
Alp~") = A(p)~".

2We will see, for instance, that for every path p with s(p) # t(p), {p} is a metagraph.
3In the literature, this space is also denoted as Hom(P, G), the set of groupoid homomorphisms from
P to G.




The set of all connections is denoted by A.

It is clear that every smooth su(2)-connection A%(z) gives rise to such a functor, by
mapping each path p € ¥ to the holonomy of A! along p:

A(p) = Pexp/A{l% dx® (2.6)
P

In this sense the set of all smooth connections A is a subset of A.

Under a gauge transformation g € G = C*°(3, SU(2)), the holonomy A(p) along
a path p changes as

Alp) — 9. Ap) g, ", (2.7)

if p starts at * € ¥ and ends at y € ¥, and g, is the value of the function g at
x € Y. This motivates the following definition:

Definition 2.11 A natural transformation g on functors A € A is called a (gener-
alized) gauge transformation. The set of all such gauge transformations is denoted
by g.

Recall that functors A; and As can be related by a natural transformation, if there
is for every object x € |P| = ¥ a morphism g, : A;(x) — Aa(z) such that the
following diagram commutes for all p € Morp(x,y):

Ar(z) 22 A (y)
As(w) 222 A (y)

Since Susp(G) has only one object *, A(x) = * for all A and z. This amounts to
say that for each x € X there is an element g, € G such that

A1(p) = guA2(p) g, " (2.8)

This justifies the name gauge transform_ation, and shows that the set G ~ G*.
Thus, given a functor A and {g;}zex € G, ([2.8)) can be seen as a definition of the
gauge-transformed functor a,;A(p) = gy,) A(p) gt_(;). So the set G acts on A.

This immediately shows that G = SU(2)*, i.e. the set of all maps from ¥ to
SU(2), without any smoothness (or continuity, measurability) condition. It is clear
that this is a tremendous extension to a symmetry group which is not a symmetry
of classical GR anymore. This shows that the quantum theory is in fact invariant
under larger groups, having to do with the fact that space-time becomes discrete in
some sense: Gauging can happen at each point in space completely independent of
each other. The same can be done for the diffeomorphisms: Every, say analytical,
diffeomorphism ¢ acts in the path groupoid P in the following way: points are
mapped to points, and paths to paths:

z — ¢(z) (2.9)

p — ¢(p)
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with ¢([[[c]]]) := [[[¢ o ¢]]] for representative curves ¢ € C. If p starts at « and ends
at y, then ¢(p) starts at ¢(x) and ends at ¢(y). This means that ¢ induces a functor
on the path groupoid P, which is invertible since ¢ is as a map.

Definition 2.12 Let ¢ : P — P be an invertible functor. Then ¢ is called an
automorphism of P. Denote the set of all automorphisms by Aut(P).

Note that Aut(P) also acts on A, via agA(p) :== A(¢(p)). By this, Aut(P) appears
as an extension of Diff(X).

It is this set of automorphisms Aut(P) that we will focus our attention on for
the rest of the article. The automorphisms extend the analytic diffeomorphisms,
and is the largest possible extension [12]. We will comment on the actual size of
Aut(P) in contrast to Diff(X) later in this article. It should be noted that each
invertible functor ¢ : C — C, i.e. ¢ € Aut(C) induces also an element ¢¢ € Aut(P).
In particular, the set {¢¢|¢ € Aut(C)} forms a subgroup of Aut(P), which has been
investigated in the literature [10} [13], called “piecewise analytic diffeomorphisms”,
or “graphomorphisms”. However this is a proper subgroup: As we will see later,
there are many automorphisms in Aut(P) which are no graphomorphisms.

The reason for this can be seen as follows: The automorphisms permute points
of ¥, and also permutes the paths between points, in a consistent way. Consistent
means that if p € Morp(z,y), then ¢(p) € Morp(é(z), ¢(y)). However, a path
itself consists (if it is without self-intersection) of many points. So one could feel
that for z lying on p (more precisely: z € r(p)), then also ¢(z) should lie on ¢(p).
Even more, since p can be decomposed into p; o po, where p; is the part of p
which goes from x to z, and ps is the remainder, which goes from z to y. Since
6(p) = 6(p1 ©p2) = 6(p1)  G(ps), one might think that, since ¢(py) ends at ¢(2),
and ¢(p2) starts at z, ¢(p) should pass through ¢(z). But this is not the case, as
the following picture shows:

y P(z)
D2 ;W

P=Dp1op2

y4

P(p) = ¢(p1) o ¢(p2)

Figure 2.1: Here z lies on r(p), but ¢(z) does not lie on r(¢(p)).

Let p be a path without self-intersections, which is composed of p = p; o po, i.e.
p passes through z := ¢(p;). The images of p; and py under ¢ are given by the
dashed lines, the solid line is ¢(p). ¢(p1) ends at ¢(z) and ¢(p2) starts at it, but
since ¢(p1) o ¢(p2) contains a retracing, ¢(p) = ¢(p1) o ¢(p2) does not pass through
z. We see that the fact that retracings cancel out in P, the ill-definedness of r(p),
and the existence of automorphisms which are not induced by maps from ¥ to X,
are deeply interrelated to each other.



2.3 Automorphisms and connections

In this section we will investigate the metagraphs further, and their relation to the
automorphisms. We will extend the LQG-notions for graphs [I5] to metagraphs,
and in particular show that the topology on A can also be defined in terms of
metagraphs. This will allow to prove i.e. continuity of the action of automorphisms
Aut(P) on the set of connections A. So, fix a compact, connected and semisimple
Lie group G for the rest of this section. We will refer to G as the gauge group.

The partial ordering defined on the set of metagraphs M has a category theory
background, which we will use in the following.

Definition 2.13 Let P be the path groupoid of X3, and p € M o metagraph. Then
define P, to be the subgroupoid of P which is generated by the elements in fu.

This groupoid contains the elements in p, their inverses, the identities id(, ), idg(p,)
and all products that can be formed of them. Thus all P, are finitely generated
subgroupoids of 7. Note that by this definition, also P, for v € I' and P, for v € V
are declared.

We immediately conclude:

Corollary 2.1 For two metagraphs 1, o € M, we have that p1 < po if and only
if Py, 18 a subgroupoid of P, .

The same holds for graphs and hyphs. In fact, a topology on the set A of generalized
connections A, or equivalently functors A : P — Susp(G) is defined by convergence
on the finitely generated subgroupoids P, for al v € I'. In [I6] it was shown that
the same topology is defined if one replaces I' by V. In fact, defining the topology
on A by using the metagraphs leads to the same result, as we will briefly indicate
in the following.

Definition 2.14 Let P be the path groupoid, and A the set of all morphisms A :
P — Susp(G). For a metagraph p denote the set of all morphisms from P, to
Susp(G) by A,. Define the projection

T A— A, (2.10)
(muA)(pr) = Alpx)

For py < pg define the projections mpu, uy + Auy — Ay via

(7"-#1#2‘4) (p) = A(Ql) T A(Qn) (2-11)
if p € pu1 can be written by p = q1 0 ... 0 qp, the qi being elements in po or their
INVerses.

It is easy to show that m,, ,, om,, = mu for g3 < ps. By the definition of
metagraphs, each A,, pu = {p1,...,pm} comes with a natural bijection A —

(A(p1),...,A(par)). Pulling the topology of GM back to A, makes all the A, into
compact Hausdorff spaces.

4But not the other way round, as the example for G = U(1) above suggests.
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Definition 2.15 Define the topology on A to be the weakest topology such that all
the projections m, are continuous.

One can show that with this topology A becomes a compact Hausdorff space. The
proof goes entirely along the same lines as in the case for graphs or hyphs [4] [10],
and rests crucially on the compactness of G. We will not repeat the proof here.

In fact, this topology coincides with the topology which is defined by the condi-
tion that all 7, for v € I" are continuous.

Lemma 2.2 Let T; be the weakest topology such that for all p € M the map m, is
continuous. Let Ty be the weakest topology such that for all graphs v € T' the map
7y s continuous. Then the identity map between the two topological space

is a homeomorphism.

Proof: Since 7r;1(U) are a basis for 7, it is sufficient to show that id_l(ﬂ;l(U))

are open in 77. But this is clear, since every graph is also a metagraph. Thus, id is
a continuous bijection between compact Hausdorff spaces, hence also a homeomor-
phism.

Thus, defining the topology on A by means of metagraphs is completely anal-
ogous to defining it by graphs. However, since the invertible functors ¢ € Aut(P)
leave the set of metagraphs invariant, unlike the set of graphs, in this formulation
it is much easier to prove that the automorphisms act continuously on A.

Lemma 2.3 Let ¢ : P — P be an invertible functor, i.e. ¢ € Aut(P). Then the
map

as : A — A (2.13)
(agA)(p) = A(é(p))
is a homeomorphism.

Proof: Let u = {p1,...,pnm} be a metagraph. In the following, we deliberately use

the homeomorphism A, ~ GM. For A € A we have
Tu(A) = (A(pl),---,A(pM)) (2.14)
= (g1 A(6()), - a1 A((oan)) )

= () (ag-14),

i.e. we get
Tuo Qg = To(u)- (2.15)
From this it follows that, for each open U € A, ~ Z¢(u)7 one has

1
(mo) " (U) = (@)™ ((m) (@), (2.16)
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But since the (m,)~}(U) form a basis of the topology on A, preimages of open sets
under oy are open, hence oy is continuous. Since this is true for all automorphisms
¢ € Aut(P) and each ¢ is invertible, all automorphisms oy : A — A are homeomor-
phisms. This concludes the proof.

There is also a normalized regular Borel measure 47 on A, which is called the
Asthekar-Isham-Lewandowski measure. It is uniquely determined by the condition
that its push-forward (7 )«par, = pp is the normalized Haar measure on 717 ~ G,
One could think that the metagraphs u € M could now used in a similar way to
define a measure on A, which then would automatically be p47. However, the
concept of metagraphs is slightly too broad for this: There is in general no measure
v on A such that (m,)sv = pg on A,. This can be seen as follows: Choose
G = SU(2) and [ € P be a nontrivial loop, which is also an edge, i.e. [ € Morp(x, )
for some z € 3. Then puy := {I} as well as g := {I?} are metagraphs, since one can
take square roots in SU(2). Now (7, )«ptar, = pr on SU(2), but (m,,)«par = pu
would imply

j/ dyurg (h) F(h) = j/ dyusa (h) F(h?) (2.17)
SU(2) SU(2)

for all continuous functions F' on SU(2). But this is wrong! So, in order to define
ptar on A without referring to graphs of hyphs, we need the following notion:

Definition 2.16 Let u € M be a metagraph such that the push-forward of the
Ashtekar-Isham-Lewandowksi measure pay, by m, is

(T)piar = pn (2.18)

the normalized Haar measure pg on 71“ ~ GM. Then p is called a primitive
metagraph.

This notion is the first which is not defined entirely in terms of category theory, but
makes use of the analytic structure on X, through the use of the Ashtekar-Isham-
Lewandowski measure, which is defined in terms of graphs (or hyphs). Thus, it is
not at all clear whether the automorphisms Aut(P) preserve the set of primitive
metagraphs. Note that this is equivalent to (ay)*par = par, i.e. the question
whether the automorphisms leave pa; invariant, or the question whether the in-
duced operators on Hyqn = L2(A, duaz), given by (U(¢)v)(A) == P(agpA) are all
unitary.

We will provide a proof for this assertion in section [ For this proof some ex-
plicit examples of automorphisms will play a crucial role, which will be presented
in the following section.

3 Examples for automorphisms

It is obvious that every analytic diffeomorphism ¢ : ¥ — ¥ induces an automor-
phism ¢ € Aut(P). In this sense, Diff(X) is a subgroup of Aut(P). But also all

12



invertible functors on C, which are in one-to-one correspondence with maps from %
to ¥ mapping hyphs to hyphs, descend to automorphisms on P by ¢[[w]] := [[¢(w)]].

But, there are many automorphisms ¢ € Aut(P) that are not induced by a map
> — ¥. The reason for this is deeply connected to the groupoid structure of P.
By declaring retracings to be equivalent to the identity [[§ o 6~ 1]] = [[idy(s)]], one
disconnects the paths from the points: If p is a path that passes through a point
x, i.e. x € r(p), the path p o ¢ does not necessarily also have this property. Thus,
there is no good notion for a point x lying on a path p. This is the reason why there
are automorphisms ¢ € Aut(P) that have actions on points (objects) and paths
(morphisms) which are not compatible with each other. In the following, we will
give two extreme examples for this:

The first example are the natural transformations of the identity, which arbi-
trarily permute the points in ¥, while leaving the paths essentially invariant. These
will be crucial in the proof that the automorphisms act unitarily on the kinematical
Hilbert space Hyin.

