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Abstract. A kind of combinatorial map, called arrow presentation, is proposed to encode
the data of the oriented closed polyhedral complexes ¥ on which the Hopf algebraic Kitaev
model lives. We develop a theory of arrow presentations which underlines the role of the dual
of the double D(X)* of X as being the Schreier coset graph of the arrow presentation, explains
the ribbon structure behind curves on D(X)* and facilitates computation of holonomy with
values in the algebra of the Kitaev model. In this way, we can prove ribbon operator
identities for arbitrary f.d. C*-Hopf algebras and arbitrary oriented closed polyhedral maps.
By means of a combinatorial notion of homotopy designed specially for ribbon curves, we
can rigorously formulate “topological invariance” of states created by ribbon operators.
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1 Introduction

The toric code and its generalizations [1, 3, 12] belong to the class of models called topological
orders which are thought to describe physical systems in which fault tolerant quantum compu-
tations can be realized. In its most general form, the model is a quantum system defined on the
surface ¥ of an abstract polyhedron having no particular symmetry and with quantum spins
sitting on the edges of ¥ and taking values in a finite-dimensional C*-Hopf algebra H. The
mostly studied case is when H is the group algebra of a finite abelian group and X is the square
lattice. This abelian Kitaev model exhibits charges classified by the quantum double D(H)
that are created by semiinfinite string operators with the strings having no contribution to the
energy, like Dirac strings. These charges obey anyon statistics [12, 18]. Much less is known
beyond the abelian case. For general Hopf algebras, even the gauge theory interpretation is
a challenge [15, 16]. In this paper, we define the general model starting from scratch. As for
the lattice, we do not want to go beyond ribbon graphs used by [15] but wish to replace them
by something truly 2-dimensional on which taking duals and doubles are straightforward opera-
tions. As a matter of fact, the dual of the double of ¥ is as important as the dual of the double
of H in the holonomy theory of [15]. Indeed, the dual of the double of the surface complex is
but the “fattening” of the ribbon graph. But it is more than that. It is a sort of Cayley graph
for the arrow presentation.

The idea of arrow presentation is well-known in the literature on graph embeddings, dessins
d’enfants and permutation representations of triangle groups under various names. For embed-
dings of finite, connected, simple graphs these are the “rotation schemes” of [21, Section 6-6]
and for finite, connected graphs these are the “combinatorial maps” of [13, Definition 1.3.23].
For more general maps see [11, 13]. A combinatorial map consists of a finite set A, the elements
of which can be called directed edges, half edges, edge ends, darts or arrows, and of 3 permu-
tations Tp, T3, To of A such that (1) 75717y = ida, (2) the group generated by the Tj-s acts
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transitively on A (connectedness) and (3) the 73 is an involution without fixed points. Such
combinatorial data encode a “map”, i.e., a kind of compact oriented 2-dimensional cellular com-
plex ¥ without boundary, in such a way that the i-cells of ¥ correspond bijectively to the cycles
of the permutation 7T;. The arrow presentation we propose in this paper is a slight extension
but also a specialization of combinatorial maps. We relax finiteness of A and connectedness
but otherwise postulate stronger axioms on the permutations 7T;. These stronger axioms lead to
a map X in which there are no loop edges, no degree 1 vertices and no repetitions of any cell
along the boundary of a face and along the coboundary of a vertex. Such a map ¥ will be called
an oriented closed polyhedral map (OCPM). Although the cardinality of A is not restricted, the
connected OCPMs are always countable. By allowing infinite A-s such important examples as
the square lattice on the plane and many other periodic and non-periodic tilings of the plane
are given place among the connected OCPMs.

In Sections 2, 4 and 5, we sketch a theory of arrow presentations and of OCPMs. The emphasis
is on the structure of the dual of the double, D(X)*, and on its ribbon curves. In Section 3,
we define the algebra M = M(Z, H) of the Kitaev model on an OCPM ¥ and for a finite-
dimensional semisimple Hopf algebra H. In contrast to its representations the algebra itself can
be presented without ever introducing an orientation of the edges. In Section 6, we introduce an
M-valued holonomy on curves of D(X)* which is motivated by previous works [3, 15] although
not depending on any relation to the Hopf algebra gauge theory of [16]. Here we find a notion of
central deformation of curves which will be useful in later Sections. In Section 7, we launch the
hard work of computing algebraic relations of ribbon operators, i.e., of the holonomies of ribbons.
The results agree with the earlier results of [1, 5] obtained for group algebras or square lattices.
More efficient relations exist not for the ribbon operators themselves but for their actions on
vacuum states which is the topic of Sections 9 and 10. In order to prepare for them we have to
introduce certain combinatorial notions of homotopy both for curves and ribbons. This is the
content of Section 8. In Theorem 9.2, we are at last able to formulate topological invariance,
or rather homotopy invariance, of states created by ribbon operators from the vacuum. Finding
evidence for string localization of the charges in Section 10 the paper ends abruptly leaving open
the question of existence of these charges, i.e., superselection sectors of the model.

2 Polyhedral maps

The main tool of this paper is the arrow presentation of certain surface complexes but arrow
presentations themselves form an interesting mathematical structure.

Definition 2.1. An arrow presentation is a triple (Arr, Ty, T2), where Arr is a set and for i = 0,2
the T;: Arr — Arr are bijective functions satisfying the following axioms:

(AP-1) The orbits O;(a) := {T"a | n € N} are finite sets containing at least 2 elements for all
a € Arr and for ¢ =0, 2.

(AP-2) Introducing Ty := TyT5 we require that 7177 = iday,-
(AP-3) The intersection of a Tp-orbit and a Th-orbit is either empty or a singleton.

The geometric meaning of the above definition will be unveiled gradually. Here is a rough pic-
ture of what is going on: The elements of Arr will be called arrows and will become the directed
edges of a surface complex. Assuming that the complex is closed and oriented the meaning of
the T; transformations is this. Every directed edge a lies on the boundary of exactly 2 faces
but only one of these faces, call it f, has compatible orientation with the direction of a. The
orientation of f determines a cyclic order of its boundary edges and we define Tha to be the
successor of a within this cyclic order. Similarly one can define Tha as the successor of a with
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respect to rotating around the source vertex of a in counterclockwise direction. It is now easy
to imagine what the composite operation 77 does; it reverses the direction of the arrows.

T2 a

TO T2 a

If we added the axiom T3 = ida;, then we would be dealing with simplicial complexes but
not doing so has the benefit of having a self-dual notion of complex, as we shall see later.

Now we derive some formal consequences of Definition 2.1. Note that the set Arr is not
assumed to be finite.

Lemma 2.2. Let (Arr, Ty, T2) be an arrow presentation and let Ty = ToT>. Then
( ) - TlTOJ
(i) Tg - =TT,
)
v) T

(i73) Oi(a) N Oj(a) = {a} for all a € Arr and for 0 <i < j <2,

(1 1(a) # a for all a € Arr.

Proof. (i) T1ToT> = 11T = ida,r shows that Ty has left inverse T1Ty. Since T» is invertible,
T1Tp is the inverse of T5.

(ii) Using (i), we have ToT1Ty = iday. Therefore, ToT) is a left inverse of Ty. Since Ty is
invertible, 1577 is the inverse of Tj.

(iii) The ¢ = 0, j = 2 case is trivial since a belongs to both orbits and by axiom (AP-3)
no other element does so. In the i = 0, j = 1 case, assume b € Op(a) N O1(a). Then either
b=aorb="Ta="Ta for some m. In the latter case, To_lb = Téﬂ_la = Tha belongs to
Op(a) N Oz(a) = {a} hence Tha = a which contradicts (AP-1). Similarly, in the i = 1, j = 2
case a ¢ € O1(a) N Oz(a) which is not a must satisfy ¢ = Tya = T5'a for some n and therefore
c = Tylsa = T2”_1T2a belongs to Oy(T2a) N Oz(T2a) hence ¢ = Tha. Now we have Tia = Tha
which means that Tha is a fixed point of T which contradicts (AP-1).

(iv) Let Tia = a. Then Tha = ToTia = Ty *a, so Tea € Op(a) N Oa(a). By (iii), Tha = a is
a fixed point of Ty which contradicts (AP-1). [

Out of an arrow presentation, we would like to build a 2-dimensional cellular complex, a kind
of abstract polyhedron. The necessary data are the following. Let

¥ := {0 C Arr | 3a € Arr, O;(a) = O} (2.1)

be the set of Tj-orbits for i+ = 0,1,2. We call the elements v € X° vertices, the elements
e € ¥! (undirected) edges and the elements f € Y2 faces. For an edge e = {a,Tia}, we say
that u = Op(a) and v = Oy(T1a) are the endpoints, or boundary vertices, of e. In this case,
we write Bd(e) = {u,v} and call it the boundary of e. The coboundary of e is defined by
Cb(e) := {O2(a), O2(T1a)}. More generally, we define

Bd(z) :={0;-1(a) | a € x} Vee X i=1,2,
Cb(ﬂ?) = {Oi+1(a) | a € CL'} Vz € Eia = 07 17

and we declare the boundaries of vertices and the coboundaries of faces to be empty. Denoting
by ¥ the disjoint union XX Y2 the Y5 can be recovered by setting up a dimension function
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dim: ¥ — {0,1,2}. Then Bd and Cb become functions ¥ — Fin(X) to the set of finite subsets
of X.

For a while, we forget about arrow presentations because first we have to formulate the
requirements for a bunch of data, such as the (X,dim,Bd,Cb) above, which qualifies it as
a polyhedral complex.

Definition 2.3. The data (X,dim,Bd, Cb) consisting of a set ¥ and functions dim: ¥ —
{0,1,2}, Bd,Cb: ¥ — Fin(Y) is called a closed polyhedral map (CPM) if the following axioms
hold:

(CPM-1) For s,t € ¥, if s € Bd(t), then dimt = 1 4 dim s.

(CPM-2) s € Bd(¢) if and only if ¢t € Cb(s) for all s,t € X.

(CPM-3) |Bd(e)| =2 and | Cb(e)| = 2 for all edges e € L.

(CPM-4) For all v € X0, the elements of the vertex neighbourhood Nb(v) := Cb(v) U J{Cb(e) |

e € Cb(v)} can be enumerated in such a way that it consists of edges ey, ..., en—1
and faces fo,..., fn—1 for some n > 2 with Cb(eg) = {fx, fxr1} for 0 < k < n, where
fn = fO'

(CPM-5) For all f € %2, the elements of the face neighbourhood Nb(f) := Bd(f) U(J{Bd(e) |
e € Bd(f)} can be enumerated in such a way that it consists of edges ey, ..., e,—1 and
vertices v, ..., v,—1 for some n > 2 with Bd(ex) = {vg,vg+1} for 0 < k < n, where
Un = 1.

For comparison of CPM-s with the complexes one obtains from combinatorial maps see Ex-
ample 2.8.

The geometric realization of a CPM (X, dim, Bd, Cb) is a 2-manifold [¥] without boundary
that can be constructed from polygonal disks [f] for each face f € X2 by sewing edges together.
Axiom (CPM-5) ensures that the neighbourhood Nb(f) of a face f consists of ny edges and ny
vertices for some ny > 2 which form a circular chain so we can associate to the abstract cell f
a topological closed disk [f] the boundary of which is an ns-gon and the edges and vertices of
this polygon are labelled by the cells of Nb(f). Doing this for all f € X2 every edge label e € X!
occurs twice sitting on the boundary of two different polygonal disks, by axiom CPM-3. There
is only one way to identify two edges of the same label which is compatible with the labels on
their boundary vertices also by axiom CPM-3. Having done these identifications for all edges, we
get a topological space [X] in which every point has a neighbourhood homeomorphic to an open
disk, hence a topological closed surface. The points where this is non-trivial are the vertices but
for them axiom CPM-4 ensures open disk neighbourhoods.

[¥] is compact if and only if ¥ is finite. The non-trivial ‘only if’ part follows from the existence
of a cover of [X] by open disks, with one disk for each cell, such that no proper subset of the
cover is a cover.

Although Definition 2.3 deals only with closed complexes, i.e., ones without boundary and
without coboundary, it is intuitively clear how to modify the definition in order to get polyhedral
map (PM) satisfying the following theorem: Ewvery PM can be obtained from a CPM by discarding
a set of faces (holes) and a set of vertices (punctures).

Lemma 2.4. For a vertex v and a face f of a CPM X the following conditions are equivalent:

(i) v € Nb(f),
(i) f € Nb(v),
(ifi) Ch(v) NBd(f) # @.

Provided these conditions hold the intersection Cb(v) N Bd(f) consists of precisely 2 edges.
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Proof. The relation v € Nb(f) is the square of the boundary relation, i.e., Je (v € Bd(e) A e €
Bd(f)). By (CPM-2), the transpose of Bd is Cb so (i) is equivalent to both (ii) and (iii). If
v € Nb(f), then axiom (CPM-5) shows explicitly the 2 coboundary edges of v that lie on the
boundary of f. [ |

If the CPM ¥ arises from an arrow presentation as in equations (2.1) and (2.2), then the
conditions of Lemma 2.4 can be supplemented by a fourth one, namely,

vNf#@ <« Cb(v)NBd(f) # 9. (2.4)
In this case, the two edges can be explicitly given by
Cb(v) NBd(f) = {O1(a), 01(Tva)} where {a} =vnNf. (2.5)

Definition 2.5. A pair (v, f) € 3 x ¥2 satisfying the conditions of Lemma 2.4 is called a site.
Two sites s; = (v;, fi), i = 1,2, can be equal (if v1 = v9 and f; = f2) or neighbour (if either
v] = vg or fi = fo but not both) or disjoint (if none of the 2 equations holds).

The following equivalent conditions define connectedness of a CPM 3:

e For every u,v € X0, there exists a sequence (vg,e1,v1,...,en,v,) of edges and vertices
such that vg = u, v, = v and Bd(ey) = {vg_1, v} for 0 < k < n.

e For every p,q € X2, there exists a sequence (fo, e1, f1,...,en, fn) of edges and faces such
that fo =p, fn = ¢ and Cb(ex) = {fx—1, fx} for 0 < k <n.

e For every pair s, t of sites, there exists a sequence (s;)", of sites such that so = s, s, =1
and the {s;_1,s;} are neighbours for 0 < i < n.

If 3 is connected, then it is countable. As a matter of fact, such a X can be written as
a countable union of finite subsets.

Axioms (CPM-4) and (CPM-5) offer an easy way to define orientation of CPMs. Axiom
(CPM-5) allows to choose a cyclic order [vg, eg, v1,€1,...,Un—1,€n—1] On every face neighbour-
hood Nb(f) where [z1,...,zx] denotes sequences (z1, ..., z)) modulo cyclic permutations. Since
n > 2 by assumption, this cyclically ordered set has at least 4 elements. Therefore, there ex-
ists exactly two cyclic orders on Nb(f) satisfying (CPM-5). (If we did not include the vertices
into Nb(f), we would be in trouble with the 2-gons.) Similarly, (CPM-4) allows to choose among
the two possible cyclic orders on every vertex neighbourhood Nb(v).

Definition 2.6. Let (v, f) be a site. Cyclic orders [fo, eo, f1,€1,- -, fm—1,€m—1] of Nb(v) and
[vo, €0, V1, €1, .-, Un—1,€n—1] of Nb(f) are called compatible if the predecessor and successor
edges e, < f < es of f in Nb(v) and the predecessor and successor edges e; < v <é ofv
in Nb(f) are related by ej, = e5 and e} = e,. Otherwise (ie., if e, = ep and e} = es), they are
called incompatible.

A system of cyclic orders given on all vertex and face neighbourhoods of ¥ is called an
orientation if for every site (v, f) on ¥ the cyclic orders of Nb(v) and Nb(f) are compatible.

A CPM X is called orientable if it has an orientation.

Theorem 2.7. Given an arrow presentation (Arr,Tp,Tz) the associated data (X,dim, Bd, Cb)
defined by (2.1), (2.2) and (2.3) is a closed polyhedral map in the sense of Definition 2.3. Fur-
thermore, the actions of Ty and T define canonical cyclic orders

[f07 €0y- -+ fm—lu e'rn—l]
= [02(a), 01(Tha), O2(Toa), O (T(]Qa), ey O (Tén_la), O1(a)] (2.6)
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on vertex neighbourhoods Nb(Op(a)) and

[Uo, €0y---,Un—-1, en—l]
= [Oo(a), 01 (a), O()(Tza), Ol(Tga), ey OQ(T;_IGJ, 01 (T;_la)] (2.7)

on face neighbourhoods Nb(Os(a)). These cyclic orders are independent of the choice of a within
v = Og(a) and within f = Oz(a), respectively, and constitute an orientation of ¥ in the sense
of Definition 2.6. In this way every arrow presentation determines an oriented closed polyhedral
map.

Proof. (CPM-1) is clear. The relation s € Bd(¢) means that there is an a € ¢ such that
s = O;_1(a) where i = dim¢. But this is just the symmetric relation s N¢ # &. Inspecting
also Cb(s), we get

seBd(t) & snt#90 < teCb(s), (2.8)

which proves (CPM-2).

Every edge e is a 2-element set {a, T1a} by (AP-2) and by Lemma 2.2 (iv). Therefore, both the
boundary and the coboundary of e can contain at most 2 elements. The case O;(a) = O;(T1a)
for i = 0 or i = 2, however, is forbidden because it implies that a # Tia € O1(a) N O;(a)
contradicting Lemma 2.2 (iii). This proves (CPM-3).

Let v € 9. Then the transformation Ty gives a natural cyclic order on the set v of arrows,
hence also on the set Cb(v) of edges. Let an a € v be fixed and set e, := O1(Tfa) for
0 <k < n = |v]. The coboundary of ey, is the pair Cb(ey) = {02 (Toka), 09 (TlTé“a)}. Noticing
that Lemma 2.2 (i) implies that O, (TlTéCa) =0y (Té“_la), we will denote Q9 (Té‘“_la) by fr and
then get the desired formula Cb(er) = {fi, fe+1} for all k. It remains to show that there are
exactly n different eg-s and n different fi-s. If e, = e;, then Té“a is equal to either Téa or TlT(l)a.
In the first case k = I mod n because n is the size of Op(a). In the second case Ty T}a belongs
to both the Ti-orbit and the Ty-orbit of b = Téa. So TlTéa, = b by Lemma 2.2 (iii) and b is
a fixed point of T} contradicting Lemma 2.2 (iv). Thus, all ex-s are different. In particular,
n = | Cb(v)|. Now assume f; = f; for some 0 < k < I < n. Then, there is a power 75" such
that T5"b = T, b for b = T¢'a. Again by Lemma 2.2 (iii), we obtain T *b = b hence k = I
mod n. So all fi-s are different and the vertex neighbourhood Nb(v) has the required circular
structure. This proves (CPM-4).

The proof of (CPM-5) goes exactly as that of (CPM-4). Namely <A,T2*1,TO*1> is also an
arrow presentation the T7j-orbits of which coincide with the original because T} 1T0_ 1 — ToTs.
The Tp-orbits and Th-orbits in turn are interchanged so (CPM-5) for (Arr, Ty, To) is equivalent
to (CPM-4) for (A, T, ', Ty ).

It remains to show compatibility of the cyclic orders given in (2.6) and (2.7) whenever v
and f form a site. By (2.4) and Lemma 2.4, this means that v N f # & so we can choose the a
in both (2.6) and (2.7) to be the unique element of v N f. Then the 2 common edges of Nb(v)
and Nb(f) are O (a) and O1(Tya) = O1 (T *a) the first of which is the predecessor of Os(a) = f
in Nb(v) and the successor of Op(a) = v in Nb(f) while the second is the successor of f in Nb(v)
and the predecessor of v in Nb(f). Therefore, they are compatible. |

A CPM X together with an orientation will be called an oriented closed polyhedral map
(OCPM).

