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Abstract

It is known that every monoidal bicategory has an associated braided monoidal category
of scalars. In this thesis we show that every monoidal bicategory, which is closed both
monoidally and compositionally, can be enriched over the monoidal 2-category of scalar-
enriched categories. This enrichment provides a number of key insights into the relationship
between linear algebra and category theory.

The enrichment replaces every set of 2-cells with a scalar, and we show that this replace-
ment can be given in terms of the cotrace, first defined by Day and Street in the context of
profunctors. This is analogous to the construction of the Frobenius inner product between
linear maps, which is constructed in terms of the trace of linear maps. In linear algebra it
is also possible to define the trace in terms of the Frobenius inner product. We show that
the cotrace can be defined in terms of the enrichment, and in doing so we prove that the
cotrace is an enriched version of the ‘categorical trace’ studied by Ganter and Kapranov,
and Bartlett. Thus, we unify the concept of a categorical trace with the concept of a cotrace.

Finally, we study the relationship between the trace and the cotrace for compact closed
bicategories. We show that the trace and cotrace have a structured relationship and share
many of the properties of the linear trace including — but not limited to — dual invariance
and linearity. Motivating examples are given throughout. We also introduce a decorated
string diagram language to simplify some of the proofs.
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Introduction

In this thesis we will investigate how ideas from linear algebra have strong analogues in the
theory of bicategories. In particular, we will focus on the role of scalars and the role of
traces.

A bicategory consists of objects, 1-cells between objects, and, between any pair of 1-cells,
a set of 2-cells. The category of inner product spaces has objects and 1-cells between them.
But its closed structure gives us an extra piece of data. Between any pair of 1-cells there is
a scalar. This scalar is given by taking the Frobenius inner product

(f.9) =Tx(fTog)

where Tr denotes the trace and (—)' denotes the adjoint linear map. In this thesis we show
that an analogous construction exists in any bicategory equipped with appropriate closed
structures. That is to say, between any two 1-cells we can place a scalar and this scalar is
defined in terms of a functor with trace-like properties.

This result has several consequences. Firstly, it highlights a canonical enrichment that
gives many well-known bicategories their extra structure.

Secondly, it unifies the cotrace as defined by Day and Street [19, def. 8], with the ‘cat-
egorical trace’ as defined by Ganter and Kapranov [23, def. 3.1] and the ‘2-trace’ as defined
by Bartlett [7, def. 7.8] for 2-Hilbert spaces.

Finally, it provides a theoretical underpinning for Willerton’s [65], [66] observation that
the 2-trace seems to be somehow dual to the usual notion of trace. Willerton pointed out
that, if we extend the definitions of trace and 2-trace to the context of a bicategory with
duals, these two different traces always appear to give opposing results. For example, in
the bicategory of profunctors the trace gives a coend, but the 2-trace gives an end; in the
bicategory of bimodules, the trace gives coinvariants, but the 2-trace gives invariants. The
problem with this observation was that the trace is a scalar — that is, a map from the unit
object to itself — whereas the 2-trace is a set of 2-cells. It was only after adding appropriate
structure to the set that this ostensible duality made sense. Attempting to solve this problem
gave life to this thesis, and the canonical scalar enrichment means that the trace and the
enriched 2-trace — what Day and Street call the cotrace — live in the same category and can
therefore be compared formally.

It should be noted here that there has been a lot of previous work in the literature on
traces in bicategories, with some interesting applications in topology. Ponto [56] defined
traces in bicategories with shadows, and later expanded the theory of shadows and traces
alongside Shulman [57]. This work is somewhat distinct from our own. Ponto’s definition
of a bicategorical trace relies on the bicategory coming equipped with a shadow structure,
which is analogous to a symmetry structure for a monoidal category. The trace in this setting
is an invariant of endo-2-cells. Our trace and cotrace do not require a shadow structure and



are invariants of endo-1-cells. Interestingly, however, it would appear that the trace and
cotrace do, in fact, provide shadow-like structures for the bicategory, but we do not explore
that avenue in this thesis.

Let us explain how this scalar enrichment works. A scalar, in the context of linear
algebra, is just a complex number. But we can also think of a scalar as a linear endomorphism
on C. This means that we can define set of scalars in a monoidal category to be morphisms
from the unit object to itself. What’s more, Kelly and Laplaza [39, prop. 6.1] pointed
out that the set of scalars in a monoidal category automatically comes equipped with the
structure of a commutative monoid, and that this commutative monoid then acts on every
hom-set in the category. One way to view this scalar action is as follows. Let .Z be a
monoidal category, let B be an object in .# and let s: I — I be a scalar. We can ‘spread’
the scalar at B by taking the composite

BXI1eoB25 9B B
and then the action of scalars on the set .# (A, B) is given by postcomposition with the
spread of s. In the particular case of finite dimensional Hilbert spaces, which form a closed
category, this spread can be thought of as a linear morphism

Spr: C — FDHilb(B, B)

which has a linear adjoint. That linear adjoint is the trace.

In a monoidal bicategory £ a similar principle exists. The category of scalars B(I,1) is
automatically equipped with a braided monoidal structure and acts on every hom-category.
The action is given in terms of a functor that we call the spread functor

Spr°: B(1,I) — A(B, B).

Here we use the o superscript to indicate that the spread functor is dual in some sense to
another functor that we call the cospread functor, and to indicate that the spread functor
is defined in terms of composition in the bicategory.

It can be easily shown that if the bicategory is right-monoidal-closed, and left-composition-
closed, then the spread functor has a right adjoint. We call this right adjoint the cotrace
functor,

Tr: #(B,B) — B(1,1)
since it coincides with the cotrace as defined by Day and Street [19, def. §].

Here we use the overline and o superscript to indicate that the cotrace functor is dual in
some sense to the trace functor, and to indicate that the cotrace functor is defined in terms
of lifts in the bicategory.

In our definition of the cotrace functor we have already assumed that the bicategory
is left-composition-closed. That is to say, we have assumed that it has all lifts. Given
f,9: A — B this means that we can always take the lift f —o g in the following diagram.

Bel a0 g

N

In particular that means that given f,g: A — B we can always construct a scalar ‘between
them’ by taking the cotrace of the lift,

Te'(f — g).



In fact, this construction makes the action of scalars into a closed action. A result of Gordon
and Power [26, thm. 3.7] shows that closed actions give rise to enriched categories, and this
leads us to our main theorem.

Theorem 5.3.6. FEvery left-composition-closed, right-monoidal-closed bicategory % is the
underlying bicategory of a B(I,I)-Cat-enriched bicategory.

Note that, by construction, the 2-hom-object (A, B)(f, g) is given by taking the cotrace
of the lift of g through f. In the particular case that f has a right adjoint fT, this means
that this 2-hom-object is given by

T (fTog)

analogous to the definition of Frobenius inner product.

Whilst the Frobenius inner product can be defined in terms of the trace, we can also
define the trace in terms of the Frobenius inner product. If the Frobenius inner product
had already been defined from first principles, the trace of E: A — A could be defined as

Tr(E) = (id, E).

Similarly, we see that the cotrace can be defined in terms of the enrichment. For an endo-
1-cell f: A — A we have that

B(A,A)(id, f) =T (id — f) = Tr (f).

This then unifies the cotrace with another trace-like construction. In studying categorical
representation theory two sets of authors — Ganter and Kapranov [23, def. 3.1], and Bart-
lett [7, def. 7.8] — have previously defined the trace of an endo-1-cell as being the hom-set

A(A, A)(id, f).

Ganter and Kapranov refer to this as the ‘categorical trace’, whereas Bartlett refers to this
as the ‘2-trace’. In many contexts this hom-set comes with extra structure, but the scalar
enrichment above proves that this extra structure is guaranteed, and that the 2-trace is the
underlying set of the cotrace.

One categorical definition of trace that we have failed to address so far is the trace that
can be defined in a compact-closed category. A compact-closed category, first defined by
Kelly [37, p. 102], is a symmetric monoidal category where every object has duals. That is,
every A has an associated A* and coevaluation and evaluation maps

coev: I > AQ A*andev: A A — 1,

which in the string diagram language are written as caps and cups

7 A A
A A N

which satisfy the zigzag identities for adjunctions. Given an endomorphism E: A — A in
the category of finite dimensional vector spaces, we can define the trace to be the composite

T2 A A B2 A A S A A T



which is given by the following string diagram.

Of course, in compact-closed bicategories — first defined by Day and Street [19, def. 6] — it
is also possible to define a trace, and in this context the trace gives a functor

Tr°: B(A, A) — B(I,I).

In the bicategory of profunctors, for example, the trace takes in a profunctor P: & —+ of
and returns the end of that profunctor. Rather interestingly, the cotrace gives the dual
notion, the coend.

Not only does the cotrace provide a conceptual dual to the trace in many other examples,
but we also see that in the case of bicategories, the two traces actually have remarkably
similar definitions and interact nicely. They are both, for example, linear in an appropriate
sense.

In the first chapter we give some useful definitions and propositions relating to bicat-
egories. In particular, we cover composition-closedness, which is the first piece of structure
necessary for scalar enrichment, and we give the definition of the 2-trace — also known as
the ‘categorical trace’ — which we will later see is the unenriched version of the cotrace. We
also take a look at some motivating examples and what the 2-trace gives in each of these
cases.

In the second chapter we cover pseudofunctors and pseudonatural transformations, and
introduce an adaptation of the usual string diagram language which, in our opinion, makes
proving some basic propositions much easier. We also cover some of the more technical
details of bicategories including the coherence theorem and pseudoadjunctions.

In the third chapter we cover monoidal bicategories in detail. We give a proof, using
our adapted string diagram language, that the monoidal category of scalars associated to a
monoidal bicategory comes equipped with a braid. We also give a short account of monoidal-
closed bicategories. This is the second piece of structure necessary for defining the cotrace.

In the fourth chapter we deal with categorical representations. This whole chapter hinges
on what Garner calls the fundamental theorem of enriched category theory, first proved by
Gordon and Street [26, thm. 3.7] and later reproved by Janelidze and Kelly [33, sec. 6].
Given a monoidal category ¥, a ¥ -representation is a category equipped with an oplaxly
associative and unital action of #. By this we mean that there is a functor

O: YV XC€—FC

which comes equipped with associator and unitor natural transformations satisfying certain
coherence conditions. Analogously to the case for monoidal categories if, for every C € €,
the functor (—) ® C has a right adjoint, we call the representation closed. The fundamental
theorem then says that a closed ¥ -representation is the ‘same thing’ as a copowered ¥ -
category. In order to prove our enrichment theorem in the following chapter, we give a



slight variation on this result. We show that there is a 2-functor from the 2-category of all
closed representations to the 2-category of all enriched categories.

In the fifth chapter we give our main theorem: the scalar enrichment of a monoidal bic-
ategory. We begin by giving a short account of enriched bicategories and their underlying
bicategories. We then go on to define the spread functor and the cotrace functor and show
that they form an adjoint pair. These functors are then used to show that each %(A, B)
is a closed Z(I, I)-representation and this, in essence, gives us our scalar enrichment. The
following section shows that all of the additional data of bicategories — composition, identit-
ies, associators, unitors — is compatible with the representation structure. The consequence
of this is that, not only are each of the hom-categories enriched, but % is the underlying
bicategory of a A(I, I)-Cat-bicategory.

In the final chapter we look at more structured monoidal categories, starting with
braided, moving on to symmetric and finishing with compact-closed. We give some basic
propositions about compact-closed bicategories and take a look at the trace for compact-
closed bicategories. We compare composition-closed compact-closed bicategories to dagger
compact categories, to give some explanation as to why there is no cotrace for linear algebra
— the answer being that the cotrace and trace seem to coincide. We look at each of the
main properties of the trace — linearity, dual invariance, cyclicity, tensor preservation — and
show that analogous properties hold for both the cotrace and the trace. Finally, we study
the codimension and dimension of objects in the bicategory and show that they always give
a monoid-module pair.






Chapter 1

Bicategories

In this introductory chapter we give an account of the basic definitions and properties of a
bicategory, with a particular focus on certain motivating examples. We also give an account
of the 2-trace and what it produces in each of our examples.

The first section includes definitions of key structures internal to a bicategory, such as
adjoint equivalences. These will be important later on as we develop external structures for
bicategories, such as a monoidal products.

The following section focuses on a motivating definition for the thesis: the 2-trace. We
give background and analogies with linear algebra that justify the definition, but show
through examples that the 2-trace seems to be missing some structure.

In the final section we provide some of the basic theory of closed bicategories. Later on
we will use the closed structure to define the cotrace functor, and it is this cotrace functor
which ultimately gives us a canonical enrichment, providing the 2-trace with the structure
that it otherwise lacks.

1.1 Definitions and Examples

A bicategory is a particular type of weak 2-category. By this we mean that a bicategory has
objects, morphisms between objects and 2-cells between morphisms — and that 2-cells can
be composed unitally and associatively — but composition of the morphisms is associative
and unital only up to isomorphism.

Definition 1.1.1. A bicategory % consists of:
e a collection of 0-cells, or objects, which, by abuse of notation, we denote %;

e for every pair of objects A, B € & a category B(A, B), called the hom-category,
the objects of which are called 1-cells, and denoted f: A — B, and the morphisms of
which are called 2-cells and denoted ¢: f = g;

e for every triple of objects A, B,C € £ a functor
o: B(B,C) x B(A,B) — B(A,C)

called the composition functor;



e for every object A a 1-cell id: A — A called the identity 1-cell;
e for every triple of 1-cells f: A — B, g: B— C, h: C — D a natural isomorphism
fgn: (hog)of=hol(gof);
called the composition associator;
e for every 1-cell f: A — B natural isomorphisms
Aidyo f= fand p: foidy = f;
called the composition unitors!.

The composition associator must satisfy the pentagon equation, given by the commutativity
of the following diagram.

(koh)o(gof)

&k,h,gof

(koh)og)o f ko(ho(gof))

Gk,g,n0f kodin,g, s

(ko(hog))of ———ko((hog)of)

&k,hog, f

The composition associators and unitors must satisfy the triangle equation given by the
commutativity of the following diagram,

Qfidpg,g

(goidg)o f go(idpo f)
go

forall f: A— B, g: B— C, where ¢y and ¢, are identity 2-cells.

Notation. In a given bicategory %, unless stated otherwise, we will use the following
notational conventions for the various cells and composites in %:

e capital letters will represent the objects A € %;

e lower case letters will represent the 1-cells f € B(A, B) and will typically be written
f+ A— B;

Tt is not standard here to decorate our natural isomorphisms with o, and typically these natural iso-
morphisms are referred to simply as associators and unitors. Here we include the o decoration and use the
names ‘composition associator’ and ‘composition unitor’ in order to distinguish these natural isomorphisms
from the associator and unitor for the tensor product in a monoidal bicategory.



e lower case Greek letters will represent the 2-cells o € Z(X,Y)(f, g), and will typically
be written a: f = g;

e the composite of two 2-cells, a: f = ¢ and : g = h will be referred to as the
vertical composition and written 5 - «a: f = h;

e the composite of two 1-cells f: X — Y and ¢g: Y — Z will be referred to as the
horizontal composite and written go f: X — Z;

e the horizontal composite of two 2-cells a: f = ¢ and B: h = k, will be written
Boa:hof=gok;

o we will write idx: X — X for the identity 1-cell;
e we will write tp: f = f for the identity 2-cell.

Definition 1.1.2. We call a bicategory a 2-category if all of the composition unitors and
associators are identity 2-cells.

Throughout the thesis there will be several key examples of bicategory that we keep
referring back to.

Example 1.1.3. The bicategory Rel whose objects are sets, whose 1-cells are relations, and
where there is a unique 2-cell R = S if and only R C S. Horizontal composition is given by
the usual composition of relations. That is, given R: A — B and S: B — C we have

SoR={(a,c) | b€ B such that (a,b) € R and (b,c) € S}.

Example 1.1.4. For some commutative ring R, the bicategory Bimpg, whose objects are
R-algebras, whose 1-cells A — B are A-B-bimodules, and whose 2-cells are bimodule ho-
momorphisms. Horizontal composition is given by tensoring bimodules.

There is also a ‘locally derived’ version of this bicategory.

Example 1.1.5. For some commutative ring R, the bicategory DBimpg whose objects are
R-algebras and whose hom-categories are given by the derived categories of bimodules.
Horizontal composition is given by the derived tensor product — sometimes called the total
tensor product — of chain complexes of modules. See for example Weibel’s [64, thm. 10.6.3]
textbook.

Example 1.1.6. For some cosmos ¥ — that is a complete, cocomplete, closed symmetrical
monoidal category — the bicategory ¥#-Prof whose objects are ¥ -categories, whose 1-cells
are profunctors, and whose 2-cells are ¥ -natural transformations. Horizontal composition
of two profunctors, P: &/ -+ % and @Q: % -+ ¥ is given by a chosen coend

Be#

f Q(~, B) @ P(B, -).

Note that the above examples are all of a similar flavour. In fact, the first two examples
are special cases of the fourth. Every set can be thought of as a discrete preorder. Every
preorder can be thought of as a category enriched over the category of truth values (F — T)
with monoidal product given by logical conjunction. Thus, the bicategory Rel can be viewed
as the full sub-bicategory of (F — T')-Prof, consisting of just the discrete categories.



Every algebra can be thought of as a one-object category enriched over the category of
R-modules. Thus, the bicategory Bimg can be identified with the full sub-bicategory of
(R-Mod)-Prof consisting of just one-object categories.

Example 1.1.7. Given any category with pullbacks, €, we can construct Span(%) whose
objects are those of ¥, whose 1-cells are spans, and whose 2-cells a: f = g are maps in ¢
such that the following diagram commutes.

S

A

o B

NP

The horizontal composition of two spans is given by taking a particular choice of pullback.

It typically helps to keep the bicategory Span(Set) in mind. Note also that this can be
thought of as the sub-bicategory of Set-Prof consisting of only the discrete categories. This
follows from the fact that every span A «+— S — B can be thought of as a map S — A x B
and the fact that there is an equivalence between the slice category Set /(A x B) and the
functor category Cat(A x B, Set).

Example 1.1.8. Given a topological space T' we can construct a bicategory Path(T") whose
objects are the points of T', whose 1-cells are paths between points and whose 2-cells are
homotopy classes of homotopies between paths. Horizontal composition is given by concat-
enation of paths.

As with monoidal categories, a major theme of bicategories is the idea of coherence. The
term ‘coherence’ was originally used by Mac Lane [49, p. 33] in reference to the fact that
any ‘structural’ isomorphism in a monoidal category is unique. Suppose that we have a two
composite 1-cells, f and g, and suppose that v: f = ¢ is an isomorphism composed entirely
of associators and unitors. Coherence is the idea that any other isomorphism from f to g
composed of associators and unitors should be equal to . The following useful results are
sometimes referred to as ‘coherence results’ in the spirit of the above.

Proposition 1.1.9. In a bicategory </ the following diagrams commute for all objects
A, B,C and all morphisms f: A— B, g: B— C.

(idgog)o idco(gof)

f &
T
go

(go f)oida a go(foida)

go

A

idAOidA idA
ko/
P

10



Proof. When Mac Lane [49, p. 42] gave the first coherence results for monoidal categories,
the analogues of these commuting diagrams were given as azioms for monoidal categories.
Theorems 6 and 7 of Kelly’s [40] response to this paper prove that they follow from the other
axioms. The arguments in Kelly’s paper are identical to the arguments for bicategories. [J

In Section 2.4 we include the strictification theorem for bicategories that shows coherence
does in fact hold.

In the last chapter we will investigate how bicategories with extra structure relate to
categories. It will be useful then, to have a way to turn a bicategory into a category.

Proposition 1.1.10. For every bicategory 9B there is a category, By, called the 2-skeleton
of B, whose objects are those of # and whose morphisms are isomorphism classes of those
in A.

Proof. We must show that 4, is a category by defining a unital and associative composition.
We define this composition in the only possible way:

[g] o [f] =1[go f].

To see that this is well-defined, note that if f/ = f and ¢’ = g then ¢’ o f/ =2 go f by
horizontal composition of 2-cells. This composition is unital and associative by the fact that
the composition unitors and associators are isomorphisms. O

Remark. This isn’t the ‘underlying’ category — in fact an underlying category does not
necessarily exist, since the composition of 1-cells isn’t strictly associative. We call this the
2-skeleton since the hom-set of the 2-skeleton is the underlying set of the skeleton of the
hom-category.

We will often use string diagrams to describe 2-cells, which we read from right to left
and top to bottom. To simplify these diagrams we will omit the composition associators
and unitors. One way to view this is that the string diagrams provide proof schema —
associator and unitors can be inserted wherever necessary to provide the full proof. But
the strictification theorem in Section 2.4 guarantees that any proof given using these string
diagrams is a valid proof in a bicategory. The following definitions and propositions will be
useful in later chapters.

Definition 1.1.11. Let f: A — B and g: B — A be 1-cells in a bicategory. We say that
(f,g,m,¢€) defines an adjunction between A and B, if n and € are 2-cells

n:idg = go fand e: fog=idp,

such that, when drawn as caps and cups

21Nl

11




the zigzag identities hold.

f f g g

/ f g g

We call € the unit and 7 the counit. If there exist 1 and e such that (f, g,n,¢) defines an
adjunction we write f - g, and say that f is left adjoint to g and that g is right adjoint

to f.
As with functors, a right or left adjoint is essentially unique.

Proposition 1.1.12. If g and ¢’ are both right adjoint to f then there is a canonical
isomorphism g = ¢'.

Sketch proof. This canonical isomorphism is given by the diagram below, where the cap on
the left is the unit for the adjunction between f and ¢’, and the cup on the right is the
counit for the adjunction between f and g.

Details of the proof can be found in Johnson and Yau’s [34, lem. 6.1.6] book. O

Definition 1.1.13. Let f: A — B and g: B — A be 1l-cells in a bicategory. We say that
(f,9,m,€) defines an equivalence between A and B, if  and e are isomorphisms

n:idy = go f and e: fog=idp.

We call  the unit and € the counit. If there is an equivalence between A and B we say
that A and B are equivalent, and that f and g give an equivalence between A and B.
In the case that n and € are also the unit and counit of an adjunction f 4 g we say that
(f,g,m,¢€) defines an adjoint equivalence.

If we draw 1 and €' as caps, and ™! and € as cups

RIS

12




then (f, g,n,€) defines an equivalence if and only if the following identities hold.

! g f g g ! g f

N \_/

7 7

f g f g g f g f
id

Q _

id

Proposition 1.1.14. If (f,g,7, €) defines an adjoint equivalence then so does (g, f,e =1, n~1).
In particular if f and g give an adjoint equivalence between A and B then f is left and right

adjoint to g.

Sketch proof. The fact that (g, f,e 1, n7!) gives an equivalence follows immediately from
the fact that € and 7 are isomorphisms. To prove that this is an adjoint equivalence we need
to show the zigzag identities. For g this follows from the equalities between the following

diagrams.

_ :Q _

The first equality is by the zigzag identities for f and g and the following equalities follow
from the fact that €' o€ = tfo4 and n~' o = 1ig. The proof of the zigzag identity for f
follows similarly. O
Proposition 1.1.15. If (f,g,n,€) is an equivalence then there is an €' such that (f,g,n,¢€)
is an adjoint equivalence.

13



Sketch Proof. We simply define €’ to be the following 2-cell.

g f

For more details, see for example, Johnson and Yau’s [34, prop. 6.2.4] book. O

Suppose that we have a sequence of 1-cells, f1, ..., f,, and a sequence of 1-cells, g1, ..., gm,
and a 2-cell between them.

fn fl

9m g1

If each of fi,..., fn and g1, ..., gm are adjoint equivalences we have another 2-cell given by
the following diagram.

froo I NG

o R

14



This might be thought of as the 2-cell ¢ rotated 180 degrees. Of course, if ¢ has an inverse
then we can draw the inverse as in the following diagram.

Im g1

fo o h

This might be thought of as the 2-cell ¢ reflected in the horizontal axis. If each of f1, ..., f,
and g1, ..., gm are adjoint equivalences and ¢ is invertible then we can both reflect and rotate
a 2-cell to get a new 2-cell (¢®*)~! = (p~1)® that we denote ¢©, as in the following diagram.

I In
[ e ]
a1 g

This might be thought of as the 2-cell ¢ reflected in the vertical axis.
Since we will be working with monoidal bicategories in later chapters, it is worth spelling
out what we mean by a cartesian product of bicategories.

Definition 1.1.16. Given bicategories & and % we define the cartesian product of .o/
and 4, to be the bicategory, &/ x %, whose

e objects are pairs (A, B) for A € &/ and B € %;

e hom-categories are given by

(o x B)((A,B),(A",B")) = (A, A") x B(B,B’);

e composition functor is given by

o/ (A A" x B(B',B") ~ A (AA) X oA (A AT (0,0)
, , . , — (A, A") x B(B,B");
x @ (A, A") x (B, B’) x B(B',B") x #(B,B’)

identity 1-cells are given by (id,id) € #(A, A) x B(B, B);

e composition associator, composition left unitor, and composition right unitor are given
by C
(6,4), (A, 4) and (5, p)-

In other words, objects are pairs of objects, 1-cells are pairs of 1-cells, 2-cells are pairs
of 2-cells and composition is given pairwise.
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1.2 The 2-Trace

Adjunctions are ubiquitous in category theory, and arguably form the foundation of the
theory itself. But in true category theory style, the definition of an adjunction is lifted
from elsewhere in mathematics — namely linear algebra. Two linear maps, F': V &2 W :G,
between Hilbert spaces are adjoint whenever

(Fv,wyw = (v, Gw)y

for all v € V, w € W, where (—, —) denotes the inner product on each space. Of course,
two functors F': &/ = A :G are adjoint whenever

B(FA,B) = o (A,GB)

naturally for all A € o7, B € %. Clearly these two definitions are formally similar. But this
analogy runs much deeper. To understand the analogy we firstly need to understand some
facts about Cauchy complete categories.

Definition 1.2.1. Given a ¥-category 2, a ¥ -functor F: 9 — ¥ and a copresheaf
W: 2 — ¥, the weighted limit lim" F, if it exists, is an object lim"" F such that there
is a natural isomorphism

C(c,im" F) = (2,9 (W, € (c, F(-))).

Given a ¥-category &, a functor F': ¥ — € and a presheaf W: 2°P — ¥ the weighted
colimit colim" F, if it exists, is an object colim" F such that there is a natural isomorphism

% (colim" F,¢) = [2°P, ¥] (W, € (F(-), c)).

Definition 1.2.2. A conical limit is a limit weighted by the copresheaf which is constant
at the unit. In the case that ¥ is the category of sets, conical limits are the usual limits of
category theory.

A conical colimit is a colimit weighted by the presheaf which is constant at the unit
of 7. In the case that ¥ is the category of sets, conical limits are the usual colimits of
category theory.

Definition 1.2.3. A weighted limit or colimit is called absolute if it is preserved by every
functor.

This definition of a Cauchy complete category is different, but equivalent, to the one
initially suggested by Lawvere. Lawvere [44, p. 138] famously showed that every metric
space can be thought of as an enriched category. In the same paper Lawvere [44, p. 163]
also proved that a metric space X is Cauchy complete (in the sense of metric spaces) if and
only if the profunctors

X(z,—): X »xand X(—,z): s+ X

form an adjoint pair.
A proof of Street [62] shows that any limit, lim" F, weighted by a presheaf W: ¢ — Set
is absolute if and only if the profunctor W: ¢ — * has a right adjoint, W. Note that in such

a case im" F = colim" F, and so this shows that absolute weighted limits and absolute
weighted limits colimits coincide.
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Definition 1.2.4. A category is called Cauchy complete if it has all absolute weighted
limits and colimits. That is to say, it has any limit weighted by a presheaf which has a right
adjoint as a profunctor.

In our analogy these absolute weighted (co)limits will play the role of weighted sums.
Note that this is slightly at odds to the usual analogy which compares limits to products
and colimits to sums.

To highlight their similarities, given an indexing set I and a weighting function f: I — C
we will write Zfel x; = ;c; f(i) - x;. We will write f for the pointwise conjugate of f.
Consider the natural isomorphism between ¢ and the Hilbert space of linear endomorphisms
from C to itself, Hilb(C,C). Every A € C has an adjoint given by its complex conjugate,
. So we will write W for the profunctor right adjoint to W. The idea behind this analogy
explained by Figure 1.1.

Hilbert space V Cauchy complete category %
Scalar ceC S € Set
0-cell Point x Object A
. Weighted sum Absolute weighted (co)limit
Weighted sum »
ZiEI €Z; hmfgl Al
Sum size Finite Small
1-cell (z,y)y € C € (A, B) € Set
.. . deJ Z{€I<Ujv wi)y hm;/e J limfgz ¢ (4, B;)
Sesquilinearity A ; . w
= (3 s Vi Dier wi)v = € (limje ; Aj, lim;¢; By)
Map Linear Map Functor
Binary operator Sesquilinear form Profunctor

Figure 1.1: The analogy between Hilbert spaces and Cauchy complete categories

We tend to work simply with categories rather than Cauchy complete categories, since
they occur more ‘naturally’ but note that every category has a unique Cauchy completion,
we take the subcategory of [¢°P,Set] consisting only of presheaves that have adjoints in
the bicategory of profunctors. See for example, Borceux and Dejean’s [10, sec. 4] survey
on Cauchy complete categories. Similarly, we could work with an appropriate notion of
‘partial vector space’ since any such space would be uniquely completable, but such objects
are somehow much less natural than vector spaces.

Remark. Every Hilbert space has a natural metric structure induced by the inner product,
and by definition the space is Cauchy complete. So every Hilbert space can be thought of
as an enriched Cauchy complete category. Unfortunately this does not formalise the above
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analogy. Absolute weighted limits in metric spaces correspond directly to Cauchy limits,
and have nothing to do with sums. In fact, it seems unlikely — at least to this author — that
there is any way to recast inner products as enriched homs, or sums as absolute weighted
limits.

There is more to be said about this analogy than is immediately apparent. In both
cases we also have a form of generalised weighted sum. In the case of Hilbert spaces we can
take certain infinite weighted sums. These are not preserved by arbitrary linear maps, but a
linear map that preserves all infinite sums is exactly a continuous linear map, or equivalently
a bounded linear map. And it is known that the bounded linear maps are exactly those
with adjoints (see, for example, Debnat and Mikusiriski’s [20, thm. 1.5.7] book).

In the case of categories we can take certain non-absolute weighted limits and weighted
colimits. These are not preserved by arbitrary functors but rather by functors which have
an adjoint.

It is worth noting that weighted sums in Hilbert spaces are generated by two separate
processes: unweighted sums of vectors, and scalar products. This corresponds to the fact
that, in an enriched category every weighted limit can be expressed using a combination
of conical limits and particular weighted limits called powers. This can be found in, for
example, Kelly’s [38, thm. 3.73] monograph. Thus, we can think of conical limits — or
conical colimits — as being unweighted sums, and powers — or copowers — as being scalar
products.

Delving deeper into linear algebra and category theory yields further comparisons, between
the Riesz representation theorem and Freyd’s representability theorem for example. But we
are particularly interested in the case of ‘small’ categories and Hilbert spaces. For categories
‘small’” means small as in set-sized. For Hilbert spaces ‘small’ means finite dimensional.