The second example for non-trivial automorphisms will be the edge-interchangers,
which interchange two edges with identical beginning- and endpoints, but leave all
objects (points x € X)) invariant, as well as all paths intersecting the two given edges
at most in finitely many points. These will be most helpful in determining the size
of the orbits of vectors in Hy, under the action of Aut(P), in order to compute the
automorphism-invariant Hilbert space Haut-

3.1 Natural transformations of the identity

Recall from category theory that, given two functors F,G : C — D, the two are
called to be natural transformations from each other, if for each object X in C there
is a morphism gx : F'(X) — G(X) such that the following diagram commutes:

Fx) 2V Py

ox | oy

GX) —

In the context of functors A : P — Susp(SU(2)), two such functors (generalized
connections) Aj, As are natural transformations of each other if and only if the
one is a gauge transformed of the other. But also automorphisms can be natural
transformations of each other. In particular, two automorphisms ¢1, ¢ € Aut(P)
are natural transformations of each other, if and only if there is a bijection b: ¥ — X
and for each x € ¥ a path p, € Mor(x,b(z)), such that for every path p € Mor(z, y):

P2(p) = pgll(x) o ¢1(p) © Py (y) (3.1)
Note that this requires b(x) = ¢ o qbl_l(x). Given ¢1, b and {p,},ex, this can also
be seen as a definition of the transformed functor ¢s. One special case occurs for

¢1 = id being the identity functor.

Definition 3.1 Let b : ¥ — X be a bijection and, for every x € ¥ a path p, €

13



Mor(x,b(x)) be given. The functor ¢, defined by
b p(x) = b(x) (3.2)
Pop(P) = Py © P © Dip) (33)
1s called a natural transformation of the identity.

Given two bijections by, by and pL € Mor(z, b1 (z)) and p2 € Mor(x, ba(x)), then one
has

Poyp2 © Doy pt = Pop (3.4)

with b := by 0 by and p, € Mor(z,ba(b1(x))) given by p, := pl opgl(x). In particular,

by choosing by = bl_]L and p? = (p})l(m))_l, one sees that every such functor is

invertible, hence an automorphism.

Corollary 3.1 The natural transformations of the identity form a subgroup N of
Aut(P).

The natural transformations of the identity will be of particular importance later
on. In particular the group structure will play a prominent role in the proof that
all automorphisms act unitarily on Hyip.

3.2 Edge-interchanger

The following example of an automorphism will prove to be most important in order
to compute the automorphism-invariant Hilbert space Hayt. It will be an example
of a functor which acts trivially on X, but modifies the morphisms. In particular,
it will interchange two edges (or paths without self.intersections)) ey, es with the
same starting- and ending point. On the other hand, it will leave every edge which
intersects e1, es in at most finitely many points invariant. It will therefore be termed
“edge-interchanger”.

Let e1, e be two paths in Mor(x, y) for x # y without self-intersection, and such
that they do not mutually intersect, apart from their beginning- and endpoints.
First, choose representative curves c1, co € C, i.e. [[[c1]]] = e1, [[[c2]]] = e2, which
contain no retracings, i.e. the maps ¢, ¢z : [0,1] — X are injective. Furthermore,
choose for any ¢t € (0,1) a path p; € Morp(cy(t), co(t)), such that all paths p;
have a representative that intersects r(c1), r(c2) only at the respective beginning-
and endpoints. Define pg = idy(,) and p; = idy(,) to be the constant paths. For
t1,t2 € [0,1] denote by cil’h the curve

A 0,1] 3t e crty +t(ta — 1)), (3:5)

and a similar definition of cgl’tz. Note that this definition also makes sense for

: : tita _ ( t2,tiy—1
t1 > to, in particular ¢;"? = (¢"') 7.

With this data, we now build a functor ¢ : C — P as follows:

14



Lemma 3.1 Let w € Morg(x,y) be a way in X. Then divide w according to the
edges e1, ey:

W = W10 Wy O...0 W (3.6)

where the wy, falls into either of the following categories:

o r(wy) N rlerg) = r(wy) & wp = [cil’tQ] or [cgl’tQ]
o r(wg) N r(er2) C {s(wg), t(wg)}.
Then the following assignment
d(w) = d(wr) o ... 0 d(wy) € Morp(x,y) (3.7)
with
we =[] = dwk) = piy o [[[57))] o pg!
we = [ = dwg) == pi," o ([l o pu,
r(wy) N rlerg) © {s(wp)t(w)} = dlwp) = [[wl]. (3.8)

defines a functor ¢ : C — P.

Proof: What has to be shown first is that the above assignment is well-defined,
i.e. does not depend on the manner the way w € Mors(x,y) is decomposed w.r.t.
the edges e, es. First we note that, given two decompositions wj o ... o w, and
wjo...ow,, of w, there is a decomposition w/ o...owy, of w such that each wy, w;
is a product of the w!. Thus, if we can show that (;NS(w) defined by one decompo-
sition of w does not change if we decompose the decomposition further, we are done.

Solet w =wjo...ow, and w = w}o...ow), be two decompositions of w w.r.t.
the edges e; and e, such that each wy, is a product of the w). We need to show that

dp(wy)o...0p(wp) = Gw))o...odw) (3.9)

where the ¢(wy), ¢(w)) are defined according to BF). Let now wy, = [¢"*], and
Wy = wg 0...0 w{H,. Then there are points ¢t} = < t;11 < ... < tj4p41 = ta such

that wy, ; = [+ H Then we have

trti41

dwp)o...0p(wjy) = py o [[[c )]

Mo pria © pusrolle; O Piyyy © -

_ ot _
. Optliu OPt . © [[[C2l+1 l+2m Optziuﬂ

= py o [[ley ™ Mo...o[[[eg 2] o p; ! (3.10)

b 41

= o[lls™ on o opy !

= pr, o [lley " o py,

= ¢(wp,).

1
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Figure 3.1: The action of an edge-interchanger. The solid line shows some path p, the dashed
line shows ¢(p).

Analogous relations hold in the case that wy = [[[c5""*]]].

Let now wy, be such that r(wy) N r(e12) C {s(wg),t(wy)}, and wy = wgowZH,.
Then obviously also r(wj, ;) N r(e12) C {s(wy;),t(wy,;)} forall j € {1,... I}
By (B.8) we immediately see that

() o...0d(wly) = Hluw). (3.11)

Since these are the only cases occurring, we conclude that (;3 is a well-defined map
of morphisms in Mors(z, 2') to morphisms in Morp(z, 2) for all z, 2" € .

The properties of a functor remain to be shown. But given two morphisms v, w in
C such that t(v) = s(w), and decompositions v = vy 0...0v, and w = w1 o...0 Wy,
w.r.t. e; and ey, then vow = wio...ov,0wi0...0w, is a decomposition of
vow w.r.t. e; and ey. By (B7) we see that

d(vow) = ¢(v) o P(w). (3.12)

Since ¢ leaves beginning- and endpoints of paths invariant, we conclude that the
map induces a functor ¢ : C — P that acts trivially on the objects |C| = |P| =

Lemma 3.2 For v,w morphisms in C with [[v]] = [[w]], one has ¢p(v) = P(w).
Thus, ¢ descends to a functor ¢ : P — P. Furthermore, one has ¢*> = idp, i.e.
¢ € Aut(P).

Proof: If [[v]] = [[w]], then by definition one can reach w by starting with v and

deleting or inserting ways u o u~'. Hence we need to show ¢(w™!) = ¢(w)~?

Since for ways w, v in C one has (vow) ! = w™! ov™!, we have only to show

5This only holds if ¢; < t5. If t; > t5 then the corresponding points have the property that t; = t; >

. >ty 41 = ta. The proof is then analogous.
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d(w™) = ¢(w)! for w being of one of the types . But for w = [¢!""2] this
1
follows from the fact that

P17 = [T = [, (3.13)

with an analogous relation for ct21’t2. For w touching the edges e; and ez at most at
its beginning- and endpoint, the assertion is trivial. We thus get ¢(v) = ¢(w) for
[[w]] = [[v]]. Thus, ¢ descends to a functor ¢ : P — P.

It remains to show that ¥ = idp. Take a path p in P. Choose a representative
win C, i.e. p = [[w]]. Then ¢(p) = ¢(w). Decompose w w.r.t the edges ey, ea:

W = wW10...0W, (3.14)

where wy, are of the type (3.8]). Assume wy to meet the edges e; and ey at most at
their endpoints. Then

¢*([[wil]) = ¢(d(wr)) = [fwr]]. (3.15)

Let now wy, = [¢!""*]. Then

Qg(wk) = py © [cgl’tQ] o pt_Q1 (3.16)

By construction, the p; are such that they have a representative in C which touches
the edges e1, ez only at their beginning- and endpoints s(p;), t(p;). It follows that
o(pt) = pi for all ¢ € [0,1]. So we have

A([[wnl]) = ¢ (pu o (1570 © pi!)
=i o vt o [l o pis o B! (3.17)
= [ = [fei]

Analogously for wy, = [c5"*2]. We conclude that ¢ = idp. So ¢ € Aut(P).

From the definition is immediate that ¢(e;) = ez and vice versa. This justifies the
name “edge-interchanger”, although not only edges can be interchanged, but every
two paths without self-intersection that do not self-intersect. Note that ¢ is an
automorphism that acts trivially on the points in ¥, but nontrivially on the paths.
Every path, however, that is composed of edges that meet ey, es in at most finitely
many points is left invariant under ¢. Note further that ¢ depends on a chosen
parametrization of e, es, as well as a choice {pt}te(()’l). This shows that there are
many such automorphisms that interchange e; and es.
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4 Unitarity of automorphisms

In section 2.3 we have seen that the set of metagraphs is suitable for addressing
topological questions on A. However, for the measure theory on A, the concept of
metagraphs is too broad: Not every metagraph p € M has the property that

(Tu)spiar = pm. (4.1)

The metagraphs that have this property are called primitive metagraphs. But since
this definition rests on analytical terms, it is a priori not clear whether the automor-
phisms preserve the set of primitive metagraphs. The proof for this will be delivered
in this section. As an immediate consequence, the operators on Hy, induced by
elements Aut(P) will all be unitary.

For the abelian gauge group G = U(1) this is quite easy to see, and we will
give the short proof for this, before we will turn to the general case and prove the
assertion for general gauge group G.

4.1 The kinematical Hilbert space

In this section we review the kinematical Hilbert space Hyi, for general gauge groups
G, and discuss the action of the automorphisms on it.

Definition 4.1 Let i = {p1,...,pe} be a metagraph. Then a function f: A — C
is called cylindrical over pu, iff there is a function F : GF — C such that

7(4) = F(Ap)...., Apg) ) (4.2)

If F is continuous (differentiable, smooth) then f is called a continuous (differ-
entiable, smooth) cylindrical function over p. The set of all smooth cylindrical
functions over u is denoted by Cyl(n). The set of all smooth cylindrical functions
is denoted by Cyl.

Obviously, if f € Cyl(u), then f € Cyl(n') for all metagraphs p' such that p < u'.
Thus, every cylindrical function is cylindrical over a graph. The advantage of the
cylindrical functions lies in the following lemma.

Lemma 4.1 The set of cylindrical functions Cyl is a dense subspace in the set of
all continuous functions C(A), and hence also in Hyn = L*(A,dpar).

In the analytical category, the concept of graphs provides an orthonormal basis of

7_‘kin .

Lemma 4.2 Let G be a semisimple, compact and connected gauge group. Let
v ={e1,...,eg} be a minimal graph, i.e. there is no other graph ¥ < ~. Let fur-
thermore {Wk}kEzl be a sequence of irreducible representations of G, and mg,ny €
{1,...,dim 7} be numbers. Then the function

E
Ty zam(A) = [ Vdimmy, 7 (Alex) Jngm, (4.3)
k=1

1s cylindrical over v. The set of all these functions provide an orthonormal basis
fO’f' Hkin-
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In the case of G = SU(2), the corresponding functions (£.3]) are called spin-network
functions (SNF), and are denoted by T_ - G where each of the j; is a half-integer
correspondmg to an irreducible representatlon of SU(2), and my,n, € {—j,—j +

1,...,7}. In the case of G = U(1), where all representations are one-dimensional,
the functions T, 5 are called charge-network functions, and the ny, € Z denote
irreducible representations of U(1).

Lemma 4.3 Let ¢ € Aut(P) be an automorphism of the path groupoid, and T, 5 a
charge-network function. Then the function

(0@T5) (4) = T, a(as4) (44)
s again a charge-network function.