We will not formalize the converse of the above theorem which claims that every OCPM
determines an arrow presentation; the idea has already been sketched below Definition 2.1.
The two constructions AP — OCPM and OCPM — AP establish a bijective correspondence
between (isomorphism classes of) oriented closed polyhedral maps and arrow presentations. The
discussion of isomorphisms is postponed until Section 4.
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Example 2.8. In order to illustrate the difference between combinatorial maps and arrow
presentations, in particular, the role of axiom (AP-3), let us consider three maps on the torus:

A={1,2,1,2},
Yix1 = 1
3,4},
Yipo = ,
,6,7,8,1,2,3,4,5,6,7,8}

Yoxa = (5672)(7854),

(145?)(327 (5816)(7638).

The arrows are named 1,...,n, 1,...,7 with k being the reverse of k. The permutations 7T} are

given by their cycle decompositions. So, in each of the cases T} = (11)... (nn).

Y1x1 arises from embedding the figure 8 graph (of 1 vertex and 2 loops) into the torus so that
the two loops become a pair of meridian and longitude. Xj4o arises from embedding <——=»
into the torus in the following way. First, we draw a length 2 longitude and two disjoint length 1
meridians of distance 1 from each other. Then, we cut along the longitude, shift it by 1 and
glue it back (half Dehn twist). a2 is also an embedding of a graph which can be best drawn
on the torus itself.

It is easy to see that in each of the three cases the data (A, Ty, T1, T2) obey the three axioms of
combinatorial maps mentioned in the introduction. Moreover, neither of the T; have a fixed point
so also the axioms (AP-1) and (AP-2) are fulfilled. In the map X141 we see the same face on both
hand sides of an edge (isthmus) because there is only one face. Also the edges are bordered by one
and the same vertex. So this example is breaking the axioms (CPM-3), (CPM-4) and (CPM-5).
In terms of the permutations, we see the weird identity Ty = T, implying immediately that
(AP-3) fails. In the map 142, there are no loops and no isthmuses but there are repeated faces
in the vertex neighbourhoods and repeated vertices in the face neighbourhoods. So (CPM-4)
and (CPM-5) are broken. Both the first cycle of Ty and the second cycle of Ty contains 2 and 4
which means that (AP-3) fails. This is not an arrow presentation, either. The map Yaxo is
the only one among the three which is an OCPM and the only one for which (A, Ty, T») is an
arrow presentation. This example proves independence of the axiom (AP-3) and shows also
that in order to produce a map with given genus arrow presentations need more arrows than
combinatorial maps do.

Let us mention briefly two important constructions of CPMs which work also for non-
orientable Y. See Figure 1.

Definition 2.9. Let ¥ = (3, dim, Bd, Cb) be a closed polyhedral map. Its dual is
= (%, 2 — dim, Cb, Bd) (2.9)
and its double D = D(X) = <D0,D1,D2,Bd, Cb> is defined by
DY =x'uxstuy?
_{<veezox21|ueBd Jpu{{e £y e S x 22 | e € Bd(f)},
= {(v, f) € 8° x £? | Cb(v) N BA(f #@},
Bd((s,t)) = {s,t} for (s,t) € D,
Bd({v, f}) := {(v,e1), (v, e2), (e1, [), (e2, ) },
where {e1,e2} = Cb(v) N Bd(f) for (v, f) € D2
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Figure 1. A planar region of a CPM ¥ and the same region of ¥*, D(X) and D(X)*. Blue dots are the
vertices, red dots are the faces. In the 2nd row the green dots are the edges, black ones are the sites.

The coboundary Cb is then obtained by transposing the relation x € Bd(y).

Notice that the edges of D(X) are naturally divided into two classes: the ve-type edges and
the ef-type edges. Pairs of ve edges organize into the edges of ¥ and pairs of ef edges do so
for the dual complex ¥*, explaining the name “double” of 3. The double D(X) is always free of
multiple edges and loops.

Notice that every face of D(X) is a quadrangle. The faces of the double are precisely the sites
of Definition 2.5. They are just the vertices of the dual of the double. Therefore, every vertex
of D(X)* is 4-valent.

Example 2.10. The minimal OCPM. Let ¥i, be the CPM consisting of 2 vertices, 2 edges
and 2 faces. Topologically i, is a sphere made up of two hemispheres fi, fo separated by
an equator consisting of two edges ej, ea and two vertices vy, vy such that Bd(e;) = Bd(ez) =
{v1,v2} and Cb(e;) = Cb(e2) = {fi1,f2}. Fixing a to be one of the 4 arrows, we give an
orientation to X, by the arrow presentation

<{CL, Tla/7 T()CL, TQG/}a T07 T2>7

where the action of Ty and T are fixed by the relations T3 = id, T3 = id. Since also (TpT2)? = id,
this is the standard presentation of the left regular G-set over the Klein four-group G = Z5 x Zs.
It follows that if (A, Ty, T>) is an arrow presentation of a connected OCPM ¥ such that there is
an a € A satisfying T02a =a= T22a then ¥ = Y in. The dual of the double

h

D(Emin)* = U1 €1 V2 €9

P
is another spherical OCPM the faces of which are the cells of X i,

In the rest of the paper, we shall work mainly with connected oriented closed polyhedral
maps and freely mix the languages of (Arr,Tp,T5) and (¥,dim,Bd,Cb). We write X:: P if
P = (Arr, Ty, T») is a presentation of the OCPM X.
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3 Kitaev’s model over a Hopf algebra

Before launching the definition of the model, let us fix our conventions and notations about Hopf
algebras. We work with finite-dimensional Hopf algebras (H, -,1, A, e, S) over a field K. Later
in Section 10, K will be the complex field. Let H* denote the dual Hopf algebra structure on
the space of linear functions H — K. The evaluation of ¢ € H* on h € H is denoted either
by ¢(h) or, if ¢ is a long expression, by (@, h) or even by (h,¢) since H** can be identified
with H. We use the standard Hopf algebraist notation A(h) = h(1) ® hg) for the coproduct of
an element which is a concise notation for a linear combination » ; h(1); ® h(g),. We often push
this convention to the extreme and write, for example, ¢ ® h € H* ® H but mean a general
linear combination ), ¢; ® h; of some ¢; € H* and h; € H. In want of enough letters and due
to abundance of *-s in this paper the antipode and counit of H* will be denoted also by S and ¢,
respectively.

A basis {z;} of H and a basis {{;} of H* are called dual bases if ;(x;) = d; ;. For the indices
of these bases, we use Einstein’s summation convention: repeated indices are summed over. In
this sense, we have the useful identities

T ® T @ &5 = Tp(1) @ Tp2) &gy, Ti%j ® &G ® & = Tk @ Eg(1) ® Ep(2)s
S(zi) ® & = 2 ® (&),

The Hopf algebra H is a left and right module algebra over H* with respect to the actions
p—h:= h(l)ap(h@)) and h — ¢ = @(h(l))h(g), respectively.

The Drinfeld double D(H ), a.k.a. the quantum double, is the following Hopf algebra structure
on the vector space H* ® H: The multiplication is

(0 ® 9) (1 @ h) = P2y ® gyh - Y3y (91)) 1y (S (93)))
with unit 1p — ¢ ® 1 and the comultiplication is
AW @h) = (Ve ®ha) ® (ba) @ he)
with counit ep () @ h) = 1¢(1)e(h). The antipode is given by the formula
Sp(p ®h) =S p@) @ S(h) - ¢a) (k@) e (57 ()
Equipped with the R-matrix
R=RI®Ry:=(e®x;)®(&®1)

the double D(H) is a quasitriangular Hopf algebra for any finite-dimensional H.
The dual Hopf algebra of D(H) is denoted by D(H)*. It is the vector space H ® H* equipped
with algebra structure

(h@e)(gey)=gh® ey,  lp=1®¢, (3.1)
with coalgebra structure

Ap:(h® p) = (h) @ &ip)€)) ® (ST @)he)ti @ v),  ep-(h@p) =e(h)p(l) (3.2)
and with antipode

Spr(h @) = ;87 (h)S ™ (2:) ® &S(9)& = (2 @ &) T (ST (M) @ S(9)) (x; ® ). (3.3)



10 K. Szlachanyi

An element h € H is called cocommutative if hoy ® hqy = h() @ o). The set Cocom H of
cocommutative elements is a subalgebra (but not a subcoalgebra, in general) of H.

If H is involutive, i.e., S? = idy, then so is H*, D(H) and D(H)*. Involutive Hopf algebras
are very close to being semisimple. By a theorem of Larson and Radford, finite-dimensional
involutive Hopf algebras are semisimple provided the ground field K has characteristic 0 [14].
The Hopf algebra H is semisimple if and only if it contains an element ¢ satisfying hi = ic(h),
Vh € H and €(i) = 1. If it exists, such an element is unique and called the Haar integral. The
Haar integral further satisfies S(i) = i and i(9) ® (1) = i(1) ® i(2). So i € Cocom H. If H is
semisimple, then so is H*, D(H) and D(H)* with respective Haar integrals ¢, ip = ¢ ® ¢ and
ipr =1 QL.

After this preparation, we can define the algebra of the model as follows. Let X :: (Arr, Ty, T)
be an OCPM and assume that Arr is finite. Let H be a finite-dimensional Hopf algebra which
is involutive. We construct the algebra M = M(X, H) as the tensor product algebra

M, H) = (K) M.,

ecx!

where the algebras M, can be presented by a redundant set of generators
P,i(h), Qa(p), where he H, g € H, a€e

and by the relations

P,(h), Qu(p) are linear in h and ¢, (3.4)
Pa(h)Pa(k) = Pa(hk)v Pa(l) = 1./\/17 (3'5)
Qa(@)@a&b) = Qa(@mwb)v Qa(e) =1um, (3'6)
Qa(@)Pa(h) = Pa(a) = h)Qa(e@) (3.7)

if {z;} and {&} are dual bases, then

Pria(h) = Pa(2;S(h)2i)Qa(S(€:)&;); (3.8)
Qria(p) = Pa(;S(2:))Qa(§:5(#)&;) (3.9)

for all h,k € H, v, € H* and a € e. The reader may observe that P, and (), are nothing
but the triangle operators Ly and T of [12], although defined as abstract operators without
representation on a (Hilbert) space. (The L_ and T_ are the Li and Ty of the opposite
arrow Tia, as explained below.)

The first 4 relations tell us that for each a € Arr the algebra generated by P,(H) and Q,(H™*)
is the Heisenberg double of H, also called the smash product algebra H#H*.

The redundancy of the generators is made explicit by the last 2 relations so what needs
explanation is that why the Pr, and Qr,, obey the same relations as the P, and (),. This
is closely related to involutivity of the antipode. But for the sake of explanation let H be any
finite-dimensional Hopf algebra. Recall [17] that the smash product algebra is isomorphic to the
full endomorphism algebra End H. In fact, there are two canonical isomorphisms

L: H® H* — End H, L(h®p)(x)=h(y =), (3.10)
R: HR H* - EndH, R(h®¢)(x)= (x5 (p))S(h) (3.11)

related by R(-) = S o L£(-) o S~ Introducing p(h) := L(h ® ¢), q(¢) = L(1 ® ¢) and
p(h) : R(h®e), g(¢) = R(1 ® ¢), we see that the operators p and g satisfy the same relations
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as p and g, namely (3.5), (3.6) and (3.7). It is clear that p and ¢ can be expressed in terms of p
and ¢ and vice versa; we only have to compute

L7 o R(h@ @) = 2;S(h)S ™ (1:) © &S (9)&;, (3.12)
R~ o L(h®p) =z, (h)S ™ (x:) ® &S(9);, (3.13)

which are identical expressions precisely if S is involutive. Specializing them by substituting
@ = ¢ or h =1, we obtain the required expressions (3.8) and (3.9). At the end we did not have
to choose whether P, and (), were represented by £ and Pr,, and Q7,4 by R or vice versa. That
is to say, with the given generators, the presentation of M does not require any orientation of
the edges: a and Tia are treated symmetrically as well as the P, () operators associated with
them. In representations, however, such a choice has to be made.

Summarizing, we have a full matrix algebra M, = H#H* = End H for each edge e of X
and M (X) is the tensor product of these, so itself is a full matrix algebra. The long definition
above should therefore be considered not just as the definition of the algebra M but as the
definition of M together with a distinguished set of generators. This set of generators strongly
influences what we shall ask and what we can answer in this model.

Some consequences of the defining relations of M are the following:

Pr,o(k) commutes with P,(h), (3.14)
Q1,a(1) commutes with Qq(p), (3.15)
Pua(h)Qa(p) = Qa(w = S(h(2))) Pa (b)), (3.16)
Qa(¢)Pria(h) = Pria(h — S(¢@))Qale)), (3.17)
Prya(h)Qa(¢) = Qa(ha)y = ) Pria(h2)) (3.18)

for all h,k € H, o, € H* and a € Arr. (3.16) is the inverse of (3.7). (3.17) can be most
easily obtained using the L£-R representations mentioned above. (3.18) is related to (3.17)
as (3.16) does to (3.7). Fortunately, we will never need the complicated relations (3.8) and (3.9);
the (3.14), (3.15) and (3.18) can be used as perfect substitutes for them.

The fact that the degrees of freedom are attached to the arrows of ¥ suggests that we
should treat the Kitaev model as a gauge theory. Since there are two fields P, and @), at each
arrow satisfying Heisenberg double relations means something like having a quantized gauge
theory with an involutive finite-dimensional Hopf algebra H playing the role of the gauge group.
The field @), can be interpreted as an exponential form of a vector potential and its conjugate
momentum P, as an exponentiated electric field. In spite of this interpretation, we are not going
to follow the standard strategy of gauge theory of declaring the H-gauge invariant subalgebra as
the algebra of observables. Following [12], we shall treat to whole M as consisting of physically
realizable operators. There exist certain copies of the Drinfeld double D(H) within M as
subalgebras. Their induced action on M will be called “gauge transformations” with the warning
that we are just borrowing a word from gauge theory and applying it to a new situation in which
their role is yet to be explored.

In fact, there are plenty of ways to embed the double into M as a subalgebra.

Lemma 3.1. Let a = (a1,...,ay) and b = (by,...,by,) be sequences of arrows. Define
Gay,.oam () = Pay (1)) - - - Pay (h(m)) h € H, (3.19)
Fyy 5 (1) = Qu, (Y1) - - - Qb () Y e H". (3.20)

Assume that

(i) neither the sequence O1(ay), ..., O1(am) nor the sequence O1(b1),...,O01(b,) contains re-
peated edges,
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(i) am = b1, bp = Tras,
(iii) if O1(a;) = O1(b;) then eitheri=1 and j =mn ori=m and j = 1.

Then the map D(¢ @ h) := Fy,(¥)Ga(h) is an algebra homomorphism D(H) — M. That is to
say,

Fo (1)) G () - sy (o (5 (o)

holds for all g,h € H and for all p,v € H*. If H is semisimple, then D is injective.

Q
2.
=
2
£

I

Proof. The first two relations are simple consequences of multiplicativity of the coproduct and
of assumption (i). The third can be proven by writing both F' and G as a product of 3 terms
(disregarding implicit linear combinations hidden in the coproducts), two side terms and one
middle term where the middle term commutes with all other P-s and Q-s due to assumption (iii).
The essence of the calculation is the exchange relations (3.16) and (3.18) applied to the side
terms:

Ga(h)Fo () = Pa, (h1)) P..(h2)) Pan (b)) - Qb (1,/)( )) (V@) Qs (V3))
( P, (I

( 2)Q...(Y2) b, (V(3))
=Qb1(¢<1>;S(h@)))Q.--(%))Pal( (1>)an(¢<3>) (@) Pa,, (hez)
= Qb (V1) = S(h5))) Q... (¥(2)) @b, (h1) = ¥(3)) Par (h2)) P..(73)) Paye (M)

= ¥1) (S(h3)) - Fo(¥2)) Galh) - v (hay)-

It remains to show injectivity of D. Since the image of D lies in the tensor product of two copies
of H#H* at the edges e; := O1(ay), e2 := O1(a,,) and copies of H or H* at the intermediate
edges O1(az),...,01(am-1) and O1(b2),...,O01(b,—1), respectively, if we compose D with the
counit of H, resp. H* at the intermediate places we obtain the m = n = 2 version of D. So
injectivity will follow from that of the m = n = 2 case. Further composing with representation £
at both e; and e, the map becomes a representation on H ® H given by

D'(y @h)- (9@ k) = (hayg) = S(¥w) @va) = (hok).

Let ¢ € H be the Haar integral of H. We claim that i ®1 is a cyclic vector of this representation.
As a matter of fact, if D'(¢ @ h) - (i® 1) =i — S(w(Q)) ® 11y — h is zero then so is A ® v :=
S(w(g)) ® (1) — h, and therefore

0=5(1) ®Awp) = v =1 ©S(Y) = (Yo = h) =veh
Hence, the kernel of D', containing the kernel of D, is zero. |

Note that the sequences of arrows on which (3.20) and (3.19) are defined are arbitrary sets of
arrows with an ordering, they do not have to respect any neighbourhood relations on the surface
complex Y. Of course, M is just the tensor product of edge algebras, so knows nothing about
how the edges organize into a complex.

By some vague analogy with gauge theory, we nevertheless consider those sequences a, b
which are closed curves on X: a Wilson loop of ) operators and a dual Wison loop of P
operators. (Although it works for the minimal loops, taking larger ones we have to realize that
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these are not going to define a holonomy!) The easiest way to construct such loops is to take
the Th-orbits or the Tp-orbits of a fixed arrow. For a € Arr, we define

Ga(h) = PTQa (h(l))PTOQa (h(Q)) cee PTOma (h(m)), m = |(90(a)|, (3.21)
Fa(‘ﬁ) = Qa (90(1))QT2Q(§0(2)) to QTgfla(()@(n))a n = |O2<a)’ (3'22>

G, is a sort of divergence of the electric field at the vertex Og(a) so we call it the Gauss’ law
operator. Fy is sort of curl of the vector potential at the face O2(a) so we call it the magnetic
flux operator. By Lemma 3.1, the operators

D.(¢ ® h) := F,(¢)Gqa(h), p®heDH)
provide homomorphic images of the double in M for each a € Arr, and therefore

(@ k)> M := Dq(( ® k)(1)) M Da(Sp((¢ © k) 2)))

= Fu(¥(2)) Ga(k)) M Ga(S (k@) Fa(S (Y1),
M < (¢ ® k) = Da(Sp(( @ k)1))) MDa((v @ k) 2))

= Ga(S (k) Fa(S(U(2)) M Fa(¥)) Ga (k)
define a left D(H )-module algebra and a right D(H )-module algebra structure on M for each
a € Arr. For different arrows, however, these actions do not necessarily commute. The F, loop
operators are supported on the oriented boundary of the face Oz(a), so F, () and F(¢) commute
whenever Oz(a) # Oz2(b) because of (3.15). Similarly, the G4-s are supported on the oriented
coboundary (a star) of the vertex Opy(a), so G4(k) and Gp(h) commute whenever Oy(a) # O (b)
because of (3.14). It follows that if Op(a) # Op(b) and Oz(a) # Oz(b) then the images of D,
and D} commute and so do the actions >, or <, with >, or <. Thus, local D(H) gauge symmetry
cannot be thought as a fixed system of pairwise commuting D(H )-actions. Although there are
maximal systems of such actions, they are not unique and may not involve all /' and G operators,
especially if ‘EO‘ =+ |E2‘.
There is also another pair of left and right actions,

(w X k) : M = Da((w X k)(g)) MDQ(SD((@D X k)(l)))
= Fua(v(1))Galk2) M Ga(S (k) Fa(S(¥2)),
Ma@pek):= D, (Sp((¢¥ ® k)(2))) M Do((v @ k) (1))
= Ga(S (k) Fa(S (Y1) M Fa((2)) Ga (k)
with respect to which, however, not M but M°P is a module algebra.