The category of finite dimensional Hilbert spaces, FDHilb can be given a lot of extra
structure. It can be given the structure of a compact-closed category, or that of a dagger
category. For now, we're interested in the closed monoidal structure on FDHilb. The finite
dimensional Hilbert space of linear maps from V to W has inner product given by

(F,G) =Tr(FoQ)

where G is the adjoint of G. One consequence of this is that we can describe the trace of a
linear endomorphism E: A — A, or more generally a sesquilinear form, as the inner product

(id, E).

By analogy then, the 2-trace, as introduced by Ganter and Kapranov [23, def. 3.1], and
Bartlett [7, def. 7.8] is defined as follows.

Definition 1.2.5. Given an endomorphism F: A — A in some bicategory 4, the 2-trace
is given by the set of 2-cells
PB(A,A)(id, F).

Note that this is distinct from the usual categorification of a trace, which relies on
the compact-closed structure and duals. In Section 6.2 will see how these two different
perspectives on the trace interact. Most of the following examples are due to Willerton [66].

Example 1.2.6. In Rel, the identity relation on a set A is given by the equality, or diagonal,
relation

AA={(a,a)|ac A} CAx A,
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so the 2-trace of an endo-relation R: A — A is * if R is reflexive and & otherwise.

Example 1.2.7. The identity bimodule on an algebra A is given by A equipped with the
bimodule structure given by the algebra multiplication. The 2-trace of an A-A-bimodule
M is the set of bimodule maps from A to M. This is in natural bijection with the set of
invariants, or what might be called the centre, of M:

{m e M |Va € Aam = ma}.

To see this, note that given a bimodule map f: A — M we know that a - f(1) = f(a-1) =
fla) = f(1-a) = f(1) -a and so f(1) gives an invariant. Similarly, if m is invariant then
fm(a) =m-a = a-m gives a bimodule map.

Example 1.2.8. The identity bimodule on an algebra A is given by A equipped with
bimodule structure given by the algebra multiplication. The 2-trace of a DG-bimodule M is
then, by definition, given by the (underlying set of) Ext®(A, M). Cartan and Eilenberg [15,
ch. IX] proved that this coincides with Hochschild [31] cohomology whenever k is a field.

Example 1.2.9. The identity profunctor on a category & is given by the Hom profunctor
&/ (—,—). The 2-trace of a profunctor P: &/ + & is the set of natural transformations from
&/ (—,—) to P, given by the end

7/(@((‘47 _)7 P(_’ A))
Acot

By the Yoneda lemma this is equal to the underlying set of

J P(A, A).

Aed

Example 1.2.10. The identity span is given by the span A 44 A A The 2-trace of a
span A L5 Ais given by the set of maps a: A — S such that

foa=goa=1id.
In other words, it is the set of “mutual sections” of the span.

Example 1.2.11. The identity path at a point x in a topological space T is given by the
constant loop. Then in Path(7T'), given a loop p at x, the 2-trace is the set of homotopy
classes of homotopies from the constant loop to the path p. In particular this is non-empty
if and only if p is nullhomotopic.

It may be obvious from these examples that the 2-trace seems to lack some structure. In
the first three cases it always happens to be that the 2-trace is the set underlying some other
object: an R-module in the first case, a chain complex of R-modules in the second case, and
a natural transformation object in ¥ in the third case. This is because our 2-trace lands in
the category of sets, but, like the linear trace, it ought to be a scalar for our bicategory. We
give an account of scalars in Section 3.3. In Section 5.3 we will show that the 2-trace can
always be replaced by a scalar called the cotrace. Furthermore, much as the linear trace
gives rise to the Frobenius inner product, the cotrace gives rise to an enrichment of the
bicategory in its category of scalars.
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1.3 Closed bicategories

In classical category theory adjoint functors are often thought of as a sort of ‘weak inverse’,
and they underpin a lot of theory about algebraic structures. In this section we focus on a
concept even weaker than adjoints — Kan extensions.

Typically, discussions of Kan extensions focus on functors, and such Kan extensions of
functors are ubiquitous. As Mac Lane [50, p. 248] remarks in Categories for the Working
Mathematician: ‘the notion of Kan extensions subsumes all the other fundamental concepts
of category theory’. But Kan extensions can be defined in any arbitrary bicategory. They
will play an integral role in the scalar enrichment of our bicategories.

Definition 1.3.1. Let & be a bicategory and let f: A — B and g: A — C be 1-cells.
Then the right extension of g along f, if it exists, consists of a 1-cell g o— f called the
extension and a 2-cell i called the evaluation map

c& L gl 4

N S

g

such that for any other 1-cell h: B — C and 2-cell v: g o h = f there is a unique 2-cell
I h = g o— f such that the following two diagrams are equal.

Celh Bt o4 = Cer B A
b b
g g

Remark. We opt to use the lollipop, o—, notation rather than any other notation for a
number of reasons. Firstly it is one of the notations used for closed structures on monoidal
categories, and as we are about to see extensions are a generalisation of that concept.
Secondly the round end of the lollipop can be thought of like an arrowhead, indicating that
g o— f extends from f to g. Finally, the round end of the lollipop resembles the composition
circle. This is useful for remembering that the evaluation map is given by (g o— f)o f = f,
since the o always occurs on the opposite side to the o at the end of the lollipop. Note also
that the name of g o— f reads circle-side first, it is the extension of g along f.

Remark. When dealing with extensions we will often opt to use pasting diagrams, rather
than string diagrams. This is because generally speaking extensions, unlike adjoints, do
not immediately lend themselves to a string diagram language. However, Baez and Stay [5,
p. 30] have developed a string diagram language of clasps and bubbles for closed monoidal
categories that would work equally well here.

One example of extensions outside the 2-category of categories is extensions of pro-
functors. Given a functor F': .# — & and a profunctor W: . + ¥ the weighted limit
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lim" F: ¥ — o exists if and only if the following extension of profunctors

Wo—of (F—,—) o (F—,~)
! o i 5

[l

w

exists and is representable, in which case W o— o (F—, —) = o/ (—,lim"" F—). This simply
follows from the definition of a weighted limit and the description of Kan extensions in the
bicategory of profunctors given below.

As well as right extensions we also have left extensions. These are ‘vertically dual’ to
right extensions, in that a left extension in 7 is a right extension in &7°°. We also have the
notion of a right lift, that is ‘horizontally dual’, given by taking a right extension in 27°P.

Definition 1.3.2. Let £ be a bicategory and let f: B — C and g: A — C be 1-cells. Then
the right lift of g through f, if it exists, consists of a 1-cell f —o g called the lift and a
2-cell i called the evaluation map

such that for any other 1-cell h: A — B and 2-cell y: go h = f there is a unique 2-cell
I h = g o— f such that the following two diagrams are equal.

C<LB<LA = CﬁBﬁA.
DN
g g9

Remark. Once again the lollipop acts like an arrowhead indicating that the lift goes from
f to g, and once again the circles occur on opposite sides of the line in the evaluation map
fof—g= f. Similarly to extension we read this starting from the circle: f — g denotes
a lift of g through f. In order to avoid confusion between extensions and lifts a useful
mnemonic might be to note o— looks more like a lower-case ‘e’ than —o, and so o— denotes
an extension.

In this thesis we focus almost exclusively on right lifts and extensions. As such, any
reference to a “lift” may be assumed to be a reference to a right lift, and any reference to
an “extension” may be assumed to be a reference to a right extension. In addition, whilst
Kan extensions seem to occur more in ‘nature’ than Kan lifts, it is right lifts that seem to
make the most sense in our applications. But it is worth noting that, conceptually, lifts are
just extensions and by duality any results about lifts have an analogue for extensions.

It is well known that Kan extensions of functors and adjoint functors are intrinsically
linked. If every right Kan extension along some functor F' exists, then precomposition with
F has a right adjoint. Similarly, if F' has a right adjoint G then G o H is the right Kan
extension of H along F for any H. This is true inside any arbitrary bicategory.
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Proposition 1.3.3. Let A be a bicategory, let X, A and B be objects in B. If g: A = C
is a 1-cell such that f —o g exists for all f: B — C, then there is a functor

— —g: B(B,C)P - B(A, B).
If f: B— C is a 1-cell such that f —o g exists for all g: X — B, then there is a functor
f——: B(AC)— B(A,B).
Furthermore, the functor f — — is right adjoint to the post-composition functor
fo—: B(A B) = B(X,B).

Proof. The argument is exactly the same as the argument given for Kan extensions of
functors. See, for example, Riehl’s [59, prop. 6.1.5] book. O

Clearly then, lifts are just a multi-object version of right closed structures for monoidal
categories.

Corollary 1.3.4. If f: B — C is a 1-cell with a right adjoint fT: C — B then for any
g: A — B the lift of g through f exists and f — g = fT o g. In particular there is a natural
isomorphism f —oid = fT.

Definition 1.3.5. A bicategory is called left-closed, or left-composition-closed if it has
all right lifts and right-closed, or right-composition-closed, if it has all right extensions.
A bicategory that is both left- and right-closed is called composition-closed, or simply
closed.

Remark. We use the phrase “composition-closed” here to distinguish this closed structure

from the monoidal-closed structure which will feature in later chapters.

Example 1.3.6. The bicategory Rel is composition-closed. Given a relation R C B x C
and a relation S C A x C the lift of S through R is given by

R — S ={(a,b) |Vce C, bRc= aSc} = {(a,b) | Ve € C, =bRcV aSc}.
Remark. Note that for all sets A and B there is a functor
(—)°: Rel(4, B) — Rel(A, B)°P

that takes every relation R to its complement (A x B) \ R. The category Rel(A, B) has a
monoidal structure given by taking unions and this complement functor gives Rel(A, B) the
structure of a star-autonomous category. We also have a functor

(—)T: Rel(A, B) — Rel(B, A)

which takes a relation to its transpose. We can then give R —o S in terms of these two
functors and the composition:
R — S ={(a,b) |Vce C —-bRcV aSc}
(a,b) | Ve € C =(bRe A —aSc)}
(a,b) | =~ 3c € C bRe A —aSc}
(Ro (ST))Te.

a,

22



This is a closed structure similar to the closed structure for asymmetric star-autonomous
categories, in the sense of Barr [6]. In other words, the closed structure is given in terms
of a contravariant endofunctor, and the composition. Note that the relation ST¢ is given
by taking S — (AA)¢, the lift of the anti-diagonal relation through S. So the composition-
closed structure for Rel seems particularly structured, in that it is given by taking a kind
of ‘horizontal dual’, (—)? and a kind of ‘“vertical dual’ (—)°.

Example 1.3.7. The bicategory Bimp is composition-closed. Given a B-C-bimodule M
and an A-C-bimodule N the set of right C-module homomorphisms Home (M, N) can be
given an A-B-bimodule structure by

(a-f-b)(m)=a- f(b-m)
and this defines the right lift M — N. The right extension is defined similarly.

Example 1.3.8. The bicategory DBimp is composition-closed. This follows from the de-
rived tensor-hom adjunction

RHom(A ®% B, C) = RHom(A, RHom(B, C)).
See, for example, Weibel’s [64, thm. 10.8.7] textbook.

Example 1.3.9. The bicategory ¥-Prof is composition-closed. Given profunctors P: % —+
% and Q: & - € the right lift is given by the coend

PwQ%J ﬂHa®@PﬁD
Ce®

and the right extension is given similarly.

Remark. When ¥ is star-autonomous, the composition for #-Prof also resembles the closed
structure for star-autonomous monoidal categories. Given P: Z -+ ¢ and @QQ: &/ - € the
liftt P — @ is given by

fwmﬁm@ec» f@hm®mamw
cEE cEE
cEE

jm<m®mﬂm*

I

1%

1

(Po@)"

and in particular, Q* is given by taking the lift Q* — Hom™, where Hom" is the composite

o @ oo BomTy gop ()7,

This is a generalisation of the case for Rel, since the category F' — T is star-autonomous
with duals given by logical negation.

Example 1.3.10. Day [18, prop. 4.1] proved that Span(¢) is composition-closed if and
only if for every x € € the slice category, € /z, is cartesian closed.

Example 1.3.11. The bicategory Path(T") is composition-closed for any topological space
T. Let p be a path from z to y, then the reverse path p is left and right adjoint to p.
This follows from the fact that p op and p o p are both contractible and so p and p give an
equivalence.
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Chapter 2

Pseudofunctors and
Pseudonatural Transformations

There are several notions of a morphism between two bicategories. In this thesis we will
be interested in the strong, but not strict, morphisms. These are pseudofunctors, where
composition and identities are preserved up to invertible 2-cells. Between pseudofunctors
live pseudonatural transformations and between pseudonatural transformations live modi-
fications.

Trying to understand pseudofunctors, pseudonatural transformation and modifications
via pasting diagrams can often be confusing and unintuitive. Since they form a tricategory
they can be understood using surface diagrams, but 3-dimensional diagrams don’t work
particularly well on 2-dimensional paper. Instead, we develop a compromise approach. We
encode the 3-dimensional data as colourings of strings.

The first section is dedicated to defining pseudofunctors and pseudonatural transforma-
tions. We first give accounts of these via pasting diagrams before giving a decorated string
diagram language to that allows us to interpret the axioms geometrically. The string dia-
gram language represents pseudonaturality as a colour-changing braid.

The second section gives an account of whiskering for pseudonatural transformations.
Whiskering of pseudonatural transformations has an impact on the colour changing of the
braid. We also give a short proof that the usual braid equations, sometimes known as the
Yang-Baxter equations, hold for our colour-changing braids.

The third section focuses on adjunctions internal to bicategories, and adjoint pairs of
pseudonatural transformations. We show, using the decorated string diagram language,
that a pair of pseudonatural transformations are adjoint if and only if their components are
adjoint.

The fourth section gives the definition of pseudoadjunctions between bicategories, as well
as some technical discussion about the necessity of coherence axioms.

The fifth and final section gives the definition of a biequivalence and the strictification
theorem, which says that a bicategory is essentially the same thing as a 2-category. This
gives a rigorous justification for the omission of associators and unitors from our diagrams.
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2.1 Decorated String Diagrams

We begin with a definition of pseudofunctor, given in terms of pasting diagrams. This will
ultimately be reinterpreted to give the foundation of our string diagram language.

Definition 2.1.1. A pseudofunctor F': 8 — % between two bicategories consists of

e a function
F: obj(#B) — obj(€);

e for every pair of objects A, B € 4 a functor
Fap: B(X,)Y) = € (F(X),F(Y));
e for every object X an invertible 2-cell called the identitor
Fx:idpx) = Fx x(idx);

e for every triple of objects X,Y, Z an invertible 2-cell, natural in f and g, called the
compositor
Fxyz: Fyz(g)o Fxy(f) = Fxz(go [).

We will drop subscripts where they are clear from context. The above data adheres to the
following axioms: the identitor diagrams commute

F(f)oidpx) S S F(f)

LF(f)‘DFXl TF(X)

F(f) o F(idx) — F(f oidx)

idpy) o F(f) —2— F

FYOLF(f)l TF(ﬁ)

F(idy) o F(f) —— F(idy o f)

and the compositor diagram commutes

(F(h)o F(g)) o F(f) == F(h)o (F(g) o F(f))

FOLF(f)l lLF(h)OF

F(hog)oF(f) F(h)o F(go f)

/| |»

F((hog)of) — Fre F(ho(gof))
In order to keep track of pseudofunctors while working with string diagrams, we introduce
new notational convention, inspired by the functorial boxes introduced by Melliés [54]. This

notational convention will rely on highlighting strings with various colours. The decision
to use colours was made to avoid certain confusing ambiguities, but we realise that this
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may prove challenging for colour-blind readers. Due to size constraints, patterns could not
be used in place of colours, however, in the interest of accessibility we have opted to use
a palette based on the recommendation of Bang Wong [68], and the interactive simulation
tool provided by David Nichols [55]. The colours of this palette should be distinguishable
for the majority of colour-blind readers.

Suppose that F': o/ — A is a pseudofunctor; f: A — B and g: A — B are 1-cells in &
and v: f = g is a 2-cell in /. We firstly assign a colour to our functor: let’s say

. The idea is that the functor “wraps” strings, which represent 1-cells, and beads,

which represent 2-cells, in that colour.

f Ef
g Fg

Note that this is compatible with the more traditional string diagram notation: we simply
think of the identity functor as being the same as the background colour.

Suppose instead that we have a 2-cell £ in #, and it happens to be the case that the
source of £ is F'f and the target of £ is Fg, but £ isn’t necessarily in the image of F.. We
wrap the string in the colour but leave the bead unwrapped.

f Ff
5 - |
g Fg

This indicates that the functor is applied to f and g but not to £&. The identitor has an
obvious expression in this language.

id id

The compositor can be written in two difference ways.

g f Fg Ff
Y |- |
gof F(go f)
A Fg Ff
- |
9 f F(go f)
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Then for any 1-cells f: A - B, f': A - B, g: B — C, ¢: B — C; and any 2-cells
a: f = f and B: g — ¢, naturality of the compositor can be expressed by the following
equality.

g f g f

8] (]

gof gof
The unitor axioms can also be expressed by the following equalities.
f f f
f f f

Using the proximity of strings to indicate bracketing, and using a change in proximity to
denote the associator, we can write the compositor axiom as follows.

h g f h g f

h g f h g f

Or leaving the associator to be implicit we can instead write the following.

h g f h g f

hogo f hogo f

Definition 2.1.2. Suppose we have two pseudofunctors F': &/ — % and G: B — € then
we can compose them to get GoF': & — € as follows. Firstly we compose their respective

functions on objects to get
G o F: obj(&) — obj(¥);
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next we compose the respective 1-cell functors to get
(GoF)x,Y: #(X,)Y) = %(GoF(X),GoF(Y));
now we construct the identitor for G o F' as the composite
iderx 2555 Glidpy) 255 GFidy;

and we construct the compositor for G o F' as the composite

Gy,z(Fy,z(9)) o G(Fx,y(f)) Srxpvrz, G(Fy,z(g9) o Fx,y(f)) G(F(go f))-

To convey a composite functor in our string diagram language we firstly wrap strings and
beads in F' and then wrap the whole thing in G. For example, given a functor
; a functor G % — ¢ in this colour; a pair of 1-cells f,¢g: A — B in &; and
a 2-cell v: f = g in &7, the following two diagrams denote the same 2-cell.

G(Fx,v,z)
—

f Ff
A o[BS
w uﬁfﬁ

Remark. Composing pseudofunctors is not strictly associative. Suppose that we had a
functor H: ¢ — 2. We choose the following convention.

f (Ho(@oP)(J)
f*j = Ho(GoF
@J [(Ho( | ))(7)]

g (Ho(GoF))(g)

Whilst we could use changes in the proximity of the wrappings to denote (HoG)oF, we have
no need to here and doing so would greatly increase the size of our diagrams. In fact, one
consequence of the coherence theorem that we see later is that we can treat pseudofunctors
as if associativity holds on the nose.

The identitor and compositor for G o F' can be expressed by the following diagrams.

id
‘\"

g f g f L]

5|

gof Y f

id

g
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Definition 2.1.3. Given two pseudofunctors F,G: £ — %, a pseudonatural transform-
ation n: F = G consists of:

e a family of 1-cells (n4: FA — GA)4 indexed by the objects of &/

e a family of invertible 2-cells,

F(f)

| A

GAwGB

called naturalisors, indexed by the 1-cells of &7

such that for every f: A — B, g: B — C, f': A — B and ~: f = [’ the following
composites are equal.

F(gof)
rA 9 po rA D pp P9 pe
y y l
Ngof nc

lnc - l o
Ve

G(f) GNB G(g)

’ILA‘/ /

GA T GC GA GC

G(gof)

rA " | pp rAa "9 . pp

i S
e
FA —F("— FB

o

nf/ ngp

e

GA —— GB

) )
FA P04 oy rA P04 oy
na Nid 4 na Fa

7

GA —G(da)» GA —

Ga

!

GA— GA
idga
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Pseudonatural transformations also fit into our string diagram language. Suppose we
have two pseudofunctors F,G: &/ — 2, and we assign and ' this colour. We
draw a pseudonatural transformation n: /' = (& as a dashed string highlighted on the right
by the colours for /" and highlighted on the left by the colours for .

n n— na
Il Il

I = Il =

Il

Il

n n_ na

For any given 1-cell f, the naturalisor is drawn as a braid, with F(f) passing underneath
n. The wrapping around a 1-cell f changes from the colour of /" to the colour of & as it
passes underneath.

n f ng Ff

\\

s | -

7N

f n Gf na

f n Gf na

N7 | - | =

2775 - "y

1 \ \

n f np Ff
Note then that only a string wrapped in can pass underneath a dashed line of

. Given any 2-cell, v: f = g, in &7 the naturalisor axioms are then given by the
following equalities.

n g f
Il
Il
Il
Il
1§
\\\Q\ =
A
7N
|( Il
Il
gof n
n f f
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n id n id

~
S 1l
f W= m
1l 1l v

Drawing the naturalisor as a braid is not a new concept: previous authors have given similar
accounts. However, including the colour wrappings helps to make clear when a particular
braiding is valid.

Intuitively anything wrapped in the right-hand colour can pass underneath the braid and
be dyed the left-hand colour. This is true from any direction, as proven by the following
three propositions.

Proposition 2.1.4. FEach of the following equalities is equivalent to the first naturalisor
aziom.
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Proof. Each of these equivalences essentially follows from the fact that every 2-cell in the
axiom has an inverse. For example, suppose that the first naturalisor axiom holds. Then
the first equality above must hold by the following string of equalities:

where the first equality holds by the fact that we are adding the identity 2-cell, the second
equality holds by the first naturalisor axiom, and the third equality holds since we are
removing the identity 2-cell. The other proofs follow in a similar fashion. O

Proposition 2.1.5. The following equality is equivalent to the second naturalisor axiom.

n f n

f
1] \\\ //l)l
~y i N>2?
i 1= £
7 i

27
7N\ it
n I n bl

Proof. The proof follows similarly to the above proposition. O

Proposition 2.1.6. Fach of the following equalities is equivalent to the third naturalisor
aziom.

id n id n
) m
P i
77
i \} — il
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\\ Il
N Il
>3 I
// \\\\ Il
id n id n

Q ) 1l
\>4¢// Il
Vi

id n id

3

Proof. Again, this follows similarly to the above. O

As with natural transformations, the pointwise composite of pseudonatural transforma-
tions yields another pseudonatural transformation. Suppose we have pseudofunctors

G H: of - B

and pseudonatural transformations, n: /' = &, m: (G = H. We can define the naturalisor
for m4 on4 as follows,

and clearly all of the necessary axioms hold since they hold for the two individual braidings.
This also means that the decorations for pseudonatural transformations are compatible with
composition, in that it makes perfect sense to draw the following diagram for the identity
2-cell from m on to mon.

Definition 2.1.7. Given a pair of pseudofunctors F': &/ — % and G: &/ — 2 and a pair
of pseudonatural transformations n: F' = G and m: F' = G, a modification u: F = G

34



consists of a collection of 2-cells (ua: na = ma)a indexed by the objects of & such that
for any f: A — B in & the following composite 2-cells are equal.

FA Fa 9 pp Fa "9 pp FB
mA‘/ <M$ nf % ‘/nB == mA‘/ T% nlB % ‘/ng
Suppose that and G is this colour. We will draw modifications as

beads with dashed lines, highlighted by the colours of their source and target pseudonatural
transformations.

n n na
JIL I

el | = -
i

m m ma

This means that we can write the modification axiom in the following way.

n f n f
Jl \
|\7I\ Q‘Q /
[ S
1 -1 (>
N ‘ i
S 7
RS I
/// N il
foom foom

Intuitively, we can “slide” a modification over a braid because of the protective bubble
around it, but we can’t necessarily do this with an arbitrary 2-cell. As with sliding under
the braid, this is true in any direction.

Proposition 2.1.8. The following equality is equivalent to the modification axiom.

fon foon
Il /)
‘ ‘ m \\\,4’/
| 77
= [/
g -
272 -]
1N )
m - f m f
Proof. This proof follows analogously to the above propositions. O

Like pseudonatural transformations modifications behave well with respect to compos-
ition. Suppose that n,m,[: ' = G are pseudonatural transformations, pu: n = m and
v:m = [l. If we take the pointwise, vertical composite of two modifications we have the
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following equalities, and so v - u also defines a modification.

n f n f
Jl \\
i 2 || v
P SN
I 3] | 32
L Jl =3
Il =\ (17,1 = | = // N
W (v ”'Iﬁ‘ i
S i ;
=L T Ll
S v
f ! /// N LW f m
f l f l
Similarly, suppose that n,n’: /' = ( and that m,m’: ¢ = H are pseudonatural trans-

formations, and that pu: n = n/, v: m = m’ are modifications. The pointwise horizontal
composite of 1 and v also gives a modification since the following equalities hold.

n n f n' n f
Il Il il W
n f == — N / n f
I [[_T’/_H I[#] Hi /;\\ W J
T L J
I =| N — sZ — b
Q
N

~
3

Remark. Given any monoidal category we can construct a braided monoidal category
called the monoidal centre — sometimes referred to as the Drinfeld centre — independently
discovered by Joyal and Street [36, def. 3], and Drinfeld. Drinfeld realised the centre as a
special case of Majid’s [52, ex. 3.4] duals for functored monoidal categories. Another way
to define the monoidal centre is to first think of a monoidal category .# as a one-object
bicategory, and then take the category of pseudonatural transformations from the identity
on . to itself:

Bicat(4 , #)(id,id).

One advantage of the decorated string diagram notation is that it makes immediately
clear how the monoidal centre is braided.

For the sake of illustration we first consider the centre of a monoid. Let .#Z be a monoid
viewed as a category. Now consider the set Cat(.#,.#)(1d,1d), of natural transformations
from the identity functor to itself, which has a canonical monoid structure given by com-
position. Every natural transformation (n4)ac. is a family of morphisms in .#, indexed
by the objects of .# such that for every f the following diagram commutes.

A%B

’ILAJ/ npe

AT>B
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However, since we know that .# has exactly one object, each natural transformation is
simply a map n, in . such that the following diagram commutes for every f,

1

3
%
* — %
*T*
*

!

and so, in other words, n,, is a natural transformation if and only if it is a member of the
centre of .#. Now consider the bicategorical equivalent of this statement. Let .#Z be a
monoidal category viewed as a one-object bicategory, and consider the category

Bicat(., .#)(id, id)

whose objects are pseudonatural transformations from the identity pseudofunctor to the
identity pseudofunctor, and whose morphisms are modifications. This category has a ca-
nonical monoidal structure given by composing the natural transformations. We can imme-
diately see that this category is braided monoidal, since all objects and morphisms are of
the forms given below.

n n
\ |
\ ﬁ\
\ sl
! [
n m

Since the only wrapping is the transparent wrapping of the identity functor, every string can
braid over every other string. And since every morphism is a modification, any morphism
can pass over or under any braid. In other words, the braiding for this monoidal structure
is just given by the naturalisor for each pseudonatural transformation.

It is worth noting that modifications interact well with inverses.

Proposition 2.1.9. Suppose that F,G: o/ — A are pseudofunctors, n,m: F' = G are
pseudonatural transformations, and p: n = m is a modification from n to m. If, for
every A € &/, the 2-cell ua has an inverse, then the o7 -indexed family (M;l)Aed defines a
modification u~=': m = n.

Proof. The proof of this follows similarly to the proof of Proposition 2.1.4. O

Finally, we should also note that our modifications often have composites of natural
transformations as their sources and targets. In the interest of saving space we introduce
the following definition for modifications v: mon = m' on/,

m n

\\\\\\\V////
m N
'ilL:E:Jl L
v 1| = 1]
AT i
i |
N

7N

m’ n'
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and similarly for composites of arbitrary numbers of pseudonatural transformations.

2.2  Whiskering

As with natural transformations we can compose pseudonatural transformations not just
with other pseudonatural transformations, but also with pseudofunctors. This is sometimes
known as whiskering.

Definition 2.2.1. Let F,G: & — P and H, K: 8 — € be pseudofunctors, and let n: F' =
G and m: H = K be pseudonatural transformations.

The left, or outer, whiskering of H with n is the pseudonatural transformation whose
1-cells and naturalisors are given by

(H(na)) acy and (H(ng))(s: aspyea-

The right, or inner, whiskering of F' with m is the pseudonatural transformation
whose 1-cells and naturalisors are given by

(mra)ace and (mpyf)(f: A-Byew -

Let’s assign these functors the following colours: /', -, H, and /. Then the 1-cells of
an outer whiskering have two obvious diagrammatic representations.

n Hn
Il 111
Il 1
Il 111
Il = 11
Il 111
Il 11
Il 111
Il 1
n Hn
In the left-hand diagram we view Hn as a pseudonatural transformation n: /' = & with

H applied. In the right-hand diagram we view Hn as a pseudonatural transformation
Hn: Ho I’ = H o ( in its own right. This means that the naturalisors also have two
diagrammatic representations.

Hn f

(L1
W /
_ \\\\\\\\\

Ny
= SSS

SN
S §\§ \\\\\\
\\\\\
wil

\
f Hn

7

In the left diagram, we simply depict the naturalisor for Hn as a braid where everything is
wrapped in the colour of H. On the right-hand side we depict the naturalisor for Hn as a
braid that changes the H o /" wrapping to the H o G wrapping.
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Analogously the 1-cells of an inner whiskering have two diagrammatic representations.

S E=======3
|

The naturalisors also have two diagrammatic representations.

m f mp— f
I\ \\\
\ \ \ \ /
N /// S //
SN = SSSZ
N I
A\ \\\
) n
f m f mpg_

Given a whiskering of a pseudonatural transformation with a pseudofunctor, it will often
be useful to consider both diagrammatic representations in the same diagram. To indicate
a change of perspective we will change the colouring on the string by way of a black box.
For example, we might draw the following diagram.

#

Fm

Note how the outer colour changes from a solid line to a dashed line. Of course the diagram
above simply represents the identity 2-cell from Fm to F'm, but explicitly changing per-
spective in this way can be helpful in certain proofs and constructions. For other changes
of perspective we will also use this same black box. For example in the following diagram
we change our perspective, forgetting that F'm 4 is a component in a pseudonatural trans-
formation and changing it to be a plain old 1-cell.

Fm

FmA
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There is also special case for whiskering that is slightly more complicated. That is when
we have a pseudonatural transformation passing over another pseudonatural transforma-
tion. For example, suppose we want to pass mpa over the top of H(ny). Since m is a
pseudonatural transformation, and n4 is a 1-cell, we have a 2-cell in the following diagram,

HFA 2" Haa

e

MF A Mn y maGAa

7

KFA — KGA
K(na)

and since this 2-cell is a naturalisor, it adheres to all of the braiding axioms. But notice
that on the right we have mga and on the left we have mpg 4, so our inner whiskering has
changed. This is due to a sort of interchange law. We have swapped the outer whiskering
of n by the properties of m and swapped the inner whiskering of m by the properties of n.
If we write this out in our graphical language we get the following braid.

m

n
W
\\\ ////

\\\ \\//

S SN \\\\
7
/// SN\
I

—_—

\
s
S
~
z DS
NN
N\
\
/ )

n m

These special braids have some interesting properties. For a start they adhere to a multi-
object (or multi-coloured) version of the braid relations, the relations that govern the Yang-
Baxter equations.

Proposition 2.2.2. Given any pseudofunctors F',G: of — B and H,K: B — €; any
pseudonatural transformations n: ' = H and m: H = K; and any morphism f: A — B
in o/, we have the following equality.

o
(ti7 S\

m f n m

Ua
/////\\\\\ I | :
n

f

Proof. This is a simple application of the braiding laws that follows from viewing the braid-
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ing of n over f as the 2-cell H(ny).