Proof: If v is a minimal graph, then ¢(7) is not necessarily one, only a metagraph.
But there is a minimal graph ' = {e],..., e} } such that ¢(y) <~'. In particular

dlex) = egi,o...,oe;mk (4.5)

k

for each k € {1,..., E}, and the €] are edges (or their inverses) in 7/. With

E
T,7(A) = J] Alex)™ (4.6)
k=1
we get
(TO)T,) (4) = T, alagA) (4.7)

But using the functorial properties of A, we get a product of A(egkm)"k, which we
can - due to the abelianess of U(1) - group together to obtain

T, a(agA) = H Ale)™ = Ty z(A). (4.8)

So the automorphism map charge-network functions into charge-network functions.

Corollary 4.1 Let ¢ € Aut(P) be an automorphism and Hyi, be the kinematical
Hilbert space for the gauge group G = U(1). Then the operator

(U(0)f) = Flasa) (4:9)

for any function f € Hyn is unitary.
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Proof: By lemma (3] the map (4£9) is defined on the charge-network functions

T, 7, and map this set into itself. Furthermore, the vector €2, corresponding to the

constant function 1 on A, which can be written as T g for any graph 7, is trivially
left invariant by the ¢ € Aut(P). Let now 7 be a Immmal graph and f € Cyl(~) a
smooth cylindrical function over . Then

Y Ty (4.10)
nezZE

One has, by definition of p47, and the orthonormality of the charge-network func-
tions:

/A duar(A) F(A) = e (4.11)
On the other hand:

/ dpar(A) flagA) = Y cq / dpar(A) T, 5(apA) (4.12)
A nEL
But if T, 7 # T 5, then also U(qb)T%ﬁ # T, 5, since no not constant function on A

can be mapped to the constant function on A. Thus, since the integral over A of
all not constant charge-network functions is zero, we get

ch / dpar(A) Ty a(agA) = ¢ = /A dpar(A) f(A) (4.13)
So we have

[ nar) fasty = [ dnanta) e (4.14)
A A

for all functions f € C'yl. But this is a set dense in the continuous functions w.r.t
the supremum norm on C(A), and since oy : A — A is continuous, we conclude
that (EI4) holds for all continuous functions f € C(A). Hence

(g)*par = par, (4.15)

i.e. the integration measure os preserved under the action of ¢ € Aut(P). Conse-
quently, U(¢) defined by (&) is a unitary map on Hyi, = L*(A,dpar).

It should be noted that the key for establishing this short proof is the fact that
the orthonormal basis elements T, 5 are mapped into themselves by the action of
Aut(P). This rested on the fact that G = U(1) is abelian, and is not true for non-
abelian gauge groups, such as G = SU(2). In these cases, the automorphisms also
act unitarily on the corresponding Hy;n, however the proof is much more involved,
as we will see in the following section.
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4.2 Unitarity of Automorphisms

In the last section, we have seen that in the case of G = U(1) it is quite straight-
forward to show that the action of the automorphisms Aut(P) on Hyi, is unitary.
However, this proof rested crucially on the abelianess of U(1). In the following, we
will prove unitarity for gauge group G = SU(2).

For showing unitarity for the automorphisms Aut(P) in the case G = SU(2), we will
make explicit use of the natural transformations of the identity ¢, € N defined in
section 3.1

In this section we will prove that all natural transformations of the identity
Gbp € N act unitarily on Hy;,. The basic idea of the proof is as follows: Since
N is a group, every ¢, can be written as a sequence of other elements ¢, =
by pn © -+ - © Opy pr» €ach of which are not too different from the identity. For these
we will be able to prove that they act unitarily, because they do not change a graph
much, hence can be controlled.

Lemma 4.4 Lety ={ey,...,eg} be a graph. Let furthermore v € V() be a vertex
in the graph, and ey, o...oey, be a path in v with the following properties:

o All the ey, are edges in 7.

o All the ey, are distinct.
i s(ek’l) 7& t(ekn)'
Then the natural transformation of the identity ¢y, defined by
b(s(ex,)) = tlek,), b(t(ex,)) = s(ek,), b(x) = z else
Pi(er,) = (ek1 0...0 ekn)_l, Ps(e,) 7= Cky O« 0 Chy, Py = id, else

acts unitarily on 'H.,.

Proof: First we note that ¢, maps H, to itself. Since the definition of ¢y, is such
that (gzbb,p)2 = idp is the identity functor, so does its inverse. Thus, every edge e is
mapped to a combination of edges:

gbb,p(ek) = ﬁk(el, e ,eE) (4.16)

where the 9k (eq,...,ep) is a word of the {ey,...,ep}, i.e. a product of edges and
their inverses. Thus, ¢, induces an endomorphism ¢ on the free group Fg in the
E letters {e1,...ep} (which is defined by ¢(ex) = Ji(e1,...,er)). But since its
inverse also does, ¢ is invertible (it is in fact its own inverse), and hence defines an
automorphism on Fg. By corollary [BI] we have

/ dpgs (hi, ... hg) F(hi,... hg) (4.17)
SU(2)E

= / d/LH(hl,,hE) F(’lgl(hlv"'7hE)"">19E(h17"'7hE))7
SU(2)E
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and hence

[nan)4) = [ dpar(aya, (), (4.18)
A A

Since f is cylindrical over 7, the immediate conclusion from (I8]) is that ¢, acts
unitarily on H,.

For f being cylindrical over a graph v, and ¢, € N be a natural transformation
of the identity functor, ¢, will generically not satisfy the conditions of lemma [£.4]
but it can be composed of a sequence of elements in N that do, which will be the
key part of the following lemma.

Lemma 4.5 Let f be a function cylindrical over a graph v, and ¢y, a natural
transformation of the identity. Then

/ dpiar(4) f(A) = / dar(4) ag,, f(A). (4.19)
A A

Proof: Let e1,...,er be the edges of the graph v, and vy, ... vy be the vertices.
Without loss of generality, we can decompose the edges which are loops, such that
their beginning- and endpoints do not coincide. Consider the paths py,,..., Py,
which enter the definition of ¢ ,. Now decompose the e; and the p,, into smaller
edges €f,..., e} that form a graph 7/, such that all the e; and the p,, can be
composed from edges in 4" (and their inverses). Now decompose the edges ¢}, of
7' further into edges e} (forming a graph +”), such that the following holds: Each
path p,, can be decomposed into a product of N paths €

py = & oé&ho ... &y (4.20)

such that

e Eachél,le€{1,...,V}, me{l,...,N} is a sequence of distinct edges e/ (or
their inverses) in "

e For each m € {1,..., N} the 2V points s(&.,) and (&) for all I € {1,...,V}
are distinct.

Note that this decomposition is possible, even if some p,, are the constant paths: In

this case, the paths in (E20) cancel each other out such that each & o & o ... &

is nontrivial, while &} o &, o ... &) is a constant path again.

Then we define a natural transformation of the identity ¢, by the following
data:

bfﬂ(s(éfﬂ)) = t(éfﬂ), blm(t(éfﬂ)) = s(élm), blm(a:) =z else

(Ph)s@ )y = & Dh)uery = (€))7

This defines an element in V', as one can readily see. Furthermore, we can see that,
for one fixed m € {1,..., N}, the oy forallle {1,...,V} commute, due to the

condition that all the &/, have distinct beginning- and endpoints. Now define
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qbl;’ﬁ = (;51%71”% o ¢bx—17p1\6—1 0...0 (bb}wp}v o ¢bv_ \4 o... (4.21)

(e] ¢bv

o (M1 \%
¢bN N—2PN_—2

1
—1:PN—1

Now let e be an edge in ~, with starting point vy and ending point v;». Then for
every m € {1,..., N} we have
" l//

Gpv pv O .. O Py 1 ((élfil_l)_l o...0@) Toe o0 0...0 Em1) (4.22)

= @) o.. . 0(@) T oepoé o...0e".

In order to show this, we first note that, since all the Gpi pt - commute for all
l € {1,...,V} by construction, we can move Gy - and Gy v to the left in (@.22).

Since all the starting- and endpoints of the &, are different from s(&") and s(él.) by
construction, the action of the ¢, 1 on (e N lo...o@) toepoé 0. 08

m—1 m—1
for [ #1I',1" is trivial. Thus we get

~]! _ 1\ _ ] "
oy pv O ... O Py ((€h_y)to...o(@) toegod o...0e, ) (4.23)

’ 1

v _lo...o(éll,)_loekoéll,o...oem_l).

= Sy, © Dy g ((Brs)
But starting- and endpoint of é’lT;l and é’% are all distinct, and hence, by definition

of the Py pi 5 we get.

!

Gyt p O Py 1 ((é%_l)_l o...0@) Toe,o0e 0., 0 éf;;_l) (4.24)

~l//

) oo (@) oe o8 o 0d

= (@
An immediate consequence from ([@.22]), together with ([A21]), is that
Popler) = &5 5(ek) (4.25)

for all edges ej, in the graph . But ¢; 5 18, by ([@21)) a product of natural trans-
formations of the identity Py pi 5 all of which satisfy the conditions of Lemma [£.41
Thus, we get

[ dnan) i, 74) = [ duas(a) gy 14) = [ duana) () (426)
A A A

for all functions f cylindrical over . This finishes the proof.

Corollary 4.2 All natural transformations of the identity ¢, € N act unitarily
on Hyin-

Proof: From lemma (5] we get that

[ dan) @, 14) = [ dpas(a) 5(4) (4.27)
A A
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holds for all functions f € Cyl. Thus, Qg , induces an operator on Hy, which is
isometric on a dense subspace. Thus, it is also unitary on all of Hy,. So, all natural
transformations of the identity ¢, € N act unitarily on Hiiy.

With this, we can now make the next step in the proof that all automorphisms act
unitarily on Hiyiy.

Lemma 4.6 Let e be an edge which is no loop, i.e. s(e) # t(e). Let f € Cyl(e) be
a function cylindrical over e. Then, for any automorphism ¢ € Aut(P), one has

[dnar) ast) = [ duanta) ) (4.28)
A A

Proof: Let p = ¢(e). Since s(e) # t(e), also s(p) # t(p). Now decompose p into
edges p = ejo...oep. If necessary, decompose the edges e, further, until s(e;), t(e1)
and t(eg) are all distinct. Then define the natural transformation of the identity

¢b,p by
b(t(e1)) = tlep), b(t(er)) = t(e1), b(x) = x else (4.29)
Di(e;) = €20...0¢€p, Pi(er) = egl 0...0 62_1, pr = id, else.

Since f is cylindrical over the edge e, there is a function F' such that

[dnan) 1) = [ duuhy (b, (4.30)
A SU(2)
But obviously g, oayf is cylindrical over the edge e1. Since ¢y,(d(e)) = e1, we
have
/dMAL(A) g, opf (A) = / dpri (h) F(h), (4.31)
A SU(2)
SO
Jodnan) 1) = [ duan(4) 0, o 00 (), (4.32)

But since all natural transformations of the identity ¢y, € A leave the Ashtekar-
Isham-Lewandowski measure invariant by lemma (Z5]), we have

[nar) 1) = [ duana) aor(a) (4.33)
A A

which was the claim.

Lemma shows that for f, g being cylindrical over an edge e, one has

(U)f1U@) g) = (flg). (4.34)

In fact, in the proof of lemma[4.6] we have shown that every path p with s(p) # t(p)
can be mapped to an edge by an automorphism (in fact, by an element of N),
hence ([34]) holds also for functions f,g € Cyl(p). In the following we will look at
arbitrary automorphisms ¢ € Aut(P), and use their properties as maps from A to
A, as well as (£34)) in order to show that they act unitarily on Higp.
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Lemma 4.7 Let ¢ € Aut(P) and U(Eb) be the induced operator on Hyin, and U(¢)
be its adjoint. Define I, = U(o)IU(¢), then there is a sequence of continuous

functions f, € C(A) such that

A

lim a;, = I, (4.35)

n—oo

converges in the weak operator topology, where for a continuous function f € C(A)
the operator ay denotes multiplication with f on Hiy.