It is worth investigating the subspaces P,(H) and Q,(H*) because they are the smallest
D(H)-invariant subspaces, in fact module subalgebras, of M or M°P. The exchange relations

Ga(F)Qa(p) = Qa( — S(ke2)))Ga(k)), (3.23)
Fa(1)Qa(9) = Qa (Y1) (¥2))) Fa (¥3)) (3.24)
Qa(0)G1ya(k) = Grya(F2)) Qa (S (k1)) = @), (3.25)
Qa(0)Frya(v) = Frya(¥(1)) Qa (S (Y(2)) 0(3)) (3.26)
follow easily from the defining relations of M, as well as

FTgla(w)Pa(h) = Pu(h = S(¥)) Fr1, (V). (3.27)
~1a(R)Pa(h) = Pa(k)hS (k@) Grora (k). (3.28)

( VFa(¥) = Fa(th(2) Pa(S ($)) = ) (329)
Po(h)Ga(k) = Ga (k1)) Pa(S (k) ) h)). (3.30)



14 K. Szlachényi

From these relations, one infers that F,(H) is an invariant subspace under -1, and <, while
0
Qq(H™) is an invariant subspace under », and <dp,,. So we have

left D(H )-module subalgebras P,(H) C <.M, > >, Qu(H™)P C <./\/l°p, > >,
T(; a a

right D(H )-module subalgebras P,(H) C <M, <1>, Qu(H")P C <./\/l°p, < >
a Toa
Despite of having a left and a right action neither P,(H) nor Q,(H*) is a bimodule over D(H),
the former because Oy (Tgla) = Op(a) and the latter because O2(T2a) = Oz(a). Denoting these
modules by drawing an arrow from the left action to the right action,

Po(H) Qa(H™)
T(;la as D,

Dr,,, (3.31)

we see that from the point of view of gauge transformations the P, and the ), seem to belong
to different edges and the vertices associated to individual D(H) actions are not the vertices
of X, not its faces either, but are in bijection with the arrows themselves. Such a complex is the
dual of the double of ¥ and will be discussed, among others, in the next two sections.

The Hamiltonian of the model, however, can be introduced without moving to the dual of
the double. If we assume that H is semisimple then H has a Haar integral i. The Haar integral
being a cocommutative element its iterated coproducts i(;) ®- - - ®1(,) are invariant under cyclic
permutations. Therefore, G,(i) does not depend on the starting point of the dual loop, i.e.,
G1,0(i) = Gq(i). So we may rename Gg(i) as A,, where v = Op(a). Similarly, H* also has
a Haar integral ¢ and Frp,q(t) = F,(¢). Renaming F,(t) as By, where f = Os(a), we have
constructed a system of pairwise commuting projections A,, for v € X°, and B r, for f € ¥2.
The Hamiltonian is the sum

Hyp=» (1-A)+ Y (1-By). (3.32)

veX0 fex?

There is a remarkable duality of these models. Replacing H with H* and 3 with ¥X*, there is an
algebra isomorphism M(X, H) = M(H*,¥*) sending the Hamiltonian (3.32) to Hy» g+. This
(non-canonical) isomorphism can be lifted to the ribbon operators, see the duality formula (7.19).
The general structure of this “duality” is still to be investigated. In this paper, we will use it
only as a technical tool to prove one half of Theorem 7.6.

4 Duals, mirror images and doubles in the arrow presentation

Let 3 :: (Arr, Ty, T>) be an OCPM. The dual of ¥ is easy to formulate in the X-language, see (2.9).
In the arrow presentation, however, we work with directed edges and there are several natural
and less natural ways to assign to an arrow of ¥ an arrow of X*. Such problems forces us to
speak about, at least, the isomorphisms of arrow presentations. (More general morphisms of
OCPMs or of their presentations would require to extend the theory to 3-complexes which we
cannot afford here.)

Definition 4.1. An isomorphism (A, Sy, S2) — (B, Ty, T>) of arrow presentations is a bijection
f: A— Bsuchthat f 0o S;=T; o f fori=0,2.

In order to see how this definition translates to the polyhedral maps, we need

Definition 4.2. An isomorphism ¢ of CPMs (3, dim, Bd, Cb) N (¥, dim’, Bd’, Cb’) is a bi-
jection ¢: ¥ — ¥’ which preserves the dimensions of cells, dim’ 0¢ = dim, and such that
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Bd(¢(z)) = {¢(y) | y € Bd(x)}. If ¢: ¥ — ¥’ is an isomorphism of CPMs between oriented
closed polyhedral maps, then ¢ is called orientation preserving if for all v € £0 and f € %2
the restrictions of ¢ to the neighbourhoods Nb(v) and Nb(f) preserve the cyclic orders given

on them by the orientations. Such an orientation preserving isomorphism is called briefly an
isomorphism of OCPMs.

Lemma 4.3. Let X:: (A, Ty, Tn), X' : (A, T}, Ty) and let f: (A, Ty, Ta)y — (A, T, Ts) be an
isomorphism of arrow presentations. Then ¢p(O;(a)) := O}(f(a)) is an isomorphism of OCPMs.
This proves, at least for isomorphisms, functoriality of the construction of OCPMs from arrow
presentations described by Theorem 2.7.

Proof. The isomorphism ¢ is the restriction to the orbits of the direct image f: 24 — 24
which is the natural lift of f to the power sets. So

¢(Oi(a)) ={f o Tj'(a) | n € N} = {T"}(f(a)) | n € N} = Oi(f(a))

holds a priori for i = 0,2 but then also for i = 1, i.e., ¢ maps T;-orbits to T;-orbits for all 1.
Therefore, it preserves the dimension of cells and satisfies b € O;(a) if and only if f(b) €
#(O;(f(a))). If follows that O;—1(b) N O;(a) # @ if and only if O;_,(f(b)) N Oi(f(a)) # 2, so it
preserves the boundary and coboundary operations by (2.8), i.e., Bd(¢(s)) = {¢(t) | t € Bd(s)}
for all s € 3. Finally, since f commutes with the T} actions, it is obvious that ¢ preserves the
orientation. |

After this preparation, we can discuss duals of arrow presentations. They are characterized
by producing dual polyhedral maps in the sense of (2.9). Let P = (Arr, Ty, T2) be a presentation
of an OCPM X. A dual P of P can be obtained by following the schema «?—» which means that
the blue arrow a of 3 is interpreted as a red arrow of X* directed to point from the right face
of a to the left face of a. The T of the dual, denoted Th, is rotation around the left face of
the red arrow, i.e., around the source vertex of the blue one which is Ty. The To, however, is
obtained by rotating around the source vertex of the red arrow, i.e., around the right face of the
blue one which is not 75 applied to the blue arrow. In its stead T 0 =N =ToTxT, L Thus,

P = (Arr, YTy T, ", Th) (4.1)

is a presentation producing the dual polyhedral map ¥*. If we follow the other natural schema
%», then we get another presentation

P = (Arr, Ty, Ty " TyTh), (4.2)

which should produce the same (or isomorphic) dual map >*. Encouraged by these examples,
we may experiment with a simpler presentation of the same sort. Let

P* := (Arr, T, Tp).

Lemma 4.4. The bijections T;: Arr — Arr provide isomorphisms of arrow presentations

To =~ Thv L T
p* %P -4 P =% PX,
S 0 =
PS5 P-5P,
S -
P+ P-5P.
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Proof. Let us prove the first
ToTo = To Ty Ty = ToTy = ToTy,
ToTy = ToTy = TyT.
The remaining ones are similarly simple. |

Although all the three duals f’, P and P* are isomorphic, the first two differs from the third
in that

%0%2 = i‘o'fg = T()TQ while T6< T; = TQTO.

In other words, the arrow-opposite arrow pairs, i.e., the Tj-orbits, of P and P are the same as
those of P while in P* they are connected by the transformation 75Ty which is non-local in P, it
sends an arrow by distance 2 away. Of course, ToT) is also an involution, ToTToTy = ToT1Ty =
Ty 17y = id, algebraically as good as T}, so why is T local and the other is not? We have made
a choice, not in Definition 2.1 but in the construction of ¥ when we called edges the orbits
of Ty = ToT5 and not of TyTy. The form of P* shows that if we had chosen edges to be the
TsTy-orbits the interpretation of Ty, T> would have changed to Ty rotating around faces and 75
rotating around vertices. (Speaking about non-locality of a presentation @) is meaningful only
with respect to another isomorphic presentation P: @ is non-local if the isomorphism P — @
is non-local, i.e., tears apart the arrows of an edge. Of course, both T and 75 are non-local
and Ty is local in this sense.)

When we draw a portion of a polyhedral map we look at it from a specific side of 3-space
determined by the orientation. If we look at it from the other side what we see is the mirror
image. In more precise terms, if P is a presentation of an OCPM X, then the mirror image should
be the presentation of the same underlying CPM but equipped with opposite orientation. It is
easy to see that the mirror image of P = (Arr, Ty, T») can be presented by

P = (A, Ty Ty ' T ) = (A, Ty L T T T ). (4.3)

Another, simpler but non-local, presentation is PM := <Arr,T0_ I,TQ_ 1> with isomorphism
To: PM — pm.

In order to get an arrow presentation for the double D(X), we first have to enumerate the
arrows of the double in some way. From Definition 2.9, one infers that D(X)! is 4 times bigger
than X! and the same should hold for the arrows. Let e = O1(a) € X! be considered as a vertex
of the double. There are 4 edges joining at e, 2 ve-type edges and 2 ef-type edges. We denote
the arrow Op(a) — e by af and the arrow Oz(a) — e by aj . Their opposites are called ag
and a, , respectively. The arrows of the remaining two edges joining to e can then be expressed

as (Tha)f and (T1a)s. The identities
Oo(a) N O1(Toa) = Oy(Tha) N O1(Tha) = {Toa},
O2(a) N O (Ty 'a) = Oz2(Ty 'a) N O (Ty 'a) = {Ty 'a}

show that the arrows and vertices of every face neighbourhood of the double can be labelled by
01 (Toa).:(’)l (T2—1zz)

(TOa)aﬁ (TQ_IG);—
Oo (a) ° ® Oy (a)
ad .
2
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—1 \+
(T5 "a)3 ot
2
° °
+
(Toa)y %o
m ° ° °
as (Tv a)(J)r
° °
ag (Tla);r

Figure 2. The vertex neighbourhood of the site (Og(a), Oz2(a)) and the face neighbourhood of the type 1
face O1(a).

Thus, the arrows of D(X) is the set A := {af | a € Arr, i € {0,2}, 0 € {+.—}} and the arrow
presentation

D(X):: D(P) = (A, To, T5)

is given by the following permutations:

(Toa)d ifi=0,0=+, ay ifi=0,0=+,
Toa? i (Tya), ifi=0,0=—, Tyaf i (Tyta)d ifi=0,0=—, (4.4)
‘ (Tha)d ifi=2 0=+, ‘ (Tha);, ifi=2 0=+,
ag ifi=20=—, (Tyla)y ifi=2,0=—.
Defining also Ty = TyT9, we obtain
Tiai =a; 7, T5 = idy, Tya; = a;

for all a, + and o. The second expresses the fact that all faces of the double are quadrangles and
the third holds (only for o = —) because the e-type vertices of D(X) all have degree 4.

Roughly speaking, the T-operators of the double D(X) are matrix amplifications of the 7T-
operations of 3,

To Tyt

TQ ) ’]PQ =
T 1

To = |

where the order of rows and columns is that of formulas (4.4) and 1 stands for ida,,. But
these are not matrices in the usual sense: The addition involved in matrix multiplications is not
defined at all. (We are working in the category of sets after all.) This is why we have left the
nonvalid entries empty rather than put a zero there.

Having been constructed arrow presentations for ¥* and D(X) of every OCPM X has the
secondary role of extending the Definition 2.9 by giving them orientations.

Now it is easy to obtain an arrow presentation for the dual of the double of ¥. We take
the above presentation of D(X) and then apply the construction P. This leads to the following
presentation for D(X)*. The set of arrows is {af | i = 0,e, 0 = %}, the same as that of the
double. (We spare the work of writing az-’ to distinguish them from the arrows of D(X), eventually
it is the same set.) These arrows are shown on Figure 2. Thus, we have the presentation

D(X)* = D(P)™ = (A, To, T>) (4.5)
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with
Ty Ty
- | Tt _— 1
To = o
Tyt Ty

The set D(X)*? of faces of the dual of the double is the same set as the set X of all cells of the
original OCPM. Changing between these two interpretations of the same set will be a recurring
tool in this paper. Since the role of these faces depend on their dimensions in ¥ and we want

to avoid saying “vertex face” or “face face” we shall use the term “type d face” for an element
ce Xl cD(R)*2.

Proposition 4.5. There exist natural isomorphisms of arrow presentations
dp: D(P)~ — D(P™)~, ag — a9, a3 — (Tra)g,
pp: DP™Y = (DPY)™, a§rrap”,  af v (Tra)y”

or in matrix form

or =1, ) pp = 7

1 Th

Proof. Collect the definitions (4.1), (4.5) and (4.3) and perform the matrix multiplications. W

5 Curves, dual curves and ribbons

Curves on surfaces do not require orientation of the surface. Nevertheless, we assume that ¥ is
an OCPM equipped with arrow presentation P = (Arr(X), Ty, T5). Both curves and opposite
curves (see opcurves below) on ¥ formulate the idea of what is called a walk on a directed graph.
By directed graph, we mean a quiver

source

target

consisting of two sets, two functions and no axioms. Although the CPM (X, dim, Bd, Cb) has
an underlying graph, it is undirected. It consists of the sets X! and X° and of the function Bd
which associates to every edge e € X! the 2-element subset Bd(e) C X. Since this undirected
graph has no loops, there is a natural way to make it a quiver by doubling the set of edges.
Making use of the arrow presentation P, we can take the set Arr(X) of arrows and define the
quiver

0
Qv(P) := (Arr(E) — EO> where Opa := Op(a), 01a:= Op(Tha).
o1

This quiver is involutive in the sense of having an involution 77 such that dy o 17 = 0y; this way
reminding us that it stems from an undirected graph.

The difference between curves and opcurves is merely conventional; the literature on Kitaev
models seems to use both curves [3, 15] and opcurves [1]. In this paper, most of the calculations
will be done with opcurves. The reason is that opcurves fit better with the conventions we have
chosen in Definition 2.1.
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Definition 5.1.

(a) An “opcurve on X7, more precisely a P-opcurve, is a sequence v = (ay,...,ay) of arrows
such that dia; = Oga;y1 for 0 < i < n. If Opa; = vg and O1a, = vy, then we say that ~ is
an opcurve from vy to v, and write v: vg — v,. The opcurves on ¥ form a category with
composition of opcurves u — v — w being the concatenation af: u — w.

(b) A “curve on X7, i.e., a P-curve, is a sequence v = (ay,...,ay) of arrows such that the
reverse sequence YV = (an,...,a;1) is an opcurve, that is to say, such that dypa; = 01a;41
for 0 < ¢ < m. This curve has source dya, and target 01a;. The curves on X form
a category with composition of curves u — v —— w being f o & = aff: u — w. So this
category is just the opposite of the category of opcurves.

(c) If an opcurve v = (ay,...,ay) is open, i.e., dpa; # Oiay, then it is called simple if the
sequence (Opai, d1a1,01az2, ... d1a,) of visited vertices contains no repetitions. If v is closed,
ie., Jpay = Oray, then it is called simple if (01a1,01as,...01a,) contains no repeated
vertices. A curve -y is called simple if the opcurve 4™V is simple.

It is clear that passing to the reverse sequence provides a bijection between curves and
opcurves. Another important operation is the “inverse” curve: If v = (aq,...,a,) is a curve
(opcurve), then v~ := (Tiay,...,Tia1) is also a curve (opcurve). But it is not the inverse
of v until we pass to the paths of the (op)curve. Paths are equivalence classes of curves with
respect to insertion and deletion of length 2 subcurves of the form (a,Tia). Every equivalence
class contains a unique element which does not contain any (a,Tia) subcurves, i.e., which is
reduced. We shall not introduce any special notation for paths, just say “the path ~” for a
curve ~ if we think of its equivalence class. This convention is used also for opcurves, so we say
“the path «” even if v is an opcurve. The paths of curves, as well as the paths of opcurves,
form a groupoid Path(X) and Path(X)°P, respectively. Of course, this path groupoid is not the
fundamental groupoid of the surface [¥], it is that of the 1-skeleton of ¥, so this groupoid sees
every face of ¥ as a hole on [X].

Although the definition of (op)curves and therefore also of the path groupoid depend on the
arrow presentation, one can easily verify that any isomorphism of arrow presentations induces
an isomorphism between the corresponding categories of (op)curves as well as an isomorphism
of their path groupoids.

Using the term P-curve instead of “curve on Y is nevertheless advisable, especially if we want
to define dual curves. The dual (op)curves on ¥ can be thought as (op)curves on the dual ¥*. But
if we want to see them as sequences of arrows in ¥ then we need a mapping Arr(¥*) — Arr(%).
Such mappings are not unique as it is witnessed by the two duals P and P of a presentation.
So, if the context requires the precision, we shall speak about P-(op)curves and P-(op)curves
instead of “dual (op)curves on X7.

Definition 5.2. A ?’—opcurve is a sequence 3 = (ai,...,a,) of arrows a; € Arr(3) such that
doa; = dia;+1 for 0 < ¢ < n, where we introduced the notation

doa = 02((1), dla = OQ(Tla).
The f’—opcurves are defined as the reverses of f’—opcurves.

These definitions are based on the quivers

Qv(P) = (Arr(Z) e 20>, Qv(P) = (Arr(Z) U z“).

do dy

In fact, the P-opcurves coincide with the P-curves and vice versa.
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Remark 5.3. Passing from curves to opcurves, or back, can be automatized by introducing
PP := (Arr(X), Ty ToTy, T1ToT1) which is a presentation isomorphic to P via the transforma-
tion T3. Since T3 is also the involution of the quiver, so

o1 0
Qv(P°P) = <Arr(2) — ) ),
o
and therefore the P°P-curves are the P-opcurves. Also, we have (f’)Op —P. Although this
might suggest a redundancy of using both curves and opcurves but the concept of P-opcurve
comprises not only the use of P°P-curves but also the convention of using concatenation for their
composition.

Now we turn to the description of curves on the dual of the double D(X)* of an OCPM X.
The dual of the double is particularly interesting for two reasons: Geometrically because it
provides the Schreier coset graph for the arrow presentation, and physically because it is the
surface complex on which holonomy of the Kitaev model can be defined.

Fixing an arrow presentation P = (A, Ty, T») for 3, the vertices of D(X)* can be identified
with the set of sites, i.e., with pairs (v, f) € X9 x %2 such that vNf # @, cf. (2.4) and Lemma 2.4.
The set of arrows of D(X)* can be identified with the set A = {af | a € A,i = 0,2, 0 = %},
see Figure 2. The meaning of the arrows can be made explicit by giving the source and target
maps Vo, Vi: A — D(X)*,

Voag_ = (8()@, d1a>

vla(—)‘r — <a()a, d0a> vOa: = vla’j—
and C

Voa; = (80(1, d0a> Vlai = V[)a?—.

