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1. Introduction

Fusion categories exhibit a rich mathematical structure, see for example [8,20]. They have im-
portant applications in 3-dimensional topological field theory [1,22], in particular in the study of
invariants of 3-manifolds [2,24], and in rational conformal field theory, see [12,19] and subsequent
work. The construction in conformal field theory initiated in [12] requires as its starting point a spe-
cial haploid Frobenius object in a modular fusion category, but it depends only on the Morita class
of that algebra. It is known [21] that Morita classes of algebras in fusion categories are described by
equivalence classes of module categories.

In this article we provide a description of the Morita classes of special haploid Frobenius algebras
in pivotal fusion categories over C in terms of module categories with module traces. A module trace
is a trace on a module category, i.e. a collection of symmetric and non-degenerate linear maps from
the endomorphism spaces of objects to C, that is compatible with the module structure. As a main
result we prove the following:

Theorem. Let C be a pivotal fusion category. The following structures are equivalent:

i) An indecomposable module category .M with module trace.
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ii) An indecomposable module category M together with a C-balanced natural isomorphism between
Hom(n, m) and the dual space of Hom(m, n), for each pair of objects m,n € M.
iii) A Morita class of a special haploid Frobenius algebra in C.

The equivalence of i) and ii) implies that module traces on indecomposable module categories are
unique up to a constant factor and equip the dual fusion category with a pivotal structure. When
applied to the particular case of C considered as a left module category over itself, we obtain the
following result.

Theorem. For each pivotal structure a on a fusion category C over C there exists a conjugate pivotal structure
a such that the right dimensions of objects with respect to a are complex conjugate to the right dimensions with
respect to a.

We show how this result is related to the existence of a natural monoidal isomorphism of the
identity and the quadruple dual functor for fusion categories from [8].

We give an explicit description of module traces in terms of a matrix equation that provides a
reduction of the problem of solving a quadratic equation for algebras (the Frobenius property) to a
linear equation for the module category. This implies in particular that the quantum dimensions of
special haploid Frobenius algebras in pivotal fusion categories are positive real numbers and shows
that all module categories over pseudo-unitary fusion categories admit a module trace. We extend the
graphical calculus for tensor categories to module categories and give a graphical description of the
Frobenius algebra obtained from a module category with module trace.

In [5] it is shown that indecomposable module categories over a fusion category C are classified
by Lagrangian algebras in the Drinfeld center Z(C). It remains to interpret our results in terms of this
classification.

A possible application of our results is to modify the construction in [12] in such a way that it
depends only on a module category with module traces over a modular fusion category and involves
no further choices. In such a construction it should be possible to incorporate module functors and
module natural transformations as well and interpret them in physical terms, see [23, Section 3], [14,
18] for a possible interpretation.

The paper is structured as follows. In Section 2 we summarise the relevant background about
fusion categories, algebra objects and module categories. In Section 3 we first develop a graphical no-
tation for module categories which gives rise to a diagrammatic description of the algebra structure of
inner hom objects. Next we introduce module traces and demonstrate in examples that the existence
of a module trace for a given module category depends on the choice of pivotal structure for the
fusion category. In Section 4 we give a description of module traces in terms of C-balanced natural
isomorphisms and prove that module traces on indecomposable module categories are unique up to
scaling. This description of module traces yields a module natural isomorphism between a module
functor and its double adjoint functor. In the application to a pivotal fusion category as a module
category over itself, this leads to the existence of conjugate pivotal structures for pivotal fusion cate-
gories. We provide a graphical derivation of a monoidal natural isomorphism of the identity functor
to the quadruple dual functor for fusion categories and show that this yields an alternative definition
of the conjugate pivotal structure. In Section 5 we demonstrate that the existence of a module trace
can be reduced to a matrix equation and discuss the example of pseudo-unitary fusion categories.
As a consequence of these results we obtain a new criterion to decide whether a pivotal structure
is spherical in terms of module categories. In Section 6 we prove that module traces characterise
equivalence classes of special haploid Frobenius algebras.

2. Preliminaries
2.1. Fusion categories and algebra objects

In this section we summarise the relevant background and fix our notation. All categories are
assumed to be abelian and moreover locally finite over C, i.e. the isomorphism classes of objects
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form a set, all Hom-spaces are finite dimensional and every object has finite length. All functors and
natural transformations are assumed to be additive.

Definition 2.1. (See [6].) A tensor category C is a monoidal category with rigidity and simple unit
1 € C such that the monoidal structure is bilinear on morphisms. A finite tensor category is a tensor
category with finitely many simple objects up to isomorphism. A fusion category is a semisimple
finite tensor category.

Without loss of generality we will work with strict monoidal categories (see e.g. [1]). Rigidity
means that each object ¢ € € has a right dual ¢* with duality morphisms ev; :c*®c — 1, coevc: 1 —
c®c* and a left dual *c with ev.:c® *c — 1 and coev, : 1 — *c ®c, such that the rigidity axioms
are satisfied, see Appendix A, Eq. (A.7). Right and left duals are unique up to a unique isomorphism.
In a rigid tensor category there is a canonical natural isomorphism ¢ >~ *(c*) ~ (*¢)* for each object
¢ € € and we will therefore identify these objects in the sequel.

The functor (.)** has a canonical structure of a tensor functor. A pivotal structure for C is a
monoidal natural isomorphism a :ide — (.)**. In particular, a pivotal structure allows one to define
the right trace of a morphism f € End(c) as

trf(f):evco(a*cég)f)ocoev/ceEnd(l):(C (2.1)

and for each object ¢ the quantum dimension trf (ide) = dim®(c). The left trace of a morphism is
defined analogously and a pivotal structure is called spherical if the left traces and right traces agree
for all morphisms. Throughout this paper € denotes a pivotal fusion category unless stated otherwise.
We use the well-established graphical calculus for tensor categories, see Appendix A for relevant
definitions and conventions.

2.1.1. Algebra objects
Definition 2.2. An algebra (object) in a tensor category C is an object A € € together with a mul-
tiplication morphism @ : A ® A — A, and a unit morphism 7 : 1 — A, represented by the diagrams

)
I

pn=\/, gz (2.2)

such that the associativity and unit constraints hold:

O g

An algebra A in C is called haploid if Home (1, A) >~ C as a vector space.

There is the obvious definition of morphisms of algebras. An algebra is called indecomposable if it
is not isomorphic to a direct sum of two non-trivial algebras. As we will always work with just one
algebra at a time, we omit the labels on the lines representing the algebra object. Given an algebra
in C, we can consider modules over this algebra in C.
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Definition 2.3. A right module over an algebra A in a tensor category C is an object M € C together
with an action morphism

P:MRA—>M=M , (2.4)

such that the following equations hold:

M =M ., M =M|. (2.5)

An intertwiner between two right modules (M, p) and (N, x) over A is a morphism ¢ : M — N in
C which satisfies

M

¢ [_] M

= ) (2.6)
N o[ 1]

N

There are analogous definitions for left modules. The subspace of Home (M, N) consisting of the in-
tertwiners is denoted by Hom4 (M, N).

It is clear (see e.g. [21]) that for an algebra A, a right module (M, p) over A and an object c € C,
the object c ® M is also a right module over A with action morphism

id.®p: cOMRA—CcRM, (2.7)

and that each morphism ¢ :c — d in € yields an intertwiner ¢ ® idy; :c @ M — d ® M.

Definition 2.4. (See [13].) A coalgebra (object) in a tensor category C is an object C € C together with

a comultiplication morphism
A:C—>C®C£A\, (2.8)

e:C—>1§l, (2.9)

and a counit morphism

such that the coassociativity and counit constraints hold:
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Ax Al

Definition 2.5. (See [5,13].) Let C be a tensor category.

i) A separable algebra A € C is an algebra (A, i, n) for which there exists a morphism A: A —
A® A with (£t o A =idy and

Aop=(U®ida)o (ids ® A) = (ida ® i) o (A ®ida). (2.11)

ii) A Frobenius algebra in C is an algebra (A, u, n) that is also a coalgebra with structures € : A — 1
and A: A— A® A, such that (2.11) is satisfied.

In graphical notation relation (2.11) reads:

Lemma 2.6. (See [5], Proposition 2.7.) Consider an algebra (A, v, ) in a fusion category C. Then the category
Mode (A) is semisimple if and only if A is separable.

The following Frobenius algebras are particularly important in applications to conformal field the-
ory [12].

Definition 2.7. (See [13].) A Frobenius algebra A in C is called

i) special if there exist 81, B4 € C* such that
= B, = Ba | (2.13)

ii) symmetric if
— . (214)

Condition ii) can be extended to any algebra A with a morphism € € Home (A, 1).

Lemma 2.8. (See [10].) Let A be a special symmetric Frobenius algebra in C. Then dim®(A) = B1Ba #0. We
can normalise € and A such that B, = dime(A) and Ba =1.
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Lemma 2.9. (See [12].) If an algebra A is haploid and has dimension dim®(A) #0,! then it is symmetric for
any choice of € € Home (A, 1).

Let C be a pivotal fusion category. With the pivotal structure we will identify left and right dual
objects in the remainder of this section. The dual M* of a right A-module (M, p) inherits a canonical
left A-module structure

v = . (2.15)
M* M |M*

For a right A-module (M, p™) and a left A-module (X, p%), there is a notion of the tensor product
M ®4 X over A, see e.g. [13]. M ®4 X is an object in C that is defined as the cokernel of the map
(PM ®idy) — (idy ® pX) : M ® A® X - M ® X. When A is a normalised special Frobenius algebra,
M ®4 X is equal to the image of the following projector P: M ® X > M ® X:

P= X - (2.16)

Proposition 2.10. Let A be a special haploid Frobenius algebra in a pivotal fusion category C. There is a natural
isomorphism Homa (M, N) >~ Home (1, N ®4 M*) for M, N € Mode (A).

