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FINITARY BIREPRESENTATIONS OF FINITARY BICATEGORIES
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DANIEL TUBBENHAUER AND XIAOTING ZHANG

ABSTRACT. In this paper, we discuss the generalization of finitary 2-representation
theory of finitary 2-categories to finitary birepresentation theory of finitary bicat-
egories. In previous papers on the subject, the classification of simple transitive
2-representations of a given 2-category was reduced to that for certain subquo-
tients. These reduction results were all formulated as bijections between equiva-
lence classes of 2-representations. In this paper, we generalize them to biequiv-
alences between certain 2-categories of birepresentations. Furthermore, we prove
an analog of the double centralizer theorem in finitary birepresentation theory.

CONTENTS

1. Introduction

2. Finitary bicategories and birepresentations

2.1. Notation

2.2. Finitary and fiab bicategories

2.3. Finitary birepresentations

2.4. The additive closure of a bicategory

2.5. Cell theory

2.6. Quotients of bicategories via cell theory

3. Coalgebras and comodules in bicategories

3.1. Coalgebras and comodules

3.2. Cotensor product of bicomodules

3.3. Coalgebras and bicomodules under pseudofunctors
4. Coalgebras and birepresentations

4.1. The finitary birepresentation associated to a coalgebra
4.2. Morita—Takeuchi theory in bicategories

4.3. The internal cohom construction

4.4. Framing coalgebras

4.5. Avoiding abelianizations

4.6. Simple transitive birepresentations and coalgebras
4.7. Bicomodules and birepresentations

4.8. Strong H-reduction

4.9. An extra biequivalence

5. The double centralizer theorem

References

gl EIEEEERIEREEEEISEFEEETSEREE

1. INTRODUCTION

Finitary 2-representation theory of finitary 2-categories, which is the categorical analog
of finite dimensional representation theory of finite dimensional algebras, has evolved
considerably in the last decade, see e.g. [MMI, MM2, [MM3| IMM5, [MM6), [ChMa),
ChMi, KMMZ, MMMT1, MMMZ] and references therein.
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The main reason for restricting the framework to 2-representations of 2-categories, was
to avoid technical difficulties which naturally arise when one considers birepresentations
of bicategories in general: by weakening the axioms, the proofs of most results require
more and bigger diagrams, whose commutativity is not always easy to show. How-
ever, in our work on the 2-representation theory of Soergel bimodules of finite Coxeter
type, it became clear that the 2-categorical setup is really too restrictive. Dealing with
concrete examples of a certain weak categorical structure as if they were strict and
justifying the oversimplification by referring to well-known general and abstract stric-
tification theorems, becomes untenable at some point. For example, the (conjectural)
classification of the so-called simple transitive 2-representations of Soergel bimodules
involves certain subquotients of Soergel bimodules which are naturally bicategories but
not 2-categories. Moreover, the well-known classification of the simple transitive birep-
resentations of these bicategories depends on the associator in an essential way (cf.
[EGNO|, Example 7.4.10 and Corollary 7.12.20]).

The main purpose of this paper is therefore to discuss the generalization of some impor-
tant foundational results on finitary 2-representation theory to finitary birepresentation
theory. By discussing, we mean formulating those results carefully in the greatest pos-
sible generality (or at least as generally as we currently can) and proving them in detail
whenever the proof is not straightforward and cannot be found in the literature. A lot
of the results in this paper will not surprise the experts, but we think that it is important
to have the statements and their proofs, which sometimes involve quite complicated
diagrams (e.g. the proof of Theorem[4.16]), in written form somewhere in the literature.
However, the paper also contains new results, as we will discuss in the next paragraphs,
which are also intended as a brief and incomplete overview of birepresentation theory.
In the series of papers mentioned above, the first key tool for studying the structure
of finitary 2-representations, is the weak Jordan—Holder theorem [MM5], Subsection
3.5]. Just like the usual Jordan—-Holder theorem in the representation theory of fi-
nite dimensional algebras, the weak Jordan—Holder theorem shows that any finitary
2-representation admits a filtration by 2-subrepresentations and an associated sequence
of so-called simple transitive subquotients, which play the role of the simples in 2-
representation theory. This sequence is an essential invariant of the 2-representation
and for that reason the main focus in 2-representation theory has been on the problem
of classifying simple transitive 2-representations so far. For the rest of this introduction,
we will refer to this problem as the Classification Problem. Fortunately, the generaliza-
tion of the weak Jordan—Holder theorem to finitary birepresentations is straightforward.
The Classification Problem for a given finitary 2-category % can be subdivided into
several smaller classification problems by taking advantage of the so-called cell structure
of €, which was introduced in [MM1], Section 4]. The set of isomorphism classes of
indecomposable 1-morphisms of % is naturally endowed with three preorders, called the
left, the right and the two-sided preorders, generalizing Green's relations for semigroups
[Gre] the well-known Kazhdan—Lusztig preorders on the Hecke algebras of Coxeter
groups [KL]. Just as in Kazhdan—Lusztig theory, the associated equivalence classes are
called left, right and two-sided cells and are partially ordered. By [ChMal, Subsection
3.2], for each simple transitive 2-representation of &, there is a unique maximal two-
sided cell of € that is not annihilated by the 2-representation, called its apex. This
shows that one can address the Classification Problem for € “one apex at a time”.
The generalization of these results to finitary birepresentations of finitary bicategories
is also straightforward.

The next trick is to reduce the Classification Problem for € even further. For that, one
has to assume that the € is fiat, meaning that it is endowed with a weak categorical
involution satisfying certain additional conditions (for some results it is not strictly
necessary for the auto-equivalence to be involutory, but that is a technicality we do
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not want to discuss here). In the context of tensor categories, these notions relate to
rigidity /pivotal structures. The involution maps each left cell to a right cell, called its
dual, and vice-versa, and the intersection of a left cell and its dual is called a diagonal
H-cell. For any diagonal H-cell H in any two-sided cell 7, one can naturally define
a subquotient ¥ of ¥ which is also fiat and contains at most two cells: the trivial
one (containing the identity 1-morphism) and H (i.e. €’ has two cells if  does not
contain the identity and one cell otherwise), both of which are left, right and two-sided.
In [MMMZ, Subsection 4.2], it was shown that there is a bijection between the set of
equivalence classes of simple transitive 2-representations of 4 with apex J and the set
of equivalence classes of simple transitive 2-representations of ¥’ with apex H. The
generalization in this paper, which we call strong H-cell reduction, is two-fold: not
only do we prove it in the context of finitary birepresentations of fiab bicategories (the
bicategorical analog of fiat 2-categories), but we also formulate it as a biequivalence
between two 2-categories of simple transitive birepresentations, rather than a mere
bijection between sets of equivalence classes of simple transitive birepresentations. Both
the formulation of this generalization and its proof are much more involved than the
original counterparts in [MMMZ]. They are the content of Theorems and
but require a lot of technical preparation, which is also new and starts in Subsection
2.6

A key ingredient in strong H-reduction is the relation between the birepresentations of
a given finitary bicategory % and the coalgebras in %, which are 1-morphisms together
with comultiplication and counit 2-morphisms satisfying weak versions of coassocia-
tivity and counitality. This relation, which generalizes Ostrik's results in the context
of tensor categories [Os, Theorem 3.1] (see also [EGNO] and references therein), was
first studied in [MMMTTI] and [MMMZ] in the context of finitary 2-categories (a major
difference with Ostrik’s results being that tensor categories are abelian, whereas finitary
2-categories are only additive), but is vastly generalized here, in Sectionsand In this
case, the generalization is three-fold: as before, everything is now done in the context
of birepresentations and bicategories and the key results are now formulated in terms
of biequivalences between certain bicategories rather than mere bijections between sets
of equivalence classes, but in Subsection [4.5] we additionally show how to avoid the
(injective) abelianization of & (under an additional assumption of J-simplicity), which
was used in [MMMTI1] and [MMMZ] to generalize Ostrik’s results. This is done by
using an operation on coalgebras which we call framing and can be seen as a categorical
generalization of conjugation. The concept of framing as such is not new, see e.g. the
proof of [EGNO, Theorem 7.12.11], but our application of it to avoid abelianization is
new to the best of our knowledge.

Finally, in Section [5| we state and prove the double centralizer theorem for simple
transitive birepresentations of fiab bicategories (Theorem . This is the analog of
[EGNO| Theorem 7.12.11] in our context. If € is semisimple, the two theorems and
their proofs coincide, but in general there is a subtle but important difference, which
we will explain in Section
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2. FINITARY BICATEGORIES AND BIREPRESENTATIONS

In this section we briefly discuss finitary and (quasi) fiab bicategories and finitary birep-
resentations. The notions and results in bicategory theory and birepresentation theory
that are logically intertwined, are presented together.

2.1. Notation. Throughout the paper, a category is always assumed to be essentially
small, meaning that it is equivalent to a small category (i.e. one whose classes of
objects and morphisms are sets), and is denoted by a letter such as C. A bicategory is
always assumed to be essentially small as well, meaning that it is biequivalent to a small
bicategory (i.e. one whose classes of objects, 1-morphisms and 2-morphisms are sets),
and is denoted by a letter such as 4. These assumptions, which are satisfied by all
examples of our interest, are necessary to avoid set-theoretic problems (for some more
comments, see [EGNO, Section 1.1]). Precise definitions and standard terminology for
bicategories, pseudofunctors etc. can be found in many sources e.g. [Be], [Lel, Section
1.0], [ML] or [Gr, Chapter 1,3], and the reader is referred to these texts for details. Their
strict versions, i.e. when all coherers are identities, are called 2-categories, 2-functors
etc.

Let us summarize some further notation:

e Objects in categories (which are not morphism categories in bicategories) are
denoted by letters such as X € C, and morphisms by f € C.

e Objects in bicategories are denoted by letters such as i € ¥, 1-morphisms by
those such as F € %, 2-morphisms by Greek letters such as o € %, and the
corresponding category of morphisms from i to j is denoted by (i, j).

e Identity 1-morphisms are denoted by 1; and identity 2-morphisms by idg, where
the subscripts are sometimes omitted.

e We write FG = F o, G for the composition of 1-morphisms (which is al-
ways horizontal), and o, and o}, for the vertical and horizontal compositions of
2-morphisms, respectively. For both compositions we use the operator conven-
tion, e.g. the source and the target of FG are equal to the source of G and
the target of F, respectively;

e a bicategory consists of a quadruple € = (¢, a,v',v"), where « is the associ-
ator and v! and v” are the left and right unitors.

We simplify the notation of «,v!,v" by only indicating the 1-morphisms in their sub-
scripts, but not the objects, e.g. for any 1-morphisms F € 4(i,j), G € ¥(j,k),
H € €(k,1) with i, j,k,1 € ¥, the associator and unitors give isomorphisms

aner = o p: (HG)F = H(GF),
’U{: (’UF)Jl ]1 F —) F U{;: = (’U{:)Jl F]ll i) F.

Recall that vﬁi = vy, . In several proofs we will use the following commutative diagrams
(cf. [Ke, Equations (6) and (7)]):

(2.1) UGJ G UGJ G

1.(GF) —— (1,G)F  (GF)1; —— G(F1;)

o QG,F,1;
]lkGF
for any F € €(1,j),G € ¢(j,k) and any i,j,k € .

Example 2.1. A monoidal category can be identified with the endomorphism category
of a one-object bicategory, where the monoidal product is defined by the horizontal
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composition. This monoidal category is strict if and only if the bicategory is a 2-
category.

Example 2.2. Given two bicategories ¥ and 2, the pseudofunctors between them to-
gether with the strong transformations of pseudofunctors and modifications form a
bicategory [¢,2]. If 9 is a 2-category, then one can show that [, 2] is also a 2-
category, see e.g. [Grl, Chapter 1,3.3].

A biideal Z in a bicategory € consists of an ideal Z(i, j) inside each %1, j), such that
for any 2-morphisms 8 € €(k,1),v € Z(j,k),( € €(i, j), the horizontal composition
satisfies B oy, v o ¢ € Z(i,1). Finally, let €°P, € and € °>°P denote the bicate-
gories obtained from % by reversing only the horizontal composition, only the vertical
composition and both compositions, respectively.

2.2. Finitary and fiab bicategories. Let k be any field.

Definition 2.3. A finitary category C (over k) is a k-linear additive idempotent split
category with finitely many isomorphism classes of indecomposable objects and finite
dimensional morphism spaces.

Definition 2.4. We say that a bicategory % is multifinitary if € has finitely many
objects, for all i, j € € the categories €(i, j) are finitary, and horizontal composition
o, of 2-morphisms is k-bilinear. If additionally the identity 1-morphism on each object
is indecomposable, then % is called finitary.

Definition 2.5. A quasi (multi)fiab bicategory is a (multi)finitary bicategory ¢ together
with an object-preserving k-linear biequivalence *: ¥ — % “>°P with the property that,
for every pair i,j € € and every F € €(4,j), there exist adjunction 2-morphisms
evp: FF* — 15 and coevg: 1; — F*F such that the diagrams

F e} F F* — F*
(UP’:)’ll TU% (U%*)’ll TU{;*
F1 1,F , 1,F* F*1;
idFohcoevFl evpopidp coevFohidF*J/ TidF* opevp
F(F'F) —— (FF)F (F*F)F* ——— F*(FF*)
commute.

If Id¢ and (*)? are equivalent in [¢, 4], then € is called (multi)fiab.
Following [MM2], the strict version of a (quasi) (multi)fiab bicategory is called a (quasi)
(multi)fiat 2-category.

Given a quasi (multi)fiab bicategory, there is also a quasi-inverse of *: € — € P,
which is usually denoted by the same symbol but applied to the left side of 1- and 2-
morphisms, e.g. *F instead of F*. There are then additional 2-morphisms evj: *FF —
1; and coevg: 13 — F(*F). In this paper we will only use this inverse in the multifiab
case, where we can identify F* and *F and, in particular, obtain

evVEx* ~

evh = [F*F 5 FF* 775 1], coevi = [1; S8 FF* = FF*.
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These satisfy the conditions expressed by the commutative diagrams

P P |
who| Tt b | Tot
1, 1,F* , 1,F Fl,
idp« ohcoevi;l Tev%ohidp* coev%ohidpl Tidpohev%‘
F*(FF*) — s (F*F)F* (FF*)F o F(EFF)

Qpx p px

For readers familiar with string diagrams, we note that the diagrams for evf and coevi
are obtained from the ones for evg and coevy by inverting the orientation.

