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Abstract

We present a state sum construction of two-dimensional extended Topological Quantum
Field Theories (TQFTSs), so-called open-closed TQFTs, which generalizes the state sum of
Fukuma-Hosono-Kawai from triangulations of conventional two-dimensional cobordisms to
those of open-closed cobordisms, i.e. smooth compact oriented 2-manifolds with corners that
have a particular global structure. This construction reveals the topological interpretation
of the associative algebra on which the state sum is based, as the vector space that the
TQFT assigns to the unit interval. Extending the notion of a two-dimensional TQFT from
cobordisms to suitable manifolds with corners therefore makes the relationship between the
global description of the TQFT in terms of a functor into the category of vector spaces and
the local description in terms of a state sum fully transparent. We also illustrate the state
sum construction of an open-closed TQFT with a finite set of D-branes using the example of
the groupoid algebra of a finite groupoid.

Mathematics Subject Classification (2000): 57R56, 57M99, 81T40, 57Q20.

1 Introduction

An n-dimensional Topological Quantum Field Theory (TQFT) [1] is a symmetric monoidal functor
from the category nCob of n-dimensional cobordisms to the category Vect; of vector spaces
over a given field k. The objects of the category nCob are diffeomorphism classes of smooth
compact oriented (n — 1)-manifolds without boundary, and the morphisms are equivalence classes
of smooth compact oriented cobordisms between these, modulo diffeomorphisms that restrict to
the identity on the boundary. An n-dimensional TQFT therefore associates vector spaces with
(n — 1)-manifolds and linear maps with n-dimensional cobordisms. Disjoint unions of manifolds
correspond to tensor products of vector spaces and linear maps, and gluing cobordisms along their
boundaries corresponds to the composition of linear maps. Note that the empty (n — 1)-manifold
plays the role of the unit object for the tensor product and corresponds to the field k.

For n = 2, the category nCob is well understood, and so there are strong results about 2-
dimensional TQFTs. For these classic results, we refer to [2-4] and to the book [5]. Tt is known,
for example, that 2-dimensional TQFTs are characterized by commutative Frobenius algebras.
The objects of 2Cob are compact 1-manifolds without boundary, i.e. disjoint unions of circles
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S, For the morphisms of 2Cob, one has a description in terms of generators and relations. The
generators are these cobordisms:

& e © (1.1)
H A n

g

We have drawn them in such a way that their source is at the top and their target at the bottom of
the diagram. The TQFT is a functor Z: 2Cob — Vecty. If we denote by C := Z(S') the vector
space associated with the circle, the TQFT assigns linear maps u: C®C — C, A: C —- C®C,
n: k — C and e: C' — k to the morphisms depicted in (). The relations among the morphisms
of 2Cob then imply that (C, u,n, A, ) forms a commutative Frobenius algebra. Conversely, given
any commutative Frobenius algebra C, there is a functor Z: 2Cob — Vecty, such that Z(S!) = C.
We say that the commutative Frobenius algebra provides a global description of the 2-dimensional
TQFT. The relevant algebraic structure, namely the commutative Frobenius algebra (C, u, n, A, €),
has an immediate topological interpretation in terms of the vector space C associated with the
circle, the linear maps p, 7, A, and ¢ associated with the generators ([LTl), and in terms of the
relations among the morphisms of 2Cob.

The state sum of Fukuma—Hosono—Kawai [6] forms a different and a priori independent way
of defining a 2-dimensional TQFT. This construction starts with a finite-dimensional semisimple
algebra A over a field k of characteristic zero. For every 2-dimensional cobordism M : ¥ — X,
one considers a triangulation of M, and from the data A, p, 1, and from the triangulation, one
computes the linear map Z(M): Z(31) — Z(X2) as a so-called state sum. In a state sum, roughly
speaking, one colours the simplices of the triangulated manifold M with algebraic data such as
the vector space underlying A or the linear maps u, 1, and then one ‘sums over all colourings’
following certain rules. We present this construction in detail in Section Hl below. In particular,
one can compute the vector space associated with the circle, and it turns out that this is the centre

Z(SY) = Z(A) (1.2)

of the algebra one has started with. The first ‘Z’ in ([C2) refers to the functor Z: 2Cob — Vecty,
whereas the second ‘Z’ means centre. The structure of Z(S') as a commutative Frobenius algebra
can be computed from the algebra A, too.

While the centre Z(A) has a clear topological interpretation as outlined above, the algebra A
is so far just part of a ‘recipe’ (the state sum construction), but it is far from obvious whether A
itself plays any role in the topology of 2-manifolds.

Given a 2-dimensional TQFT Z: 2Cob — Vect; where k is a field of characteristic zero, one
can ask the converse question, namely, whether there is a finite-dimensional semisimple algebra A
over k such that one can obtain the given TQFT from the state sum of Fukuma-Hosono-Kawai.
Of course, the algebra structure of A needs to be such that Z(A) = Z(S'), but one also has to
understand which Frobenius algebra structure to choose for A in order to recover the appropriate
one for Z(A). In order to answer this question, a topological interpretation of the algebra A is
clearly desirable.

In the present article, we extend the category 2Cob from ordinary cobordisms to the category
2Cob®™" of open-closed cobordisms. These are certain smooth 2-manifolds with corners that
can be viewed as cobordisms between compact 1-manifolds with boundary, i.e. between disjoint
unions of circles S' and unit intervals I = [0, 1]. We generalize the notion of a TQFT and the state
sum of Fukuma-Hosono-Kawai accordingly, and we show that the algebra A for the state sum
construction has a topological interpretation as the vector space associated with the unit interval.

The description of the category 2Cob®*" in terms of generators and relations goes back to work
on boundary conformal field theory by Cardy and Lewellen [7,8], Lazaroiu [9], and to the work
of Moore and Segal [10] and Alexeevski and Natanzon [11]. We have shown the sufficiency of the
relations in [12]. In order to get some intuition for the extended cobordism category 2Cob®™", we
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here display the generators for its morphisms:

YA--YHh-"IL -

A Ac Nc  ec 7 2"

An open-closed TQFT is a symmetric monoidal functor Z: 2Cob™" — Vect,. In [12], we have
shown that open-closed TQFTs are characterized by what we call knowledgeable Frobenius alge-
bras (A, C,1,1*) where the vector space C' := Z(S') associated with the circle has the structure of
a commutative Frobenius algebra (C, uc, nc, Ac, ec), the vector space A := Z(I) associated with
the interval has the structure of a symmetric Frobenius algebra (A, pa,n4, Aa,£4), and there are
linear maps ¢: C — A and +*: A — C subject to certain conditions. For the details, see Section ZH
below.

In the present article, we show (see Theorem B below) that for every strongly separable3
algebra A over any field k& and for every choice of a symmetric Frobenius algebra structure for
A, there is a knowledgeable Frobenius algebra (A, Z(A),,2*) and a generalization to 2Cob®™*"
of the state sum of Fukuma—Hosono—Kawai that yields the open-closed TQFT characterized by
(A, Z(A),1,2*). Extending the notion of a 2-dimensional TQFT to suitable manifolds with corners
therefore reveals which topological role is played by the algebra A that enters the state sum
construction.

Why is it important to better understand the role of the algebra A? After all, 2-dimensional
TQFTs are well understood, and the state sum of Fukuma—Hosono—Kawai is just one of several
ways of finding examples. This question has various answers depending on the view point taken.

Open-closed cobordisms have a natural string theoretic interpretation. Indeed, the generators
in (C3) can be interpreted as the smooth manifolds with corners that underly open and closed
string worldsheets. In the state sum, A therefore turns out to be the algebra associated to the
open string.

The state sum of Fukuma—Hosono—Kawai is also relevant to recent work on boundary conformal
field theory, see, for example [13,14] where the algebra A already appears in connection with the
boundary conditions, and so the present article is immediately relevant in this context.

Another reason for better understanding the topological significance of the algebra A is given
by attempts to generalize the framework to higher dimensions. For n > 3, the cobordism category
nCob is not fully understood, i.e. n-dimensional cobordisms have not been (or even cannot be)
classified, and in particular one does not have any description of nCob in terms of generators and
relations. This makes a full understanding of n-dimensional TQF T's much harder if not impossible.

On the other hand, there are some generalizations of the state sum construction of Fukuma-
Hosono-Kawai to higher dimensions, notably the 3-dimensional TQFT of Turaev and Viro [15],
extended by Barrett and Westbury [16], which produces a 3-dimensional TQFT for any given
modular category or, more generally, for suitable spherical categories [17]. The step from dimension
2 to 3, i.e. from the state sum of Fukuma—Hosono—Kawai to that of Turaev—Viro, can be understood
as an example of categorification which means replacing algebraic structures based on sets and
maps by analogues that are rather based on categories and functors [18]. The dimensional ladder
of Crane and Frenkel [19] sketches which sort of algebraic structures one would need in order to
construct n-dimensional TQFTs from state sums:

n =4 trialgebras Hopf categories monoidal 2-categories
n=23 Hopf algebras monoidal categories (1.4)
n=2 associative algebras

31t turns out that for a generic field k, the appropriate class of algebras is that of the strongly separable ones.
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In this diagram, the entry ‘associative algebras’ refers to the state sum of Fukuma—-Hosono-Kawai
whereas ‘monoidal categories’ refers to the Turaev—Viro state sum. For n = 2, it should actually
read ‘strongly separable associative algebras’. The appropriate choice of adjectives for the other
cases is in fact not systematically understood. In order to settle this question and in order to
extend the diagram upwards to higher dimension, one can ask whether it is possible to classify the
algebraic structures from which one can construct n-dimensional state sum TQFTs for generic n.

Whereas the algebraic structures of (L) that are relevant to the state sum construction, are
closely related to Pachner moves [20] and to the coherence conditions in higher categories, they have
no obvious relationship to the global description of the TQFT as a functor Z: nCob — Vecty.