SIS SIS
‘ ///\\\\\, ﬁ//\\\\\,

f n m f n m

g

f

O

Another way of interpreting this proposition is that braiding a pseudonatural transform-
ation over another pseudonatural transformation yields a modification.

2.3 Adjunctions

If every morphism in a natural transformation has an inverse, then the natural transform-
ation itself has an inverse. In this section we prove that the same holds for adjoint pseud-
onatural transformations.

Proposition 2.3.1. Let F,G: o/ — A be pseudofunctors, and let n: F = G be a pseud-
onatural transformation.

o If na has a left adjoint n% for every object A € <, then there is a pseudonatural
transformation n*: G = F whose 1-cells are given by are (n%)acor.

o If na has a right adjoint n% for every object A € o then there is a pseudonatural
transformation nf*: G = F whose 1-cells are given by (nff) ac.r.

Proof. To prove this we need, for every 1-cell f in &7, to be able to define a 2-cell n)% and
n? such that the pseudonatural transformation axioms hold. The definitions of these 2-cells
are given by Figure 2.1. To prove that these 2-cells adhere to the naturalisor axioms we
appeal to Proposition 2.1.4, Proposition 2.1.5 and Proposition 2.1.6. O

The above result allows us to include cups and caps in our decorated string diagram
language. If I: F = G is left adjoint to r: G = F' it makes perfect sense to colour cups and
caps in the following way.

F— F—
G G
oo 7N
\\ ll/l "
\\Q =% l r

Our aim now is to prove that these pointwise adjoints give adjoints in the bicategory of
pseudonatural transformations and modifications. To do this we need to show that the
pointwise cups and caps give modifications. This is proven by the following sequence of
propositions.
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F F
G — G —
f 4 ”E f
(n]f;)_l ] /_1' . If_\
\\\§ \\/4//1)
//\\\\h I/\/// W

Figure 2.1: Definition of (n]%)_1 and (n}%)

Proposition 2.3.2. Let I',G: of — P be pseudofunctors, and letl: F' = G andr: G = F
be pseudonatural transformations such that | is the left adjoint of r. Then for any 1-cell
f: A— B in o/ we have the following equalities.

r f l r f l
\ )
QQ \/// I } } I \\\/ 4//
S I I 2%
W I = I 7
“\\Q :://,/ “\\Q :://,/

/ f
f f
777N || TN
/1 ot
2% ” H >Ss
7 N\ i I VAR
l f T l f T

Proof. We have the following two equalities, firstly by definition and then by the yanking
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condition.

foo
/// 1]
SO
W=
Nt/

rof l
it it
il PN i
1l 1],’ AN 1l
1M M 1l 1M
- s
7= =
A
/)
N4 il il
S= 1] i
'\{{ I
/)
=t/

The case for caps follows similarly.

r f l
1] 1))
>
o

il 7\
W
Ns=2

f

O

One result of this proposition is that we can unambiguously define the following crossing

diagrams.

rof l f f
in i
W / - -
\ 4 == Z=
\\Q\\Q\__g 4 — ‘ ‘ Iﬁ/’ W — Iﬁ// W ‘ ‘
=== — I [\
N\ //}’ III Iu \\{\\ i
|| e il il oSS
@\ i 7\
f rf A
f f f
| = H {ﬁ/’és A {ﬁ/’és W H
ZE=5 '_ l n =1 | W
ST L b s
— ~
i 1l @\ i w7\
l f r l f r l f T

This result also lets us prove that a cup or a cap can be pulled over a string.

Proposition 2.3.3. Let I',G: of — A be pseudofunctors, and letl: FF = G andr: G = F
be pseudonatural transformations such that | is the left adjoint of r.

f: A— B in o/ we have the following equalities.

f

T l
m o
i
m
i
i
i
i
na
/)
Nt/

f r
\ 7

—
1 P
A
/)
Ns=
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r l f T { f
mooom moW
Il Il Il %§</
m o il S
. YA
v T L
SD
moom X\ o
\\SE,//'// H \\\SE,//'//
f f
Z5Q Z5
il il i il
ol 2
77
AN
o i Q;Z%
m o i 47
moo i 2\
f ! T ! o f
f f
Z5Q Z5
7 7N
il il il W
o s
SD
. LS
Il I e§<ﬂ Il
m o S il
moo 7 Sw i
l r f f l r

Proof. To prove the first equality note that the following holds by definition and then can-
cellation.

il 27 USS il il il
N\ N n moom
J J
o=t/ “ €§5¢W o=t/
The proofs of the other equalities are analogous. OJ

Corollary 2.3.4. Let &/ and Z be bicategories, and Bicat(</, B) be the bicategory whose
objects are pseudofunctors, whose 1-cells are pseudonatural transformations and whose 2-
cells are modifications. A pseudonatural transformation n: F = G has a left adjoint in
Bicat(«, B) if and only if na has a left adjoint for every A € o .
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Proof. This follows from the fact that the cup and cap above form modifications. O

2.4 Biequivalences and Strictification

In this section we explore the strictification theorem, which essentially allows us to ignore
composition associators and unitors in bicategories. This justifies their omission in string
diagrams and will simplify certain proofs later on. First we need some notion of what it
means for two bicategories to be the same.

Definition 2.4.1. A biequivalence between bicategories &/ and £ is a pseudofunctor
F: of — % that is

e essentially surjective: for every B € £ there is an A € o with F(A) equivalent to B;

e alocal equivalence: the hom-functor F': o/ (A, B) — %(F A, FB) is an equivalence for
all A,B € «/.

We say that two bicategories are biequivalent if there is a biequivalence between them.

This definition is often easier to work with but, as with equivalences of categories, there is
an alternative definition in terms of pseudo-inverses, see for example Johnson and Yau's [34,
def. 6.2.10, thm 7.4.1] monograph on bicategories. It follows from this alternative definition
that biequivalence of bicategories defines an equivalence relation. Now that we have a notion
of what it means for two bicategories to be the same in a weak sense, we can express the
strictification theorem for bicategories.

Theorem 2.4.2. FEwvery bicategory is biequivalent to a 2-category.

The proof of this essentially follows from an argument given by Mac Lane and Paré [51,
p. 61], which itself is a refinement and generalisation of Mac Lane’s [49, thm. 5.1] own
coherence theorem for monoidal categories. However, it seems to have been Power [58,
p. 172] who first wrote this result in terms of a biequivalence. Gordon, Power and Street [25,
thm. 1.4] also pointed out that this follows as an immediate consequence of the Yoneda
lemma for bicategories.

It is worth noting that, although there is a standard method to construct such a 2-
category, Lack [42, ex. 1.5] has pointed out that “naturally occurring bicategories tend to
be biequivalent to naturally occurring 2-categories”.

Example 2.4.3. Carboni and Johnstone [13, lem. 4.8] showed that the bicategory of pro-
functors Prof is biequivalent to the sub-2-category of Cat consisting of presheaf categories
and cocontinuous functors between them. This essentially follows from the fact that a
profunctor

P: P x of — Set

can be curried to give a functor
P: of — [B°P,Set)

and the left Kan extension of P along the Yoneda embedding is the unique cocontinuous
extension of &/ to [&/°P,Set]. The same construction works for #-Prof, so long as ¥ is a
COSMOs.
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Example 2.4.4. Lack [42, ex. 1.5] pointed out that the bicategory of spans over some cat-
egory with pullbacks is equivalent to the sub-2-category of Cat consisting of slice categories
of ¢, €/C, and functors between them

vic L5618 2 ¢/D

where f* is the pullback functor for some f: .S — C, and g is the postcomposition functor
for g: S — D. The correspondence is given by identifying the functor g o f* with the span

cd s p.

Strictification gives us a formal grounding for omitting identities and associators from
our string diagrams: it simply doesn’t matter where we put them.

2.5 Pseudoadjunctions

In this section we explore a particular bicategorical analogue for the notion of adjoint. As
pointed out by Gray [27, ch. 6] there are many, many ways to construct something resembling
an adjunction between bicategories. Since we are working with pseudofunctors and not lax
functors, for our purposes we settle on a relatively strong definition.

Definition 2.5.1. Given two pseudofunctors L: &/ — % and R: 8 — /', we say that L
is left pseudoadjoint to R if there are functors

Eap: B(LA B) = /(A RB) :145

natural in both A and B, that form an equivalence. When L is left pseudoadjoint to R we
say that R is right pseudoadjoint to L and that L and R form a pseudoadjunction.

Note that, pseudoadjunctions are sometimes referred to as biadjunctions. It is worth
being explicit about what this means, and we will express this definition in two ways. The
first way is more succinct. Firstly note that we have functors

: /P x B — Cat and 7/ (—. R—): &/°P x B — Cat.

Then L being left pseudoadjoint to R means that there are a pair of pseudonatural equival-
ences in the bicategory Cat, expressed by the following diagrams.

The second way to understand this definition is less succinct but perhaps more familiar, since
it deals with 1-cells and 2-cells in &/ and %. Assigning and 77 this colour, L
being left pseudoadjoint to R means that there are pseudonatural transformations, called
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the unit and counit expressed by the following diagrams,

o SEE=ES

such that the following pairs of whiskerings form pseudonatural adjoint equivalences.

Ri €R (35 Le
| |
| |
L | |
| |
| |
| |

To seasoned category theorists this definition may seem naive. It seems as though we’ve
simply replaced the word “isomorphism” with “adjoint equivalence”, and typically in higher
category theory that isn’t enough. We usually also need coherence diagrams.

As pointed out by Verity [63, lem. 1.3.9] the case of pseudoadjoints is unusual in that
the coherence diagrams come for free. By Proposition 1.1.15 we can always upgrade our
equivalence of categories

Eap: B(LA B) = /(A RB) :145

to an adjoint equivalence of categories. When E and I form an adjoint equivalence, the as-
sociated unit e and counit 7 have two coherence conditions, sometimes called the swallowtail
conditions. For strict 2-functors the first of these conditions is given by Figure 2.2, and the
second is given by a similar equality for ¢. Since the swallowtail conditions aren’t strictly
necessary for pseudofunctors we make no use of them in this thesis.

Lemma 2.5.2. If G and G’ are both right pseudoadjoint to F' then there is a pseudonatural
adjoint equivalence from G’ to G.

Proof. This follows as a consequence of the bicategorical Yoneda lemma that can be found,
for example, in Johnson and Yau’s [34, lem. 8.3.12] book on bicategories, and is given as a
result in Verity’s [63, lem. 1.3.9] thesis. However, we give the sketch of a more constructive
approach here. Let e and ¢ be the unit and counit for the F, G pseudoadjunction and let
€', 1" be the unit and counit for the F, G’ adjunction. Then the 1-cells of the equivalence are
given by

a < qra €9
a,nd ’ 'y
G e ara £9 o,

The proof is essentially the same as the proof that right adjoint 1-cells are unique up to
isomorphism, but equalities are replaced with naturalisors. To be explicit, we have a 2-cell
given by the pasting diagram in Figure 2.3, or equivalently the string diagram in Figure 2.4.
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Figure 2.2: A string diagram depiction of one of the swallowtail conditions.

This 2-cell is just a composite of naturalisors and the equivalence conditions for the units and
counits. The 2-cell giving the isomorphism between the identity and the reverse composite
is given similarly. Of course here we are treating pseudofunctors as if they compose strictly
associatively, and so this particular ‘proof’ technically only holds for 2-functors. O
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Chapter 3

Monoidal Bicategories

The aim of this thesis is to show that bicategories with certain closed structures have a
canonical enrichment over their monoidal category of scalars. To understand scalars we
must first understand monoidal bicategories.

In the first section we give the definition of a monoidal bicategory and give a monoidal
structure for each of our motivating examples.

In the second section we focus on the role of the interchangerator. This is a 2-cell that
follows from the existence of the compositor for the tensor pseudofunctor. Much of this
section is dedicated to the braid-like properties of the interchangerator.

In the third section we reprove a known result: the fact that the monoidal category of
scalars is braided monoidal. We prove this using our decorated string diagram language,
and without appealing to any results that strictify the monoidal structure. This follows
from the braid-like nature of the interchangerator.

In the fourth section we give an account of semi-strictification for bicategories, a result
which shows that every monoidal bicategory is equivalent to one where all of the 1-cell and
2-cell data that define the monoidal bicategory, except the interchangerator, are degenerate.

In the final section we give the definition of a right-monoidal-closed bicategory and give
a closed structure for each of our motivating examples. This monoidal-closed structure is
the second type of closed structure that our bicategories require in order to be equipped
with a cotrace functor.

3.1 Definitions and Examples

Definition 3.1.1. A monoidal bicategory is a bicategory % equipped with a pseudo-
functor ®: B x B — A, a unit object I € £ along with pseudonatural adjoint equivalences:

e the associator as pc: (A®B)®C - A® (B®C);
e the left unitor i4: I ® A — A;
e the right unitor r4: A® I — A;

as well as coherence modifications:
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e the 2-associator whose components are given by the following diagram;

aapc®@D apBee),D A®apcp
\ \ \
| QA B,C,D |
\ \

Q(A®B),C,D Q®A,B,(C®D)

e the left, middle and right 2-unitors whose components are given by the following

diagrams.
la® B TA®B
Axlg aarp 14®DB
Aa,B \ \ \ PA,B
| HA,B
lagp  OI,AB A®rg QABI

These coherence 2-cells adhere to their own coherence axioms, which we choose to omit here
but can be found in, for example, Stay’s [61, def. 4.4] paper on compact-closed bicategories.

Remark. Note that we did not use any coloured strings for our modifications above but
instead defined them by their components. This is because, as we point out in Proposi-
tion 3.1.8, a binary pseudofunctor such as — ® — can be thought of as a collection of unary
pseudofunctors A® — and —® A for each object A € %. For example, depending on the con-
text, the 1-cell aa pc: (A®B)®C — A® (B®C) might be thought of as a pseudonatural
transformation

a_ BC: (—®C)O(—®B):>_®(B®C)v

or a pseudonatural transformation
asp-: (A®B)@ —=(A®—)o (B®—)

Different perspectives are useful in different arguments, and so we choose the decorations
for our diagrams depending on the context.

We do not include the coherence axioms here since they are lengthy and complicated,
and we never appeal to them directly. To understand what the axioms achieve consider
the following. Suppose that we have five objects A, B,C, D, E in .# and we tensor them
together to get (((A® B) ® C') ® D) ® E. There are two distinct ways in which we can
use a string of associators to re-bracket and end up with A ® (B® (C ® (D ® E))). These
two distinct strings, or paths, are naturally isomorphic, or homotopic, via a composite of
2-associators. However, a priori, there are also two distinct composites of 2-associators. One
axiom asserts that these two composites of 2-associators are identical, thus forcing the two
paths of associators to be uniquely isomorphic. The other axioms give similar assertions but
with regard to composites of 2-unitors.

Example 3.1.2. The bicategory Rel has a monoidal bicategory structure where the tensor
product is the cartesian product of sets.

Example 3.1.3. The bicategory Bimp has a monoidal bicategory structure where the
tensor product is given by taking the tensor product of R-algebras. The unit is given by R.
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Example 3.1.4. The bicategory DBimp has a monoidal bicategory structure where the
tensor product is given by taking the tensor product of R-algebras. The unit is given by R.

Example 3.1.5. The bicategory ¥-Prof has a monoidal bicategory structure where the
tensor product is given by taking the tensor product of categories. The unit is given by the
one object category * with hom-object I € 7.

Example 3.1.6. If € has finite limits then Span(%’) has a monoidal bicategory structure
where the tensor product is given by taking the product of objects in €.

Example 3.1.7. If M is a topological monoid then Path(M) has a monoidal bicategory
structure given by taking the monoidal product of points in M.

Remark. Recall that in Section 2.4 we gave two examples of ‘naturally strictifiable’ bicat-
egories. These two examples were motivating examples for an observation, made by Lack [42,
ex. 1.5], that many bicategories seem to be naturally strictifiable. Interestingly, the natural
strictification for both of these examples arises from what might be called the ‘3-trace’. For
every monoidal bicategory there is a pseudofunctor

%’MCat.

We can think of & as a one-object tricategory where the unit is the identity 1-cell. Thus,
the pseudofunctor above is defined analogously to the 2-trace defined in Section 1.2. For
profunctors and spans the natural strictification is given by this pseudofunctor.

Firstly consider the bicategory ¥-Prof, where the unit object is given by the point
¥ -category x. Given a category &7, then we have that

¥ -Prof(x, o) = ¥-Cat(/°P, V)

i.e. & is taken to the presheaf category on /. For a profunctor P: A -+ B, the functor
¥ -Prof(x, P) is given by postcomposition by P. Consider a presheaf F': &/°P — ¥. It
is known that F' is some weighted colimit of representables F = colim" &7 (=, A). The
postcomposition applied to F, ¥~ Prof(x, P)(F), is then given by

Aed Aed
colim"’ o (—,A)® P(A,—) = colim"’ J o (—, A)® P(A,—) & colim"’ P(A,-)

and so ¥-Prof(x, P) is the cocontinuous extension of P: A — [B°P, ¥].
Now let us turn to the case for spans. Here the unit object is given by the terminal
object *, and the category Span(%)(x,C) is isomorphic to the slice category € /C. Given a

span
S
N
C D

the functor Span(%)(x,S) is postcomposition with S, which corresponds to first pulling
back along f and then composing with g. In other words, Span(%)(x,S) is given by the
composite

v/c 1565 2 ¢)D.
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As with monoidal categories, it will often be useful to think of the tensor product of a
monoidal category <7 as a collection of unary pseudofunctors, indexed by the objects of 7.

Proposition 3.1.8. Let F': &f x B — € be a pseudofunctor. For every A € o/ there is a
pseudofunctor

F(A—): B —%€

whose definition on 1-cells and 2-cells is given by the following diagram,

7 22
T R

9 (idA7 g)

and whose compositor and identitor are defined by the following two diagrams.
Foo-
p .

Y

(Avi)
f
gof
Po o) =
id :

v

For every B € A there is a pseudofunctor
F(—,B): o =%
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whose definition on 1-cells and 2-cells is given by the following diagram,

F(_’B)_ F<_a_)_
! f

b 7 22
T || 5

) g

and whose compositor and identitor are defined by the following two diagrams.

F(-,B) — F(—,—)—
g f (9,idp) (f,idp)

/Y

gof (gofvldB)

Proof. The proof follows from the axioms of pseudofunctors, and the naturality of the com-
positor. 0

Then, by induction, we can fix any variable in a pseudonatural transformation to get a
new pseudonatural transformation.

Proposition 3.1.9. Suppose that F,G: o) X ... X oy, — B are pseudofunctors and n: F =
G a pseudonatural transformation. Then for any i and any A € <,

ne . A..—: F(— . A .,-)=G(—, . A .., -)
is a pseudonatural transformation.

Proof. This follows previous proposition by induction. O

3.2 The Interchangerator

The definition of a monoidal bicategory is a clear generalisation of the definition of a mon-
oidal category. This view does, however, obfuscate a rather fundamental property. In the
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same way that bicategories can be thought of as ‘multi-object monoidal categories’, monoidal
bicategories might be thought of as ‘multi-object braided monoidal categories’. In particular
a one-object monoidal bicategory is the same thing as a braided monoidal category. This is
due to the presence of an invertible 2-cell that we call the interchangerator.

Definition 3.2.1. Let £ be a monoidal bicategory and let f: Ag — A; and g: By — B be
1-cells and, by an abuse of notation, let A denote id4 for any object A. The interchanger-
ator is an invertible 2-cell in the diagram below,

Ao ® By BN A1 ® By

Ao®gl “, lm@g

A0®Bl WAl@Bl

that is given by the following composite.

(gaAl) (BOaf)
Xf.g

(B1,f)  (g,40)

(B1, f) (9, Ao)

Note that here before the braid, on the left we right-tensor f by the source of the 1-cell g,
and on the right we left-tensor g by the target of the 1-cell f. After the braid we right-tensor
f by the target of the 1-cell g, and we left-tensor g by the source of the 1-cell f.

There is something slightly subtle going on here. In light of strictification from the
previous section it may seem that this interchangerator might as well be thought of as an
identity 2-cell. The unitors are essentially identity 2-cells. But the join and split are not
inverses since they are indexed differently from one another. Using the labelling convention
from Definition 2.1.1, the join is given by

@ (By1,A1),(Bo,A1),(Bo,Ao): @ (g, A1) 0 ®(Bo, f) = ®(g o By, Ay o f),

but the split is given by

®(7511,A1)}(31’A0)’(30’A0): ® (g0 Bo, A1 0 f) = @(Bi, f) o ®(g, Ao).

Consider for a second a monoidal category. In a monoidal category we have the interchange
law. There is a sense in which this law is a sort of multi-object commutativity condition.
It says that, so long as f and g are in different ‘lanes’; ‘do f then ¢’ is the same thing as
‘do g then f’. The interchangerator plays a similar role, and we will show that it adheres
to braid-like conditions.

56



Proposition 3.2.2. The interchangerator is invertible.

Proof. This follows from the fact that ® is a pseudofunctor, and so the compositor is in-
vertible, as are the composition unitors. O

Proposition 3.2.3. The interchangerator is natural in f and g.

Proof. Naturality says that, given any v: f = f/ and §: g = ¢', the equality in Figure 3.1
holds. But this simply follows from the naturality of the compositor, the naturality of the
unitors, and then the naturality of the compositor again. O

(g7A1) (BO;f) (gaAl> (BOaf)
| |
((0,ea)] [ 80| \ﬁ
(5, \)
- 1
o (A5
ALY
% ’ ([’B1 ’ 7) ‘ ’ (67 LAO)
[ [
(B, f)) (g5 40) (B, f) (g5 40)

Figure 3.1: Naturality for the interchangerator.

Proposition 3.2.4. Given a pseudofunctor F: of — %, and maps f: A—- B, g: B— C
and h: C — D in o, the following 2-cells are equal.

hog f

hog f

>

gof

h gof

Note that here that on the left we omit the associator for £, but on the right we include
the associator for & with the pseudofunctor applied.
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Proof. Consider the associator diagram for pseudofunctors. By inverting the appropriate
2-cells we get the commuting diagram below.

F(h) o (F(g)o F(f)) —*= (F(h)o F(g)) o F(f)

Lp(h)OF_IT lFoLF”)

F(h)o F(go f) F(hog)o F(f)

| I

Flho(go f) —— Fl(hog)o )

The string diagram on the left is the composite around the top of the diagram and the string
diagram on the right is the composite around the bottom of the diagram. O

Lemma 3.2.5. Let o/ be a monoidal bicategory. For every quadruple of 1-cells f: Ay — A1,
g: Ay = Ay, h: By — B1 and k: By — By in &/ the interchangerator adheres to the
following generalised braid equations.

(h,A2)  (Bo,g) (Bo,f)

(h;0)

(A 0)

(Blag) (Blvf) (h,Ao)
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(k, A1) (h,A1) (Bo,f)

(¢, )

(1, M)

(B2, f)  (k,A0) (h,Ao) »\

(B2, f)  (k,Ao) (h,Ao)

Proof. We only show that the first generalised braid equality holds, the proof of the second
is analogous. By definition, we know that the left-hand side of the equation is equal to
Figure 3.2. By the above proposition, and the fact that (&, &) is the associator for &7 x o,
we know that Figure 3.2 and Figure 3.3 are equal.

Using naturality of the compositor we can move every 2-cell to the middle, so Figure 3.3
equals Figure 3.4. By Proposition 1.1.9, as well as the unitor axiom, we can compose the
three middle 2-cells, so we know that Figure 3.4 is equal to Figure 3.5.

Next, we can use the compositor axiom for pseudofunctors to swap which side the first
join and the final split are on, and so Figure 3.5 is equal to Figure 3.6. Then we can use the
unitor axiom and Proposition 1.1.9 to compose associators with unitors, so we know that
Figure 3.6 is equal to Figure 3.7.

Finally, splitting the first and final centre 2-cells, and using the compositor axiom we
have that Figure 3.7 is equal to Figure 3.8. Now rearranging our composites we have that
Figure 3.8 is equal to Figure 3.9. And Figure 3.9 is equal to the right-hand side of the
equation by definition.

O
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(h,A2)  (Bo,g) (Bo,f)
X
(5. A)

o—1

(A p7h

My

(5, N)
_I|I_
o—1

(A Y

I

(Bl7g) (Blaf) (h7A0>

Figure 3.2
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(h7 AQ) (3079) (B(]af)

X
(5, A)
_I|I_

o—1

(A

R

J =L

N\Ial[i

/ﬁ
()
_I|I_

°o—1 o__
A Y

Y

(Blag) (Blaf) (h’AO)

Figure 3.3




(h7 A2) (3079)

)

(B(]af)

P

(Blag) (Blaf) (h’AO)

Figure 3.4
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(h'a AQ) (B07g) (307f)

C

L ]

(Blag) (Blaf) (h’AO)

Figure 3.6
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(h,A2)  (Bo,9)

CR

(Lo A N)
1[I

(5‘_1 P, L)

(50w p)

L]

(B1, ) (h, Ao)

Figure 3.7




(h, As) Bo, (Bo, f)

- ~

(%) :
_lll_ (P, A)
(5\— ) —
(5\—1/}—1
(h="0) W
510
A\ A\/g
(Blag) (Blaf) (thO)
Bl) Bla h AO
Figure 3.9
Figure 3.8
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3.3 Scalars

There is a classical result in the theory of monoidal categories, seemingly first proved by
Kelly and Laplaza [39, prop. 6.1], which tells us that every monoidal category gives rise to
a commutative monoid. Given a monoidal category, <7, we define the monoid of scalars
in &7 to be given by the endomorphisms at the unit, o7 (1, I), equipped with composition.
To understand this nomenclature note that in the category of Hilbert spaces this monoid is
isomorphic to C equipped with multiplication.

The result of Kelly and Laplaza says that the monoid of scalars is always commutative,
and the proof of this is a very straightforward application of the Eckmann-Hilton argument.
Every pair of scalars f,g: I — I can be composed in two ways. We can multiply horizontally

I~1el %% 1er>1,

or vertically
rhrsr

But the functoriality of the tensor product guarantees that

(ffeg)o(feg) =(fof)@(d og),

and so, by the Eckmann-Hilton argument, the two multiplications agree and are commut-
ative.

Monoidal bicategories also have scalars, but the collection of scalars now form a monoidal
category. Let # be a monoidal bicategory, then we define the monoidal category of scalars to
be the category #(I,I) with tensor product given by composition. In the previous section
we saw how monoidal bicategories carry a sort of multi-object braid in the form of the
interchangerator. In this section we see that the interchangerator gives rise to an actual
braid structure on the monoidal category of scalars. One way to prove this is to repeat the
strategy for the lower dimensional case. This would involve using a 2-dimensional version of
the Eckmann-Hilton argument. Such a strategy does work, and this 2-dimensional version
of the Eckmann-Hilton argument can be found in Braided Monoidal Categories by Joyal
and Street [35, prop. 3]. We will also see later that this fact follows almost immediately
from a semi-strictification result as proved by Gordon, Power and Street [25, cor. 8.7]. Here
we prove that the braiding exists directly, using the string diagram language developed in
the previous chapter.

Definition 3.3.1. Given a monoidal bicategory %, the monoidal category of scalars
for Z is the category (I, 1) equipped with the tensor product given by composition.

Example 3.3.2. The category of scalars for Rel consists of the two sets * and @. This
monoidal category is monoidally equivalent to the category of boolean truth values (F — T))
equipped with logical conjunction.

Example 3.3.3. The category of scalars for Bimp is the category of R-R-bimodules. But
since R is commutative, this is just R-Mod with the usual tensor product.

Example 3.3.4. The category of scalars for DBimpg is the category of chain complexes of
R-Modules. When R is a field, this is equivalent to the category of graded vector spaces.
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Example 3.3.5. The bicategory ¥ -Prof has the category
Prof (*, ) = Func(x, ¥) =2 ¥

as its category of scalars. The composition of profunctors from * to * is just given by the
tensor for 7.

Example 3.3.6. If € has finite limits then the scalar category associated to the bicategory
Span(%’) consists of spans * <+ A — %, and since maps to * are unique, this means the
category of scalars is just the category ¥. Pulling back A — % <— B just gives the product
A x B and so the monoidal structure is given by taking products.

Example 3.3.7. If M is a topological monoid then the scalars for Path(M) are loops at
the unit e and the monoidal category structure comes from concatenation of loops. Then
the category of scalars is the monoidal category whose skeleton is the fundamental group of
M.

In a monoidal category it is possible to prove that the left and right unitor agree at the

unit. That is to say I ® I L TIis equal to I ® I = I. In a monoidal bicategory we can
construct an invertible 2-cell that encodes this data. The following construction is given as
a string diagram by Garner and Shulman [24, lem. 2.1], but here we give the construction
using our decorated string diagram language.

Proposition 3.3.8. In every monoidal bicategory there is an invertible 2-cell 0: Iy = ry.

Proof. Firstly note that there is an invertible modification in the diagram below,

I®A fa A

- o i

I®AR]) 77— (I®A)®IT>A®I
I

ar, A1

given by the following composite.

-®I
I1®—-—
l
Il
. !
Ve ~
\ Il
o
r re I
\ \ Il
TN
\ ===
N
\
T S
L
\ (*”7::11 1l
\ L___2___y)
\ ==l ]
\ I} M ]
\ I} [} i
r l—®[ alv_aI T;®_
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There are also invertible modifications in the following two diagrams,

ligB reer
/\ /\
I®(I®B) Hol I®lp ol Uer Cohel
\/ \/v
I®lp r&®I
given by the following two composites
l r®
ol
—2N g
RN | N
[ o) \ / \
I N S }
I S S
Wallla W
RS I
- I |
l r®

Taking each of these modifications at their I’'th component, and composing with the I'th
component of the middle unitor p, we have an invertible 2-cell, that we call 6, given below.

w1

rr

O

We now define the scalar braid morphism as follows. Firstly let — @ — be this colour, let
and let — @ [ be this colour. Note that when we are composing scalars
we can draw the interchangerator as in the diagram below.

g f (L,g)  (f,1)
:
f g £, (,9)
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Then the braid for scalars is defined by the following diagram.

Remark. Note that this particular example highlights why colouring pseudofunctors can
be helpful. Without the colourings we see that X is given by Figure 3.10. This diagram
breaks geometric intuition. It appears as though there is a contractible loop on top of two
separate strings. Once we contract the loop we’re just left with x. But this makes no sense,
since there is not an interchangerator morphism from g o f to itself.

Proposition 3.3.9. Let I',G: of — P be pseudofunctors, and let n: ' = G be a pseudo-
invertible natural transformation. Then the following equality holds.

n® f n n® f n
I ) I I
I \\\/4 I i
I 27 I i
N i I
N I i

I i
— I i
I i
I I

=Y
/,/’ A\ I i
) I Il 1l
L Lol

=

7 N\ I i
n® f n n® f n

Proof. The left-hand side of the equation is equal to the following diagram by Proposi-
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g f
0]
A
gRI IR f

1] X7 [6°]
fol I®vg
J

6]

f g

Figure 3.10: A confusing way to define the braid
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tion 2.3.2.

n® f n
Il J]
[l \\\/ B
Il Y
W
\\Q ::’/,/
N
[ \
s
~
I /// \\\\
n® f n

But this diagram is equal to the right-hand side of the equation by the definition of a
pseudo-invertible 1-cell, and the invertibility of the naturalisor. O

Lemma 3.3.10. The family of 2-cells (X7 4) is a braiding for the monoidal category of
scalars.