Remark 2.6. The term weakly fiat 2-category was introduced in [MM5, Subsection
2.5]. The corresponding notion for bicategories would be weakly fiab, but we decided
to change weakly to quasi, and use that terminology from now on, to avoid confusion
with the notion of weakness in bicategories.

Remark 2.7. Quasi fiab and fiab one-object bicategories correspond to rigid and pivotal
monoidal categories in the terminology of e.g. [EGNO], respectively. Multifinitary
bicategories are the additive analog of multitensor categories, cf. [EGNO] Definition
4.1.1].

Example 2.8. A particular class of quasi fiab one-object bicategories is that of fusion
categories, which are semisimple rigid monoidal categories, e.g. Yect“(G), the category
of G-graded vector spaces whose monoidal product is twisted by a 3-cocycle on G, and
U, (g)-modss, the semisimplified module category of the quantum group associated to
a complex finite dimensional semisimple Lie algebra g for g a root of unity.

Example 2.9. Let k = C and let W = (W, S) be a Coxeter group with its reflection
representation. To these data one can associate the one-object bicategory of Soergel
bimodules ¥ = #¢(W,8), which categorifies the Hecke algebra of W such that the
indecomposable 1-morphisms C,, correspond to the Kazhdan—Lusztig basis elements
Cyw, for w € W. The one-object bicategory . can be defined over the polynomial
algebra, as in e.g. [EW3], or over the coinvariant algebra, as in e.g. [Sol]. For finite
W, the bicategory .# is finitary when defined over the coinvariant algebra.

Based on results in [EW3], Lusztig [Lul §18.5] associated with each two-sided cell
J of W a semisimple one-object bicategory 277, called the asymptotic limit or the
asymptotic bicategory, which categorifies the direct summand of the asymptotic Hecke
algebra corresponding to J (or, in Lusztig's terminology, the J-ring associated with
J). By [EW1], Section 5], the monoidal category .7 is pivotal for any W, and so is
@/ 7 for any J of W.

Thus, for any finite Coxeter group, Soergel bimodules over the coinvariant algebra form
a one-object fiab bicategory in our terminology.

Example 2.10. There are also fiab bicategories with more than one object which play
an important role in birepresentation theory. For example, the bicategory of singular
Soergel bimodules [Wi] associated with a Coxeter group W = (W, S), whose objects
are indexed by the parabolic subsets of S. This is why we do not restrict our setup
to rigid or pivotal monoidal categories, but always consider (quasi) fiab bicategories in
general.

The abelianizations discussed in [MMMT1], Section 3] carry over verbatim to the bicate-
gorical setting. Indeed, a multifinitary bicategory % admits an injective and a projective
abelianization, denoted by % and @, respectively. These are such that their morphism
categories are abelian and % is biequivalent to the 2-full subbicategory of injective,
respectively projective, 1-morphisms. Note that all the 2-morphisms and coheres from
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¢ extend to ¢ and %, and we will usually not distinguish between the ones for ¢, or
% and ¥ to ease notation.

Remark 2.11. Even if € is multifiab, Es abelianizations need not be, but * gives rise
to an antiequivalence between % and %.

Similarly, finitary birepresentations, which will be discussed in Subsection [2.3] admit
abelianizations.

2.3. Finitary birepresentations.

Definition 2.12. We let Qlu{ denote the 2-category of finitary categories, k-linear func-
tors (recall that any k-linear functor between k-linear, additive categories is automati-
cally additive) and natural transformations.

Let ¥ be a finitary bicategory, defined over k

Definition 2.13. A finitary (left) birepresentation of € is a (covariant) k-linear pseud-
ofunctor M: ¢ — Qlu{.

Concretely, a finitary birepresentation M of % associates
e a finitary category M(1i), defined over k, to every i € €
e a k-linear functor Mj; : €(i,j) — Qlﬂ{ (M(i), M(j)) to every pair i,j € %;
e a natural isomorphism
M (14)
M@)o M)

- Y~
Tdpa(s)
to every 1 € €
e a natural isomorphism

(3, %) ¥E(4,5)

Hxji
My KM 35 M

A7 (M(5), M(k)) B2 (M(1), M(3)) —— 2/ (M(i), M(k))

Oh

to every triple i, j,k € .
These data are such that the diagrams

(2.2)
F,1; 15,F
lLl’Jll Higi
My (F)Mi; (1;) —— My (F1y) My (15)My; (F) —— My (15F)
ldMJI(F)Oth/ lei(u;) ) Ljohidei(F)J/ lei(uf,) )
( )IdM(l) Mji(F) IdM(j)Mji(F) Mji(F)
(Mlk(H)Mkj (G)>Mji(F) —— My (H) (Mkj (G)Mji(F))
#ﬁﬁGohidei(F)l lidMlk(H)oh“lgiF
(2.3) M, ; (HG)M;; (F) M (H)M; (GF)
| |wer
Mli((HG)F) My, (H(GF))

M (an,G,r)
commute for all 1,j,%k,1 € ¥ and all F € ¥(4,j),G € €(j,k),H € €(k, 1).

Example 2.14. If € is a finitary 2-category, then any finitary 2-representation of % is a
finitary birepresentation (namely, one whose coherers are trivial).
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Example 2.15. For any i € €, the principal birepresentation (also called Yoneda birepre-
sentation) P; := €(i, _) is a finitary birepresentation of €. If € is a finitary 2-category,
then the principal birepresentations are all finitary 2-representations.

Let M and N be two finitary birepresentations of %

Definition 2.16. A morphism of finitary birepresentations ®: M — N is a k-linear
strong transformation of pseudofunctors.

Concretely, a morphism of birepresentations ®: M — NN associates

e a k-linear functor ®;: M(i) — N(i) to each i € %;
e a natural isomorphism

E(1,3) — 2 oAf (M(1), M(3))

@51
Nji / (I:'joh—

AL (N(1),N(3)) —> AL (M(2),N(j))

to every pairi,j € €.
These data are such that the diagrams

1

Ni; (1) L @; M; (1)
(24) L?Iidqnl lidq)i M
IdN(l)(bl q)l ¢lIdM(1)
(2.5)
idej(G)d)JFi ¢gidei(F)
Vk(;Fidq)il lidq,k,ugf
Ny (GF)®; e &, M,; (GF)

commute for all i,j,k € € and all F € ¢(1,j),G € €(j,k%).
Note that we will omit the symbol oy, for the horizontal composition of 2-morphisms if

it causes no confusion, e.g. (2.4)), (2.5)) and so on.

Let &, ¥: M — N be two morphisms of birepresentations.

Definition 2.17. A modification 0: ® — V¥ is a modification between the strong
k-linear transformations.

Concretely, a modification o: ® — W associates a natural transformation o; : ®; — U3
to every 1 € €. These data are such that the diagram

idNJ-i(F)Ui

Nji(F)(I)i Nji(F)‘l/i
¢§{ lwfi
®;M;; (F) U5 My; (F)

Tj idei(F)

commutes for all i,j € € and all F € €(4, j).
We say that two finitary birepresentations M, N of & are equivalent if there are mor-
phisms of birepresentations ®: M — N and ¥: N — M and invertible modifications

TP =5 Tdpg and T = Idn.
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Definition 2.18. As in Example[2.2] the fact that 2{ is a k-linear additive 2-category
implies that

%-afmod := [€, 2]

is a k-linear additive 2-category, called the 2-category of finitary birepresentations of
©.

Recall the following terminology, where add denotes the additive closure, meaning the
closure under taking finite direct sums and summands.

Definition 2.19. Let ¥ be a multifinitary bicategory and M a finitary birepresentation
of €. Then

(i) the birepresentation M is generated by X € M(i), for some i € ¥, if the
embedding

add{M;;(F)X | F € €(1,5)} < M(j)

is an equivalence for all j € €;

(i) the birepresentation M is cyclic if it is generated by some X € M(i) for some
ies;

(iii) the birepresentation M is transitive if it is non-zero and is generated by any
non-zero X € M(i) for any i € .

By definition, a @-stable ideal 1 of a finitary birepresentation M of % is the assignment
of an ideal I(1) € M(i) to each i € %, such that M;y;(F)(I(i)) € I(j), for all
F € €(4i,j). We say that I'is proper if {0} C I(i) C M(i) for some i € F.
Definition 2.20. A finitary birepresentation M is said to be simple transitive if it has
no proper %-stable ideals.

It follows immediately from Definition [2.20] that any simple transitive birepresentation
is transitive. The converse is false in general, but every transitive birepresentation M
of & has a unique simple transitive quotient, by the straightforward generalization of
[MMB] Lemma 4] to bicategories.

Definition 2.21. We use the following 1,2-full 2-subcategories of %-afmod (where
1, 2-full means 1-full and 2-full, by definition):

(i) F-cfmod denotes the one consisting of all cyclic (finitary) birepresentations;
(i) €-tfmod denotes the one consisting of all transitive (finitary) birepresentations;
(iii) -stmod denotes the one consisting of all simple transitive (finitary) birepresen-
tations.

Note that we have €-stmod C %-tfmod C %-cfmod C %-afmod.
Recall that we want to generalize some of the results in e.g. [MMMTI] and [MMMZ]
to the weak setup. Fortunately, most previous results carry over to this more general
framework, due to two strictification theorems:
e every multifinitary bicategory % is biequivalent to a multifinitary 2-category, by
the classical strictification results in this setting (see e.g. [GPS| Section 1.4
or [Lei, Section 2.3]);
e if ¥ is a multifinitary 2-category, then its 2-category of finitary birepresentations
is biequivalent to its 2-category of finitary 2-representations, by [Pow| Section
4.2].
A particular example of results that carry over verbatim, and that we will need later, is
the following weak Jordan—Hélder theorem, cf. [MMB], Section 4].

Theorem 2.22. let ¢ be a multifinitary bicategory. For any finitary birepresentation
M of €, there is a finite filtration by subbirepresentations of €

OZMOngg_"'ng:M7
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where every M, generates a €-stable ideal Iy, in M1, such that M1 /1y, is transitive
and has a unique associated simple transitive quotient Ly11. Up to equivalence and
ordering, the set {Lj | 1 < k < m} is an invariant of M.

For any finitary birepresentation M, we call those simple transitive birepresentations
L, where 1 < k < m, defined as in Theorem[2.22]the weak Jordan—Hé&lIder constituents
of M.

We also briefly need the following.

Definition 2.23. We let %Ry denote the 2-category of abelian finitary categories, i.e.
objects are k-linear additive categories which are equivalent to categories of finitely
generated modules over finite dimensional associative k-algebras, 1-morphisms are k-
linear functors and 2-morphisms are natural transformations.

An abelian finitary (left) birepresentation of € is a k-linear pseudofunctor M: ¢’ — fRy.
A finitary birepresentation M can be extended to an abelian birepresentation M, so
that M(i) := M(i) for any i € 4. We can similarly abelianize M projectively to

obtain M with M(i) := M(i) for any i € %.

The notions we have seen above for additive finitary birepresentations carry over ver-
batim to abelian finitary birepresentations and we leave it to the reader to write out
the details.

Remark 2.24. We only need abelian birepresentations very rarely in this paper and refer
to [MMZ2] for a comparison of finitary and abelian birepresentations.

2.4. The additive closure of a bicategory. Let C; be additive categories for j =
1,...,n. We define @?:1 C; to be the additive category whose objects are formal direct
sums X1 & --- & X, where X, € C; for some j = 3(X,) € {1,...,n}. Morphisms in
Hom@;;:l ¢ (X1® -0 Xs,Y1®---®Y;) are matrices of morphisms

Homg, (Xg, Yp) if 9(Xq) = 2(Yp) = J,
{0} otherwise.

(fpa)p=1,....t.¢=1,...,s, Where f,q € {

Composition is given by matrix multiplication. The additive structure is given by con-
catenation, ie. (X1 @@ X )o(V1d---dY) =X10---dX;0Y1D--- DY,
Let € now be a finitary bicategory. Define €% as follows. It has one object e and
©%(0,0) = D e €(3, k), as defined above. If Fy € €(j,k) for some j, k € ¢, we
set iyr,) = Jj and iyr,) = k for source and target, respectively.

Composition of 1-morphisms is given by

(F1@ - 0F) (G D dGy)
=FG - - dF1GPFG1 - - DF;G; ® ... FGy,

where we omit components that are not defined, which we interpret as being zero.
Vertical composition of 2-morphisms is defined componentwise.

Given a matrix f of morphisms in Homee (4,e)(F1 @ --- @ F,,F1 @ --- @ F),) and g in
Homee (e,0)(G1 @ - ® G, G} @ --- @ GY, ), their horizontal composition f op, g is a
matrix whose (p'¢’, pq)-component is given by fp/, on 9474, Whenever this makes sense,
and 0 otherwise.

Taking into account that

(F1@- @F)(G1@- @ G))(Hi o oH,) = P F,Gy)H,,

p,q,r

(F1@- @F) (G- ®Ge)(Hy & ®Hy)) = @) Fp(GH,),

p.q,T
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both with the ordering on the summands given by the reverse lexicographic ordering on
the indices, the associator is given by the diagonal matrix of the respective associators.
To define the identity 1-morphism in €’ ®, fix an ordering i1 < --- < i,, on the objects
of €. The identity 1-morphism is then given by 1;, & --- @ 1; . Note that reordering
produces an isomorphic 1-morphism. The right unitor is given by the component unitors
in €. Indeed, (F1®---®F,)(1;, ®---d1;, ) will only have s direct summands of the
form Fp1;_ . ). so the right unitor will be the diagonal s x s-matrix of the corresponding
unitors in €. Similarly, the left unitor will be a permutation matrix with the unitors
from € as entries, since (13, ®---®1;, )(F1®---®F;) has summands 1 F,, but
ordered according to the ordering on the iy ).

io(Fp)

Lemma 2.25. If ¢ is a finitary bicategory, then € ® is a multifinitary bicategory.

Proof. The pentagon axiom and the compatibility of left and right unitors follow im-
mediately from the same axioms for ©. The stated properties of 4’ ¥ (e, ) are inherited
from the same properties for ¥. Observe that €’ ® is not finitary since the identity
1-morphism is not indecomposable, but € ® is multifinitary. O

The following lemma is immediate.
Lemma 2.26. If € is (quasi) fiab, then € is (quasi) multifiab.