Vla; = (81a,d0a>

(5.1)

\Y%

The quiver A — D(X)*? can be seen to be the quiver associated to the arrow presentation (4.5)
\%!

so we call it Qv(D(P)~). Curves and opcurves on D(X)* will always be meant with respect to

this quiver.

Lemma 5.4. The following map embeds the involutive quiver of D(P)~ to the cartesian product
of the involutive quivers of P and P:

v 0 d
<A:O: D(z)*0> z, (A o, 20> < <A b 22),
Vi o do
(v, [) = (v, f),

ag + {Doa, ay,

ag + (doa, Tha),

aér — (a,dpa),

a; — (Tha,dpa).
Proof. Recall that the cartesian product of quivers Q and Q' has set of vertices (Q x Q")° =
Q° x Q" and set of arrows (Qx Q)= (QO X Q’l) U (Ql X Q’O) and it is endowed with the
obvious source and target maps. In case of the quivers of ¥ and X*, these obvious maps are
0p X dp and 91 X dg with the warning that here the 0; and d; are used in a generalized sense:
The 0; is extended to the trivial edges of X, i.e., to the vertices, by dyv = d1v = v and the d; is

extended to the trivial edges of X*, i.e., to the faces, by dof = d1f = f. Then the fact that £
is a homomorphism of involutive quivers,

(80Xd1)OE:EOV0, (81Xd0)OE:EOV1, (T1><T1)OE:EOT1

can be easily verified. That E is injective is also clear. |
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*

Figure 3. Every curve p (black) on D(X)* is accompanied by a curve 7 (blue) on ¥ and a curve 8
(red) on ¥* according to Lemma 5.4. They border a strip made of triangles but the strip may fail to
be embedded into the surface of 3: The « and g intersect locally, i.e., the strip folds, precisely if the p

makes a turn around a type 1 (green) face of D(X)*.

In the image of E the arrows can be visualized as “isosceles triangles”. The triangle E(aQi)
has base edge a with opposite vertex being the face f = dpa and the legs of the triangle being the
sites (v, f) where v is either dya or d1a. The triangles E(aoi) are called dual triangles because
in them the roles of vertices and faces are interchanged. If p = (d;) is a curve on D(X)*, then
two consecutive triangles E(d;) and E(d;11) are pasted together at a leg so the whole picture
of the curve looks like a ribbon with the base edges of triangles forming one borderline and that
of the dual triangles (drawn as edges of ¥*) forming the other borderline. On the two ends,
we see two unpaired legs of some triangles and the texture of the ribbon itself is a triangulated
surface, see Figure 3. The 2 borderline curves can be obtained by writing E(d;) as (c;,b;) and
then v = (¢;) is a P-curve and 8 = (b;) is a P-curve in the generalized sense: v may contain
vertices and 8 may contain faces. But ¢; is a vertex if and only if b; is a genuine arrow and c;
is a genuine arrow if and only if b; is a face, hence the pair (c;,b;) is always a triangle.

This is the origin of the names such as “triangle operators” and “ribbon curves” in the
literature on the Kitaev model, although the name ribbon curve is usually reserved for a special
kind of curve on D(X)* which we will define below.

In the next lemma, we take a closer look into the structure of D(X)*. We will see that we
can forget about the complicated arrow presentation (4.5) and navigate through D(X)* using
essentially only the arrow presentation of X.

Lemma 5.5. The map a — s(a) := (Og(a),Oz(a)) is a bijection Arr(X) = D(X)*. Every
vertez of D(X)* has degree 4 and the four arrows pointing out from s(a) can be labelled, or
colored, by the letters {To,T(;l,TQ,T{l} as follows

(Toa)d s(a) = s(Toa labelled by Ty,
ag s(a) — s(To_la) labelled by Ty,
ay : s(a) = s(Tra labelled by T»,
(T{la);: s(a) — s(Ty 'a) labelled by Ty * .
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The order in which they are listed corresponds to the cyclic order induced by the action of To
of (4.5). Moreover, if an arrow d carries the label Tj then Tid has label Tj_e.

Proof. Oy(a)NOz(a) = {a} is non-empty, so s(a) is a site, cf. Definition 2.5 and (2.4). If (v, f) is
a site, then v N f # @, so v = Op(a) and f = Oy(a) for the unique element a € v N f. So s is
indeed a bijection.

The four arrows of source s(a) are dual to the 4 boundary arrows of the rhombus face s(a)
of the double D(X). (The reason for drawing D(3) and not D(X)* is merely typographical.)

v = 0(a), f = O3(a)

eL = Ol(Toa s = Ol(a)

'UL = OO (TQ_ICL), o(Tla) (5'2)
fE = 0y(Toa), = Oy(T1a).

The e”, v, eft, f are the 4 vertices of the rhombus by (2.5), {v, vL} = Bd(eL), {v, UR} = Bd(eR),
{f, [} =Cb(el), {f, f®} = Cb(e’) and the four neighbour sites of (v, f) are (v, fI'), (v, f7),
<vR, f > and <vL f > Computing the intersections of the vertex and face within these sites, we
recognize them as s(Tpa), S(To_la), s(Tha) and S(TQ_IG), respectively. (For example, v N fL =
Oo(a) N Oz(Tha) = Oy(Tva) N O(Tpa) = {Tpa}.) This partially explains the labels of the four
arrows, partially because some of these 4 sites can be identical. (Indeed, D(X)* may have double
arrows but never multiple arrows of larger multiplicity.) s(7pa) = S(TO_ 1a) occurs when v has
degree 2 and s(Tha) = s(T{ 1a) occurs when f is a 2-gon. In these degenerate cases

f

there is a double arrow from s(a) to, let’s say, s(T2a) (the 2nd picture above) and it seems to be
indifferent which is labelled by T5 because T acts on a as Tﬁ1 However, the letters T» and Tﬁ1
are different and so are the two parallel arrows. The labelhng in this case is defined by forcmg
the lemma: The labels must follow the cyclic order [TO, T 10,1y ] when we apply To. There
is only one case left. If both types of degeneracy occur for the same arrow a, then Tea = a = Tsa
so by Example 2.10 the connected component of a is nothing but the minimal OCPM, ¥ ,i,. In
this case, the correctness of the labelling can be checked by inspection. |

The above lemma has two important consequences. The first one is an interpretation of D(X)*
as the coset graph of the arrow presentation of . This is the next corollary. The second one is
a useful encoding of the curves on D(X)* in terms of words in the alphabet {Tg, Ty LTy, Ty 1},
see the definition below.

Corollary 5.6. Let X be a connected OCPM. Every arrow presentation (Arr, Ty, Tz) of ¥ de-
termines a transitive action on Arr(X) of the Y-independent group T = (To, Ta | ToToToTs) and
therefore the arrow presentation can be thought as a presentation of the left coset space T /H of
the group T with respect to some subgroup. Then the Schreier coset graph of T /H can be drawn
on the surface [X] as follows. Each a € Arr(X) is drawn as a point at s(a) € D(X)*°. For each
a € Arr(Y), we draw two arrows: (Tpa)d : s(a) — s(Tpa) colored blue and ag : s(a) — s(Tha)
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Figure 4. The dual of the double of an OCPM X provides the Schreier coset graph of the arrow
presentation of . The blue and red arrows show the action of T and T3, respectively. The green
quadrangles represent the universal relation ToToToT5 = id.

colored red. Then every edge of D(X)* is drawn exactly once. The blue arrows represent the flow
of the permutation Ty and the red ones represent that of To. In this sense drawing the dual of
the double we draw the arrow presentation of ¥ (Figure 4).

Definition 5.7. Using the function s: Arr(X) — D(X)*® defined in the above lemma a curve
p=(dp,...,d;) on D(X)* can be encoded by the pair

(ag, w) € Arr(X) x {Tg,To_l,TQ,Tz_l}*,

where s(ag) = Vod; is the source vertex of the curve, w = W,, --- W; is the code word made of
letters W; € {To,Tgl,Tz,Tgl} in such a way that for 0 < j < n the d; is the unique arrow of
source s(a;—1) and label Wj, so its target can be written as s(a;) with a; = Wja;_1.

The same pair {(ag,w) is used to encode the opcurve p™v = (dy,...,d,).

Now we are in a position to define ribbons.

Lemma 5.8. Let p = (di,...,d,) be either a curve or an opcurve on D(X)* with encoding
(ag,w). The following conditions are equivalent:

(1) The triangles E(d;) and E(djy+1) are non-overlapping (their interiors are disjoint) for
0<j<n.

(7i) p is reduced and the 2 borderlines v and B of the “ribbon” p do not intersect locally, i.e.,
01(bj) # O1(cj+1) whenever both bj and cj+1 are non-trivial arrows.

(t3i) p is reduced and if (d;,dji1) is a left or a right turn (not straight), then the unique face it
turns around is either a type 0 face or a type 2 face, never a type 1 face.

(iv) The word w is reduced and does not contain ToTs, ToTy and their inverses.
(v) The word w belongs to either {Ty ', T} or {To, Ty '}

Proof. Let (v, f) = Vod;j+1 = Vid;. Then the triangles E(d;) and E(d;+1) contain (v, f) as
a leg. There are 4 such triangles. In the notations of (5.2), they are vfv, fuf%, vfv®™ and
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fuff. The first two and the second two overlap because their base edges intersect at their
“middle” points e’ and e’ respectively. This intersection is, at the same time, an intersection
of the two borderlines v and 8 of the ribbon. No other pairs of triangles are overlapping except
when the two triangles are the same, this happens precisely when d; 1 = 'ﬁ‘ldj.

In case of intersection at el the (d;,d;j11) is either ((T{la);, (Toa)g ) or its inverse and the
corresponding code word is Ty, or its inverse. In case of intersection at e, the (dj,djs1) is
either (ag{, a;) or its inverse and the corresponding code word is T5Tj or its inverse. These pairs
of arrows make turn around the type 1 face e’ and ef?, respectively. All other pairs of arrows
are either straight or make a turn around v or f.

If a reduced word w does not contain the alphabet changing words TyTs, ToTy and their
inverses,1 then Wy € {T 0 LT 2} is equivalent to w € {T 0 L Tg}*. The same holds for the alphabet
{TO,TQ_ } |

*

Definition 5.9. A ribbon (op)curve is a (op)curve on D(X)* satisfying the conditions of
Lemma 5.8. Let Ribb(X) and Ribb°(X) be the set of ribbon curves and ribbon opcurves, re-
spectively. If the code word of a ribbon (op)curve belongs to {T(f 1,T2}*, then it is called
a left ribbon (op)curve. If it belongs to {Tg,T{l}*, we speak about right ribbon (op)curve.
Let Ribbz (%), Ribbg(X), Ribb7 (X), Ribb%k(X) be the set of left/right ribbon curves/opcurves,
respectively.

Since every ribbon is reduced, Ribb(X) embeds into the path groupoid Path(X). But it
is not a subgroupoid and not even a subcategory as one can infer from the characterization
Lemma 5.8 (v). The Ribbz(X) and Ribbg(X), however, are subcategories with the inverse of
every left ribbon being a right ribbon. Moreover, Ribb(X) = Ribbz(X) U Ribbr(X). Analogous
remarks can be made for the ribbon opcurves.

The above definition of ribbons seems to agree with that of [1] but it is less restrictive than
that of [15]. The latter type of ribbons will appear here as proper ribbons in Definition 6.1. The
necessity of distinguishing two kinds of ribbons has been realized already in [22], where they are
called locally clockwise and locally counterclockwise. Our terminology of left and right refers
to that whether the red dual curve on Figure 3 is on the left or on the right of the blue curve.
So ribbons may also be described as curves on % together with a consistent framing by a dual
curve. It is a left ribbon if and only if the framing goes, and stays, on the left-hand side.

6 Holonomy

According to [15, 16], the holonomy of a Hopf algebra gauge theory on 3 over the quasitriangular
Hopf algebra @ is a groupoid homomorphism

Hol: Path(¥) — Homj (Q*, ® Q*>a

et

where the Homp (C, A) for a coalgebra C' and algebra A is the convolution algebra [20] and
Hom  (C, A) refers to the group of convolution invertible elements of Homg (C, A). For a gauge
theory over D(H) we must choose @) = D(H). But since we need holonomy in the Kitaev model
merely for the purpose of constructing string operators, we will follow the above recipe very
loosely and use the name holonomy for any groupoid homomorphism

Hol: Path(D(X)*) — Homj (D(H)*, M(X)).

The convolution product of two functions f,g: D(H)* — M is f x g(¥) = f(\Il(l))g(\I/(Q)) for
U € D(H)* and the holonomy of a path (d,,...,d;) on D(X)* is uniquely determined by the
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holonomies of the length 1 paths by
HOl(dn,...,dl) = HOl(dn) I HOl(dQ) * HOl(dl) . (61)

In order for this formula to depend only on the path of the curve the length 1, holonomies should
satisfy that Hol 5, 4 be the convolution inverse of Holgy. If the function Holwyy: D(H)* — M
happens to be either an algebra homomorphism or an antialgebra homomorphism, then its
convolution inverse is simply Hol(gy o Sp-.

We shall use also opholonomies

Hol®: Path(D(X)*)°" — HomX(D(H)*, M(X)),

which can be defined as functions on opcurves (dy,...,d,) by
Holf, ) = Holfy *Holf, -+« Holf, . 62

o

(Trd) be the convolution

The condition of descending to the paths of opcurves is again that Hol
inverse of Hol‘(’d).

The ribbon operators of [1], as well as the symbolic arrows (3.31), suggest that opholonomy
and holonomy should be defined by

(1) Pa(h) if d = ag,
o h Qa lf d - (IJr,
Holfy, (h & ) := ()Qa(¢) . 2 (6.3)
p(1)Pa(S(h)) if d = ag,
e(h)Qa(S(p)) ifd=ay
for all a € Arr(X) and
Hol(g) := Spm o Hol‘(’d) o Sp+, d € Arr(D(%2)"), (6.4)

where Sy is the involutive algebra automorphism M — M which sends P,(h) to Pr.(h)
and Qa(p) to Qra(p). By (3.1), the Holf, are antialgebra maps for d = ag and algebra
maps for d = a; Moreover, in spite of the complicated expression (3.3) it is easy to see that
Hol%Tl 0= Hol(y o Sp+. So (6.3) together with (6.2) defines indeed an opholonomy. Then (6.4)
together with (6.1) is automatically a holonomy.

The relation (6.4) between holonomy and opholonomy is rather arbitrary. We could have

defined them in such a way that Holg) = Hol(, for all arrows d of D(X)*. The choice (6.4)
perhaps allows easier comparison with the existing definitions of the literature.
Definition 6.1. Let v = (di,...,d,) be a (op)curve on D(X)* with dy = (az);". Then 7 is
called proper if for all 1 < k& < I < n the following statements hold: aj # a; and if ar = Tia;
then iy, = 4;. In other words, no pairs di, d; of arrows in the (op)curve are equal or incident and
lie on the boundary of the same type 1 face e € X1

Proposition 6.2. The relation of proper (op)curves to ribbons is the following:

(i) Ewvery proper curve v = (dp,...,d1) on D(X)* is a ribbon curve and

HOLY — S/\/[ 9] Hol,oyrev o} S’D* — S/\/[ @) Holzrev—l .

(1i) A ribbon opcurve p = (dy,...,dy) on D(X)* is proper if and only if it is a simple opcurve.
So proper ribbon and simple ribbon are synonymous.
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Proof. (i) Notice that an opposite pair d, T1d is always of the form a;,

(op)curves are reduced. Hence, the property of being proper for consecutive arrows di, dj1 is
equivalent to the property of Lemma 5.8 (iii). This proves that proper (op)curves are ribbons.
The property of being proper for any pair dg, d; implies that the P or ) operators associated
to them by the opholonomy commute: [Hol‘(’dk)(@), Holfdl)(\ll)} = 0 for every @,V € D(H)* and
for k # . Therefore,

Hol, (V) = Saq(Holfy,) (Sp+ (¥(ny)) - - Holfy ) (Sp+(¥(1)))) = Saa(HolSrer (Sp=(V))).

a; . Therefore, proper

This proves the first equation. The second follows from the first by the observation that for
a proper opcurve « the Hol}, o Sp- is the convolution inverse of Hol), hence equal to the opholon-
omy of a1,

(ii) Assume p is not simple. Then there exists a site s and a minimal closed subcurve
(diydit1,...,dj—1): s = s of p. Here i =1 or j = n+ 1 is allowed but not both because this
would imply that p is closed and simple. If i > 1, then d;_; and d;_; are incident to s and lie on
the boundary of a type 1 face. If j < n, then the same holds for the arrows d; and d;. Anyway,
we get contradiction with properness of p.

If p is not proper, then for some 1 <k <1 < n the dj = (ax);" and d; = (a;);' satisfy one of
the following: either ay = a; or (ap = Tha; and iy # 7;). In both cases p is either not simple or
not a ribbon. |

l

En passant, we mention a useful rewriting of the exchange relations of the P and ) operators
in terms of length 1 opholonomies:

Hol((’ao_)(\l') Hol((’a;)(q)) = Hol?a;)(rﬁ ~ Ry) HOI(()ag)(\IJ — Ry), (6.5)
Hol((Tla);)(‘lf) Hol(aa)((b) = Hol(ag)(R2 — @) HOI((Tla);)(Rl — ), (6.6)

where R is the R-matrix and ®,¥ € D(H)*.

The minimal closed ribbon (op)curves are the face loops that encircle a face of D(X)*. Since
these loops depend on a base point, i.e., a site s(a), we parametrize them with the arrow
a € Arr(X). The opcurve versions of them are

type 0 loop around Op(a): g = ((Toa)g, (Tga);, L (TFa)), (6.7)
type 1 loop around Oq(a): B, = (aar, ag, (Tra)g, (Tla)g),
type 2 loop around Os(a): 7, = (a;, (Tra)s, ..., (T{“la);r), (6.9)

where m = |Op(a)| and n = |Oz(a)|. The type 0 and type 2 loops are oriented counterclockwise
and the type 1 loop clockwise, just like in Figure 4. The «a, and -y, are proper ribbons but g3,
is maximally improper. In order to facilitate the computation of the opholonomies of these
opcurves we rewrite the formula (6.3) as follows:

HOI(()a,g) =6, om o S(lea)ﬂ

where

mo,m2: D(H)" = D(H)*,  mo(h@¢p):=h®e-p(1), mhep):=ch) 10,
are algebra endomorphisms of the dual of the double and the

Ou: HOH = M(S),  0u(h®¢) = Pa(h)Qaly)

are linear injections.
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Lemma 6.3. The maps 0,, a € Arr(X), satisfy the following properties:

(Z) 9@ — HOIO + 4.

(ag,a3)

) 01,0 = Sap 0 O
(711) 04 (P)0p(V) = 05(V)0,(P) for all @, ¥ € D(H)* if O1(a) # O1(b).

) The image of 0, is the edge algebra M, = H#H* on which Sy acts as the L71 o R =
R~1 o L of (3.12) and (3.13). The 0, identifies this action of Sy with the action of the
antipode of D(H)* via

Sam o 0, =0, o Sp-.

(v) The 0, becomes an antialgebra map
ea(q))aa(qj) = ea(‘ll }.% (I))

if we endow D(H)*, as a monoid in the braided monoidal category of right D(H)-modules,
with the braided-opposite multiplication

Ted = (0 Ry) (T Ry).