Proof. We must show that X is invertible, natural and satisfies the braid equations. Invert-
ibility simply follows from the fact that X is a composite of invertible 2-cells. Naturality
follows from the axioms of natural transformations and the fact that x4 is natural in f
and g.

We only show that one of the braid equations hold. The other follows analogously.
Firstly note that by the above proposition, and by the following two equalities

f//‘\\ (l//a:‘\\\ Lot Lo
| , i ! I \ I
| NciSinl
] | I I \ /, i ,./,
r I r IAd Nz Nz

we know that Figure 3.11 and Figure 3.12 are equal. Now by Lemma 3.2.5 we know that
Figure 3.12 is equal to Figure 3.13. By Proposition 3.1.8 and the axioms of natural trans-
formations we know that Figure 3.13 is equal to Figure 3.14. Thus, the braid equation
holds. O

This is fortunate for us. Our ultimate aim is to show that every left-composition-closed,
right-monoidal-closed bicategory can be enriched over #(I, I)-Cat. Note that in ¥-Cat the
tensor product is given by o/ ® % whose objects are pairs of objects (A, B) and whose
hom-objects are given by

(o @ B)((A,B),(A',B")) = (A, A") @ B(B,B’).

But note then that this definition only makes sense when 7 is braided. The source of the
composition morphism must be

(A, A" @ B(B',B")® o (A, A" @ B(B,B’)
and so without braiding the centre two hom-objects there is no canonical choice of compos-

ition.
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3.4 Semi-Strictification

In the previous chapter we saw how every bicategory can be thought of as a 2-category, and
so composition unitors and composition associators can really be thought of as equalities.
Something similar holds for monoidal bicategories — all the tensor unitors and tensor associ-
ators might as well be equalities — but crucially the interchangerator is not degenerate. This
gives us a sort of semi-strictification result. It turns out that every monoidal bicategory can
be thought of as a Gray monoid.

Definition 3.4.1. A Gray monoid, .Z, is a 2-category equipped with a unit object I, and
for every object A € .4, a left-tensor 2-functor Ly: .# — .# and a right-tensor 2-functor
Ra: M — A such that

e tensors of objects are unambiguous: L4 (B) = Rp(A);
e tensoring is unital: L; = R; and they are both the identity pseudofunctor;
RBOLA = LAORB.

e tensoring is associative: Ly, gy = LaoLp, Rpg,(B) = RpoRa,

We often write A ® — for Ly and — ® A for R4. By the above axioms, for any pair of
sequences, (A1, ..., A,) and (B, ..., Bp), of objects in .4 we have an unambiguous 2-functor

A®. QAR (-)®B1®...Q Byt M — M.

Additionally, for all objects, A and B, and all arrows, f: Ay — Ay and g: By — By, #
comes equipped with an invertible 2-cell, x,. ¢, called the interchangerator given by the
following diagram.

g A By®f

Xg,f

Biof g®A

The interchangerator is unital in the sense of the following equalities.

B®f B®f gR A gR A
- - @)
B®f B®f gR A gR A

The interchangerator is natural in both variables, in the sense that, given ¢: f — f/ and
¥: g — ¢’ the following composites are equal.
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That is compatible with associativity in the sense that, given any object A, the following

equalities hold.

AR (g® Ay) A® (By® f)
I‘ A®xg,1 ‘l
A®(1‘31®f) A®(/‘10®g)
(9@ A))® B (Bo® f)® B
T
(B1®‘f)®B (A0®‘g)®3

(A®g)® Ay
\

(A® By) ® f
\

I XA®g, f I

\
(A®B1)® f

\
(A®A0)®g

g® (A1 ® B)
\

By ® (f ® B)
\

I Xg,f®B |

\
(Bi®f)® B

\
(Ag®g)® B

(3.3)

(3.4)

And finally, that adheres to the generalised braid laws, in the sense that, given 1-cells
By — B the following composites are equal.

fZ Ay —>A1,gi Aq —>A2, h: By — By and k:

h® Ag

Bo®g Bo®f

k® A

By® f

h@Ar DBo®f

k® Ay

h® Ag

h® A,

Bo®g By®f

=

Bi1®g Bi1®f h® Ao
kA hA B®f
X
By® f k® Ay h® Ay

Remark. Note that the definition of a Gray monoid as given by Day and Street [19, def. 1]
has a small error. It claims that x4 is the identity 2-cell if f and g are both identity 1-cells.
Of course, this should hold if f or g are the identity.

From the data of a Gray-monoid we can define a single pseudofunctor

where

Q: M X M — M
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e given objects A, B € .#, we define ARB = A ® B;
e given l-cells f: Ay — A; and g: By — By we define f®g = (¢ ® A1) o (By ® f);

e given 2-cells p: f = [ and ¢: g = ¢, where [, f': Ag — Ay and g,¢': By — B1 we
define ¥ ® ¢ == (¢ ® A1) o (Bo @ ¢);

e given l-cells, f: Ag — A1, f': Ay — As, g: By — Bi1, ¢': By — By we define the
compositor to be the following 2-cell.

gef g f

B ®f g® A

g ® A Bo® f

g® Az By f'

(g og)®(fof)

This gives every Gray monoid the structure of a monoidal bicategory where the unitors and
associator are identity 1-cells. It is worth noting however, that this is not unique or even
canonical. We chose, for example, to define f®g as (41 ® g) o (f ® By), but we could just
have easily defined it to be (f ® By) ® (41 ® g). This too defines a monoidal bicategory.

Gordon, Power and Street [25, cor. 8.7] proved that every monoidal bicategory is essen-
tially a Gray monoid.

Theorem 3.4.2. FEvery monoidal bicategory is monoidally biequivalent to a Gray monoid.

As a result of this theorem we will prove certain results for Gray monoids rather than
monoidal bicategories, but the proof for monoidal bicategories can always be recovered.
This will greatly simplify certain diagrams that would otherwise be unreasonably large.

3.5 Closed Monoidal Bicategories
We’ve already seen that bicategories can be closed with respect to their composition. But

just like monoidal categories, monoidal bicategories can also be closed with respect to their
monoidal product. The definition of a monoidal-closed bicategory is deceptively simple.
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Definition 3.5.1. A right-monoidal-closed bicategory, <7 is a monoidal bicategory <7
equipped with a pseudofunctor [—, —] : &°P x &/ — & such that for any A € o there is a
pseudoadjunction

- QAT =2 [A -]

Remark. Note that bicategories with this structure are often referred to as right closed
monoidal. However, since we are interested in bicategories that are closed compositionally
and monoidally, we reorder the adjectives and introduce hyphens to remove any potential
ambiguities. For the sake of consistency we also apply this convention to categories.

Example 3.5.2. The bicategory Rel is right-monoidal-closed with [A, B] given by B x A.
The unit and counit for the pseudoadjunction are relations

R:B—+Bx(AxA)and S: (BxA)xA— B

which are given by the permuted diagonal relations.

Example 3.5.3. The bicategory Bimpg is right-monoidal-closed with [A, B] given by B ®
A°P, The existence of the unit and counit for the pseudoadjunction follows from the fact
that an A-B-bimodule is a left A ® B°? module and a right A°® ® B module. We need
bimodules

U:B—-(BRA)@A®Pand E: (B A?P)® A — B

which are given by the identity bimodule for B ® A, thought of as a B-((B ® A) ® A°P)
bimodule, and the identity bimodule for B ® A°P, thought of as a ((B @ A°?) ® A)-B
bimodule.

Example 3.5.4. The bicategory DBimpg is a right-monoidal-closed with [A, B] given by
A ® B°P. The unit and counit are constructed analogously to the above.

Example 3.5.5. The bicategory ¥ -Prof is right-monoidal-closed with [<7, %] given by
P @ 2/°P. The unit and counit are given by the identity profunctor

Hom: B® of - B QR oA
thought of as profunctors
Hom: # - (B Q@ ) ® &/°? and Hom: (B ® o/P) @ &/ - A.

Example 3.5.6. If ¢ has all limits then the bicategory Span(%) is right-monoidal-closed
with [A, B] = B x A. The unit and counit are given by spans

Bx A Bx A
B BxAxA BxAxA B

where A is the diagonal map, and where we’ve ignored associators to save space.

Example 3.5.7. If G is a topological group then Path(G) is a right-monoidal-closed bicat-
egory with [x,y] = yz~1. The unit and counit are the identity paths since [z, yz] = yrz~! =

yand [z,y]z =yr~loz =y.
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Notice that in all of the examples given above, the closed structure is given in relation to
the tensor product. This is because the examples we are interested in constitute compact-
closed bicategories, which we study in Section 6.2. Right-monoidal-closed bicategories have
many similar properties to right-monoidal-closed categories. One particular feature we will
make heavy use of is the ability to replace a given 1-cell with its ‘name’.

Proposition 3.5.8. In a right-monoidal-closed bicategory A, for every A, B € A& there is
a pseudonatural adjoint equivalence

—_ —

(=): B(A,B) = B(1,[A,B]) :(—).

We call 7 the name of f and lg_ the realisation of g.

Proof. Let E and U be the adjoint equivalences associated to the adjunction given by the

closed structure. Then the name functor, (—), is defined by the composite

#(A,B) 2P (1w A, B) 2 8(1,[A, B)

PA—

and the realisation functor (—) is defined by the composite

B(1°,B)
5

2(1,[A,B) L (1 ® A, B) Z(A,B).

These composites give an adjoint equivalence since [ and [*® give an adjoint equivalence and
sodo F and U. O

Definition 3.5.9. If a bicategory is both right-monoidal-closed and composition-closed
then we will refer to it as a monoidal-closed composition-closed bicategory.
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Chapter 4

Monoidal Actions

Let’s take a break from monoidal bicategories for a while to consider good, old-fashioned
monoidal categories. In the next chapter we will prove one of our main results: every left-
composition-closed, right-monoidal-closed bicategory % can be enriched in #(1, I)-Cat. We
haven’t yet given an account of what an enriched bicategory actually is, but in this case it
involves replacing every category %(A, B) with a A(I, I)-category, replacing the composi-
tion and identity functors with %(I, I)-functors and replacing the unitors and associators
with Z(I, I)-natural transformations.

Given some braided monoidal ¥, working with ¥ -categories can often be unwieldy,
especially when definitions are given indirectly. The aim of this chapter is to simplify this
process by working with categories acted on by ¥, called ¥ -representations, instead of
¥ -categories. If a monoidal category ¥ is like a higher-dimensional monoid, then a ¥'-
representation is like a higher dimensional ¥#-set. Representations of this kind seem to
have been first suggested by Bénabou [8, def. 2.3] but, as with all good definitions, have
been rediscovered independently many times. They also go by several different names, one
that seems to have gained traction in the applied category theory community is “actegory”
coined by McCrudden [53, sec. 3].

As proved by Gordon and Power [26, thm. 3.7], closed, strong ¥ -representations are the
‘same thing’ as copowered ¥ -categories via a 2-equivalence of 2-categories

¥ -Repl)" = ¥-Cateop.
The idea, then, is that, given a bicategory A, we firstly show that every hom-category
PB(A, B) is a closed B(I,I)-representation. We then show that all of the data of & — the
composition, the identities, the associators and unitors — are all compatible with the repres-
entation structure. Then we use the above 2-functor to change the base from representations
to enriched categories.

In reality this does not work, the reason being that enrichment requires a monoidal
structure for ¥-Rep. Whilst #-Rep has an obvious tensor product, the tensor of two closed
¥ -representations may not be closed.

If we were enriching over monoidal categories this would be easily rectifiable. We could
instead define a multicategory structure on #-Rep. — induced by the tensor product on
¥ -Rep — and then enrich over the multicategory, in the sense of Lambek [43, p. 106]. If
we showed that the functor above could be given a multifunctor structure then this would
give a base-change functor from closed representations to enriched categories. We are,
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however, trying to enrich bicategories over monoidal bicategories. A similar approach to the
above is likely possible using Leinster’s highly abstract machinery of enriched generalised
multicategories [45]. We instead use a more direct approach.
Firstly we show that there is an enriching 2-functor from all closed representations to
all enriched categories:
(—): Repy — EnCat.

We then introduce two monoidal 2-categories: the 2-category of closed ¥ -iterated represent-
ations includes all categories with a ¥ action for some n € N; the 2-category of ¥ -iterated
categories includes all categories enriched over ¥™ for some n € N. These 2-categories are
intended to behave similarly to the free monoidal 2-categories on ¥-Rep. and ¥-Cat, and
the restriction of the enriching 2-functor to these 2-categories is monoidal. Finally, we intro-
duce the ‘collapsing 2-functor’ which sends every ¥ "-category to its associated ¥ -category
via the tensor product for ¥, and show that this 2-functor is monoidal. As a result, when
we enrich in the next chapter, it suffices to show that our enriching data is all given in terms
of ¥ -iterated representations, before collapsing this data to ¥ -categories.

4.1 Categorical Representations

Given a monoid M, we can define an M-set to be a set on which M acts associatively and
unitally. Given a monoidal category ¥, we can define a ¥ -representation to be a category
on which ¥ acts oplaxly associatively and oplaxly unitally. In this sense the definition of a
¥ -representation is a categorification of the definition of an M-set.

Definition 4.1.1. Let ¥ be a monoidal category. A category % acted on by 7, or a
¥ -representation, is a category ¢ equipped with a functor

O: YV XEC€—>F
and natural transformations — the associator a, and the unitor u — whose components are
a: (VeoW)oC—-VoWoel)andu: I©C — C.

These natural transformations adhere to coherence conditions given by the following com-
muting diagrams.

(UeV)oW)oA 2% Ue(VeW) oA —2=Uo(VeW)oeA)

Jo [

(UeV)e (W e A . (Uo(VoeWoeAa))

(IeU)o I16(U®eA)

A a

;;\\ (/{/
Ue A

U)o

UoIoA)

A a

UoA.

We call a representation strong if the associator and unitor are isomorphisms.
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Remark. We describe the action as oplaxly associative and unital because, as pointed out
to the author by Leinster [47], if we curry the action to get a functor

OV — [€,%)]
then it is easy to see that ® is an action if and only if ® is an oplax functor.

Remark. For the sake of space and readability we will quite often drop bracketing for
actions. For example, we might write

VoWoCoVoWoel

since the meaning is unambiguous.

Example 4.1.2. Any monoidal category ¥ is a ¥ -representation where the action is given
by the tensor product.

Example 4.1.3. If & is a bicategory, then for any pair of objects A and B, (#(B, B), o)
forms a monoidal category and Z(A, B) is a B(B, B)-representation via post-composition.
The associator and unitor for the representation are just given by the composition unitor
and associator.

Example 4.1.4. If # is a bicategory, then for any pair of objects A and B, (#(A, A),;)
forms a monoidal category, where (f;g) = (go f), and #(A, B) is a B(B, B)-representation
via pre-composition. The associator and unitor for the representation are just given by the
composition unitor and associator.

If we have an N-Set, A, and a monoid homomorphism, f: M — N, then we can equip
A with an M-Set structure, called the pullback action. Something similar holds for oplax
monoidal functors and ¥ -representations.

Proposition 4.1.5. Let € be a # -representation. If F: ¥V — W is an oplax monoidal
functor then there is a ¥ -representation €r whose underlying category is €, and whose
action is given by F(V) ©¢ C for allC € € and V € ¥.

Proof. This is an immediate consequence of the above remark. If we think of our action as
being an oplax functor

O W —[€,€)
then the composite ® o F will also be an oplax functor. O

If a ¥ -representation is a higher-dimensional M-set, then the next definition might be
thought of as a higher-dimensional torsor, as observed by Willerton [67]. Not only is there
an action of the monoidal category on each C' € €, but between any C, D € € there lies an
object in 7.

Definition 4.1.6. We call a ¥ -representation € closed if, for every A € € there is a
functor (A, —): € — ¥ such that (A, —) is right-adjoint to — @ A.

A representation being closed does not guarantee that its pullback will be, unless the
pullback is along a functor with a right adjoint.

Proposition 4.1.7. Let € be a closed W -representation. If F': V' — W is an oplax mon-
oidal functor with a right adjoint G, then € is closed with the closed structure given by

Go(C,=) forallC € €.
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Proof. This follows from the sequence of natural isomorphisms
¢(F(V)©C,D)=%(F(V),(C,D)) =% (V.G({C,D))),

induced by the adjunction given by the closed structure, and the fact that G is right adjoint
to F. O

It is known that a monoidal-closed category can be enriched over itself. The following
theorem generalises this idea to closed representations.

Theorem 4.1.8. If € is a closed strong V -representation then there is a ¥ -enriched cat-
egory € whose underlying category is €, such that €(A, B) = (A, B) for all A,B € €. Fur-
thermore, € is copowered over ¥ and the underlying category of any copowered ¥ -category
is a ¥V -representation.

The above theorem is a corollary of a result due to Gordon and Power [26, thm. 3.7] but
was also later proved more explicitly in the appendix of a paper by Janelidze and Kelly [33,
sec. 6]. We will make heavy use of this result, so it is worth giving the constructions from
the proof.

Sketch Proof. Given a ¥ -representation the enriched composition for & is defined as the
adjunct to

B,C)®e
—_—

(B,C)® (A,BY® A% (B,C)® (A, B)® A~ (B,C)®B S C

and the enriched identity for € is defined as the adjunct
IoC S C.

Proving the axioms hold is a case of taking the adjuncts of the diagrams which give the
axioms for representations, and showing that these adjuncts correspond to the axioms of an
enriched category. O

Remark. This theorem tells us that closed strong representations correspond to enriched
categories with copowers. However, the proof also shows that all closed representations give
rise to an enriched category, but the resulting enriched category is copowered if and only if
the representation is strong.

Definition 4.1.9. Let € be a ¥ -representation, and let 2 be a # -representation. A linear
functor consists of a functor F': ¥ — %, a lax monoidal functor (G,n,i): ¥ — # and a
natural transformation

m: G(=)OF(—) = F(—0-)
such that the following associativity and unitality diagrams both commute.

GV)o GW) e F(C) 229 qv e w) e F(O)

al lm

GV)eGW)oe F(C) FVeWwWol)
G(V)@ml lF(a)
GV)oFWo(l) ———— FVoWwol)
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roF(C) —29 qyeF(e)

%

F(C) = FIoO)

The composite of two linear functors (F,G,m): o — % and (F',G',m'): B — € is given
by the functor F o F’, the lax monoidal functor G o G’ and the composite natural trans-
formation

GGV e FRC) s F(GV) o FO) 2 ey e o).

We call ' a #-linear functor if G is the identity.

Elsewhere in the literature, for example Capucci and Gavronié’s [12, p. 28] survey, linear
functors are made up of strong monoidal functors. Given that the representations in this
thesis can be defined as oplax monoidal functors, and that oplax functors induce pullback
representations, it may seem odd that the definition above includes a lax monoidal functor
instead. This is because oplax functors are the ‘wrong’ choice for closed representations. We
want to think of closed representations as enriched categories, and base changes of enriched
categories only exist for laz monoidal functors. Another justification for using lax, rather
than oplax monoidal functors, is internal modules.

Definition 4.1.10. Let o be a ¥ representation, and let (v, i, ¢) define a monoid in ¥. A
v-module internal to & is an object k € 7 equipped with a morphism v ® k < k, called
the action morphism, such that the following associativity and unitality diagrams both
commute.

vRVOk —2s vovek 2% vek

4l v

vk k

v

Tok—2% o0k

Example 4.1.11. Any module internal to a monoidal category is a module in the sense
above, where the monoidal category acts on itself via the tensor product.

The above definition and the following lemma are both instances of what Baez and
Dolan [3, p. 156] call the ‘microcosm principle’. The idea being that if we take some sort
of algebraic structure that can be defined on sets, and categorify it, then we can define
that same algebraic structure internal to the categorification. What’s more, any structure
preserving functor will preserve the internal algebraic structure.

Lemma 4.1.12. Let o be a ¥ -representation and B be a W -representation. If (V,p, 1) is
a monoid in ¥, (K,v) is a V-module in <, and

(F,G,m): o — B
is a linear functor, then F(K) is a G(V) module with action map given by the composite

GV)oF(K) ™ F(VoK)S F(K).
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Proof. Recall that if G: ¥ — # is a lax monoidal functor, and (V, u,¢) defines a monoid
in ¥, then G(V) defines a monoid in % with multiplication map

GV GV) S avev) W, qw)

and unit map
i G
I-GI)—5= G(V).
Then we must prove that F(K) and the action map satisfy the unitality and associativity
axioms. To see that unitality holds, notice that the internal polygons of the following
diagram commute by the unitality axiom for F', the naturality of m and the unitality for K.

iOF(K)

16 F(K) (o F(K) S aivy o F(K)

©K)

F(v)

But the outer morphisms of this diagram give the unitality diagram for F(v) o m. To
see that associativity holds, notice that the interior rectangles of Figure 4.1 commute, by
associativity for F', naturality of m and the associativity of v. But the outer morphisms
of this diagram give the associativity diagram for F'(v) o m. Thus, the associativity axiom
holds, and so F(K) is a G(V) module with action morphism F'(v) o m. O

As well as linear functors, we also have a notion of linear natural transformation.
Definition 4.1.13. Given a ¥ -representation 7, a # -representation Z and linear functors
(F,G,m),(F',G',m'): o — B

a linear natural transformation (v,u): (F,G,m) = (F',G’,m’) consists of a natural
transformation v: F = F’ and a monoidal natural transformation p: G = G’ such that the
following diagram commutes for all V € ¥ and A € «.

G(V)o F(A) 2% G'(V) @ F'(A)

mi l’”'

F(VOA) —— F'(VO A)

Both vertical and horizontal composition of linear natural transformations are given component-
wise. We call v a #-linear natural transformation if y is id: Id — Id.
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Figure 4.1
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Definition 4.1.14. These definitions give rise to a number of useful 2-categories:

e For every monoidal ¥ we denote by ¥ -Rep the 2-category of all ¥ -representations,
¥ -linear functors and ¥ -linear natural transformations.

e For every right-monoidal-closed 7" we denote by ¥ -Rep,; the 2-category of all closed
¥ -representations, ¥ -linear functors and ¥ -linear natural transformations.

e We denote by Rep,, the 2-category of all closed representations over right-closed cat-
egories, linear functors and linear natural transformations.

Remark. As mentioned above our 2-category Rep differs from other categories of represent-
ations (or actegories) since our 1-cells use lax monoidal functors. In, for example, Capucci
and Gavranovié¢’s review, their 2-category of all actegories uses strong monoidal functors.
This is because they first define a 2-functor

(—)-Rep: MonCatg,? — 2-Cat
using Proposition 4.1.5 to send every strong monoidal functor G: ¥ — # to a pullback

functor
G*: W -Rep — ¥-Rep.

Then they use the bicategorical Grothendieck construction of Carrasco, Cegarra and Garzoén [14,
def. 7.2] to define a 2-category of all representations.

Using this construction it would also be possible to define a category of all representations
where the 1-cells contain oplax monoidal functors. However, for a lax monoidal functor
G: ¥ — W there is no pullback functor

G W =Y.
Thus, there is no 2-functor and no 2-categorical Grothendieck construction.

It is worth mentioning here the stronger version of the fundamental theorem of enriched
category theory, Theorem 4.1.8, proved by Gordon and Power [26, thm. 3.7].

Theorem 4.1.15. Let ¥ be a right-monoidal-closed category and let ¥ -Catgop be the 2-
category of copowered V -categories, ¥ -functors and ¥ -natural transformations. Then there
is an equivalence of 2-categories between ¥ -Rep, and ¥ -Cateop.

Remark. In its original form this result was given for actions of bicategories and categories
enriched over bicategories. These are not to be confused with the enriched bicategories in
the next chapter, which are enriched over monoidal bicategories.

4.2 Enrichment via Actions

The theorem above gives slightly more categorical weight to the claim that copowered ¥-
categories are ‘the same thing as’ strong, closed ¥ -representations. Unfortunately for our
purposes this is not sufficient. Let % be a left-composition-closed, right-monoidal-closed
bicategory. In the next chapter our first aim will be to show that, for all A,B € %,
HB(A, B) can be replaced by a scalar-enriched category #(A, B). We will show that the
category of scalars, #(1,1), acts on (A, B) and that this action is closed. However, our
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second aim will be to show that we can replace the horizontal composition functor with an
enriched functor. This would mean equipping the composition functor

o: B(B,C) x B(A,B) — B(A,C)

with a B(I, I)-linear functor structure. The problem here is that there is no obvious choice
of closed action by B(I,I) on B(B,C) x B(A, B). There is, however, an obvious choice of
closed action by ZB(I,1) x B(1,I). And there is also a monoidal functor

o: BU,I) x B(I,1) — B(I,1).

This allows us to exploit the fact that any monoidal functor gives rise to a base change for
enriched categories. In this section we give a 2-functor

(=): Repy — EnCat

from the 2-category of all closed representations over right-monoidal-closed categories, to
the 2-category of all enriched categories.

Remark. As mentioned in the previous section, if we define our linear functors to be those
with an oplax monoidal component, we can show that Repg) is the result of a bicategorical
Grothendieck construction. We can similarly construct the category of all enriched categories
via a bicategorical Grothendieck construction: we take the 2-functor

(—)-Cat: MonCaty,, — 2-Cat

which sends every ¥ to the 2-category ¥'-Cat, every lax monoidal functor F: ¥ — #
to its associated base-change functor (—)p: ¥-Cat — #/-Cat, and every monoidal natural
transformation pu: F' — G to a pseudonatural transformation, made up of functors pu: €r —
% which are the identity on objects and whose associated morphisms are given by

p: F(€(A,B)) — G(€(A, B)).

This hints at a 2-functor arising from these Grothendieck constructions. There is, how-
ever, a variance issue: note that the sources of each of the 2-functors do not agree

(—)-Rep,;: MonCat 2P — 2-Cat and (—)-Cat: MonCaty,, — 2-Cat.

oplax

However, the right adjoint of every oplax monoidal functor can be given the structure of a
lax monoidal functor. So consider, instead, the 2-category ClMonCatr,Aq; whose objects are
right-monoidal-closed categories, whose 1-cells A — B are given by pairs

(L: A—» B,R: B— A)

where L is oplax monoidal and R is the lax monoidal functor right adjoint to L. Consider
also the 2-category CIMonCatgrag; whose objects are right-monoidal-closed categories, whose
1-cells A — B are given by pairs

(Rt A—» B,L: B— A)

where R is lax monoidal and L is the oplax monoidal functor left adjoint to R. We have a
2-equivalence
ClMonCatiCKg]. ~ ClMonCatgad; -
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It seems likely then, using the theorem above and Proposition 4.1.7, that we could define a
pseudonatural adjoint equivalence in the following diagram.

CIMonCatradj === ClMonCaty \y;

(—)cop—Catl = l(f)-RepCl
2-Cat —— 2-Cat.
Presumably this would induce a 2-functor between the two associated bicategorical Grothen-
dieck constructions. However, we instead define our 2-functor directly, since we would like

to work with linear functors where the lax monoidal functor component does not necessarily
have an adjoint.

Definition 4.2.1. We define the 2-category of all enriched categories, EnCat, as follows.

e The objects of EnCat are pairs (¢, %) where ¥ is a braided, right-monoidal-closed
category, and ¥ is a ¥ -enriched category.

e The 1-cells of EnCat are pairs (F,G): (¢,%) = (2,#) where G: ¥ — # is a lax
monoidal functor, F': €5 — 2 is an enriched functor, and where (—)g denotes the
base-change 2-functor associated to G.

e The 2-cells of EnCat are given by pairs of the following form:

(F,G)

/\

(€,7) (vop) (2,7)

\/

(F'.G")

where p: G = G’ is a monoidal natural transformation, and where v is a # -natural
transformation in the following diagram.

/F\
(el Co 9

=

Here p is the functor which is the identity on objects and has associated functor
morphism p: G(¢(A, B)) — G'(¢(A, B)) for all objects A and B in %.

Composition is defined by the following rules.

e The composite of 1-cells,

@) LD ¢, 9) LDy (g9),
is given by
(Be)er 25 60 s 9
in #-Cat.
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e The vertical composite of 2-cells in the following diagram
(F,G)

(v,u)
(F',G"Y —>
' ,u")

(F// G//)

is given by the following composite in #'-Cat.

\) %G// F//

e The left whiskering in the following diagram

(F',G")

/\

(€. V) (vn2) (9, %)

\/

(FN G//)

@, %) =2

is given by the following left whiskering in #/-Cat.

7N
(Bo)or —E— G i G~ 7
e The right whiskering in the following diagram
(F.G)
/\
(B, %) v (€,7) (9,9
\/’
(F',G")



is given by the following right whiskering in # -Cat.

Fgn
var

(%G)G// ﬁ (‘@G’)G” T} %G” F4/,> 9
Ba telld

The following result is a generalisation of the fact that if F': &/ — £ is a lax mon-
oidal functor between monoidal-closed categories, then F' is lax closed. That is to say that
whenever F' is lax monoidal, there are natural transformations

F([A,B]) = [(FA,FA)] and I — F(I)
which adhere to certain coherence axioms. The proof follows similarly.

Lemma 4.2.2. If € is a closed ¥ -representation, 2 is a closed W -representation and
(F,G,m): € — 2 is a linear functor between them, then F is the underlying functor of a
W -functor E: € — 2, where € is the W -enriched category given by base-change under
G.

Proof. In order to save space, let (A, B) be denoted by B4 for both the closed structure in
% and the closed structure in . Additionally, let  and € be the unit and counit of the
adjunction that gives the right closed structure. We define F' to be equal to F' on objects.
Since F' preserves actions we have a map

GBYoFA™ F(BA o 4) 29 FB

The adjunct of this map gives a map F: G(B*) — FBY4 which will be functor morphism
associated to our enriched functor. We firstly show that the diagram for identities, Fig-
ure 4.2, commutes. Since F' is action preserving we already know that Figure 4.3 commutes,
and we will show that the adjunct of Figure 4.3 is Figure 4.2.

I
E .
roFe) —29, quye Fe)
“ G(e) k [
A F(C) T F(I®C0)
FCre
Figure 4.2 Figure 4.3

. . . € rC (u@FC)FC rC . .
Firstly note that the adjunct of w is I — (I ® FC)"¢® ————— FC¥“ which is,

by definition, the enriched identity map for FFC. So the adjunct of the left-hand side of
Figure 4.3 is the left-hand side of Figure 4.2.
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Now consider the right-hand side of Figure 4.3. The adjunct of the right-hand side is
equal to the composite

i FC mFC uFC
1% (TeFo)e YOrY " (qr e FO)FC ™5 (F(1 o €)FC TV pote,
which is the right-hand path in Figure 4.4, where we have omitted certain functors on
morphisms for the sake of readability.

I — " s (IeoFC)F¢

GJ(I (GI@FC)FC - m F(I@C)FC
WJ ln lﬂ \

G((IoC)9) (G(IToC)) e FO)FC (F(IoC)¢oo)fe S (FIe)Fe

‘| L+ L+ L+

G(CC) —1— (G(CC) 0 FO)YFC — ™ (F(C° & C)FC —— FCFC

Figure 4.4

The leftmost rectangle of Figure 4.4 commutes by naturality of n, the middle rectangle
commutes by naturality of m, the rightmost rectangle commutes by naturality of €, and the
triangle commutes by the zigzag identity for adjunctions. But the leftmost path is id and
the bottom path is F. Thus, the adjunct of Figure 4.3 is Figure 4.2, and since Figure 4.3
commutes so does Figure 4.2.