We now explain how to go back and forth between birepresentations of € and €.
Given a finitary birepresentation M of %, we can define a birepresentation M® by
- M®(‘) = @ie% M(i);
-MO®(F 1@ ®Fs) =M(F,)®-- - ®M(F,) for a 1-morphism F1 & --- & Fy;
- MP((Bpg)p=1,....t:0=1,....s) = (M(B)pq)pzly___yt;q:lwﬂs for a 2-morphism

ﬁ = (5pq)p:1,...,t;q:1,.“,s: Fre---oF,— Gl D---D Gt-

Here we interpret the actions of direct sums of functors and their natural transformations
on our chosen biproduct of additive categories in the evident way.
Conversely, given a birepresentation N of €@, we can associate a birepresentation N’
of & by noting that projection onto 1; as a direct summand of the identity 1-morphism
in P defines an endomorphism of the identity functor on N(e), and we thus have a
decomposition N(e) = P, N(e);. We can then define:

— N’(i) = N(e); for any object 1 € ¥,

— N/(F) = N(F) for any 1-morphism F in €(i, j), where i,j € %;

- N'(8) = N(B) for any 2-morphism 8: F — G, where F,G € %(i,j) and

i,je<?.

It is immediate that (M ®)’ is equivalent to M and (IN')? is equivalent to N, which
proves the following proposition.

Proposition 2.27. There is a biequivalence of 2-categories ¢ ®-afmod ~ €-afmod.

2.5. Cell theory. The theory of cells carries over verbatim from finitary 2-categories to
multifinitary bicategories. Let us briefly recall its main features; details and references
can be found in [MM1], Subsection 4.5], [ChMal, Subsection 3.2], [MM5, Section 3] and
[MMMZ, Subsection 4.2].

For each multifinitary bicategory &, one defines the left partial preorder >, on inde-
composable 1-morphisms by

F >; G < there exists H such that F is isomorphic to a direct summand of HG.

One then defines left cells, denoted by L, to be the equivalence classes with respect
to >, on which > naturally induces a partial order denoted by the same symbol.
Similarly, one defines the right and two-sided partial preorders > and >; and their
corresponding right cells and two-sided cells, denoted by R and J respectively. Note
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that the source map i,(_) is constant on each left cell and and the target map i;(_) is
constant on each right cell.

Example 2.28.

(i) A fusion category ¢ has only one (left, right and two-sided) cell, because, for any
1-morphism F € &, the decomposition of both FF* and F*F contains the identity
on the unique object.

(ii) Recall that for any finite Coxeter group, the one-object bicategory of Soergel
bimodules . is finitary when it is defined over the coinvariant algebra. The
(left, right, or two-sided, respectively) cells and cell orders in . correspond to
the Kazhdan—Lusztig [KL] (left, right, or two-sided, respectively) cells and orders
of W by the Soergel-Elias-Williamson categorification theorem [EW3|, Theorem
1.1]. This remains true when .7 is defined over the polynomial algebra and/or the
Coxeter group is non-finite.

For any left cell £, one can define the so-called cell birepresentation C. as follows: Let i
be the source of £. Define a subbirepresentation M= of the principal birepresentation
P, using the induced action of & on

add({F | F >, L}).
Then MZ% has a unique maximal ideal I and we define
C. = M=4/1,
which is always a simple transitive birepresentation.

Example 2.29.

(i) The (unique) cell birepresentation of a fusion category coincides with its regular
birepresentation, for which the action is defined by the monoidal product.

(ii) The cell birepresentations of .7, for any Coxeter group W, categorify the Kazhdan—
Lusztig [KL] cell representations of the Hecke algebra of W, by the Soergel—Elias—
Williamson categorification theorem [EW3| Theorem 1.1].

Let € be a multifinitary bicategory. By the bicategorical analog of [ChMal, Subsection
3.2], any transitive birepresentation M of ¢ has an associated invariant called apex,
which is the unique two-sided cell J of € not annihilated by M that is maximal with
respect to the two-sided order > ;.

Example 2.30. Suppose that € is quasi multifiab. Let £ be a left cell inside a two-sided
cell J of €. Then the apex of the cell birepresentation C, is equal to J.

Definition 2.31. Let € be a multifinitary bicategory. Denote by @-afmod s the 1,2-
full 2-subcategory of €-afmod consisting of the finitary birepresentations whose weak
Jordan—Holder constituents all have apex 7. With respect to those 1, 2-full 2-subcate-
gories of ¢-afmod in Definition we denote by

(i) €-cfmod s the one consisting of all cyclic (finitary) birepresentations whose weak
Jordan—Holder constituents all have apex J;
(i) €-tfmod s the one consisting of all transitive (finitary) birepresentations with apex
J,
(iii) €-stmod s the one consisting of all simple transitive (finitary) birepresentations
with apex J.

Again, we have ¢-stmod s C ¢-tfmod y C €-cfmody; C €-afmod 5.

Inside each two-sided cell, we define H-cells as the intersection of left and right cells.
Note that iy4) need not be equal to i, in general. Any two-sided cell J is the
disjoint union of the H-cells it contains. If % is quasi multifiab, then * exchanges the



FINITARY BIREPRESENTATIONS OF FINITARY BICATEGORIES 13

left and right cells inside each two-sided cell. For any left cell £ inside a two-sided cell
J, the intersection

H(L):=LNL CT

is called the H-cell associated to L£. Note that all 1-morphisms in an H-cell H(L)
are l-endomorphisms of one fixed i € ¢, which we call the source of H. By the
generalization of [MMI], Proposition 17] to quasi multifiab bicategories, each left cell £
contains a unique distinguished 1-morphism D = D(£), called Duflo involution. If € is
multifiab, then every associated H-cell H (L) is stable under * and is called a diagonal
H-cell. Since both D = D(£) and D* belong to £ (c.f. [MMI1], Proposition 17]), we
have D € H(L) in this case.

Lemma 2.32. Let ¢ be a multifinitary bicategory and M € €-tfmod 7 and ‘H be any
H-cell inside J. Then there exists some non-zero object X € M(iy)) which is not
annihilated by H.

Proof. Let M be a transitive birepresentation of ¥ with apex J. Assume that the
category M(i,(3)) is annihilated by H and note that each M(j), where j # i3,
is also annihilated by #H by definition. We deduce that M annihilates H and hence
annihilates J as add(J) C ¥add(#)¥, a contradiction. O

Lemma 2.33. Let € be a multifinitary bicategory. Any M in €-afmod 7 is cyclic, that
is

¢-afmod ; = €-cfmod 7.

Moreover, for any H-cell H inside J, there exists a generator X € M(i) of M such
that, for any F € H, Mj;(F)X also generates M, where i := 1,3y and j := iy(3).

Proof. Let M € %-afmod s and recall the existence of weak Jordan—Holder series
from Theorem Let 0 C M; € --- € M,, = M be a filtration of M by
subbirepresentations such that each subquotient is transitive with apex J. For each
qe{1,...,m}, by Lemma[2.32] we can choose X, € M, (i) such that X, ¢ M,_1(i)
and M;; (F) X, € My_1(j) for any F € H. Then, setting X = X; @ --- & X, both
X and Mj; (F) X generate M. The statements follow. O

2.6. Quotients of bicategories via cell theory. The main reason for introducing the
various subbicategories of %-afmod associated with a two-sided cell 7 in Definition
2.31} is the reduction of the classification problem of all simple transitive birepresen-
tations of ¢ to that of the simple transitive birepresentations with apex J (where [J
is arbitrary but fixed). As explained in the introduction, we will show how to reduce
the Classification Problem even further by strong H-reduction in Theorems and
4.31] when € is multifiab. But before we can do that, we first have to prepare the
ground. In this subsection we therefore show how the aforementioned subbicategories
of €-afmod, and certain generalizations of them, are related to certain (sub)quotients
of €. At the end of this subsection, we will indicate more precisely the relation with
strong H-reduction.

For now, let € just be a multifinitary bicategory (i.e. not necessarily (quasi) multifiab)
and J a two-sided cell of €. We denote by Z 7 the biideal in € generated by idp for
all F £; J. The quotient ¢/Z4 s is a multifinitary bicategory whose two-sided cells
correspond exactly to the two-sided cells 7/ of & satisfying J' <; J. In particular, it
has a unique maximal two-sided cell, corresponding to 7. If € is (quasi) multifiab, then
¢ /Iyz is (quasi) multifiab. By Theorem it is easy to understand the relation
between the finitary birepresentations of % and those of €/Z4 7. Let €-afmod<s
be the 1, 2-full 2-subcategory of €-afmod consisting of birepresentations whose weak
Jordan—Holder constituents all have apex <; 7. Similarly, we have the 1, 2-full 2-
subcategory €-cfmod< . In the following, we will define various 2-functors, some of
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which will be local equivalences. Here, we use the terminology that a pseudofunctor
is a local equivalence if it induces equivalences on the morphism categories (but is not
necessarily essentially surjective on objects).

Theorem 2.34. Let € be a multifinitary bicategory and J a two-sided cell in €. The
pullback via the 2-full projection ¢ — €¢/I¢ s defines a 2-functor

(2.6) €/I¢g-atmod — €-afmod< 7,

which is a local equivalence. It can be restricted to a local equivalence
(2.7) € /Iy¢g-cfmod — €-cfmod< 7,

and, for any two-sided cell 7' <; J, to biequivalences

(2.8) )Ty 7-tfmod s = €-tfmod 7/,

(2.9) /Iy 7-stmod s = €-stmod z.

The local equivalences (2.6) and (2.7)) preserve weak Jordan—Hélder series and, for any
two-sided cell 7' <; J, they descend to a local equivalence

(2.10) ‘K/Izj—cfmodj/ — %—cfmodj/.
If € is quasi multifiab, then (2.6]) is a biequivalence and hence so are (2.7)) and (2.10]).

Proof. Note that for any M € €¢/Zy 7-afmod we have T4 s C ann(M). Then Iz 7 is
annihilated by all weak Jordan—Holder constituents of M which implies that the latter
all have apex <; J. Thus the pullback is well-defined and obviously a local
equivalence which can be restricted to local equivalences (2.7)-(2.9). For any birepre-
sentation M in ¢-tfmod s/, respectively €-stmody/, we also have Zy ;7 C ann(M)
since apex(M) = J' <; J. Thus M belongs to ¢/Zy-tfmod s, respectively
€/Zgg-stmody . Therefore both and are biequivalences. It follows from

the definition and biequivalences (2.8)-(2.9) that the local equivalence (2.6]), respec-
tively (2.7)), preserves weak Jordan—Hdlder series and descends to a local equivalences

for any J' <; J.

Now assume that % is quasi multifiab. It suffices to prove that is essentially
surjective since essential surjectivity of its restrictions and is straightforward.
For any M € %-afmod<, let 0 = My C M; € --- C M,,, = M be a filtration by
subbirepresentations as in Theorem [2.22] Without loss of generality, we assume that
m = 2. Since Zy 7 C ann(M;) N ann(Msy/I;), where I, is the ¢-stable ideal in M,
generated by M;, we obtain Zy¢ 7 oy, Z¢ 7 C ann(My) = ann(M). Recall that each left
cell £ in a quasi multifiab bicategory & contains the Duflo involution D := D(£) and, in
fact, by the generalization of [MM1] Proposition 17] to quasi multifiab bicategories, each
1-morphism FD contains F as a direct summand for any I € £. Hence, T¢ 7 op Iz 7
contains idp for all F £; 7, that is to say, idg € ann(M) for all F £ ; 7. Finally, we

have Z4 7 C ann(M), which completes the proof. d
By Lemma[2.33] for each J’ <; J, the local equivalence (2.10) can be written as
(2.11) € /Zgg-afmod s — €-afmod -,

which is a biequivalence provided that % is quasi multifiab.

Definition 2.35. Let J be a two-sided cell in a multifinitary bicategory ¥. Then % is
called J-simple if any non-zero biideal of & contains the identity 2-morphisms of all
1-morphisms in J.

By the analog of [MM2, Theorem 15] for multifinitary bicategories, examples of 7-
simple multifinitary bicategories are not hard to find: for any two-sided cell J of a
multifinitary bicategory %, there is a unique quotient bicategory €< 7 that is J-simple
and whose two-sided cells correspond exactly to those of ¥/Z4 7. The bicategory €< 7
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is called the J-simple quotient of € and is unique up to biequivalence. If € is (quasi)
multifiab, then < 7 is also (quasi) multifiab.

Remark 2.36. Note that ‘g/l'ﬁj is, in general, not J-simple. However, the J-simple
quotients of € and €¢/Z¢ s are biequivalent. By definition, the two-sided cells of €< 7
are the same as those of 4’/Z4 7, but the 2-morphism spaces of the J-simple quotient
are smaller in general.

Example 2.37. If € is semisimple, 6/Zy¢ 7 and €< coincide.

The above example is special, because in general €/Z4 7 and €<z do not coincide.
To show why, let us give one simple example:

Example 2.38. Let D = k[z]/(z?) be the algebra of dual numbers and D-proj the
category of complex finite dimensional projective D-modules. Then take € to be the
one-object finitary 2-category of k-linear endofunctors of D-proj that are isomorphic
to direct sums of copies of the identity functor Id. By definition, the 2-morphisms of
® are the natural transformations between those endofunctors. Note that & has only
one two-sided cell J: the one containing only the isomorphism class of Id. Therefore,
€/Igg =€ and

Endy 7, (Id) = Ende(Id) = D.
However,
Ends_, (Id) =k,

because () is the unique maximal ideal of D and D/(x) = k. Thus, <7 is a proper
quotient of ¥/Z4 7. Note that @< is semisimple in this case, but that need not be
true in general.

The pullback
(2.12) €< g-afmod — €/Zy s-afmod

via the 2-full projection €/Z4 s — €< is a local equivalence. It is not a biequivalence
in general, because not every finitary birepresentation of ¢/Zy s is equivalent to the
pullback of a birepresentation of <7, e.g. the birepresentation defined by the natural
action of ¢’/Z4 s on the additive closure of J inside ¢/Z4 . Restricting gives
the pullback

(2.13) € <g-cfmod — € /Iy 7-cfmod,

which is also a local equivalence and descends to local equivalences
(2.14) C<g-ttmod 71 — €/1y 7-tfmod s,

(2.15) C<g-stmod g — €/Iys-stmod .

for any two-sided cell J' <; J. The pullbacks (2.12)) and ([2.13)) both preserve weak
Jordan—Holder series and can be restricted to a local equivalence

€< g-afmod g = €<g-cfmod ) — € /Iy g-cfmod s = € /Iy 7-afmod z,

for any two-sided cell 7' <; J, where the two equalities hold by Lemma More-
over, if € is quasi multifiab, the local equivalence (2.15]) for 7' = J is a biequivalence,
see the proof of Proposition [4.22

By precomposing (2.6) with (2.12), we obtain the pullback
(2.16) €< g-afmod — ¢-afmod< 7,

which is a local equivalence. Similarly, we have the local equivalence

(2.17) €< g-ctmod — €-cfmod< 7.
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Both (2.16)) and ([2.17)) can be restricted to a series of local equivalences

(218) %Sj—tfmodj/ — %—tfmodj/,
(2.19) €< g-stmod 7+ — €-stmod 7/,
(2.20) €< g-afmod 7/ = €< g-cfmod s — €-cfmod s = €¢-afmod 7,

for any two-sided cell 7" <; J, where the two equalities appearing in the last local
equivalence hold by Lemma[2.33] Moreover, if € is quasi multifiab, the local equivalence
for 7' = J is a biequivalence, cf. Proposition [4.22]

Denote by €7 be the 2-full subbicategory of 4//Z« 7 whose objects are all iy, iy(r)
for F € J, and whose morphism categories are given by

P %) =addfF,1; |FeJ,ic%q}
1,J€€ ()
Define the 2-full subbicategory € s of €< similarly. By definition, J is the only two-

sided cell of €7y and €7 not necessarily consisting only of identity 1-morphisms. If
% is (quasi) multifiab, then &' 7y and €7 are also (quasi) multifiab.