Proof. This follows from the fact that the inner hom object of M and N is N ® 4 M*, see [6]. O
2.2. Module categories

In this subsection we summarise the main definitions and results concerning module categories,
see [6,21] for more details. The following definition is a restriction of the definition in [21] to
semisimple categories.

Definition 2.11. A left C-module category M is a semisimple C-linear abelian category M, together
with a bifunctor > : € x M — M and natural isomorphisms

Oedm:(C®dDem—ce(dem), Iy:1eom—m, (217)

for all ¢,d € @, m € M, such that the module constraints are fulfilled: The diagrams

! In the proof [12, Corollary 3.10] the assumption dim®(A) # 0 is implicitly present. We thank I. Runkel for this information.
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(c®d)®e)>m
/ W\
(cd®e)>m (c®d)>(e>m) (218)
l We, dge,m l W d e>m
cr((d®e)>m) e e ce (de (e>m)),
and
(c®1)e>m ot c>(1>m)
deem (2.19)
idc>lm
com

commute for all objects c,d,e € C and m € M. To emphasise that M is a left C-module category we
denote it @M. There is an analogous definition of a right C-module category M¢e with a bifunctor
a: Me ® € — Mg satisfying analogous constraints.

For a left C-module category M, the opposite category M°P is a right C-module category Jv[‘é"
with action

m<®?c=c*>m. (2.20)
Definition 2.12. (See [21].)

i) Let oM and N be C-module categories. A C-module functor F: ;M — oN is a functor F to-
gether with natural isomorphisms f¢, : F(c>m) — c> F(m), such that the usual pentagon and
triangle diagrams commute, see [21]. We sometimes write (F, f) for a module functor and call
f aleft module constraint for F. Module functors between right C-module categories are defined
analogously.

ii) Let (F, f): oM — oN and (G, g) : @M — N be module functors. A module natural transforma-
tion n: F — G is a natural transformation for which the diagrams

n(cem
F(cxm) —— G(c>m)

l . lgcym 2.21)
idc>1(m)

c>F(m) —— c> G(m),

commute for all possible objects. The category of module functors from M to N and module
natural transformations between them is denoted by Fune (M, oN).

It is easy to see that the adjoint functor of a module functor is again a module functor. The module
functor constraint is uniquely determined by the requirement that the evaluation and coevaluation of
the adjunction are module natural transformations. Two module categories .M and N over € are
called equivalent if there exist module functors (F, f): e M — N and (G, g) : e N — oM and module
natural isomorphisms F o G — id, N and GoF — id ,v. The 2-category of left module categories over
©, module functors and module natural transformations between them is called Mod(C).
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There is an obvious notion of a submodule category and of a direct sum of module categories.
A module category is called indecomposable if it is not equivalent to a direct sum of two non-trivial
module categories, and it is called irreducible if it has no non-trivial submodule categories. It is shown
in [21, Lemma 1] that a module category M over C is indecomposable if and only if it is irreducible
and that in this case there are finitely many isomorphism classes of simple objects in M. In particular,
there exists a complement for every submodule category.

The category of modules over a separable algebra A € C is a C-module category by Eq. (2.7). It is
indecomposable if and only if the algebra is indecomposable [21, Remark 5]. The following theorem
leads to the notion of Morita equivalence of fusion categories.

Theorem 2.13. (See [8,20].) Let @M be an indecomposable left C-module category. The category of C-module
functors Fune (oM, oM) is a fusion category with monoidal structure given by composition of functors and
duality by the adjunction of module functors.

Fung (oM, o M) is called the category dual to C with respect to .M. In particular, all module
natural isomorphisms from the identity functor of an indecomposable module category to itself are
multiples of the identity.

Definition 2.14. (See [17].) Suppose Me is a right C-module category, N a left C-module category
and A and additive category.

i) A functor F: M x N — A is called C-balanced if it is equipped with natural isomorphisms fm ¢ :
F(m<c,n) — F(m,cw>n) for all objects c € @, me M and n € N, such that the pentagons

F(m<(c®d),n)

F((m<c) «d,n) F(m, (c ®d)>n) (2.22)
\Lfmqad.n l
fm,c,d»n
F(m<c,dw>n) F(m,c> (d>n)),

commute for all possible objects. The unlabelled lines are the isomorphisms obtained from the
module constraints of M and N, respectively. The natural isomorphism f is called balancing
constraint.

ii) Let F,G:M x N — A be two C-balanced functors with balancing constraints f and g, respec-
tively. A C-balanced natural transformation 7 : F — G is a natural transformation, such that the
diagrams

n(m<c,n)
F(m<c,n) —— G(@m<c,n)

l fm.en l &m,c,n (223)
n(m,cen)

F(m,c>n) —— G(m,c>n)

commute for all possible objects.
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3. Module traces

In this section we introduce a graphical calculus for module categories and derive a graphical
description of the algebra morphism of the inner hom objects. In the second subsection we introduce
module traces and discuss their basic properties and some examples.

3.1. Graphical calculus for module categories

We extend the graphical calculus for tensor categories (see Appendix A) to module categories. We
represent objects, morphisms and the action on a module category .M as follows:

com= ¢ m. 3.1)

3
o
3
+
I
DIIII
w3

TTTT
=

Any module category is equivalent to a strict module category, see [16, Theorem 1.3.8]. This implies
that the graphical notation for module categories has properties analogous to the graphical notation
for tensor categories: Once parentheses and actions of unit objects are specified for the incoming and
outgoing objects, each diagram unambiguously represents a morphism in M.

We briefly summarise the definition of the inner hom object from [21]. Let M be a left C-module
category. An inner hom object ¢(m,n)™ € @ for m,n € M is an object in € with a natural isomor-
phism

o : Homy (¢ >m, n) >~ Home (c, e (m, n™M), (3.2)

for all c € € and m,n € M. We write ¢(.,.) when the relevant module category M is clear from the
context. Inner hom objects always exist, are unique up to a unique isomorphism and determine a
bifunctor e(.,.)™ : M x M°P — C. In the following we will speak of “the inner hom object”. The inner
hom bifunctor is compatible with the module structure [21]:

elmcon)~c®e(m,n), and e{c>m,n)~e(m,n) ®c*. (3.3)
The inner hom object is represented by the following diagram:

emmn)=nHHm, (3.4)

and the isomorphism (3.2) reads:

o S . (3.5)
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This can be visualised by flipping the string representing m and zipping it with the n-string. For a
morphism g :n — n, the morphism ¢ (m, g) : ¢(m,n) — @(m,n) is given by the diagram

n [m
g (3.6)
n
Each morphism h : m — m defines a morphism ¢ (h, n) : ¢(m,n) — ¢ (m, n) that is depicted as
nHm
h* - (3.7)
m

The symbol h* indicates that the functor ¢(.,.) is contravariant in the first argument.

Remark 3.1. In the case of C considered as a left module category over itself, the inner hom object of
c,d € € is given by ¢(c,d) =d ® c*. For a morphism h: c — ¢ indeed ¢ (h,d) =idy ® h*. The notation
h* therefore is consistent.

The naturality of o : Homy(c >m, n) >~ Home(c, ¢ (m,n)) manifests itself in the graphical calculus
as follows:

i) o is natural with respect to m:

m
¢ h
m
a: (3.8)
n
ii) o is natural with respect to n:
o (3.9)

iii) o is natural with respect to c:
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C Cc
14 m yd Cc
d
o f e = CJe(forem): (3.10)
n nHm nHm

Lemma 3.2. The natural isomorphism « from Eq. (3.2) is compatible with the module structure. For all mor-
phisms y :x — y in Cand all f € Hom(c>m,n),

% fey alf) - (311)

Proof. It suffices to proof the statement for y = x and y = idy. The general case then follows di-
rectly from the naturality of «. First recall that the canonical isomorphism e (m,c>n) ~c® e{(m,n) is
constructed as follows. Consider for x, c € € and m,n € M the square:

Hom(x> (c>m), n) = . Hom(c>m, *x>n)

: :

Hom((x ® ¢) > m, nn) Hom(c, e (m, *x>n)) (3.12)

la l“

~

Hom(x ® ¢, ¢ (m,n)) —— Hom(c, *x ® e (m, n)).

The horizontal isomorphisms are induced by the duality in €, while the unlabelled vertical iso-
morphism on the right is the natural isomorphism e(m,*x>n) >~ *x ® ¢(m,n) from Eq. (3.3). This
isomorphism is defined by the requirement that the square commutes. As it is constructed from nat-
ural isomorphisms which we suppress in the graphical notation, we will suppress this isomorphism
as well in the sequel. It follows from the commutativity of the previous diagram, that the diagram

Hom(x > (c>m), x>n) =, Hom((x* ® x ® ¢) >m, n)

\La la (3.13)

Hom(x® ¢, x® ¢(m,n)) <—— Hom(x* ®@xQc, ¢(m,n))

commutes. If we choose idy ® f € Hom(x> (c>m), x>n) with f € Hom(c>m,n) in the left upper space,
the commutativity of the diagram implies ¢ (idy ® f) =idy @ ¢ (f). O

We will now develop a graphical representation for the internal multiplication and show that it
equips e(m, m) with the structure of an algebra. The internal evaluation morphism evy ,; : ¢(n,m) >
n— m (see [21, Section 3.2]) is given by:
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—1,. ~ n
eVnm =0 (idgnm) = . (3.14)
m
This notation is compatible with the notation for « since by flipping the n-string we obtain the

identity string e (n, m). The internal multiplication m nk : ¢(n, k) ® ¢ (m,n) — ¢(m, k) and the internal
unit 9y : 1 — @(m, m) are given by

1

Mmnk=0C n ) Mm=« ml=_Hm- (3.15)

Lemma 3.3. For all morphisms f € Hom(c>m, ¢ (n, k) >n),

a(evn,k of)= Mm,n,k © o(f), ie (3.16)

|
k%
d
d L agg) !
g = , (3.18)
S S

for all g € Hom(d 1, s) follows from applying o to both sides and using the naturality of . Applying
this identity to f with s = ¢ (n, k) >n yields

C
c|lEm  a(f) m
f
L= . (3.19)
k p

Applying « to the right hand side of this equation and using its naturality proves the claim. O

a(f)

S - 3

(317)

c
o
H

k m

Proof. The identity

The following theorem plays an important role in the theory of fusion categories since it combines
the theory of module categories with the theory of algebras.