By showing that the associative algebra A of the Fukuma—Hosono—Kawai state sum is precisely
the vector space A = Z(I) associated with the unit interval in an appropriately extended notion
of 2-dimensional TQFT, we have revealed such a relationship for the simplest case n = 2 of the
dimensional ladder ([C4]). This raises the question of whether one can find topological interpreta-
tions for the other algebraic structures featured in ([, presumably by extending the notion of
TQFT from conventional cobordisms to manifolds with corners of higher and higher codimension.
Further evidence for such a relationship is provided by Crane and Yetter’s Hopf algebra objects in
3-dimensional extended TQFTs [21] in connection with Kuperberg’s 3-manifold invariant which
is based on certain Hopf algebras [22].

In the present article, we consider Frobenius algebras not only in the category Vect; of vector
spaces, but in any symmetric monoidal Abelian category C. This extends our results without any
additional work to Frobenius algebras in the category of graded vector spaces or in the category
of chain complexes, etc..

The groupoid algebra k[G] of a finite groupoid G forms an example of a strongly separable
algebra for suitable fields k. We show that our generalized state sum for this algebra yields an
easy example of an open-closed TQFT with D-branes.

The present article is structured as follows. In Section Bl we collect the key definitions and
facts about symmetric Frobenius algebras, strongly separable symmetric Frobenius algebras, and
knowledgeable Frobenius algebras. We also introduce convenient diagrams. In Section Bl we recall
the definition of the category 2Cob™" of open-closed cobordisms and how to triangulate these.
The state sum construction of combinatorial open-closed TQFTs is then presented in Section Hl

2 Frobenius Algebras

2.1 Symmetric monoidal categories and string diagrams

In this section, we review the basics of string diagrams in a symmetric monoidal category. The
symmetric monoidal categories of interest will be Abelian symmetric monoidal categories so that
the Hom spaces are Abelian groups and the notion of kernels and cokernels are defined. Such
categories include the categories of vector spaces, graded vector spaces, R-modules for a commu-
tative ring R, and chain complexes of each of these structures. We denote a symmetric monoidal
category C as (C,®, 1, a, A, p, 7) where C is a category and ® provides C with a monoidal structure
with unit object 1 whose associator is denoted o and whose left and right unit constraints are
given by A and p. The symmetric braiding is denoted 7.

We denote the class of objects of a category C by |C| and for each object X € |C|, the identity
morphism by idx: X — X.

Definition 2.1. Let (C,®, 1,a, A\, p,7) be a symmetric monoidal category.

1. An object X of C is called rigid if it has a left-dual (X*,evx, coevx). This is an object X* of
C with morphisms evx: X*® X — 1 (evaluation) and coevyx: 1 — X ® X* (coevaluation)
which satisfy the zig-zag identities,

px o (idx ®evy)oax x+ x o(coevy ®idx) o )\;{1 = idy 2.1)
Ax- o (evx ®idx+) o a;ﬁ)xx* o (idx+ ® coevy) Op; = idx~ '
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2. Let X be a rigid object of C and f € Hom(X, X). The categorical trace trx(f) is defined
by,
trx(f):=evy orx x+o(f ®idy~)ocoevy € Hom(L,1). (2.2)

3. The categorical dimension dim X of a rigid object X of C is defined by,

dim X := trx(idx) € Hom(1, 1). (2.3)

4. For rigid objects X and Y of C and f € Hom(X,Y), the morphism,
fr= /\X*o(evY®idX*)o((idy*®f)®idx*)oa;1ﬂxyx*0(idy*®coevx)0p;/1 (YT = X' (24)
is called the dual of f.

In the following, we use string diagrams [23,24] to visualize morphisms of a given symmetric
monoidal category C and the identities between them. The diagrams are read from top to bottom.
For each object X € |C|, the identity morphism idx is denoted by a line labeled ‘X’ with an arrow
pointing down. The identity morphism idx+ of the dual object has the arrow pointing up. For
a morphism f: X — Y, we write a disc labeled ‘f’, called a coupon. This disc has a white side
which always faces the reader and a black side which never does so,

X X X
idy=Y , idy-=4, f=(0. (2.5)

Y

Composition of morphisms is depicted by vertically concatenating the corresponding diagrams;
for example, for morphisms f: X — Y and g: Y — Z,

The tensor product of morphisms is visualized by putting diagrams next to each other; for example,
for f: X1 — Y7 and g: X5 — Y5,

X1 ® X,

X1 ® Xo X | Xo X4Xo

ldx,@x, = = ,  feg={feg = : (2.7)

Vioy, 1IY

The symmetric braiding is denoted by,

X Y
XY = >< . (2.8)

Mac Lane’s coherence theorem for monoidal categories [25] then ensures that one can unambigu-
ously translate any such string diagram into a morphism of C. One therefore chooses parentheses
for all tensor products that occur in the source and target objects of the morphism and inserts
the structure isomorphisms a, A, p appropriately. The coherence theorem implies that all possible
ways of inserting the structure isomorphisms yield equal morphisms, i.e. that there is a well-defined
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morphism of C specified by the diagram. In addition, the coherence theorem allows us to suppress
the lines associated with the unit object 1.
For a rigid object X € C, evaluation and coevaluation are represented by these diagrams:

X
evy = U ) coevy = m . (2.9)
X
The zig-zag identities of ([I]) are represented in string diagrams as:
X X X X

=, =1, (2.10)

and the definitions of trace ([ZZ), dimension ([Z3) and dual morphism 4 are:

Y Y
trx (f dim X := 8 @5 = . (2.11)
X X

If C is locally small the set Hom(1, 1) forms a commutative monoid with multiplication &; &5 :=
Mo(&1®E&)oN[! for &,6 € Hom(]l ]l) and unit id;. The monoid Hom(1, 1) acts on Hom(X,Y")
for all X,Y € |C| by - f:=Ay o (£® f) oy where f € Hom(X,Y) and ¢ € Hom(1, 1).

The coherence theorem now allows us to view the elements of Hom(1, 1) as scalars by which
the entire diagram is multiplied.

2.2 Frobenius algebras

We consider Frobenius algebras not only in the symmetric monoidal category Vect; of vector
spaces over some fixed field k, but in any generic symmetric monoidal category C. The following
definitions and results specialize to the usual notions in the case of C = Vecty.

Definition 2.2. Let (C,®, 1,a, A\, p,7) be a symmetric monoidal category.

1. An algebra object (A, u,m) in C consists of an object A and morphisms u: A ® A — A and
1n: 1 — A of C such that the following equalities are satisfied:

po(ida®@p)=po(p®ida)oaaaa (2.12)

and
o(n®ida) = Aa, (2.13)
olda®n) = pa (2.14)

2. A coalgebra object (A, A, ¢) in C consists of an object A and morphisms A: A — A® A and
g: A — 1 of C such that:

(ida®@A)oA=aga40(A®idg)o A (2.15)

and
(e@ida)o A = A, (2.16)
(ida®e)oA = p,t. (2.17)



2 FROBENIUS ALGEBRAS 7

3. A Frobenius algebra object (A, u,n, A, e) in C consists of an object A and of morphisms p,
1, A, € of C such that:

(a) (
(b) (

(¢) the following compatibility condition, called the Frobenius relation, holds,

A, u,m) is an algebra object in C,
A, A e) is a coalgebra object in C, and

(ida®@p)oagaao(A®ida) =Aop=(p®ida)o a;lAyA o(ida ®A).  (2.18)
4. A Frobenius algebra object (A, p,m, A, e) in C is called symmetric if
EOWU=EONOT. (2.19)

It is called commutative if
L= [LOT. (2.20)

5. Let C be locally small. A Frobenius algebra object (A, u,n, A, ) in C is called special (also
see [26]) if
gon=¢p -idy and poA=¢Ey-idy. (2.21)

for some &;,&4 € Hom(1, 1) that are invertible in the monoid Hom(1, ]l).

The string diagrams for the operations of a Frobenius algebra (A, u,n, A, £) are as follows:

Vit -

In order to keep the diagrams small, from now on we replace the coupons by vertices and also
drop the label A’ wherever it is clear from the context:

) ) {
‘LL: .7 7’]:.’ A: s E = (223)
i i £y
It is understood that the vertices have to be replaced by discs in the paper plane with their white
side facing the reader. Furthermore, we drop all labels u, 7, A and € where these are evident from
the context. For example, we distinguish the operation A from p by the arrows of the lines.
The axioms of an algebra and those of a coalgebra then read:

e

and the Frobenius relation, commutativity and symmetry are depicted as follows:

fi.i - Kf - tfﬁ’ X = i i X = U (2.25)

AT I

The conditions for a the Frobenius algebra to be special are these:

)t
T - &  and Ji j _ (2.26)
Y
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2.3 Symmetric Frobenius algebras

In this section, we introduce the notion of a non-degenerate symmetric invariant pairing in order to
characterize symmetric Frobenius algebras. In the subsequent sections, we use it to define strongly
separable algebras and to classify all symmetric Frobenius algebra structures of a strongly separable
algebra.

Definition 2.3. Let (C,®,1,a, ), p,7) be a symmetric monoidal category and (A, u,7n) be an
algebra object in C.

1. A pairing on A is a morphism g: A® A — 1 of C.

2. A pairing g: A® A — 1 is called non-degenerate if there exists a morphism ¢*: 1 — A® A
of C (called the inverse of g) such that the zig-zag identities hold,

pao(ida®g)oaaaac(gh®ida)o ;' =idy,

. —1 . % —1 . (227)
Aao(g®ida)oay y 4o (ida®g™)op, =ida.
3. A pairing g: A® A — 1 is called symmetric if g = go 74 4.
4. A pairing g: A® A — 1 is called invariant? if,
go(idA®,u)oaA7A7A:go(/L@idA). (2.28)

The string diagrams for a pairing g: A® A — 1 on an algebra object (4, i, n) in some symmetric
monoidal category C are as follows:

A A
, ) - (2.29)
A A

Our shorthand notation using blackboard framing then reads:

_X) f_
g= , g e (2.30)

The conditions of non-degeneracy, symmetry and invariance are depicted as follows:

Yoda S0 U e

We also use the following shorthand notation for the ‘trilinear form’ g3 : (A® A) ® A — 1 which
is defined by:
Vs
o )

o

and which has the following cyclic symmetry:

RNRS

4Some authors use the term associative rather than invariant, see, for example [5].