Now we need to show that the composition square, Figure 4.5, commutes, where o denotes
the enriched composition morphism. Since F' is linear we already know that Figure 4.6
commutes. We will show that the adjunct of Figure 4.6 is Figure 4.5.  Recall that, by
definition, the composition morphism in the enriched category € is given by

G(n)

a A
G(CP) ® G(BA) 2 G(CF @ BA) 2, 6((CF @ BA @ 4)4) EL)

B A A
G((CP o BA o A)) SN qoB o B)A) S gro).

Then the right-hand side of Figure 4.5 is adjunct to the left-hand path of Figure 4.7. But

Figure 4.7 commutes by naturality of m, € and the zigzag laws for identities. Thus, the
adjunct of the right-hand path of Figure 4.5 is the right-hand path of Figure 4.6.

G(B*) @ G(CB) —— G(C4)

E®El lE
FBFA g FCFE — FCFA

Figure 4.5
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G(CB)® G(BY) o FA 24, G(CP @ BA) o FA

al lm

G(CBYoG(BYY O FA F(CB @ BA® A)
G(CB)QmJ iF(a)
G(CB)® F((BY) ® A) F(CPoBA0o A)
ml lF(CBQe)
F(CPoBA0 A) F(CB o B)
F(CB(De)l lF(e)
B F(C
F(CP @ B) o (©)
Figure 4.6

G(CB)® G(BA) & FA

|

G(CPe@BYY o FA —"—— F(CB@BA0 A) \

G((CP@BA*® Ao FA F(CP@BAo A2 0 A) —— F(CP@BA® A)
G(CP o BAJ; AN O FA F(CB® B;@ A4 © A) F(CPB QJ;A ®A)
G(CB o g)f‘) O FA F((CB @l;)A ®A) F(OB&@ B)
G(CA)k@ FA m F(CAl ; A) £ FlC

Figure 4.7
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Now we show that the left-hand path of Figure 4.5 is adjunct to the left-hand path of
Figure 4.6. Recall that the composition morphism in the enriched category Z is given by
the adjunct of

B
CP@BA0ALCPoB oA L CcPoBSC

Then the left-hand side of Figure 4.5 is the adjunct of the left-hand side of Figure 4.9.

But Figure 4.9 commutes by naturality of a and €, and the zigzag identities for ad-
junctions. Thus, the adjunct of the left-hand path of Figure 4.6 is the left-hand path of
Figure 4.5. Hence, the adjunct of Figure 4.6 is Figure 4.5 and the latter commutes since the
former does.

Finally, to prove that the underlying functor, £, of F is F' we need to show that for
every f: A— B, Fy(f) = F(f). Note that by definition F(f) is given by the adjunct of

. A A
156 S g ot 2 gaty S0 gy £ FRFA,

which is the bottom path in Figure 4.8. On the other hand, F(f) is given by the adjunct of

. FA
15 a1 (GrorFaFs E07,

)FA

FA
(F(I o A)FA L) 7, para BT, ppra,

which is the top path in Figure 4.8. But the rectangles in Figure 4.8 commute by the

naturality of n, m and e. The triangle commutes by the zigzag laws for adjunctions. Thus,
Fy = F and we are done. O

1

g] — 1 S (GIGFAFA — ™ (F(I®A)FA
J{ﬁ in iﬂ \

G(IoAY  (GUIeoAY)WAOFA (F(IoA4e A4 S (FIeA)F4

[ L L [
G(A%) (G(A%) © FA)FA (F(A% © A))F4 FAFA
s Js Js s

G(BY) — 1 — (G(BA) @ FAFA — ™ (F(BA® A)FA —— FBF4

Figure 4.8
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DI —— 2 GAOT 0T —— 2 VIO A0 .04
W\ﬁ

gl
(g6 g0)d Vel © 840 g,((d 0 g0)dd)

dl il

(VO g0 g0)d Vd © (VO ,a)d)© g,((d 0 g0)d)
“| g

(VO od)d @ (g0)D Ve © 4 (VO a)d) ©d (a4 06 (40)D)
gl gl

Vi O ()0 O (gD)D 5 . 5 Vel © 4, (Vd O (,8)D) © (g4 O (gD)D)

!

Vd O (,,,(Vd © ,g)D) O (gD)D

‘f

v O (,d)D 0 (40)D

VA Oy 84 ® g,0d
2®>
Vd © (VO ,a)d)® g,((d 0 g0)d)

wWRQUL

Figure 4.9

Ve Oy, (VI O (8)D)® g,(@d © (40)D)

L@l

v O (,d)D® (40)D
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Lemma 4.2.3. If (¢,7) and (2,%) are closed representations over right-monoidal-closed
categories, and we have a linear natural transformation

(F,G,m)

/\

(€, 7) (1) (2, %)

\/

(F',G'\m")
then v is the underlying natural transformation of an enriched natural transformation

F

7N

zG " KG ’ P @

where i is the enriched functor that is the identity on objects and has functor morphism
G(¢(A, B)) & G'(€(4, B)).

Proof. We will prove that the adjunct of v, that is to say the map I — F’'AF4, gives
v. In order to show that v defines an enriched natural transformation we must show that
Figure 4.10 commutes. Since (v, 1) defines a linear natural transformation we already know
that Figure 4.11 commutes. We will show that Figure 4.10 is the adjunct of Figure 4.11.

_ F'o v ,
GBA) — s (BN o 1 K prpria g prgra

| I

I ® G(B*) —p F'B"P @ FBM ———— F'BFA

Figure 4.10

G(BY) o FA X2 ¢/(BAY o F'A

mi lm’
F(BA o A) F'(B%)

| I

F'(B4© A) — o F/(4)

Figure 4.11

Firstly note that the right-hand side of Figure 4.11 is adjunct to the topmost path in
Figure 4.12 which commutes for the following reasons.
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va(VI O (,g)D) 3

va(Vd O () D) ¢—F— ¢

v gl 0 v gl A0
/ 7
vald i S yi(y g8 d OV ) 45— i

vd vd

] »

/ u

va(V.d ©(,4),0)

—— (VI O (,a)D)

gl

(7

va(Vd O 10 (,9)D)

ol

vV IOV ) " vaV OV
El El
L ] L]
wh wL
[ ] ()
b N
[ ] °
1 ol
[ ] L)
1 1
L] L]
n n
s o
/ b b

va(Vd OTO (L8)D) 5~ v, (VI OT® (,d)D)

.

)

VA ®

L
]
vaVid @y (VO d),d)
|
vaVd ©y (Vi ©(,d),0)
% p1® (o)
vaV.d ® (,d),D
d
vaVud ®(d)D
4l
vV ® (L 8)D
:H AQpt
va(Vd O D ® (,a)D
d

1®(,g)D

Figure 4.12

va(VI O (,d)D) Y (ve)O
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The top right pentagon commutes because of the unit axiom for representations; the
triangles commute because of the zigzag identity for adjunctions; the squares commute
because of the naturality of 7, @ and €; and the outer globules commute by definition.

Thus, the top right path of Figure 4.11 is adjunct to the top right path of Figure 4.10.
An analogous commutative diagram proves that the bottom left path of Figure 4.11 is ad-
junct to the bottom left path of Figure 4.10. Thus, Figure 4.11 is adjunct to Figure 4.10,
and since Figure 4.11 commutes, so does Figure 4.10. Thus, v defines an enriched nat-
ural transformation. The fact that the underlying natural transformation of v is v follows
immediately from the definition of v. O

We now have an assignment (—): Rep.,; — EnCat. The fact that this assignment pre-
serves identities follows immediately from the definition. All that remains is to prove that
this assignment preserves composition. For the sake of readability, all referenced commut-
ative diagrams can be found at the end of the section.

Proposition 4.2.4. Let B be a % -representation, € be a ¥ -representation and 2 be a
W -representation. If (F,G,m): B — € and (F',G',m'): € — P are both linear functors,
then ' o F = F' o F ., where F is F after the base change induced by G'.

Proof. By definition F’ o F and F’ o F, agree on objects. Thus, it suffices to prove that
their underlying associated functor morphisms are equal. The functor morphism for F . is
given by the top most path Figure 4.13, and the functor morphism for F” is given by the
right-hand path. The functor morphism for F’ o F is given by the left-hand and bottom
path. But the rectangles in the diagram commute by naturality of , m’ and ¢, and the
triangle commutes by the zigzag identity for adjunctions. Thus, the functor morphisms for
F' o Fe and F' o F are equal. O

We now move on to the composition of linear natural transformations, beginning with
vertical composition.

Lemma 4.2.5. Let € be a closed ¥V -representation and 2 be a closed W -representation.
For every pair of linear natural transformations

(F,G,m)
(€¢,V) —@F.¢'m)— (D,%)

(7

g

(F//7G//7m//)

we have that the enriched natural transformation




is equal to the following vertical composite in # -Cat.

@

\\ %G// F//

Proof. By definition of the whiskering of enriched natural transformations, we know that
(o) is given by components

/L(A)

I F//( A)F’(EA)

but since y is the identity on objects this means that (u ov’) is given by
I prAFa,
Then note that, by definition, the composite (o) - (v) is given by
155 o Y8, prEA g prAFA 2 prra

in %, which is the top right-hand path in Figure 4.14. This diagram commutes by naturality,
the zigzag identities of adjunctions and the unit axioms of % -representations. But the
bottom leftmost path is, by the naturality of u, equal to

I 2 (1@ FAFA Y pAPA Yov, pn gFA
which is by definition v’ - v, completing the proof. O

Lemma 4.2.6. Let $B be a closed U -representation, let € be a closed ¥ -representation
and let 2 be a closed W -representation where %, ¥V and W are all right-closed. For every
linear natural transformation given by the whiskering

(F',G"\m’)
(@, 2) EET (g 9 (wost) (2. W)
(F”,G”,’I’I’L//)

we have that the enriched natural transformation

F'oF




s equal to the enriched natural transformation given by the following whiskering in # -Cat.

i

ﬂ”

Fqr
g KG”—//>Q
£

(Zc)ar

Cor —

Proof. Firstly note that Baoq = (Ba)e. Now note that by definition v o F is given by
the composite

I L 10 FFAFFA Y prppAF'FA L0y prp AF'FA
but by the definition of left whiskering in #'-Cat we know that v o F, is given by
I 25 FURAFFA
which is, by definition, the composite above. Thus, the two natural transformations are

equal. O

Lemma 4.2.7. Let & be a closed % -representation, let € be a closed ¥ -representation
and let 9 be a closed W -representation where %, V' and W are all right-closed. For every
linear natural transformation given by the whiskering

(F,G)
(B, %) (o) «,v) LD g )
(F’,G,)

we have that the enriched natural transformation

F"oF

HF”OV

ZG//OG G//OM gG”OG/ FI/OF/ z

is equal to the enriched natural transformation given by the following whiskering in # -Cat.

EG”

Vg

(Ba)ar BT (Bor)ar Can

ﬂc'/

Proof. Note that, by definition, the composite F” o v, is given by

G'(E"
e

IQG,(I) G'(v) G/(F/AFA) ) G/(F//F/AF”FA)7
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which is the right-hand path in Figure 4.15. This diagram commutes by naturality, the
zigzag identities for adjunctions and the unitor axioms for representations. But the bottom
leftmost path of Figure 4.15 is, by definition, £ o v. Hence, the two natural transformations
are equal. O

Thus, we have shown that the assignment given by @ preserves all composition, and
so it gives a 2-functor. Furthermore, by construction the assignment preserves underlying
categories, functors, and natural transformations. Thus, we have the following theorem.

Theorem 4.2.8. There is a 2-functor, called the enriching 2-functor, (;): Rep, — EnCat
such that the following diagram commutes

Repcl

wo

(=) Cat

%{)

EnCat

Proof. The first two lemmata of the section give a way to define the 2-functor. The remaining
lemmata prove that this definition does, in fact, preserve vertical and horizontal composition.
The diagram commutes by definition of the enrichment. O

4.3 The Base Change 2-Functor

The aim of this chapter is to provide the necessary machinery to enrich a bicategory in the
monoidal 2-category of ¥ -categories. In order to do this we want to first enrich over closed
¥ -representations and then use a monoidal 2-functor to change the base to ¥ -categories.
Unfortunately this is not possible, since the product of two closed ¥ -representations is not
necessarily closed, and so ¥-Rep,; does not have a monoidal structure. If we forget the
2-categorical data, then #-Rep. has a multicategory structure induced by the monoidal
structure of #-Rep.
A result of Hermida [30, thm. 7.2] tells us that there is a 2-adjunction

F': MultiCat =2 MonCat :U.

Note that enriching in the multicategory U(¥#-Cat) is the same thing as enriching in #’-Cat.
Thus, we could first enrich in the multicategory _Rep? cl and then use the enriching 2-functor
to construct a multifunctor,

¥ -Repy % U(7-Cat),

to change our base of enrichment. Alternatively, if we wanted to avoid enriching over
multicategories then we could instead construct the adjunct of this multifunctor. Explicitly
we could construct the monoidal functor

F(—
F(7-Repy) g) FU(¥-Cat) < #-Cat

where € is the counit of the 2-adjunction above. In this section we construct monoidal 2-
categories that behave similarly to F/(¥-Rep,;) and FU(¥-Cat), we show that the enriching
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2-functor induces a monoidal 2-functor between them, and we give a ‘collapsing’ monoidal 2-
functor analogous to the counit above. These 2-categories and 2-functors give the machinery
necessary for the next chapter.

The following monoidal 2-category is slightly larger than the free monoidal category,
F(7-Rep,), in that it contains additional objects and 1-cells, but is easier to describe for
our purposes.

In what follows we will invoke Mac Lane’s coherence theorem and treat ¥ as a strict,
unbiased monoidal category, so that #™ is identified with any

p

H Y

i=1

such that Zle n; = n. Note also that we include 0 in the natural numbers, #° is given by
the terminal category, *, and ®°: * — ¥ is given by the functor that picks out the unit.

Definition 4.3.1. The 2-category, ¥-Rep,j, of closed ¥ -iterated representations, is
the 2-category described as follows.

e The objects are given by pairs (&, n), where n is a natural number and & is a closed
¥ "-representation.

e The 1-cells (&7, n) — (%, p) are given by linear functors
(F,G,m): (o, V") = (B,V7)

where G is of the form .
yn -, ® 4P

and where Y ¥_ n; =n.

e The 2-cells are given by linear natural transformations where the monoidal natural
transformation is a coherence isomorphism.

This 2-category has a monoidal structure described as follows.

e The tensor product of objects (<, n) and (£, p) is given by
(,n) @ (B,p) = (A x B,n+p),
where the action on &/ X % is given by
(V7HP) x (o x B) s (V™ x o) x (VP x B) 22202, o7 x B,
and the closed structure of &/ x 4 is given by
(o X B)P x (o x B) s (4 x o) x (B x B) 2Ty w2y ity
e The tensor product of 1-cells
(F,G,m): (,n) = (B,p) and (F',G',m'): (&',n) — (£, p)

is given by
(F,G,m) x (F',G',m') = (F x F',G x G',;m xm/),

where we have identified #™ x ¥™ with ¥+ for the sake of brevity.
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The tensor product of 2-cells is given by the cartesian product.
The unitors and associators are given by the unitors and associators for categories.

The 2-unitors and 2-associators are identities.

We can then define the monoidal 2-category of ¥ -iterated categories analogously.

Definition 4.3.2. The 2-category, ¥-Cat™, of ¥ -iterated categories is the 2-category
described as follows.

The objects are given by pairs (&7, n), where n is a natural number and ' is a ¥"-
category.

The 1-cells (&7, n) — (%, p) are given by enriched functors
(F,GQ): (o, V") — (B, V7)

where G is of the form )
o1 @™

yn 11 vr

and where Y7 n; =n.

The 2-cells are given by enriched natural transformations where the monoidal natural
transformation is a coherence isomorphism.

This 2-category has a monoidal structure described as follows.

The tensor product of objects (&7, n) and (£, p) is given by
(,n) @ (#,p) = (7 © B,n+p)

The tensor product of 1-cells
(F,G): (o,n) — (B,p) and (F',G"): (",n") — (#',p')

is given by
(F,G) x (F',G") = (F x F',G x G'),

where we have identified #" x ¥™ with ¥+ for the sake of brevity.
The tensor product of 2-cells is given by the cartesian product.
The unitors and associators are given by the unitors and associators for categories.

The 2-unitors and 2-associators are identities.

In order to translate between closed ¥ -iterated representations and ¥ -iterated categories
we need to use monoidal 2-functors. A definition of monoidal 2-functors can be found
in Day and Street’s [19, def. 2] Monoidal bicategories and Hopf algebroids. Given Gray
monoids &/ and %, a monoidal 2-functor F': &/ — 9 comes equipped with a pseudonatural
transformation

m: F(-)®F(-)=F(-® —)

as well as several coherence modifications. We don’t give an account of these since the
monoidal 2-functors we are interested in adhere to the same coherence laws as monoidal
functors. In other words, the coherence modifications are identities.
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Lemma 4.3.3. There is a monoidal 2-functor, (—): ¥ -Repy — ¥ -Cat™, that we also call
the enriching 2-functor, which takes every closed representation to its associated enriched
category.

Proof. The construction of this 2-functor is completely analogous to the construction of the
2-functor in Theorem 4.2.8. Note that the monoidal structure is entirely given by identity
functors: the unit in ¥-Rep] is * with trivial action and closed structure given by the
unit. The enriching functor takes this to the one-object category with hom-object given
by I, which is the unit in #-Cat. Note also that, by construction, the following diagram
commutes.

¥-Rep’ x ¥-Rep, ==L #-Cat* x ¥-Cat™
o| &
¥ -Rep ¥-Cat™

=)

Thus we can take both coherence maps to be the identity functors. Coherence modifications
are given by identity natural transformations. O

Definition 4.3.4. We define the collapsing 2-functor, C: #-Cat* — #-Cat, to be the
2-functor where:

e every object (7, n) is sent to the ¥ -category gn;

e every l-cell (F,G): (&,n) — (%4, p) is sent to the map

F
%@n £> (JZ{G)@P & e@@l”

where here ¢ denotes the functor which is the identity on objects and has hom-
morphism given by a coherence map;

e cvery enriched natural transformation, (v, 1),

(F,G,m)

T T~

(o, n) ) (%, p)

\/’

(F'.G"m)

is sent to the enriched natural transformation in the following diagram.
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Lemma 4.3.5. The collapsing 2-functor has a strong monoidal structure.

Proof. To define the strong monoidal structure we need coherence 1-cells. Firstly, this means
that we must define an invertible pseudonatural ¥ -functor

M:C(-)20(=) = (- @ -).

Note that on objects, C(«7,n)C(A,p) is equal to C( @ B,n+p). If o7 is a ¥™ category
then o7 (A, A’) is of the form (7 (A, A')1,...., o/ (A, A’),,) where each o7 (A, A’); isin ¥. Now
suppose that o is a ¥™-category and % is a ¥P-category. Letting

X (A A, ifi<n,
"7 | #(B,B’); otherwise,

we know that
(C(o,n) @ C(#,p)) (A, A"), (B, B)) = (821 X;) @ (& _pp 11 X5)-
On the other hand, we have
C((«/.n) @ (#,p)) (A, A), (B, B')) = ®{1"X;.
But there is a coherence natural isomorphism in 7,
e (@ X0) ® (21,11 X5) = &L, X,

so we define M to be the identity-on-objects functor with underlying functor morphism .
We know that M is invertible since p is. The naturalisors for M are identity 2-cells. This
follows from the fact that p is natural.

Note that the collapse of the unit ¥-iterated category, C'((x,0)), is just the one-object
¥ -category with hom-object give by I. This is the unit of ¥-Cat, and we can take the
second coherence 1-cell to be the identity.

The rest of the structure for a strong monoidal functor consists of coherence modifica-
tions. Since M is the identity on objects, and p satisfies coherence laws by construction,
these modifications are all identities. O
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Chapter 5

The Cotrace and Scalar
Enrichment

In this chapter we show one of the main results of the thesis. If 4 is a left-composition-closed
right-monoidal-closed bicategory, then 4 is naturally enriched over the monoidal bicategory
of scalar enriched categories, Z(I,I)-Cat. What this means is that every hom-category in
% can be enriched over (I, ), that horizontal composition and identities can be given the
structure of enriched functors, and that the associator and unitors for composition can be
given the structure of enriched natural transformations.

In the first section we give the definition of enriched bicategories and their underlying
bicategories. The concept of a bicategory enriched over a monoidal bicategory seems to
have been first introduced by Hoffnung [32, def. 6] in his thesis, but has subsequently been
reintroduced by Garner and Shulman [24, sec. 2].

In the second section we define the scalar spread functor and show that this induces an
action by Z(I, I) on all hom-categories. We show that this functor has a right adjoint which
we call the cotrace, and that this right adjoint turns our action into a closed action.

In the final section we show that the composition and identity functors can be given
the structure of linear functors, and that the composition unitors and associators can be
given the structure of linear natural transformations. This, combined with the closed action
of #(I,I) on the hom-categories is enough to prove our main theorem, after which we
see how the scalar enrichment works for each of our motivating examples. We show that
this enrichment is given by the cotrace in the same way that the Frobenius inner product
is given by the trace. We also show that in the context of this enrichment, the cotrace
is the enriched version of the 2-trace given in Section 1.2, and we prove that a lot of the
structure of bicategories, such as the composition-closed structure, remains in the associated
scalar-enriched bicategory.

5.1 Enriched Bicategories

In this section we give a brief account of enriched bicategories, a concept which is core to
our main theorem.

Definition 5.1.1. Let ¥ be a monoidal bicategory. A bicategory % enriched in ¥ consists
of
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e a collection of objects obj(%) which, by abuse of notation, we denote %;

e for every pair of objects, A,B € %, an object, B(A,B) € ¥, which we call the
hom-object;

as well as a horizontal category structure:
e for every object, A € A, a 1-cell, id: T — PB(A, A), called the enriched identity 1-cell;
e for every triple of objects, A, B,C € %, a 1-cell,
oapc: B(B,C)® HB(A,B)— B(AC),
called enriched horizontal composition;
and finally natural isomorphisms that encode the associativity and unitality of composition:

e for every quadruple of objects, A, B, C', D, an invertible 2-cell called the enriched
composition associator, given below;

©A,C,D HB(C,D)@oa.B.c @

Qo

©A,B,D oB,c,p ® #(A, B)

e for every pair of objects A and B, a pair of natural isomorphisms called the left
enriched unitor and the right enriched unitor, given below;

o idp® B(A,B) o B(A,B)®ids
l r

such that Figure 5.1 is equal to Figure 5.2, and Figure 5.3 is equal to Figure 5.4.

Remark. Note that, as mentioned previously, this is distinct from the notion of a category
enriched over a bicategory. When enriching over a bicategory, we treat the bicategory as
a generalised (or multi-object) monoidal category. By this we mean that if </ is enriched
over a bicategory %, then o7 (A, B) is a 1-cell in & and composition in & is given by a
2-cell in #. This is a one-dimensional construction in the sense that if &7 is enriched over
a bicategory then it has an underlying category.

This chapter deals with enriched bicategories, which are enriched over monoidal bicat-
egories. By this we mean that if o/ is enriched over a bicategory %, then &/ (A, B) is an
object in # and composition is given by a 1-cell in Z. This is a two-dimensional construc-
tion in the sense that if .7 is enriched over a monoidal bicategory then it has an underlying
bicategory.
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o® B(A, B)
\

(0 ® B(B,C)) ® B(A, B)
|

| &' ® B(A, B) |

o® %(A, B)

Qo

B(D,E) ® o a

1 | (#(D,E) ® ) ® B(A, B)

_/

>

B(D,E)® (¢ ® B(A, B))

#(D,E) & ! |

a

a® B(A, B)

B(D,C)®a
I a l
o BD,E)®c B(D,E)® (B(C,D)® o) a a
Figure 5.1
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o ® B(A, B) (6 ® B(B,C)) ® B(A, B)

- |

(#B(D,E) ® B(C,D)) @ a

e

°o® B(A,C)

§ |

Q0

B(D,E)® o B(D,E) ® (B(C, D) ® ©) a a

Figure 5.2
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o® B(A,B)  (B(B,C)®id) ® B(A,B) r°® B(A,B)
\
& |
B(B,C)R® o a
B(B,C) ®
B(B,C)® 1
| 7
Figure 5.3
o® B(A,B)  (B(B,C)®id) ® B(A,B) r°® B(A,B)
\ \
8 ® B(A, B)
Figure 5.4
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Example 5.1.2. Just as every category is a category enriched over the category of sets,
every bicategory is a bicategory enriched over the 2-category of categories. In this case, the
first axiom corresponds to the commutativity of the following pentagon;

(koh)o(gof)

Gkoh,g,f

(koh)og)o f ko(ho(gof))

kodh,g, ¢

&k,g,n0f

(ko(hog))of ———ko((hog)of)

Ak hog, f
and the second axiom corresponds to the commutativity of the following triangle.

Afidp,g

(goidp)o f go(idpo f)
go

Definition 5.1.3. The underlying bicategory %, of a ¥ -bicategory £ is a bicategory
with

e the same objects as Z;

e hom-categories given by ¥ (I, #(A, B)) for A, B € %,
e identities given by id € V(I,AB(A, A));

e composition given by the following functor;

V(I,%(B,C)) x ¥V(I,%#(A,B))

|

v(I®1,B(B,C)® B(A DB))

Al

Vv (I,%(B,C)® %(A,B))
v (I,%8(AC))

and associator and unitor modifications constructed similarly.
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5.2 Scalar Actions and the Cotrace

In 1980 Kelly and Laplaza [39, prop. 6.1] pointed out that for every monoidal category, .#,
the commutative monoid of scalars .# (I, I) acts on every hom-set via the composite

-1
AL s A1 I Be1 2 B.

An analogous construction holds for scalars in monoidal bicategories. We show that, for any
B € 4/, there is a monoidal functor called the spread functor

Spr®: (B(I1,1),0) — (B(B,B),o).

Since #(B, B) acts on B(A, B) by post-composition, B(I,I) must also act on HB(A, B).
Next we show that this functor has a right adjoint, called the cotrace functor. Since we have
left-composition-closedness, the action of Z(I,I) on B(A, B) is closed via the composition-

closed structure and the cotrace functor. Thus, we can enrich each hom-category #(A, B)
over B(I,1).

Definition 5.2.1. In any monoidal-closed, composition-closed bicategory £, for any A € A
there is a functor, called the spread,

Spr&: B(I,I) — B(A,A)
where Spr (s) is given by the following composite

AL T0A N T0Al A

Remark. We call this the spread for two reasons. Firstly, in the case of finite dimensional
Hilbert spaces, the spread takes in a map s: C — C and returns the map s-(—): A — A. If
s is thought of as linearly distorting C, then s ® (—) ‘spreads’ this distortion evenly across
every dimension.

Secondly, in the case of finite dimensional Hilbert spaces, the spread is the map that
is linearly adjoint to the trace map, and we are about to see that our spread is adjoint to
what we will define as the cotrace functor. It is often convenient to think of an adjoint
as a conceptual inverse. In English, a trace is a small, concentrated remnant left behind,
indicating the prior presence of something larger. Thus, taking the trace is indicative of
taking a small amount, representative of something much larger. To spread is to take a
concentrated mass and distribute it over a large area. In this sense, we argue that taking a
spread is somehow conceptually inverse to the idea of taking a trace.

Remark. Note, also, the inclusion of the composition circle in the symbol Spr°. This is
used to distinguish this functor from the cospread functor that we will define later.

Proposition 5.2.2. The spread functor can be given the structure of a strong monoidal
functor.

Proof. The associated multiplication natural isomorphism is given by Figure 5.5 whilst the
associated unit natural isomorphism is given by Figure 5.6. The fact that these adhere
to the monoidal axioms follows immediately from the axioms of pseudofunctors and string
diagrams. O
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Corollary 5.2.3. For every pair of objects A, B in a left-composition-closed right-monoidal-
closed bicategory the category B(A, B) can be given the structure of a B(I, I)-representation,
where, for every scalar, s, and every f: A — B, we define the action to be

s® f:=Spry(s)o f.

Proof. This follows from the fact that postcomposition gives an action, that oplax monoidal
functors give restricted representations, and that the spread functor is strong (and therefore
oplax) monoidal. O

Example 5.2.4. In the bicategory Rel the monoidal category of scalars can be thought of
as truth values. The spread of *, thought of as ‘true’, is the identity and the spread of &,
thought of as ‘false’, is the empty relation. Thus,

s@R:{R ?fs:*
o ifs=0.

Example 5.2.5. In the bicategory Bimp the monoidal category of scalars is given by R-
Mod. The spread of an R-module M gives the A-A-bimodule M ® A. The action is defined
as

a-(m®a)-a"=me(a-a-d).

Then for an A-B-bimodule N, M ® N is given by M ® N, where the action is defined as

a-(m®n)-b=m® (a-n-b).
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Example 5.2.6. In the bicategory DBim the monoidal category of scalars is given by chain
complexes in R-Mod. The action of chain complexes of R-modules is defined similarly to
the above but with the derived tensor.

Example 5.2.7. In the bicategory 7#-Prof the monoidal category of scalars is given by ¥.
The spread of v € ¥ at some category % is the constant profunctor v: ¥ - % given by the
functor

vV:EPREC — Y,
and so for some profunctor Q): € -+ 2 the action is defined by
vOQ(C,D)=Q(C,D)®w.
Example 5.2.8. If € has finite limits then the spread of C' € ¥ is given by the span

CxA

A A

where p4 is the projection map. Then by properties of limits, given a span S = A Ls%p
we have that the span C' ® S is given by

xS

ps|
PN

A B

Example 5.2.9. Given a topological monoid M, scalars in Path(M) are loops at e. Given
a loop p at e, the scalar spread of p at x is the loop z - p. This then acts on paths z to y by
concatenation.

It will be useful to have a number of different perspectives on this action, and the next
two propositions show that two of the other obvious ways to define an action of #(I,I) on
HB(A, A) are essentially the same as this one.

Lemma 5.2.10. The (I, I)-representation $(A, B), where, for a scalar, s, and a 1-cell
f: A — B, the action is given by

s© f=Sprp(s)o f,

is isomorphic as a B(1, I)-representation to the B(I,I)-representation B(A, B) with action
given by
s® f = foSpry (s).

Proof. In order to prove this we will show that there are linear functors given by

(id,id,m): #(A, B) = #(A, B) :(id,id,m '),
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and so we just need to prove that there is a natural isomorphism
m: Spry(s) o f = foSpry(s)

which adheres to the axioms of linear functors. Using semi-strictification and treating £ as
a Gray monoid, m is defined as the interchangerator,

s® B I®f
I®f s®A

and the axioms of linear functors hold as a direct consequence of the axioms for the inter-
changerator. Specifically the associativity diagram commutes because of Equation (3.4) and
the unitality diagram commutes because of Equation (3.1). O

Recall the name and realisation functors defined in Proposition 3.5.8.

Lemma 5.2.11. The (I, I)-representation B(A, B), where, for a scalar, s, and a 1-cell
f: A — B, the action is given by

s® f = Sprg(s)o f,
is equivalent, as a B(I,I)-representation, to the B(I,I)-representation B(I1,[A, B]) with

action given by
s@g=gos,

forg: I — [A,B].