Proof: Let f € C(./TE) be a continuous function on A. Then ay J is also contin-
uous. Denote with f the complex conjugate function, then agf = agf. Since
U(g)ayU(@)™' = da,y, we have

U(@)arU(9) ™" = o, = g,z = (days)’ (4.36)
— (0@ as0@™) = (00)1) a0

Multiplying with the respective operators U (#)1, U (¢) from the right and the left,
one gets

U(@)0(¢) ay = a;U@)U(9). (4.37)

So the operator f¢ commutes with all elements ay, for f € C(A). Let Q be the
cyclic and separatinﬁg vector for C(A) (corresponding to the function f(A) = 1,
then, since 2 is also cyclic for the cylindrical functions C'yl, there is a sequence of
cylindrical functions f,, € C'yl such that

nangoaan = 1,0 (4.38)
in the topology of Hy,. Thus, for any two continuous functions g,h € C(A), one
has

(glIoh) = (g|TpanQ) = (g|anlyQ) (4.39)
= lim (g|apayz, ) = lim (glay, h)

since all the a; are continuous operators on Hy;, and are mutually commuting.
Since the |g), |h) are a dense subset of Hyy, the statement follows.

Lemma (&7) is in fact true for all invertible maps ¢ : A — A. That the
corresponding sequence of f,, converges to the constant function on A however, is
a consequence of Lemma

Lemma 4.8 Let ¢ € Aut(P) and f, be a sequence in Cyl such that ay, converges
weakly to f¢ = U(¢)tU(¢). Then, for every edge e with s(e) # t(e) there is an
ng € N such that f, depend trivially on all edges which are not e for all n > ng.

6For an introduction to the C*-algebraic notions, see e.g. [4, 17]
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Proof: Let f be a nontrivial function cylindrical over e. Then by lemma

(flisf) = U@DFIUW@) = (fIf) = fIF >0 (4.40)

it follows with lemma E.7] that (f|ay, f) > 0 for some n > ng. But if f, would
depend nontrivially on any edge different from e, then so would the product f,f,
but not f, so (f|ays, f) would be zero. Hence, f,, cannot depend on any edge not
being e for n > ng.

Corollary 4.3 There is an ng € N such that f, is the constant function 1 on A
for every n > nyg.

Proof: Choose two different edges e1, es which have differing beginning- and end-
points. Then f,, depend trivially on every edge not equal e; for n > n; and trivially
on every edge not equal to es for n > no. But since e # es, f, depend trivially on
every edge for n > ngy := max(ny,ny). But the only cylindrical functions depending
trivially on every edge are the constant functions. But since U (¢)Q2 = €, we have

QIL,0) = (@) = 1, (4.41)
so ay, must be the constant function 1 for all n > ny.
We conclude this section by stating the main result.

Theorem 4.1 For any automorphism ¢ € Aut(P) the corresponding operator U (0)
on Hyin s unitary.

Proof: From corollary 3] it follows that the Gy, converge to the identity opera-
tor. But with lemma [L7] we conclude that f¢ must be the identity operator. So
U (¢)TU (¢) = 1, and multiplying by U (¢)~! from the right gives the desired result.

5 The automorphism-invariant Hilbert space
We now review the definition of the Diff(¥)-invariant Hilbert space for the case
G = SU(2) and Diff(X) being the group of analytical diffeomorphisms on ¥ [11 [7].

Since there is no known nontrivial topology or Borel measure on Diff(3), the
group of (analytical) diffeomorphisms, defining the rigging map naively via the
group averaging:

o = [ o WO IO (5.1)

is not possible. But there are other ways of defining a antilinear map
n: D — Dpg (5.2)

from a dense subspace D C Hyi, invariant under Diff(3) into the linear functionals
on D that are invariant under Diff(3). This is usually done as follows:
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For any ¢ € Diff(¥) and any graph -, also ¢(v) is a graph. It follows that, in

the case of G = SU(2), which we consider here, spin network functions 7. . iam Are
|

ﬁ7
mapped into spin network functions. So for two SNF's one has that <Tﬂ/ - (qﬁ)Tﬂ/, i )

JTm
is either 0 or 1, depending on ¢ € Diff(X). Then 7 is defined by

T, 50 Ty o ) = > FUGS,)) D, (U@o@) T, 5 mm| Ty )
pEDIfi(%) / Diff, $EGS,

(5.3)

where Diff, is the set of diffeomorphisms which leave P, invariant. G.S, is the
group of graph symmetries, i.e. the quotient of Diff, and the subgroup of Diff(X)
which leaves + invariant. This is a finite group. F' is a function, which can be
chosen arbitrarily. This defines an antilinear map from the span of the SNFs to
the Diff(¥)-invariant linear functionals, which serves as rigging map, and defines a
Diff(¥)-invariant inner product via

Y] [nxDoig = nlY](x) (5-4)

In the case of Diff(X), an orthogonal basis for Hg;g is given by the set of equivalence
classes of SNFs under the action of Diff(¥). The normalization of these vectors is a
nontrivial issue [18], and is governed by the function F' in (5.3).

If we now replace the diffeomorphisms Diff(X) by the automorphisms Aut(P),
we can try to use the same techniques to define an automorphism-invariant inner
product (-|-)aus and an automorphism-invariant Hilbert space Hauyt-

5.1 Graph combinatorics

The automorphisms Aut(P) act unitarily on the Hilbert space Hyiy,, as was demon-
strated in the last section. Furthermore, we have seen that there are many au-
tomorphisms ¢ € Aut(P) that do not correspond simply to a piecewise analytic
map Y — 3. In particular, given any bijection b : ¥ — 3, any choice of paths
Pz € Mor(z,b(x)) defines a functor ¢, € N. On the other hand, each edge-
interchanger acts trivially on the objects in ¥, but changes morphisms. Thus the
automorphisms allow for a lot of freedom how to change metagraphs p € M. In
this section we will present a lemma that shows how large the orbit of a graph is
under the action of Aut(P).

Lemma 5.1 Given any two hyphs v1 = (p1,...,pH) andvy = (q1,...,qmg). Assume
the two are combinatorially the same, i.e. there is a bijection b between the vertices
b:V(v1) = V(va2) and a bijection c¢: {p1,...,pa} — {q1,...,qu} such that

s(c(pr)) = b(s(pr)),  tlc(pr)) = b(t(pr))- (5.5)
Then there is an automorphism ¢ € Aut(P) such that ¢(v1) = i

"Note that this is slightly weaker than demanding that every automorphism between the subgroupoids
Py, — Py, can be extended to an automorphism on P.
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Proof: We will explicitly construct this automorphism as a product of finitely many
natural transformations of the identity and edge-interchangers. First we show that
there is a sequence of edge-interchangers such that v; can be mapped to a graph -,
which has the same vertices as v1, as well as the same combinatorics as v;.

Choose a graph 7/ = {e],..., e} } such that v; <+'. Then, by definition, there
is an edge ) in 7/ such that e; meets {p1,...,py—1} at most in its endpoints.

pH = P1oe;ops (5.6)

Choose an analytic curve ¢ (i.e. [[[c]]] is an edge) from s(py) to t(pm) that does not
meet any of the e}, apart from the points s(pg) and t(pg). Then choose two curves
c1 and ¢ with the following properties:

o(3) and t(c1) = s(e))
c(2) and t(cz) = t(e])

e The curves ¢y, ¢y are injective and 7(cy), 7(c2) do not intersect, as well as they
do not intersect with any of the r(c), r(e},), apart from their beginning- and
endpoints.

) S(Cl)

o 3(62)

For any curve c and 0 < ¢;,ty < 1 denote by ¢! the curve
A1) = c(ty + t(ta — t1)). (5.7)
Then by construction the following paths

1 1

o€ o[l (5.8)

A o [[ed AT o [

are paths without self-intersection that mutually intersect only at their beginning-
and endpoints. Furthermore, they intersect with the other edges e, k # [ only
at most in s(e)), t(e;). Thus, by construction, the same is true for the paths
P1,- .-, PH—1, since they are built from the €, k # [.

er 1= [[lc?’

ez = [[[e

Now choose representative curves dy and ds for e; and es such that
o d; (%) = s(e)) and d (%) = t(e))
1 1 3 3
o dy (1) =c(3) and dy (3) =c(3).
Finally choose for every ¢t € (0,1)\ {4,3} a path p, that goes from di(t) to da(t),

and which does not meet e1, es apart from their respective beginning- and endpoint.
Furthermore, define

pr = (p1) " o [[["4]]] (5.9)

=

G
I
=
N
O
—
o
oo
=
=
o}
|
—

p

Now we have chosen two paths without self-intersections ey, es which meet only in
their beginning- and endpoint, a parametrization dy, ds for each of the paths, and
for each ¢t € (0,1) a path p; € Mor(dy(t),ds(t)) that does not meet ey, eq, apart
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from its beginning- and endpoint. This data defines an automorphism ¢ € Aut(P)
by lemma 3.1

Since e, es have been chosen to be such that they meet the py,...,pg_1 only in at
most finitely many points, we conclude that ¢(px) = px for k =1,...,H — 1. By
the definition of ¢ and (5.8)), (5.9), we have

d(pu) = o(P1) o ¢(e]) o ¢(p2)

= [[[®7]]] o [[fe®3]]] o [[leT']] (5.10)

So by this construction, all paths p; have been left invariant, except for py which
has been mapped to an edge ey := [[[¢]]], which meets the py, k < H at most in its
beginning- and endpoint. For this construction it was crucial that py had a free seg-
ment w.r.t all the other px, £ < H, but also w.r.t. eg, by construction. This means
that (eg,p1,...,pr—1) is also a hyph, i.e. each of the pj has a free segment w.r.t all
P, I < k, but also w.r.t eg. So the same construction can be carried out once again
to obtain an automorphism ¢’ € Aut(P) that leaves ey as well as all pg, k > H — 1
invariant, but maps py_1 to an edge ey_1 which meets efr, pr, K < H — 1 at most
in its beginning-and endpoint. This gives a hyph (eg—_1,em,p1,...,pH—2). By re-
peating this process, we arrive at a hyph (eq,...,ep), where all the e, are edges
and meet at most in their beginning- and endpoint. So v := {ey,...,eq} is a graph.
Thus, we have constructed a finite sequence of automorphisms that map the hyph
(p1,...,pm) into the graph ~.

Now let v = {€f,...,€/};} be any graph which has the same combinatorics as
v = {e1,...,emg}, but the edges of which do not intersect with the edges of .
V(y) ={v1,...,ov} and V(v") = {v],...,v{}, and

s(er) = vg, tlex) = vy & s(ep) = vl tle}) = vp. (5.11)

Then construct an automorphism mapping one to the other by the following
method: For each v; € V(v) choose a path p,, € Mor(v;, v]) such that all p,, are
without self-intersections, do not intersect each other, and intersect the ey, €} only
in the vertices v;,v;'. Then define a natural transformation of the identity ¢, € N’
by the following data:

b(v) ==, b(") = v, blx) = z else (5.12)
DPvy = Doy pvi’ = p;ll’ py = idy else

Then each of the p}, := ¢pp(ex) is a path without self-intersections, and all the pj,
have free segments w.r.t each other (in particular the ey). So (p,...,p}) is a hyph
with vertices vf,...,v{,. On the other hand, 7" is a graph, the edges e} of which
intersect all the pj at most in the vertices v}’. Since for each path pj, the edge €}
starts and ends at the same points as pj by construction, there is a sequence of H
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edge-interchangers that maps each pj to ej.

So we have started with a hyph v; = (p1,...,pn), have mapped v; to v =
(e1,...,em) by a sequence of H edge-interchangers, have mapped 7 by a natural
transformation of the identity ¢, to the hyph vj = (p},...,p}y), and have mapped
v} by another sequence of H edge-interchangers to any other graph ~”, of which
we only demanded that it has the same combinatorics as v, and that it has empty
intersection with v. By the same construction, we can show that we can map any two
graphs that have the same combinatorics but empty intersection into each other by a
sequence of automorphisms. But this shows that one can map any two hyphs vy, v
having the same combinatorics into each other by a sequence of edge-interchangers
and natural transformations of the identity. Thus, the lemma is proven.

5.2 Orbits of the Automorphisms

In order to define the automorphism-invariant Hilbert space Haut, it is instructive
to get an idea of the orbits of vectors 1 € Hyy, under the action of Aut(P). First
we will investigate these orbits in the following for arbitrary gauge groups G, in
order to arrive at some general statements. Then, we will specialize to G = U(1)
and G = SU(2) in order to say something about the corresponding spaces Hauyt.

Lemma 5.2 Let f € Cyl be a gauge-invariant cylindrical function. Then for any
natural transformation of the identity ¢y, € N one has

Ubop)f = f (5.13)

Proof: Let f be cylindrical over the graph v = {ej,...,eg}. For each v € V(v)
and each a € A denote g/ := A(p,) € G. With

F(A) = F(A(ey), ... Aler)) (5.14)
we get
(U (o) f)(A) = f(ag,,A)
= F(AWL,) 0 €10 Pien)s - > ADTL,) © €8 0 Prger) )

= F((0her) " AD) 0er)s -+ (0hep) T ACE) G1gery ) (5:15)

— (A(el), . ,A(eE))
= (4.