(2.32)
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Lemma 2.4. Let (C,®,1,a, \, p,7) be a symmetric monoidal category. Every symmetric Frobe-
nius algebra object (4, u,n,A,¢) in C gives rise to a non-degenerate symmetric invariant pairing
g :=copon A with inverse g* := A o). Conversely, given an algebra object (A, i, n) in C and a
non-degenerate symmetric invariant pairing g on A, there is a symmetric Frobenius algebra object
(A, u,m, Ayn) with A= (p®ida) o (ida ® g*) o le and £ :=go (idy ®n)o p:‘l.

The defining equations used in this lemma can be read diagrammatically as:

JQ.)L ° [ ) [}
A Y A Y . and %{{ ;_i.)f , f;_i}. (2.34)

s }

Notice that every symmetric Frobenius algebra object (A, i, n, A, €) in C is a rigid object of C with
left-dual® (A, o u, Aon).

2.4 Strongly separable algebras

Every rigid algebra object in a symmetric monoidal category is equipped with a canonical pairing.
Recall first the special case of C = Vecty, for an arbitrary field k. Let A be a finite-dimensional
algebra over k and denote the left-regular representation by L: A — Endg(A),a — L, with
Ly: A — Ab— ab. By associativity, Lq, = L, 0 Ly, for all a,b € A. The trace of the matrices of
the left-regular representation equips A with a canonical bilinear form,

Jean: AR A=k, a®br tra(La), (2.35)
which can be shown to be symmetric and invariant.

Theorem 2.5 (see, for example [27]). Let A be an algebra over any field k. Then the following
are equivalent:

1. A is finite-dimensional over k, and the canonical bilinear form is non-degenerate.
2. A is strongly separable.

Every strongly separable algebra therefore carries a canonical symmetric Frobenius algebra
structure by Lemma Z4l The following definition of a canonical pairing for generic C reduces to
the canonical bilinear form in the case of C = Vecty,.

Proposition 2.6. Let (C,®,1,a,\, p,7) be a symmetric monoidal category and (A, u,n) be an
algebra object in C such that the object A is rigid with left-dual (A*,ev4,coev,). Then there is
a symmetric invariant pairing on A given by,

WA
{

[ )
Jean = €VA4 074 A« 0 (U ®1ida+) o a;}AA* o(u®coevy)o pZ%A = . (2.36)

which we call the canonical pairing.

Definition 2.7. A rigid algebra object in a symmetric monoidal category is called strongly sep-
arable if its canonical pairing is non-degenerate.

51t is right-dual at the same time, but we do not refer to this property in the following.
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By Theorem 23 this notion of a strongly separable algebra object in some symmetric monoidal
category agrees with the usual definition in the case C = Vect,. We are not aware of any such
result for the more general case of modules over a commutative ring. In order to illustrate how
strong the condition of strong separability is, we include the following definitions, results and
examples from [27,28].

Definition 2.8. Let A be an algebra over a commutative ring r. We denote by A°P the opposite
algebra of A, by A° = A ® A°P its enveloping algebra and by u: A° — A, a ® b — ab the
augmentation mapping. A is called separable if there is an element e € A¢ (called a separability
idempotent) such that,

1. (a®1)e = (1 ®a)e holds in A® for all a € A.
2. ule) =1.

A is called strongly separable if A is separable with a separability idempotent that satisfies
TA,A(e) = e.

Theorem 2.9. Let A be an algebra over some field k.

1. If A is strongly separable, then A is finite-dimensional, separable, and semisimple.

2. If A is separable and commutative, then A is strongly separable.

3. If A is finite-dimensional and semisimple and char k£ = 0, then A is strongly separable.

4. If A is finite-dimensional and semisimple and k is a perfect field, then A is separable.
Example 2.10. Let k be a field and G be a finite group.

1. If char k£ does not divide the order of G, then the group algebra k[G] is strongly separable.

2. If char k divides the order of G, then k[G] is neither semisimple nor separable.
Example 2.11. Let k be a field and M, (k) be the algebra of (n x n)-matrices over k.

1. If char k does not divide n, then M, (k) is strongly separable.

2. If char k divides n, then M, (k) is semisimple and separable, but not strongly separable.

In both examples, the non-degeneracy of the canonical bilinear form is a convenient criterion
for strong separability. We explain below why in the Examples BT 2) and EZTI(2), the state
sum construction fails. In particular, for a finite field of non-zero characteristic p, the original
Fukuma—Hosono—Kawai state sum [6] cannot be applied to the (p x p)-matrix algebra A := M, (k)
although k is perfect and M, (k) is finite-dimensional, separable, and semisimple.

2.5 Strongly separable symmetric Frobenius algebras

In this section, we compare the pairing € o ;1 of a generic symmetric Frobenius algebra with the
canonical pairing. They differ by multiplication with a central element which we call the window
element".

In a generic locally small symmetric monoidal category (C, ®, 1, a, A, p, 7), we use the terminol-
ogy element of A for a morphism a: 1 — A. The set Hom(1, A) of elements of an algebra object
(A, u,m) in C forms a monoid with respect to convolution a - b := po (a ® b) o A\j* for elements
a,b € Hom(1, A) and with unit . An element a € Hom(1, A) is called central if it is contained in
the commutative submonoid,

Z(A) :={acHom(1,A): po(a®ids)oA,' =po(ida®a)op,'}. (2.37)

6This terminology is inspired by the open-closed cobordism [12] that is associated with this element.

10
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The set of invertible elements of A forms a group Hom(1,4)* C Hom(1, A), and the set of
invertible central elements Z(A)™ := Z(A)NHom(1, A)* < Hom(1, A)* a subgroup. This means
in particular that the inverse of every central element is central, too. Z(A) acts on Hom(A, A) by

Z(A) x Hom(A, A) — Hom(A, A), (a,f)—a-f:=po(a® f)oA,". (2.38)
We also have (a-ida)on =a and (a-ida) o (b-ida) = (a-b)-ida for all a,b € Z(A) as well as
o ((a-ida) ®ida) = (a-ida) op = po (ida ® (a-ida)), (2.39)
and for a Frobenius algebra object (4, 1,7, A, ) also,
((a-ida) ®ida) o A = Ao (a-ida) = (ida @ (a-ida)) o A. (2.40)

The following diagrams show an element a € Hom(1, A), the morphism a -id4, and the centrality

condition:
a:@, a-idy _@i @i_i@ (2.41)

} ol

Definition 2.12. Let (A4, u,n,A,e) be a symmetric Frobenius algebra object in a locally small
symmetric monoidal category C. The window element of A is defined by,

a:=polAon= Y (2.42)

£
¥

The window element is a central element. The comparison between the pairing oy of a generic
symmetric Frobenius algebra and the canonical pairing can be done as follows.

Proposition 2.13. Let C be a locally small symmetric monoidal category and (A, u,n, A, €) be
a symmetric Frobenius algebra object in C. Then the canonical pairing of A is given by,

Jean = €0 (a-id4) o p, (2.43)
where a denotes the window element.
Proof. Notice that A is a rigid object of C, and so it makes sense to study the canonical pair-

ing ([Z34). We use the diagrams of ([Z3M) for g := o p and g* := Aon:

VA

IR LR g’f |
g g - i,} . i% % o

The first equality is the definition; for the second one, we have exploited the fact that A satisfies
the zig-zag identities ) both with (A*,ev4,coeva) and with (A4,g,¢*); the third equality is
symmetry; the fourth one follows from the axioms of a Frobenius algebra; and the fifth is the
definition of the window element. |

11



2 FROBENIUS ALGEBRAS 12

In the above proposition, the pairing g := € o p is always non-degenerate whereas the canonical
pairing is non-degenerate if and only if the algebra is strongly separable.

Theorem 2.14. Let (C,®,1,a, A, p,7) be a locally small symmetric monoidal category and
(A, p,m, A e) be a symmetric Frobenius algebra object in C with window element a. Then the
following are equivalent:

1. The algebra object (A, i, n) is strongly separable.
2. The window element is invertible.

Proof. Let (A, u,n) be strongly separable. Then the canonical pairing is non-degenerate and

therefore has an inverse ¢,,: 1 — A ® A. We denote the pairing ¢ := € o p and its inverse
g* := A on by the diagrams of ([Z30) and the canonical pairing and its inverse by,
L
gcan = * ) gcan = }Z*X{ (245)

Define @ := Mg o (e ®1id4) o g%,,,- Then @ is the inverse of a because,

00 oL
@ _ = = = *if -f1=3 (2.46)

AN

The first equality is the definition of @; the second one a zig-zag identity for (A, g, g*); the third
one is a consequence of the axioms of a Frobenius algebra; the fourth one is [ZZ3); the fifth one
is a zig-zag identity for (A, gean, gi,); and the last equation holds by the axioms of a Frobenius
algebra.

Conversely, let the window element a have an inverse a~!. Then a similar computation shows
that the canonical pairing satisfies the zig-zag identities with the inverse g7,, = Aoa™! and is
therefore non-degenerate. O

Combined with Proposition EZT3 the preceding theorem implies that the symmetric Frobenius
algebra structures of a given strongly separable algebra are characterized by the invertible central
elements. The proposition below describes the extent to which the notion of a strongly separable
symmetric Frobenius algebra generalizes the notion of a special symmetric Frobenius algebra.

Proposition 2.15. Let C be a locally small symmetric monoidal category and (A, u,n, A, €) be
a symmetric Frobenius algebra object in C such that dim A is invertible in Hom(1, 1). Then the
following are equivalent:

1. The Frobenius algebra object (A4, u,n, A, €) is special with eon = £y -idy and poA = €4 -ida
for some invertible &3, &4 € Hom(1, 1).