Lemma 2.39. Suppose that € is multifinitary. Then € 7 is J-simple. Moreover, € 7
is the J-simple quotient of €' 7).

Proof. This follows from J-simplicity of <7 and the fact that the unique maximal
biideal of ¢’(7) not containing identities on 1-morphisms in 7 is the restriction of the

analogous biideal of %/Iﬁj. O
Pulling back via the 2-fully faithful embedding € — €< yields a 2-functor

(2.21) €< g-afmod — € 7-afmod,

which can be restricted to 2-functors

(2.22) €< g-tfmod y — € 7-tfmod 7,

(2.23) €< g-stmod gy — € 7-stmod z.

Indeed, for a birepresentation M € %< -tfmod y, its underlying category is equal to
add{M(F)X|F € J} for any non-zero object X in M(i) for some i. Thus the 2-
functor is well-defined. Since J is the unique maximal two-sided cell in both
C<g and €z, any proper € s-stable ideal of M € €< 7-tmod 7 is €< s-stable as well,
which implies that is also well-defined. Since the 2-functor preserves weak
Jordan—Holder series, it restricts to a 2-functor

(2.24) €< g-afmody — € 7-afmod .

In Theorem (cf. also Remark [4.34)), provided that % is quasi multifiab, we show
that (2.23) is a biequivalence, which can be viewed as the restriction of (2.24]). The
latter is a local equivalence by Theorem If € is quasi multifiab, composing the

biequivalences in (2.19) for 7' = J and ([2.23)) yields a biequivalence
€ 7-stmod 7 — €-stmod 7,

see Theorem [4.28] for details. Recall that a diagonal H-cell of a multifiab bicategory is
the intersection of a left cell and its dual. Of crucial importance for the birepresentation

theory of &, cf. Theorems and is the following.

Definition 2.40. Suppose that % is multifiab and let 7 be a two-sided cell of ¥ and
H C J a diagonal H-cell with source i € €. Define the 2-full subbicategory (3 of
% () with single object i and

C(n)(i,1) == add{F,1; | F € H}.
Define the 2-full subbicategory €’y of €7 similarly.
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If 1; does not belong to H, then €3,y and €’ have precisely two cells, which are both
left, right and two-sided: the trivial cell {1;} and the non-trivial cell . Note that
both € (3;) and €3, are multifiab, because H is preserved by * when ¢ is multifiab.

Lemma 2.41. The bicategory €' is H-simple. Moreover, it is the H-simple quotient
of %(H)

Proof. Consider the cell birepresentation C. of €7, where H = H(L), and note that
it is 2-faithful by J-simplicity of 7. By the generalization of [KMMZ, Theorem 2] to
bicategories, the action of each F' € H is represented via C. by a projective bimodule
over the underlying algebra of C.. Let D = D(L£) be the Duflo involution in £, which
also belongs to 7 (see Subsection [2.5)). Then, by the generalization of [MMI, Lemma
12] to bicategories, D does not annihilate any simples indexed by elements of # in the
(projective) abelianization of C.. Therefore, given F, G € H and a non-zero a: F — G
in €4, the 2-morphism

(idp op @) oh idp: (DF)D — (DG)D

is non-zero. As C.(D) is a projective bimodule, the morphism C_ (idp on o o idp) is
not a radical morphism in the category of bimodules. Thus, (idp o, ) o, idp contains,
as a direct summand, an isomorphism from some non-zero summand of (DF)D to
some summand of (DG)D. Therefore, € is H-simple and the second claim follows
by definition. O

In Theorem [4.32] we will show that there is a biequivalence between é-stmod s and
Cy-stmody.

3. COALGEBRAS AND COMODULES IN BICATEGORIES

In this section, let € be a multifinitary bicategory.

3.1. Coalgebras and comodules. The following definitions are analogs of those in
[EGNO, Section 7.8].

Definition 3.1. A coalgebra C = (C,dc,ec) in € consists of a 1-morphism C €
%(i,1i), for some object i € ¥, a comultiplication 2-morphism dc: C — CC and a
counit 2-morphism ec: C — 1;. These should satisfy the usual coassociativity and
counitality axioms of a coalgebra, i.e. the diagrams

oc dc

CC C CC

5C°hidCJ/ lidcoh(;c B

(CC)C —————— C(CC)

ac,c,c

C
se|
CC —— 1;C CC —— CI,

ecopidc
should commute.

Example 3.2.

(i) The identity 1-morphism 1;, for any i € &, is naturally a coalgebra.
(ii) In finite dihedral type, there is an explicit construction of coalgebras in .% corre-
sponding to ADE Dynkin diagrams [MMMT1], Section 7].



18 M. MACKAAY, V. MAZORCHUK, V. MIEMIETZ, D. TUBBENHAUER AND X. ZHANG
Definition 3.3. Let C,D € %(i,1) be coalgebrasin €. A homomorphism of coalgebras
in € is a 2-morphism ¢: C — D such that the diagrams

CLD

c—2 4D
N
1y

CCWDD

commute.
The coalgebras C and D are isomorphic if there exists an invertible homomorphism
between them.

Next, let us recall the definitions of left, right and bicomodules in %.

Definition 3.4. Let C € ¥(i,1) be a coalgebra in €. A left C-comodule M =
(M, dcm) in € consists of a 1-morphism M € €'(j,1), for some object j € €, and a
2-morphism dc v : M — CM, called the left coaction, such that the diagrams

dc,m dc,M

CM M CM M——M
SCOhidMJ/ J{idcoh(;c,M s 6c,Ml Tuf\l
(CC)M W) C(CM) CM m} ]].1M

commute. The definition of a right C-comodule M = (M, dm,c) in € is similar.

Definition 3.5. For coalgebras C € €(i,1i) and D € ¢(3, j) in €, a C-D-bicomodule
M = (M, dc,m,0m,p) in € is a left C- and a right D-comodule in 4(j,1) such that
the diagram

oM, D dc,m

MD . M . CM
5C,MohidDJ/ J/idcohfsM,D

commutes.

The definitions of homomorphisms of left, right and bicomodules should now be clear
and are omitted for brevity.

Remark 3.6. There are, of course, also the dual notions of algebras and modules in .
Their definition can be obtained from the above by inverting all arrows.

Coalgebras, comodules, bicomodules and the respective homomorphisms in the injective
abelianization % or in the projective abelianization € are defined just as in %.

We say that a coalgebra D is a subcoalgebra of another coalgebra C if there is a monic
2-morphism ¢: D — C that is a homomorphism of coalgebras. A subcoalgebra of C is
called proper if it is neither zero nor isomorphic to C. A coalgebra C is cosimple if it
has no proper subcoalgebras.

Example 3.7. A cosimple coalgebra in Yect is a cosimple coalgebra in the usual sense.

Example 3.8. Let 1 and s denote the two simple 1-morphisms in Yect(Z/2Z). Then
C = 1 @ s has an essentially unique structure of a cosimple coalgebra in Yect(Z/27Z).
The forgetful functor Yect(Z/2Z) — Vect is monoidal, so C is also a coalgebra in Yect.
However, it is not cosimple in #ect, as 1 and s are mapped to isomorphic 1-morphisms
by the forgetful functor.
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3.2. Cotensor product of bicomodules. Let us briefly review the cotensor product
of bicomodules over a coalgebra in & (or in any bicategory having equalizers), see also
e.g. [MMMZ| Subsection 3.3].

Let M be a right C-comodule and N a left C-comodule in €. The cotensor product of
M and N over C, denoted by MU¢N, is by definition the equalizer of the diagram

MN

oM, c
(MC)N

idmdc, N
MN M(CN) s

(e, c,N)ov(dm,cidn)

dc,N
M(CN)

aM,C,N

Due to coassociativity of the right coaction, dy ¢ induces a left comodule isomorphism
dmc: M =N MOcC, see [MMMZ, Lemma 5] for this statement in the strict setting.

Similarly, dc N induces a right comodule isomorphism dcn: N — COcN. Further-
more, the associator in ¥ induces an associator for the cotensor product.

Lemma 3.9. Suppose that K is a right C-comodule, M a C-D-bicomodule and N a

left D-comodule, all in €. Then ak m~ induces a natural 2-isomorphism, for which
we use the same notation,

(3.1) akmn: (KOcM)OpN = KOg(MOpN).

Proof. First we claim that ok v~ induces two intermediate natural 2-isomorphisms,
for which we also use the same notation,

(32) akmn: (KOcMN =5 KOo(MN),  agvn: (KM)OpN = K(MOpN).

We only prove the existence of the first one, which is the one we need below. The
existence of the second one can be proved analogously. Consider the following diagram.

((sKycidM)idN

(KM)N (KC)M)N
(idKéc,l\A}) AmidN
(K(CM))N
QK ,M,N @(front and back) J{QK,CM,N @ KON
K((CM)N .
idK((Sc,MidN) (( ) )
idKaC,l\/I‘N
K(MN) 5K,<c?§1MN (KC)(MN)
id@k %MN
K(C(MN))

The vertical faces commute: the faces labeled 1 by naturality of the associator, the
one labeled 2 by the pentagon coherence condition for the associator, and the triangle
labeled 3 by definition of dc mn. Since all the vertical maps are isomorphisms, this
implies that auk wm,N induces a 2-isomorphism between the equalizer of the top triangle,
which is (KOcM)N since right composition with N is left exact, and the equalizer of
the bottom triangle, which is KOc(MN). This proves the existence of the first natural
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2-isomorphism in (3.2). Next, consider

5KDCM pidn

(KOcM)N ((KOcM)D)N
N(DCM(SD N /
AKOcM,D,N
KucM DN ak,M,pidn

QK ,M,N
(idx 0w, p)idn o @
\_) (KOc(MD))N
@(front and back) @ J/OCK,I\/ID,N
idg O i
KON 0ot KCke(MD)Y
idK(idl\m %M,D,N

KO (M(DN))

Again, all vertical faces commute: the left and back quadrilaterals labeled 1 by natural-
ity of the induced associator, the right pentagon labeled 2 by the pentagon coherence
condition for the induced associator, and the triangle labeled 3 by definition of dxo M p-
Recall that equalizers are unique up to isomorphisms, which implies that the induced as-
sociators in ([3.2)) are also natural and satisfy the pentagon coherence condition. Again,
the vertical maps are 2-isomorphisms, so ax m,n induces a 2-isomorphism between the
equalizer of the top triangle, which is (KOcM)OpN, and the equalizer of the bottom
triangle, which is KOc(MOpN). O

Corollary 3.10. Coalgebras, bicomodules and bicomodule homomorphisms in € form
a bicategory, in which horizontal composition is given by the cotensor product.

We will denote the bicategory of coalgebras, bicomodules and bicomodule homomor-
phisms in € by Hicome.

3.3. Coalgebras and bicomodules under pseudofunctors. Let &: € — & be a
k-linear pseudofunctor between two multifinitary bicategories with structural 2-isomor-
phisms

¢r.c: ®(FG) = O(F)B(G), ¢ (1;) — La).

Denote by ®: ¥ — Z its extension to the abelianizations, which is left exact by
definition.

Lemma 3.11. Thek-linear pseudofunctor ® induces a k-linear pseudofunctor, for which
we use the same notation, ®: HBicom¢ — Hicomg .

Proof. The proof consists of five parts, the first four of which are straightforward:

(i) If C = (C,dc,ec) is a coalgebra in €(i,1), then the 1-morphism ®(C) is a
coalgebra in 2(®(i),®(i)), with comultiplication and counit

Sacy = [2(C) 22 o(CC) L2 9(C)B(C)],

EQ(C) = [@(C) ﬁ) CI)(]l ) —1> ]lg(i)]

(i) If M = (M, dc,m) is a left C-comodule in &, then ®(M) is a left (C)-comodule
in 2 with left coaction

2(0c,m) C M

da(0) M) = [2(M) —— @(CM) —— @(C)2(M)].
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(iii) M = (M, dm,c) is a right C-comodule in &, then ®(M) is a right &(C)-comodule
in Z with right coaction

2(dm,c)
=

San.2(c) = [2(M) (MC) 2L, p(M)B(C)].

(iv) If C and D are two coalgebras and M is a C-D-bicomodule in &, then ®(M) is a
P(C)-®(D) bicomodule in Z with bicoactions defined by the previous two points.

(v) Let C be a coalgebra in €. If M is a right C-comodule and N is a left C-comodule
in &, then there is a 2-isomorphism

B(MOEN) =5 &(M)Og(cy@(N)

in 4. To prove this claim, consider the following diagram, where we distinguish
the associators in the abelianizations of € and Z by superscripts:

P (6w, cidn)

®((MC)N)
<I>(1Cm A)
( PMc,N
PM,CN
D(5 id
SO D(N) — 2 we)deey @(MC)®(N)
idg(M)m
P (M)®(CN) @M, cide ()
idg oy ¢o,N
d4 by id
D(M)D(N) — === (2(\M)B(C)) B(N)
idi(méﬂk </QZ<M>,2<C>&<N>

(M) (2(C)2(N))

As before, all lateral faces commute due to naturality and the coherence condition
of ¢_ _, as well as the definition of dgn),a(c) and da(c),an). Since all vertical
arrows are 2-isomorphisms, this implies that the equalizer of the top triangle,
which is ®(MOcN) by left exactness of @, is isomorphic to the equalizer of the
bottom triangle, which is ®(M)Ogc)2(N). O

4. COALGEBRAS AND BIREPRESENTATIONS

As before, throughout this section % is assumed to be a multifinitary bicategory. We
will recall how finitary birepresentations of € give rise to coalgebras in & and vice versa.
This is a bicategorical version of [MMMTI], which in turn was inspired by [Os].