394 G. Schaumann / Journal of Algebra 379 (2013) 382-425

Theorem 3.4. (See [21].) For all non-zero objects m,n in a C-module category .M, ¢(m, m) is an algebra
object in © and ¢ (m, n) is a right ¢ (m, m)-module. The functor M > n+> ¢ (m,n) € Mode (¢ (m, m)) yields an
equivalence of C-module categories provided ,M is indecomposable.

We will revisit parts of the proof of this statement with the graphical calculus.

Proposition 3.5.

i) The internal evaluation morphism is a module morphism:

n m
m
K — n . (3.20)
k
n
l .
k Hm

ii) The internal multiplication is associative:

¥

iii) For all non-zerom € M, @ (m, m) is canonically an algebra object.

(3.21)

Proof. The first relation follows from applying o to both diagrams. Both diagrams obtained in this
way represent the multiplication morphism. Since « is an isomorphism, the preimages have to agree

as well.
To show the second part, first note that the expression on the left hand side of Eq. (3.21) is «

applied to
I m
n . (3.22)
k

nfF = oL (3.23)

Part i) implies
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Now apply « to the diagram on the right. In the upper part of the diagram this results in the mor-
phism ide ky ® fm,n, due to Lemma 3.2. With Lemma 3.3 we conclude that « applied to this diagram
yields the right hand side of Eq. (3.21). The statement follows since « is an isomorphism. To show
the last part we only have to prove the compatibility of the internal multiplication and the internal
unit. This is a direct computation in the diagrammatic calculus. O

3.2. Module traces on module categories over pivotal fusion categories

We are now ready to define the notion of a module trace. As an example we discuss module
categories over G-graded vector spaces. This illustrates that the existence of a module trace on a
given module category distinguishes different pivotal structures.

For each module category M over a pivotal category C there is a linear map

trgm :Endyg(cem) — Endy(m),  f > (ev, > idp) o (@« > f) o (coeve & idm), (3.24)

which we call partial trace. Whenever this is unambiguous we omit the labels of tr®. The graphical
representation of this map is

(3.25)

I
TTTTLTTTT

As a direct consequence of the definition of a module functor we obtain:

Lemma 3.6. Let F : ;M — N be a C-module functor. For all f € Endy(c>m), tr®(F(f)) = F(tr®(f)).

With the map tr® we can define module traces.

Definition 3.7. Let M be a module category over a pivotal fusion category C. A trace ® on M is a
collection of linear maps

Om :Endy(m) —» C forallme M, (3.26)

such that the following properties are satisfied:

i) ® is symmetric: for all f € Homy¢(m,n) and g € Homy(n, m),
Om(go f)=6n(fog). (3.27)
ii) ® is non-degenerate: the pairing

Homy¢(m,n) x Homyc(n,m) - C, (f, g+ On(go f) (3.28)

is non-degenerate for all m,n € M.
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If furthermore

iii) ® is C-compatible: for all c € G, m e M,

@cbm = @m (e] tre,

(3.29)

then @ is called a C-module trace or module trace if the category € is clear from the context. We

sometimes write (Me, ®™) for a module category with module trace.

The notion of a trace on a linear category is well-known and a category with a trace is also called

a Calabi-Yau category, see e.g. [4, Section 2].

Remark 3.8.

i) The notion of a module trace is a generalisation of the trace on a pivotal fusion category. Indeed,
consider C as a left module category over itself. The right trace tr® : Ende(c) — C induces a
canonical module trace on C. The right trace is symmetric and the compatibility of the duality
with the tensor product yields Eq. (3.29). For the non-degeneracy, note that the argument in
the proof of [24, Lemma I1.4.2.3] can be extended to the case of pivotal fusion categories, see
also Lemma 5.1. The semisimplicity of C is crucial at this point and for this reason we restrict

attention to fusion categories and do not consider more general tensor categories.
For any given trace ® on M and non-zero number z € C the linear maps z - ®,, define another

ii

=

trace denoted z- ®. If ® is a module trace then z- @ is again a module trace. We will show in

Section 4.1 that module traces are unique up to such rescalings.

We introduce a graphical notation for module traces:

|

—m

On(H=[_]f -
—n
L
The symmetry and C-compatibility of ® then read

I 1 —
m n L L
f g clcm C
no - m | _| ;|
g f c m —

m i L J

(3.30)

(3.31)

Given a trace ® on a category M, we define the dimensions of objects m € M with respect to @ as

dim® (m) = O (idm).

The dimensions depend only on the isomorphism classes of objects:

(3.32)
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Lemma 3.9.

i) If two objects m,n € M are isomorphic then dim® (m) = dim® (n).
ii) © iscompatible with direct sums. For all f € End¢(m), g € Endyy (n), we have Opmgn(f ©8) = On(f)+
Oy (g). In particular, dim® (m @ n) = dim® (m) + dim® (n).

iii)
dim® (c > m) = dim®(c) - dim® (m). (3.33)
Proof. For the first part choose an isomorphism f :m — n. The symmetry of & implies

dim® (m) = O (idm) = O (f " 0 f) = O(f o f71) = Op(idn) = dim® (). (3.34)

The second part follows directly from the linearity of ®. The third part is a consequence of the C-
compatibility of ®. O

3.2.1. Direct sums and equivalences of module categories with module trace

We show that the notion of a module trace is well-behaved with respect to decomposition of
module categories and investigate the structure of the module categories with C-module trace in the
2-category Mod(C) of C-module categories, module functors and module natural transformations.

Definition 3.10. Let Mod® (C) be the full sub 2-category of Mod(C) which has @-module categories
(Me, ©M) endowed with a @-module trace @M as objects. A module functor F : eM — N is called
an isometric module functor if ®@N(F(f)) = @M (f) for all f € Endy¢(m) and all m € M. Two module
categories in Mod® (@) are called isometrically equivalent if there exists an equivalence of module
categories consisting of isometric module functors between them.

Note that an isometric module functor is faithful due to the non-degeneracy of the module traces.
The subcategory Mod® (C) is well-behaved in the following sense.

Proposition 3.11.

i) Let (oM, &M) be an object in Mod® (C) and let N be a module category with an equivalence F : ;N —
M of module categories. Then there exists a C-module trace on N such that F is an isometric equiva-
lence.

ii) The direct sum of two module categories with module traces possesses a canonical module trace.

iii) A submodule category of a module category with module trace inherits a canonical module trace.
iv) Each object in Mod® (@) is isometrically equivalent to a direct sum of indecomposable objects.

Proof. To show the first part, define the linear maps ©N(f) = @M (F(f)) for all f € Endy(n).
Lemma 3.6 implies that this defines a module trace for N and that F is isometric by construction. For
the second part consider an object m®n € ;M@ oN. Since Endy g (M @ n) = Endyy (m) & Endy(n),
we can define a linear map (@M & @N)m@n : Endytgn(m @ n) — C as the sum @,nM &) @g\f It is
easy to see that this defines a C-module trace. Now consider a submodule category of a module cat-
egory with module trace. As we can choose a complement of the submodule category, the restriction
of a module trace to a submodule category is non-degenerate and hence a module trace. The last
statement is a consequence of the first and second statement. O

3.2.2. Examples

We denote by Vect the fusion category of finite dimensional C-vector spaces. A semisimple
abelian category over C is a module category over Vect with module structure V ®c m defined by
V ®c Homy(m, n) >~ Homy(V ®c m,n) for V € Vect and m,n € M.
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Lemma 3.12. A trace on a semisimple category M is also a Vect-module trace on M.

Proof. We show that condition (3.29) is satisfied. As Endy¢(V ®c m) >~ End(V) ® End(m), it is suffi-
cient to show that

Ovgem(@ Qc f) =tr(a)On(f) (3.35)

for all V € Vect, @ € End(V) and f € End(m). Here tr is the usual trace on Vect that coincides with
the right trace on Vect considered as a fusion category. Eq. (3.35) follows from a direct calculation in
a basis for V. O

Example 3.13. Let G be a finite group and w € C3>(G,C*) a normalised cocycle. This data defines
a fusion category Vect? with simple objects labelled by elements of G, see [6] and [21] for more
details. The pivotal structures on G are in bijection with the characters ¥ € Hom(G, C*). Indecompos-
able module categories M(H, ¥) over Vect? are obtained from subgroups H C G with |y =1 and
cocycles ¥ € C2(H, C*). The simple objects of M(H, &) are labelled by elements in the right cosets
[g] € H\G. The action of a simple object x € Vect? is given by x= [g] = [xg], with module constraint
twisted by .