Proof. To show the second equivalence holds we need to show that the name and realisation
functors can each be equipped with a Z(I, I)-linear functor structure

((_)7 m) : '%(Av B) = %(I, [Av B]) : ((_)v ml)
that give an equivalence between Z(A, B) with action given by s ® f := f o Spr5(s) and
PB(1,]A,B]). In order to define m note that the 2-cell in Figure 5.7 has f o Spr%(s) as

its source, and f o s as its target. Let us once again treat % as a Gray monoid. Then,
Figure 5.7 can be simplified to give the diagram below.

I1® -
_®A_
[A’_]_

s oo
| <

7
f

=3

/4B

n S
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Figure 5.7

The fact that this defines a linear functor follows from the axioms of pseudonatural trans-

formations. To define m' note that, given g: I — [A, B] and s: I — I, g o s is given by the
composite

A=T0 A5 10454 A Blo AS B,

which is equal to g o Spr%(s). Thus, we can let m’ be the identity, and m’ immediately
adheres to the linear functor axioms.

All that remains is to show the natural transformations which give the equivalence are
also #B(I,I)-linear. That means we need to show that, for f: A — B and g: I — [A, B],
the following two diagrams commute.

“~— N
— ~

f oSprg(s) —=— foSpr(s) gos —— gos
| [ n| i
Jos —— JoSpra(s)  goSpri(s) == gos

The first diagram commutes because the top morphism is given by Figure 5.8 and the
bottom morphism is given by Figure 5.9, which are equal by the properties of pseudonatural
transformations. The second diagram commutes by a similar application of pseudonatural
transformation axioms. O

One advantage of these other perspectives is that it makes clear the fact that #(A, B)
has a closed action by scalars.

Proposition 5.2.12. For every A € & the spread functor has a right adjoint
T : B(A, A) — B(,1),

that we call the cotrace functor, given by the composite

BA,A) 2l B(1,[A, A) 2= g1 7).
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Figure 5.8

Figure 5.9
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Proof. By Lemma 5.2.11 we have natural isomorphisms
B(A, A)(Spr°(s), f) = B(A, A)(id o Spr°(s), )
>~ B(A, A) (icTA os, f>

= (1,4, 4)) (id1 05, F )

~ B(1,1) (s, idy —o 7)

—_

and so the functor id4 —o (=) is right adjoint to the spread functor. O

We call this functor the cotrace functor since it gives the cotrace as defined by Day
and Street [19, def. 8]. The choice of notation Tr is to highlight that the cotrace functor
is constructed using a lift, and to distinguish this functor from the trace functor that we
define later.

Example 5.2.13. In the bicategory Rel, given a relation R: A — A, its name E is given
by * x R C % x (A x A). Lifting the name of R through id then gives the relation

id—R= {(x,%) |V(a,d') € Ax Aa=d = R(a,d")} = {* if 12 is .reﬂexwe;
& otherwise
Example 5.2.14. In the bicategory Bimpg, given an A-A bimodule, M, M is the bimodule
M thought of as a right A ® A°P module and idis A thought of a right A ® A°P bimodule.
The lift of these gives
id —o M = Hom g a00 (A, M)

which is the R-R-bimodule, or rather the R-module, of homomorphisms from A to M. Then,
as with the 2-trace, there is an isomorphism between the cotrace of M and the invariants,
or centre, of M.

Example 5.2.15. In the bicategory DBimp, when R is a field, the cotrace of a differential
graded A-A-bimodule M is given by the Hochschild cohomology of A with coefficients in
M. This follows from the fact that the cotrace of M is given by RHom(A, M) whose
n’th component is Ext’yg 4op (4, M). As shown by Cartan and Eilenberg[15, ch. IX] this is
equivalent to the definition of the Hochschild cohomology of A with coefficients in M.

Example 5.2.16. In the bicategory 7 -Prof, given a profunctor P: &/ + &/ the names of
P and id are the profunctors

—_

P:x -+ o @ &/°° and Hom: x = &/ Q &/°P

which are isomorphic to P and Hom as functors. This means that the cotrace is given by

Hom — P = f ¥ (Hom(A, A'), P(A, A')) = J P(A, A)

(A, AN ed PR Acd

where the second equality follows from the Yoneda lemma for enriched categories.
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Example 5.2.17. In Span(Set) the cotrace is identical to the 2-trace: it is the set of ‘mutual
sections’ of the span.

Example 5.2.18. In the bicategory Path(G) for a topological group G, the name of a path

p: x — gy is the path p-y~!. Thus, if p is a loop at x then the cotrace of p is just the loop
-1

p-x L.

It should be clear from the examples that in each case the underlying set of the cotrace
is the 2-trace. The following results explain why this is the case.

Lemma 5.2.19. In a left-composition-closed, right-monoidal-closed bicategory B, every
hom-category B(A, B) has the structure of a closed B(1,I)-representation. The action is
given by the functor

B(I,T) x B(A, B) 2207, 54, B)

and the closed structure is given by the functor

B(A,B) x B(A,B) =D 1 .
Proof. This follows from the fact that #(B, B) acts on %(A, B) by composition, the fact
that this action is closed via taking right lifts and the following three results: Proposi-
tion 5.2.2, which says that the spread functor is strong monoidal; Proposition 5.2.12, which
says that the cotrace functor is right adjoint to the spread functor; and Proposition 4.1.7,
which says that oplax monoidal functors with right adjoints preserve closed representa-
tions. O

Corollary 5.2.20. In a left-composition-closed, right-monoidal-closed bicategory B, every
hom-category PB(A, B) is the underlying category of a PB(I,I)-category, B(A,B) whose
hom-objects are given by

B(A,B)(f,9) =T (f —g).

Proof. This is a direct consequence of the above lemma and Theorem 4.1.8. O

In other words, between any two 1-cells we have a 2-cell-object that lives in the braided
monoidal category of scalars. What’s more, this 2-cell-object is analogous to the construction
of the Frobenius inner product.

Recall that the Frobenius inner product is defined in terms of the trace via

(f.9)="Tr(fTog)

where fT denotes the linear adjoint to f. Suppose that f: A — B and g: A — B are 1-cells
in %, and suppose that f has a right adjoint fT. In such a case f —o g is exactly ffog and
so the 2-cell-object is defined as

B(A,B)(f,9) =Tt (fTog).

In particular, we know that Z(A, A)(id, f) = Tr (id — f) = Tr (f). This proves in terms
of enriched categories that the 2-trace is always the underlying set of the cotrace.

Whilst the cotrace gives a good conceptual basis for our enrichment, the above lemma
doesn’t make it particularly clear what these 2-cell-objects look like for a category theorist.
The next proposition gives us a different perspective.
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Proposition 5.2.21. Given 1-cells f: A — B and g: A — B in a left-composition-closed,
right-monoidal-closed bicategory there is an isomorphism, natural in both f and g,

idy—f—g=]—y.

Proof. Let s be a scalar. By Lemma 5.2.11 we know that there is a sequence of natural
isomorphisms

B(1,1) (s, id — m) >~ %(1,[A, A)) (ﬁ os, m)

= 5(4.) (dos.f )
= B(A,A) (id o Spr°(s), f — g)
= B(A,A) (Spr°(s), f — g)
= %(A,B) (f oSpr°(s),g)
= #(1,[A,B)) (o Spr°(s). ¢ )
= (1, (A, B)) (7 9)
) (27 ~3)

and so by the Yoneda lemma we know that 7 —o ; >~ ETA\ —o f —og. O

In other words, given a pair of 1-cells, f,g: A — B, the scalar that lives between them
is the lift in the following diagram.

[A,B] «L— I ¢nmen I

N

5.3 Scalar Enrichment

In the previous section we showed that in a left-composition-closed, right-monoidal-closed
bicategory every hom-category Z(A, B) can be replaced by a %B(I,I)-category B(A, B).
In this section we will show that all of % can be replaced by a Z(I, I)-Cat-bicategory. In
other words, all of the other bicategorical data can be replaced by Z(I,I)-functors and
AB(I,I)-natural transformations. In order to achieve this we will show that each of these
components can be equipped with a linear structure, and by the results of the previous
chapter this immediately corresponds to an enriched structure.

We end the section by showing that most of the additional structure on %, such as the
composition-closed structure, is carried over to our enriched bicategory 4.

Proposition 5.3.1. There is a linear functor from the (B(1,1) x B(I,I))-representation
PB(B,C) x B(A,C) to the B(I,I)-representation B(A,C), for which the associated functor
18 composition,

o: B(B,C) x B(A,B) - B(A,C),
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for which the associated monoidal functor is composition,

o: B(I,1) x B(I,1) — B(I,1),

and for which the associated natural transformation is given by the diagram below for every
s,t € B(I1,1), every f € B(A, B) and every g € B(B,C).

I ®—

- ®B—
l t s I® g f
\ \
| | Y
\ ( R
| l |
\ | X | |
\ I \
\ \
| o= |

74 AN

| \
\ / | }
| < |
\ 7N \ \
l t IAd g l S IAd f

Proof. We begin by proving that the first diagram of Definition 4.1.9 commutes. In order
to simplify the proof and save space we will prove this result using the semi-strictification
theorem for monoidal bicategories. That is, we will treat 4 as a Gray monoid. In this case
the natural transformation m reduces to the following 2-cell.

tC sC ¢ f

In the first diagram of Definition 4.1.9 let V = (¥',s"), W = (¢, s) and C' = (g, f). Since n is
given by the braid in %B(I, I), and since in a Gray monoid this is simply the interchangerator,
the left-hand path around the diagram is given by Figure 5.10, and the right-hand path
around the diagram is given by Figure 5.11.
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t’'®C seC tol sC g f
X
IT®((t®C)og)
I X |
elC toC g s'® B s®B f
Figure 5.10
teC §C tolC sC g f
x®C
X
t'®C teC g ss®B s®B f
Figure 5.11

Note however, that by the axioms of a Gray monoid — Definition 3.4.1, namely (3.5),
(3.4) and (3.6) — Figure 5.12, Figure 5.13, Figure 5.14, and Figure 5.15 are equal. Thus,
Figure 5.10 is equal to Figure 5.11, and so the first axiom of linear functors holds. To
prove that the second diagram commutes note that the right-hand side of the diagram is
given by Figure 5.16 and the left-hand side of the diagram is given by Figure 5.17. These two
diagrams are equal by properties of adjoint equivalences and pseudonatural transformations.
Thus, both axioms of Definition 4.1.9 hold and so we are done. O
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Ie(teC)oy)

teC g s ® B s® B

I®(teC) g s'® B s®B
Figure 5.13

(fheC (Ixt)eC s®C g

Iet)eC g (f@l)®B s®B
Figure 5.14
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Figure 5.15

/

Figure 5.17
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Proposition 5.3.2. Let x be the one-object, one-morphism category. There is a linear
functor from the trivial x-representation, *, to the B(I, I)-representation B(A, A) for which
the associated functor is the functor that picks out the identity,

ida: x — B(A,A)
for which the associated monoidal functor is the functor that picks out the identity
idy: *«— B(1,1)

and for which the associated natural transformation is given by the diagram below for every
s,t € B(I,I), every f € B(A, B) and every g € B(B,C).

Proof. We firstly show that the first diagram of Definition 4.1.9 commutes. The path around
the right-hand side is given by the following diagram.

The path around the left-hand side is given by the following diagram.

l I l l°

But note that both of the above 2-cells are equal to the 2-cell below.

l IAd l IAd
\ \ \ !
L
\ \
\ \
.
N
\ \ 7N
1 \ ) 1
\ N /
\ 7
\ 7
N 74
\\ //




Now consider the second diagram of Definition 4.1.9. Since we are treating composition
unitors as identity 2-cells, both the right-hand path and the left-hand path are given by the

diagram below.

l l°
\\\_,//
Thus, the diagram commutes and so (id,id, m) is a linear functor. O

These linear functors will, of course, be transformed into the %(I, I)-functors necessary
for our bicategorical enrichment.

Proposition 5.3.3. There is a linear natural transformation whose natural transformation
component, and monoidal natural transformation component, are given by X in the following
two diagrams.

%(B,B) x #(A, B)

idp x B(A,B) o
A

« x %B(A, B) - #(A, B)

)

B(I,1) x B(I,1)

id; x B(I,1) o
A

« x B(I,T) — B(1,1)

Proof. By appealing to strictification we may treat A as the identity 2-cell. Thus, the re-
striction of A to scalars is, trivially, monoidal and the diagram of Definition 4.1.13 commutes
trivially. O

Proposition 5.3.4. There is a linear natural transformation whose natural transformation
component, and monoidal natural transformation component, are given by p in the following
two diagrams.

B(A,B) x B(A, A)

B(A,B)xida o
5

B(A, B) x * M B(A, B)

B(I,1) x B(I,I)

B(I,I)xid; o
B

PB(I, 1) x

B(I,1)

~
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Proof. This follows for the same reasons as above. O

Proposition 5.3.5. There is a linear natural transformation whose natural transformation
component, and monoidal natural transformation component, are given by & in the following
two diagrams.

B(C, D) x (B(B,C) x B(A, B)) PED)Ee B(C, D) x B(A,C)

(B(C, D) x B(B,C)) x B(A,B) é B(A,C)

ox %B(A,B) /

#(B,D) x B(A, B)

B(I,1)®o

B(I,1) x (B(I,1) x B, I))

] | I

(B(I,1) x B(I,1)) x B(I,I) B B(I,1)

m\ /

B(I,1) x B(I,1)

Proof. Again, this follows from strictification. O

We now have all of the data necessary to enrich over the bicategory of closed represent-
ations, and we will use the constructed 2-functors in the last section to change the base of
our enrichment

Theorem 5.3.6. FEvery left-composition-closed, right-monoidal-closed bicategory % is the
underlying bicategory of a B(I,I)-Cat-enriched bicategory.

Proof. The five above propositions give all of the necessary data to enrich over the bicat-
egory of closed B(1, I)-iterated representations. To be explicit, we let 28 be the #-Repy-
bicategory where 2 (A, B) is given by the ¥ -representation defined in Lemma 5.2.19. We
define the enriched identity 1-cell to be

(id,id): (*,%) = (B(A, A), B(1,1));
we define the enriched composition 1-cell to be
(0,0): (B(B,C) x B(A, B), B, 1) x B(I,1)) = (B(A,C), B(I,1));

and the enriched unitors and enriched associator are given by the pointwise unitors and
associators. Clearly the underlying bicategory of £ is %, and note that, since the axioms
of enriched bicategories hold component-wise in Cat, they hold for .
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Now using Lemma 4.3.3 and Lemma 4.3.5 and Garner and Shulman’s [24, p. 13.2] base-
change trifunctor associated to a monoidal 2-functor, we can replace ¥-Rep,j with ¥-Cat in
our enrichment to get the ¥-Cat-bicategory Z. To see that the underlying bicategory of Z
is A, firstly note that, as pointed out in Theorem 4.2.8, the enriching functor commutes with
the underlying category 2-functor. The collapsing 2-functor does not necessarily commute
with the underlying category 2-functor. However, for all A and B, #*(A,B) is a ¥-
representation, and the collapsing functor is the identity on ¥ '-categories. O

Example 5.3.7. The enriched bicategory Rel has enrichment given by

* ifRCS

Rel(4, B)(R, 5) = { .
@ otherwise.
In other words, single 2-cells are replaced by truth values.

Example 5.3.8. The enriched bicategory Bimpg has enrichment given by equipping the set
of bimodule homomorphisms with the usual R-module structure.

Example 5.3.9. The enriched bicategory DBim has enrichment given by replacing taking
the 2-cells between bimodules M and N to be the elements of the chain complex of R-
modules RHom(M, N).

Example 5.3.10. The enriched bicategory #-Prof has enrichment given by replacing the
sets of ¥ -natural transformations between profunctors with #-natural transformation ob-
jects. Let P,@Q: A -» B be profunctors. By the Fubini theorem for ends, the scalar between
them is given by

JJ”V(P(A,B),Q(A,B))% f ¥(P(A, B),Q(A, B)) = Nat(P,Q)
A B

(A,B)
which can be found, for example, in Loregian’s [48, thm. 1.3.1] book.

Example 5.3.11. The scalars for the bicategory Span(Set) are given by Set and therefore
the enrichment must return the same bicategory. If % is some other category that is locally
cartesian closed with finite limits, then the enrichment can be recovered by taking the
natural strictification, where the objects of Span(%’) are thought of as slice categories, and
taking the natural transformation objects in €.

Example 5.3.12. The enriched bicategory Path(G), for a topological group G, has enrich-
ment given by replacing homotopy classes of homotopies with loops. Explicitly, if p,q: * — y
are paths in the space, then the scalar between them is the loop that they create, with
basepoint shifted to be the unit. Explicitly, the hom-object between p and ¢ is (p; q) - 271,
where the semicolon denotes concatenation of paths.

Now that we have the enrichment, we can define the enriched cotrace functor.

Definition 5.3.13. The enriched cotrace functor at an object A in a left-composition-
closed right-monoidal-closed bicategory is the functor

T = B(A, A)(ida, —): B(AA) — B(1,1)
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Recall that the 2-trace of an endomorphism E: A — A, as studied by Bartlett [7,
def. 7.8], and Ganter and Kapranov [23, def. 3.1], was given by Z(A, A)(id4, E). The
cotrace functor above then gives an enriched version of the 2-trace. It is worth noting
that the 2-trace as defined by Bartlett was given specifically for the 2-category of 2-Hilbert
spaces, and has a Hilbert space structure. We conjecture that the 2-category of 2-Hilbert
spaces has a left-composition-closed right-monoidal-closed structure, and that its scalars are
given by Hilbert spaces, but we do not prove this.

Recall also that the enriched cotrace functor gives the cotrace in the sense of Day and
Street [19, def. 8]. In this way we unify the 2-trace.

Before we move on to compact-closed categories and traces, it is worth noting that the
enriched bicategory retains many of the properties of the original bicategory: for example,
local completeness and cocompleteness.

Proposition 5.3.14. If # is locally complete then so is B. If B is locally cocomplete then
s0 is A.

Proof. Note that for every A, B € &, #(A, B) is powered and copowered, with power and
copower given by Spr°(s) o (=) and Spr°(s) —o (—) respectively. Since weighted limits are
composed of conical limits and powers — see for example, Kelly’s [38, thm. 3.73] monograph —
and weighted colimits are composed of conical limits and copowers, if all conical limits exist
in #(A, B) then all weighted limits exist in #(A, B) and similarly for weighted colimits. [

We don’t give a definition here of what it means to be a monoidal-closed enriched bic-
ategory. As such, whilst it seems likely that the tensor and closed structures exist for Z
we don’t give a proof that they do. But it is still useful to know that the tensor gives rise
to AB(1,I)-functors between the hom-categories of %, and that the name and realisation
functors have enriched functor analogues.

Proposition 5.3.15. For every pair of objects A, B € A there is an enriched functor
—®B: B(AA) - B(A® B,A® B)

that we call the enriched right tensor functor, whose underlying functor is the usual tensor
functor.

Proof. 1t suffices to show that there is a strong linear functor
PB(AA) —» B(AR B,A® B)

whose functor component is given by the usual — ® B.
In order to do this we need to give a natural transformation

Sprigp(s) o (f ® B) = (Spri(s) o f) © B

in #(A, A) that satisfies the axioms of a linear functor.
To simplify things let’s treat & as a Gray monoid. Then we need a natural transforma-
tion

(s®A@B)o(I®f®B) ™ (s®A)o(I®f)®B

but in a Gray monoid the left and right-hand sides above are equal, so we can choose m to
be the identity 1-cell and the axioms hold trivially. O
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Proposition 5.3.16. For every pair of objects A, B € A, there is an equivalence defined
by a pair of enriched functors

(5): B(A,B) = B(I, A, B)) : (—)

that we call the enriched name and realisation functors, whose underlying functors are the
usual name and realisation functors.

Proof. In the proof of Lemma 5.2.11, we defined a %B(I,I)-linear structure for the name
and realisation functors and showed they were equivalent as linear functors. Thus, by the
enriching 2-functor, they are the underlying functors of %(I, I)-functors. Since 2-functors
preserve equivalences, the enriched name and realisation functors give an equivalence. [

Proposition 5.3.17. Let f: B — C be a 1-cell in B. Then for every A € B there is an
enriched postcomposition functor

fo(=): B(A,B) — B(A,C)

whose underlying functor is fo(—), and for every D € A there is an enriched precomposition

functor
(=)o f: B(C,D)— A(B,D)

whose underlying functor is (—) o f.

Proof. Since & is the underlying category of £ we know that there is a (I, I)-functor
fix— B(B,C)
fix— B(B,C)

that picks out the 1-cell f. Then we construct (—) ¢ f as the composite

B(A,B) >+ B(A, B) 122D p(B.C) 0 B(A,B) % B(A,C)
whose underlying functor is f o (=) since the underlying functor of enriched composition is
usual composition. A similar construction gives the enriched precomposition functor. O

The enriched bicategory 4 is left-composition-closed, like 4, in the sense that the post-
composition functor defined above has a right adjoint.

Lemma 5.3.18. Let & be a left-composition-closed, right-monoidal-closed bicategory. The
HB(I,I)-Cat-bicategory B is left-composition-closed. That is to say, for every 1-cell f: A —
B there is a B(1,I)-adjunction

fol(=): Z(A,B) = Z(A,C) :f — (=)

where o denotes the enriched composition. Furthermore, f —o (=) is the underlying functor
of the B(I,I)-functor f — (—).

Proof. We could give an indirect proof by constructing a linear functor from the usual lift
functor. However, in this case a direct approach is just as simple. Firstly, we define a
candidate for an enriched functor f — (—) and show that it is, in fact, an enriched functor.
We then show that this enriched functor is adjoint to enriched post-composition functor.

131



Finally, by uniqueness of adjoints we have that the underlying functor must be the usual
lift functor.

We begin by defining a functor f — (—). On objects, we define f — (—) to be the same
as f —o (—). To define the functor morphism we need to show that for any g: A — C and
h: A — C there is a morphism in %#(I, I)-Cat,

Tr' (g —o h) = Tt ((f — g) — (f — h)).

Since Tr_ is a functor, it suffices to know that there is a morphism

¢
(9 —h) = (f —~g)—(f —h).
We define ( is given as the adjunct to the canonical morphism

(f —g)olg—h) = (f —h),
which is itself the adjunct of the map

Fo(f—g)o(g—oh) Y=y go(g—h)Sh.

Here € is the counit for the composition-lift adjunction. Thus, ¢ is a candidate for the
functor morphism. We now need to show that ¢ adheres to the axioms of enriched functors.

We firstly need to show that the functor preserves the enriched vertical composition.
This means we need to show that the following diagram commutes.

B(A,C)(h, k) f—o(=)of—=(=) B(A,B)(f —h,f—k)
o@(A,C)(g,h) O@(A,B)(fwg,f%h)

2B(A,C) (g, k) f—o(-) B(A,B)(f —g,f—k)

Figure 5.18

Firstly note how the enriched vertical composition is defined in the %(I, I)-category
HB(A,C). By construction, given f,g,h: A — C we have that the functor morphism for
vertical composition

B(A,C) @ B(A,C) — B(A,C)

is given by a morphism
T’ (g~ h) o T (f —g) = Tr (f — h)

which is the composite of three canonical morphisms in #(1,I). Firstly we have the braiding
in B(1,1I) given by

Tr'(g — h) o Tr (f —o g) =+ Tr (f —o g) o T (g —o h).
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Secondly, note that the spread functor is strong monoidal and so the enriched cotrace
functor, being right adjoint to the spread functor, has a canonical lax monoidal structure.
This means there is a canonical natural transformation

T’ (f —g)oTr (g—h) ST ((f — g) o (g — h)).

The third and final morphism is the canonical morphism

TE((f — g) 0 (9 — h) - T (f —o h),

and note that £ is the adjunct of (.
Thus, to show that Figure 5.18 commutes we need to show that the following diagram
commutes.

TE (h o k) 0 T (g — 1) LT, T —h) —= (f — k)
o TE°((f —o g) — (f —o b))
X X

Te?((f —og) —o (f — )

Tr°(g —o h) o Tr° (h —o k) o Tr° ((f —o h) —o (f —o k))

® ®

Tr®((f —og) —o (f —o h)
o(f —oh)—o (f — k)

f lg

Tr°(g — k) () T ((f — 9) — (f — k)

ﬁo((g —o h) o (h —o k))

However, due to the naturality of X and ¢, and the fact that Tr is a functor, it suffices to
show that the following diagram commutes.

(9 h) o (h—o k) — = ((f = g) — (f = h)) o (f —o h) — (f — k)

e| le

(g — k) z (f —g) —(f—k)

But, since £ is the adjunct of (, this diagram is the adjunct to the following diagram

(f —g)o(g—oh)o(h—o k)™ (f o h)o(h—ok)

(f—og)OEJ lﬁ

(f —~g)o(g—k) c f—k

which commutes because of the naturality of £&. Thus, Figure 5.18 commutes.
Next we need to show that the morphism preserves identities. In other words we need
to show that the following diagram commutes.
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* ——— B(A,C)(g,9)

\lc

B(A,B)(f — g, f —9g)
Figure 5.19

Firstly note that the enriched identity morphism, by construction, is given by the fol-
lowing composite
—o T’
id 5 T06d) 2 g oy,
where v is the unit map that gives Tr’ a lax monoidal structure, and 7 is the unit of the
composition-lift adjunction. Then we need to show that the diagram below commutes.

id —Y5 T (d) — = L T (g —o g)

T (n)
T ((f —g) — (f —=9))

Thus, it suffices to show that the following diagram commutes.

id%g—og

\ li

(f —g)—(f—g)

But this diagram commutes because the top right path is, by definition equal to the top
right path in the following diagram.

id 1 g—og

K ["
(f—~g)—(f—g) —— f—g—((f<9)o(g—g))

\ lc

(f —g9) = (f—y9)

This diagram commutes by naturality and the zigzag identities for the composition-lift
adjunction. Thus, we know that Figure 5.19 commutes, and so our enriched lift functor
f — (=) is, in fact, a functor.

Now all that remains is to prove that the enriched lift functor f — (—) is adjoint to the
enriched post-composition functor f ¢ (—). This means giving a natural isomorphism

T ((go f) — h) =T (f — (9 — h)
and so it suffices to show that there is a natural isomorphism

(gof) =h=f—(g—h)
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This follows from the Yoneda lemma and the fact that for any k: A — A

B(A, A)(k,(go f) —oh) = HB(A,C)(go fok,h)
~ B(A,B)(f o kg — h)
= @(A,A)(k‘,f —o (g — h))

Thus, f o (—) is left adjoint to f — (=) in the category of Z(I, I)-categories. Finally, since
the underlying functor of f ¢ (—) is the usual postcomposition functor f o (—), the forgetful
2-functor

(=)o: B(I,I)-Cat — Cat

preserves adjoints, and adjoints are unique up to isomorphism, we know that the underlying
functor of f — (—) is the usual lift functor f —o (—). O

Proposition 5.3.19. If f: B — C has a pseudoinverse f® then the enriched postcomposi-
tion functor f o (=) has a pseudoinverse f* o (—), and the enriched precomposition functor
(=)o f has a pseudoinverse (—) o f*.

Proof. Let f* be an adjoint pseudoinverse for f. We show that the functor f® o (f ¢ (—))
is isomorphic to the identity functor. This is sufficient since f® being adjoint pseudoinverse
to f implies that f is adjoint pseudoinverse to f°.

Firstly note that since % is the underlying bicategory of £ we know that x EAZN
HB(B, B) is isomorphic to the functor id which picks out the identity. Since the underlying
functor of the enriched composition functor (—) ¢ (—) is the usual composition functor
(=) o (=) there is an invertible 2-cell that gives an isomorphism in the diagram below.

~

* * Q@ *
(f'of)l o~ if‘@f
@(B,B) T%(CXB)@%(BvC)

Since £ is an enriched bicategory, we also have an isomorphism of functors
& (2o (=)o (=) = ((H) o (=)o ().
Composing these isomorphisms we have the following isomorphism
fro(fe(=)=(ffof)o(m)=(f*of)e(-)=ido(-) =id.

Hence, fo(—) and f® o (—) give an equivalence of Z(I, I')-categories. The case for precom-
position is analogous. O
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Chapter 6

Compact-Closed Bicategories
and the Two Traces

Up until now our discussions have focused on the concept of a cotrace. The prefix ‘co-’ here
indicates that the cotrace ought to be, in some sense, opposite to some other construction
that we can call the trace. This intuition is, of course, backed up by our examples. In
different contexts the cotrace gives the centre, the homology and the end, and all of these
have dual constructions — namely the abelianisation, the cohomology or the coend.

It turns out that this dual construction follows from the usual trace in category theory,
first defined by Dold and Puppe [21, def. 4.1], that can be defined in any compact-closed
category. A compact-closed category is a symmetric monoidal category with duals. That is
to say, o/ is compact-closed if every object A € &7 comes equipped with an object A* and
morphisms

ev: A*®@ A— T and coev: I -+ AR A*

that we draw as cups and caps such that the usual yanking identities for adjunctions hold.

o A [N
| a4

In other words, o/ is a one-object bicategory, equipped with a symmetry, such that every
1-cell comes equipped with a choice of right adjoint.

The motivating example of a compact-closed category is the category of finite dimensional
vector spaces. It turns out the trace of any endomorphism in this category can be defined
purely in terms of the compact-closed structure. Given any linear endomorphism FE, the
trace is simply given by the following diagram:
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where the braiding in this diagram represents the symmetry. In this chapter we will see how
the analogous definition for composition-closed compact-closed bicategories gives rise to a
functor called the trace functor. This functor is, in some sense, dual to the cotrace functor.

The first section begins with a review of two different types of commutativity on a
monoidal bicategory: braided and symmetric. We give two semi-strictification theorems by
Gurski, and prove, using our string diagram language, that the braid for scalars is symmetric
whenever the monoidal bicategory is braided.

The second section focuses on compact-closed bicategories. It is in this section that we
define the trace functor and its right adjoint, the cospread functor, and give some examples
of the trace functor in certain bicategories. We also show that these functors have scalar-
enriched counterparts that form an enriched adjunction.

The third section is dedicated to a comparison between dagger compact categories — a
category structure that captures the structure of finite dimensional Hilbert spaces — and
composition-closed compact-closed bicategories. We give a heuristic account of why the
trace for composition-closed compact-closed bicategories is ‘split’ into the trace and cotrace.

The fourth section gives an account of the properties that the trace and cotrace share
with the linear trace. This includes linearity, dual invariance, cyclicity, and preservation of
tensors. This also gives us some insight into how the trace and cotrace might be formally
dual.

The final section looks at the properties of the codimension and dimension of a given
object in the bicategory. The dimension of a finite dimensional Hilbert space A can be
given as the trace of the identity morphism at A. Defining dimension and codimension
analogously, it turns out that codimension and dimension form a monoid-module pair in
the monoidal category of scalars. We give an account of the structures that this gives rise
to for each of our motivating examples.

6.1 Braided and Symmetric Monoidal Bicategories

In this section we give an account of braided and symmetric monoidal bicategories and the
semi-strictification theorems of Gurski. In Section 3.3 we saw that the category of scalars is
always braided monoidal. In this section we will see that if a monoidal bicategory is braided,
then its monoidal category of scalars is symmetric.