Proof. (i) Applying (6.3) and using the expression (3.2) for the coproduct, it is easy to see that
the equation Hol?a+ a+)(h ® ) = P,(h)Qq(¢) holds.
02
(ii) is essentially the definition of Sx4.
(iii) holds because M is the tensor product of the edge algebras M, for e € X1,
(iv) can be seen by comparing formulas (3.12), (3.13) with the antipode formula (3.3).
(v) The braiding on (¢ ® ¥) ® (h® ¢) € D(H)* @ D(H)* acts by
[(h® @) = Ri] @ [(9® ) = Ro] = (¢ ® 24, h1) @ Eo)€r) (ST (2) b2y 2 © ¢(2))
®{&®1,90)® §l¢(1)£m>(5_1(13m)g(2)$1 ® Y(2))
= (S (@p)ha; @ p@) ® (&01)8k 90)) (92) © V)
= (57 (93)h9) ® (¢ — 92))) @ (90) @ V),

therefore
(g@v) o (h® @) =gwS ™ (9m)ham) @ (¢ = 92)¥ = h(va) = 9) ® pe¥
(even for non-involutive H-s) is precisely the multiplication of the smash product applied to
(h©p)®(g@y) e (H#H") © (H#H"). u
Part (v) of the lemma immediately implies (cf. [15, Theorem 7.6]).

Corollary 6.4. The algebra M°P is isomorphic to the tensor product Q. csn D(H)F,, where the
algebra D(H)}, is D(H)* endowed with the braided opposite multiplication.

Proposition 6.5. The opholonomy of the type 0 and 2 face loops ag and vy, of (6.7) and (6.9)
essentially reproduce the Gauss’ law and flux operators of (3.21) and (3.22), respectively,

Hol;, (h @) = (1) - Ga(h),  Hol3 (h® @) =e(h) - Fu(p).
The opholonomy of a type 1 loop is
Hol3, (h & ¢) = 1y - (R1Sp(Ra), h @ ¢), (6.10)

where R1Sp(R2) = Sp(u) with u denoting the Drinfeld element Sp(R2) Ry of the quasitriangular
Hopf algebra (D(H), R).
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Proof. Iterating the formula (mg ® id) o Ap«(h ® ¢) = (h(l) ®e) ® (h(2) ® ¢) for multiple
coproducts we arrive to

Holga (h ® 4,0) = GToa (h(l) & 6) . 'GT(;"a (h(m) ® 6) . (p(l)
= Prya(h(1)) -+ Prya(himy) - (1) = Ga(h) - ¢(1).

Similarly, formula (id ®m3) o Ap«(h ® ¢) = (h ® cp(l)) ® (1 ® go(g)) leads to

Hol3, (h @ ¢) =e(h) - 0a (1@ ¢(1)) -+ Ogn-1, (1 ® ¢(n))
=¢e(h) - Qa(e()) - Qo1 () = e(h) - Fu(p).

Using (i), (ii) and (iv) of Lemma 6.3, the opholonomy of 3, can be written as

Holj = Hol/ +) *(SM o Hol° +)) =04 * (04 0 Sp+),

(a(J)rraz (acT )
which, by (v) of the lemma, evaluates to

Holj, (h @) = 0a(((h® @)y < B1) (Sp- (b ® ¢)2)) < R2))
= 04((h @ ¢)(2)Sp+ ((h ® ¥)(3)) ) {(h @ ) 1), R1) (S ((h ® ¢)(4), R2)
= ea(lp*) . (h X @, R15D<R2)>.

We note that Rlsp(RQ) = (6 &® J?Z)(S(gz) X 1) = (6 (03] S(wz))(& &® 1) = S’D(Rl)RQ = Sp(u) [ |

Since the only non-commuting P and () operators are lying at corners of type 1 loops, the
result (6.10) can be thought of as a holonomy version of the Heisenberg exchange relations (3.7).
Using Proposition 6.2 (i), the above results can be translated to holonomies of the basic loop

curves o2~ prev=l and 42—l as follows:

HOla‘rlevfl(h (03] 5) = SM(Ga(h)) = PTlT()a (h(l))PTnga(h(Q)) .. PTlT(')ma (h(m))7
Holﬁ(rlev—l(h ® (p) — 1M ° <R15D(R2)) h ® @))
HOLYécv—l (1 X 90) = Sm (Fa(SO)) = QTla(SD(l))QYHTQa (90(2)) e QTIT;_la((IO(TL)) :

The curve afV~!

, if viewed on ¥, consists of arrows pointing toward the vertex v = Oy(a) and,
as a P-curve, winds around v in clockwise direction. The curve *°V~! consists of arrows on the
boundary of the face f = Os(a) directed in clockwise direction. These basic loops and their
holonomies fit to the conventions used in the literature [3, 15]. Although the automorphism Say
provides a direct connection to our conventions, the simplicity of (3.21) and (3.22) can be an
excuse for our preference of opholonomies.

The type 1 loops 3, and 3:"~! belong to the following type of (op)curves:

Definition 6.6. A closed (op)curve ¢ on D(X)* is called a central (op)curve if its (op)holonomy
is of the form (h ® @) — 1rq - (Z,h ® ) for some central element Z of D(H).

Notice that by convolution invertibility of (op)holonomies the Z in the above definition is
necessarily invertible. Due to Proposition 6.2 (i), a proper ribbon opcurve ( is central if and
only if the proper ribbon curve (*°V is central.

Lemma 6.7. Let s € D(X)*? be a site.

(i) The central opcurves : s — s form a monoid under concatenation and their paths form
a group.
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(i) If ¢: s — s is a central opcurve and a: s — s’ is any opcurve, then (' := a (a: s’ — &
18 a central opcurve, too. Moreover, Holz, = Holz.

Proof. (i) If ¢;: s — s have Holg (¥) = 1p - (Z;, ¥) for j = 1,2, then Holg ¢, (V) = 1 -
(Z17Z5, ). If  is central, then so is (1.
(ii) If we can prove the statement for a having length 1, then the statement will follow by
induction on the length of . Let o = (d). Then
HOIZ/(\I’) = Hol((’d) (SD* (\Il(l))) HOIZ (\I’(Q)) Hol‘(’d) (\11(3))
= Hol(y) (Sp- (¥(1))) Holgy) (¥(s)) - (2, ¥(z))-

Evaluating Sp+ (¥(1)) ® (Z, ¥(9))¥(3y on Y @Y’ € D(H) ® D(H), one obtains (¥, Sp(Y)ZY"') =
(U, Sp(Y)Y'Z), therefore

Sp+ (T (1)) @ (2. ¥(2))T3) = Sp+ (Y1) ® U (9)(Z, ¥(3))
and

HOIE;(‘I/) = Hol?d) (SD* (\I/(l))) Hol‘(jd) (\11(2)) : <Z, \I/(3)>
=Ly e (Y0){(Z, ¥2) = Lm - (2, 0)
= Hol(¥). n

*

Definition 6.8. Let v: s — s be an opcurve on D(X)*.
opcurve §: s — s’ such that 6y~*

A central deformation of v is an
is central.

7 The algebra of ribbon operators

In this section, we shall work with ribbon operators M = Hol;(\ll) for some ribbon path p and
some ¥ € D(H)*. Ribbon operators can be multiplied either using the convolution product
or the multiplication of M. The relations of the former type come from the definition of
opholonomy,

Holg, * Hol = Holg, 5, a,f € Ribby or «,f € Ribbf.

So we can, for example, change the starting point of the Gauss’ law and flux operators by
conjugation in the convolution sense,

Grya(h) = Pra(S(ha)))Ga(h(z) Pra (b)), (7.1)
Frya(p) = Qa(S(p)) ) Fa(p(2)) Qa(0(3))-

As for the ordinary multiplication of M, it is quite difficult to find computable relations between
ribbon operators. The rare cases which we are able to compute occupy the present Section.

If two ribbons are sufficiently distant, then the corresponding operators should commute.
Thinking over which edges have P or ) operators that do not commute we arrive to the following:

Definition 7.1. For an arrow d € Arr(D(X)*), let U(d) be the set of arrows that are incident
to d and lie on the boundary of the same type 1 face as d does. (There are 6 such arrows,
including d, forming a U-shape of 3 edges.) Two (op)curves, or just sets of arrows, v and 7/
in D(X)* are called U-separated, written ~y © v if d g U(d) for all d € vy and d' € 7.
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So we have

Hol (@) Hol5, (W) = Hol3(¥) Holy (9) V&, ¥ € D(H)" if p &3 . (7.3)

At the other extreme let p = «. Then the product is computable if d & U(d') for any pair of
different arrows d, d’ € p. This property of being “self-U-separated” can be seen to be equivalent
to properness (Definition 6.1) of the opcurve. Thus,

Hol?(®) Hol (¥) = Hol (®¥) if p € Ribbj is proper (7.4)
= Hol (V@) if p € Ribb% is proper

by comparing (6.3) with (3.1) and using that the coproduct of D(H)* is multiplicative. For
proper ribbons, we also have the inversion formula

Hol? 1 (®) = Hol (5p+(®)) if p is proper (7.5)
and the cyclic permutation formula
Holz,,(¥) = Hol (V) if p is closed, proper and ¥ € CocomD(H)*, (7.6)

where Cp = (da, . ..,dn,d1) whenever p = (dy,...,d,).
Now consider the length 2 opcurves that are not straight, the “elbows”. Up to taking inverses,
there are 4 such opcurves with common middle point being the site s(a):

(a(J)ra a’;r)a ((T2 )5: a;) ((T;la);, (Toa)g)a (a(J]r’ (T(]a)(J)r) :
The following lemma is known in the context of Hopf algebra gauge theory [15].

Lemma 7.2. The opholonomies of an “opposite pair of elbows” commute. That is to say,

[HOI( 07 2)< ) HOI(( T, “)2 ,(Tga) )(\I/)] =0, (7.7>
(Bl 10y oy (9 Bl gy (9)] = 0 (7.8)

for all ®,V € D(H)*. If we replace any one or both of the elbows in (7.7) or (7.8) by their
imverses commutativity of their opholonomies remains true.

Proof. (7.7) follows from (7.3) since the two curves are U-separated. (7.8) can be shown by
checking that

HOI((D(T—I )7, +)(9 ®p) =¢(g)- QTz—la(‘P(l))Qa (@(2)),
HOI? T (To ) (h ® ¢) @Z)( ) - Py (h(l))PToa (h(Q))
and then computing
Po(h(1)) Proa(hz)) - Q14 (001)) Qal(2) =
U Pa(h1) Qa0 (20) Pria (ho) = 92)) Qa3
= Q14 (2) Pa(h1)) Qa(9(3)) Proa (h2) = ¢(2)
2 Q1 (00) Qu o0y Pa(S (03) = 1) Proa(hiay = 02)
= Qr;1,(2(1)) Qa(22) - Palhr)) Prya(hez)-
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Since the elbows in (7.8) are proper ribbons, replacing any one of them with its inverse amounts
only to applying Sp+ on ® or ¥, see (7.5). Taking inverses of the elbows of (7.7) requires more
work,
[¢]
HOI(%*

a3)
Hol( rt oyt (moay) -

= HOl((Tla)g,(Tla);) * HOI[;;“

— o o
v = Holiq ooy mmaygy * Holgo
where b =T lg and By = (ba )ﬁb (bf{ ) The appearance of T7 in the first terms does not change
U-separatedness of the curves and the 8, and [ being central the second terms do not change
commutativity, either. |

Corollary 7.3. Let \ be either a type 0 or a type 2 face loop. Let € = (d,b) be an elbow opcurve
with midpoint V1d = Vb = s which intersects A only at the site s. If s is not the base point
of A, then HolZ (®) commutes with Hol3(¥) for every ®,¥ € D(H)*.

The above corollary is the first instance of a more general commutativity theorem of holono-
mies of type 0 or type 2 face loops with certain ribbon operators; expressing a sort of “gauge
invariance” of the ribbon operator. Before formulating the statement, let us recall some Hopf
algebra.

It h € Cocom H, then the iterated coproducts h(;y ® --- ® h,) are invariant under cyclic
permutations. In particular, the Gauss’ law operators G,(h) are independent of the choice
of the base point, Gpyq(h) = Gq(h), if b € Cocom H. The same holds for the flux opera-
tors Fy(¢) if ¢ € Cocom H*. A cocommutative element ¢ defines a trace on H by the evaluation,
(¢, hg) = (p,gh). All traces on H are of this form. Since the Haar integral ¢ is cocommutative
and the map H — H*, h — ¢ < h is an isomorphism [20], every ¢ € Cocom H* is of the form
=1~ z for a unique central element z of H.

The relation of cocommutative elements of H and H* with that of D(H )* is intricate. Suppose
we want the holonomy of the type 0 face loop a4 to be independent of the base point. For which
elements U € D(H)* do we have the relation HolgToa(‘lf) = Hol;, (¥)? One answer is provided
by (7.6) saying that ¥ € Cocom D(H)*. Another answer is obtained by Proposition 6.5 and by
equation (7.1) saying that ¥ = h®e with h € Cocom H. Which answer implies the other? None
of them. The point is that the surjective coalgebra maps

id ®e e®id
D(H)"

H H*
if restricted to Cocom D(H )* become mere linear maps

id ®e e®id
CocomD(H)*

Cocom H Cocom H*,

which are no longer surjective, unless Cocom H, resp. Cocom H*, is commutative. This is why
condition A of the theorem below contains a list of 3 possibilities.

Theorem 7.4. Let p: sy — s1 be a ribbon opcurve (Definition 5.9) and let X be either a type 0
face loop or a type 2 face loop which is disjoint from both sy and s1. Then

Hol?(®) and Hol}(¥) commute for all ® € D(H)*

provided one of the following conditions holds:

A. U belongs to either CocomD(H)* or Cocom H ® ¢ or 1 ® Cocom H*.
B. W € D(H)* is arbitrary but the base point of \ is not lying on p.
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Figure 5. To the proof of Theorem 7.4: A subcurve v of a left ribbon which collars the face loop A of
type 2 and its central deformation +’.

Proof. First we assume that p is a left ribbon and A is a type 2 face loop. Let w, € {Tgl, TQ}*
be the code word of p (Definition 5.7). Let o, ..., ax be the list of generalized subcurves of p
such that (1) all arrows and sites of c; belongs to A and (2) «; is maximal among the subcurves
satisfying (1). Mentioning sites under (1) refers to the possibility that o, consists of a single
site. It is maximal if and only if none of its neighbour arrows in p belongs to A. The arrow dijn
of p preceding o; and the arrow d?ut succeeding it must belong to U(\) but not to A\. These
arrows are uniquely determined by the arc o as follows. If a; = (s) is trivial, then (d;n, d;m)
is the unique elbow which touches A only at the site s. If a; = (cjyl, .. .,chj) is non-trivial,
then the (dolyn cj, 1) and (cj l],d‘;Ut) are straight (do not turn either left or right) The existence
of such dln " in p for all j follows either from maximality of the arcs o; or (for d™ and do‘“) from

the assumptlon that s, 31 do not lie on A. Let v; := (dm)aj (dout) Then every 7, corresponds

to a subword Tj 1T2J Ty ' of w, and the whole ribbon can be written as the composite
p = 007101 YkOk

of possibly empty! curves d; U-separated from A and of “collars” ~; of A. These collars need not
be as simple as the one of Figure 5. They can wind around A arbitrary many times, although
always counterclockwise. For different indices, 7; and 7; may overlap arbitrarily or can even
coincide.

It is now clear that commutativity of the opholonomies of p and A will follow from that of v
and A for a single collar v = (din , Cl, d(’“t) A central deformation ' of v can be defined
in the code word representation (Lemma 5.7) by means of a homomorphism b: {T , T 2} —
{Tg, Ty L'y, T 1} of free monoids as

v = (ag, bw,)),  where b(TyL) =Ty, b(Ty) =Ty 15 15 Y,

where v = (ao,u@). This means that 4/ differs from ~ by replacing each ¢; of color T5 by
a detour (b c..d; ) of color h(T3) such that the difference Toh(T2)~! = ToTyToTy is a type 1

] ])
loop, a conjugate of some f3,, hence a central curve. To see that 7' is a central deformation
of v introduce the opcurves 0j 1= (d' ,Cly - c]) and the lassos ¥; := 0]6] ! with the central
curve f3; = (']Tlc], bj, cj, d; ) . Then we have equality of paths

-1
W =0
proving that v/ ~!is a central opcurve by Lemma 6.7. Thus,

Hol? = Hol%,_l * HolJ, = 1p - (Z, -) x Hol3,

1§, is empty if (d?“t, ;‘TH) is a type 0 loop of length 2. Such double edges in D(X)* correspond to a 2-valent
vertex in X.
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(for some Z € Center(D(H))) commutes with Hol} (¥) if and only if HolJ, does. We write 7' as
the composite

(do, b1)(c))(dy, b2)(ch) -+ () (dy, bigr), where dp =d™, by =do"

of elbows (dj, bj+1) touching A at a single site and of length 1 pieces (c;) The elbows commute
with Hol3 (¥) because — in case A — the assumption on ¥ ensures Hol3 (V) is independent of the
base point of A so that it can be shifted to become different from the contact point of the elbow
and Corollary 7.3 to apply — and in case B — the base point of A is different from the contact
point and Corollary 7.3 directly applies. We claim that (c;) is U-separated from A. Assume it is
not. Then at least one endpoint of c; lies on A so either b; or d; connects 2 sites of X\. Let s(aq)
and s(ag) be these two sites. Since they lie on the face loop A, a; and ay must belong to the same
Te-orbit on Arr(X). But s(a1) and s(ag) are also connected by b; or d; which have color T}, !,
so a; and ag belong to the same Tp-orbit. By Lemma 2.2 (iii), this is possible only if a1 = aq
so bj or d; is a loop which cannot exist on D(X)*. This contradiction refutes the assumption

that (c;) is not U-separated from A. Hence, Hol}(¥) commutes also with the Hol¢,,(®) for all j
J

and finally also with Hol,. This finishes the proof of the theorem for left ribbons p and type 2
face loops A.

If p is a left ribbon and A is a type 0 face loop, then the proof goes exactly as above except
that the collars v now, having color code T5 (TO_ 1)lT2, wind around A in clockwise direction.
The deformation +/ is given by the substitution 7| 0 Ly T 01s, To +— Th.

If p is a right ribbon, then the collars go clockwise around type 2 face loops and counter-
clockwise around type 0 loops. Otherwise, the proof is the same. |

Corollary 7.5. For every ribbon p: {(vo, fo) — (v1, f1) and for every ® € D(H)*, the oper-
ator M = Hol(®) commutes with all the operators A, and By except for v € {vo,v1} and

f € {f07f1}'

For a given ribbon, there are four type 0 or type 2 face loops for which the above theorem
does not apply. The next theorem is to deal with these remaining cases.

Theorem 7.6. Let p: s(a) — s(b) be a proper left ribbon, where s(a) and s(b) are disjoint sites.
Then

Holp(®) < X = Holj(® « X), (7.9)
X > Holy(®) = Holj(X — @) (7.10)

hold true for every X € D(H) and ® € D(H)*.