A module category M(H, ¥) over the pivotal fusion category (Vect?, k) possesses a module trace if
and only if x|y = 1. This can be seen as follows: Suppose @ is a module trace on M(H, ¥) normalised
by ©®([e]) = 1. Then Eq. (3.33) implies @ ([gx]) = k(g) - ©([x]), in particular ©([g]) = k(g). So Kk is
well-defined on H\G, which is the case if and only if k|y = 1. Conversely, if « |y =1 it is easy to see
that « yields a module trace for M(H, ¥). In particular, there exists a module trace for all module
categories over Vectc when the pivotal structure x =1 is chosen.

Example 3.14. Let C be a fusion category. Recall the construction of a pivotal fusion category € from
[8, Remark 3.1]: The simple objects of € are pairs (c, fc), where c € C is a simple object and f.:c—
¢** is an isomorphism such that f** f. = g., where g is the canonical monoidal natural isomorphism
ide — ()*** defined in [8]. With (c, fc) € C, also (¢, —fc) € C. C has a canonical pivotal structure
such that dime(c, fo) = eVl o (fc ® idc+) o coeve =: tr(f). The monoidal structure of € is induced by
the monoidal structure of € and the forgetful functor U : € — € is a monoidal functor. Hence C is
a left C-module category. This module category does not admit a module trace when € is equipped
with the canonical pivotal structure: Assume that ® is a module trace and let (c, f;) € € and d € C
be simple objects. Then

tr(fo) dim® (d) = dim® ((c, f) > d) = dim® (c ® d)
=dim® ((c, — fo) > d) = —tr(fc) dim® (@), (3.36)

which is a contradiction, since as we will explain in Section 5, dim® (d) # 0. -

However, a pivotal structure a for € induces a different pivotal structure for € with quantum
dimensions dim©9(c, f.) = dim®(c) and it is easy to see that the right trace with respect to a
defines a G-module trace for the module category C.

These examples motivate the following definition.

Definition 3.15. Let C be a fusion category with pivotal structure a and ,M a module category. The
pair (a, o M) is called matched if there exists a C-module trace on ,M. A pivotal structure for € that
is matched with all module categories over C is called flexible.
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In Proposition 5.8 we will show that a pseudo-unitary C admits a flexible pivotal structure that is
also spherical. It has been conjectured in [8] that all fusion categories admit a pivotal structure. The
theory of module traces raises the following refinements of this question.

- Given a fusion category C and an indecomposable module category oM, is there a pivotal struc-
ture a on €, such that the pair (a, M) is matched?

- Does every (modular) fusion categories exhibit a flexible pivotal structure and is it unique?

- Is every flexible pivotal structure spherical?

4. Module traces and dual Hom-spaces
4.1. Uniqueness of module traces

In this subsection we show that module traces are unique up to scaling. First we examine traces
on abelian categories and give an equivalent characterisation of traces in terms of certain natural
isomorphisms. In the next step we show that analogous results hold for module traces.

We denote by V' the dual vector space of a C-vector space V.

Proposition 4.1. Let M be an additive category enriched over Vect. The following structures on M are in
one-to-one correspondence.

i) Atrace on M.
ii) A natural isomorphism 1 : Homay (m, n) — Homy (n, m)’.

Proof. Let ® be a trace on M. The non-degenerate pairing Homy¢(m, n) x Homy(n, m) — C defines

isomorphisms 7m n : Homa (m, n) >~ Homy¢(n, m)’. We have to show that these isomorphisms are nat-
ural, i.e. that for x :n — n the diagram

Nm,n
Hom(m,n) —— Hom(n, m)’
\L Hom(m, ) l Hom(y ,m)’ (4.1)

- i -
Hom(m, 1) M Hom(n, m)’

commutes. Let f € Hom(m,n) and g € Hom(ii, m). Hom(m, x) is the linear map that sends f to x o f.
In the following we denote this map by y. We compute

(Nm.i o Hom(m, x))(f)(8) = Om(g o (x o f))
=Om((go x)o f)=(Hom(x,m) o nmn)(f)(g). (4.2)

This shows the commutativity of the diagram (4.1). The proof for naturality in m is analogous.

On the other hand, a natural isomorphism 7y : Homy¢(m, n) — Homy¢(n,m)’ induces a linear
map Op, : Homyg(m,m) — C by On(f) = nmm(idm)(f). For @« € Hom(m,n) and g € Hom(n, m), the
naturality of » implies

Om(B o) = Nm,m(idm)(B o @) = Nmn (@) (B) = Nnn(® 0 B) = Op(a 0 B). (4.3)

This proves the symmetry of ® and, as the map 79, 5 is an isomorphism, also the non-degeneracy. O
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We will now generalise this proposition to C-module traces. Let .M be a C-left module category.
The functors
M x M — Vect, m x n+ Homyc(m,n) and

MO x M — Vect, m x n> Homyg(n, m) (4.4)

are canonically C-balanced (see Definition 2.14). The balancing constraint for the first functor is the
natural isomorphism

Homyy (m, ¢ >n) = Homyg (c* >m, n) = Homyg (m<®Pc, n), (4.5)

that is available in any tensor category. In contrast, the balancing constraint for the second functor,

Homyy(c>n,m)" = Homyy (n, *c m)/
>~ Homyy (n, m<®P (**c))/ =~ Homyy (n, m<1°Pc)/, (4.6)
involves the pivotal structure of € in the last isomorphism.

Theorem 4.2. Let ;M be a left module category over a pivotal fusion category C. The following structures on
M are in canonical one-to-one correspondence.

i) A C-module trace on M.
ii) A C-balanced natural isomorphism 1 : Homy (m, n) — Homy¢(n, m)’.

Proof. We have to show that the isomorphisms 7py  : Homg(m, n) — Homy¢(n,m)" from Proposi-
tion 4.1 are C-balanced if and only if ® is C-compatible. Consider morphisms f € Hom(m, c>n) and
g € Hom(c>n, m). Denote by f’ € Hom(c*>m,n) and g € Hom(n, c*>m) the morphisms obtained from
f and g under the balancing isomorphisms (4.5) and (4.6), respectively. A direct computation shows
that the C-balancing property of 1, is equivalent to the condition

Om(go f) = Ocem(@o f), (4.7)

for all possible f and g. Due to the symmetry of @, Ocr,m(g o ]‘) = 0, tr®(f o g)), and we conclude
that Eq. (4.7) is equivalent to the C-compatibility of ®. Thus the statement is proven. O

This implies in particular that for each pivotal fusion category € there is a natural C-balanced
isomorphism

n® : Hom(x, y) — Hom(y, x)’, (4.8)

induced by the right trace.
In the sequel we will need the following extension of the usual Yoneda lemma.

Lemmad4.3. Let F, G : ;M — N be module functors. The set of C-module natural transformations F — G is
in canonical bijection with the set of C-balanced natural transformations of the two C-balanced functors:
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NE x @M 3n x m+— Homy(n, F(m)) € Vect, and

N%p x oM 3 n x m+> Homy(n, G(m)) € Vect. (4.9)

A C-balanced natural transformation 7 : Homy(n, F(m)) — Homxy(n, G(m)) is mapped to the unique C-
module natural transformation n : F — G with j(f) = n(m)o f forall f € Homy(n, F(m)). For three module
functors F, G, K : ;M — N, the C-module natural transformation F — K corresponding to a composition
Hom(n, F (m)) — Hom(n, G(m)) — Hom(n, K (m)) of C-balanced natural isomorphisms is equal to the com-
position of the corresponding C-module natural transformations.

Proof. The usual Yoneda lemma shows that a transformation 7 : Homay (1, F(m)) — Homa (1, G(m))
that is natural in both arguments can be identified with a natural transformation n : F — G. Consider
the following diagram.

n(cem)
Hom(n, F(c>m)) —— Hom(n, G(c>m))

T

Hom(n, c> F(m)) L Hom(n, c > G(m)) (4.10)

Lk

Hom(c* >n, F(m)) —— Hom(c*>n, G(m)).

The vertical isomorphisms provide the G-balancing structure of the functor Hom(n, F(m)). It is easy
to see that these isomorphisms satisfy the pentagon constraint. An analogous consideration holds for
Hom(n, G(m)).

The lower rectangle in (4.10) commutes for any natural transformation 7. The outer diagram com-
mutes if and only if the upper rectangle commutes. The former commutes if and only if n is a
C-module natural transformation, while commutativity of the latter is precisely the condition on n
to define a G-balanced natural isomorphism Homys(n, F(m)) — Homy(n, G(m)). The statement about
the composition follows directly from the corresponding property of the Yoneda lemma. O

The next result shows that module traces are essentially unique. Consequently the existence of a
module trace is a property of a module category over a pivotal fusion category rather than a structure
on a module category.

Proposition 4.4. Let (. M, ©) be an indecomposable module category over C with module trace. For any other
module trace ® on oM thereis a z € C* such that O=z0.

Proof. Let ® and @ be two module traces on M. According to Theorem 4.2 they correspond
to C-balanced natural isomorphisms 7, 7 : Hom(m, n) — Hom(n, m)’, respectively. Hence the vertical
composition 71 -% : Hom(m, n) — Hom(m, n) of the natural isomorphisms is a G-balanced natural iso-
morphism. According to Lemma 4.3 there is a unique C-module natural isomorphism Z :idy; — idy¢
such that

n ' (f)=2Zm)o f forall f € Hom(m,n). (411)

Theorem 2.13 implies that there is a non-zero complex number z such that Z(f) =z - f for all mor-
phisms f in M. Thus 7(f)=z-n(f) and so ® =z-©. 0O
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4.2. The double adjoints of module functors

In this subsection we construct natural module isomorphisms between module functors of module
categories with C-module traces and their double adjoint module functors. These isomorphisms are
compatible with the composition of functors and if the module category is indecomposable they
define a pivotal structure for the dual fusion category. Recall that the left and right adjoint functors
of a module functor F: ;M — N, F! and F", have a canonical structure of module functors. Note
that in our convention the left adjoint functor F! is a right dual object to F in the tensor category of
functors and natural transformations.