2. The algebra object (A, u,n) is strongly separable, and the window element is of the form
a = ¢ - n for some invertible ¢ € Hom(1, 1).

In this case, €4 = ( and & = 521 dim A.

12



2 FROBENIUS ALGEBRAS 13

Proof. If A is special, the window element is a = po Aon = (£4-ida)on = €4 - n. It is invertible
with a= = ¢, - n, and so (A, u,n) is strongly separable.

Conversely, if (A, u, n) is strongly separable with window element a = ( - n) for some invertible
¢ € Hom(1, 1), then the second condition of [ZZI]) holds with invertible £4 = ¢. For a symmetric
Frobenius algebra object in a symmetric monoidal category, the second condition of [ZZII) implies
the first one with & = &' dim A:

gﬁ}?& } e

Since dim A is invertible by assumption, so is ;. O

Remark 2.16. Given any strongly separable symmetric Frobenius algebra object (A, u,n, A, €)
with window element a in a locally small symmetric monoidal category C, the identity

)
(a7t -idg)opoA = ig = | =idy (2.48)
!

generalizes the ‘bubble move’ of Fukuma-Hosono-Kawai from the canonical symmetric Frobenius
algebra structure to the case of a generic symmetric Frobenius algebra structure. In Section H
we explain why this generalization is needed in order to obtain a sharp invariant of open-closed
cobordisms from the state sum.

For the algebras of Example EZTT(2) and Example EZTT(2) which are not strongly separable,
the morphism po A is zero, and so there is no way of obtaining an analogue of the ‘bubble move’.

2.6 Knowledgeable Frobenius algebras

We have shown in [12] that open-closed TQFTs, i.e. symmetric monoidal functors Z: 2Cob™" — C
where C is a symmetric monoidal category, are characterized by knowledgeable Frobenius algebras
in C. Here we just recall the definition. For more details, we refer the reader to [12].

Definition 2.17. Let (C,®, 1, «, A, p, 7) be a symmetric monoidal category. A homomorphism of
algebras f: A — A’ between two algebra objects (A, p,n) and (A’ p/,n') in C is a morphism f of
C such that:

fou=po(f®f) and fon=y. (2.49)

Definition 2.18. Let (C,®,1,a, A\, p,7) be a symmetric monoidal category. A knowledgeable
Frobenius algebra (A, C,1,1*) in C consists of,

e a symmetric Frobenius algebra A = (A, ua,na,A4,€4),
e a commutative Frobenius algebra C' = (C, uc, ne, Ac,ec),
e morphisms 2: C' — A and +*: A — C of C,

such that 1: C'— A is a homomorphism of algebra objects in C and,

pao(t®ida) =paoTaac (1 ®ida) (knowledge), (2.50)
ecopco(ide®1*)=caopao(1®idy) (duality), (2.51)
HaoTA A0 Ay =107" (Cardy condition). (2.52)

13
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Sometimes the folk theorem on the characterization of open-closed TQFTs is stated in such
a way that it includes the condition C' = Z(A). The following example shows that there exist
knowledgeable Frobenius algebras and thereby open-closed TQFTs in which this condition does
not hold.

Example 2.19. Let k be a field, char k # 2 and n € N such that char k does not divide n.
Assume that there exists some a € k such that o? = —1/2 (for example k = C).

Let A = M, (k) be the n x n-matrix algebra over k. Choose a k-basis (e;;), ; ;-,, of A such that
the multiplication is given by p1a(e;; ®exr) = djk ;¢ and the unit by na(1) = >°1" | e;;. The algebra
A forms a symmetric Frobenius algebra with A4 (e;;) = a™* Y opeq €ik @ ex; and ea(es;) = adyj.
We compute 14 0 Ay = na~'-ids and the window element a4 = na~! - n4. It is invertible with
agl =n"ta-n4, and so A is strongly separable. In fact, A is special with £4 = na~! and & = na.
Obviously, Z(A) 2 k.

Let C' = k[X]/(X? —1). A k-basis is given by (1, X). C becomes a commutative Frobenius
algebra with A¢(1) =10 X + X ®1, Ac(X) =101+ X @ X, ec(1) =0, and ec(X) = 1. We
compute (o 0 Ag)(c) = 2X ¢ for all ¢ € C, and the window element is ac = 2X. It is invertible
with aal = X/2, and so C is strongly separable, too, but it is not special.

If we define 2: C' — A by +(1) = na(1) and +(X) = —na(1l), and 2*: A — C by 1*(e;;) =
dij a(X — 1), then (A, C,1,2*) forms a knowledgeable Frobenius algebra. Observe that Z(A) is
1-dimensional over k, but C' is 2-dimensional, and so Z(A) 2 C.

2.7 Idempotents

In this section, we show that every strongly separable symmetric Frobenius algebra A in an Abelian
symmetric monoidal category C gives rise to a knowledgeable Frobenius algebra (A, C,,2*) in C.
In Vecty, C is isomorphic to the centre of A. In general, it arises as the image of the following
canonical idempotent.

Proposition 2.20. Let (A4, pa,n4,Ax,£4) be a strongly separable symmetric Frobenius algebra
object in a locally small symmetric monoidal category C and let a~! denote the inverse of the
window element of A. Then the morphism

l

pé:(al-idA)ouOTA,AoAiﬁ (2.53)
1

has the following properties,

L p*=p,

2. pona =na,

3. eq0p=-cy,

4. popupo(p@p)=pao(p@p)=pouso(p®ida) =pouao(ida ®p),
5. (p@p)oAsop=(pRp)oAs=(pRida)oAgop=(ida®p)oAgop,
6. c=pocftorall ce Z(A),

7. (c-ida)op=po(c-idy) for all c € Z(A),

8. po(p@ida) = poTaso(p®ida),

14
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In Vecty,, condition (1) states that p is a projector; condition (8) says that its image is contained
in the centre Z(A), and condition (6) says that the centre Z(A) is contained in the image of p, and
so p projects onto the centre Z(A). Whereas this Z(A) arises as a subspace Z(A) =im p C A,
the centre Z(A) according to ([37) consists of morphisms 1 — A. In Vecty, one can evaluate
any such morphism a € Z(A) at the unit 1 € k of the field and finds that a(1) € Z(A4) C A.

Note that the idempotent {53) is precisely p = pa 0 74,4 © Afgan) where Afgan) refers to the
canonical symmetric Frobenius algebra structure on A.

In the state sum, the idempotent ([Z13) appears whenever a unit interval is closed to a circle,
i.e. it is closely related with the generators ¢ and +* of ([L3)). The image of an idempotent can be
defined in any Abelian category as follows.

Proposition 2.21 (see, for example [29]). Let C be an Abelian category and p: A — A be
an idempotent. The image factorization of p yields an object p(A), called the image of p, which
is unique up to isomorphism, together with morphisms coim p: A — p(A) (called the co-image)
and im p: p(A) — A (called the image) such that the following diagram commutes:

AT p(A)
. 2.54
N l (2:54)
A

Since C is Abelian, the idempotent p is split. The splitting is given precisely by the two morphisms
of the image factorization, and so we have id,4) = coim p o im p. Therefore, the short exact
sequence

ker coim p
L s A——=p(A) ——0, (2.55)

im p

0 Np

is split as indicated. Here N, denotes the kernel of p. This determines the structure of A =
N, ® p(A) in terms of the following biproduct:

ker p coim p
Np <k:p> Np ®p(A) % p(A) . (2.56)

The sequence from right to left is split exact, too.

Theorem 2.22. Let C be an Abelian symmetric monoidal category and (A, u,n, A, ) be a strongly
separable symmetric Frobenius algebra object in C with window element a. Then there exists a
knowledgeable Frobenius algebra (A4, C,1,1*) where C' = p(A) is the image of the idempotent (Zh3]),
1 =1im p, and +* = coim p o (a-id4). The commutative Frobenius algebra structure of C' is given
by,

po = coimpopuao (imp®im p), (2.57)
nc = colm ponu, (2.58)
Ac = (coim p® coim p)oAyo (a-idy)oim p, (2.59)
cc = eao(a™t-idy)oim p. (2.60)
Proof. The proof uses Proposition and Proposition EZZT1 O

We show below in Section Bl that this knowledgeable Frobenius algebra is precisely the one that
is obtained from our generalized state sum for the strongly separable algebra A. The following
proposition introduces two families of morphisms that are needed in order to show that the mor-
phisms associated with triangulated open-closed cobordisms do not depend on the triangulation
of the boundary.

15



3 OPEN-CLOSED COBORDISMS 16

Let (A, p,m, A, €) be a Frobenius algebra object in a locally small symmetric monoidal category
C. For k € N, we denote by

p = o (uM @ida),  p® =g, pMi=ida (2.61)

and by

AR = (AW gidg) oA, AP =A, AW :=idy (2.62)
the iterated multiplication and comultiplication. We also write A®*+1) .= A®k @ A A®! .= A
and A®0 := 1, and for a € Z(A), a*T! -id4 := (a* -ida) o (¢ -id4) and @ -id4 = id 4.

Proposition 2.23. Let C be a locally small symmetric monoidal category and (A4, p,n, A, ) be
a strongly separable symmetric Frobenius algebra object in C with window element a. Then for
k,¢ € N, the morphisms

P =AW o (a7 D lid ) o pl® 0 AL A®K (2.63)
Qre:= AW o (o= id ) opo p®: A®E — A®k, (2.64)

satisty
Pyoo Py = P and Qke © Qem = Qim (2.65)

for all k,¢,m € N. Here p denotes the idempotent of ([Zh3). In particular, Py, and Qj are
idempotents, and we have P;; = id4 and Q11 = p.

Proof. In any symmetric Frobenius algebra, we have
pF) o AR = (k=1 iq (2.66)
which implies both claims. |

Corollary 2.24. Let C be an Abelian symmetric monoidal category and (A, u,n,A,e) be a
strongly separable symmetric Frobenius algebra object in C. Then there are isomorphisms

Pip(A®F) = A and  Qu(A®Y) = p(4) (2.67)
for all k£ € N.