4.1. The finitary birepresentation associated to a coalgebra. Let C € €(i,i) be a
coalgebra. For every j € €, take comodg(C)j to be the category of right C-comodules
and comodule homomorphisms in €(i, j). Then there is a birepresentation of € which
assigns

e the category comodg(C); to an object j € €
e the functor

Xij oh —: comodg (C); — comodeg (C)xk

to a I-morphism Xy; in €(j,k), for j,k € €,



22 M. MACKAAY, V. MAZORCHUK, V. MIEMIETZ, D. TUBBENHAUER AND X. ZHANG

e the natural transformation
/Bkj Oh_:ij Op — *)YkJ Op —

to a 2-morphism fy;: Xyx5 = Yij in €(j,k), for j, k€ €,
e the natural isomorphism

1j0n—
— [
Hbj comod (C);
—

ldcomody ()

comod (C);

to each object j € &, where ¢; is the natural transformation induced by the
left unitor v in &
e the natural isomorphism

%(k,1) B %(3,%) K comode (C); — €(3,1) K comody (C);

Hikj ::al-klji
Id X oy, Oh

% (k,1) X comody (C)x

comody (C)1

©h

to each triple of objects j,k,1 € .

The underlying category of this birepresentation is defined as

comodg(C) := @comodi(C)j.
i€
This birepresentation of % restricts to a finitary birepresentation of % sending each
j € € to injx(C)j, the full subcategory of injective objects in comody(C);. The
underlying category of this restriction is defined as

inj(C) := @D inje (C);.

je

We will use the notation comody(C) and inj,(C) for these two birepresentations,
respectively.
We record a useful fact describing objects in finitary birepresentations:

Lemma 4.1. If € is quasi multifiab, then, for a coalgebra C in €(i, i), the category
inj(C); is the additive closure of {GC | G € (1, )} inside comodg(C);.

Proof. First note that, since C is an injective C-comodule and % is multifiab, GC is
an injective C-comodule for any 1-morphism G in €.

Any X € comod(C); embeds into XC, due to counitality and the coaction being
a comodule morphism (note that we are not claiming that this embedding is split
in comod(C);). Suppose that X € inj,(C); and that Xo — X; is an injective
presentation of X in €, where X, X; are 1-morphisms in €. Then XC embeds further
into XoC, which is injective. The claim follows. O

We call a morphism of finitary birepresentations exact if it extends to an exact morphism
of the corresponding abelianized birepresentations, i.e. its component functors extend
to exact functors between the (injective) abelianizations of the component categories.
We say that a functor between additive categories is an injective functor if it is injective
in the category of functors between the injective abelianizations. We call a morphism
of finitary birepresentations injective if its extension to the corresponding abelianized
birepresentations is given by injective functors.
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Lemma 4.2. Assume that € is quasi multifiab, let C and D be two coalgebras and
M a biinjective C-D-bicomodule in €. Cotensoring defines an exact morphism of
birepresentations of €

_OcM: comod«(C) — comod« (D)

which sends injective objects in the underlying categories to injective objects. In par-
ticular, it restricts to a morphism of birepresentations of ¢

~OcM: injg(C) — injg (D).

Proof. Since M is injective as a left C-comodule, it is a direct summand of CF for
some 1-morphism F in %, in view of Lemma The cotensor functor is therefore a
direct summand of right multiplication by F, which is exact, so exactness of _[cM
follows.

Similarly, if N is an injective right C-comodule, it is a direct summand of GC for some
1-morphism G in €. Moreover, M being injective as a right D-comodule, it is a direct
summand of HD for some 1-morphism H in . Thus NOcM is a direct summand of
GCOcHD = G(HD) = (GH)D which is an injective right D-comodule, so NOcM is
itself injective as a right D-comodule. This completes the proof. O

Finally, note that if f: M — N is a homomorphism between two biinjective C-D-
bicomodules M, N in &, then

_Dcf: _OcM — _O¢N

defines a modification.

4.2. Morita—Takeuchi theory in bicategories. We start by discussing the notion of
Morita—Takeuchi equivalence in finitary bicategories (MT equivalence for short).

Definition 4.3. We say that two coalgebras C and D in & are MT equivalent if
inj, (C) ~ inj, (D)
as birepresentations of %.

The following theorem is a straightforward generalization of [MMMT1, Theorem 5.1]
in the context of bicategories, so we omit the proof. It resembles the classical Morita—
Takeuchi equivalence for coalgebras over a field.

Theorem 4.4. Two coalgebras C and D in € are MT equivalent if and only if there
exist a C-D-bicomodule M and a D-C-bicomodule N, and bicomodule isomorphisms

f:C S MOpN, g¢: D = NOcM

in € such that we have commuting diagrams

COGM «2SM  \p ™ NELD
fDCidMJ/ J/idMDDg )
(MOpN)OeM ——g— MOp (NOcM)

DORN « 2% N ™€, NOLC
gDDile lidecf .

Remark 4.5. Note that M and N are automatically biinjective if they satisfy the con-
ditions in Theorem [£.4]
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Suppose that ®: ¥ — Z is a k-linear pseudofunctor between two multifinitary bicat-
egories. The following corollary follows immediately from Lemma and Theorem
a4

Corollary 4.6. The extension ®: € — 2 sends MT equivalent coalgebras in € to MT
equivalent coalgebras in 9.

4.3. The internal cohom construction. Let % be a multifinitary bicategory, M a fini-
tary birepresentation of %, and let M denote the corresponding abelian birepresentation
of € (see Definition [2.23)).

For all X € M(j), Y € M(i) there is a representable left exact functor

vay: f(l,J) — Yect, F — HomM(j)(X,Mji(F) Y)

This means that there exists a 1-morphism [Y, X| € (i, j), called the internal cohom
from Y to X, and a natural isomorphism

v.x : Homegs 5 ([Y, X], F) = Hommy) (X, My (F)Y), for all F € (4, 3).

By Yoneda's lemma, the pair ([Y, X],yy,x) is unique up to a unique natural isomor-
phism in the following sense. If ([Y, X],7y,x) and ([Y,X]',7%.x) are both internal
cohoms from Y to X, then there exists a unique 2-isomorphism ¢: [V, X| — [V, X]
such that

’Y{/}X (Wx(2)=—ov¢
as natural isomorphisms
Home(s 5 ([Y, X)', F) =5 Homeg(s 5)([Y, X, F), for all F € €(, j).

The coevaluation coevy,x: X — My, ([Y, X])Y in M(j) is defined as the image of
id[y, x) under the isomorphism

(4.1) v,x : Homes ) (Y, X1, [V, X]) = Hompj) (X, My, ([Y, X])Y).
Using the coevaluation morphisms, we can define a canonical 2-morphism
ozyx: |2, X] = [V, X][Z,Y],

forall X € M(i), Y € M(j), Z € M(k) as follows. Consider the morphism 7 defined
by

coevy, x

X

M, ([, X)) Y )
M, ([Y,X])coevz,y

D245

L M, ([Y, X])My (12, Y1) Z e M, (V. X][2,Y])Z

The 2-morphism dz y, x is defined as the image ’yé%X(T) under the isomorphism
vVz,x : Home(y ) ([Z7 X1, [Y, X][Z, Y]) > Hompy 1) (X7 Mlk([yv X2, Y])Z)'

Lemma 4.7. For all X € M(1), Y € M(k), Z € M(j), W € M(i), there is a
commutative diagram

Sw,z,x Sw,v, X

[Z’X][WaZ} AE— [W7X] [Y7XHVV7Y]
(4.2) 5z,y,xid[w,z]l lid[yvx]éw‘z‘y )
(Y. X][z,Y])[W. Z] Y, x]([2,Y][W, Z])

Ay, X],[2,Y],[W,Z]
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Proof. By the isomorphisms in (4.1), the commutativity of the diagram in (4.2 is
equivalent to the commutativity of the boundary of the diagram

X

oevy, x

M, (W, X)W ® My, (17.X) 7 ©) M, IV X])Y ® My, (7, X)W

M, ([Z,X])coevv,z M, ([Y.X])coevz y

M, (Y, X])coevw.
M, (6z,vx)z b

M, (Gw,z,x)w M, (dw,y,x)w

M, ([Y. X])Mkj (1z.Y)z

(b X2
! M, ([V. XM, ([Z.Y ])coev, 2

@ ® ©

M, (2, X])My, (W, Z) W My (v, X][2, Y1) 2 My, ([Y, X)) My ([2, Y ) My, (W, 2)) W My, (Y, X)) M, (W, Y)W

My, (82.v.x )y, (1w zhw (g™ D w2y w M, (VXM (bw, 2,y Jw

M, (VX2 ])eoevw, 2 (Wl

(WX w2y M (VX)) (52,

My, ([2, X)W, 2]) W My (Y, X][2, Y]) My, (W, Z) W My, (Y, X)) M, (2, Y)W, Z)W M, ([, X)W, Y)W
®

M, (52 xonid)w ez, M, (idonduw. 2,y )w
[ Jw

M, (v X][2.Y)[W. 2)) W

M, ([v, X)(12, Y)W, 2]) W

M, ("w X1,(2,Y1,[W.2] )w

We note that

o the facets labeled 1, 2, 3 and 6 commute by definition of dw 2z x, dzv x,
dw,y,x and dw,z vy, respectively;

e the facets labeled 4, 5, 7 and 9 commute by naturality of Mlj (0z,v,x), Hixj,
p1j: and s, respectively;

e the facet labeled 8 commutes due to the coherence condition for i in and

the fact that My, ([, X)) (i ™) = (idmay, qvxpy on s ) gy

Commutativity of these facets implies that all paths in the above diagram from X at
the top to My, ([Y, X|([Z,Y][W, Z]))W at the bottom are equal, in particular, the
two paths around the boundary, which is exactly what we had to show. O

For every X € M(1i) there is also a canonical 2-morphism
ex: [X, X] — 14,

defined as the image of (Li'l) under the isomorphism

b's
Hompg(s) (X, My (1) X) =5 Home ) ([X, X1, 15),

where 5 was defined in Definition 2.13]

Lemma 4.8. For every X € M(i), Y € M(j), we have commutative diagrams

0X,X,Y 0x,v,Y [

(X, Y] —— [X,Y][X, X] X, Y] ——— Y][X,Y]

(43) \ i s \ eyidix.y -
(U[Tx,y])fl l poYIex (fo,y])fl ye
Y]

[
[Xa ]]-i ]]-j[X7 Y]
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Proof. We only prove commutativity of the left diagram in (4.3). Commutativity of
the right diagram can be proved by similar arguments.
First, consider the commutative diagram

Homg(s,5) ([X, X], [X, X]) — Homps) (X, My, ([X, X]) X)
(4.4) exov_l lmn(emxov,
Homg s 1) ([X, X], ;) ——=— Homms) (X, My, (1:) X)
By comparing the image of id|x x] € Home(; ;) ([X, X, X, X}) under the two maps
to Homp(s) (X, M;; (15)X) corresponding to the two paths in (4.4), we see that
(4.5) M,;(ex)x oy coevy x = (1) %

The next observation is that commutativity of the left diagram in (4.3]) is equivalent to
commutativity of the boundary of

v coovx.y M, (X, ¥])X
coevx,y @ My, (9x,x,v)x
M (0] Dy () — Y (v )
) M (X YDM(ex)x  (3) M, (idonex) x
Mji([va])X M..([X,Y])Mji(lli)X Mji([X’Y]]li)X

Commutativity of the boundary of this diagram follows from commutativity of the
internal facets. The latter commute due to

the definition of dx x y for the facet labeled 1;

for the facets labeled 2;

naturality of 15;; for the facet labeled 3;

the left coherence condition in for the facet labeled 4.

This completes the proof. O

The following proposition is an immediate consequence of Lemmas [4.7] and
Proposition 4.9. Let M be a finitary birepresentation of €. For any X € M(i) and
any Y € M(j),

(i) the triple ([X, X],0x x,x,€x) is a coalgebra in €;

(ii) the triple ([X,Y],0x,v,y,0x,x,v) is a [Y,Y]-[X, X]-bicomodule in €.
As in [MMMTI], we will often use the notation C* for the coalgebra [X, X]. The

following theorem is the analog of [MMMTIl Theorem 4.7] for quasi fiab bicategories
and finitary birepresentations. The proof is entirely analogous and therefore omitted.

Theorem 4.10. Assume that € is quasi multifiab and M is a finitary birepresentation
of €. Let X € M(i) be a generator of M. Then there is an equivalence of finitary
birepresentations

M = inj,(C¥)
such that Y — [X,Y] for all Y € M(j).
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Remark 4.11. The existence of a single generator can be an obstacle to applying Theo-
rem in the setup of quasi multifiab bicategories, since such a generator might not
exist in a single M(i). However, we can always pass to the birepresentation M® of
% ®, which will have a generator. We can thus always associate a coalgebra in €% to
M.

Corollary 4.12. If, in the setup of Theorem[4.10, X,Y are two generators of M, then
CX and CY are MT equivalent coalgebras in €.

4.4. Framing coalgebras. Let ¥ be a quasi multifiab bicategory. Recall that, for all
1-morphisms F € ¥, the tuple (F,F*) forms an adjoint pair in %.

Lemma 4.13. If C € €(i,1) is a coalgebra in € such that 0 # (FC)F* for some
1-morphism F € %(4,j), then the 1-morphism (FC)F* € %(j,j) has a coalgebra
structure in € with comultiplication
Sroyr = (id(royr+ oh ' pr) Ov aEe)Fe F,crr O (Qpe pe p Oh idoEr)

oy ((idrc o coevp) o idcr+ ) oy (Vi) ™ on ider+) oy arc,c e

oy (Oéﬁl,c,c op idp+) oy ((idg on 6¢) op idp+)
and counit

€(FC)F+ 1= eV Oy (VR o idp+) oy ((idF o €C) Oh idp*).

Proof. Associativity and counitality for (FC)F* follow from those for C, the coherence
conditions for the associator and the unitors of € and the adjunction conditions for
F. O

Remark 4.14. The 1-morphism F(CF*), if nonzero, acquires a coalgebra structure via
the isomorphism ap ¢ p+: (FC)F* N F(CF*).

Remark 4.15. If € is a fiat 2-category, we can picture the coalgebra structure of FCF* =
(FC)F* = F(CF*) from Lemma in the form of string diagrams. Using solid
black strands for C and dotted blue strands for F and F*, we denote the 2-morphisms
d¢, €, €VE, COevE by

c cC 1
1 F* F
dc = Y , €c = T , evp = coevp = P .
F F* 1
C C

This explains our choice of the term framing. Using these diagrams, the proof of Lemma
becomes an easy exercise in planar topology and many of the statements below
also have natural topological interpretations.