Proof. The equations to be proven are equivalent to the exchange relations

Hol$(®)Dy(X) = Do (X(1y) Hol) (@ — X(5)), (7.11)
Dy, (X) Holjy(®) = Hol} (X (1) — @) Dy(X(2)). (7.12)

Every arrow of p is either a ¢; or a ¢ for some ¢ € Arr(X). The consecutive ¢, arrows form
a non-trivial arc on a type 0 face loop and the consecutive c; arrows do the same on a type 2
face loop. So there is a unique decomposition p = vy - - - vy, into a concatenation of arcs which
are alternatingly type O or type 2. (This decomposition corresponds to the decomposition of
a word w € {To_l,Tg}* into an alternating product of powers To_k and TQZ) Since p is proper,
two arcs can intersect only at some of their common endpoints and in this case the two arcs
are consecutive in the sequence (vq,...,vy,). The number of arcs m > 2 because we assumed

that s(a) and s(b) are disjoint.
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The face loops ag, 7, and ap, 7 involved in the gauge transformations D, (X) and Dy(X) fail
to commute only with a few initial and final arcs. More precisely, let v;: s;_1 — s; and assume
that vy is type 2. Then s; does not lie on ¢4, otherwise two different sites, sy and s1, belonged
to both a type 0 and a type 2 face loop which is impossible in view of Figure 4. So neither
endpoints of vy - - vy, belongs to a,. Furthermore, vy --- vy, never visits the site s(a) = s
because v; does but p is proper, hence a simple curve by Proposition 6.2 (ii). It follows that

vy is type 2 = Gu(H) commutes with Hol (D(H)") (7.13)

V2...Um

by Theorem 7.4 (B). Now assume that vy is type 0. Then s lies on o, and s2 does not because v9
is type 2. Therefore,

vy is type 0 = Go(H) commutes with Holy, , (D(H)") (7.14)
again by Theorem 7.4 (B). Similar arguments yield

v is type 0 = Fy(H™) commutes with Holy, ., (D(H)"), 7.15

vr is type 2 = F,(H") commutes with Hol}, ., (D(H)). (7.16)
Similar conclusions can be drawn for commutativity of F,(H*) and Gy(H) with Hol; , ~ or
Holy, .. _, but we shall not need them.

Concentrating on the relation (7.11) we have 6 different exchange relations to compute:

Case G, with vy if vy is type 0. Let n = |Og(a)|. Then the arcis v; = (ag , (To_la)(;, ey
(TJ]Jrla)g) for some 0 < j < n. Since Holy, (h ® ¢) is proportional to (1), it suffices to work
with Holy, (h®e) = PS T, (h) where we use the notation P, .. ¢, (h) := Pe, (hq)) - - Pe, (h())

and similarly for P = P, o S,

Pj..,Tnga(h)Ga(g) = PT"*J'“a,...,Tna(S(h))PToa, ST Ja(g(l))PT" It Tra (9(2))
= Pra,..1p- (9w) P T8, Tra (S(M)g(2)
=G, (g(l))PT"7j+la, na (9 ( ))S(R)g3)
=Gal9) By jin ( (93))h92)-
Case G, with v if v; is type 0. Given v; as in the previous case the next arc vy starts at
s(T;, ? a) therefore vy = ((To_ja);, (TQTO_JCL);’ - (TQk_lTO_Ja);r) for some 0 < k < |O2(T;, 7 a)|.
Nontriviality of the commutator of Hol;, (1® ¢) = QTOﬂ-a T§71T07ja(g0) and G, comes from the

first arrow of vy and from the (n — j)-th arrow of G,

Qnga,...,TQ’“*nga(SO)GQ(Q) - QTO*ja(30(1))Ga(Q)QTQTO*ja,...,Tffngja(90(2))
= Proa..1r--1490)) Q1. (00) Pro-s, (9(2))

X PTSL*j"Lla,...,TaLa (9(3))QT2T(;ja’,,,,T2k_ngja(SO(Q))

(2.5)
= Pro.ar-1,090) Proes, () = 92)Qr-i, (#(2)

X PT(T)’L—j+1a7__.7T6La (9(3)) QTQTO—J'@,__,T;”TO‘% ((‘0(3))

= PToa,...,Tg’*ja(9(1))PT§*j+1a,...,T51a(9(3))Qnga,...,T2’“—1nga(SD - 9(2))'
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This is not yet in the desired form, there is no G, on the left-hand side, but we wish to complete
it in the presence of the holonomy of v;:

PS o (@ 70, (#)Galo)
=P ”*j“a,...,T"a(S(h) Toa,.. a(g ) AR O"a(9(3))QTofja,...,TQk_lTO*ja(SDQg@))
=Fr.. LT .90 ))PT" it Tra (S(h) 9(3))QT iq,. ,TQ’“*ITO*ja(‘Pl_g@))
=G, ( 9@) Pro-ieiy, 100 (9(92)S(M)9(0) Qrso . ri-17-74 (9 = 9(3)
= Galyg ())PS Tyt ( ( ) )QTJ Folrig (¢ '_9(3))'
Since Holg, ,,(®) = Hol;, (h ® €) Hol;, (1 ® ¢), where ® = h ® ¢ and

S(93))hg) © ¢ — g2) = (hay @ Loy e ® 9)S(xj) )i @ @y = ® — (€ @ g),

we obtain Hol}, ,,(®)Ga(g) = Ga(g(1y) Hol},,, (® < (¢ ® g(2))) which, together with (7.14),
gives the result

Holo (®)Ga(9) = Ga(g(1)) Holy (@ — (¢ ® g())), (7.17)

whenever v; is a type 0 arc.
Case F, with v, if vy is type 0. For v; as above, we can write

Py ity (WFa(®) = Pu(S (1)) Fa(®) Prora (S(h)) -+ s (S (b))

R () Pa(S(0) = S(0n)) Pryra (5 (@) - Prrsnso(S(hiy))

= Fa() Py poin, (b= v)).
Since

HOI&(‘I”—W@U) PS rrtig(h=9) e, 1),

using also (7.15), we immediately obtain

Hol5(®) F (1)) = Fu(1h(2)) Hol} (® — (1) @ 1)), (7.18)

which together with (7.17) proves (7.11) at least if the first arc of p is type 0.
Case G, with vy if vy is type 2. Then v = (a;,...,(Tg_la);) for some 0 < j < n
where n = |O2(a)|. Thus,

Holp, (2)Ga(g) = e(WQ, g1, (so)Ga(g)

= h Qa(tp ) QTga(‘P(Q) QTJ 1 ( '))
s(h)Ga (9a ) (1) = 92)) Qa(p(2)) -+ QTg—la(‘P(j))

= a(g(l )5 LTt ( ;9(2))

= Galga )H01° (‘P — (e®91)),

which, together with (7.13), is sufficient to conclude that (7.17) holds also if v; is a type 2 arc.
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Case F, with v if vy is type 2. With the same v; as in the previous case, we can write

Qa,...,Tijla(w)Fa(d}) = Qa,...,Tijla(saqiz)(l))QTQja,.“,T;*la(¢(2))
= Qo 1Y) Q. 13-1,(¥3) Qo114 (S (V) 1))
=Fa(3)Q,, 112 (S (V) o))

Case F, with vy if vy is type 2. With v; as in the previous two cases the next arc is
vg = ((Tga)(;, (T&lTQJQ)g,...,(T(;k+1T2ja)g), where 0 < k < ’OO(T] a)|. Non-commutativity
of F, and Holfj2 is due to the first arrow of vy and to the arrow (T] ) of g,

Prio goreigga(WFa(W) = Proveigy, 1, (S0NQ, 13-, (¥0) Qe rp—1a (¥2)

—Q areri1a(C0) Prorsviggq o130 (9 (h@)) Pry o (S(h))) Qg (Y2)
X QT27+1CL,...,T2”71(1(¢(3))

(3.4)
- STt () Py o " 1ya, T*nga(S(h@)))

X QT] (Y — S(S(h(l))(z)))PTj (S (hq) )(1))QT5+1a,...,T;*1a(¢(3))
= Q10 (V) Qg 10 (V@) = hw) Prossipg, 11, (S(h2))-

Combining this with the result of the previous case, we have
Holy, ,,, () Fu (1) = Holy, (h(1) ® &ip(1)&s) Holy, (S(x))h(2)zi @ ¢(2)) Fu(¥)
= Qangfla(fiCng)PSj ST 1T (S(ﬂﬁj)hifi)Fa(%b)
= Q1 &&)Q, () )QTJ
x P SR LT g, Tga(S([S(xj)hxi]@)))
= Qa,...,Tgfla(&sofﬂﬁ(l))QTga,...,T;fla(¢<3>)PTSJ g, ([S@)ha] = U)

.....

The Hopf algebraic identity

§ip€iay @ [S(xj)hwi] — o) = Y)&ips; ® S(x;)(h — Pay)Ti

shows that the last line above equals to

Qu 1y (V@E95) Qg rp—1a (V@) Py, goriggo (S(@) (b= v))wi)
= Fa(¥9)Q,,. Tj—la(&905]‘)1”%@7,”7%7%1@,1(5(%‘)(h = Y ei)
= Fo(¥2)) Holy, ((h = vq)) () @ &ip1)&s) Holy, (S(x5) (h = 1)) (971 ® ©(2))

= Fa (¢( )) HOlvlvz( - w(l) ® 90)
= Fa (’(ﬂ( )) I’IOI,[OJIU2 (Q) — (w(l) ® 1))

Taking into account (7.16), this proves (7.18) for p having first arc of type 2.

The above cases together prove formula (7.11) for all proper left ribbons with disjoint source
and target.

Formula (7.12) requires to consider another 6 cases but there is a shorter and more instruc-
tive way to prove it. We can apply duality to view the holonomy of the left ribbon p as the
holonomy of a right ribbon in another Kitaev model based on the Hopf algebra H*. This
duality has two ingredients: an algebra isomorphism I: M(X, H) — M(X*, H*) and an iso-
morphism J: Qv(D(P)~) — Qv(D(P")~) of quivers. The I is defined by I(F.(h)) := QF,,(h),
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I(Qu(p)) := P(p) where the P} and Q} are the standard generators of M(X*, H*) like the P,
and @, have been for M(X, H) in Section 3. Comparing equations (3.7) and (3.18), it is easy to
see that I is an algebra isomorphism. It maps Gauss’ law operators to flux operators and vice
versa,

H(Golh) = Fja (), I(Fa(9) = G (9). I(Du(X)) = Dj s, (T(X)).
where
Y. D(H) - D(H"),
P ®@h = h) @ @) - (h), e1){(S(h): ¢@3)

is an isomorphism of algebras and antiisomorphism of coalgebras.
In order to construct J, we first define a bijection j between the OCPMs associated to the
arrow presentations P and its dual P~ of (4.2) by

“ “ “

7: Z(P) — Z(P), Og(a) r—>(62 (Tla), Ol(a) — 01 (a), Og(a) — Do (a),
which satisfies
j o 8y =di, j o do=do, j o &1 =do, jod =9 .

The definition of J is this

~

T QuDE®)™) = Qv(D(P)7), (v, f) = G(),iw), af = (Tia)s, a5 = ag.

This can be shown to be a map of quivers by reading off the definition of V; from (5.1). For
example,

Vo o J(ag) =Vo (Tha)y = <50 Tha, do Tia) = <51 a, d1 a)
= (j(d1a),j(Ba)) = J({Doa,dra)) = J o Vo(ag ).
This J is one of the maps that realizes the intuitively clear idea that the complexes D(X)*

and D(X*)* are the “same” except relabelling the arrows and repainting the blue and red faces
to red and blue, respectively.

Now J induces an isomorphism J*: PathD(P)~ — PathD(f’)N of groupoids which sends a left
ribbon p: s(a) — s(b) to a right ribbon J*p: s (T{la) —$ (T{lb). (The appearance of Tyt
is due to the fact that the site labelling function a + s(a) satisfies J o s ='s oTQ_l. As such,
it belongs to the object map of the functor J *) If Hol°” denotes the opholonomy of the dual
model, then the duality formula says that for all curves p of the original model

I(Hol3(®)) = Hol3<,(T*(®)), (7.19)
where T* = (TT)_I: D(H)* — D(H*)* is the mapping
T*(h ® ¢) = & ® S(z1)hay,

which is an antiisomorphism of algebras and an isomorphism of coalgebras.
Applying the duality formula to (7.11), we obtain

712 (Y(X)) = Do (T (X1))) Hol3, (Y (2(2)) ) (17 (2 (1)) T (Xea)))
= D71, (T(X) 2)) Hol3, (Y7 () 2) (X (@) 1y, Y(X) 1))
=D} (T(X)(g)) HO]?]::p (T*((I)) — T(X)(l))

-1
T, "a

Hol7,(T7(®))
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Therefore,
Holi”(\II)DZ(Y) =D} (Y(2)) Hol%“(\lf — Y(l))

for all proper right ribbons v: s (a) —5 (b), for Y € D(H*) and for ¥ € D(H*)*. For the left
ribbon ~~1, this implies
D} (V) Hol>™, () = Hol® %, (1)) Hol2 ™ (W 5)) Dy (V) Hol’ %y (1 3))
= Hol3% (1)) D2 (Yig)) Holy™ (¥ g = Yin)) HolJ (¥ 3))

= Hol2™ (Y — W)D5 (V).

Since this is true for all left ribbons v~ ! with target s (a) not only on D(X*)* and not only for H*
but on the dual of the double of any OCPM % and for any involutive f.d. Hopf algebra H, we
can apply it to the original ¥ and H and we get the proof of (7.12). |

For sake of completeness, we note here the formulas that hold instead of (7.9) and (7.10) if
p: s(a) — s(b) is a proper right ribbon,

Hol(®) « X = Hol(® - X), (7.20)
X » HolS(®) = Hol3(X — ). (7.21)
b

Corollary 7.7. Let s(a) and s(b) be disjoint sites and p: s(a) — s(b) be a proper left ribbon.
Then the space Hol,(D(H)*) of ribbon operators over p equipped with the actions > and < is

a bimodule over D(H) such that ’
Holy: D(H)* — Hol)(D(H)")

is a homomorphism of D(H)-D(H) bimodules if we consider D(H)* as the regular bimodule
(D(H)*,—, ). This map is also a homomorphism of left D(H )-module algebras and of right
D(H)-module algebras.

Similar holds for proper right ribbons p: s(a) — s(b) but then the bimodule structure is given
by : and <« and the algebra structure by D(H)*°P.

Proof. That Hol (D(H)*) is a left and right D(H )-module and that the map is a left and right
D(H)-module map follow from Theorem 7.6. Due to disjointness of the source and target sites,

the left and right actions commute so Hol’(D(H)*) is a bimodule. The last sentence follows
from (7.4) which shows that Hol (D(H)*) C M is a left and right module subalgebra. [

Similar results can be obtained [5] in a context of non-semisimple Hopf algebras.

We close the section with two more results on closed ribbon operators. An opcurve v: sg — s1
is called closed if sy = s;. If ¥ = (dy,...,d,) is closed, then every cyclic permutation C*vy =
(dk+1y---,dn,dy,...,dg) is also closed. It follows from the code word representation of ribbons
that if the closed curve 4 happens to be a ribbon then the C*y are also ribbons of the same
type (left/right). Similarly, the cyclic permutations of proper closed ribbons are again proper
as it is clear from Definition 6.1.

Proposition 7.8. Let §: s(a) — s(a) and p: s(a) — s(a) be closed left ribbons of the following
form (for <E> see Definition 7.1):

_ —\ &/ —1 \t /
5-(@0)5 ((T2 a) ), where 9§ %)p,

p=(a3)r (Toa)y),  where pf &\,
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so that the only intersection of § and p is the site s(a). (This is possible if the genus of [¥] is at
least 1.) Then

Hol3 (V) Hol(®) = Hol(Ry — ® « Ry) Holg(Ry — ¥+ Ry) (7.22)
for all ®,¥ € D(H)* where R = R; ® Ry = Ryy ® Ry is the R-matriz of D(H).

Proof. For any curve v we abbreviate Hol? by H.,. The strategy of the proof is similar to that
of Lemma 3.1. We decompose the opholonomies into 3 terms,

Hs(¥) = H,— (Y1) Hy (P (2)) Higo105) (Y(3)

Hy(®) = H,1)(21)) Hp (22) Hi (07 (P(3))
with the middle terms commuting with all terms of the other line. Then we exchange Hs and H),
in such a way that the order of terms of the same line remains intact in every step. Using the
identities (6.5) and (6.6), we can write

Hs(W)Hy(®) = H,=) (Y (1)) Hop) (21)) Hy (2)

- Hg (‘I’(2))H((T;1a);) (‘I’(3))H((T0a)g) (‘I’(fﬂ))

= H,)(®0) = R1)H o) (Y1) = Ro) Hy (02)) Hy (¥ 2))
“H g0y (Ra — ‘I)(?’))H((T;la);)(Rl' — ¥(y)

= H(a;)(‘b(l) “~ Ri)H, (‘I’(2))H((Toa)g)(R2/ — Q)
‘H(ao—)(‘p(l) - R2)H5’(‘I’(Q))H((T;Ia);)(Rl’ = Ty)

= H,(Ry — ® + R)Hs(Ry — ¥ — Ry),

which completes the proof of (7.22). [

A closed ribbon version of (7.9) and (7.10) can be obtained as follows. First, we need a
lemma.

Lemma 7.9. Let p: s(a) — s(a) be a non-empty closed proper left ribbon which is not a face
loop. Then there exist proper left ribbons p1: s(a) — s(b) and pa: s(b) — s(a) with disjoint s(a)
and s(b) such that p = p1pa.

Proof. Let p = v;--- v, be the arc decomposition as in the prof of Theorem 7.6. Since p is
not a face loop, m > 2. Let s(ag) — s(ay) — s(ag), where ag = a. Then s(a;) is neighbour
to s(ag) and s(as) is disjoint from s(ap). Similarly, the sites of $(am_2) == $(am_1) —= s(am),
where a,, = a, satisfy that s(a,,—1) is neighbour to s(a,,) and s(am,—2) is disjoint from s(an,).
This already excludes m = 2 and m = 3. So we can take p; = vivy and po = v3 - - - Up,. [ |
Proposition 7.10. Let p: s(a) — s(a) be a non-empty closed proper left ribbon. Then

Da(X) HOIP((I)) = HOlp (X(l) e SD (X(d)))Da (X(Z)) (723)
holds true for every X € D(H) and ® € D(H)*.

Proof. First, we assume that p is not a face loop. Take a decomposition

p = s(a) 25 s(b) 2 s(a)
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provided by Lemma 7.9 with disjoint sites s(a) and s(b). Using Theorem 7.6,

D, (X) Hol,(®) = D, (X) Hol,, (®(1)) Hol,, ((I)(Q))

= Holy, (2(1) < Sp(X(2)))Da(X(1)) Holy (®(2))

= Holy, (P(1) = Sp(X(3))) Holy (X(1) = P(2)) Da(X(2))
:HOIP(X()A(I)/—SD( ))Da(X )

the statement is proven.
If p is a face loop, then p is either v, or o, !. Assume p = ~,. Then by Proposition 6.5

HOlp(h ® ) =e(h)Fa(p) = Da(p @ 1) e(h),
so the left-hand side of (7.23) with X =1 ® g and ® = h ® ¢ can be written as

D, (X) Hol,(®) = Do(X (0 @ 1)(h)
=Da (Ve @ 902) - (9(3),901)) (1) S(9(3)) )e (h).

For the right-hand side, a much longer computation is necessary,

Hol, (X (1) = @ < Sp(X(3)))Da(X(2))
= Hol, ([S(zj)h(2)i @ 0(2)] 1)) {[S(z)h2)7i ® 9)] ), X))
x (hy ® &p1)€s, S (X(3)) ) Da(X(2))
= Hol, (hji(1) ® Exp2)&) (S(@)hjia)r © 93y X (1))
x (hay ® &iv)€), Sp(X(3)) ) Da(X ()
= Da ()& @ 1) (S(z0)hjizk @ (), %3) © 9a))
X (xS (h1y)S(@m) © EnS(&5)S (1)) S(E)éns Yy @ 93))Da(t2) ® 92))
= (Y@), (@) S(z))h) ziwk) (L 3), 90) (Y1) Tn (h(l))S(wm»
X (€m (])S( 1))S(&)éns 93))Da (S 2)&2) @ 92))
= (Y h2)) (@), 900) (Y2), S (hy))
< (¢(3))¢6 (%)) (Y) Y1), 9(3))Da(1(9)22)S (Y(5)) Yia) ® 9(2))
()@, 90))(S(#)): 93))Da (e <2>®9<2>)'

-1

The case of p = a; " can be proven by a similar calculation. |

Note that (7.23) is identical to the multiplication rule in the double of the double, D(D(H)).