Theorem 4.5. Consider oM, o N € Mod® (). For all module functors F : eM — oN there is a canonical
module natural isomorphism a : F — F! to the double left adjoint module functor of F.

i) The natural isomorphisms ag are natural with respect to module natural transformations, i.e. for any
module functor G : ;M — N and any module natural transformation p : F — G, the diagram

p l l y (412)

commutes.
ii) For all module functors F: ;M — ;Nand K : ;N — &,

axr =ag oap : Ko F — (K o F)!. (413)

In particular, these isomorphisms equip the dual category C3 = Fune (M, M) with a pivotal structure that is
invariant under rescaling of the module trace of oM.

Proof. According to Theorem 4.2 we can identify the module traces with C-balanced natural iso-
morphisms nM : Hom(m, M) — Hom(fm, m)’ and n” : Hom(n, i) — Hom(fi, n)’. Consider the following
sequence of natural C-balanced isomorphisms:

M
Homy (n, F(m)) =~ HomM(Fl(n), m) = Homy (m, F’(n))/

i /(UN)i] il
~Homy (F'(m),n)" = Homy(n, F(m)). (414)

According to Lemma 4.3, the composition defines a G-module natural isomorphism ar : F — FI.
For the first part we have to show that the diagram
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Hom(n, pm)
Hom(n, Fm) —— = Hom(n, Gm)

' Hom(p'n,m) !
Hom(F'n,m) —— > Hom(G'n, m)

n™M n™M
i Hom(m, p'n)’ !
ar Hom(m, F'n)) —————— Hom(m, G'n)’
Hom(p!'m,n)’

Hom(F''m,n) ————— = Hom(G"m, n)’

™)1 ™!
I Hom(n,p”m) I
Hom(n, F*m) ——— = Hom(n, G"m)

ac

403

(4.15)

commutes. All subdiagrams commute either by naturality of n™ and n™, by definition of the adjoint

of p, or by definition of ar and ag. Hence the whole diagram commutes.

For the second part we identify (KF)! = F'K!. It is enough to prove that the following diagram

commutes:

Hom(e, KFm)

aKFr

Hom(F'K'e, m) Hom(e, K"'F'm)

&)™
nj\/f /

Hom(m, F'K'e)’ Hom(K"Fllm, e)’

§ /

Hom(F!'m, K'e)’

™)

Hom(K'e, F!'m)

Hom(e, K F”m).

(4.16)

The upper triangle and the lower subdiagram commute due to the definition of axr and ag, re-
spectively. It remains to show that the subdiagram on the left commutes. It is easy to see that this

subdiagram can be rewritten as
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Hom(e, K Fm) — = Hom(K'e, Fm)
l Hom(e,Kapm) \L Hom(K'e,apm) (4.17)

Hom(e, K F'm) — = Hom(K'e, F'm).

The commutativity of the diagram (4.17) follows from the naturality of the adjunction and thus
the second part is proven. From part i) and ii) it is clear that the isomorphisms ar equip
€4 = Fung (M, M) > F with a pivotal structure. As the construction of ar involves the map
n™ - Homy (m, i) ~ Homy (71, m)’ composed with its inverse, a constant scale factor cancels out. O

Corollary 4.6. Let ;M € Mod® (C). Consider M as a C¢-left module category and equip C3,; with the induced
pivotal structure from Theorem 4.5. Then the C-module trace on M is also a €’} .-module trace.

Proof. See Section 2.2 for the structures of the category C3, = Fune (M, M). The action of a F € €},
on oM is given by the application of the functor F. By Theorem 4.2 it is sufficient to show that
the C-balanced natural isomorphism 7 : Hom(m, m) >~ Hom(m, m)’ is also €} -balanced. The induced
pivotal structure provides a natural isomorphism al, : F" — F! for a functor F € C3¢- We have to show
that the diagram

n
Hom(m, Fn) ——— Hom(Fn, m)’

l:

Hom(n, F'm)’ (4.18)

l(a';ﬂ

1
Hom(F'm,n) —= Hom(n, F'm)’

12

commutes for all m,neM and F € €. The arrows pointing downwards are the C-balancing natural
isomorphism for Hom(m, n) and Hom(n, m)’, that are defined by the adjunction and the pivotal struc-
ture according to Eq. (4.5) and (4.6), respectively. The natural isomorphism ar is defined by Eq. (4.14)
in precisely such a way that the diagram commutes. Hence the statement follows. O

4.3. Conjugation of pivotal structures

When we restrict the considerations of the previous subsection to the case of € as a left module
category over itself, Theorem 4.5 provides a conjugation operation on the set of pivotal structures of a
fusion category C. We show how this conjugation can be obtained alternatively from a canonical nat-
ural monoidal isomorphism g :ide — (.)™** that exists for all fusion categories C. To avoid confusion
we do not suppress the pivotal structures in the graphical calculations of this subsection.

Theorem 4.7. Let C be a fusion category with pivotal structure a : ide — (.)**.

i) There exists a pivotal structure a : ide — (.)** for € with (@)~ ' : x — **x defined by
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c
d| b
X
*c f *d o
X
arc 01 g |00 (@@ey)~ ! = axq O] c ) (419)
Kok *x
c* X " f
g dl |x
c

forall f e Hom(c,d ® x) and g € Hom(d ® **x, ¢).

ii) The dimension of an object x with respect to the pivotal structure a is equal to the dimension of *x with
respect to a.

iii) a = a if and only if a is spherical.

iv) a=a.

Proof. It is well-known (see e.g. [8]) that Fune (G, C) is canonically equivalent to C™ as a fusion
category. C™ is the category C with reversed tensor product. The module functors ;€ — ,C can
be identified with the functors (.) ® x of right tensoring with objects x € C. The left adjoint functor
to (.) ® x is (.) ® *x. To show i) we introduce the following graphical notation for the isomorphism
n® : Hom(c, d) — Hom(d, c)':

¢ e
° g c
s Gy . (4.20)
f f
d d* d

Once the ellipse is replaced by a morphism h € Hom(d, c), the diagram represents the number
n®(f)(h). The chain of isomorphisms (4.14) reads now in graphical terms:

*d
O (7€) c
= ey [ - — f . (4.21)
X
ar | L] T 1 (G

ok e
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Inserting once more the definition of €, we conclude that Eq. (4.14) yields Eq. (4.19). Hence Theo-
rem 4.5 implies the first part.

The second statement follows by restricting the first statement to the case d =*x, c =1, f = coev,
and g =ev.,. Recall that we defined the dimensions in a pivotal category as the right trace of the
identity morphism.

Now consider the case a = a. The second part implies dime(c) = dime(*c) for all c € € and it
follows that a is spherical (see [20]). Conversely, suppose that a is spherical. Then

d *x
g
c , (4.22)
*X
f
d| |x

where we used that a is spherical in the last step. So a =a by Eq. (4.19). For part iv) we have to show
that

\c
d
*c f *d *)ig
X
dee 0 d|[anh = @ O c : (4.23)
" ok *X
Cc d* f
£ d] |x
c
With the symmetry of the right trace we calculate
\ ¢
d| fex
*C . f ***X *d }fg_
d*C | d 1 a**x Aty C = a*d | C ’ (4.24)
" ok g *x
C g *x d* f
i VAN

where in the last step we used Eq. (4.19) with the morphism g in (4.19) set to id«x. This proves the
theorem. O
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We call the pivotal structure a the conjugate pivotal structure of a. In the example of G-graded
vector spaces, see (3.13), where a pivotal structure is a group homomorphism « : G — C, the conju-
gate pivotal structure is indeed given by the complex conjugate of «.

It is instructive to consider the existence of conjugate pivotal structures also from another per-
spective. In [8] it is shown that for every fusion category there exists a monoidal natural isomorphism
g :id — ()***. We provide a simple description of such an isomorphism using dual Hom-spaces and
show that the conjugate of a pivotal structure can be constructed with this isomorphism. We remark
that in [3] another graphical proof of the existence of such a natural isomorphism g is given with a
different approach to pivotal structures.

Proposition 4.8. Let C be a fusion category.
i) The map
¢c :Hom(c,1) = Hom(1,¢)’, ¢(f)(hy=ho feC (4.25)

force @, f e Hom(1, ¢) and h € Hom(c, 1) is a natural isomorphism.
ii) The following chain of isomorphisms

Hom(x, **c) ~ Hom(*c ® x, 1) Hom(1, *c ® x)" =~ Hom(c, )/
-1
~ Hom(1,x® c*)/ d): Hom(x ® c*, 1) ~ Hom(x, c**) (4.26)

is natural in ¢, x € € and defines a monoidal natural isomorphism g : **c — c**.
iii) gc : **c — c™* is defined uniquely by the requirement that for all f € Hom(x, **c) and h € Hom(c, x):

£¥a
3

Proof. The naturality of ¢ in part i) is clear. ¢ is an isomorphism due to the semisimplicity of €. For
part ii), the naturality of the isomorphisms in x and c is a consequence of part i) and the naturality
of the duality. Hence the isomorphism g. is well-defined by the Yoneda lemma. We introduce the
graphical notation

(4.27)

(4.28)

f

for ¢c(f) € Hom(1,c)'. If the unlabelled ellipse is replaced by a morphism h € Hom(1, ¢), this ex-
pression represents the number ¢¢(f)(h). Now the chain of isomorphisms (4.26) reads in graphical
terms
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C
X X
*c 4 X
f = [P = f = x
Hok **c *k - e f
ok
c X
¢!
> = X c* = X c* c** = f s (4.29)
ok
C

where f is defined by

~n1

x| |cx = . (4.30)
Applying the rigidity of C it follows that

c X
= f ) (4.31)
* **c c*
Cc
- f &c
C o

Applying once more the rigidity of C, Eq. (4.31) implies expression (4.26). For the compatibility of g
with the monoidal structure we calculate
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where we first used the graphical expression (4.27) for gq4, then for g. and finally for g.gq. Since
this equality holds for all morphisms h € Hom(c ® d, x) and f € Hom(x, **d ® **c), we conclude that
8dec = &4 ® g from the uniqueness statement in part iii). O

Remark 4.9.% In [7, Theorem 7.3], a canonical monoidal isomorphism § : (\)** ~ **()) is defined by
tr(¢ 0 871) = tr(¢*) for all isomorphisms ¢ : ¢** ~ ¢ for a simple object ¢ in a fusion category. We
show that 5;1 coincides with g. as defined by Proposition 4.8. Let ¢ : ¢** ~ ¢ be an isomorphism for
a simple object c. Then

shows that our definition of g coincides with the definition in [7]. The advantage of our definition is
that it is defined directly for all objects and not just for simple objects.