Lemma shows one important fact: Although ¢, can change graphs quite arbi-
trarily, the corresponding functions on that graph remain unchanged. The reason
for this is that a function cylindrically over a metagraph u € M does generally not
carry all of the information in order to reconstruct p from its dependence A — f(A).

Consider the following example: Given a metagraph pu = {pi1,...,ps}, as in
picture
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D1 P2

o%%—o

p3 y2

Figure 5.1: A metagraph p (in fact a hyph) consisting of four paths and five vertices.

Note that the paths p; o ps and ps3 o p4 each contain a retracing. Now consider the
function cylindrical over the metagraph p by

f(A) = F(A(p1), A(p2), A(ps), Alpa)) (5.16)

with F(hq, ho, hs, hy) = F'(hlhg, hshy4) for some smooth function F on G2. Note
that f does not depend on the parallel transports along all the p1,...,ps, but only
on the ones along p; o py and p3 o p4. So in particular, f does not depend at all on
the parallel transports along the retracings. Consequently, f is cylindrical over the
graph ~y, which consists of the following two edges:

Figure 5.2: The function f given by (516 is also cylindrical over the graph 4 < u, which only
consists of two edges and four vertices

So we see that the dependence of the function f is not on all of u, but only of a
certain subgraph. This is of particular importance, since the following graph ~:

has the same combinatorics as p. So, by lemma 5] there is an automorphism
¢ € Aut(P) mapping one to the other, i.e. ¢(er) = pr. Thus, a function f cylindrical
over 7 is mapped into oy f, which is cylindrical over p. But if f depends only on the
parallel transports along e; o ex and e3 o e4, then ay is also cylindrical over 7 < p,
as we have just seen. So, although ¢ respects the number of vertices and paths
in a metagraph, U(qﬁ) can map a function which is cylindrical over a metagraph
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€1 €9

€3 €4

Figure 5.3: The metagraph u can be mapped to this graph v by an automorphism

to a function cylindrical over another metagraph, which does not have the same
combinatorics, such as v and 74 in the example above.

Although this seem paradoxical at first, it is in fact quite natural: Consider the
function f, which is cylindrical over the graph ~, as in figure (5.2)), and which de-
pends only on the parallel transports along e oes and egoes. Then the function does
not “know” that it is cylindrical over a graph with four edges, in particular it does
not know anything about the middle vertex t(ej). For instance, it is automatically
gauge-invariant w.r.t. gauging at this vertex. This does, of course, not happen to an
arbitrary function g cylindrical over v, whose dependence on the parallel transports
along all four edges eq,...,e4 is nontrivial.

We see that the cylindrical functions can carry much less information than the
graph that they are cylindrical over. In particular, the functions only carry infor-
mation about on how many parallel transports they depend, and which of these
start or end at the same points. It is exactly this information that is preserved by
the automorphisms.

This is of particular importance for the gauge-invariant functions, since these
carry only information about the first fundamental class of the graph, but not
about the graph topology itself, which is summarized by the following lemma.

Lemma 5.3 Let f € Cyl be a gauge-invariant cylindrical function over a graph ~y
with E edges and V wvertices. Then there is a E —V + 1-flower graph 4 (a graph
with one vertex and E —V 4 1 edges all starting and ending at that vertez) and an
automorphism ¢ € Aut(P) such that U (@) f is a gauge-invariant function cylindrical
over 4.

Proof: Choose a maximal tree 7 in the graph v. Choose a vertex z € V(7) and for
each edge ¢; € E(v)\E(7) not belonging to the tree denote the unique path from x
to s(e;) lying in 7 as pf, and from v to t(e;) as p?. Then define the E — V + 1 paths

p o= pll oe o (p%)_l. (5.17)

Then v = (p1,...,pE—v+1) is a hyph, since each path p; contains e;, which is a free
segment for all the other paths. Note that, due to gauge-invariance, the function
f only depends on the parallel transports along the paths p; (see, e.g. [19]). In
particular, f is cylindrical over the hyph v := (p1,...,pp—v+1): f € Cyl(v). But
since all paths p; in v start and end in the vertex x, by lemma [5.1] there is an auto-
morphism mapping the hyph v to an E — V 4 1-flower graph 4. So f gets mapped
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€1

€2

er

€3

Figure 5.4: An E-flower graph.

to a function a4 f being cylindrical over that flower graph.

Lemma [(.3] shows the tremendous size that the orbits of a vector under the
action of Aut(P) have. In the case of the abelian gauge group G = U(1), the size is
so large that one can in fact compute the orbits, in the sense that one can determine
the set of equivalence classes of vectors in Hy, under the action of Aut(P).

5.3 The automorphism-invariant Hilbert space for gauge
group G =U(1)

Cylindrical functions for gauge group G = U(1) carry particularly few information
about the graph they are cylindrical over.

Lemma 5.4 Lety = {ey,...,eg} be an E-flower graph. Consider a word ¥(es, ..., ex)
in the edges of v, apart from ey. Since 7y is a flower graph, 9 is a path in the groupoid
P, i.e. a path starting and ending at the one vertex in V(v), and going through
the edges eq,...,ep in an order determined by the word ¥. Then there is an auto-
morphism ¢ € Aut(P) with the following properties:

¢ : ep—ejoieq,...,ep) (5.18)

ex— e, forke{2,...,E}

Proof: Note that (eg,...,ep,e; 0¥) is a hyph, since e; o ¥(ea,...,eg) has a free
segment w.r.t. es,...,er (which is e1), and the remaining (es, ..., eg) form a graph.
Since (e, ...,ep) is also a hyph, having the same combinatorics, the assertion fol-

lows directly from lemma .11

Lemma 5.5 Let v be an E-flower graph, i € ZF and T, 7 be a charge network.
Let (ma,...,mg) € ZF~1, then there is an automorphism ¢ € Aut(P) such that

A~

U@)T, 7 = T, (5.19)
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with
ny = mn (5.20)
n, = ng + nmy  for ke {2,...,E}
Proof: Choose the word
d(eg,...,ep) = ey?o...0ep”. (5.21)
Then, by lemma [5.4], there is an automorphism ¢ € Aut(P) with
pler) =eroeg?o...oey”, (5.22)

and which leaves all other e; invariant. Thus we get
E
(Oz(z)T%ﬁ) (A) = H A(a¢ek)"k
k=1
E

n g
Afer) HA<ek>mk] [T Ateo)™ (5.23)
k=2

k=2

E

= Alen)™ [ Alex)mrtmms
k=2

=T, (4),

"\/7”
where T, 7 is given by (5.20)

Lemma 5.6 Let v be an E-flower graph, it € ZF, and T, 7 a charge-network func-
tion. Then there is an automorphism ¢ € Aut(P) such that

abe’Y,ﬁ = T’y,(p,O,O,...,O)7 (5.24)
where p € 7 is the greatest common divisor of the |ni|,...,|ngl|.

Proof: First assume that all n, > 0. If this is not the case, one can, by lemma .11
find an automorphism that reverses the direction of all edges e such that ng < 0:

oler)=e; ! if n <0
oler) = ex else

We will consider a sequence of ’steps’ (5.20), each of which changes the charge
distribution among the edges eq,...,eg, and corresponds to the action of an auto-
morphism ¢ € Aut(P). We will construct the sequence such that, at the end, the
charge distribution (ng,...,ng) will have changed into (p,0,0,...,0).

First, assume that not all of the n; are zero, otherwise T, 5 = €2 is the vector
corresponding to the constant function f(A) =1, and we are done.
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Choose one of the smallest ny, which is without loss of generality n;. Then
choose another n;, I > 1 with ny < n;. Then, define m; := —1, my = 0 for
1 # k # 1. Then, by lemma there is an automorphism ¢(!) € Aut(P) that maps
T, 7 to T, 50y with n](gl) = nyg, for k # [, and nl(l) = n; — ng > 0. Continue with

choosing one of the smallest n](fl) (by renumbering, this is again wlog ngl)), and

choose one nl(l) with ngl) < nl(l), define ml(l) = —1, m](fl) =0for1+#k+#1 By

lemma 5.5 find an automorphism ¢2) mapping T, 7> with n,(f) = n,(:) for k # [ and

"1(2) = nl(l) —ngl) > 0, choose the smallest nonzero n,(f’), and continue this algorithm.

Since each of the #(") is a sequence of nonnegative numbers, and in each step
one of the numbers is reduced by some ngr_l) > 0, the algorithm stops after finitely
many steps, say after N < ), ny steps. The algorithm cannot be continued further,

if after choosing the smallest ngN), there is no other nonzero nl(N), i.e. if all other
(N)

n,, = are zero. Then, we have constructed a series of automorphisms mapping 7% 5

to some Tw,(nEN),O,O,...,o)'

UM (oMY U7 = Ty p00....0) (5.25)

with p = ngN). It is easy to see that in each step, the greatest common divisor of the

nonzero n,(:) never changes. Thus, since p is its own greatest common divisor, it has
to be equal to the greatest common divisor of all the nonzero ng. This completes

the proof.

Lemma 5.7 Let~y be a one-flower graph. If for n,m € Z there is an automorphism
¢ € Aut(P) such that U(¢)Ty n = Ty m, then n = £m.

Assume there is a ¢ € Aut(P) such that U((;b)T%n =T - Then ¢(v) is a metagraph
¢(v) <. Thus, ¢(v) € Py. But Py, = {+*|k € Z}. Thus, ¢(y) = +* for some
k € Z. Since U(qﬁ‘l)T%m = T, ., we also have ¢~ 1(v) < 7, i.e. ¢ 1(y) = 4 for
some [ € Z. On the other hand,

l

v =o(o7'm) = o(+) = (6(n) =" (5.26)

by the functorial properties of ¢. Thus, kI = 1, but the only two pairs of integer
numbers k,l € 7Z with this property are Kk =1 =1 and kK = [ = —1. So either
#(7) = v or ¢(y) =y~ 1. The claim follows.

By lemma B3] every gauge-invariant charge-network function can be mapped
by an automorphism to one on a flower graph (on which all charge-networks are
automatically gauge-invariant). In lemma we have seen that for gauge group
G = U(1), each charge-network function on a flower graph can be mapped by an
automorphism into T’, , for some one-flower graph  and some n € Z. This n is
unique up to a sign, as we have seen in Lemma 5.7, We have thus determined the
complete set of orbits of charge-network states under the action of Aut(P).
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Lemma 5.8 Let D be the linear span of all charge-network states in Hyjn. Then
the following map:

n D — Dy (5.27)
nflg:= D  (fIU@)g)
[pleAut(P)/~

defines an antilinear map from D to the automorphism-invariant linear functionals

over D. Here ¢y ~ ¢y if (f|U(d1)g) = (f|U(d2)g).

Proof: We have seen that for each charge-network state 7', 5 there is a unique n > 0
such that

[7,4] = [On] (5.28)

where () is a one-flower graph, (), denotes the charge-network function on () given
by the one charge n, and [-] denotes the orbit of - under Aut(P). Denote this n by
¢(77), then we have

Y (Ta UG Tya) = Sugioim)s (5.29)
[p]€Aut(P)/~
due to the fact thaAt any ¢ € Aut(P) maps a charge network into another charge
network, so (T, 5 | U(¢)T, ) is either 0 or 1.

With this rigging map, an inner product (-|-) syt can be defined on the set of all
finite linear combinations of charge-network functions, and we thus see

Corollary 5.1 The automorphism-invariant inner product on n(D) given by the
rigging map ([5.27) can be completed to the automorphism-invariant Hilbert space

Haw = {icn [On] ‘ 3 leal? <oo} (5.30)
k=0 n

Proof: This is clear from the fact that the orbit of every finite linear combination
f of charge networks is given by

4] = i [On] (5:31)

and

(0] [On])y = oo s

As we have seen, the automorphism-invariant Hilbert space can be computed di-
rectly, for a certain choice of rigging map (5.27)). For each charge-network function

T, 7 on a graph 7y, there is a natural number n and an automorphism ¢ such that
agTy, 3 = (Op. This shows how tremendously large the orbits of the automorphism

36



group are in the case of G = U(1). The reason for this is the following: given any
graph v with F edges and a charge-network function 7T’ 5, then

T

La(A) = elmerttneen) (5.33)

where e¢?t = A(ey) is the holonomy of A along the edge e;. Then, our previous
results show that there is a closed loop [ in <, i.e. a path consisting of edges in
~ and their inverses, which starts and ends at the same point, such that each e
is traversed exactly nj times (counting going against the orientation of e; as —1).
Then

T, #7(A) = ¥ (5.34)

with ¢ = nip1 + --- + nepyE, and € = A(l) is the holonomy along I. So the
charge-network function 7% 5 is cylindrical over the metagraph [. If [ = ™ for a
simple loop I, then T, 7 is also cylindrical over [, and we have shown that there is
an automorphism ¢ mapping the loop [toa (say) circle O, hence T, 5 to On.