8 Homotopy

In order to explain “topological invariance” of the Kitaev model, the first step is to look for
an appropriate notion of homotopy of curves. Eventually, we want to use homotopy on the
complex D(X)* but the very notion should be given for an arbitrary X.

Definition 8.1. Let ¥ be a connected OCPM with arrow presentation (Arr, Ty, T5).

(i) Let f be a face of ¥. An f-loop A is a closed opcurve (a, Tya, T2a, . .. ) or its inverse where
a € Arr is such that Oa(a) = f. The set of f-loops for all f € %2 are called face loops.
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(i) A lasso ¥ is a conjugate of a face loop, i.e., ¥ = Ao~ !, where A is a face loop and ¢ is
arbitrary, provided 010 = 9gA. If A is an f-loop then ¥ is called an f-lasso.

(iii) Let «, 8 be parallel opcurves, i.e., 9;a = ;3,1 = 0,1. A (combinatorial) homotopy from «
to 8 is a sequence of lassos (U, ..., ¥1) such that
BN ... 0001 =« as paths.
Two opcurves are called homotopic, denoted by « ~ [, if they are parallel and there is
a homotopy from one of them to the other.

(iv) A contraction of a closed curve a: v — v is a homotopy from « to the trivial curve (v).
A closed curve is contractible if has a contraction.

(v) If (Un,...,91): @ — B is a homotopy with J; being an f;-lasso, then the support of this
homotopy is the set of faces occurring in the list (f;).

Remark 8.2. There are op-versions of the above definition of homotopy of opcurves:

e In ophomotopy of opcurves @ — § means ad}y --- Iy = S.
e In homotopy of curves &« —  means 9y o --- o ¥ o a = f3.
e In ophomotopy of curves @ — f means #; o --- o ¥y o = a.

Scholium 8.3. Let X be a connected OCPM. Homotopy of opcurves on ¥ satisfies the following
elementary properties:

(i) If9 = (Wy,...,91) is a homotopy a — 3 then 9~ = ( 1_1, e 19]_\,1) is a homotopy 8 — a.
(ii)) If LN 8 N ~ are homotopies, then the composition
¥ o= (V... 9, 9N,..., %)

is a homotopy a — 7.
(iii) If two opcurves are equal as paths, then they are homotopic.

(iv) Homotopy is an equivalence relation on the set of opcurves and each path is the subset of
a unique homotopy class.

(v) A homotopy o — f3 is the same as a contraction of 3~ 1a.
(vi) If ¥: a — ( is a homotopy, then (,819]\76_1, ) ..62915_1) is a homotopy ~1 — o~ L.
(vii) Let

« B [
U —rv w— z
Y

be opcurves and let ¥9: § — + be a homotopy. Then ( L0 s ) is a homotopy
afBd — avé.

(viii) If (Un,...,91): @« — B is a homotopy and p € Sy is any permutation, then there exist

closed curves 7; such that 0 := mdp;m; ! defines a homotopy (9, ...,9}): a — S.

The set of homotopy classes of opcurves together with concatenation is a groupoid which is
the opposite of the traditional fundamental groupoid m1(X). It is evident from Definition 8.1,
although its formalization could be tedious, that this groupoid is the same as the fundamental
groupoid 7 ([X]) of the geometric realization of the complex X.

The notion of contraction defined above does not reflect the idea that a contractible curve
bounds a disk and the support of the contraction is the disk itself. As a matter of fact, any
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Figure 6. The basic curves of ribbon homotopy.

finite set of faces can be the support of a contraction. So one should study simple curves and
their simple homotopies. But before we would dig too deeply into the subject of lasso homotopy
we should remind ourselves of our main goal which is the algebra of ribbon operators on D(X)*.
It turns out that the use of lassos in holonomy operators is extremely inconvenient. The las-
sos oo~ ! are not proper ribbons and the long tails ¢ introduce serious non-commutativities
which practically obstructs any computation. We need some other kind of homotopy specialized
to ribbon curves on D(X)* by means of which we can deform (proper) ribbons in such a way
that the curve stays a (proper) ribbon in each step.
Let us introduce the following open “lassos” (Figure 6):

Ko 1= ((Tm);, (Tom_la)o_7 - (Toa)a,a;): s(Tha) — s(Tra), (8.1)
Ao = ((Tha)g, (Tra)g, . .., (Tg_la);,aa) : s(Tha) — s(T, 'a), (8.2)

where m = |Og(a)| and n = |Oz(a)|. Note that k4, A, € Ribbj.

Unlike the lassos the k-s and A-s cannot be nicely composed. So the strategy in ribbon curve
homotopy is not composing the elementary paths, it is more like the procedure of grafting trees
in which k, and A, play the role of the grafts.

Remark 8.4. Speaking about subcurves and subpaths, in general, requires some care. For
opcurves ¢ and p, the relation 0 C p means the existence of opcurves p; and ps such that
p = p1ope as opcurves, hence no reduction is allowed. For paths of opcurves, o C p means the
existence of paths p; and ps such that p = pjops as paths. In case of both ¢ and p are ribbons
(of the same type), the relation o C p for the ribbon opcurves is stronger than the same relation
for their paths. However, if we think more categorically and utilize the fact that Ribb§ /R is
a category for concatenation, then we can use the notion of subribbon as a third possibility. For
left ribbons, e.g., o C p is a subribbon if there exist left ribbons p; and ps2 such that p = p1ops
either as opcurves or as paths because concatenation of left ribbons is always reduced so these
two alternatives are equivalent. This third version of “subcurve” is which we need in the next
definition.

Definition 8.5.

(a) For left ribbon opcurves p,p’: s — s1, we say that the pair (p,p’) is an elementary
contraction and that (p/, p) is an elementary relaxation in the following 4 cases:

e Vertex contraction: For some a € Arr(X) the p contains a subribbon a ;! (see (6.7))
and p’ is obtained from p by discarding this a; .

e Face contraction: For some a € Arr(X), the p contains a subribbon v, (see (6.9)) and
P is obtained from p by discarding this ~,.
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e k-contraction: For some a € Arr(X), the p contains a subribbon k, C p and p is
obtained by replacing this subribbon by ((Tha)y).

e \-contraction: For some a € Arr(X), the p contains a subribbon A\, C p and p’ is
obtained by replacing this subribbon by ((Tla);).

For p,p’ € Ribbj, we write p ~ p’ and say that they are ribbon-homotopic if there is
a sequence of left ribbons (pg, ..., pr), the homotopy, such that pg = p, pr = p’ and each
move (p;, pi+1) is an elementary contraction or an elementary relaxation.

(b) For closed ribbons, we also define free ribbon-homotopy as a ribbon-homotopy in which
we allow also circular moves: (p;, pi+1) is a circular move if p;;1 differs from p; only in the

choice of the base point. Free ribbon-homotopy is denoted by X,

(c¢) For right ribbons, the definitions (a) and (b) can be used without change except that in
the definition of moves the curves a;l, Yas Ka, Aq have to be replaced by ag, v, L ﬁgl, )\;1,
respectively.

(d) The support of a (free) ribbon-homotopy is the set ' C X of faces of D(X)* arising as
the union of the supports of the elementary contractions/relaxations. In case of vertex
or face contraction/relaxation, the support is just the vertex or face in question. In case
of k-contraction/relaxation, the support has 2 elements, a vertex and an edge of X, the
ones being winded around by k,. For A-contraction/relaxation, the support is a similarly
defined pair of a face and of an edge.

Notice that we have not defined homotopy between a left and a right ribbon.
In order to place ribbon-homotopy into the wider context of homotopy, we need to see abun-
dance of ribbons in some sense.

Proposition 8.6. Let 3 be a connected OCPM and let s,s' € D(X)*0 be two sites.

(i) There exists a left ribbon p: s — .

(i) If v: s — &' is an opcurve, then there exists a left ribbon p: s — s' such that v ~ p, i.e., y
and p are homotopic in the sense of Definition 8.1.

(i) If p1,p2: s — s’ are left ribbons such that py = pa, then p1 ~ ps.

Proof. (ii) Let v be the composite s = s(ag) —= s(a1) —» -+ —% s(an) = &', vp = Og(az),
fr = O2(ag) and let w = W, ---Wj be the code word of 7. The proof follows the principle of
replacing bad letters with good words. Construct the new word

Wi it Wi, € {Ty', In},
w' =l wl, where wj, 1= TO_‘U'“‘Jrl it Wy, =T,
T W =1

and define the ribbons py = (ag,wj},---wi). Then ¥ = pk,l(ck)pgl is a lasso such that
V102 - -9, = yp,; L. Therefore, p = p, is the desired ribbon and (7_11917, e ,7_179717) Y= p
is the desired homotopy.

(i) Since D(X)* is connected, there exists an opcurve v = s — s’. Thus, (i) follows from (ii).

(iii) It suffices to show that the elementary relaxations are homotopies. For the cases
of vertex and face relaxations, this is obvious. For k., we can easily check the equality of
paths ((Tla)a) = KUV with lassos ¥, = (ay ), (a;) and Y. = (a5, ag)ﬁgl (ag,a;). Thus,
(P, e): ka = ((Tha)g) is a homotopy. Similar formulas can be found for A,. [
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Assume that we are given a closed ribbon which is contractible, e.g., because we know that
the ribbon bounds a disk. How can we design a ribbon-homotopy which shrinks the ribbon to
zero? This is the kind of problem in which “tree curves” play a role.

Definition 8.7. Tree curves or, more descriptively, tree dressing curves are closed ribbon
opcurves occurring in two types:

A tree curve 7r can be constructed from a tree F C X° U X!, as a subgraph of X, as follows.
Considering F' as a set of faces of D(X)* we take 7 to be any of the negatively oriented reduced
boundary opcurves of this fattened tree F'.

A dual tree curve 7 can be constructed from a dual tree F C 32U X!, as a subgraph of ¥*,
as follows. Consider F as a set of faces of D(X)* and take 7p to be any of the positively oriented
reduced boundary opcurves of this fattened tree F.

Predecessors of the tree curves are the “dual blocks” and “direct blocks” of Bombin and
Martin-Delgado [1]. We need also rooted versions of them which are open ribbons:

Definition 8.8. A rooted tree curve is obtained from a tree curve 7 by discarding the maximal
arc running around a leaf vertex v € F. This curve is denoted by 7p/, where F’ = F\ {v} is the
underlying rooted tree. The root of 7p is the arrow which would complete the discarded arc to
a full loop around v. If r is the root, (r) is called the root curve.

A rooted dual tree curve is obtained from a dual tree curve 7 by discarding the maximal
arc running around a leaf face f € F. This curve is denoted by 7p/, where F/ = F'\ {f} is the
underlying rooted dual tree. The root of 7p/ is the arrow which would complete the discarded
arc to a full loop around f. If r is the root, (r) is called the root curve.

Note the deviation from the usual notion of rooted tree. Here the root vertex is not an
arbitrary vertex but a leaf. Furthermore, the root vertex does not belong to the rooted tree,
so in fact there is only a root edge which is characterized by having only one boundary vertex
(a “half edge”).

The inverses 7 ! (TF_,l) of the above (rooted) tree curves are needed in ribbon-homotopy of
right ribbons, so they should also be called (rooted) tree curves.

Lemma 8.9. The following facts are either obvious or easy to prove:

(i) For every (rooted) (dual) tree F, the Tp is a proper left ribbon and TEl is a proper right
ribbon.

(ii) If F is a singleton tree in X (in X*), then the (dual) tree curve Tr is oyl (y,) for some
a € Arr(X).

(#31) If the rooted tree F' in'% (in X*) consists of 2 elements, then the rooted (dual) tree curve g
is a Kq (Ag) for some a € Arr(X).

(iv) Every (dual) tree curve can be obtained from an o, (v4) by successive grafting of kq-s

(Aa-5) by their roots to some arrows of color Ty ' (Tz). The same can be said about the
rooted (dual) tree curves if we start with a £ (\).

(v) Every kq, Aq s Tibbon-homotopic to its root curve.
(vi) Ewery tree curve and dual tree curve is ribbon-homotopic to some trivial ribbon.
(vit) Ewery rooted tree curve and rooted dual tree curve is ribbon-homotopic to its root curve.
Under (iv) the “grafting” means a x- or A-relaxation under the condition that the result

remains a proper opcurve. We do not have to use unproper relaxations to get tree curves
although a general ribbon-homotopy would allow them.
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Figure 7. A plan for contracting a left ribbon. (See the proof of Theorem 8.10.)

Theorem 8.10. For a connected OCPM X, let p: s — s be a closed proper left ribbon. We
divide the faces of D(X)* into connected components by saying that two faces p and q of D(X)*
are connected if there is a dual curve 0: p — q on D(X)* such that neither the arrows of 6 nor
their opposites are members of p. Assume that

e p cuts the set of faces into 2 connected components, L consisting of the faces lying on the
left and R consisting of the faces lying on the right of p;

e as subcomplexes of ¥ either L or R has Fuler characteristic 1.

Then there is a ribbon-homotopy from p to the trivial ribbon (s) such that the support of the
homotopy is L, resp. R, and in each step of the homotopy the curve is proper.

Proof. Looking at the two connected components L and R as sets of cells of ¥, we have
LNR=and LUR = 3X. But there is a substantial difference between these subcomplexes.
L is upper semiclosed, i.e., together with any cell ¢ it contains also Cb(c), while R is lower
semiclosed?, i.e., together with any cell ¢ it contains also Bd(c). This is visible on Figure 7 by
the appearance of alternating red and green dots on the left-hand side of p and of the blue and
green dots on the right-hand side. These sequences of faces and edges on the left and vertices and
edges on the right are the boundary dual curve of L and the boundary curve of R, respectively.
They coincide with the two borderlines E*(p) = (c, b) of p, see in and below Lemma 5.4. Since
p is a ribbon, these borderlines never cross by Lemma 5.8.

Let L¢ = ¥NL for d = 0,1,2 and assume that it is L which has Euler characteristic (L) = 1.
Choose a maximal dual tree F' C L? U L! in the connected complex L. Let 75 be its dual tree
curve the base point of which is that of p. Since F' contains all faces of L but none of its vertices
and F has x(F) = 1, the complement G := L \ F has Euler characteristic

X(@) = |G| =[G = [L] = (L] = (127 = 1)) = [L°] = |7 + |2°[ = 1 =x(L) =1 = 0.

As a subgraph of the planar L the G cannot contain circles because they would separate some
faces from the maximal dual tree F. Therefore, G is a disjoint union of trees G = G U --- U Gy
each of which has to be rooted in order to satisfy x(G;) = 0. The root edge of Gj, in the

2A subset of a connected CPM ¥ which is both lower and upper semiclosed is either empty or the whole X.
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Figure 8. The plan of a proper ribbon-homotopy from the blue to the red left ribbon. (See the proof
of Theorem 8.13.)

language of D(X)*, is a type 1 face e; having one arrow r; € p of color T, ! on its boundary.
This is the root of G;. Starting with the root r;, we can perform a sequence of k-relaxations
along the tree GG;. Doing this for all G;, we arrive to that p is a ribbon-homotopic to 77. Since 7
can be contracted by A-contractions to the trivial curve, we are done. During each steps of the
homotopy we had only proper ribbons and used only grafts ., A\, which belonged entirely to L.
Furthermore, the supports of the used grafts form a partition of L into vertex-edge pairs and
face-edge pairs, so the support of the homotopy is precisely L. (In this case, we call L the
contraction disk of p.)

If it is R which has y(R) = 1, then the proof goes by constructing a maximal tree F ¢ ROUR!
and the forest of rooted dual trees G = R\ F. Then the homotopy first A-relaxes p inside R
along the forest and then k-contracts the resulting tree curve 7p. |

The special ribbon-homotopies we found in the above theorem turn out to be the only ribbon-
homotopies applicable in the Kitaev model. So we give them a name.

Definition 8.11. A (free) ribbon-homotopy (po,p1,--.,pn) is called a proper (free) ribbon-
homotopy if each p; is proper (Definition 6.1). A proper ribbon which has a proper ribbon-
homotopy to a trivial curve is called properly contractible.

Example 8.12. The figure 8 opcurve 8, := a, !, is a left ribbon which is not proper. It has
a ribbon-homotopy to (s(a)) but no proper ribbon-homotopy at all. The same can be said about
the double loop v47a-

Theorem 8.13. Let p1, pa: s(a) — s(b) be parallel non-trivial proper left ribbons such that the
closed opcurve ,01,02_1 is the positively oriented boundary curve of a disk B C D(X)*?. Then there
1 a proper ribbon-homotopy p1 — p2 of support B.

Proof. By assumption, B lies on the left of p; and the right of p. The B is now neither
upper nor lower semiclosed and, strangely enough, has Euler characteristic 0 in . This is
an artifact of the different behaviour at the two borderline segments p; and ps: B looks like
upper semiclosed along the p; and lower semiclosed along ps. So we can start growing rooted
trees (with roots on p; necessarily) until we get a maximal forest I C B of rooted trees (see
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Figure 9. For a free proper ribbon-homotopy from the blue ribbon to the red ribbon first choose
a maximal forest of rooted trees on the annulus. These are the bluish faces. Then perform x-relaxations
on the blue ribbon along the bluish faces. What we get is a Hamilton cycle; a closed proper ribbon (not
shown) visiting every site of the annulus exactly once. Then we make a circular move along the Hamilton
cycle in order to transplant the base point from the blue ribbon to the red ribbon. Finally, we perform
A-contractions along the reddish faces.

Figure 8). The complement F* = B\ F' is then a maximal forest of rooted dual trees (with
roots on py necessarily). The homotopy then starts with k-relaxations of p; along the trees
of F. The result is a proper left ribbon «: s(a) — s(b) which consists of the (broken) borderline
between F' and F* completed by those arrows of p; and ps which are not roots of some tree.
Finally, a sequence of A\-contractions applied to v along F* results in the ribbon ps. |

The intermediate curve v in the proof of the above theorem has the remarkable property of
passing through every site of the disk B exactly once. So it is a Hamiltonian opcurve on the
graph | B \ B obtained by taking the lower semiclosed closure of B in the complex D(X)* and
then discarding all its faces. The existence of such Hamiltonian curve is crucial in the following
free ribbon-homotopy.

Theorem 8.14. Let A be a finite connected set of faces of D(X)* with Euler characteristic 0
in ¥ such that the positively oriented boundary of A in D(X)* consists of two components,
a closed proper left ribbon p1 and a closed proper right ribbon p2_1. Then there is a proper free
ribbon-homotopy p1 — p2 supported on the annulus A.

Proof. The proof is very similar to the proof of Theorem 8.13 therefore we content ourselves
with referring to Figure 9. [ |

The annulus of Figure 9 is obtained by taking the relative complement of a disk within a larger
disk. But this need not be so. The proof of Theorem 8.14 nowhere uses that the “hole” is a disk.
So it applies to any annulus strip winding around a torus or on some handle of a higher genus
surface.
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9 Ground states

So far the Kitaev model was treated on a pure algebraic level. Now we turn it into a model in
quantum field theory. So we assume that the ground field K = C, the field of complex numbers,
and the finite-dimensional Hopf algebra H is a C*-Hopf algebra. This means, on the one hand,
that H is endowed with an antilinear involution, called the star operation,® satisfying

(gh)T =nlg', o' @bt = (b1) ,, ® (B g,heH.