It seems plausible that this monoidal natural isomorphism id — (.)**** coincides also with the
isomorphisms defined in [8] and [3] but it remains to show that they are indeed equal.
The following proposition clarifies the relation between g and the conjugate of a pivotal structure.

Proposition 4.10. Let C be a fusion category with pivotal structure a : id — (.)**.

i) a and its conjugate a combine to g, i.e. Q¢ - Axc = Q¢ - Awe = e @ — .
ii) ais spherical if and only if ac - ax+¢ = ge.

Proof. For all f:c— **c,

:[:If *c o (4.34)

by Eq. (4.19). This implies a. - a=« = g. with condition (4.27). The other equation follows directly
from the naturality of a. For the second part note that the first part implies a. = g - a:ﬂc. Now the
statement follows directly from Theorem 4.7, iii). The statement can also be derived directly from the
graphical expression (4.27). O

2 We are grateful to the referee for bringing [7] to our attention.
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5. The existence problem as an eigenvalue equation

The aim of this section is to formulate the existence of a module trace as an eigenvalue problem.
In particular this allows one to show that all module categories over pseudo-unitary fusion categories
equipped with the canonical spherical structure admit a module trace.

5.1. The dimension matrix of a module category

We show how a trace on a semisimple category is characterised by the dimensions of simple ob-
jects using the trace in Vect. For a module trace on a module category over ¢ we derive an analogous
formula with the trace in Vect replaced by the right trace in C. As a consequence we obtain that the
existence of a module trace on ;M implies dime(@(m,m)) > 0 for all simple m € M. In the last part
we apply the considerations to spherical fusion categories and show that a pivotal structure for C
is spherical if and only if there is a module category M over C with a module trace such that all
dimensions in M are real.

Consider general traces on a semisimple category M with a finite set of representatives m;, i €
I for the isomorphism classes of simple objects. The following lemma is well-known, see e.g. [24,
Lemma 11.4.2.3].

Lemma 5.1. A collection of linear maps ®p, : Endy¢(m) — C that satisfies the symmetry property of
Definition 3.7 i) is non-degenerate and hence a trace on M if and only if © (idm;) # 0 for alli € I.

Proposition 5.2. For every trace © on M, (dim® (m;))ic; is an |I|-tuple of non-zero numbers. Conversely,
givensucha tupled; e C*,iel,

Om(f) =Y tr(Hom(m;, f))d;, (5.1)

iel

for f € Hom(m, m) defines a trace on M. Here tr(Hom(m;, f)) denotes the usual trace on Vect of the linear
map Hom(m;, f) : Hom(m;, m) — Hom(m;, m).

These two maps yield a bijection between the set of traces on M and the set of |I|-tuples of non-zero
numbers.

Proof. Suppose that M is equipped with a trace @. Then d; = dim® (m;) # 0 due to Lemma 5.1. We
have to show that for all f € End(m) formula (5.1) holds. The semisimplicity of M ensures that the
functor

Mosme— @HomM(mi,m) ®c m; (5.2)
i

is naturally isomorphic to the identity functor on M. This implies

@m (f) = @@x Hom(mi,m)®cmi (@ Hom(mis f) ®(C mi)
i

= Z OHom(m;,m)@cm; (Hom(mi, f®c mi)

iel

= Ztr(Hom(mi, H)di, (5.3)

iel

where we used Lemma 3.12 in the last step.
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For the converse we have to show that given a set of non-zero d; € C for i € I, formula (5.1) defines
a trace on M. The symmetry follows directly from the cyclic property of tr. The non-degeneracy
follows from Lemma 5.1. O

Now we discuss C-module traces. First we need a technical result. Choose representatives c,, u € U
for the isomorphism classes of simple objects of C. See e.g. [15] for a review of the definition of the
Deligne product X of additive categories.

Lemma 5.3. The following functors M — € X M are naturally isomorphic.

me— @cu X*c,>m, and

uel

m— @e(mi,m)&mi. (54)

iel

Proof. The objects @, .y cu M*cy € CXC and ;. m; ®m; € M°P XM are independent of the choice
of representatives of simple objects in the sense that the objects obtained from any two choices of
simple objects are canonically isomorphic, see [1, Section 2.4]. This shows that the two maps yield
well-defined functors. Now let ¢ X m € € X M. Using the semisimplicity of ¢ and M we obtain the
following chain of natural isomorphisms:

Homexn (c Xm, @cu X *cy 1>m> ~ @ Home (¢, cy) ® Homy (11, *cy >m)
u u

~ @ Home (¢, cy) ® Home (cy, e (i, m))

u
>~ Home (c, e (i, m)) >~ Hom(c =1, m)
> Homyy (1, *c>m)

~ @ Homyy (mi, *c > m) @ Homyy (1, m;)
i

~ @ Home (¢, e (mj, m)) ® Homyy (i1, m;)

1

~ Homexv (c&nﬁ,@e(mi,m) &m,). (5.5)

1
Now apply the Yoneda lemma to obtain a natural isomorphism between the two functors. O

The following result provides an alternative characterisation of module traces. Recall from [8] that
for a pivotal fusion category dim(€) =",y | dim® (cy) |2 #0.

Proposition 5.4. Let ;M be a C-module category. If ® is a C-module trace on M, the dimension vector
d; = dim® (m;) for i € I consists of non-zero numbers d; and is a (right) eigenvector of the matrix (Q);j =

dime(@(mj, m;)) with eigenvalue dim(C). If a tuple of non-zero numbers d; for i € I is an eigenvector of
(Q)jj with eigenvalue dim(C), then the collection of linear maps

1
dim(C)

Om(f) = > R (etmi, £))di, (5.6)
iel

for f € End(m) and m € M defines a C-module trace on M. These two constructions are mutually inverse.
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Proof. Let ® be C-module trace on M. Lemma 5.3 implies that the object @, (cy ® *cy) >m is iso-
morphic to @; ¢(m;, m) >m; in M. Hence,

dim(€@) - dy = dim® (@(cu ® *cu)) -dim® (my)

u

:dim@(@(cu®*cu)>mk = dim® <@e m;, mg) 1>m>

=Y dim® (e (m;. my))d;. (5.7)
iel

In the sequel we will refer to the matrix Q = (Q;;) as the dimension matrix and to the vector d = (d;)
as the dimension vector. Eq. (5.7) shows that the dimension vector is a right eigenvalue of the dimen-
sion matrix with eigenvalue dim(C). As another consequence of Lemma 5.3 we obtain the identity

@<@(cu® & [>f> (@e mi. f ) (58)

u

for all f € End(m). This implies formula (5.6) with d; = dim® (m;).

Now suppose we are given an eigenvector d of the dimension matrix with eigenvalue dim(C)
whose components do not vanish. Then define a linear map ®y, : End(m) — C by the formula (5.6).
The symmetry of ® follows from the cyclic property of the right trace tr® of ©. Since O, (idm,) =
dlm(e) Z] Qijd; = d;j # 0, we conclude with Lemma 5.1 that ® is a trace on M. For the C-
compatibility we have to show that for all f € End(c>m),

ZtrR (e (m;, f))d, = ZtI’R (@(mi, tr® (f)>)d1 (5.9)

iel iel

Since ¢(m;,.): @M — C is a module functor, Lemma 3.6 implies that trC(e(mj, f)) = e(m;, rC(f)).
Now the statement follows from trf (¢ (m;, f)) =trR o trC(c(m;, f)). O

Note that formula (5.6) is a generalisation of formula (5.1).
Remark 5.5. The proof of Proposition 5.4 shows that for any set of numbers d;, i € I, formula (5.6)
defines a collection of linear maps that satisfy the symmetry and C-compatibility condition of Defini-

tion 3.7. The non-degeneracy condition is fulfilled if and only if Zj Qijdj#O foralliel.

Next we discuss some properties of the dimension matrix for a module category .M that not
necessarily possesses a module trace. Let

M ; = dimc (Homyg (cy >m;, m))) (5.10)
be the multiplicity matrix of the action of ¢, € € on M.