The above consideration rests crucially on the abelianess of U(1). In particular,
it does not matter in which order [ transverses the paths in v, just how many times.
This will not be true for non-abelian gauge groups, such as G = SU(2), as we will
see in the following.

5.4 The automorphism-invariant Hilbert space for gauge
group G = SU(2).

In this section, we investigate the set of orbits of vectors in Hy;, under the action
of Aut(P), in the case of G = SU(2). Ultimately, the goal is to compute the set of
linear functionals invariant under Aut(P) with some inner product, such as in the
case for G = SU(2), for example

nflg = >, (U@

[pleAut(P)/~
Again, ¢y ~ ¢ if (f|U(d1)g) = (f|U(42)g)-

To compute the set of orbits of vectors in Hy;, under the action of Aut(P) for
the case of G = SU(2) is more difficult, due to the fact that for a spin network func-
tion T«,j,ﬁ,m’ the transformed O‘¢T~,5,ﬁ,m is not necessarily a spin network function
anymore. The same holds for any gauge-invariant spin network function wa o I
one chooses, for each graph ~, an orthonormal basis of intertwiners T at each vertex,
then any such basis vector can be mapped to a finite linear combination of basis

vectors by an automorphism
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From this difficulty arises the phenomenon that, for two vectors T7 -7 Tﬂ/, 70
the set of all possible overlaps

(T, 71y T, 550 | 0 € Aut(P)} (5.36)

is not just {0, 1}, as in the case for piecewise analytic diffeomorphisms, or for auto-
morphisms and gauge group G = U(1). We consider a simple example:

We have already seen in lemma [5.3] that every gauge-invariant function on a
graph can be mapped by an automorphism to a gauge-invariant function on a flower
graph. Thus, it is sufficient to consider the orbits of gauge-invariant functions on
flower graphs. Consider thdd 2-flower graph v = {eq, ea}.

€1 €2

n J2

Figure 5.5: The 2-flower graph

For fixed ji, jo € %N, the intertwiner space is j1 + j2 — |j1 — j2| + 1-dimensional.
Assume j; = jo = % Then the intertwiner space is two-dimensional. If we choose
the normalized vector

Ti(A) = tr1 (A(er)) tr1 (Ales)) (5.37)

1
2
to be one of the two orthonormal basis vectors in the intertwiner space, and choose
some normalized T5 orthogonal to it, we get an orthonormal base of the intertwiner
space. On the other hand, consider the one-flower graph (in fact, a Wilson loop)
(O = {e} having only one edge e, and the gauge-invariant function Tj cylindric on

(O given by
(A(e)). (5.38)

With the spin j = % on the edge e, there is only one gauge-invariant function on O
(the intertwiner-space is one-dimensional), which is given exactly by Tp. By lemma
6.1 however, we know that there is an automorphism ¢ such that ¢(e) = e o ey,
so ayTp is cylindrical over the two-flower graph «y, and in fact can be decomposed
into T1, Ty. Since

apTo(A) = tri(A(er)- Ales)), (5.39)

1
2

8Technically, there are many flower graphs, but all of them can be mapped into each other by the
automorphisms by Lemma [5.1] so in the following we speak of “the” 2-flower graph.
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a short calculation reveals that

1
(Ty|apTy) = 5 (5.40)
So
agTy = congl + sinng. (5.41)

We see that, since there are nontrivial ways to embed an FE-flower into an FE’-
flower (with E < E’) by “wrapping loops”, certain basis vectors on the E-flower
will be mapped to nontrivial combinations of basis vectors on the E’-flower. All
these nontrivial overlaps will show up in the automorphism-invariant inner product
(5:35). To compute all the contributions is now a combinatorial task. We refrain
from doing so here, but simply state a conjecture about the nature of the set of
orbits of vectors in Hy;, under the action of Aut(P).

In our example above, we have seen that the function 77 and ayTj constitute a
basis of the intertwiner space for functions on a 2-flower graph with j; = jo = %
Note that this is not an orthonormal basis, but by (5.40) have an angle of cos §
with respect to each other. Now consider again the two-flower graph v = {ej, es},
but with j; = %, Jo = 1. Then again, the intertwiner space is two-dimensional, and
one normalized vector is

T3(A) = tri(A(er)) tri(A(e2)). (5.42)

1
2
On the other hand, consider the automorphism ¢’ € Aut(P) mapping the closed
loop e to e; 0(62)2. One can then show that the projection of iy Tp to the intertwiner
space on the 2-flower graph with j; = %, jo = 1 is unequal T3, but has non-vanishing
inner product with 73. Thus, this projection (denote it as II(ayTp)), together
with T3 form a basis for the intertwiner space for j; = %, j1 = 1. Again, this
is no orthonormal basis, since the two vectors are only linearly independent, not
orthogonal.

For each E-flower graph v = {ej,...,eg} with spins ji,...,jg there is a nor-
malized vector in the intertwiner space given by

E
Tpj(A) = [] tr(Aler). (5.43)
k=1

In a graphical notation similar to the one used in the last chapter, we write
<>j1

CDjEfl

Extending what we have just seen in the examples to higher flowers with higher
spins suggests that all other elements in the intertwiner space can be composed
by certain ayTy, 7 with E' < E. This would mean that the orbits [T}, 7] would
constitute a basis for the set of orbits of all smooth cylindrical functions in Hyiy.

= [Ty (5.44)
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Since these vectors have nontrivial overlap, however, one would have to compute
their automorphism-invariant inner product by (5.35]) and deduce an orthonormal
basis from them by the Gram-Schmidt-procedure. This would provide a way to find
an orthonormal basis for Haut.

This would suggest that the linear combinations of the form
N Ojl o
b= > wi | o 2 (5.45)
E=0j1,.j et
OjE ce

form a dense set in Hayt. If one could then derive a good formula for the inner
product between two such vectors, we would be able to write down an orthonormal
basis for Haut. So far, this has not been done due to the complicated combinatorics,
but we will address this point in a later publication.

6 Summary and Outlook

6.1 Summary of the work

In this publication, we have investigated the consequence of extending the group of
spatial diffeomorphisms Diff(X) to path groupoid automorphisms Aut(P) in Loop
Quantum Gravity. This extension is inspired by category theory, and contains
many elements that cannot be interpreted as diffeomorphisms from ¥ to itself. This
mimics the extension of smooth to generalized gauge transformations: while the
first consists of smooth maps from ¥ to the gauge group G, the latter one consists
of all such maps, without continuity or even measurability assumption.

An automorphism is given by a permutation of the points in X, and a permu-
tation of paths in 3 which are compatible with each other in the sense that if the
path p starts at z and ends at y, then the transformed path ¢(p) starts at ¢(z)
and ends at ¢(y). But by the groupoid structure of P, the set of piecewise analytic
paths in X, this does not necessarily restrict what happens to points that lie “in
the middle” of p. So, the notion of a point lying on a path is not invariant under
automorphisms, which makes many nontrivial constructions possible. In particular,
some automorphisms simply cannot be interpreted as maps from 3 to itself.

We have given some explicit examples for automorphisms that do not arise as
diffeomorphisms on ¥. The first example was given by the natural transformations
of the identity, which are able to arbitrarily permute the points in X, but keep the
paths essentially the same (and which act, in particular, as identity on the gauge-
invariant part of the kinematical Hilbert space Hyin). The second example was
given by the edge-interchangers, which left all points invariant, but swapped two
edges e1,eo with the same beginning- and endpoints. All paths that meet these
two edges at finitely many points are left invariant, however. In this sense, these
automorphisms have support only at two edges ej, es, and hence can be viewed as
distributional.

We have used these two types of automorphisms in order to show that every
two graphs with the same combinatorics can be mapped into each other by an
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automorphism ¢ € Aut(P). This shows how little information about the differential
structure, and in fact even the topology of ¥ is encoded in the path groupoid P.

We have delivered a proof that the action of Aut(P) on A, the set of (distribu-
tional) connections leave the Ashtekar-Isham-Lewandowski measure p 47, invariant.
This was straightforward in the case of the abelian gauge group G = U(1), but
nontrivial for arbitrary gauge groups.

In the last part of this work, we have investigated the induced action of the
automorphisms Aut(P) on the kinematical Hilbert space Hyi,. In particular, we
have showed that due to the size of automorphisms, the only information that is
conserved by acting with automorphisms on a cylindrical function, is the combina-
torics of paths, over which it is cylindrical. This information is highly redundant
in the description of function cylindrical over paths, and it is the use of graphs to
provide a way of finding a good representative in the set of collections of paths over
which a function is cylindrical. Since the automorphisms do not leave the set of
graphs invariant, functions cylindrical over one graph can be mapped to a function
cylindrical over another graph, although the graphs themselves are not mapped to
each other.

A gauge-invariant function on a graph + does only depend on the holonomies
along a number of loops in v, which correspond to the first fundamental class (7).
Consequently, any gauge-invariant function on a graph can be mapped to a gauge-
invariant function on some flower graph. This enabled us to gain some control over
the size of the orbits of vectors in Hy;, under the action of Aut(P). For some choice
of rigging map, we derived the automorphism-invariant Hilbert space Hayt for the
gauge group G = U(1). It was found that the space is infinite-dimensional and
separable, the generic element being of the form

Yaus = icn [On] (6.1)

k=0

with square-summable coefficients {c, }nen, and [On] being the equivalence class
of one Wilson loop with charge n.

For G = SU(2), the combinatorics to work out the exact form of the orbits is
harder, due to the recoupling scheme of SU(2). However, we argued why we believe
an element of the automorphism-invariant Hilbert space would be of the form

o Ojl
Yaw = Y, Y, i Oun Op | (6.2)

B=0j1, i
O

where the vectors are equivalence classes of E separate Wilson loops with spin
charges ji. These vectors will, however not be orthonormal to each other. Rather,
their inner product will be determined by embedding-combinatorics of E-flowers
into E'-flowers for E < E’, and the corresponding recoupling scheme. We will
return to a detailed analysis of this space in a future publication.
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6.2 Further directions

By the form of the vectors (G.I]) and (62)), we see that the information about the
degrees of freedom is completely delocalized, as one would have expected from a
diffeomorphism-invariant theory. However, in order to get a good physical intuition
for the meaning of the states in Hayg, one would have the following possibility:
One can repeat the whole analysis, but with matter degrees of freedom coupled to
gravity. Note that the automorphism-invariant content of a cylindrical function for
pure gravity is just given by the combinatorics of paths, the holonomies of which
it depends on, but not on how these paths are embedded into space, i.e. if they
intersect, or are partially parallel. So the automorphism-invariant vectors do not
know about the vertices of a graph, for instance. Having matter degrees of freedom
coupled to gravity, this might change, due to the following reason: Consider a,
say, fermionic matter field coupled to gravity. This field, when quantized along
the lines of Loop Quantum Gravity, would become a field sitting on the vertices
of a graph, and is transformed by some nontrivial representation of SU(2). The
information about which field is situated at which vertex will still be contained in
the gauge-invariant sector of the theory. Shifting these gauge-invariant cylindrical
functions for matter plus gravity around by automorphisms would result in graphs
being mapped to other metagraphs, that look like different graphs, since the paths
can intersect, or partially overlap. But that some matter is excited at some vertex
will not be changed by this, so one would be able to distinguish the real vertices
(where matter is excited) from the ones that just appear as vertices, because the
paths are embedded into space in some peculiar way. This would provide a natural
mechanism of how matter could be used to localize gravitational degrees of freedom,
as has been advocated e.g. in [20].

Another important point is to see whether operators corresponding to physical
observables can be defined, i.e. like the volume operator. This would not only allow
for an interpretation of the automorphism-invariant states in terms of physical quan-
tities. Also, if one could define a volume operator on the automorphism-invariant
Hilbert space, one would be able to define the master constraint operator [2I] on
the automorphism-invariant Hilbert space. Since the graph-changing version of the
master constraint changes in particular the first fundamental group of a graph, and
the automorphism-invariant vectors contain exactly this information, this might
provide a way to rephrase the quantum dynamics in some combinatorial way in
Haut- This would be particularly interesting, since one could make contact to [14],
where such an operator already exists, leading to a combinatorial version of the
dynamics.