(1) (2

Consequently,

1'=1, e =ek), Sh)I=s1nl), il=i

On the other hand, one requires that H has a faithful star-representation on a Hilbert space, i.e.,
such that h' is represented by the adjoint of the operator representing h. From now on H denotes
a finite-dimensional C*-Hopf algebra. Finite-dimensional C*-Hopf algebras are semisimple and
have S? = id. So every Hopf algebraic relations used before remain valid. In particular, H* has
a Haar integral + and the formula

(g,h) = <L,gTh>

is a scalar product making H a Hilbert space and the left regular representation a faithful star
representation, (k,hg) = (th:,g).

The dual Hopf algebra H* is then also a C*-Hopf algebra. The star operation of H* is
given by

(oT,h) = {p,S(M)1), e H*, heH

It follows that the double D(H) and its dual D(H)* are both C*-Hopf algebras with respective
star operations

W®g)l= 1%) ® 922) (Y Slam)) (bay9m)),  (h@e) =ht el

Assume ¥ is a finite connected OCPM. Since M(X) is a full matrix algebra, it has, up to
isomorphisms, only one irreducible representation. The standard choice for the Hilbert space of
this representation is (%) := H ®X' Wwhich is the tensor product of copies H, of the Hilbert
space H for each edge e € ¥.!. The action of M on # is defined by means of an orientation of
the edges, i.e., by a section e + ae of the function Oy : Arr(X) — X1, Namely, P,(h) and Q,(¢)
act as the identity on each tensor factor He, e # Oj(a), and for e = O;(a) the P,(h) is left
multiplication by h and Q,(¢) is ¢ — _ on H. if a = a, and P,(h) is right multiplication
by S(h) and Q.(¢) = - — S(¢) on H. if a = Tiae; cf. (3.10) and (3.11). In this way the
abstract operators P,(h), Qq (gp) become concrete operators on the Hilbert space .5 such that
P,(h)T = P,(h') and Qa(p)" = Qa(¢"), where (-)T on the right-hand side is the abstract star
operation while on the left-hand side it is the adjoint of an operator on 7.

The adjoints of one-step holonomies (6.3) satisfy Hol‘(’d)(\I')Jr = Hol((’d) (\I/T) Therefore, if v is
an arbitrary opcurve, then

Hol? (¥)" = Hol? 1 (Sp- (¥)'), @ € D(H)". (9.1)
But if the curve is a proper ribbon, then we also have

HOIZ(\IJ)Jr = Hol) (\I/T), U e D(H)*, if pis proper. (9.2)

3Having already many stars in this paper we shall denote the star operation, as well as the adjoints of bounded
linear operators on a Hilbert space, by (-)'.
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In particular, the Gauss’ law and flux operators satisfy Go(h)T = G4 (k') and F,(¢)T = F,(¢').
So A, and By are self adjoint idempotents, i.e., projectors, and the Hamiltonian (3.32) is self
adjoint, too.

The ground states of the Hamiltonian are represented by vectors €2 in .7 such that

A,0=Q and BQ=Q YeX fex

Following [12], we denote by &7 the subspace in J# of such vacuum vectors © and call it the
protected space. Explicit wave functions of vacuum vectors have been calculated in [3] using
a tensor network formalism. If H is a group algebra of a finite group G, then a basis of & consists
of gauge equivalence classes of G-valued flat gauge fields on X [5]. So the dimension of & depends
only on the genus of ¥ through the fundamental group 71 (X). A far reaching generalization of
the “protected object” & appeared recently in [10] in which the Kitaev quantum double model
is studied over Hopf monoids in monoidal categories.

In terms of expectation values w(M) = (Q, M), the ground states can be abstractly char-
acterized by the equations

w(MA,)) =w(M) =w(MB;), MecM, veXx’ fex?

for the normalized (w(1) = 1) positive linear functional w: M — C. Knowing w, which we do
not, is complete information about the representation on by the Gelfand—Neumark—Segal
construction. So the representation of M on . may be called the vacuum representation.
The above properties of the vacua 2 € & imply
Holp, (®)©2 = p(1)Ga(h)Ga(i)2 = ¢(1)e(h)Q2 = Q- ep-(D), (9.3)
Holf (®)2 = e(h)Fu(p)Fu(t)2 =¢e(h)p(1)Q2 = Q- ep«(P), (9.4)

hence also the formula expressing gauge invariance of the vacua
D, (X)Q2=Q-ep(X), acArr(¥), XeDH), Qe

Proposition 9.1. Let a € Arr(X), v = Og(a), f = O2(a) and let Q € A be any vector. Then
for all ® € D(H)*

Holzaﬂ(@)ﬁ = Q- ep«(P) whenever A,Q =Q, (9.5)
Holf;il (P)Q2=Q - ep- (D) whenever B =Q, (9.6)
Hol; (®)Q2 = Holo Tia);) Q whenever A,Q =Q, (9.7)
Hol} ()2 = Hol (i)t Q whenever B =Q, (9.8)
H01°,1(<I>)Q Holo( a%) Q whenever A,Q =, (9.9)
HolS 1(<I>)Q HolO _.Q whenever ByQ =, (9.10)

(Tra)y)
where Kq, A are the left ribbons defined in (8.1) and (8.2).
Proof. Formulas (9.5) and (9.6) can be proven as in (9.3) and (9.4). The proof of (9.7) goes as

follows. K, contains a; ! except one arrow, (Tg”a)g = a, . So we write its opholonomy as

Holy, (®) = Holl iy o oy (P(1)) Hol -1 (®@(2)) Holp 1 (2(3))-
We leave the first term for a while and concentrate on the action of the rest on the vacuum:

Holy 1 (1)) Hol? 1) (®(2))Q = Ga(S (b)) ){€ip(1)&5: 1)e (S(25)h2)7:) Qa(9(2)) 2

= Ga(S())Qa(2)2 2 Qu(i0 = h(1))Ga(S(h))
= Qa(‘;o — h)Qv
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where, as usual, ® = h ® ¢ stands for an arbitrary element of D(H)*. In order to express this
result in terms of ®, we remark that

u=2¢& @ S(x;) and v =& @
Therefore,

uTt = @ = (ha) ®&er) - (S@R)hem; © ), & © i)
(

= (h(y @ &oyén) - (@), S(@r)ha)T;)
= h) ® papn)S(e@) - (Pe)he)
=ha) @ ¢ = I

and ¢ < h = (e ®id)(u~! — @), so we have
o -1
Qa(p = h) =Hol , (u™! — @).
In this way, we have proven that
Hol, () = Holl 1. v oy (P1)) HOI 1) (7 = @) Q2 =
. o -1
= HOI((T1a);,a(T,a2+,(T1a)S’) ((I)(l)) HOI((T ) )(u (I)(z))Q

Now the opcurve in the first term is a conjugate of the central curve 3, which, by (6.10) and
Lemma 6.7, we know to have opholonomy equal to 1 - (-, Sp(u)). Thus,

o _ o -1
Hol; ()2 = HOl((TIa)g)(SD(u)u ®)Q.

For C*-Hopf algebras, Sp(u) = u, therefore (9.7) is proven.
The proof of (9.8) goes as follows. We insert (aQ_ ,a; ) into A\, in order to complete the
incomplete face loop,

Hol§ (®) = Hol‘(’(Tm)O_’aZ_) (®1y) HolZ (®(2)) Holz’aa) (®3))-

Next we compute the action of the last two terms on the vacuum by using the (inverse of the)
exchange relation (3.29),

Holl, (®(1)) Holl - (®(2)) 2 = (b)) Fa (& 1>€J)Pa(5( j)h@)ri)) @) (1)

a( fl@gj (xZ)S(h) ) ((51905]) )
= Pu(§ip€j — ( i)S(h)x;)S.

Next we simplify the last expression by proving the identity

Eip€; — S(z:)S(h)xj = (Pry,e @i )(P(2), & @ 1) - (& — S(z;))
= (P, (e ® 2:)(§;&k @ 1)) S(wk) (&, S(5))
= (?, (e ® S(z;) (& ®1)(& ® 1)) S (zk)

Sp (1) Ra=Sp(u)
= S((id ®e)(® ~ Sp(u))),

which implies

Pa(€ip; — S(z:)S(h);) = Holl,_ (& — Sp(u).
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Putting together and using that Sp(u) is central, we obtain

Hol} ()2 = HOI?Tla)O 7a2)(<1>( ) HOI? )( (2) — Sp(u))Q
= Holiy, - a;,ag)(q)(l))< 2), Sp(u))
= Ol )5 a3 g (riar) (B0) BNy (SD(1) = @¢2)).

Now the opcurve in the first term is a conjugate of 3; ! therefore it is central and its opholonomy
is 1 (-, Sp(u)™!) by Lemma 6.7. This immediately implies (9.8).

Since kq, Aq are proper ribbons, (9.9) and (9.10) for all ® are equivalent to (9.7) and (9.8),
respectively, by (7.5). [ |

As a generalization of the protected space, let us introduce the spaces Z(F') C A of partial
vacua as follows. Consider F' C ¥ as a set of faces of D(X)* and let F? := F N 4. Then define

P(F)={QeH|AQ=QBQ=Q, forveF’, feF*}.
So in particular #(¥) = & and X (@) = 7.

Theorem 9.2 (topological invariance). For a connected OCPM X, let p1, p2 be proper ribbons
on D(X)* of the same left/right type and let F C D(X)*2. Then

(i) if there is a proper ribbon-homotopy p1 — p2 of support F, then
Hol} (®)2 = Hol,, (®)$2 forall ® € D(H)", Qe P(F)
(ii) if p1, p2 are closed and there is a proper free ribbon-homotopy p1 — pa of support F' then
Hol) ()2 = Holj, (V)N for all Ve CocomD(H)*, Qe P(F).
Proof. (i) It suffices to consider elementary ribbon-homotopies (p1, p2) in which a subribbon

o1 C yo16 = py is replaced by the subribbon og C yo26 = pa2. (So o1 — 03 is either a vertex or
face or k- or A-contraction/relaxation.) Then the argument is this

Hol} (®)©2 = Hol; (<I> ) Holy, (@ 2)) Holg (<I>(3 )Q = [p1 is proper]
= Hol (®(1)) Hol§ (®3)) Holy, (®(2)) 2 = [Proposition 9.1]
= Hol? (<I> ) Hol5( 3)) o (<I>(2 ) = [p2 is proper]
= Hol3 (®(1)) Holg, (®(2)) Hol§ (®(3)) Q2 = Hol, (2)1.

(ii) follows from (i) if we add the observation that for cocommutative ¥ we can cyclically
permute proper ribbons already at the level of operators: Hol, (V) = Hol] (¥) whenever (p1, p2)
is a circular move, see (7.6). [

Corollary 9.3. Let v be a closed proper ribbon, p: {(vo, fo) — (v1, f1) any proper ribbon and let
¥ € CocomD(H)* and ® € D(H)*.

(i) If Q € & ,then Hol3 (V)2 also belongs to & and depends only on the proper free ribbon-
homotopy class of ~y.
(i) If ~v is properly contractible (Theorem 8.10) and Q € &, then Hol3(¥)Q = Q - ep« (V).

(i4i) If Q2 € P, then Hol ()2 belongs to Z(X\{vo,v1, fo, f1}) and depends only on the proper
ribbon-homotopy class of p.
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Proof. This is a direct consequence of Corollary 7.5 and Theorem 9.2 with the additional
remark that in (iii) the support of any proper ribbon-homotopy p — p’ is automatically disjoint
from {wo,v1, fo, f1}. u

The natural question that emerges is whether the proper ribbon-homotopy classes are the
same as the ribbon-homotopy classes or the homotopy classes. If ¥ is finite and has genus g > 0,
then the answer is no. While the latter two are infinite groupoids there are only finitely many
proper ribbons on a finite ¥. In addition, proper ribbons cannot be composed so the proper
ribbon-homotopy classes need not even form a groupoid. On the infinite plane, however, one
expects that every ribbon-homotopy class contains a proper ribbon so all the three should reduce
to the pair groupoid on the set of sites.

10 Excited states

As explained in [12], the holonomy of an open ribbon p: sy — s1 can be thought to create some
charge at s; and the anticharge at sg. These charges can then be measured by contractible
closed ribbon operators winding around s;. We can now make this precise in the Hopf algebraic
Kitaev model.

Theorem 10.1. Let ¥ be a connected OCPM. On D(X)* let p: so — s1 be a proper left ribbon
and v: s = s a closed proper left ribbon.

(i) We assume that ~y is properly contractible in the sense of Theorem 8.10 so divides D(X)*?

into two connected components L and R among which now L s the disk.
(11) L contains both faces of the site s1 = (v, f1).
(7i1) R contains both faces of the site sy = (v, fo)-

Then for all partial vacuum vectors Q2 € P (L)

Aug

Hol? (%) HolS(®)Q = Hol5(¥ — ) (10.1)

for all ® € D(H)* and ¥ € CocomD(H)* where the linear isomorphism D(H)* — D(H),
g
U=Fk®y—V:=1¢&Fk maps CocomD(H)* onto Center D(H).

Proof. L is upper semiclosed and contains vy and f;. The smallest upper semiclosed sub-
complex of ¥ which contains v; and f; is nothing but 1 v; consisting® of v; and of its vertex
neighbourhood Nb(vq) (Definition 2.3). So Tv; C L and its boundary left ribbon ¢ is proper.
The set A of cells between ¢ and ~ is an annulus as in Theorem 8.14 so there is a proper free
ribbon-homotopy v — ¢ of support A. Since L O A, Q € (L) C #(A) and by Corollary 7.5
also Hol) (®)Q2 € #(A). Using topological invariance in the sense of Theorem 9.2 (ii), we have

Hol® (¥) Hol3(®)Q2 = Hol§(W) Hol5(®) Q.

Now using topological invariance, this time in the sense of Theorem 9.2 (i), of Hol)(®)2, we can
choose p to be as simple inside ¢ as possible. By proper ribbon-homotopy supported in L, we

4An example of a v is the hole in the annulus of Figure 9.
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can deform p in such a way that only the last arrow of the new p lies
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inside 9 and the last two arrows of this p form a straight curve intersecting § only at a single
site. So we can assume that p and § have the following form:

p=r(Toa)y,a3), 5= (a)d'((T3a)y),

where a is chosen such that s(a) is the intersection point of p and ¢, hence s; = s(T»a). Notice
that we have chosen the base point of § to be the intersection point. The p’ and §’ are proper
ribbons with holonomies that commute with that of all other pieces of opcurves. Now we can
compute the exchange relation of Hs(¥) = Holg(V¥) and H,(®) = Hol (®) as follows:

Hs(0)H,(®) = H,o) (P (1)) Hy (U (2)) H 11004 (Y (3))

X Hp’(q’(l))H((Toa)g)(‘I’(2))H(a;r)(‘1)(3))
= Hy(®0) Hi,o) (Y1) Hy (U ()

X H((Toa)g) (R2 - ‘1)(2))H((T2—1a);) (Rl - ‘I’(3))H(a;)(‘1’(3))
= Hy (‘I’(l))H((TOa)g)(R2 - (I)(2))H(ag) (‘I’(l))H(a;)(‘I’@))

X Hy (W (2)) H (po10y2) (F1 — P 3))

(6.5)
= Hy (20)) H((gya)7) (B2 = 22)) H (o) (P(3) = Bur) Hiyo) (Y1) = Ra)

X Hyr (W (2)) H(po10y5) (B1 — P 3))

= Hy (®(1)) H (g0 (®2) (R3) Ro Ry ) Hyp) (D)) Hs(Ry — W = Ry).
The result is reminiscent of (7.22) but now, since the endpoints of p and ¢ are different, a term
<<I>(3),R2R1/> is wedged into the holonomy of p which forbids to write the result as H, of
something times Hy of something. Fortunately, letting this operator acting on 2 will eliminate
the problem. Applying Theorem 9.2 (ii) to the properly contractible § within the disk L and
using that Q € Z(L), we get

RoRy ® Holg(Rl — U Rg/)Q = RoRy @ - ep= (Rl — U RQ!)
=RoRy @8- <\I/, R21R1>.

Substituting the definition of the R-matrix, we see that RoRyr ® Ry R1 = (§ @ ;) ® (&5 ® z;),
therefore

R2R1/(U, RyRy) = .

Thus, the wedge term is simply <<I>(3), E}> If we knew that W is a central element of D(H), then
the wedge term wou1d<_>be shiftable along p until the endpoint and this would prove (10.1). So it
remains to show that ¥ € Center D(H ) if and only if ¥ € Cocom D(H)*.
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Let us introduce the projections P and its transpose PT by
P: D(H) — D(H), P(X) :=ip1)XSp(ip(),
P': D(H)* - D(H)*, PT(D):=ipy — @+ Sp(ipg),
where ip := ¢ ® i is the Haar integral of D(H). P projects onto Center(D(H)) and PT onto
Cocom D(H)*. Using the identity RAp(X) = A°(X)R of R-matrices, we obtain
P(RyRy) ® Ry Ry = ip(1)R2R1/Sp (ip2)) ® Ry Ry
(1yR2R1Sp (ip(s)) ® RoSp(ip(s))in(e) R
= RQZD yR1Sp (ip(4)) ® RoSp (ip(s)) Ruip )
= Ryip(2)Sp (ip(3)) Rr ® Sp(ipa)) R Riip 1y
= RoRy @ P(Ry Ry).

Therefore,

P(U) =V
P(RyR1/) (¥, Ry R1) = RoRy/(¥, Ry Ry)
RoRy(PT(W), Ry Ry) = RyRy (¥, Ry Ry)
& PI(U) =1,

U € Center D(H)

Tt o0

<>
So W is central if and only if ¥ is tracial and the theorem is proven. |

Let D, be fixed irreducible unitary representations of D(H) for each isomorphism class r of
irreps. Then the set of matrix elements {D g } is a basis of D(H)*. For a proper left ribbon

p: s(a) — s(b) between disjoint sites, the (7.9) and (7.10) imply that the vectors
A} :=Hol3(D}) € A
are irreducible D(H )-multiplets in the sense of the equations
D (X)AMF = ABKF . ep(X)  if c#a,b,
Dy(X)Ar* = A7 - DIM(X),
D, (X)A* = Dy (Sp(X)) - A

provided Q € 2. Notice that ep = Dy if r = 0 designates the trivial representation and D, o Sp
is, up to unitary equivalence, some Dy if 7 — 7 designates charge conjugation.

Let v be a closed proper ribbon winding around s(b) but not s(a) as in Theorem 10.1. Let W,
be the unique cocommutative element for which W, is the minimal central idempotent e, = e,
where {efn’] } is the dual basis of {D,lﬁ] } Then

HolS(¥,)A}? = Hol) (e — Di7)Q = AL/ - 5y

In this sense, the closed ribbon operators Hol3(¥) are able to detect the charge r inside the
contraction disk of . This happens in spite of the fact that for whatever closed + for which the
ribbon-homotopy class of p contains a p’ dlsJomt from v the Holo( ) detects only the trivial
charge on A; 7. One says that the charge of A’ can be localized in semi-infinite strings but not
in a finite region. This kind of charges are characteristic of massive gauge theories [2]. This is the
first evidence of that the Kitaev model is like a gauge theory. The more precise analysis should
chart the superselection sectors similarly to the Doplicher—-Haag—Roberts theory [6, 7, 8, 9] but
for string localized charges. In the abelian Kitaev model on a square lattice such a program can
be carried out [4, 19] but for arbitrary f.d. C*-Hopf algebra H and for arbitrary infinite (planar)
OCPM X it is not yet in sight.
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