Proposition 5.6. Let ;M be a C-module category. The dimension matrix Q satisfies:

) Qij=Yyeu dime(cu)MLY]..
ii) Q2 =dim(®)- Q.

iii) Q is hermitian.
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Proof. The multiplicity of each object ¢, in ¢(mj, m;) is

dimc (Hom(cy, ¢ (mj, m;))) = dimg (Hom(cy »>mj, m;)) = MLJ-. (5.11)
This shows part i). For the second claim we first compute
@e (mj, mj) @ e (my, mj) = @c(mlc,e<mj,mi)l>mj>
jel Jjej
~ e<mk, Pleu®*cu) e mj>
uelU
~ P (cu ®*cu) ® efmp, m), (5.12)
ueU

where we used Lemma 5.3 in the second step. Now the statement follows after applying dim® to both
sides of this equation. For the third statement we show that the objects ¢ (m;, m;) and ¢ (mj, m;)* are
isomorphic in €. We compute the multiplicity of a ¢ € C in e¢(mj, m;)* by using that Hom(m,n) >~
Hom(n, m) as vector spaces. The following isomorphisms are isomorphisms of vector spaces:

Hom(c, ¢ (mj, m;)*) =~ Hom(e (mj, m;), *c) =~ Hom(*c, ¢ (mj, m;))
>~ Hom(*c>mj, m;) ~ Hom(m;, *c >mj)
>~ Hom(c > mj, mj) = Hom(c, ¢ (mj, mj)). (5.13)

As the multiplicities of all simple objects agree, we conclude that there exists an isomorphism

e{mj, mj) — e{mj, m;)* in C. With dim®(c*) = dim®(c) for all objects ¢ € € from [8, Proposition 2.9],
it follows that

dim® (e (m;, mj)) = dim® (e (mj, m;)*) = dim® (¢ (mj,m;)). O (5.14)

Proposition 5.7. A module category oM has a module trace if and only if the dimension matrix Q is of rank 1
with only non-zero entries. In particular is diim® (¢ (m, m)) > 0 for all simple objects m € M.

Proof. It follows directly from Proposition 5.6, that the only possible (right and left) eigenvalues of
Q are dim(C) and 0. Suppose M has a module trace and d is the corresponding eigenvector of Q
with all entries non-zero. Let d be an eigenvector of Q with eigenvalue dim(C). There always exists
a linear combination d + Ad with all entries non-zero. Hence d must be proportional to d. This shows
that Q has rank 1. B .

Now suppose Q;j =d;d; with non-zero numbers d;. Then }_; d;d; = dim(C) by Proposition 5.6 ii).
Hence d; yields a module trace. This proofs also the last statement since dime(e(mi, m;)) =did;. O

As an example we discuss pseudo-unitary fusion categories. Recall from [8] the definition of
the Frobenius-Perron dimensions of objects in a fusion category. A pseudo-unitary fusion category
possesses a canonical spherical structure such that the dimension of all objects are equal to the
Frobenius-Perron dimensions. In [8] and [9] Frobenius-Perron dimensions of simple objects in mod-
ule categories are defined and studied. The following statement shows that for module categories
over pseudo-unitary fusion categories our definition of module trace reduces to the Frobenius-Perron
dimension of [9, Remark 2.3].
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Proposition 5.8. Let € be a pseudo-unitary fusion category and let ,M be a module category over C. The
Frobenius-Perron dimensions of simple objects in M provide a module trace for M and thus is the canonical
spherical structure of C flexible.

Proof. According to [9], there exists a Frobenius-Perron eigenvector (dj)ic; of M, that is defined by
dj>0 forall jel and:

> M) dj = dim®(c,)d;. (5.15)

uel

If we multiply this equation with dim®(cy), sum over u € U and use that the pivotal structure is
spherical, we see that (d;) is an eigenvector of Q;; with eigenvalue dim(C) and hence defines a
module trace according to Proposition 5.4. O

5.2. Module traces on module categories over spherical fusion categories

Next we discuss the relation of module traces and spherical structure.

Proposition 5.9. Let C be spherical, M a left C-module category with module trace ®. There exists a z € C
such that the dimensions of objects in M with respect to the module trace z - © are real.

Proof. If C is spherical all dimensions of C are real. Hence Q is a real symmetric matrix which can
be diagonalised by a real matrix. It follows that the entries of all eigenvectors of Q are real. O

The next result provides a criterion to determine whether a given pivotal structure is spherical.
Proposition 5.10. Let , M be a module category with module trace ©.

i) The dimension vector d; = dim® (m;) is a left eigenvector of the dimension matrix with eigenvalue C =

Y yek dim(cy)?ie. Y ;d;Qji =C - d;.

i) The number C=3 ",k dim(cy)? is equal to dim(Q) if and only if the pivotal structure is spherical, and it
is equal to 0 otherwise.

iii) A pivotal structure for C is spherical if and only if there exists a module category M with module trace
such that all dimensions of objects in M are real.

iv) Let C be spherical and assume that o M has a module trace. Then the induced pivotal structure for the dual
category €} from Theorem 4.5 is spherical.

Proof. The C-compatibility of ® implies

3 M di = dim® (cy > mj) = dim® (cy) - dj. (5.16)
i

Multiplying this equation with dim®(c,) and summing over u € U yields:

C-dj= Y dim®)M, d;
iel,ueU
=Y dim®(e(mj, m))d;, (517)
iel

where we used Proposition 5.6, i). This proves the first statement. For the module category .C,
Eq. (5.17) implies C - dime(cj) =C- dime(c?). It is shown in [20] that C is spherical if and only if
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dime(cﬁ) = dim®(c,). Hence the second statement follows. To prove part iii), let ,M be a module cat-
egory with module trace ® and d; = dim® (m;) € R for all simple m; € M. According to Proposition 5.7
we can assume, using the freedom to rescale @, that Z,-cl,.2 =dim(C) and therefore Q;; =d;d;. From
part i) it follows that C = dim(C) and hence part ii) implies that the pivotal structure is spherical.
The converse is clear since the module category oC has real dimensions if a is spherical. The last
statement is a consequence of part iii) together with Proposition 5.9 and Corollary 4.6. O

Remark 5.11. It is shown in [20, Theorem 5.16] by different methods that an indecomposable module
category M over a spherical category C provides a spherical structure for the category Fune (M, M).
The relation to our construction remains to be investigated.

6. Frobenius algebras

In this section we show that module traces are directly related to Frobenius algebras. This is done
by exploring the graphical calculus for module categories with module traces and constructing a
natural isomorphism g that is the reflected analogue of the o« in Section 3.1. This operation equips
the inner hom objects with the structure of a Frobenius algebra. We also prove the converse, namely
that the module category formed by the modules over a special haploid Frobenius algebra has a
module trace.

To emphasise the role of the C-compatibility of a module trace we first discuss traces on a module
category oM. We saw in Section 4.1 that a module category with a trace that is not necessarily C-

compatible equips oM with a natural isomorphism 7™ : Homay (m, n) — Homay (n, m)'. Recall that the

pivotal structure of € also yields a trace and a natural isomorphism ne : Home(c, d) — Home(d, ¢)’,
see Eq. (4.8).

Proposition 6.1. Let ;M be a C-module category equipped with a trace ©. Then there exists a natural isomor-
phism

B : Hom(n, ¢ >m) — Hom(e(m, n), c), (6.1)

which is specified uniquely by the requirement

R (B(f) o @(8)) = Ocem(f 0 2), (62)
for all g € Hom(c>m,n) and with f € Hom(n, c >m).

Proof. Condition (6.2) is equivalent to defining B8 as the following composition of natural isomor-
phisms:

M
n
Hom(n, c>m) ~ Hom(cm,n)

U

>~ Hom(c, ¢ (m, n))/ ~  Hom(e(m,n),c). (6.3)
This follows directly from the identity n™(a)(b) = @n(a o b) for a € Hom(m,n) and b € Hom(n, m). O

The graphical representation of S is

B= — , (6.4)
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i.e. B allows one to flip strings representing objects in the module category upwards. Eq. (6.2) reads
in graphical terms:

(6.5)

The properties of 8 are analogous to the properties of o from Section 3.1 provided that ® is a module
trace.

Proposition 6.2. Let ,M be a module category with module trace. Then the map g : Hom(n, ¢ > m) —

Hom(e (m, n), ¢) is compatible with the module structure: For all morphisms y :x — y in C and all f €
Hom(n, ¢ >m),

Bye =y @B(f). (6.6)

Proof. By Proposition 6.1, B(y > f) is uniquely determined by the requirement

yle|Em
a(g) [ g
com = x| En-: (6.7)
gye=f vLILIf

J’C m

(.

for all g € Hom(y > (c>m), x>n). From the C-compatibility of ® and Eq. (6.2) one obtains that the
second expression is given by

a(g)

= etm) (6.8)

B(f)

The uniqueness result of Proposition 6.1 implies that B(y > f) =y ® B(f). O

Consider a module category .M with module trace. We construct a coalgebra structure for ¢ (m, m)
for m € M in analogy to the construction of the algebra structure of ¢(m,m) in Section 3.1. First we
define the internal coevaluation coevy p, : m — e(n,m)>n as
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m
coevam =B (idemm) = ) (6.9)

Hence coevy, p; is characterised uniquely by the property that for all f € Hom(e(n, m)>n,m):

M1
e({n,m) [ En "
f = a(f) - (6.10)
m n

Next we define the internal comultiplication Ap k@ ¢(m, k) = e(n, k) ® ¢(m,n) by

k Hm
=p n ; (6.11)
n
m
and the internal counit € : e(m,m) — 1 as
e=R m|=mHm. (6.12)

Lemma 6.3. For all morphisms f € Hom(e(n, k) >n, c>m),

k m
L4 (6.13)

B

ﬁ
I =

Proof. The proof is analogous to the proof of Lemma 3.3. O

Proposition 6.4. Let .M be a module category with module trace. For any object m € M, the internal hom
e {m, m) is canonically a coalgebra object.