One key step in this proof was theorem [B.1], a classical result from combinatorial
group theory by Nielsen (’36). On the other hand, we also relied on the explicit
construction of the kinematical Hilbert space Hyi, for this proof. From an aestheti-
cal point of view, however, this is unsatisfactory, since we feel that the fundamental
reason for the automorphisms to leave the measure p 47, invariant is exactly Nielsen’s
theorem. It states a deep connection between automorphisms of free groups and
the symmetries of the Haar measure. We are convinced that one can write down a
proof that all automorphisms preserve w45, with only relying on Nielsen’s theorem,
without referring to the analytical structure of the manifold ¥ at all. This would
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enable us to transfer the proof to arbitrary groupoids P, not necessarily the path
groupoid of a spatial manifold Xﬂ With this one might be able to quantize much
more general theories of connections on groupoids, not only on manifolds.

The path groupoid P, as a category, is a useful concept when investigation
quantizations of Riemannian metrics on 3-manifolds. It was indicated [22], 23, 24]
that for the investigation of Lorentzian metrics on 4-manifolds the notion of 2-
category is an appropriate concept. It would be interesting to investigate, in which
sense the analysis presented here could be repeated in such a framework, in order
to see space-time diffeomorphisms as automorphisms of 2-categories.
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A Elements from category theory

In this section, we will briefly review the basic notions of category theory that are
used in this articld'd. Details and more about categories can be found in [25].

Definition A.1 A category C consists of a class of objects X, Y, Z, ..., denoted by
IC|, and, for each pair of objects X,Y € |C| a class of morphisms f,g,h, ..., denoted
by More(X,Y). For these, the following rules hold:

o For each f € Morc(X,Y) and g € Morc(Y,Z) there is a morphism go f €
More(X, Z) (the composite).

e Composition is associative, i.e. ho(go f) = (hog)o f.

e [or each object X € |C| there is a morphism idx € More(X,X) such that for
all morphisms f € Morg(X,Y) and g € Morc(Z, X)) one has

feoidx = f, idyog =g

If f € Morg(X,Y), then the source and the target of f are denoted by s(f) = X
and t(f) =Y.

There are plenty of examples for categories:

e The category Set, the objects of which are sets, and the morphisms between
two sets X, Y are exactly all maps between these sets.

9At least as long as these groupoids are sets, since in these cases definitions of topology and measure
make sense.

ONote that in this appendix, we use the standard convention for the composition, i.e. f: X — Y and
g:Y — Z have a composition go f : X — Z. In the rest of the article, however, we will use the notation
f o g for the composition, in order to stay consistent with large parts of LQG literature.
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e For a manifold ¥, the category Hom(3), the objects of which are the points
in ¥, and the morphisms of which are homotopy equivalence classes of curves
between points.

e For a manifold X, the category W(X), the objects of which are points in X,
and the morphisms between two points are all curves between these points,
modulo reparametrization.

e For a group G, the category Susp(G), called the suspension of G. This cat-
egory has only one object, denoted by *: [Susp(G)| = {*}, and the mor-
phisms from * to itself are in one-to-one correspondence with elements in G:
MorSusp(G) (*7 *) =G.

A category C in which every morphism has a right and a left inverse is called a
groupoid. In the above examples, Set and W(X) are no groupoids, but Hom(3)
and Susp(G) are.

It is customary in category theory to write statements as diagrams: Consider a
category C and objects X,Y,Z, W € |C|. Then the following diagram

x 1.y

| [
k
zZ — W
is said to commute, of f € More(X,Y), g € More(X,Z), h € More(Y,W) and
k € Mor¢(Z, W), and kog = ho f, as morphisms in Mor¢ (X, W). Working with
commuting diagrams makes reasoning in category theory fairly intuitive. Since the

proofs in this paper will be thoroughly analytical however, we will use commutative
diagrams only at some points, to point out some connections.

Consider two morphisms f, g in W(X) with s(g) = t(f) can be composed, i.e.
two curves (up to reparametrization) can be concatenated and again give a curve
modulo parametrization. It should be noted that, due to the above definitions,
the concatenation is denoted by g o f. However, in the Loop Quantum Gravity
literature, this concatenation is usually denoted as f o g. The reason is that with
this convention the generalized connections are functors from the path groupoid into
the suspension of the gauge group Susp(G), not its opposite category Susp(G)°P.

This is just a matter of convention, of course, but it should be noted that,
throughout this paper, the composition of morphisms f, g will usually be denoted
as fog,notas go f.

Definition A.2 Let C, D be two categories. A functor is an assignment F : |C| —
|D| and F : More(X,Y) — Morp(F(X),F(Y)), such that

e Flgof) = F(g)o F(f)
o Flidx) = idp(x)

So a functor assigns objects to objects and morphisms to morphisms in a compatible
way. As an example, consider the category which has smooth manifolds as objects
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and smooth maps between them as morphisms. Then the Cartan differential is a
functor from this category in itself. In particular, let f: M — N and g: N — O
be smooth maps, then the chain rule guarantees that

d(gof) = dg o df (A1)

asmaps df : TM — TN, ie. dg: TN —TO.

Definition A.3 Let F : C — D and G : C — C be two functors. One calls these
two functors to be related by a natural transformation (or being natural trans-
formations from each other), if there is, for each object X € |C| a morphism
gx € Morp(F(X),G(X)) such that the following diagram commutes:

Fx) 2V poyy

ox | o

Gx) 2,

Note that, if D is a groupoid (i.e. its morphisms can be inverted), then given a
functor F' and for each X € |C| a morphism gx € Morp(F(X),Y), then

G(X) = t(gx) for all X € |C]
G(f) = gy o F(f) o gy for all f € Mor¢(X,Y)

defines a functor G, which can be related to F' by a natural transformation. We will
use this construction often for defining functors which are natural transformations
of other, given functors.

B Elements from combinatorial group theory

Going over from piecewise analytic diffeomorphisms Diff(3) to the automorphisms
Aut(P) is a significant enlargement of the gauge group. While the former preserves
notions of (generalized) knotting classes of a graph, the latter one only keeps com-
binatorial information of the graph, i.e. which vertices are attached to each other
by paths and which are not. Consequently, elements of combinatorial group theory
enter the description, as soon as automorphisms are considered. In this section we
review some basic notions from combinatorial group theory (details can be found
in [26]) and conclude with a classical result of Nielson, which shows a connection
between automorphisms of free groups and the symmetries of Haar measures. This
will be one key point in proving that the elements of Aut(P) act unitarily on Hyiy.

Definition B.1 Let E € N, and {ey,...,eg} be E abstract symbols, called letters.
A (finite) word in these letters is a (finite) sequence in these letters, i.e. ey, egeq
or erererer. A word in the 2E letters {eq, .. .,eE,efl,...,eEI} 1s called reduced,

if no ey occurs next to its inverse e;l.
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It is clear that every word can be put into its reduced form, by successively elimi-
nating ekegl or eglek from it.

Definition B.2 Consider the set of all reduced words in the 2E letters {efl, e e%l},
together with the “empty word”, denoted by 1, and define multiplication between two
words as concatenating (and possibly reducing) them. The set of all these reduced
words form a group under this multiplication, which is called the free group in E
letters, and is denoted by Fg.

Examples:
(616263)-(636261) = ejesesesese] (B.1)
(616263) . (65162_1617) = €e1€e17 (B.Z)

Similarly one can define the free group in zero Fy = {1} and in countable many
parameters F,,. Free groups play a prominent role in combinatorics, algorithm the-
ory and graph theory. Obviously, for £ < E’, there is a natural inclusion of Fg
as a subgroup Frr. What is less intuitive is that the free group in two parameters
F5 has a subgroup isomorphic to F,,. As a consequence, every Fg has a subgroup
isomorphic to Fg for E < E’. This makes these groups more difficult than their
linear counterparts, the E-dimensional vector spaces.

A homomorphism ¢ from a free group Fg into another group is completely de-
termined by its values on the basic letters, ¢(e1),...,¢(eg). An invertible group
homomorphism from Fg to itself is called an automorphism, and is completely de-
termined by the E words ¢(eg) = Yr(e1,...,eg) which are the images of the e
under ¢. The automorphisms of a free group are in fact well understood, which is
shown by the following theorem.

Theorem B.1 (Nielsen) Let ¢ be an automorphism on Fg. Then ¢ can be written
as a finite product of “elementary” automorphisms

¢ = &nop_10...0& (B.3)
where every &, is one of the following:

o A permutation (1# ke {1,...,E}):
Gler) = e, &la) = e, &lem) = e else (B.4)
o An inversion (k € {1,... E}):
Gler) = ety &le) = &(a) else (B.5)
o A shift (k#1e{l,... E}):
Gler) = exer,  &la) = &@),  &lem) = emelse  (B.6)

This important structural theorem has an immediate consequence:

46



Corollary B.1 Let G be a compact Lie group with bi-invariant Haar measure djyy.
Let F € L' (GE, d,u%E), and ¢ be an automorphism on Fg. Denote ¢(ex) =
Jg(er,...,eg). Then

/GE duF (ha,....hg) F(h1,..., hg) (B.7)

_ /GE dpSP(hy,. .. hp) F(ﬁl(hl,...,hE), . ,ﬁE(hl,...,hE)),

Proof: Nielson’s theorem tells us that the substitution
hi +— V1(h1,...,hE)
(B.8)
hg — Yg(h1,...,hE)

can be achieved by successively applying the “elementary” substitutions (B.4)),
(B.E), (B.6) (with the symbols hy, instead of the ex). But these are exactly the
substitutions under which the Haar measure d,u%E (h1,...,hg) is invariant. The
statement (B.7) follows.

C Categorical Weyl algebra of quantum grav-
ity

The holonomies and their transformations, i.e. gauge-transformations and diffeo-
morphisms, can be formulated in terms of category theory, and this formulation
suggests to enlarge the diffeomorphism group Diff(¥) to the automorphisms of the
path groupoid Aut(P), which act unitarily on the kinematical Hilbert space Hy, of
Loop Quantum Gravity.

The field algebra of Loop quantum gravity, however, consists of holonomies as
well as fluxes, and the symmetry groups act on both. In this section, we will show
that also the fluxes can be formulated naturally in the languages of categorie.

We will work with the exponentiated fluxes instead of the fluxes themselves,

which leads to the Weyl algebra of LQG, for technical reasons. The fluxes them-
selves can be recovered from these exponentiated versions easily.

C.1 Categorial formulation of oriented surfaces

We want to obtain the categorical formulation of an ”oriented surface”. An oriented
surface does in principle two things: First, it cuts a path into several pieces (wher-
ever a path intersects the surface), and second, it assigns to each of these pieces
two numbers in {—1, 0, 1}. These numbers depend on whether the the starting-
or, respectively, the end point of the piece meets the surface along or against the
orientation of the surface (£1), or whether the starting- or end part of the piece lies

1 Again, we use the convention that the concatenation of two morphisms p and ¢ is denoted as po ¢ if
t(p) = s(q), in order to stay consistent with the notation in [4]
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entirely away from, or entirely within the surface (in which case it gets assigned 0).
We will now turn this intuition into a categorical language.

Definition C.1 Let € be a category. Then define the category OrCut(€) as fol-
lows:

e The objects in both categories are the same: |OrCut(¥¢)| = |€)].

o Let X, Y be objects in OrCut(%€). The morphisms Mor (X, Y) in OrCut(%€)
can be constructed as follows: Consider three finite sequences with all the same

length N: A sequence of paths p1,...,pn, as well as two sequences of natural
numbers my,...,my and ni,...ny. We arrange these three sequences as
b1, ---5, PN
mi, ..., MN (Cl)
ny, ..., NN

The paths have the properties that t(px) = s(pg+1) fork=1,... N —1, as well
as s(p1) = X and t(pn) =Y. We define an equivalence relation on these three
sequences, by

b1, -+ Pky Pk+1y---5 PN P1y -+ Pk ©Pk+15---5 PN
Miy ooy My, —Ny o.oomy |~ [my,..., mg, ...,my | (C.2)
Ny «voy My N1y -0 N N, «vvy M1, -ees NN
and
P1y -..,id, ..., DN P1, -.., id, ..., pN
miy...,My....,mn | ~ |my,...,m+Ek ...,my (C.3)
Niy eoey My ooy NN ni, ...,n—=k, ..., ny

for all k € Z. The morphisms from X toY then contain all equivalence classes
of these sequences, which we denote by

p1, ...y PN
mi,...,my| € Mor(X,Y) (C.4)
ny, ..., NN

Concatenation of morphisms is obtained by just concatenating the sequences:

P, ---5s PN qis -+ qM b1, ---5s PN, Q15 -+, qM
my,....,my| o |ri,...,rp| == |ma,...,mn, 71, ..., | (C.5)
ny, ..., NN 81y .+.43SM ny, ..., TN, 81y -, SM

while the identity functor in Mor (X, X) is given by

id:= | 0 (C.6)
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It is straightforward to check that with these equivalence relations, the category
OrCut(%’) becomes a groupoid, if € is one, if one defines the inverse of a morphism
by

-1 -1 -1
b1, ---y PN Pny -9 D1
mi, ..., my = | —nn, ..., =N (C.7)
ny, ..., NN —myN, ..., —mi

There is a projection functor

m: OrCut(¢) — € (C.8)

the action of which is given by the identity on the objects, and by

b1, .-, PN
T |my,...,mny| — p1o---0pn. (C.9)
ny, ..., NN

One checks quickly that this action is well-defined.