The idea to use duals for the construction of (co)algebras is not new, see e.g. [Mu,
Section 3] for framings of the identity object in a strict tensor category, although we
do not know of any reference for the general content of Lemma m (either in the
framework of 2-categories or bicategories).

Note that for any F € €(i, j) the adjoint pair (F, F*) gives rise to the natural isomor-
phism

Homeg( 5)(FH, G) =5 Homg( s) (H, F*G),
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where G € €(k,j),H € €(k,1i), given by sending # € Homy ;) (FH,G) to the
element
(idp+ on B) oy ap+ p u oy (coevy op idp) oy (vﬁ)'l € Homg 1) (H, F*G)
with inverse given by sending v € Home(y 5)(H, F*G) to
Ué oy (evp ohidg) oy al:‘l,F*,G o, (idr op ) € Home(y 5)(FH, G).
We also have the natural isomorphism
Homig (3 ) (HF*, G) = Homg(s ) (H, GF),

where G € €(j,k),H € €(i,k), given by sending f € Homg ;) (HF*,G) to the
element

(B on idr) oy aff g g oy (idu on coevr) oy (vfy) ™' € Home(s ) (H, GF)
with inverse given by sending v € Hom(; ) (H, GF) to
vG oy (idg op evr) oy ag F F+ oy (7 op idp+) € Homeg ;1) (HF*, G).

Theorem 4.16. Suppose that, additionally to the hypotheses of Theorem F is
a 1-morphism in € (i, j) such that M;;(F) X generates M. Then the 1-morphism
(FCX)F* € € with coalgebra structure defined in Lemma is, up to isomorphism,
the coalgebra associated with the object Mjy; (F) X.

Proof. By adjunction and the natural isomorphism yx, x, we have natural isomorphisms

(4.6)
Homp(y) (M (F) X, My; (G)My, (F) X) = Homy) (My; (F) X, My, (GF) X)
= Homyy(s) (X, Mij (F*)Mji(GF) X)
= Homyy(s) (X, M;; (F*(GF)) X)

= Homes ) (CX, F*(GF))
= Homf(i’j) (]Z:‘CAX7 GF)
= Homg 5) (FCT)F*, G),
for all 1-morphisms G € %(3j, j). Below we will give and use these isomorphisms explic-
itly, e.g. the first and third isomorphisms are given by (,uilF)X oy_ and (uiFji’GF)X oy _,
respectively.
Considering G = 13, we now prove that €pcx)p« (recall the notation ex := ecx) is
the image of (Lj_l)Mji(F)X under the isomorphisms in (4.6)). It suffices to show that the
image of €pcx)p+ and the image of (Lj'l)Mji(F)X under those isomorphisms coincide
in any of the morphism spaces appearing in (4.6). On one hand, the first isomorphism

Homyg5) (M (F) X, My, (1;)My, (F) X) — Homayy) (M (F) X, My, (1;F) X)

J
sends (¢5 )M, (k) x to M, ((vf) ™) 4 by (2.2). The second isomorphism
Hompg 5 (M; (F) X, My, (1;F) X) = Homppgs) (X, My (F*)M;; (1;F) X)
sends M, ((vf) ™) . to
(idMij(F*) oh Mji((vlp)_l)x> ou (13" )3 ov My; (coevp) x oy (151)x

F*,1;F, . B }
= ( iji )Xl oy M;; (ldF* Oh (Ui“) 1)X oy M, (coevr) x oy (Lil)X7
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where the equality holds by the naturality of ps5:. Further, the latter is sent to
M., (idp* oh (v{;)'l)x o, ML, (coevg)x oy (t;1) x under the third isomorphism in ([4.6)
for G = 1;. On the other hand, consider the commutative diagram

(4.7)

-1

- . -1
(Vpex) idpox oncoevr YrcX Fx P

FCX (FC¥)1; (FCX)(F*F)

idponex @ (idropex )onids; @ (idronex )opidp*p @ ((idFOhEx)Ohidpf)OhidF
| , l

QAp1, ,F*,F

((FCY)F*)F

(V1) idp1, opcoeve

Fl, — 80 5 (FI,)1, (F1,)(F*F)

((F1,)F*)F

. roy-l . s - .
ldFOh('le) aF,1;,1; vpopidy; @ vEopidprp @ (vionidps )onidp

@ |

F(F*F)

(FF*)F

i i idpopcoevy -1
1dpohv1‘ FOhC F ap pr

evpopidp

1,F

Its commutativity follows from

e naturality of (v")! for the facet labeled 1 (noting that (v")it = (vi)! for
any 1-morphism H € ¥);

the interchange law for the facets labeled 2 and 6;

naturality of ! for the facets labeled 3 and 7;

the right diagram in for the facet labeled 4;

the triangle coherence condition of the unitors for the facet labeled 5.

The inverse Homg ((FC¥)F*,1;) = Home (FC, 1;F) of the last isomorphism in
sends €pex)p+ to the composite of the paths going right and then down to
the bottom along the boundary of the diagram in (4.7). This composite, due to the
commutativity of the diagram, is the same as the composite of the path going first

down and then right, and down as the final step. Since Uﬁli = v7,, the latter equals

(4.8) (evp op idF) oy agl)F*F oy (idp op coevy) oy (idr op €x).
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Consider now the diagram

(4.9)

CX

oyl .
(vox) coevpopidgx Qpx g cX

1,C¥

€x @ ida; onex @ idp*popex @ idp+op (idrponex )
@) J l l

coevpopidy

1 1,1, (F*F)1,

coevy @ id1; opcoevy @ idp+poncoeve @ idp+ op (idponcoevr)

(F*F)CX F*(FCX)

QF* F.1;

F*(F1;)

(vpsp)

1; (F*F) _coeveoniderp (F*F)(F*F) _ GFERETE F*(F(F*F))

N |

Do @ ot 71
(vpx) " onidr Qq FX,F QAR+ F F* F

o~ |

(1,F)F ((F*F)F*)F (9) idponai e

F*F

-
(coevpopidp* )opidp

apx g pxopidp

|

(F*(FF*))F — 22000 e ((FF*)F)
(idp+ opevp)opidp @ idpx op (evropidr)

(ug*)'lohidp QAF*,15,F

F*F

(F*1;)F F*(1,F)

@

idpx oh(zz{?) -1

which commutes due to

naturality of (v!) ! for the facets labeled 1 and 4;

the interchange law for the facets labeled 2 and 5;

naturality of & and a™! for the facets labeled 3, 6, 8 and 11, respectively;
the left diagram in for the facet labeled 7;

the pentagon coherence condition of the associator for the facet labeled 9;
the adjunction condition of the adjoint pair (F,F*) for the facet labeled 10;
the triangle coherence condition of the unitors for the facet labeled 12.

Then the inverse Homy (FCX, 1;F) N Home (CX, F*(1;F)) of the fifth isomorphism
in sends to the composite of the paths going right and then down to the
bottom along the boundary of the diagram in . As before, this is the same as the
composite of the paths going down and then right, i.e.,

(410) (idF* Oh (’U{;)_l) O,  COEVFE Oy €Xx .

The inverse Homg (C*X, F*(1;F)) = Homypg (1) (X, M;; (F*(1;F)) X) of the fourth

isomorphism in (4.6) sends (4.10)) to

M,; (idp- on (V) ™) x oy My; (coev)x o, My, (ex)x oy coevy, x,
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which equals M;; (idp+ on (vh)™) o My, (coeve)x oy (1;1)x, by (#5). Hence, we
obtain that €pgx)p. € Homg ((FCY)F*, 15) is equal to the image of (65 ), (1) x
under the isomorphisms in (|4.6]).

Next, taking G = (FC*)F* in (4.6), we have to determine the image of id(pex)ps in
Homy 5y (M ; (F) X,ij((FCX)F*)Mji(F)X) under the (inverses of the) isomor-
phisms in (4.6), which is equal to COCVM. (F)X,M,, (F)X - In detail, the inverse of the
last isomorphism sends idpcx )+ to

(4.11) Oéﬁlc&F*,F oy (idpcx op coeve) oy (Vpax )™

in Home (FCY, ((FC¥)F*)F)

Further, the inverse Homy (FC¥, ((FCX)F*)F) =N Homi<CX,F*(((FCX)F*)F))
of the fifth isomorphism sends to

(idF* Oh OzlzﬂlcxﬁF*’F) Oy (ldF* Oh (idFCX Oh COGVF>) Oy (idF* Oh (’UIZCX)EI)

oy Qs p.cx Oy (coevr op idax ) oy (Ve ) .
This 2-morphism equals

(4.12) (idp~ op aﬁch,F*,F) oy (idp* op (idpcx on coevF)) oy (idp~ oy O‘l:“l,cx,li)
. oy ap« F,cx1, Oy (coevp opidexy,) oy (’UZCX]li)_l oy (vx)™!

due to commutativity of

4oyt .
(LCX) coevpopidx

cX (F*F)CX A F*(FCY)

(v5x)™t @ idh%(“éx)'] @ idpﬂpoh(ugx)'l @ N

| ! |

CcXy 1;(CY1y) (F*F)(C¥1Ly)

1;,C¥

. idpxon(vhox) " -
Coxa coevronidgy e

Apx poXiy

To see that this diagram commutes we note that

e the facets labeled 1 and 3 commute by naturality of (v!) ! and «, respectively;
e the facet labeled 2 commutes by the interchange law;
e the facet labeled 4 commutes by the right diagram in (2.1)).

The map Homg (¥, F* (((FCY)F*)F) ) S Homp ) (X, M

M, (F*(((FC¥)F*)F)) X ) sends
t

M., (idp* op al:“ICX,F*,F)X oy My, (idp* op (idpcx op coch))X oy M, (idp* oh al;%cx’ﬂi)x
ov My (O‘F*vFvC"L)X oy My (coev op idCXL)X ov My; (('UZCX 1) -1)X

oy Mii((vex)'l)X Oy COEVX X.
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The latter, under the composite of the inverses of the third and second isomorphisms,

is sent to

(Lj)Mji (((FCX)F*)F)X

ov My, (evr)

o (535 )

Mji<((FCX)F*)F>X 7ji<((FCX)F*)F>X

F*, ((FCX)F* )F, - . R
oy (Mji(F)('uiji( ) )x) o <M31(F)Mn(1dF* ©h O‘FICX,F*,F)x)

(413) o

o
<
/‘\/\/‘\
i
b
~ = =

Consider now the diagram

; (idp+ op (idpcx oh coeVp))X> oy (Mji(F)Mii (idF* op O‘ﬁl,cx,llj)x)

(0% 3% JF,CX1, ) ) Oy (Mji(F)Mii (COGVF Oh idcx Ili)X)

D)) o (b,

which is an element in Homaay) (M, (F) X, My, (((FC¥)F*)F) X ).

i1 (F)M ((Uéx)'l)x>

My, ()M (Y1) (7, My, (F(e¥1)x Do) ((FL)(©1,)
\ \
M, ‘”Mu(‘“‘i-x RN ©) 8, (ieon(opxs ) ) veondoxs, )
| e l . 7
M, (F)M,, (1:(C¥ 1)) X x Mjl(F(]li(CX]l,)))X M, ((F(F F))(C ‘\’n,))x
M (F)M)(coc‘v.:c dexy,)x @ M‘(xd n(coeviopidgx e ‘ onidgx )X
1 e i 1
M, ()M, ((F*F)(C¥ 1)) X > M, (F((FF)(C¥ 1)) X My, (((FPF)(C¥19)) X
®
M,(FJM,,(J,.} xa)x ® M, droneps g ox 5, )x A, (e ‘ ).
l (e o M0 e
M, (F)M,, (F*(F(CY 1) ) X x MJJ(L (14*(14‘(0)‘111)))))( My, ((FP) (P(C¥ 1)) ) X
M, (F)M (hllo».uy‘(.x ) @ M“(K|poh(|dr<‘ohal;‘cx L‘))X @ M, (idprona ox , )x
l (o) ! My, (o )
My, ()M, (F*((FC¥)1,) ) X < x Mp(F(F*((FC"’)]LI)))X O M, (PR (FOY) 1)) X
\
M, ()M, (i iF»on‘(dex oncoevr)) © . (saeon (e ox(idgcx oncoes)) ) @ My, (idee-on(idpex oreoeve) )
l (i remem)y ! My, (ke v ymm) l

My, (F)M; (v*((wcx)lf*)l’))x
|

(o (L F S (FCX R R 1
M, (0) (15 )

MJ,(((FC")F*)F)X

M, (F (F*((FCX)(F’F))))X

'
i (vfwereye)

l

M, (((FCX)F*)F)X

M (JIJ)Mﬁ(((FC‘\')F‘)F)X

=33

(">M,,((m-mr-)w)x

in which the path going down the left side and then right along the bottom includes
all but the first two morphisms in (4.13)). The diagram commutes by

naturality of uj;; for the facets labeled 1, 3, 5, 7, 9 and 11;

the triangle coherence condition of the unitors for the facet labeled 2;
naturality of « for the facets labeled 4, 8, 10 and 12;

the pentagon coherence condition of the associator for the facet labeled 6;
the diagram in for the facet labeled 13;
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o naturality of yy;; for the facet labeled 14;
e the right diagram in ([2.2)) for the facet labeled 15.

Let us also consider the diagram

M, ((idropcoevi)onidx 1, M, ((vF) Tonidgx sy,
My, ((PEF) (0¥1,)) X (rmcommmitenn)s gy enoraope SOy eon)x

M, (o pe ponidx g, ) x @

M, ((evb onidr)onidgx ,I)X

My, (((FE)E) (0¥ 1) ) X —— My, ((1F) (1)) x 2 v (0¥ 1)) X

My, (Oppe poX 1, )X @ My (0 g oxs,)x @

l X MJ:(“"F""HMCX m)x l X MJ:(“f-mX L,))x X
My, ((FF) (F(C¥ 1)) X M, (15 (F(C¥ 1)) ) X —— = M (F(C¥ L)X
My, (idprronor x4 )X @ MJ,(idL]owF]_(-x_ll).\' @ M, (ol ox 1%
M, (evronid e M, (vlpox l

My, ((FF)(FC¥)1,) ) X M (orotoen) My, (1,((FO9)1,) ) X _ Mllremn)y | M, ((FO¥)1,) X

Mp(ideoh(ichx oy.('rva))x @ Mjl(idlloh(ull_.cx omo(‘vp))x @ M, (idpex oncoevy) x

| l

M, ((FF*)((FCX)(F*F)))X M (evionid (o X (pepy) X M, (]lj ((FCX)(F*F)))X M M, ((FCX)(F*F)) X

T ® " ©

. 1
M, FOX g p)X M, (i1 onary,

VN
| l

M, ((FF*)(((FCX)F*)F))X MJA(CVFOhill((FCX)F*)F)x M, (]lj (((FCX)F*)F))X M, M, (((FCX)F*)F)X

M, (@70 v o) X

which commutes by

the adjunction condition of the adjoint pair (F,F*) for the facet labeled 1;
naturality of « for the facet labeled 2;

the first condition in for the facet labeled 3;

the interchange law for the facets labeled 4, 6 and §;

naturality of v! for the facets labeled 5, 7 and 9.