Proof. The isomorphisms with their inverses are given by

‘I)k = coim Pkk 9] Pkl A — Pkk(A®k), (268)
®, ' = P oim Pyy: P (A®%) — A (2.69)
as well as
), = coim Qrr 0 Qp1 0im p: p(A) — Qi (A®F), (2.70)
U, ' = coim po Quy oim Qpr: Qri(A®F) — p(A). (2.71)
O

3 Open-closed cobordisms

3.1 Smooth open-closed cobordisms

In this section, we briefly review the definition of the category 2Cob™" of open-closed cobordisms.

These are smooth 2-manifolds with corners that have a particular global structure as follows.
Recall that a smooth k-manifold with corners M is a topological k-manifold such that every

point has a neighbourhood homeomorphic to an open subset of Ri = [0, oo)k. The transition

16



3 OPEN-CLOSED COBORDISMS 17

functions are required to be the restrictions to Ri of diffeomorphisms between open subsets of
RE.

For each p € M, we define ¢(p) € Ny to be the number of zero coefficients in local coordinates
o(p) € ]Ri. The result is independent of the chosen coordinate system. A connected face of M
is the closure of a component of {p € M: ¢(p) =1}. A face is a free union of connected faces. A
k-dimensional manifold with faces is a smooth k-manifold with corners such that every p € M is
contained in ¢(p) different connected faces.

A k-dimensional (2)-manifold M is a k-dimensional manifold with faces with a specified pair
(0o M, 01 M) of faces of M such that oM U M = OM (the boundary of M as a topological
manifold) and such that dgM Ndy M is a face of both 9y M and 91 M. A diffeomorphism f: M — N
between (2)-manifolds M and N is a diffeomorphism of the underlying manifolds with corners that
satisfies f(OpM) = OyN and f(01M) = 01 N.

In the following, we are interested in 2-dimensional (2)-manifolds. The following is a typical
example:

M oM oM OoM UM OoM N M
— (-] l->) o o
(3.1)

An open-closed cobordism is a compact oriented 2-dimensional (2)-manifold M whose distin-
guished faces we denote by (99 M, 0; M). We call 9yM the black boundary and 91 M the coloured
boundary. Two open-closed cobordisms are considered equivalent if there is an orientation pre-
serving diffeomorphism of (2)-manifolds that restricts to the identity on the black boundary.

The black boundary dyM of an open-closed cobordism is diffeomorphic to a free union of circles
S1 and unit intervals I = [0,1]. One can glue open-closed cobordisms along the components of
their black boundary just as one intuitively expects and as it is indicated by the pictures above.
For the details, we refer to Section 3 of [12]. There we have defined the symmetric monoidal
category 2Cob®** whose objects are finite sequences 7 = (ni,--- ,ny) with n; € {0,1} for all 4.
The n; = 1 represent the diffeomorphism type of the unit interval, while the n; = 0 represent
the diffeomorphism type of the circle. The morphisms of 2Cob®™* are equivalence classes of
open-closed cobordisms between these. The tensor product is the free union of manifolds, i.e.
juxtaposition of the corresponding diagrams, and the composition of morphisms is the gluing of
the open-closed cobordisms along their black boundaries. The identity morphisms are cylinders
over the compact oriented 1-manifolds that represent the objects.

For the purpose of the present work, it is sufficient to keep in mind that any morphism of the
category 2Cob®™" can be obtained from a finite number of copies of the generators () by taking
tensor products and by taking compositions.

We have also shown in [12] that any two equivalent open-closed cobordisms are related by
a finite sequence of moves. These moves are precisely the defining equations of a knowledge-
able Frobenius algebra (A, C,1,2*) when the operations pa,Ay4,...,7* are replaced by the mor-
phisms depicted in (). For example, to the associative law in the symmetric Frobenius algebra
(A, pa,ma, Aa,ea), there corresponds the following move:

We can summarize the results of [12] on the structure of the category 2Cob®™" as follows.

Theorem 3.1. The category 2Cob®" of open-closed cobordisms is the strict symmetric monoidal
category freely generated by a knowledgeable Frobenius algebra object (A, C,2,2*). This gener-
ating knowledgeable Frobenius algebra object consists of the diffeomorphism type 7 = (1) of

17



3 OPEN-CLOSED COBORDISMS 18

the unit interval A = I which forms a symmetric Frobenius algebra (A, pa,na, Aa,e4); the dif-
feomorphism type 7 = (0) of the circle C = S which forms a commutative Frobenius algebra
(C,pe,ne, Ac,ec); together with the morphisms ¢ and ¢*. The morphisms pa,n4,...,2* are
precisely the equivalence classes of the open-closed cobordisms depicted in (3.

3.2 Combinatorial open-closed cobordisms

Open-closed cobordisms can be triangulated as follows. We use the terminology of [30].

Given an open-closed cobordism M, the underlying topological manifold is a compact oriented
2-manifold with boundary. We therefore have a finite simplicial complex K whose underlying
polyhedron we denote by |K| C RP for some p, and a homeomorphism Ty;: |K| — M which we
call a triangulation. The simplicial complex K satisfies the conditions that guarantee that |K|
forms an oriented topological 2-manifold, i.e. the link of each d-simplex is a (1 — d)-sphere iff the
simplex is in the interior of |K|, and it is a (1 — d)-ball iff the simplex is in the boundary of | K].
Furthermore, for each 2-simplex o, it is specified whether ¢ or its opposite oriented simplex o*
is contained in |K|, and each 1-simplex in the interior of |K| appears as a face of precisely two
2-simplices with opposite induced orientations.

If M and N are equivalent open-closed cobordisms, their underlying topological manifolds
are homeomorphic. If we have triangulations Ths: |[K| — M and Tys: |L| — N with simplicial
complexes K and L, Pachner’s theorem [20] says that the simplicial complexes K and L are related
by a finite sequence of moves. These moves are the bistellar moves (called the 1-3 and 2-2 move),

A A - N~

applicable to all 2-simplices, and the elementary shellings

A F and # A % ’ (3.4)

applicable to certain 2-simplices some of whose faces coincide with the boundary. The interior of
the manifold is indicated by the shading in our pictures. Recall that for finite simplicial complexes
which represent compact manifolds with non-empty boundary, each bistellar move can be obtained
from a finite sequence of elementary shellings.

The set of corners dyM N 91 M of every open-closed cobordism M is a finite set. Given some
triangulation Ths: |K| — M, we can apply a finite sequence of elementary shellings in order
to subdivide the 1-simplices in the boundary in such a way that to every corner of M, there
corresponds a O-simplex in K, ie. that 9gM N o1 M C Ty (|Ko|) where Ky C K denotes the
0-skeleton of K. From now on we assume, without loss of generality, that every triangulation has
this property. Given a 1-simplex o € K in the boundary, we therefore have either T/ (|o|) C dg M
or Th(|o]) € 91 M, i.e. the 1-simplices in the boundary are either black or coloured.

Both elementary shellings of 4l replace two boundary 1-simplices (edges) by a single edge
or vice versa. For triangulations with the special property, each of the elementary shellings (B2
belongs to one of the following four types:

1. two black edges «— one black edge,
2. two coloured edges «— one coloured edge,

3. one black and one coloured edge «— one black edge,

18



4 STATE SUM CONSTRUCTION 19

4. one black and one coloured edge «— one coloured edge.

It is not difficult to see that the elementary shellings of type (3.) and (4.) can be obtained from
a finite sequence of bistellar moves and elementary shellings of type (1.) and (2.).

When we construct open-closed TQFTs in Section Hl below, we consider triangulations of the
open-closed cobordisms and then show that the linear map associated with every given cobordism
is invariant under the bistellar moves ([B3]) and under elementary shellings of type (1.) and (2.).
Then this linear map is independent of the choice of the triangulation.

3.3 Smoothing theory

When one studies smooth manifolds by combinatorial techniques, the relation between combina-
torial and smooth manifolds is described by two types of theorems:

e Triangulation: Every compact smooth manifold (with boundary) admits a Whitehead tri-
angulation. If two such manifolds are diffeomorphic, then their triangulations are related by
a finite sequence of the appropriate Pachner moves.

e Smoothing: Given a finite simplicial complex K that satisfies the conditions which ensure
that its underlying polyhedron | K| forms a topological manifold (with boundary), one needs
to know (a) under which conditions there exists a smooth manifold that has |K| as its
triangulation and (b) whether the resulting smooth manifold is unique up to diffeomorphism.

Such theorems are available in order to compare smooth manifolds with boundary and combina-
torial manifolds with boundary, but we are not aware of any systematic treatment for manifolds
with corners, manifolds with faces, or (2)-manifolds.

In the preceding section, we have solved the triangulation problem for open-closed cobordisms
by resorting to the underlying topological manifold which is just a topological 2-manifold with
boundary. It admits a triangulation, and this triangulation is unique up to combinatorial equiva-
lence, i.e. Pachner moves, by the validity of the Combinatorial Triangulation Conjecture and the
Hauptvermutung for 2-dimensional manifolds, see, for example [31]. We have then dealt with the
corner points ‘by hand’.

The other direction, a solution to the smoothing problem, is not needed if one is just interested
in a combinatorial construction of open-closed TQFTs. For completeness, we nevertheless sketch
how one can obtain the corresponding smoothing theorem: Let K be a finite simplicial complex
that triangulates an open-closed cobordism. Then every 1-simplex in the boundary is either
black or coloured as we have explained above. The underlying polyhedron |K | together with this
partitioning of the boundary is already sufficient to read off the topological invariants defined in
Section 3.2.4 of [12]. By the normal form of open-closed cobordisms of Definition 3.18 of [12],
there exists an open-closed cobordism with the given invariants, and by Corollary 3.24 of [12], it
is unique up to equivalence.