Proof. The proof is analogous to the proof of Proposition 3.5. O

It remains to prove one more compatibility condition of o and B before we can show that ¢ (m, m)
is a Frobenius algebra.
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Lemma 6.5. Consider the morphism coev, i o evik : ¢(l, k) > 1 — e(n, k) >n. By applying o and B to this
morphism we obtain the internal comultiplication and internal multiplication, respectively. In graphical terms:

I
k H1
n
n
and
l
l
B k = . (6.15)
k Hn
n

Proof. Define ¥ = coev, o ev; . First we compute S(¥) using Eq. (6.2). For all f € Hom(e(n, k)) >

n, e(l, k)y>1),

(6.16)

| B(W) k

where the last step involved Eq. (6.10) and Lemma 3.3. This proves that g(¥) is equal to the internal

multiplication.
Next we calculate for all g € Hom(e(n, k) >n, e(l, k) >1),

(617)

where in the last step we used the definition of ev;; and Lemma 6.3. Since the trace on C is non-
degenerate and g an isomorphism, we conclude that «(¥) is equal to the internal multiplication. O
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Theorem 6.6. Let C be a pivotal category and let M be a C-module category with module trace. For all non-
zero m € M, e¢(m,m) is a Frobenius algebra in C. If m is a simple object then ¢ (m, m) is a special haploid
symmetric Frobenius algebra with dime(@ (m,m)) > 0.

Proof. We show that the relations from Definition 2.5 are satisfied. Define the following morphisms

for k,I,n,r e M:
k tl n !
k
fi= ) fa= , (6.18)
T n
r
n l
I
f3= . fa= g . (6.19)
r
n
r

Lemma 6.5, the compatibility of 8 and the module action according to Proposition 6.2 and the asso-
ciativity of the internal multiplication together imply

B(f1)=p(f3), hence f1=f3. (6.20)

Similarly, as a consequence of Lemma 3.2, the coassociativity of the internal comultiplication and
Lemma 6.5, we obtain

a(f2) =a(fs), hence fo= fy. (6.21)

It follows that o(f1) = «(f3), or in graphical terms

kHn = , (6.22)

where we again used compatibility of & and the module structure as well as Lemma 6.5. Similarly we
conclude that 8(f2) = B(fa). Together with Lemma 6.5 and Proposition 6.2 this implies
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I
I
k[n = . (6.23)
k
r rY{n

If we restrict attention to the case where all objects are equal to m, we see that e(m,m) satis-
fies the relations (2.12) defining a Frobenius algebra. Let now m € M be simple. Then the identity
Hom(1, ¢ (m, m)) >~ Hom(m, m) >~ C implies that ¢(m,m) is haploid. Recall that n,; and €, denote
the internal unit and counit, respectively. Eq. (6.2) shows that €, o iy = O (idy) # 0. Also by the
symmetry of & and by Eq. (6.10),

n
m n= @n =dim®(e(n,m)). (6.24)
n

As m is simple, this implies

dim®(e(n.m))
€Vn,m © COeVp m = W . |dm. (625)

Furthermore, combining Lemma 6.5 and Lemma 3.3, we obtain

m
m
[0 =
n

Together with Eq. (6.24) this implies

(6.26)

dime(e (n, m))

id o - 6.27
dim® (m) e mm) (627)

Wmnm© Amnm =

By setting m =n we find that ¢(m, m) is a special haploid Frobenius algebra, since by Proposi-
tion 5.7, dime(@(m,m)) > 0. Due to Lemma 2.9, ¢(m, m) is also a symmetric algebra. O

We will now prove the converse of Theorem 6.6. For this we require the following result. An
analogous statement has been proven in [11, Lemma 2.6] in a slightly different setting.
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Lemma 6.7. Let A be a normalised special haploid Frobenius algebra in a pivotal fusion category C. Then
dime(M) # 0 for all simple modules M € Modg (A).

Proof. The proof is a modification of the proof that all dimensions of simple objects in a pivotal fusion
category are non-zero, see [1, Lemma 2.4.1]. We use the pivotal structure to identify left and right dual
objects. First note that by Lemma 2.9, A is symmetric and for a symmetric Frobenius algebra,

= . (6.28)

This follows from the fact that the left hand side is the inverse of the morphism on the left of
Eq. (2.14), while the right hand side is the inverse morphism of the right hand side of (2.14), hence
both have to agree.

Let (M, p) be a simple A-module. Proposition 2.10 implies C = Homs (M, M) >~ Home (1, M ®4 M*).
It is sufficient to show that there are non-zero maps coevﬁ :1—-> M®s M* and evﬁ/, M ®4 M* for
which the diagram

1

coev
M

M®M* — = M@y M* (6.29)

commutes. The semisimplicity of € then implies that the composition evy; o coevy; is non-zero. We
obtain evf,, from the universal property of the cokernel by observing that evy; o (p ® idy+) =evy o
(idy ® pm+) as morphisms M ® A ® M* — 1. Here py+ is defined by (2.15). For coevﬂ, we have to
show that P o coevy # 0, where P is the projector (2.16). We compute

M mw =M @M* (6.30)

I

P o coevy

(6.28)
= M*

(6.31)
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@1 M* = M M* = Coevy. (6.32)

This proves the statement. O

Proposition 6.8. Let A be a special haploid Frobenius algebra in C. Then the C-module category of right A-
modules, Mode (A), has a module trace induced by the trace on C. In particular, A satisfies dim®(A4) > 0.

Proof. The symmetry and C-compatibility follow from the properties of the trace tr¢ in €. We only
have to show that the induced pairing on the Hom-spaces of Mode (A) is non-degenerate. According to
Lemma 5.1 it is sufficient to show that all simple modules m over A have dim®(m) # 0. This follows
from Lemma 6.7.

Consider the quantum dimension of A. Since A is haploid it is a simple module over itself. The
inner hom object of Mode(A) is given by the tensor product over A, hence (A, A) = A ®a A = A,
see e.g. [13] for the last equality. The statement now follows from Proposition 5.7. O

We have established the correspondence between module traces and Frobenius algebras. If M is
a module category with module trace, the dimensions of simple objects in general change under the
equivalence oM 3 n > ¢(m,n) € Mode(e(m,m)) with m € M a simple object. The following lemma
allows one to calculate the relevant scaling factor.

Lemma 6.9. Let , M be a module category with module trace. Let m, n € M be simple objects. Then

_ dim®(¢(m,m))

dim®(e(m,n)) = mP ) -dim® (). (6.33)

Under the equivalence ;M >~ Mode (¢ (m, m)) the dimensions of simple objects are scaled by dim " (¢ (m.m))

dim(')(m)
Proof. Set d; = dim® (m;). From Proposition 5.7, we obtain
did; dim(C)
Qiji=————. (6.34)
Y
This implies
. |d;|*> dim(@)
dim® (e (mj,m)) =d; - —re—
( ) ! ) 1 d] Zk |dk|2
dim® m;
—g; . S te\my M) (@;mf m). (635)
j

where we again used Eq. (6.34) in the last step. Setting m =m; and n =m; then proves the claim. O

Finally we interpret our result using the notion of Morita equivalence of algebras (see [21]). Two
algebras A, B € C are called Morita equivalent if the categories Mode (A) and Mode(B) are equivalent
as module categories.
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Theorem 6.10. Every separable indecomposable algebra A in a fusion category with a flexible pivotal structure
is Morita equivalent to a special haploid symmetric Frobenius algebra.

Proof. By definition of a flexible pivotal structure, the module category Mode(A) possesses a module
trace. By Theorem 6.6, this module category is equivalent to the module category corresponding to a
special haploid Frobenius algebra. O

Together with Proposition 5.8 this implies the following:

Corollary 6.11. If an indecomposable algebra A in a pseudo-unitary fusion category C is separable, then it is
Morita equivalent to a special haploid symmetric Frobenius algebra.
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Appendix A. Graphical calculus for tensor categories
We summarise the graphical calculus for tensor categories, see e.g. [1]. The symbol = is used to

indicate that a certain diagrammatic expression represents an algebraic expression. Objects in € and
the tensor product are represented by the following diagrams.

c=|c, cd=|d |c. (A1)

Morphisms are represented by labelled boxes, and we do not distinguish objects from their unit mor-
phisms. All diagrams are read from top to bottom. The composition is given by vertical connection of
boxes.

c

c f c

f;c—>d£|::|f, gof= |4 =[__]gof- (A2)
g
d - b
An empty box represents a Hom-vector space:
c

Hom(c,d) = ] (A3)




424 G. Schaumann / Journal of Algebra 379 (2013) 382-425

The tensor product of two morphisms f:c—d and g:a — b is depicted as follows:

f®g§| 1 f o g - (A4)

The interchange law f ® g = (f ®idg)(idg ® g) = (id: ® g)(f ®idp) has the following graphical expres-

sion:
c a ¢ a
f a c g
Cr &= = : (A5)
g f
d b d 5 y b

The graphical notation suppresses the unit object and the associativity constraint in €. Due to Mac
Lane’s coherence theorem for monoidal categories, a graphical expression uniquely defines a mor-
phisms in € once parentheses and unit objects are specified for the incoming and outgoing objects.
The evaluation and coevaluation morphisms for the right duals are depicted as follows:

eve = c* c, coev, = , (A.6)
c c*

= =| . (A7)

The graphical notation for left duals is analogous. If C is a pivotal category, we will often suppress the
pivotal isomorphism and identify right duals and left duals, so the left evaluation reads

1

(A.8)

The right dual of a morphism f :c — d is defined by:

” ; (A9)
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The left dual of a morphism is defined analogously using the left duality, and the map

> (A.10)

yields an isomorphism Hom(c ® d, x) — Hom(d, *c ® x).
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