In this diagram, going from the top right corner to the bottom right corner by first
going all the way left, then down and then right again corresponds to going right and
then down in the previous diagram, starting from the second entry in the first row.

Hence, we obtain that equals

M, (apex pe p)x o My (idpex on coeve)x oy My, (o5 ox 3, )x

o (Mi? B >X o (MJi(F)Mii((ng)_l)X> oy (M;; (F)coevx x)
= Mjl(OéFcX pep) X o My, (idpex op coevi) x oy My; ((vfex) ™) o
Oy (Njii )X oy (M (F)coevx x),

due to commutativity of the diagram

(4.14)

()
My (F)M; (CH) X ————"—— My, (FC)X
‘ ‘ My, ((vpex)™
M (F)M;; ((vLX) l) MJs(idFOh('”sz)'l)x J( o )X )

M, (F)M,; (C¥15)X —————— M, (F(CY1;)) X ——————— M, (FC¥)1,) X

F,cX1
(“l])l l)X MJ ( l(‘XIL)X
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where the left square and the right triangle commute by naturality of 155; and the right
diagram in ([2.1)), respectively. This shows that COCVM, | (F)X,M,; (F) X i.e. the image of

(4.14) under the inverse of the first isomorphism in (4.6)), is equal to

FCX)F* F
()

-1

oM

7:]1

M

7jj_

M

==ii

(idpex on coevp)x oy ((U;Cx)‘l)x

(aﬁlcx,F*,F)X Ov
X
Ov (Hi? )X Ov (Mji(F)coeVX,X)-
By (4.6), we have CMy: ()X o (FCX)F* as 1-morphisms and the comultiplication
6Mji(p)x corresponds to the element

f=(p

Oy COBVM | (F) X, M, (F)X

(FCXYF*,(FCX)F*

33j )Mp(F)X Ov (MJJ ((FCX)F*)COQVMP(F)X:MP(F)X)

M

7ji

in Hompy5) (Mji(F)X, M;; (((FCX)F*) ((FCX)F*)> (F)X) It remains to show
that f corresponds to the comultiplication of (FCX)F* via the isomorphisms in ([4.6)),
for G = ((FC¥)F*) ((FC™)F*). First consider the diagram

M, (F)M,;(C¥)coevx,x

M, (F)M,, (C¥)X My, (F)My, (CF)M,(C¥) X

(,,f,,“‘* ). ® ‘(NZM )aeox
7J)(Flc.\’) My, (FC¥ cocv x M (FC)B (O M (FCOM,, (0Ex) ™) M, (FC¥)M,, (C¥1,)
M,x(w;..‘m‘)x ©) ( >‘ Ve 0 ® Mu(w;mr\x)”““”‘"M
,J,(mg)n)) M, (RO eoov s MJ,(mcx)i)M),(c,x)x M, (O ot (060) MA(FC*)L%MJC”” ¢
, (a A‘ ) @ m‘)M © i (oo ‘ oo
M, (PO () x 2N D)ore MJ,((I-‘(‘,X)(F:Lr'))Mn(C»\')X M () (50)) Mﬁ(wcww*iwm (©¥1)X
Mﬂm[ ) ® Mt ‘ Dasien @ M"(“"l“‘“"")&“‘ '
ij((W(le)Fx)F)x _ML((F)E) ook Mp((mc-wp’l)F)M,,(CX)x AP, ((Fe)F)M, 1%
<‘ on © (s ‘)M © b ‘)M
My, (PO )M (1) MM oy MJJ((FCX)F’)M{,(F)M,,((‘\')X 2, (0 )ha, O (050 M, ((I“C")F’)Mjl,(l")Mn(CXL)X
M,,<<F<~A>F‘A><u;;:">x © M”((}VCA)F‘)(“’F”(“)*

which commutes by

M.

naturality of M;;

e naturality of yij;;
[ ]

M, ((FO¥)F )M, (F)M,, (ulrnn(u; x) ‘)X

M ((FCX)F*) M, (FC¥)X

M (FCY)F*) My, (F(CY¥ 1)) X

M,
My, (o7lox,n,) o
M

i

My ((FO¥)F

M, ((FCY)F?)

((FCY)L)X

naturality of ,u?i’icx for the facet labeled 1;

naturality of My, ((vpox) ™) for the facets labeled 2 and 3;
naturality of Mji(ichx o coevr) for the facets labeled 4 and 5;
(al:}CX,F*,F) for the facets labeled 6 and 7;

(FCH)F*F for the facets labeled 8 and 9;

the diagram below ((4.14]) for the facets labeled 10 and 11.

To simplify notation, we set H; := F*F and Hy, := (FCX)F*. Then coevy is a

2-morphism from 1; to H; and «

-1
FCX F* F

is a 2-morphism from (FCX)H; to HyF.
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Consider the diagram

' M, (FO¥ )M, (idex oncoevr ) M, (M, (ady o )
M, (FC¥)M,, (CY1,)X x M, (FC¥)M,, (CYH )X ———————————————— M (FCY)M (C¥FH)F) X

‘ @ Mu((x-;.@X)"‘)

M (o)) gy e

®

M, () ™)

-

M, (FCH) 1) M, ((CFF)F) X

My X)X ((eXPo)r)x

ML (PO )My, (0¥ x 5 M, (o x o) ML ((FC¥) 2,0y, (0 2 S (o)

®

®

M, (idpx oncoev )MM\ s M, (idpeX OhC0RVR)rg (X 1y ) x My, (idpox 00000VE)pg (0 o)1) ¢

; l M, ((FC)H: )M, (idgx encoever ) M, (PO )M, (o o )
My, (FC¥)H )My, (CH 1) X ———————————— M, (FCY)Hy) M, (CY¥H )X —————————————5 M, ((FCY)Hy) M, ((CXF*)F) X

®

My (o50x e py (X010

®

My, (oFox e x)M“u X10x My, (g e F)M,,K Xix
) M, (1M, (i x excoevie) l M (P, (ol ) l .
M, (HoF)M, (CY 1) X = M, (HoF)M,, (CYHy) X ————————————— M, (HF)M, (CYF*)F) X

\ \
("), ) [CTON ® (37

)M”m)-,,w )M,,«m,w >M,.zwm->v

l ) M, (H2)M,, (F)M,, (ide.x opcoevr M (Ho)M, (F)M (adx )
(Ho)M;, (F)M,, (C¥15) X 2y O (o) M, (o) M, (F)M, (C¥H;) X 20 O (o), M, (Ho)M, (F)M, (CYF*)F) X

M5 (Hay) M (F)M

M) () ® M) () @ M"(“Z’("T(“\F‘V’F)‘

My ()M, (ideorady o )

. M, ()M, (idpon (idex oncoeve) ) . . . .

M (Ha) My, (F(C¥ 1)) X - My (Ho)My, (F(C H|))X—>M”(H2)M],(F((C F‘)F))X
My (Ha) M (0 ox y )x @ My, ()M, (o oy, )X M M, (0 oxpe ) |

My, (Ha)My, (FCY)1,) X M, (Ha)My, (FCY)H)) X M“(Uz)MJ,((F(("‘F‘))F)X

M, (Ha)M,, (idpex oncoevr)

My, (Ho)M, (o ox o onidi
M (M (o M, 1M, (a7t i)

1 )
M (00X e )X

My, (Ho)M, (HyF) X

This diagram commutes by

e naturality of My, ((vh,,x) ") for the facets labeled 1 and 2;

11

e naturality of M, (idpcx o coevi) for the facets labeled 3 and 4;

e naturality of Mji(aﬁlcxf*’F) for the facets labeled 5 and 6;

e naturality of (pg.{jzi’F)-l for the facets labeled 7 and §;

e naturality of uj;; for the facets labeled 9 and 10;

e naturality of a! for the facet labeled 11;

e the pentagon coherence condition of the associator for the facet labeled 12.
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Further, we consider

— (55 ) e
M, (FO¥)M,, (C¥E*)F) X SISO M, (FO¥)M, (O )M, (F)X } = M, ((FC¥)(CXF*)) My, (F)X
M (Ghex) ") ey ® My, (o) N ®
. | " o, ()1 (157 7). . . G
My, ((FC¥)1,) My, ((CYFHF) X My, (FCY) 1) M 5 (CYF*) My, (F) X
My, (idgox oneor ‘)M (X F)R)x ® M (e x oneoevi D, X roomys (0 ©)
l M ((re)m) (57 l (G NN :
My, (FCY)H, )My, (CYF)F) X ———————— =X M, ((FCY)Hy )M, (CYF*)M,, (F)X —'>MJ,(((FCX)Ul)(("\l‘"))My(F)X
IYINCET N ® ML (055 ) e rop s © M (o e ee )y
| s ()’ | .
M, (HF)M,, (CYF9F) X ——— 2 M (HoF)M  (CYF*)M, (F)X : M ((HoF)(CYF*)) My (F)X
() ooy Q) (G NS
l M, (1M, () (5 ) '
M (Ho)My (F)M, ((CVF*)F) X ey M, (ML, (F)ML (CYFYM, (F) X
M;,u-h)(u;r‘ N ® M (angrcxe )y o
My (Ha)My, (F((C¥F)F) ) X ® 3,8 (57 ) ey
My, ()M, (o ox e )
I 1) (45 TOF) (57) 4 ox

ML (b2 (P(CYF)) My, (F) Y ———————— 0 (11, (R(CVF)) )My (1) X

M, ()M, (07 ox s onide ) @ MMy, (gl )y P @ M (idngoner ox F‘)M,um,\

!

S () M, (H2)M s (Ha) M, (F) X

M (Hz) M (HoF) X M5 (HoHo )M, (F) X

This diagram is commutative by

naturality of M, ((vgcx)'l) for the facet labeled 1;
naturality of uj;; for the facets labeled 2, 4 and 6;
naturality of M (idpcx on coevy) for the facet labeled 3;
naturality of Mjl(a;CX Fe R ) for the facet labeled 5;

naturality of ( 2o F ) for the facet labeled 7;

the diagram in for the facets labeled 8 and 9;
e naturality of ,ujji and tt535 for the facets labeled 10 and 11 respectively.

In the last three diagrams, the last column of the previous diagram coincides with the
first column of the next, so we can glue these three diagrams from left to right into one
big diagram. By commutativity of this big diagram, the two paths along its boundary
from northwest to southeast represent the same 2-morphism. The path which first
goes down and then to the right, after precomposing the composite 2-morphism with
M, (F)coevy x, corresponds to f. By considering the other path along the boundary
of the big diagram, we obtain

: -1
f :Mji (ldH2 Oh aFA,CX,F*)MH (F)X Oy MJJ (aHg,F,CxF* )Mji(F)X
Oy ij (al:"ICX,F* Oh ldCxF ) (F)X Oy M 5 ((ldpcx Ohp COGVF) Ohp idch*)M. (F)X
5 M,

Ov ij ((U;CX)_I ©h idCXF*) ji(F)X (HiCJX o )
o ( (PO (5" ¢ ) o (M, (FCY )M, (adk e ) x)

{(FC*)M,; (idox on coeVF)X> oy (Mji(FCX)Mii((Uex)_l)X)

7ji (F)x

Ov

. ch)

lu“Jll CX)

( oy (My; (F)M,; (C¥)coevy x)
Oy ( (F)COGVX X)
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Similarly, applying naturality of p and using the diagram in (2.3), we obtain that the

composite (ui2lH2’ ) o, f equals

M;; ((idm, on Oéﬁlcx F+) ©h idF) oy M (o, p,cxp+ on idr) x

oy M, ((O‘I:}cx P+ F ©h idgxpx) op idp )X
( (idpcx op coevg) oy ldCXF*) oh 1dF>
( Vpox )’ Lo, ldCXF* oh 1dF) aFCx CXF*F )x
Jl(ldpcx oh O‘CX Fe P ) (1dFCx op (idgx op coeVF))X
M (idpex on (v5x)” l)x ov Mij; (aglex ox)x o (“JFnCXCX)X
Ov Mji(F) (#iii’ )X> Ov (Mji(F)Mii(CX)CoeVX,X)
oy (M, (F)coevx x)
= MJI((lng op .cx p+) ©h ldF) v My; (, p oxpe onidr)x
oy M, ((aljﬂlCXE*VF op idgxp+) op 1dF)X

((1chx op coevg) o idaxps ) op 1dF>X

ov M, (((U;‘CX)_l op idgxp- ) op idp

X oy M (aFCX CXF*,F )x
Oy MJI (ldFCx Op acx F* F)X Oy, M-i(idFCX Op (idcx Op COQVF))X

oy M. (idpcx op (UCX) 1)X o, Mjl(aF ox, CX)X o, (‘ui?xcx)x
Oy (Mji(F)Mii (5X,X,X)X> Oy (Mji(F)CoevX,X)y

where the equality follows from the definition of dx x x = dcox.
Consider the diagram

Jl

(57

My, (F)M,, (C¥)X

M ()M, (6x.x.x) O]

My, (FOY)X

My, (F)M, (C¥ C¥)X

M, (FCY)(C¥1,) X M,,(((FCX;O‘)L)X

. (‘1 ), @ b (oo
((FL\%(( XH)X My (orox o) MJ,(((FCX{CX)H\)X
M, (e ‘ xoe) ®
My, ((FO)((CYFF )) @ M (aexsox o) o

|
Maleie l ) 30, (ot oxonide-Joit)

My, (((FC¥)(C¥F))F) X
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which commutes due to

naturality of uji; for the facet labeled 1;

naturality of (v")"! for the facet labeled 2;

the interchange law for the facets labeled 3 and §;

the right diagram in for the facets labeled 4 and 5;

naturality of oI (respectively ) for the facets labeled 6, 9 and 12 (respectively
10);

e the pentagon coherence condition of the associator for the facets labeled 7 and
11.