4 State Sum Construction

We begin this section with an overview of the state sum construction in informal language.

Given a strongly separable symmetric Frobenius algebra object (A, pa,na,Aa,e4) in an
Abelian symmetric monoidal category C and a connected open-closed cobordism M with tri-
angulation Ty : |K| — M, we construct a morphism Z (M) in C.
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For the duration of this section let M be a connected open-
closed cobordism with source 9o M™ := i = (ny,--- ,nx) and target
doMe"t := 7' = (ny,---,n},). Let j enumerate the black boundary
components of M so that h; denotes the number of 1-simplices in the
triangulation of the component n; for 1 < j < k or the component
n; for k+1 < j < k+ k. The number of 1-simplices of JyM™ is

given by the sum m; := 2521 hj, and the number of 1-simplices of

Ao M°" by the sum mg = Zf::;l h;.

As a first step to constructing the morphism Z(M), we construct Figure 1: i = (1,0), i’ =
a morphism Zr,, (M): A®™ — A®™2  These morphisms depend (1), h1 = 2, ha = 5, hy = 4,
on the triangulation of the black boundary, but they are already
invariant under bistellar moves and under elementary shellings of
type (2.), i.e. those in which all the involved boundary edges are
coloured.

Define the symbol A(") corresponding to the boundary component n;j tobe Aif n; =1 and
p(A) if n; = 0 and define A®7 to be the ordered tensor product ®§:1 A Likewise, we set

A®7 equal to the ordered tensor product ®fi,’:;r1 A,

In Section B33, we show that the isomorphisms Py, (A®*) = A and Qi (A®F) = p(A) of Corol-
lary EZ24 correspond to triangulated cylinders over I or S'. We construct a map Z(M): A®7 —

mq =7, and my = 4.

A®"" using these isomorphisms and the morphism Zr,, (M). Since the claim of Corollary 224 is
independent of k, and since the isomorphisms used in that corollary correspond to triangulated
cylinders over I or S!, the invariance under bistellar moves and elementary shellings of type (2.)
can be used to show independence of the boundary triangulation. The morphism Z (M) is then also
invariant under elementary shellings of type (1.), i.e. those involving the black boundary. Z (M)
is therefore independent of the triangulation and thus well-defined for the open-closed cobordism
M.

One can verify explicitly that composition and disjoint union work as required, and so the
state sum defines an open-closed TQFT Z: 2Cob™" — C. The objects of C associated with the
interval and the circle are A and p(A), respectively, by construction. What is the knowledgeable
Frobenius algebra that characterizes this TQFT?

In order to answer this question, we compute the morphisms of C associated with the gener-
ating open-closed cobordisms (L3 and show that the open-closed TQFT is characterized by the
knowledgeable Frobenius algebra of Theorem

4.1 Defining the state sum

We first describe how to construct the morphism Zr,, (M): A®™ — A®™2_ Tt is defined by a
string diagram in C obtained from the graph Poincaré dual to the triangulation, see Figure I By
the coherence theorem for symmetric monoidal categories, it does not matter how one projects
the Poincaré dual graph onto the drawing plane.

For every 2-simplex (triangle), we put a ‘trilinear form’ g3 (c.f. (32)), and for every edge in
the interior, we have an inverse bilinear form ¢* = A4 0n4. Note that ¢(® has a symmetry under
the cyclic group Cs, but not in general under the symmetric group Ss, and so this assignment
depends on the orientation.

For every edge on the coloured boundary 01 M, we put a unit n4. For every interior 0-simplex
(vertex), we multiply the resulting morphism by the inverse a~! of the window element. Since
a~! is central and the cobordism connected, it does not matter where in the diagram we do this.

At this stage, we have a morphism A®("1+m2) _ ] of C. Finally, for every edge in the black
out-boundary 9y M°, we put a g*, too, in order to turn this into a morphism A®™ — A®mz,
Then, for every vertex in the black out-boundary that is not a corner, we multiply by a~*.

20



4 STATE SUM CONSTRUCTION 21

A -1 B

Figure 2: This figure illustrates the state sum for an open-closed cobordisms M.

A

The terminology sum in ‘state sum’ is justified by the following point of view: If C = Vecty
and if one chooses a basis of A and expands all linear maps in this basis, the state sum contains
a sum over the basis vectors for each edge in the interior of M. This is the sum involved in the
state sum.

The morphisms specified by the string diagram have two important properties.

e Gluing triangulated open-closed cobordisms along a common black boundary that is trian-
gulated with the same number of edges, corresponds to the composition of morphisms.

e The disjoint union of open-closed cobordisms gives the tensor product of morphisms.
The definition reads in detail as follows.

Definition 4.1. Let (A, pa,n4,A4,c4) be a strongly separable symmetric Frobenius algebra in
an Abelian symmetric monoidal category C. Let M be an open-closed cobordism with triangulation
Ta: |K| — M. Let K9 C K denote the set of j-simplices, j € {0,1,2}.

We characterize the edges, i.e. the elements oy; j1 € KM by two-element sets {i,j} C KO
i # j, of vertices. The oriented triangles o(; j ) € K®) are characterized by triples (i,5,k) €
KO x KO x K©) of vertices, modulo a permutation by a 3-cycle.

We define the morphism Zr,, (M): A®™1 — A®™M2 a5 a composition

Zry (M) == Z3) o (4™ -idgen) 070 Z3) . (4.1)

where N = mo + |[{oc € KM: 6 COM}| +2/{c € KV: 0 C M\OM }| = my + 3|K®|. The
power of the inverse window element in @) is k = [{c € K(O: ¢ C M\OM }|+|{oc € K©): o C
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Do MO\ (OgM N O M) }| — the number of interior vertices plus the number of vertices on the
outgoing edge that are not corners. We exploit the coherence theorem for monoidal categories and
suppress the associativity and unit constraints of C and define

ma mo

Z) = (@idA)®(®g*)®( R g*>®( Q ,M>:A®WHA®N, 42)
j=1 j=1 UEK(I): UEK(I):
ocCM\OM ocCo M

and
ma
28 = (@ita) o (@ o) 4% = a0, 43)
j=1 ceK(2)

The morphism 7: A®Y — A®N permutes the tensor factors. In order to specify this permutation,
we associate the factors of the target of ([2) and those of the domain of ([3]) with the edges
ogi;p € KW, This is denoted by superscripts such as At} The permutation 7 is specified by
requiring that it maps each factor A7} to one whose superscript is the same edge.

The superscripts for the A’s in the target of [2) are as follows. We go through the factors
of @2 from left to right.

e For every edge oy; ;1 in the black in-boundary doM™ we have ida: A — A7} There are
my edges of this sort.

e For every edge oy; ;1 in the black out-boundary Do MO we have g*: 1 — Attt @ Atbd}
This edge therefore appears twice as a superscript, but due to the symmetry of g%, we need
not distinguish the two. There are mg edges of this sort.

e For every edge oy; j; € M\OM in the interior, we have g*: 1 — Atdt @ A1bI} - Again the
superscript occurs twice, and we do not distinguish.

e For every edge o(; ;1 € 01M in the coloured boundary, we have n4: 1 — A{57},
The superscripts for the A’s in the domain of 3] are as follows.
e For every edge o(; ;; in the black out-boundary 9o M, we have id4: At} — A.

e For every oriented triangle o(; ;4 € K®, we have g@®: Altd} @ AUKN g Atkd — .
Due to the cyclic symmetry of the ‘trilinear form’ ¢(®, this morphism is invariant under
permutations of the triple (7, j, k) by a 3-cycle.

Notice that the edges that appear as superscripts in the target of [ZZ) and those in the domain
of E@3) agree including their multiplicities, and that the permutation 7 is well defined.

See () for an example of the diagram produced by the state sum.

4.2 Invariance under Pachner moves

Proposition 4.2. For a connected open-closed cobordism M with triangulation T/, the state
sum Zp,, (M) is invariant under the 1-3 and 2-2 Pachner move and under the elementary shellings
of type (2.).

Proof. The 2-2 Pachner move follows from the cyclic symmetry of the ‘trilinear form’ ).

J| i k| i

- 1t -9

WAY R

22
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The 1-3 Pachner move is slightly more difficult because it involves subdividing a triangle which
inserts an additional internal vertex. It makes use of the bubble move ([2248):

R
ANT 4N J%;

There are two elementary shellings (B4 of type (2.). Recall
that the state sum assigns to each edge of the coloured boundary
the algebra unit n4: 1 — A. The first move of B4 follows directly
from the unit axioms. The second move turns an interior vertex
into an exterior vertex (featured to the right). This move follows from the bubble move ([ZZX)

bt

O

Note that the bubble move ([ZZ8) is required to prove the above proposition. This is the reason
why we cannot define the state sum for the non strongly separable algebras of Example EZT0(2)
and 2ZZTT11(2).

For convenience, we sometimes use degenerate triangulations in which the two vertices in the
boundary of an edge agree. In this case it is always understood that we apply bistellar moves and
elementary shellings in order to turn them into proper simplicial complexes.

An example showing the diagram produced by the state sum on the torus T2 is depicted below:

! f\ !

Here we have used the triangulation of the torus as a rectangle where the dotted and dashed lines
are identified in the usual way. After the identifications this triangulation has a single interior
vertex and hence the single factor of a=! that appears in the string diagram on the right.