Definition 6.1.1. A braided monoidal bicategory is a monoidal bicategory % equipped
with a pseudonatural adjoint equivalence, called the braid,

bap: A® B— B®A

as well as two invertible modifications, called the left and right 2-braids, whose components
are given by the diagrams below.

ap.c,A ba,(Boc) aA,B,C

BaB,c

B® bA7C ap A,C bA,B ®C
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(]
ap,c,A bA,(B@C’) QA,B,C

Ba,B|c

B® by o aB,A,C a5 ®C

These are subject to coherence axioms that can be found, for example, in Stay’s [61, def. 4.5]
paper on compact-closed bicategories. We choose to omit these since we will not appeal to

them directly.

Remark. Note that if we think of the underlying bicategory as a Gray monoid, the above
invertible modifications reduce to the isomorphisms given below.

ba,(BoC) b2 (Bec)
B®bA’C bA’B®C B®b:4,c b,.4,B®O

In a braided monoidal category 2 we can show that for any A € 4 the following diagram

commutes
Al —25IpA

\ ll

I

A

which corresponds to the identity axiom for pseudonatural transformations. An analogous
result for braided monoidal bicategories holds, but proving it is far from straightforward.

Proposition 6.1.2. In a braided monoidal bicategory % there is an invertible modification
that relates the unitors and the braid, given by the diagram below.

-®I
I®——
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Proof. Firstly notice that there is a modification 7y given by Figure 6.1. This can be used
to construct a modification 71, given by Figure 6.3. Finally, we can wrap -; in naturalisors,
as in Figure 6.2, to construct the desired 2-cell. given in wrap 73 in naturalisors as follows
to get 7. O

Clearly, then, reasoning about braided monoidal bicategories is rather unwieldy. Luckily

Gurski gives a strictification result that vastly simplifies proofs.

Definition 6.1.3. A strict braided monoidal bicategory is a braided monoidal bic-
ategory such that the underlying monoidal bicategory is a Gray monoid, and any braid or
2-braid with a unit in its index is an identity map. To be clear:

ba,1 br,a

e A=A — IRA=Aand A=1 A—— A® I = A are both the identity;

e for all A, B, and C, the 2-cells in the following diagrams are identities.

briec b7 Bec
B®be bipeC Baby, byaC

ba1ec ba,1sc
I®bac bar®C I®bac bar®C

ba,Ba1 V% Bor
B®bar bap®I B ®0b% byp @I

Theorem 6.1.4. FEvery braided monoidal category is braided monoidally biequivalent to a
strict braided monoidal category.

Proof. See Gurski’s [28, thm. 27] paper: Loop spaces, and coherence for monoidal and
braided monoidal bicategories. O
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Baez and Dolan [2, sec. 5], in their periodic table of n-categories, conjectured that a
one-object braided monoidal bicategory ought to be a symmetric monoidal category. It
was then pointed out by Baez and Neuchl [4, sec. 5] that if a braided monoidal bicategory
could be strictified in the sense of Gurski above, then the conjecture would hold. In light of
Gurski’s strictification theorem we give an explicit proof of that conjecture using our string
diagram language.

Lemma 6.1.5. If # is a braided monoidal bicategory then the braiding for its category of
scalars is a symmetry.

Proof. Recall that if we strictify our monoidal bicategory then the braiding for the scalars is
given by the interchangerator. Let T': # x B8 — % x A be the twist 2-functor that reorders
pairs of objects, 1-cells and 2-cells. Given f: Ay — A; and g: By — B; consider the 2-cell
in Figure 6.4. By definition this 2-cell is equal to the 2-cell given in Figure 6.5. Figure 6.5 is
equal to Figure 6.6 by naturality, which is equal to Figure 6.7 and Figure 6.8 by definition.
But if f and g are scalars, and we think of % as being strict braided monoidal, then we
know that b and b® are identity 1-cells. Thus, we know that x4 ; = Xﬁlg and so the braid
for scalars is a symmetry. O
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Definition 6.1.6. A symmetric monoidal bicategory is a braided monoidal bicategory
equipped with an invertible modification called the syllepsis,

ba B

7]

()
B,A

which is subject to coherence axioms that can be found, for example, in Stay’s [61, defs. 4.7,
4.8] paper on compact-closed bicategories. We choose to omit these, once again, since we
will not appeal to them directly.

Remark. Depending on which coherence axioms we include there is a weaker notion of a
monoidal bicategory with a commutativity structure. This is called a sylleptic monoidal
category, hence the name syllepsis. This is part of the story of the periodic table of
n-categories, but we will not make use of this definition here.

Remark. If a symmetric monoidal category is right-monoidal-closed then it is also left-
monoidal-closed, and so we simply refer to the category as monoidal-closed.

In a symmetric monoidal category the following two morphisms are equal.

A B C
A B C
//
/
C A B
C A B

The next proposition gives an analogue of this fact for symmetric monoidal bicategories,
and will be useful in our account of compact-closed bicategories.
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Proposition 6.1.7. In a symmetric monoidal bicategory, 9B, there is a modification with
components given by the diagram below.

boga,B bags,c

B@bAyc ba,B®C

Proof. The 2-cell is given by the composite in Figure 6.9, which is a modification since each
of its constituent 2-cells are modifications. O

boga,B bagB,c

bo,B® A C®ba B bo,a ® B A®bp,c

ba,coB

be g ®A bp,c ® A ba,BoC

B®ba,c ba,B®C

Figure 6.9

Definition 6.1.8. A symmetric monoidal bicategory is strict if it is strict as a braided
monoidal bicategory and the syllepsis is the identity.
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Gurski and Osorno have also given a strictification theorem for symmetric monoidal
bicategories.

Theorem 6.1.9. FEvery symmetric monoidal category is symmetric monoidally biequivalent
to a strict braided monoidal category.

Proof. See Gurksi and Osorno’s [29, thm. 1.13] paper: Infinite loop spaces, and coherence
for symmetric monoidal bicategories. O

6.2 Compact-Closed Bicategories and the Trace

In this section we explore the properties of compact-closed bicategories with the ultimate
aim of defining the trace functor. Note here that, as with ‘monoidal-closed’, we hyphen-
ate ‘compact-closed’ to distinguish this closed structure from composition-closed structure.
Throughout this section we will apply semi-strictification to improve the readability of cer-
tain definitions and proofs.

Definition 6.2.1. Let £ be a symmetric monoidal bicategory. A dual for an object A € &
is an object A* equipped with a 1-cell

coevy: I - AR A*
that we call coevaluation, and a 1-cell
eva: A"@A =T

that we call evaluation, such that — ® A is left pseudoadjoint to — ® A* with unit given
by — ® coevy and counit given by — ® ev 4.

To be explicit about what this means, if A is dual to A* then there are adjoint equival-
ences given by the following two pairs of 1-cells that we call the zigzag 1-cells.

- ®A®ev — ® coev®A

\ \

\ \

\ \

\ \

\ \

\ \

\ \

\ \
- ®AQev — ® coev®A
—ReveA* — ® A* ® coev

\ \

\ \

\ \

\ \

\ \

\ \

\ \

\ \
—RevRA* — ® A* ® coev

Recall that the definition of pseudoadjunction we are working with here does not stipulate
any additional coherence conditions. Thus, this definition does not include the swallowtail
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diagrams that can be found in, for example, Stay’s [61, def. 4.11] account of compact-closed
bicategories. Again, as shown by Verity [63, lem. 1.3.9] this is essentially immaterial since
we can always replace the 2-cell counit or unit of the hom-equivalence

B(B® A,C)= B(B,C® A*)

so that it becomes an adjoint equivalence. This corresponds to changing either the cups or
the caps that show that evaluation and coevaluation are adjointly equivalent. If the cups
and caps give an adjoint equivalence between the hom-categories, then they adhere to the
swallowtail identities. In short, we can always choose our cups or caps in such a way as the
swallowtail identities hold. Thus, if A and A* are dual in the sense of the definition above,
then they are dual in the sense of Stay [61, def. 4.11].

Proposition 6.2.2. In every symmetric monoidal bicategory the unit object is self-dual.
Proof. This follows by taking coevaluation to be [* and evaluation to be [. O

Proposition 6.2.3. Let A be an object in a symmetric monoidal bicategory. If A is dual
to both A’ and A* then there s a canonical equivalence between A’ and A*.

Proof. This follows from the uniqueness of pseudoadjoints. Since —® A’ and —® A* are both
right pseudoadjoint to —® A, we know that there is a canonical equivalence B A’ = B A*
for all B € 4. In particular, there is a canonical equivalence I @ A’ = [ @ A*. O

Proposition 6.2.4. Let A be an object in a symmetric monoidal bicategory. If A is dual
to A* then A* is dual to A.

Proof. We will show that b 4+ o coev and ev o by 4+ give the coevaluation and evaluation
maps for A*.

In order to prove this we need to show that our chosen coevaluation and evaluation maps
form the unit and counit for a pseudoadjunction between —® A* and —® A. In other words,
we need to check that the following functors

(-)® A)o (BRba-4) o (B®coev): B(B® A*,C) — B(B,C® A)

(C®ev)o(C@ba-a)o((—)®AY): B(A,C®A) — B(B® A*,C)

form an equivalence. Note that if we compose the above functors we get the following
functors:

(C®ev)o(C@baa)o((—)@A®AY) o (B@baa ®A")o(B®coev® A*);  (6.1)

(CReveA)o (CRbaas @A) o((—) A" ®A)o(B®ba ax)o (B coev). (6.2)

Thus, it suffices to show natural isomorphisms from (6.1) to the identity, and from (6.2)
to the identity. The first natural isomorphism is defined by 2-cell in Figure 6.10 where
is the modification given by Proposition 6.1.7. The two bottom modifications follow from
strictification for braided monoidal bicategories.

The fact that this constitutes a natural transformation follows from the fact that the
2-cell is a modification.

The second natural isomorphism is given analogously. Thus, B® (bocoev) and (evob)C
give a pseudoadjunction —® A* —® A, and so A* is dual to A whenever A is dual to A*. [
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Figure 6.10

Corollary 6.2.5. Let A be an object in a symmetric monoidal bicategory. If A* is dual to
A, and A** is dual to A* then there is a natural equivalence from A to A**.

Proof. In this case A and A** are both dual to A and so, by uniqueness of duals, they must
be equivalent. O

Definition 6.2.6. A compact-closed bicategory is a symmetric monoidal bicategory in
which every object comes equipped with a choice of dual.

Note that this definition is given in terms of a structure, but we might as well define a
compact-closed bicategory as a symmetric monoidal bicategory in which every object has
a dual. Since duals are unique up to equivalence, any choice of duals would be equivalent.
For this reason, since [ is self-dual, we will assume that the choice of dual for I is always
given by I = I. This is a sort of partial strictification that will be convenient for discussing
the impact that duals have on scalars.
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Proposition 6.2.7. In a compact-closed bicategory P there is a pseudofunctor, called the
dualising pseudofunctor,

(=) BP > B
which takes every object to its chosen dual and has hom-functors given by

B(B, A) L2=98, p(4* @ Be B, A* @ Ag Br) L2 Geoey)

B(A*, BY).

Proof. We need to define the compositor and the identitor for the pseudofunctor. By defin-
ition of a dual, ev ® A* is adjoint equivalent to coev ® A*, and A ® ev is adjoint equivalent
to coev ® A. Then the canonical 2-cell, defined by the diagram below, gives the identitor.

evy Q@ A* A* @id @ A* A* ® coevy
| é |
|
|
|
/

—_ -

Now, given 1-cells f: B — A and g: C' — B, the compositor for the dualising pseudofunctor
is defined by the following diagram.

ev(C* B*®@g®C* B*®coev ev®B* A*® f® B* A* ® coevp
|

ev A*® (go )@ C* coev

The fact that these 2-cells adhere to the axioms of pseudofunctors follows from the fact that
they are constructed from the tensor identitor and compositor and properties of adjoint
equivalences. O

Remark. Note that the source of this pseudofunctor is %°P not HB°°P, so the dualising
pseudofunctor only flips 1-cells, not 2-cells.

The above definition is useful for showing that the dualising pseudofunctor is, in fact, a
pseudofunctor. But the associated hom-functor can be reinterpreted as composite of name
and realisation functors, and this interpretation will simplify working with duals.

Proposition 6.2.8. Let (—)*: B(B,A) — HB(A*, B*) denote the hom-functor for the du-
alising pseudofunctor. There is an isomorphism, natural in A and B, between (—)* and the
following functor:

B(B,A) " B(1, A9 BY) 2 z(4*, BY).
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Proof. This follows because the naming functor above is given by

2(B,4) 22 (B* @ B, B* © A)

coevo(—)

PB(I,B* ® A),
the realisation functor above is given by

B, A B 228 2B, A0 B* @ B) L2200, 2B, 4),

and the rest follows by pseudonaturality. O

Corollary 6.2.9. The dualising pseudofunctor is a biequivalence.

Proof. This follows from the fact that both the name and realisation functors give equival-
ences. O

Note that, in contrast to the various symmetry structures applied to monoidal bicat-
egories, a compact-closed structure on a bicategory will not guarantee any kind of duality
structure on the monoidal category of scalars.

Proposition 6.2.10. At the unit, the hom-functor for the dualising pseudofunctor
is naturally isomorphic to the identity functor.

Proof. This follows from the definition of (—)* and the fact that evaluation and coevaluation

for the unit are given by the left unitor and its adjoint pseudoinverse. O

Proposition 6.2.11. A compact-closed bicategory is monoidal-closed with the monoidal-

closed structure given by — ® A*.

Proof. This follows from the definition of a dual. O
In Section 3.5 we gave a number of examples of monoidal-closed bicategories. In fact, all

of our examples were compact-closed. The unit and counit maps given there can be used to

reverse-engineer the coevaluation and evaluation maps. Below we give an explicit account
of what the dualising pseudofunctor does to objects and 1-cells in each of our examples.

Example 6.2.12. The bicategory Rel is compact-closed. The dual of a set A is the same
set A. The dual of a relation R C A x B is the transpose relation RT.

Example 6.2.13. The bicategory Bimp is compact-closed. The dual of an algebra A is
A°P the opposite algebra. The dual of an A-B-bimodule is the same bimodule, thought of
as a B°P-A°P-bimodule.

Example 6.2.14. The bicategory DBimp is compact-closed. The dual of an algebra A is
A°P the opposite algebra. The dual of a differential graded bimodule works similarly to the
above.

Example 6.2.15. The bicategory ¥-Prof is compact-closed. The dual of a category is &
is &7°P, the opposite category. A profunctor P: o/ - 2 is a functor

P:BYRA -V
and by symmetry in ¥ this can be identified with a functor
P: o @ B -V

which gives a profunctor P: Z°P —+ o7 °P.
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Example 6.2.16. Given a category € with finite limits, the bicategory Span (%) is compact-
closed. The dual of an object C' is the same object C. The dual of a span A L S % Bis
the span B <~ S ENY'S

Example 6.2.17. Given a topological abelian group G, the bicategory Path(G) is compact-

closed. The dual of a point z is its inverse z~'. The dual of a path p: 2 — y is path

(b= praT) iyt T

Definition 6.2.18. A symmetric monoidal bicategory &£ is called coclosed if its opposite
bicategory is closed. That is to say, & comes equipped with a pseudofunctor

[—,—]: BPx B — R
such that for every A € A, [A, —] is left pseudoadjoint to — ® A.

Proposition 6.2.19. A compact-closed bicategory is coclosed with coclosed structure given
by — ® A*.

Proof. Since we know that A** is naturally isomorphic to A we have a sequence of isomorph-
isms B(B® A*,C) =2 B(B,C @ A**) = B(B,C ® A) that give coclosedness. O

It is worth noting here that we can use the name and realisation functors in the ‘opposite
direction’. Suppose that we have a 1-cell f: A® B* — I. Then the name of such a 1-cell is
given by

T:ASIoB* 5B
and so given a 1-cell f: A — B we can take the ‘realisation’ of f to be a map
FiA®B ST

which is more of a ‘coname’ than a realisation, since it is the name functor for the coclosed
structure.

Now that we have given some basic properties of a compact-closed bicategory, we will
investigate how the compact-closed structure interacts with composition-closed structure.

Proposition 6.2.20. A left-composition-closed compact-closed bicategory is also right-composition-
closed with the right extension of g along f given by

(go—f)=(g" — )"

Proof. This follows from the following chain of adjoint natural isomorphisms

B(A,C)(hog, f)=B(C,A)((hog), ")
=HB(C,A)(g"oh™, [7)
= A0, B)(h*, 9" — f7)
= AB(B,C)(h, (9" — [7)"),
since, recall, the dualising functor (—)* only reverses 1-cells. O
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Remark. This means that if we have a left-composition-closed compact-closed bicategory
we can simply refer to it as composition-closed compact-closed.

It is worth noting here that, whilst a definition for compact-closed bicategory was yet to
be given formally, Betti and Walters [9, def. 5.6] suggested that the name closed bicategory
should refer to composition-closed compact-closed bicategory in which all hom-categories are
finitely complete and cocomplete.

Remark. In the next section we will see how this particular property relates to the notion
of dagger compactness.

A vpriori, right-composition-closedness has the potential to give another scalar enrich-
ment. We have shown that every left-composition-closed, right-monoidal-closed bicategory
can be enriched over the bicategory of scalar enriched categories. But by considering this
result on Z°P we could just have easily shown the result for right-composition-closed, right-
monoidal-coclosed bicategories. Thus, a left-composition-closed compact-closed bicategory
might have two distinct scalar enrichments. Given 1-cells f,g: A — B the scalar between
them would then be the extension in the following diagram.

It turns out that this just gives us the enrichment defined in the previous chapter.

Proposition 6.2.21. If # is a composition-closed compact-closed bicategory then for 1-cells
f,9: A — B there are natural isomorphisms

g o— f = B(AB)f,9)-

Proof. Recall that (—)*: B(I,I) — (I, ) is naturally isomorphic to the identity and so
for any scalar s we have

~—

B, 1)(s, g — f)

1%

BILI)(s, ()" —
(11" (f
(A® B*,1)
(A® B*,1)
(A® B*,I)(s

1

1

1%

B(1
B
B
B

1%

PA—

But now note that, since (—) is the name functor for #°P, by Lemma 5.2.11, we have natural
isomorphisms

1%

© B*,I)(f o Spr°(s), 9)
B)(f o Spr(s). 9)

, B)(Spr°(s), f — g)

LI)(s, T (f — g)).

BA® B I)(so [,9) =B

1%

A
A,
A

I

B
B
B

1%

(
(
(
(
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Thus, there is a natural isomorphism
B 1)(s, g o= [) 2 BT (f —g)

which, by the Yoneda lemma, implies that there is a natural isomorphism

P

go— FET(f—g)
O

Definition 6.2.22. The trace functor for an object A in a compact-closed bicategory %
is the functor
Tr?: B(A,A) — B, 1)

given by taking the composite

BA,A) T (1, A0 A7) LD g ).

If we want to be explicit about how this functor acts on endomorphisms, the functor
takes in an endo-1-cell f: A — A and returns the scalar given by the composite

T AgA* T2 Ao A 2 A @A T

Thus, if Z is a compact-closed bicategory without any non-identity 2-cells, the trace func-
tor is just the usual trace function for compact-closed categories. Of course, by Proposi-
tion 5.3.16 and by Proposition 5.3.17 there is an enriched version of this functor.

Definition 6.2.23. The enriched trace functor for an object A in a compact-closed
bicategory A is the functor
Tr: B(AA) — B, 1)

given by taking the composite

(evob)o(—)

B(AA) ) B, A0 A B(I,1).

Most of the following examples of traces in compact-closed bicategories are due to Willer-
ton [66].

Example 6.2.24. In the compact-closed bicategory Rel the trace of a relation R: A — A
is given by the relation

Te(R) = {* if 3a € A aRa

& otherwise.
In other words, Tr(R) = « if and only if A€ is not reflexive.

Example 6.2.25. In the compact-closed bicategory Bimpg the trace of an A-A-bimodule
M is given by the R-module of coinvariants, or the abelianisation, of the algebra. This is
the quotient R-module

M/{ma—am|me M,a € A).

This follows from the fact that the trace can be thought of as the composite
R4 Aar LR
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which given as a tensor is
A ®AOD®A M

By definition of the tensor product we get the quotient described above.

Example 6.2.26. In the compact-closed bicategory DBimp, when R is a field, the trace
of a differential graded A-A-bimodule M is given by the Hochschild homology of A with
coefficients in M. This follows from the fact that the trace can be thought of as a composite

R A A® L R
which is given by the derived tensor
R ®%¢ pop M.

This derived tensor has n’th component given by Tor;;‘®Aop(A, M). As shown by Cartan
and Eilenberg [15, ch. IX] this is equivalent to the definition of the Hochschild homology of
A with coefficients in M.

Example 6.2.27. In the compact-closed bicategory ¥ -Prof the trace of a profunctor
P: o/ + o is the coend of P. This follows from the Fubini theorem for coends — see
for example Loregian’s [48, thm. 1.3.1] book — and the co-Yoneda lemma:
(A Aed PR AA

f Hom(A, A") @ P(A, A") = f f Hom(A, A') ® P(A, A")

1
12

Tr(P) Poid

Acd

~ J P(A, A).

Example 6.2.28. Given a category ¢ with finite limits, in the compact-closed bicategory
of spans Span(%), the trace of a span A L s Ais given by the pullback in the following
diagram.
S XA S —— S
r

L

S —F5— A
If € is the category of sets then this trace is the set {(s,s’) € S x S| f(s) = g(s')}.

Example 6.2.29. If GG is a topological group, in the compact-closed bicategory Path(G)
the trace of a loop p at x is given by the loop (p-z71): e — e.

Remark. Comparing the above examples of trace to our examples of cotrace it seems
that there is some sort of duality between the two: cohomology vs homology, centre vs
abelianisation, ends vs coends. Formalising this isn’t exactly straightforward. For a start
we need some kind of context for this duality — some kind of category structure where the
two functors can be compared. Assuming that Z(I, 1) is complete and cocomplete we can
construct the functor category,

(Z(A, A), Z(1,1)]

and since both B(A, A) and %B(I,I) are monoidal, this has a monoidal structure given by
Day [17, p. 19] convolution. This would seem to be the obvious choice of category in which
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to compare the two functors. But since (A, A) is enriched over #(I,I), the unit for Day
convolution is Z(id, —). This is, of course, the cotrace!. Thus, the trace and the cotrace
cannot be dual in this category, otherwise they would have to be isomorphic as functors.
In the final sections of this chapter we investigate how the trace and cotrace are related, in
order to find some formal explanation for this putative duality.

Clearly by Proposition 5.3.16 and by Proposition 5.3.17 the underlying functor of the
enriched trace functor is the trace functor. If our bicategory is composition-closed as well
as compact-closed then the trace, like the cotrace, has an adjoint.

Proposition 6.2.30. For every A € & the enriched trace functor has a right adjoint
Spro: B(I,1) — B(A, A)
that we call the enriched cospread functor.

Proof. The enriched cospread functor is given by the composite

B(1,1) 0=, 1, A0 A7) s (4, )

and the fact that this is right adjoint to the trace follows from the fact that the enriched
name and realisation functors give an equivalence, whilst the enriched postcomposition and
lift functors give an adjunction. O

Remark. Note that we now have two pairs of enriched functors that give adjoints. Firstly,
there is trace and cospread

Tr°: B(A,A) = :B(I,1) :Spr .
Secondly there is spread and cotrace
Spr°: B(I,1) = B(A,A) :Tr .

In order to remember names and symbols note that in both cases the functor whose name
starts with “co-” is the right adjoint, has a — over the top and is constructed using the lift
functor.

This immediately implies an underlying functor to the cospread functor, which is right
adjoint to the unenriched trace functor.

Corollary 6.2.31. The trace functor has a right adjoint that we call the cospread functor.

6.3 Dagger Compact Categories

In a composition-closed compact-closed bicategory we have a spread and a cospread, a trace
and a cotrace. It is here that our analogy with linear algebra breaks down somewhat. Linear
endomorphisms have a trace but no cotrace. This is because, in some sense, the trace and
the cotrace seem to coincide. Heuristically this seems to follow from the idea that weighted

IThank you to Ciaran Cassidy for pointing out that the Day convolution of the trace and cotrace functors
is ‘probably not interesting’.
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limits and colimits both correspond to sums, and left and right adjoints both correspond to
linear adjoints.

To try and give some formal backing to this idea we will compare composition-closed
compact-closed bicategories to dagger compact categories. Dagger compact categories, in
some sense, completely describe the category of finite dimensional Hilbert spaces. It turns
out that the combination of a composition-closed structure and a compact-closed structure
gives something very similar to the structure of a dagger compact category, and under
certain conditions the trace and cotrace will coincide.

Definition 6.3.1. A dagger compact category is a compact-closed category % equipped
with a strict symmetric monoidal involutive functor

(-): 6P 5%

that is the identity on objects, such that for every object A € € the following diagram

commutes.
/ \ .

ARA* ——— A" ® A

Definition 6.3.2. If ¥ is a dagger category — that is a category equipped with an identity-
on-objects involution (—)f: €°P — % — then we call a morphism f: A — B in € unitary
if fTis the inverse of f.

Then we can spell out the definition of a dagger compact category in terms of unitary
morphisms.

Proposition 6.3.3. A dagger compact category is a compact-closed category equipped with
a dagger structure such that

(fogt=rflagd,

the unitors, associator and braid are unitary, and (6.3) holds.

Proof. Suppose € is a dagger compact category as defined in Definition 6.3.1, then since
(=)' is strict symmetric monoidal, (f ® ¢g)T = fT ® g'. Now note that the coherence maps
for €°P are the inverses of those for . But also note that since (=)' is strict symmetric
monoidal the associated coherence maps are identities. That means that the commutativity
of the coherence diagrams reduce to the commutativity of the following diagrams.

/i\,x /b\‘
(A®B)®C A® (BeC) A®B B® A
\_/’ \_/

(a=hHf (Gl
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Thus, any dagger compact category as defined in Definition 6.3.1 is a dagger compact
category as defined in the proposition above.

The converse follows straightforwardly, since the stipulation that (f ® ¢)" = fT ® ¢, as
well as the unitarity of the coherence maps, forces (=)' to be strict symmetric monoidal. [

Categories with this precise structure seem to have first been defined by Abramsky
and Coecke [1, def. 7.1], under the name ‘strongly compact categories’, in the context of
quantum protocols. Prior to this Doplicher and Roberts [22, sec. 1] studied C*-categories
with ‘conjugates’, which are dagger compact categories enriched over Banach spaces. Baez
and Dolan [2, p. 25] also previously referred to monoidal categories ‘with duals’; which
are like dagger compact categories, but where the operation (—)* is only defined on objects.
Selinger [60, thm. 2.2] proved that all dagger compact categories are, in some sense, described
by the category of finite dimensional Hilbert spaces. Formally speaking, Selinger developed a
string diagram language for dagger compact categories and showed that if a given statement
in that language holds in the category of finite dimensional Hilbert spaces, then it holds for
all dagger compact categories.

In a dagger compact category we refer to fT as the adjoint of f, since for finite dimensional
Hilbert spaces the dagger functor takes every linear map to its linear adjoint. Note that
adjoints and duals interact well.

Proposition 6.3.4. If % is a dagger compact category then the following diagram commutes

)f o
€ —— €°°P

(—)*l l(—)*
&°P W 4

Proof. On objects these two functors clearly agree since they both take an object A to its
dual A*. Thus, it suffices to show that (f7)* is equal to (f*)T for all f: A — B. Note that
f* is equal to

B Blgcocva, pe o g g gx BIOIOAT pe o p g gr SvBEAT s

and so (f*)! is equal to the top path in Figure 6.11. But the bottom path gives (fT)*,
and we know that each of the internal polygons in Figure 6.11 commutes, either by the
commutativity of (6.3) or properties of the braid natural transformation. O

There is a similarity here with Proposition 6.2.20 given above. Note that, in a bicategory,
if the right adjoint of f exists then it is given by f —o id. Similarly, if the left adjoint of f
exists, then it is given by id o— f. So f —o id and id o— f behave like ‘weak’ adjoints for f.

Corollary 6.3.5. If # is a composition-closed compact-closed bicategory and f has a weak
right adjoint f¥ then (f1)* is a weak left adjoint to f*.
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There are, however, two key differences between a dagger compact category and a
composition-closed compact-closed bicategory that seem to explain the fact that dagger
compact categories have a unique trace. Firstly, in a dagger compact category we know

~

that the adjoint of evaluation is equal to coevaluation modulo braiding: b o evli 2 coev,
or equivalently, (ev o b)T 2 coev. Secondly, in a dagger compact category there is a single
notion of adjoint. If f is ‘left’ adjoint to g then it is also ‘right’ adjoint to g. There is no
distinction.

Proposition 6.3.6. Let B be a composition-closed compact-closed bicategory % such that,
for every A, the composite

A A* B AT @A S T
is left adjoint to the coevaluation map. Then the spread functor is naturally isomorphic to
the cospread functor.

Proof. Note that by Lemma 5.2.11 it suffices to show that coev o s is naturally isomorphic

to (ev o b) —o s but coev o s is naturally isomorphic to (evob) —o s by the fact that evob is
the left adjoint to the coevaluation map. O

In cases where this holds, we have the following chain of adjunctions.
Tr°
YA
B(I,I) —spr— B(AA)
w
ﬁo

Proposition 6.3.7. Let B be a composition-closed compact-closed bicategory A such that,
for every A, the composite

AgA* L Ar A S
is right adjoint to the coevaluation map. Then the cotrace functor is naturally isomorphic
to the trace functor.

Proof. This follows from the sequence of natural isomorphisms

—

Tro(f)%evobo(f@)A*)ocoev%coev—o((f®A*)ocoev)%ﬁ—o F T

which are due to the definition of each of the traces, the assumption above and the definition
of the name functor. O

In cases where this holds, we have the following chain of adjunctions.

Spr®
VT
B(A,A) —1—s BT
\y
Sipro
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Of course, if (ev o b) is both left and right adjoint to the coevaluation map — as is formally
the case for dagger compact categories — then there is a single trace functor and a single
spread functor. On its own ev o b being adjoint to coevaluation isn’t enough to collapse a
composition-closed compact-closed bicategory to a dagger compact category. We can reverse
1-cells by taking f —o id, but this isn’t functorial: unless f and g have right adjoints, there
is no isomorphism

(go f) —id = (f —oid) o (g —o id).

Proposition 6.3.8. Let & be a composition-closed compact-closed bicategory, such that
every f: A — B has unique ambi-adjoint ¥ and the adjoint to (ev o b) is coevaluation.
Then the 2-skeleton of A has an induced dagger compact structure.

Proof. We firstly show that the 2-skeleton has a symmetric monoidal structure. We then
show that this monoidal structure is compact-closed. After that we show that the 2-skeleton
has a dagger structure, and finally we show that the dagger compact condition holds.

Let (&)¢ denote the 2-skeleton of a bicategory &/. Firstly note that given a pseudo-
functor F': € — 2 there is a functor Fy: 6y — %o given by Fy(A) = F(A) on objects and
F([f]) = [F(f)] on morphisms. This is well-defined since F' preserves isomorphisms between
1-cells, and the compositor and identitor are isomorphisms. Secondly note that for any pair
of bicategories € and Z, (¢ x P)o = %o X Yo since any invertible 2-cell in € x Z is given by
a pair of invertible 2-cells, one in ¢ and one in 2. Thus, we can define the tensor product
on %y to be ®q.