In the following, we will consider the path groupoid P and the category OrCut(P).
With the category OrCut(P) we have a notion at hand to say what ” cutting an edge”
p means in category language.

Definition C.2 Let P be the path groupoid of a manifold 3. Then a functor

S : P — OrCut(P) (C.10)

1s called a generalized oriented surface, if the following two conditions hold:

o The functor wo S is the identity functor on P.

e For each primitive metagraph p with morphisms qi,..., q, in P, there is a
primitive metagraph ' > p with morphisms pi, ..., pm,such that each py is
S-trivial, which means that

Pk
S(pk) = |my (C.11)

ng
for some natural numbers n;, my.

The interpretation of the first condition is obvious: To each edge p, S assigns a
collection pq, ..., py such that pj o---opy = p, i.e. it cuts the path into pieces.
Furthermore, to each piece there are assigned two natural numbers, which determine
the position of the ends of the piece with respect to S. It is obvious that each oriented
surface in ¥, and also each quasi-surface together with an orientation function in
the sense of [27] determines a generalized surface in the above sense.
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The second condition ensures that the surface does not cut a path in a too ”wild”
way, and in particular cuts several different paths consistently with each other. It
is this condition that will ensure that the Weyl operators constructed from the gen-
eralized oriented surfaces will be unitarities.

Definition C.3 Let X be a manifold and P its path groupoid. Let G be a compact
Lie group and A be the set of all functors from P to Susp(G). Let furthermore S
be a generalized oriented surface and d : ¥ — G be a map.

Then there is a transformation of functors

Ogqg: A — A (C.12)

)

which is given by the following rule: If

b1, -+, PN
S(p) = |mi,...,mn (C.13)
ny, ..., N
then
Os5,4A(p) = d(s(pk))™ A(pr)d(t(pr))"™ (C.14)
k=1..N
= d(s(p1))" A(p)d(t(p1))™ - ... - d(s(pn))"™ A(pn)d(t(pn))"™ -

It is easy to check that this action is well-defined, i.e. does not depend on the
representant of the equivalence class S(p). One can also readily see that this action
coincides with the action of the Weyl elements determined by oriented quasi-surfaces
[27].

Lemma C.1 Let S be a generalized oriented surface and d : ¥ — G be a map.
Then ©g,q given by definition [C 3 has the following properties:

i) apoBOggoay1 = O4,8, dog—1
ii) Ogq is continuous on A.

iii) Ogq leaves the Ashtekar-Isham-Lewandowski measure invariant, i.e. @’g’ JMAL =
HAL-

Proof:

i) Each automorphism ¢ € Aut(P) acts naturally on the set of generalized ori-
ented surfaces, by

P, ..., PN ¢(pl)7 7¢(pN)
S(p) = [my,...,myN = C%S((ﬁ(p)) = mi, ..., MN C.15)
ny, ..., NN ny, ..., NN

50



iii)

By direct computation we obtain

agoBOgaoay'A(p(p)) = Osacay'Ap)

= JI dstpe)™ (a;"A)(px) d(t(pr))™
k=1,...N

k

= 6044)5, dogp—1 A (qb(p))

Since ¢ is an automorphism of P, it follows that
a¢o@5,doa;1 = @a¢S,do¢—1' (017)

Since for each primitive metagraph p there is a finer primitive metagraph
p/ > p which consists only of S-trivial morphisms, the set of such metagraphs
is a partially ordered, directed set. As a consequence, the set of all

7T;,1(U1 X ... X U\E‘(u)\) c A (C.lS)

constitutes a basis for the topology on A, if the U, C G are open.

Let u = {p1,...,pm} be a primitive metagraph and f € Cyl(u) smooth and
cylindrical over p. Then

/AduAL(A) JA) = | durr(hnsshar) P, har) - (C19)

for some smooth function F on GM. Let p/ = {q1,...,q0m} be a metagraph
finer than p with S-trivial paths ¢,. For each pp € u we can then find paths
qf, ... ,q,]ik € 4/, such that

k k
iy, -+ an

S(pr) = m'f,...,mﬁk . (C.20)
nk, ...,k

Then by (CI4), ©g4f is cylindrical over 4/, and one has

/ djiaL(A) Os.af(A) = / (b, har) (C.21)

A GM

F T dsta)™ nbdce@n, ..., T ds@))y™ " m" deg))m"
I=1..m1 I=1..np

where the hf are the h,, corresponding to the decomposition py = q’f o... oqﬁk
given by (C.20). Since the integration in (C.2I]) uses the bi-invariant Haar
measure on GM’, we can perform a shift of integration variables

hf — d(s(gf)"™ BF d(t(qf)" (C.22)
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which gives us
[ ) O5ar () = [ dunneo o) FOE b b
:/ dug(ha, ... har) F(ha, ..., ha) (C.23)
aM

= duar(A) f(A),
AL

since p < g’ is an inclusion of primitive subgraphs, and the integral of f
over A does not depend on the choice of primitive metagraph over which it is
cylindrical. Thus, we have

[ dnar() €saf(a) = [ duanta) 5) (C.24)
A AL

for all cylindrical functions f, which form a dense subset in C(.A), and since
©g,4 acts continuously on A, we have that (C24) leaves p 4y invariant.

The action of ©g 4 can naturally be pulled back to Hyi, = L?(A,dpar) by, where
they act as unitary operators U (S,d). These operators generalize the exponentiated
fluxes that one can build from surfaces and smooth fields £ on Y. In fact, one can
recover generalized fluxes E(S) from the Og 4.

Lemma C.2 Let ¥ be a manifold, G be a compact Lie group, S be a general-
ized oriented surface, and di, do : ¥ — G two pointwise commuting maps, i.e.
di(z)da(z) = da(z)di(z) for all x € ¥. Then

Osd © Osdy = Osdidy (C.25)
Proof: By direct calculation. Let p be a path in X, then by the definition of 5,
there are S-trivial paths p1,..., py with p = pyo---opy and numbers mq,..., my,
n1i,..., ny such that
Pk
S(pr) = | (C.26)
Nk

Since S is a functor, we have

p1, ...y PN
S(p) = |m1,...,mn (C.27)
ny, ..., N

Thus we see that one can choose a representant of S(p) contains S-trivial paths
only. We now have
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—_—

050 05,AM) = [ dilsoe)™ (Osa:A) (k) di (tp))™ (C.28)
k=1...N

—_—

= I o)™ (dals(p)™ Alp)da (¢(p)™ ) da (t(pe)™
k=1..N

—_—

= I (dido)(spr))™ Alpr) (dada)(t(pi)"™

k=1..N
= O5.4,d, A(D)

since d; and dy commute pointwise. Here the property that all p; are S-trivial was
essential for the proof.

We now show that a generalized flux can be obtained by differentiating the action
of the exponentiated fluxes.

Lemma C.3 Let ¥ be a manifold, G be a compact Lie group, S a generalized
oriented surface and k : X — g be a map from 3 to the Lie algebra of G. Then the
operator

d ~ .
E(S) == —i—-U(S, ¢'*) (C.29)
dt oo
defines a self-adjoint operator on Hyin, the domain of definition of which contains
the cylindric functions Cyl on A.

Proof: Lemma shows that

Ogeith © Ogeisk = Og itttk (C.30)

i.e. the map t — U (S, e) defines a one-parameter family of unitarities on Hyiy.
Thus, the Stone-von-Neumann theorem guarantees the existence of (C.30)), if the
limits of matrix elements

lim (f| U(S,e"™) ') = (f|£) (C.31)

exist for all f, f’ being in a dense set D C Hyn. Let f, f' € Cyl be two smooth
cylindrical functions over a metagraph p, which can, without loss of generality be
chosen to be the same for f and f’. Then there is, by definition of S, a metagraph
w' > p consisting of S-trivial morphisms ¢, ..., ga. The functions f and f’ are then
obviously also cylindrical over p’, i.e. there are smooth functions F,F’ : G — C
such that

f(A) = F(A(q1),-- ., Alqm))
f'(A) = F'(A(qr), - - -, Alqn))
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a
Hence, since S(q;) = |my |, we have

n

(U(S.€) 1) (4) = J' (O cxA)
. <eitm1ki§A(ql)eitn1ki7 o €ithkJS”A(qM)€itan§W>

with &f := k(s(q)) € g and k] = k(t(g;)) € g. From this it follows that

<,¢}| U(S, eitk) |¢> — /C;M dMH(hly o ,hM)mF,( ztm1k1h eztnﬂc’i’ o eithkftheitanﬁw)‘

Since F, F' are smooth and G is compact, the expression is smooth in ¢. Since
the smooth cylindrical functions C'yl over metagraphs are dense in Hyiy,, the claim
follows from the Stone-von-Neumann theorem.

C.2 Algebra relations

The smooth cylindrical functions f € C'yl and the maps ©g 4 generate an algebra,
which can be completed to a C*-algebra 2.t , similar to the Weyl algebra of quantum
geometry [10]. Cyl, which is an abelean subalgebra of .t is generated by functions
cylindrical over just one morphism. Let f be a function cylindrical over p, i.e. there
is a smooth function F': G — C with f(A) = F(A(p)). Let furthermore

b1, ..., PN
S(p) = mi, ..., MmN (032)
ny, ..., N

The function f acts via multiplication on, say, C'(A). Then, for any g € C(A), we
have

Os5.4f 0549 (A) = (fOg49)(Os44) (C.33)
= f(0544) - O549(0544)
= f(©s44) - g(A)

which gives

O5afOgq = [0Osa, (C.34)

which is the usual algebraic relation which also determines the Weyl algebra of
quantum geometry. To cast (C.34) into a more frequently used form, we go over to
the (generalized) fluxes Ef(S). As operators on Hyin, (C.34)) reads

0(8,d) fU(S,.d)™" = foOs4 (C.35)
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where f is the operator corresponding to multiplication with f € Cyl on Hy;,. For
k : 3 — g any map, we get, by lemma [C.3]

— 2% [[A]( Ztk) f ( z’tk)—l] | _ [Ek(S), f] (C,36)

On the other hand, the derivative of the function f o ©g i with respect to ¢ reads

_ i ) _ i itmy ks itng kt
i [f(@s,eztkA)]‘to o . 11‘[ GRS A () Pk
t=0

where k = k(s(p1)), k! = k(t(p)) € g. The function F : GN — C is given by

N
F(hy, ..., hy) = Y (g +mga) F(hy oo kikf gy .- hy). (C.38)

1=0
In this notation, kf := k{ = k(s(p)). Furthermore ng := my41 := 0, also hy - ... -
ho := 1, as well as hyy1-... - hy := 1. We thus get
N
[E3(9), = e(Sp) F(Alpy) ... - Alp) K Alpiga) - - - - AlpaC-39)
1=0

Here (S, p;) := n;+myyq1. If S is an analytic surface and p is an edge, this formula
reduces to the one employed in the literature (modulo prefactors as lg and the
Immirzi parameter, which can be absorbed into the definition of Ej(S)). We have

b1, .-, PN
S(p) = |my,....,mn|, (C.40)
ny, ..., NN

so S cuts the edge p into the pieces py,...,pn, and thus the kf, [ = 0,..., N are
the values of the smearing function k at the endpoints of p and the points where S
intersects p. At these points, the values k:f € g are inserted in the arguments of the
function F, and the sum is taken over all these points, with prefactors (n; + m41).
If one restricts the values of the intersection functions my, n; to {0, 1}, then the
factor (S, p;) keeps track of the way in which the segment p; touches S at s(p;) € .

Note that, since S(p) is an equivalence class, so strictly speaking F depends on
the choice of the representant. With the precise definition of S(p) however, one can
easily see that the function f(A) = F(A(pl), ..., A(pn)) does not.

This shows that (C.39)) generalizes the canonical commutation relations for quan-

tum gravity to a *x-algebra obtained from 2A.,t, which is generated by smooth cylin-
drical functions f over metagraphs and generalized electric fluxes Eg(S).
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