4.3 Independence of the triangulation of black boundaries

We now define a morphism Z(M) from the morphism Zp,, (M) which does not depend on the
choice of triangulation of the black boundary. Observe that to each black boundary component
n; triangulated with h; edges, we have associated the vector space A®h;
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Proposition 4.3. For the triangulations TIkﬁ ; and Tgffx ; of the flat strip I x I and the cylinder
S x I with ¢ incoming edges and k outgoing edges in their black boundaries, the state sum of
Definition Bl yields the morphisms Ppe: A®Y — A®F and Que: A®Y — A®F of Proposition EZZ3
That is,

ZTIkﬁI(IXI) = PM, (4.8)
ZT;C{“(SlXI) = ng. (4.9)

Proof. Write down the string diagram defining the state sum, c.f. Figure Bl and use the bubble
move and the axioms of a symmetric Frobenius algebra.
We here include the simplest triangulations of S! x I and I x I and the associated morphisms

fork=0=1: I
ZT;}XI(E ) = % g?? = %§ (4.10)
e

Zp ( ) = ] Lo — WL (4.11)

O

Given any triangulated open-closed cobordism M with a black boundary com-
Py ponent homeomorphic to I and triangulated with ¢ edges, one can now glue a
suitably triangulated cylinder I x I to that boundary. By Proposition EE2 this
M @Z yields the same morphism Zp,, (M). Similarly, for every black boundary compo-

nent homeomorphic to S* and triangulated with ¢ edges, one can glue a suitably
triangulated S! x I to that boundary, again leaving Zr,, (M) unchanged. It is
therefore sufficient to consider the restriction of Zr,, (M) to the appropriate im-
ages of the idempotents Py and Qgg, respectively. We therefore define:

Definition 4.4. For every open-closed cobordism M with triangulation Th, we define the state
sum Zr,, (M) by subsequently pre- and post-composing Zr,, (M) with the following morphisms:
For each n; € i = Oy M™ triangulated with h; edges, pre-composition with im Py p, if n; = 1 and
pre-composition with im Qp;p; if n; = 0; For each n; €' = 9yM°" triangulated with h; edges,
post-composition with coim Py ;p; if n; = 1 and post-composition with coim Qp;4; if n; = 0.

If we write R,(d) := Py¢ and R( ). = Qx¢, then the above composite is the morphism

k+k' k
Zyy, (M ® coim R( J) o Zp, (M) o (® im R,(ZZ)J) :
J=k+1 j=1
k Ktk
® Ry (A%h) — Q) RS (A%, (4.12)
J=k+1

One can now use the isomorphisms of Corollary ZZ2dlin order to relate the ZTM (M) for different
triangulations of the black boundary as follows. The morphism ZTM (M) is completely determined
by the triangulation of the boundary dyM by Proposition Hence, the morphism ZTM (M)
associated to a triangulation T is related to the morphism ZT{»{ (M) obtained from a different
triangulation Ty, by gluing on cylinders whose boundaries are appropriately triangulated. These
cylinders yield precisely the morphisms Py, and Qgg.
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Definition 4.5. For every open-closed cobordism M, we choose a triangulation Th;. We define the
state sum Z (M) by subsequently pre- and post-composing Zr,, (M) with the following morphisms:
For each n; € @ = JyM™ triangulated with h; edges, pre-composition with ®;,, if n; =1 and
pre-composition with W if n; = 0; For each n3 € i’ = 9yM°" triangulated with h; edges,
post-composition with @;jl if n; = 1 and post-composition with \If,:jl if n; = 0. This yields the
morphism

k+k L1 _ . B .
Z(M)= (@ &) ) o Zr, (M)o (RQE)): A% — A%, (4.13)
j=kt1 =1

—

where we write HELOJ_) =Wy, and Egj) = Oy,

The definition of Z (M) is illustrated below:

A®p(A)

l‘bz Qs
Py (A®?) @ Qs55(A®5)

Py (A®4)
Jv
A

Theorem 4.6. The morphism [EEI3) is well defined, i.e. it does not depend on the triangulation
Ty of M. In particular, it is independent of the numbers h; of edges in Definition B4l and
Definition EEQ

Proof. Tnsert {@IJ) into @) and draw the cylinders over I and over S whose triangulations
are given by im Py p; o @, = Pj;1, etc. and glue them to the triangulation used in the state sum
Zpy, (M) of Definition Ll The invariance under bistellar moves and elementary shellings of type
(2.) of Proposition EE2 then implies the theorem. O

4.4 Open-closed Topological Quantum Field Theories

From Definition Bl it is obvious that the state sum Z(M) associates with the composition of
open-closed cobordisms the composition of morphisms of C and with the disjoint union of open-
closed cobordisms the tensor product of morphisms in C. It is not difficult to see that we get a
symmetric monoidal functor Z: 2Cob®™" — C, i.e. an open-closed TQFT.

In this section, we show that this open-closed TQFT is the one characterized by the knowl-
edgeable Frobenius algebra of Theorem
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4.4.1 Generators via the state sum construction

Below we provide a choice of triangulation for some of the generators in 2Cob®*".

. =
VA~ D o

Those edges with matching arrow heads on the triangulations are to be identified. The black
boundaries are depicted slightly thicker than the coloured boundaries. A choice of triangulation
for the remaining generators is immediate from those above. The factors of a=! are meant to
remind the reader which vertices in the triangulation contribute factors of a=?.

Using these triangulations we can compute the morphisms Zr,, (M) associated to the open-
closed cobordisms M generating 2Cob®™". For completeness, we include the triangulation of the
cylinders S x I and I x I as well.

(4.15)

o4
ZTM(W)_ %éi{ - %% 21, (©) = i (4.16)

l

ZTM(B)Z >§ = C% ZTM(D): WL (4.20)

Theorem 4.7. Let C be an Abelian symmetric monoidal category and A be a rigid and strongly
separable algebra object in C that is equipped with the structure of a symmetric Frobenius algebra.
Then the state sum @) defines an open-closed TQFT Z: 2Cob®™" — C. Tt is characterized by
the knowledgeable Frobenius algebra constructed from A in Theorem
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Proof. Using the triangulations of the generators given in (EEIO)-EZ), compute the morphisms
Zry, (M) for each generator of 2Cob®*. Pre and post composing with the relevant maps specified
in Definitions B4 and produces the knowledgeable Frobenius algebra (A, Z(A),2,2*) defined
in Theorem 2221 For example, Zr,, (V) = a0 (p®p) so that Zp,, (V) = coim Q11 0 iy ©
(p®p)o(im Q11 ®im @Qq1). Noting that Q11 = p and using the image factorization of p (Z5H)
together with the idempotent property p? = p it is easy to check that

Z(v)zcoimpouAO(imp@)imp) (4.21)

as specified in Theorem
Since 2Cob®™" is the strict symmetric monoidal category freely generated by a knowledgeable

Frobenius algebra object, this uniquely determines a symmetric monoidal functor Z: 2Cob™" —
C. O

Recall that given an open-closed TQFT, the algebra object A := Z(I) does not necessarily
determine the object C' := Z(S'). Consider, for example, the knowledgeable Frobenius algebra
(A,C,1,1*) of Example EET9 in which C' % Z(A), and secondly the knowledgeable Frobenius
algebra (A, Z(A),',7*) constructed in Theorem Z2A based on the same A. Both characterize an
open-closed TQFT, but only the latter one can be obtained from the state sum.

Conversely, in an open-closed TQFT, the object Z(S') does not determine the object Z(I).
This can be easily seen from Example below.

4.5 Examples

In [12] it was shown that connected open-closed cobordisms are determined up to orientation-
preserving diffeomorphism preserving the black boundary by a set of topological invariants defined
in the work of Baas, Cohen, and Ramirez [32]. These topological invariants are the genus (defined
as the genus of the underlying topological 2-manifold), the window number, defined as the number
of components of 9, M diffeomorphic to S', and the boundary permutation. For a surface M
(OoM = 0) only the genus and window number are relevant. In this context we will refer to the
window number as the number of punctures in M.

Let (A, C,1,2*) be a knowledgeable Frobenius algebra in a symmetric monoidal category C.
We call uc o Ag: C' — C the genus-one operator and +* o1: C' — C' the window operator. The
invariant associated to the connected surface M ,f of genus ¢ with k punctures is determined by
evaluating the morphism

Z(Mﬁ):&‘co(z*oz)ko(ucoAc)eonC: 1—-1 (4.22)

in C.

In this section, we provide several examples of strongly separable symmetric Frobenius algebras
and use the genus-one operator and the window operator to compute the state sum invariant
Z(MY).

Example 4.8. Let k be a field, n € N, and m1, ..., m, € N, and consider the direct product”
A= M, (k) (4.23)
j=1

of matrix algebras. We choose a basis {eé{l)}l <pq<m,,1<j<n Of A such that the multiplication
reads MA(eé{) ® e&?) = jgérqeéjs) with unit na(1) = >0, Pl eé{}. The k-algebra (A, ua,na)
is strongly separable if and only if for all j, char k£ does not divide m;. From now on we assume
that this condition holds.

"We write @ because this is actually the biproduct in the Abelian category Vecty,.
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The centre Z(A) of A has a basis {z;},_,., of orthogonal idempotents z; := P eé]p),

ie. pa(zj ® z¢) = 0jezj. The symmetric Frobenius algebra structures (A, p1a,ma4,A4,€4) are

characterized by the invertible central elements a = ", a;2;, i.e. a; € k\{0} for all j, as follows:

Aales)) = 12 e @ eld), (4.24)
EA(eﬁ(qu)) = 5qujaj17 (4.25)

and indeed one finds (a4 c Ag 0n4)(1) = a for the window element. This illustrates further the
distinction between special Frobenius algebras and strongly separable Frobenius algebras. A is
special if and only if a; = a; for all 4, j. We compute the idempotent p of [ZE3) as follows:

p(ez%)) = pqmj_l Z 651), (4.26)
r=1

and indeed the image is p(A) = Z(A) with the splitting

imp: p(A) = A, zj— Zefog, (4.27)
p=1
coim p: A — p(A), el(fg — pqmj_lzj. (4.28)

The knowledgeable Frobenius algebra (A, C,1,2*) of Theorem 227 for this algebra A is given by
the following commutative Frobenius algebra structure (C, uc,ne, Ac,ec) on C := Z(A):

,uc(Zj & Z[) e 5jg2j, (429)
no(l) = Yz, (4.30)
j=1
Ac(z) = a?m;2zj ® 24, (4.31)
ec(z) = mja;?, (4.32)
together with
1: C—A,  zj— Z ez(f;, (4.33)
p=1
1" A—C| 61(7{1) »—»ajmj_lépqzj. (4.34)
We finally compute the genus-one operator (ucoA¢)(z;) = a?mj_2zj and the window operator

(1*01)(zj) = a;z;, and so the invariant [EL3H) associated with the genus (-surface with k punctures,
k,l € Ny, is

Z(ME)(1) = (¢ o (1" 00)F o (ue 0 Ax) o ne)( Z 2 2 (4.35)

Fukuma-Hosono-Kawai [6] choose the canonical Frobenius algebra structure on A4, i.e. a =17
and therefore a; = 1 for all j. In this case, the invariant is blind to the window number k. With
a generic symmetric Frobenius algebra structure, however, one can easily obtain an invariant that
can distinguish any two inequivalent connected surfaces.