Note that if f and f* give an equivalence then [f o f*] = [id] and [f*® o f] = [id]. Thus,
the unitors and associator for the tensor can be given by [I], [r] and [a]. The fact that the
2-associator and 2-unitors are isomorphisms means that the axioms of a monoidal category
hold. Hence, the 2-skeleton has a monoidal structure. Similarly, we have braid morphisms
[b] : A® B — B® A with an inverse. The syllepsis and the 2-braids are both isomorphisms
and so [b] is self inverse and adheres to the braid conditions.

If A and A* are dual in % with chosen evaluation and coevaluation map. The isomorph-
ism classes of these adhere to the yanking conditions and so A and A* are dual in €. This
gives the compact-closed structure.

To prove that there is a dagger structure, we define the functor

(—)T: E@gp — 330

to be the functor that is the identity on objects and sends [f] to [f¥]. This functor preserves
identities since id" is id and preserves composition since if ¢ is adjoint to g, f? is adjoint to
f, then ¢g¥ o ¥ is adjoint to f o g.

We now show that the dagger functor is strict symmetric monoidal. In order to do this,
we first characterise the unitary morphisms. A morphism [f] is unitary in %, if and only if

[f o £] = [id] and [f¥ o f] = [id],

but this holds if and only if f and fV give an equivalence. So fY and f form an adjoint
equivalence. Similarly, if f and f* give an adjoint equivalence, then | f}T = [f*] and we have
that

[f o f¥] =Iid] and [f" o f] = [id]
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and so f and f*® are unitary. In particular the unitors and the associator are all unitary.
Since pseudofunctors preserve adjoints

(flel) =1feg' =g 1= a4,

and thus the dagger functor is a strict symmetric monoidal functor.

Finally, we want to show that the diagram (6.3) commutes. In other words we need to
know that [b] o [ev]” = [coev] holds. But this follows from the fact that boev is ambi-adjoint
to coev.

Thus, we have shown that %, has the structure of a dagger compact category. O

Example 6.3.9. The 2-skeleton of Path(G), for G a topological group, is the groupoid
given by points in G and homotopy classes of paths between them. The dual of a point is
the inverse of that point. The dagger is given by reversing the paths.

So it is the case that a small class of composition-closed compact-closed bicategories can
be reduced to dagger compact categories. Interestingly, sets and relations form a dagger
compact category where the dagger is given by taking the transpose relation. This can be
used to describe the composition-closed structure of the bicategory Rel, but the converse
does not seem to be the case: there is no relation @: A — A such that R — @ is the
transpose of R.

Of course not all dagger compact categories arise in this way. Take, for example, the
dagger compact category of finite dimensional Hilbert spaces.

Let z: C — C in FDHilb. We know that z corresponds to a complex number, and we
also know that z! is given by the complex conjugate. Now suppose that FDHilb & 4%,
for some composition-closed bicategory % with ambi-adjoints. We know that any non-zero
z: C — C has an ambi-adjoint given by z, but we also know that z has an inverse. If 271 is
the inverse of z then z~' is ambi-adjoint to z and thus, by uniqueness of adjoints z~! =z
which is a contradiction, since complex conjugates do not give inverses.

Despite this, it is possible that there is a mutual generalisation of composition-closed
compact-closed bicategories and dagger compact categories which is enough to give trace
and cotrace structures. Just as dagger compact categories have ‘formal adjoints’, it may
well be possible to introduce the concept of compact-closed bicategories equipped with a
‘formal’ lift and extension structure, that is compatible with the dualising pseudofunctor.
A further discussion can be found in the afterword.

Remark. In Section 1.3 there was some discussion of how in the bicategories Rel and —
if 7 is star-autonomous — ¥-Prof, the composition-closed structure behaves in the same
way as a star-autonomous category. To be explicit, let us define a composition-autonomous
bicategory % to be a composition-closed bicategory such that for every A, B € & there is
a functor

(—)Y: B(A,B) — B(B,A)

which is its own inverse, and for all f: B — C, g: A — C and h: B — D, the two closed
structures are given by

f—g=(gVof)  and ho— f=(foh")".

Examples of such bicategories include star-autonomous categories, thought of as one-object
bicategories, as well as Rel and #-Prof when ¥ is star-autonomous.
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Note that f — id¥Y = fY = idY o— f. For Rel and ¥-Prof it’s also the case that
f*V = fV* for all f. This suggests something resembling a dagger compact structure. But
note that (—)V does not extend to a pseudofunctor: id" is not the identity in either of our
examples. Additionally, (f ® g)¥ is not necessarily isomorphic to fV ® g¥ — although in the
case of ¥-Prof, it is if ¥ is compact-closed. It seems then that whilst Rel and #-Prof don’t
collapse to dagger compact categories, they are somehow closer to being dagger compact
than some of our other examples.

6.4 Properties of the Trace and Cotrace

In the previous section we shed some light on why it is the case that bicategories have traces
and cotraces, whereas in linear algebra there is a single trace that works analogously to
both. In this section we see what trace-like properties the cotrace and trace possess. For
compact-closed categories the trace is known to have certain properties already — such as
dual invariance, cyclicity, and tensor preservation — but with the inclusion of a composition-
closed structure we see further trace-like properties begin to emerge. To be specific the trace
has the following properties,

e the trace of a scalar is the scalar itself (this is a special case of the following);
e the trace is linear, Tr(3>"0" |, Xifi) = >oiy NTr(fi);
e the trace is dual invariant, Tr(E*) = Tr(E);

e the trace preserves adjoints, Tr(E') = Tr(E), since the adjoint of a scalar is its
complex conjugate;

e the trace is cyclic, Tr(K o H) = Tr(H o K);
e the trace preserves tensors, Tr(F ® E) = Tr(F') - Tr(E).

We will show that the trace and cotrace share many analogous properties. We also try
to provide some intuition at to why the two traces always seem to give dual results. For
the remainder of this section we will be working in the context of a composition-closed
compact-closed bicategory .

Proposition 6.4.1. Let s: I — I be a scalar in . Then we have natural isomorphisms
Tr°(s) & s = Tr (s).

Proof. To see that the trace preserves scalars, recall that I is self-dual with the left unitor
giving evaluation and coevaluation. Then both the trace of s and the scalar promotion of s
are given by

lo(s®@I)ol®.
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But note that there is a natural isomorphism given by the diagram below.

I1®—
_®]_

So both Spr] and Trj are naturally isomorphic to the identity functor. Thus, by the unique-
ness of adjoints both ﬁ; and Trj are naturally isomorphic to the identity functor. O

We next prove that the trace and cotrace are both, in some sense, linear. There are
two ways to view this. In our analogy between category theory and linear algebra we let
weighted limits and colimits play the role of weighted sums.

Lemma 6.4.2. The enriched trace preserves weighted colimits.

Proof. This follows from the fact that the enriched cotrace functor is a right adjoint. See
Kelly’s [38, sec. 3.2] monograph. O

Lemma 6.4.3. The enriched cotrace preserves weighted limits.

Proof. This follows from the fact that the enriched trace functor is a left adjoint. See
Kelly’s [38, sec. 3.2] monograph. O

In particular this means that the cotrace and trace functors preserve copowers and powers
respectively. Thus, the trace and cotrace preserve scalar multiplication in the following sense.

Corollary 6.4.4. For every scalar s and every endo-1-cell f: A — A there is a natural
isomorphism
Tr°(Spr(s) o f) = s o Tr°(f).

Proof. This follows from the fact that the copower in Z(A, A) is given by Spr°(s)o(—). O
Note that this makes the trace functor linear in the sense of (I, I)-representations.

Corollary 6.4.5. For every scalar s and every endo-1-cell f: A — A there is a natural
isomorphism
T (Spr(s) — f) = s — Tr (f).

Proof. This follows from the fact that the power in %(A4, A) is given by Spr°(s) — (=). O
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Thus, both the cotrace and the trace preserve scalar multiplication of a kind. There is
also a different notion of linear functor, Definition 4.1.9. Note that #(A, A) is a B(A, A)-
representation by precomposition, so the domain and codomain of the trace functor can
both be viewed as Z(I, I)-representations.

Lemma 6.4.6. For every f,g: A — A there is a 2-cell
m: Tr°(g) o Tt (f) = T*(g o f),
natural in f and g, such that (Tx°, Tr ,m): B(A, A) — B(I,I) defines a linear functor.

Proof. Recall that Tr (f) = (ﬁ —o 7) 2 (coev —o (f ® A*) o coev) and so if we expand the
composite Tr°(g) o Tt (f) we have

evobo(g® A*)ocoevo (coev —o (f @ A*) o coev).

In the interest of saving space, let ¢ := coev and e := ev. Then we define m to be the 2-cell
in Figure 6.12, where € is the counit for the composition-lift adjunction.

Before we show that this adheres to the axioms of a linear functor, it will be useful
to have an explicit description of the natural transformations that make the cotrace into
a lax monoidal functor. They are defined as follows. Firstly, we have the unit natural
transformation which is given by the unit for the composition-lift adjunction:

id 5 (¢ —o ).

Secondly, we have the multiplication transformation of Figure 6.13 which is defined as the
adjunct of the Figure 6.14.
In order to show that m adheres to the unit axiom for linear functors we must show that
Figure 6.15 is equal to Figure 6.16, but this follows from the zigzag identities for n and e.
Now we must show that the associativity axiom holds. This means we must show that,
for a given h: A — A, Figure 6.17 is equal to Figure 6.18. But this follows from the definition
of 1 and the associativity of the compositor for the — ® A* functor. Thus, (Tro,ﬁo, m)

defines a linear functor. O
e b g A* c c—o (f®A*)oc
\ \
l ‘ € l
f® A
e b (gof)®A* ¢
Figure 6.12
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c—o(f®A*)oc c—o(h®A*)oc

c— (((foh)® A*)oc)

Figure 6.13

¢c—o(f®A*)oc c¢c—o(h®@A*)oc

\ \
[ € |
feA* c
| €
g A
(fog)® A ¢
Figure 6.14
e b g®A* c
c—oc
e b g® A* c
Figure 6.15
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e b g A* c

e b g A* c
Figure 6.16
e b g® A* c c—o (f®A*)oc c¢c—o(h® A% oc
| |
l ! |
€ l
e b (go foh)® A* c
Figure 6.17
e b g® A* c c—o(f®A*)oc c¢c—o(h®@ A oc
\ \
I € l
[ €
¢ b (9o foh) e A* ¢
Figure 6.18

167




This is a form of linearity, and it has some interesting consequences later in the chapter,
but it is somewhat at odds with the case for the trace of linear endomorphisms. Since the
trace for linear endomorphisms plays the role of both trace and cotrace, the analogous result
in FDHilb would be that there was a homomorphism of representations

(Tr, Tr): FDHilb(A, A) — FDHilb(C, C),

where FDHilb(A, A) acts on itself via composition. In other words, given linear endomorph-
isms g and f the analogous result would be that Tr(go f) = Tr(g) o Tr(f), which is not the
case.

This goes to show that we cannot capture the trace of finite dimensional Hilbert spaces
using composition-closed compact-closed bicategories. What is true of finite dimensional
Hilbert spaces, however, is that FDHilb(A, A) is acted on by FDHilb(A, A) via addition.
We also know that Tr(F + G) = Tr(F) + Tr(G) which means that the trace map

(Tr, Tr): FDHilb(A, A) — FDHilb(C, C)

is a homomorphism of representations, but where the action is given by addition and not
composition.

The next property that we want to explore is the extent to which traces preserve duals
and adjoints. The case for duals is quite straightforward: both the trace and the cotrace
are dual invariant. In the case of compact-closed categories, the fact that the trace is dual
invariant follows straightforwardly from the string diagram language for compact-closed cat-
egories, where strings denote objects and beads denote 2-cells. Firstly, writing the evaluation
map and coevaluation map as cups and caps, the dual of a map f: A — A is given by the
following 2-cell,

B*

A*

and so, by the zigzag identities have the following equalities of 2-cells.
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Now, by, symmetry, we can also see that the following 2-cells are equal,

and so we know that the trace of f is equal to the trace of its dual. Proving that this is the
case for the trace in a compact-closed bicategory is similar, but with natural isomorphisms
instead of equalities. In what follows we return to using string diagrams for bicategories, so
strings are 1-cells and beads are 2-cells.

Proposition 6.4.7. In a compact-closed bicategory, given any f: A — A there is a natural
isomorphism, C, in the diagram below.

feA* coev

A® f* coev

Proof. The natural isomorphism is given by Figure 6.19. Naturality follows from the fact
that caps and braids define modifications. O

Lemma 6.4.8. For every 1-cell f: A — A there is a natural isomorphism
Te?(f) = Te° (7).

Proof. The transformation is given by Figure 6.20, where the natural isomorphisms £ are
given by the fact that the coevaluation map for A* is b o coev s — see the proof of Proposi-
tion 6.2.4 — and similarly for the evaluation map. O

The case for the cotrace is comparatively straightforward.
Lemma 6.4.9. For every f: A — A there is a natural transformation
T (f) =T (f7).
Proof. We know that there is a string of natural isomorphisms
o

To'(f) = B(id, f) = Z(d", f*) = Z(id, f*) = T (f*)

and so their composite gives the natural transformation above. O
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f®A

coev® A® A
|
|
\
\

coev

ARA* R f® A" AQ® A" ® coev

AQev® A"

Figure 6.19

coev 4
\
\
\

rfeAr
AQ f*
\\\
N
\
\

coev g

frTeA

ev p*

Figure 6.20
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We now move on to adjoints. For maps between finite dimensional Hilbert spaces, duals
and linear adjoints are essentially the same thing. If we choose a basis for A and B then
the adjoint fT: B — A of f: A — B is given by the composite

~

BB ar 2 4

and as a result the dual f* of f: A — B can also be written in terms of its adjoint.

Recall that if a 1-cell f has a right adjoint then it is given by f —o id. The converse isn’t
necessarily true — it is not the case that f —o id is always adjoint to f — but nonetheless
lifting the identity through f gives an adjoint in some slightly more general sense.

Neither the cotrace nor the trace will, in general, preserve adjoints. But as a pair we
can measure to what extent they fail to preserve adjunctions.

Proposition 6.4.10. In any composition-closed compact-closed bicategory, for all 1-cells
f: A— B and all scalars s: I — I there is a natural isomorphism

T (f — Spr'(s) 2 Tv°(f) — s.

Proof. By using the fact that the cotrace at I is isomorphic to the identity, and the fact
that the trace and cospread are Z(I, I)-adjoint we have a string of isomorphisms
T (f) o 5 2 0 (Th°(f) —o )
= Z(1,1)(Tx°(f), 5)
= B(A, A)(f.5pr (5))
= Tr’(f — Spr'(s))

that proves the above claim. O

If we wanted to make this look little more symmetric, since the spread of a scalar at I
is the scalar itself we can express the above proposition as

Te'(f — Spr'(s)) = TE°(f) — Spr(s).

This gives us a direct relationship between the cotrace and the trace and gives some sort
of idea of how they are dual. Note that in the particular case where we take s to be id we
have the following corollary.

Corollary 6.4.11. In any composition-closed compact-closed bicategory, for all f: A — B
there is a natural isomorphism

T (f — Spr°(id)) = Tr*(f) — id.

Thus, the extent to which the cotrace-trace pairing fails to preserve adjoints is, in some
sense, the extent to which the cospread fails to preserve the identity. If it is the case that
evob is left adjoint to the coevaluation map, then the spread and cospread are isomorphic,
but the spread is strongly monoidal. Thus, ST)ro(id 7) 2 id4 and so in that particular case
the trace and cotrace have a duality property in the sense that

T (ff) =2 o)
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where (—)T denotes the right adjoint. If, in addition, evob is right adjoint to the coevaluation
map, then the cotrace and trace are isomorphic and so the unique trace preserves right
adjoints.

Recall that in Section 6.3 we pointed out that two of our examples are ‘composition-
autonomous’ in the sense that the closed structure is given in terms of functors

(—)Y: B(A,B) — B(B, A)

and composition. If our bicategory is composition-autonomous then a different kind of
duality is preserved.

Proposition 6.4.12. Suppose that A is a composition-autonomous compact-closed category
such that there is a natural isomorphism in the following diagram.

B(A,B) — =, 3B, A)

=] o =

BB ®AY) = BB A"I)

Then, for all f: A — A, there is a natural isomorphism
T (fY) = T ().

Proof. This follows from the string of isomorphisms

id —o f¥ = (/") 0id)¥ = Foid=Tu(f)"

which follow from the supposition above and the definition of a composition-autonomous
category. O

Example 6.4.13. In the bicategory Rel this corresponds to the fact that, given a relation
R: A — A, there is an a € A such that aRa if and only if R is not reflexive.

Example 6.4.14. In the bicategory ¥ -Prof, for star-autonomous ¥, this corresponds to
the fact that, given a profunctor P: & - o/ we have the following natural isomorphism:

*

Aco

f (P(A, A))* = J P(A, A)

Aced

Remark. Note that in these particular cases this means we can define our scalar enrichment
in terms of the trace, rather than the cotrace.

Next, we want to investigate the extent to which the trace and cotrace have the cyclicity
property. Like with dual invariance, the trace for compact-closed categories is cyclic, and
the argument for compact-closed bicategories is analogous. In the case of compact-closed
categories, for every f: A — A the morphisms given by the diagrams below are equal,

A* A A* A

U=
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similar to the case for coevaluation. This means that we have a sequence of equalities given
below.

Proposition 6.4.15. In a compact-closed bicategory, given any f: A — A there is a natural
isomorphism, C, in the diagram below.

A* ®ev A*® f

A* ®@ev ffoA

Proof. The construction of this isomorphism is analogous to Proposition 6.4.7. O

Lemma 6.4.16. For every pair of 1-cells f: A — B and g: B — A there is a natural
isomorphism

Tr°(fog) = Tr°(g o f).

Proof. The isomorphism is given by Figure 6.21. Invertibility and naturality follow from
the fact that every 2-cell in the composite is invertible and natural. O

Cyeclicity does not necessarily hold for the cotrace. Consider, for example the bicategory
Span(Set). Let A be a set and let spans S: A — % and T: * — A be given by the following

diagrams,
A A
y \ and / N
A * * A

where * denotes the one-object set. Then T o .S is isomorphic to the span in the following
diagram,
Ax A

2N,
A A
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coev g

(go f)® A”

ARg"
g® A"

\\
~
N
\
/
/
-
-
ARg*
f®A"

coev g

(fog)®A

Figure 6.21
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where p; and p, denote the projection functions. Thus, we know that
Tr (T o S) = Span(Set)(id4, T o S) = {f: A= Ax A|piof=id=pyo f},

which is the singleton {A} containing the diagonal map. On the other hand, S o T is
isomorphic to the span in the following diagram.

A
* *
Thus, we know that

Tr (T 0 S) = Span(Set)(ida, To S) = {f: x = A|lo f =1},

which is in bijection with the set A. And so, as long as A has cardinality of more than 1,
the two cotraces do not agree.
However, the cotrace has a property that resembles cyclicity.

Lemma 6.4.17. For every pair of 1-cells f: A — B and g: B — A there is a natural
isomorphism o o
Tr (f —g)=Tr (go—f).

Proof. This follows from the isomorphisms
HB(id, f — g) = B(f,9) = B(g — [),
which follow from the definition of pseudoinverse. O

In particular, if f: A — B has left adjoint f; and right adjoint fT then for every g: B —
A, there is a natural isomorphism

T (fTog) =T (g0 fy).

Remark. Interestingly, the fact that the trace has a cyclicity property gives it the structure
of a shadow functor. This means it can be used to define the trace of a 2-cell in the sense of
Ponto [56]. The cotrace does not have the structure of a shadow functor, but it does have
enough of a cyclicity property that it can still be used to define a Ponto trace.

Note that one consequence of cyclicity for the linear trace is that it is conjugate inde-
pendent. By this we mean that, for any g: B — A that has an inverse

Tr(g~ ' fg) = Tr(f).

The same holds true for the cotrace.

Proposition 6.4.18. In any composition-closed compact-closed bicategory, for all f: A —
B and all g: B — A with pseudoinverse g®, there is a natural isomorphism

T (g% 0 fog) = TX (f).
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Proof. This follows from the natural isomorphisms
H(id, g% o fog) = HB(goyg®, f) = 2(id, f).
O

The final trace-like property we will investigate is the preservation of the tensor product.
This line of inquiry was originally suggested to the author by Cranch [16]. Like the above
properties, tensor preservation holds strongly for the trace, but somewhat laxly for the
cotrace.

Lemma 6.4.19. If A* is dual to A, and B* is dual to B, then B* ® A* is dual to A® B
with coevaluation given by

I coev 4 A®A* A®coevp @A™ A@B@B* ®A*,

and evaluation given by

B*®A*®A®B B*Qeva®B B*®B evn I

Proof. To prove this we must prove that there are cups and caps giving an adjoint equi-
valence between the zigzag 1-cells. The first cup is given by Figure 6.22. The second cup
and the caps are defined analogously. The fact that the cups and caps adhere to the zigzag
identities follows from Proposition 3.3.9. O

Lemma 6.4.20. For every pair of 1-cells e: A — A and f: B — B there is a natural
isomorphism
Te?(f) o Tr*(e) = Th°(f @ee).

Proof. The natural isomorphism is given by Figure 6.23. O
Lemma 6.4.21. For every pair of 1-cells e: A — A and f: B — B there is a natural

transformation . . _ 5
T (f)oTr (e) » Tr (f®e).

Proof. This follows from the fact that ® gives an enriched pseudofunctor, and so there is a
natural map

A(B,B)(idp, f) o B(A, A)(ida, e) - B(A® B, A® B)(ids ®idp,e ® f)
~ B(A® B,A® B)(idagp, e ® f).
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6.5 Dimension and Codimension

In this final section we use the trace and cotrace to give the definition of the dimension
and codimension of an object in a composition-closed compact-closed bicategory. In lin-
ear algebra we can define the dimension of a Hilbert space A as the trace of the identity
endomorphism on A:

Dim(A) = Tr(ida).

Taking a similar approach with the trace and cotrace we discover that the dimension and
codimension have a particularly structured relationship. It was Willerton [66] who first
observed that the 2-dimension of A has a monoid structure and that it acts on the dimension
of A. Here we give an enriched version of that observation. In all of the following results,
P is a compact-closed composition-closed bicategory.

Definition 6.5.1. Let A be an object in a composition-closed compact-closed bicategory
2. Then we define the dimension of A and the codimension of A to be given by

Dim®(A) := Tr°(id4) and Dim"(A) := Tr (id).

Proposition 6.5.2. For every object A, the codimension of A, B(A, A)(ida,id4), has a
monoid structure in the symmetric monoidal category of scalars, with multiplication given
by enriched composition and unit given by the underlying identity 2-cell

¢ idy — @(A, A)(ldA, ldA)
Proof. Associativity and unitality hold since they hold for the enriched composition. O

Proposition 6.5.3. For every object A, the 1-cellid 4 has a monoid structure in the category
PB(A, A) where the unit is given by the identity, and composition is given by either of the
left or right unitor. This induces a monoid structure on the codimension of A, since the
cotrace is a lax monoidal functor.

Proof. Unitality follows from the properties of identity 2-cells, associativity follows from the
triangle equation in the definition of a bicategory. O

A classical result in category theory is the fact that any pair of adjunct functors
P oas%:G

induces a monad structure for the functor Go F. In other words, Go F' comes equipped with
the structure of a monoid object in the category of endofunctors on . Less well known is
the concept of a codensity monad, first introduced by Kock [41, p. 3]. The codensity monad
is the monad structure that comes from taking the right Kan extension of F': &/ — % along
itself. Taking the right extension, or right lift, in a bicategory also gives a monoid object in
the category of endomorphisms.

Proposition 6.5.4. For every object A, the codimension of A, m —o m, has a monoid
structure in the symmetric monoidal category of scalars, where the unit is given by the
adjunct of the identity 2-cell

idg —idg
and composition is given by the adjunct of the evaluation map

—_ —_ _

ido (id —o id) o (id —o id) % id o (id —o id) < id.
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Proof. See, for example, Leinster’s [46, sec. 5] exposition, for an overview of how taking
a right Kan extension of a functor along itself gives rise to a monad structure. The same
argument holds for right extensions in a bicategory and, by duality, for right lifts as well. [

Lemma 6.5.5. The three monoids given in the propositions above are all isomorphic.

Proof. To see that the first and second monoids are isomorphic note that the isomorphism
given in Proposition 5.2.21 gives an isomorphism between Z(id,id) and Tr (ida). The fact
that this isomorphism is an isomorphism of monoids simply follows from the definition of
the enriched composition.

To see that the first and third monoids are isomorphic, firstly note that, by definition,

—_

Tr(id) = idy —o ida.

The lax multiplication for the cotrace is given by the adjunct of the following composite:

Then the multiplication for the monoid defined in Proposition 6.5.3 is given by adjunct
of the top right map in Figure 6.24. But the diagram commutes by naturality and the
bottom left map defines the multiplication for the monoid in Proposition 6.5.4. Thus, the
two monoids are isomorphic. O

— 1

idO(ﬁ—o;i)O(ﬁoa) — EO(E—OE) LN [A,id]OGo;i—o;i
[4,id] o id
L

—

id
Figure 6.24

Lemma 6.5.6. For every f: A — A, the trace of f, Tr°(f), is a right Dim (A)-module in
the symmetric monoidal category of scalars.

Proof. This follows from the fact that the identity is a monoid object in Z(A, A), every
f: A — Aisanid-module, Lemma 4.1.12 which states that linear functors preserve modules,
and Lemma 6.4.6 which states that the trace and cotrace form a linear functor. O

Corollary 6.5.7. The dimension of an object A is a right Dim (A)-module in the symmetric
monoidal category of scalars.
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Once again, the majority of the following examples are due to Willerton [66].

Example 6.5.8. In Rel the dimension and codimension are both just the point and so the
monoid and module structure are both trivial. If we take the cotrace of the empty relation
then this has a *-module structure where the action map is the unique map

IX* =2 = I

Example 6.5.9. In Bimp the dimension and codimension of an algebra are given by the
abelianisation of the algebra and the centre of the algebra. The monoid structure on the
centre is given by the algebra multiplication. The action of the centre on the abelianisation
is also given by the algebra multiplication.

Example 6.5.10. In DBimpg the dimension and codimension of an algebra are the Hoch-
schild homology and the Hochschild cohomology of the algebra. The monoid structure on
cohomology is the cup product. The action of cohomology on homology is given by the cap
product.

Example 6.5.11. In #-Prof the cotrace of a profunctor P: &/ -+ & is given by taking the
end. The codimension of &7, then, is given by the natural transformation object from the
identity functor to itself
f o/ (A, A) = Nat(Id, Id).
Acal
The monoid structure is given by composition. To understand the dimension, let us focus

on the case where ¥ is Set. The coend of the Hom profunctor is given by the quotient of
all endomorphisms

Acd
J o (A, A) = (|_| ;zf(A,A))/N

AcA
where (f: A — A) ~ (g: A’ — A’) if there exists some ¢: A — A’ or some 1): A" — A such
that one of the following squares commutes.

ALsa a2y n

A LT R
A —— AT A — A
In the case the &7 is a monoid this is the centre of the monoid, so it is reasonable to think of

this as the cocentre of the category. The action of natural transformations on the cocentre
of the category is just given by pre- or post-composition: the two are equal by naturality.

Example 6.5.12. In Span(Set) the codimension of a set A is the set {id4}. The monoid
structure is trivial. The dimension of a set A is given by A itself. The action is also trivial.

Example 6.5.13. In Path(G), for a topological group G, the dimension and codimension
are both given by the constant loop at e, the unit. The monoid and module structures are
both given by the concatenation of loops.
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Further Work

In this afterword we consider some of the further directions that this work may take. The
first and most obvious line of work would be further examples. As mentioned earlier, one
candidate would be the bicategory of 2-Hilbert spaces. Another would be the bicategory
of ‘spaces’ and Fourier-Mukai kernels, as described by Calddraru and Willerton [11], which
Willerton [66] has pointed out should also yield Hochschild homology and cohomology as
trace and cotrace.

There are also two questions that this thesis fails to answer in full. Firstly, can we truly
formalise the analogy between composition-closed compact-closed bicategories, and dagger
compact categories? Secondly, is there some sense in which the cotrace is formally dual to
the trace?

We have already given a partial answer to the first question — we have shown that not
every dagger compact category arises as the 2-skeleton of a composition-closed compact-
closed bicategory, and not every composition-closed compact-closed bicategory gives rise to
a dagger compact category. As such, it seems likely that, were a formal analogy to exist, it
would take the form of a mutual generalisation.

There are two potential hints as to what a mutual generalisation might look like. Firstly,
FDHilb failed to be the 2-skeleton of a composition-closed compact-closed bicategory on
account of the fact that, in category theory, inverses are a type of adjoint. This is not the
case in linear algebra, and it seems likely that any mutual generalisation would be forced to
replace lifts with some kind of formal structure like the dagger.

The second hint comes from the fact that there is a linear functor given by the pairing
of the trace with the cotrace, and that the trace is linear but with respect to a different
action. Composition-closed, compact-closed categories are defined in terms of a closed action
of B(1,I) on B(A, A) using composition. But perhaps we could define some structure
involving actions without necessarily enforcing that the actions are given by composition.
This might then allow for the formal lifts to be defined as adjoint, or at least related, to the
action.

To answer the second question we need a context in which the cotrace and trace can be
compared. We have already shown that the trace and cotrace are not dual in the context of
the functor category [#B(A, A), B(I,I)], equipped with Day convolution. If they were, they
would have to be isomorphic since the cotrace is the monoidal unit.

In some sense the trace and cotrace are orthogonal, rather than dual. The trace arises
from the monoidal-closed and monoidal-coclosed structures, which are ‘horizontal” in the
sense of being defined in terms of the tensor product. On the other hand the cotrace is
defined in terms of monoidal-closed and composition-closed structures, which are ‘vertical’
in the sense of being defined in terms of composition. Capturing this formally, or at least
more formally than we already have done, might prove difficult. That being said, the
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majority of our examples have stemmed from ¥ -Prof. Note that if we have a profunctor
P: of + of then the trace of P is the cotrace of

PP o X %P — VP

which is a dualisation of P, but where P is thought of as a functor and not a profunctor.
This might suggest that we consider our examples not as composition-closed compact-closed
bicategories, but instead as compact-closed proarrow equipments in the sense of Wood [69].
This may give another way to compare the trace and cotrace. In the context of bicategories
the functor ¥-Prof(x, —) takes categories to their presheaf categories, and profunctor to
cocontinuous functors. But note that ¥-Cat(x, —) is isomorphic to the identity functor. If
we worked instead with enriched proarrow equipments, we might be able to replace this
with a double functor ¥~ Prof(x, —) which is the identity double functor. In other words, it
would send the 1-cells of ¥-Prof to profunctors, rather than functors.

If this were the case, it might then mean that we would have a way to turn 1-cells in an
arbitrary 4 into profunctors, rather than functors. Assuming this double functor preserved
the composition-closed and compact-closed structures, this might give us a way to view the
trace and cotrace as an end and a coend in all cases. Such a perspective would firstly give
an obvious duality between the trace and cotrace, but might also open the door to other
categorical analogues. For example, the profunctor associated to an endo-1-cell might be
seen to encode the ‘eigenvalues’ of that endo-1-cell.
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