Example 4.9. Let G be a finite group, k a field, and A := k[G] be the group algebra. We choose
the basis {g}, .o for A and have pa(g ® h) = gh for g,h € G and na(1) = e. The k-algebra
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(A, a,ma) is strongly separable if and only if char k does not divide the order |G| of G. We now
assume that this condition holds.

We denote by [g] := {hgh™': h € G} C G the conjugacy class of g € G and by G/ ~:=
{lg]: g € G} the set of classes. Then the centre Z(A) has the basis {Z[g]}[g]eG/~ where zjg) :=
> helg) v denotes the class sum. We have the unit na(1) = > cq/~ 2 and pa(zyg) ® 2p)) =

Z[e]ec/~ u{?})[h]z[@] for all g, h € G with some u{f;]])[h] € k.

The 2[4 are in general not orthogonal idempotents. Working with a generic invertible cen-
tral element in the basis {z[g]}[g} G/ is not very instructive. If k is algebraically closed, the
irreducible characters x,: G — k provide us with a basis {zp}p of orthogonal idempotents z, :=
dp|G|71 > gec Xo(9)g, dp = Xp(e), for Z(A). We then get the same results as for a direct product
of d, x d,-matrix algebras.

In the following, we restrict ourselves to the symmetric Frobenius algebra structure

Aalg) = D heh'y, (4.36)
heG
1, ifg=e

calg) = {0 clsc (4.37)

which is characterized by the window element (140A,0n4)(1) = |Gle = |G|na(1). The symmetric
Frobenius algebra (A, pa,na, Aa,e4) is therefore special in the sense of ([ZZIl). In this case

g"(1) = (Aaopa)(1) = Y h@h™ (4.38)
heG
g (g @) @) = (ea0pao (na®ida))(g@h) ® 0) {(1) flsgehéze (4.39)

The state sum Z(M) then agrees with the partition function of a topological gauge theory with
gauge group G or, in other words, with the volume of the moduli space of flat G-bundles on M.
In the state sum of Definition Bl the window element |G| is divided out for every vertex in the
interior of M (this prefactor of Z(M) is sometimes called the anomaly). In the closed TQFT, the
meaning of this factor is somewhat mysterious — the factor is merely needed in order to make
the 1-3 Pachner move work — but in our extension to the open-closed TQFT, the factor |G| is
directly related to the symmetric Frobenius algebra structure of A and thereby to topology.

Remark 4.10. Although our state sum of Definition EZTl requires an oriented 2-manifold, the
previous example with the group algebra A = k[G] makes sense even for unoriented manifolds
(without boundary). This is possible because A also has the structure of an involutory Hopf
algebra (A, 1a,na, AEOpf, EEOPf, Sa) with

AlPg) = gy, (4.40)
g = 1, (4.41)
Salg) = g%, (4.42)

with a co-integral ) . g and an integral g — dc(g) where éc(e) = 1 and dc(g) =0 for all g # e.
For this involutory Hopf algebra, one can evaluate Kuperberg’s 3-manifold invariant [22] which
does not refer to the 3-simplices and therefore makes sense for (unoriented) 2-manifolds, too. In
the oriented case, it agrees with our state sum. The unoriented case is treated in more generality
in [11].

5 State sums with D-branes
Our next example, the groupoid algebra of a finite groupoid, also yields the state sum of an

open-closed TQFT in a straightforward way, but in addition it provides us with an example of an
S-coloured open-closed TQFT, c.f. Section 5 of [12].
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A groupoid G = (X, G, s,t,1,0, 1) consists of sets X (objects) and G (morphisms) and maps
s: G — X (source), t: G — X (target), 1: X — G (identity), o: Gixs G := {(h1,ha) € G X
G: t(h1) = s(h2) } — G (composition, written from left to right) and ~': G — G (inversion) such
that the following conditions are satisfied,

—_

s(u(x)) =z and t(1(z)) =z for all x € X,

2. s(hq o hg) = s(h1) and t(hy o hg) = t(hg) for all (h1,hs) € XX X,

3. (hiohg)ohg = hyo(hyohs) for all hy, ha, hs € G for which t(h1) = s(he) and t(ha) = s(hs),
4. 1(s(h)) oh =h=hou(t(h)) for all h € G,

5. s(h=1) =t(h) and t(h~') = s(h) for all h € G,

6. h=Yoh =1(t(h)) and hoh~t =1(s(h)) for all h € G.

The groupoid is called finite if G is a finite set. For every x € X, we denote its connected
component by [x] := {t(h): h € G,s(h) = x}. The groupoid is called connected if X = [z] for
some z € X. For x € X, the star of G at x is the set,

stg(x) ={g€G: s(g) =z} (5.1)

We denote the order of the star of G at € X by N, := [stg(x)|. It depends only on the connected
component [z] of z € X.

Given a finite groupoid G = (X, G, s,t,12,0, 1) and a field k, the groupoid algebra (k[G], i, 1)
is the free vector space k[G] on the set of morphisms with the operations,

plhs &) = {?Oh% ) = (e 62
= ) 6.
zeX

where hi,hs € G.

Example 5.1. Let (G) = (X,G,s,t,2,0, ') be a finite groupoid and consider the groupoid
algebra A := k[G]. The k-algebra A is strongly separable if and only of char k does not divide
N for any € X. From now on, we assume that this is the case.

We denote by G := {g € G: s(g) = t(g)} € G the set of automorphisms, by [g] :=
{hogoh™': h € G,t(h) = t(g)} the conjugacy class of the automorphism g € G(©, and by
GO/ ~={[g]: g € GO} the set of conjugacy classes. Choose the basis {h}, o of A. We find

the centre Z(A) = k[G(®)/ ~] with a basis {Z[g]}QGG(O)/N where 2ig) 1= 3 pe[g) i denotes the class
sum.
The canonical symmetric Frobenius algebra structure (A, pua,na, Aa,ca) is given by
Nigor, if g=1(s(g
calg) = { [5(9)) (s(9)) (5.4)
0, else
1 _
Aulg) = Y. hedley) (55)

Nii(g)] heG: s(h)=s(g)

from which we obtain the canonical idempotent [Z23)

p(g) = {g[g]/N[t(g)]v iit(g) = s(g) (5.6)
) else
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with the image decomposition

im p: Z(A)=A, g Y b (5.7)
helg]
coimp: A —Z(A), g— {3[91/N[t<g>]= glsse(g) =t(g) (5.8)

From these data, one can compute the knowledgeable Frobenius algebra (A, Z(A),7,2*) that ap-
pears in Theorem Z2ZA with ¢+ = im p and +* = coim p. The state sum construction therefore yields
the corresponding open-closed TQFT.

There is, however, another point of view according to which the groupoid algebra gives rise
to an X-coloured knowledgeable Frobenius algebra (Section 5 of [12]). Although this example is
rather trivial, it nicely illustrates where the various structures appear.

Example 5.2. Let G = (X, G, s,t,1,0, 1) be a finite groupoid and k be a field such that char k
does not divide Ny, for any 2 € X. Denote by Hom(z,y) = {g € G: s(g9) = =,t(9) = y } the
morphisms from x to y. Then there is a family of vector spaces A, := k[Hom(z,y)]. By restricting
the operations of the groupoid algebra A = k[G] to the A,,, we obtain the following linear maps:

Hayz - Awy & Ayz - szu g1 & g2 '+ g1° 92, (59)
Ne(1): k — Age, 1 — 1(z), (5.10)
1
Azyz: Azz_>Awy®AyZ= g = N h®h_1og, (5'11)
[t(9)] heG: s(h)=x
N if g =
ot Aye — k, g A Neen =) (5.12)
0, else
for z,y,z € X. Similarly by restricting + and ¢*, we find for all z € X:
et Z(A)=Asz, 219 — Z h, (5.13)
helgl: heG,
1

V" Ay —Z(A), g — (5.14)

Nig)

Then we have an X-coloured knowledgeable Frobenius algebra

({Aay}s {ttay=}s {12} {Aayz}s {eats Z2(A) {ta}, {22})- (5.15)

The commutative Frobenius algebra structure of Z(A) is as in Theorem ZZ2A In particular, each
Agz, v € X, forms a symmetric Frobenius algebra, the 1,: Z(A) — A,, are algebra homomor-
phisms, and each A,, forms an (Ags, Ayy)-bimodule with dual A,,. Observe that the state sum
can be evaluated directly for the full groupoid algebra

A= P A., (5.16)

z,yeX

and so the vector space associated with the unit interval is precisely this direct sum. If one restricts
it to the subspaces A, corresponding to the boundary colours z,y € X of a given interval, one
obtains an X-coloured open-closed TQFT. The full state sum with A, however, contains more
than just these homogeneous elements. It includes their linear combinations as well.

This last example is especially relevant in the context where the open-closed cobordisms are
interpreted as open and closed string worldsheets. In this case, the colours of an X-coloured
knowledgeable Frobenius algebra are interpreted as the set of boundary conditions, or D-branes,
for the open strings. The decomposition of the finite groupoid algebra then allows the state sum
to compute topological invariants of open and closed string worldsheets equipped with D-brane
labels from the set of objects X of the groupoid G.
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