By commutativity, the 2-morphisms corresponding to the paths along the boundary
of this diagram from northwest to southwest are equal. The path going straight
down corresponds to the composite of seven consecutive factors of the expression for
(u?fiHQ’F)X o, f above (reading from left to right, these are the factors six until twelve).
Replacing those factors by the ones corresponding to the other path along the boundary
in the diagram above, yields the equation

(4.15)

(W52 F) (o f = M, ((idu, on ag'ox o) on idr) ¢ oy My, (o, F.oxpe o ide)x

((
MJl( Qfex g g oh idexps) o idp)
( (idpax on coev) on idgxp-) on idF)X
( Upox) 7 onidoxp-) on idF> o, M, (apcx,cx pe on idF)X
31( 0l ox ox on id) o idF>X oy Mji(((idF on 0x x.x) on idp+ ) o idF)X
o Myj; (0pex pe p) x Ov My (idrox op coevr) o oy My, ((U;cx) _])X
Ov (/*J'F{SX)X ov (My; (F)coevx x).

Now we prove that 5Mji(F)X is equal to d(pcx)p+, as defined in Lemma On one
hand, the composite of the first three isomorphisms in (4.6]) sends f to

(ks ") ¢ o (ML (F9) (u357) o ) o (ML, (F9) )
ov (155:") x ov My (coeve) o, (151) x
in Hompy (s, (X, M,, (F*((HgHg)F))X).

On the other hand, chasing the image of dy,, where Hy = (FC™)F*, the last isomor-
phism

(4.16)

Homg (Ha, HoH,) = Home (FC¥, (H,H,)F)
sends dy1, to
(4.17) (0r, on idr) oy afex g p ov (idpex o coeve) oy (Vfex) ™
The fifth isomorphism

Homg (FCY, (HyHy)F) 2 Homg (cX, F* ((HQHQ)F))
sends to

(4.18)
<1dF* Oh (6Hz Op ldF)) Oy (ldF* Oh aI:"‘ICX,F*,F) Oy <1dp* Oh (idFCX Oh COGVF))

oy (idp+ on (Vpex)™) oy aﬁl*’F,Cx oy (coev op idex ) oy (Vhx) .
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The fourth isomorphism
Homg (C¥, F*((HzH2)F) ) = Homg) (X, M,, (F*((HQHQ)F))X>

sends to
M, (ide on (O, onidr) ) o My, (idee o gt o )

(4.19) oy My, (idF* op (idpex on coevF)>X oy My (idp+ op (Ugcx)'l)x
Ov Mii(aﬁl*,F,cX)X oy My, (coevr op idox ) y oy M, ((vex) Yx
Oy COEVX X -

Finally, consider the diagram

. ().
M, (C¥)X DA M, (1M, (€)X ® M, (F'F)X
(5:7),
M, (1,0%)X ® M, (F*F)M,, (C¥)X ® M, (F*)M, (F)X

M, (F)M, (F)coevx. x

|

M, ((FF)CY) X M (F)M; (F)M; (CY) X

M, (F*(FCY)) X M, (F*)M; (FCY) X
M, (ideson(vpox) ™) @ M, EOM, (@) ™)
(f*.{wc’(n ) l
M, (F((FC¥)IL) ) X My, ((FC¥)15) X

M, (ulp.oh(.dm,\, ohmmvp)>x @ M‘J(Fv)MJ‘(id‘_.c‘(ohcoevr)x
l P (FCX ) (F*F l
(uEp O

M, (F*((FC¥)(F*F)) ) X - XM, (F*)M, (FCX) (FF)) X
M, (idesonoplon o ) ® M FM (ol e )
Mh(l“*(leF))X (™), M, (F)M,, (HoF) X
Mu(“‘F*""Iﬁz"““F))x @ M,J<F’>M1,‘(aﬁzohim-)x
M, (F((HzH)F) ) X Mij(F*)Mﬁl((Hgﬂg)F)X

RN
which commutes due to
naturality of ¢! for the facet labeled 1;

the right diagram in ([2.2)) for the facet labeled 2;
naturality of p;3; for the facet labeled 3;

naturality of M, (coevyg) for the facet labeled 4;
the diagram in ([2.3)) for the facet labeled 5;

39
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e naturality of (uiFj*i’F)_l for the facet labeled 6;
e naturality of u;j; for the facets labeled 7, 8, 9 and 10.

As above, commutativity guarantees that the 2-morphisms corresponding to the paths
along the boundary from northwest to southwest coincide. The path which goes straight
down corresponds to the 2-morphisms in ((4.19)), which is therefore equal to

(Mle(HzHZ)F)X Oy (Mij (F*)Mji((st ©h idF)x> Ov (Mij (F*)Mji(a}-?‘lcx,F*,F)X)

o (ML (F*)My (idpox on coev) ) ou (Mg (F)My, (o) ™) )

o (Mij(F*)(u?{fX)X> o (M (F)M, (F)coevXX>

o (HE5T) 3 o My (covr) o0 (1)
This expression coincides precisely with that in , considering and the defi-
nition of dp, = d(pcx)p+ as in Lemma . This completes the proof. d

As in [MMMTI] Corollary 5.2] (see also [EGNO, Lemma 7.9.4]), the internal co-
homs [X, M; (F) X] and [M;;(F) X, X] are the biinjective (FCY)F*-C¥X- respec-

tively CX- (FCX)F* bicomodules inducing this MT equivalence. Firstly, noting that
C¥ = [X,X] and (FC*)F* = [M,(F) X, M, (F) X], we have

Homyg s5) ([X, My, (F) X], G) = Hompygs) (Mp(F M;(G) X)
= Homp(s) (X, My (F*)M;; (G) X)
= Homyy(y) (X,M )
= Homg(s,5)(CY,F )
=~ Home(; j)(FC*, G)

and
Home(j 1) ([MJl(F) X, X, H) = Homp(s) (XvMi_-j (H)Mjl(F) X)
= Hompp(s) (X, M, (HF) X)
= Homeys 3)(C™, HF)
=~ Homg(j 5)(C*F*, H)

for all 1-morphisms G € €(4,j) and H € €(j,1). Therefore, there are isomorphisms
of 1-morphisms

(4.20) [X,M,;(F) X] 2 FC* and [My,(F)X,X] = C¥F*.

Corollary 4.17. Under the same assumptions as in Theorem the coalgebras CX
and (FCX)F* = F(CXF*) are MT equivalent. Moreover, the MT equivalence is
realized by the bicomodules FC* and CXF*, whose right and left CX -comodule struc-
tures, respectively, are the canonical ones and whose left and right (FCX )F*-comodule
structures, respectively, are given by
O‘ﬁl(JX,F*,FcX Oy (ichX Oh OéF*,F,cX) oy (idFCX op (coevr oy idcx))
oy (ichx oh (vlcx)'l) oy aF_’l,CX,CX oy (idF oh §cx)
and
. -1 -1 .
(ldCxF* Oh aF,CX,F*) Ov XCXF* F CXF* Ov (Ozch*F Oh ldCXF*)
oy ((idcx op COEVE) op idCxF*) oy ((vgx)'l oh idCxF*)

Oy, aCX,CX,F* Oy (50){ Onp idF*).
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Proof. The first statement follows immediately from Corollary [4.12) and Theorem
The proof of the second statement is more involved. On the one hand, by the first

isomorphism in ([3.2), we have
(FCX)F* = (FC¥Oex C¥)F* = (FCY)Oex (CXF*).
On the other hand, to prove (C*F*)0pcxp- (FCX) 2 C*, we consider the following
diagram
(4.21)

id,
(CXF* )El(m)P (FCX (CXF*)(FCX) Sex e weyr idrox ((E¥F)(re¥)r) ) (FeX)

"l(‘(l Oh“(‘(‘(” JFCX
X pr (FCX )P FCX

(CXF) (((FCX)F ECX

where 0(pexyps pox and doxpe (rox)ps are the left and right (FCX)F*-coaction 2-
morphisms, respectively, and « is given by

acxps pox o (adx pep onidex) oy ((idex o coevy) op idox)
oy ((Uex)_l oh idcx) oy 0ox.

Now we claim that v equalizes the right triangle in the diagram (4.21)), which, by the
universal property of the equalizer, implies that there exists a unique 2-morphism 6
such that the left triangle in the diagram (4.21)) commutes. Consider the diagram

ox Sox cxex (o) Toidex (C¥1,)0* Hoxoeoer)ottex (CXEP)cx
o ® b ® .
l e l . l
Sox ©) (eXox)ox ox) Tovidex (C¥C¥)1,)ex (1o (CX e (PR CY
\
ox ox on (o) © ) ‘)c o ® (((vex) hl)“n tor )onide
cxex Mex endox cYEYeY) (B (©eHaeY) @) (((("n,)(;)n,)c\ (dexsjox oncoovr)onidex (((("'n,)(")(rr’))(‘,\
everner| N |
((vrx) M onidex )onidy ox O X 1)0% 10X @ OeX 10X prp,cX
idex on(idex on(vhx) ) l
(o) Toridox @ X (C¥(1,0Y)) @ ((CX1,)CX) (1,¢%) Hioxagoxan(coovrondex) ((CX1,)CX) ((F*F)CY)
‘ l
(CX1,)X (X X (F
(idex one m‘«m.,u( « @ (idgx o
(C¥Em)ey Een o
i @ ‘ ® b ® .
l l ( dexon(vhx) ) l d ( d l
((CXFF)C Ll ((CXFF) (CXCX) Tt ((CXF*)F) (CX (1,0X)) —Xror (dox on{coer ) ((@¥FF) (¥ (P F)cY))
e ® o ® ® l

idox p on(idrondox )
_Hdoxpeonlidrandor)

(O (FE¥ ) idgx .o (id

idox pe oy ox ox

(CXF*)(FCY)

(CXF*) ((FCY)CX)

which commutes due to

e coassociativity of dox for the facet labeled 1;

e naturality of (v")! for the facet labeled 2;

e the interchange law for the facets labeled 3, 4, 8, 10, 13, 14, 15, 16, 17 and
18;

e naturality of o and ! for the facets labeled 5, 7, 9, 11, 12, 19, 20, 21, 22
and 23;

e the triangle coherence condition of the unitors for the facet labeled 6,
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and the diagram

(CX(F*F)) ¥ 28X e poidox ((C¥Fm)CX cXpereX (CXF*)(FCX)
®
!
(((c‘n,)c\')(F‘F))cx ® (CXCX)((F*F)CX) Hex
aex .,} FrE.CX ((vex) " onidex onidgpepyox @
(X190 (FF)CY) e ((C¥1)C¥) (P (reY)
J ® J
(e¥n) (0¥ (mpye¥)) IRt (o) (0¥ (e (R0 ) — (L) (VP FCNY) SR (X exp) (reY)
e b @ O P S AT - SO N
(cX@Em) (cX (@ F)cY)) (cX@Em) (c* (F(Fe))) (C¥(FE)) ((CXF)(FCX)) “Hmemiey (X (5F)) (CYF7) ) (FOX)
\
® b @ s ® i
e Hexoteret) ((cxmyr) (cX (= (r¥)) ) % XEEeX L (CXFAF) ((CXFY)(FCY)) eimreXenrey ((e¥Fp) (c¥F) ) (Fe¥)
i iy ®
P (()\F')(F((‘,"(F‘(F()\)))> . (C¥F) (B((C¥F)(FCY)) ) (¥ (X)) (FC¥)
I
dox g MO peprex @ X pe 05X g rex) @ ((,"\F‘)((F(CXF'))(FC")) @ (((,‘"F')((F(,‘")F‘))(F(‘X)
(0¥ ((FO¥) ((Prm0x)) e trex i rey) L —

(C¥F) ((Pe¥) (P (FCY))) )

(CXF*) (((FC X)E) (FCY))

which commutes due to

e naturality of o and a"! for the facets labeled 1, 2, 3, 6, 7, 8, 12, 15, 16, 17,
19 and 21;

e the pentagon coherence condition of the associator for the facets labeled 4, 9,
18 and 20;

e the interchange law for the facets labeled 5, 10, 11, 13 and 14.

The last column of the former diagram coincides with the first column of the latter
one, so we can glue the above two diagrams from left to right. Commutativity of
the resulting big diagram proves the claim, as the two paths along its boundary from
northwest to southeast correspond precisely to the two paths along the boundary of the
right triangle in (4.21)) precomposed with .
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By applying F to the diagram in (4.21)) from the left, we obtain the upper part of the
diagram

F((CXF) D per e (FOX)) 28 p((0Xpy(FCY)) Hrelexe: aove 2ihex) F(((Cxl-‘*)((k‘C‘\')F*))(FC-"))
I8 \
/ idpon(idex pr o (pe X ps X)) drona /
drond . idrony /
FCX F((GXF*)(((FCY)F*)(FCX))) g (eXpe) (roX v).rOX
= e weX ((reX)ms)(ro)
@ @(ﬁnntz d back)
(F((CXF*) ((FCX)F')>) (F(1X>
T
(idrondx po (o yre ) midpex |
— o oX e (pox e Oridpox
/ @(back) l
(FICYF) O e: (FOX) ety (F(CYF)) (FOY) ((FEXF) ((FC¥)F)) (FOX)
SN S —

(FCYF)) ((FC¥)F) (FCY) )

Note that F((CXF*)0px )p- (FCY)) is the equalizer of the right upper triangle, since
the functor F is left exact when acting on comod (CX). As in the proof of Lemma
the associator O‘ﬁl,cXF*,FcX induces the 2-isomorphism ¢ (see the second isomorphism
in (3.2), such that the pentagon labeled 1 commutes. All other vertical facets also
commute: the facet labeled 2 by naturality of the associator, the one labeled 3 by the
pentagon coherence condition for the associator, and the triangle labeled 4 by definition
of dp(cxp+),(rex)p+- Further, aﬁ%ch*7F0X oy (idr op ) equalizes the right bottom
triangle, whence, by the universal 'property of kernels, the 2-morphism ¢ o, (idg o}, 0)
provides a 2-isomorphism

(F(CYF*))Opox e (FCX) 2 (FCH)F*Opox e (FCY) 2 FCY.
In particular, idg o, 0 provides a 2-isomorphism
F((C*F*)Dpexp- (FCY)) 2 FCY.
Analogously, for any H € €, we have the 2-isomorphisms
(HF) ((C¥F*) D r- (FCY)) = H(F((CYF)O g e (FCY)))
~ H(FCY)
=~ (HF)CX

where the first and third 2-isomorphisms are given by the associator and the second 2-
isomorphism is induced by idy (idg o 8). By naturality of the associator, the composite
of the above three 2-isomorphisms equals idgr o 6. Therefore we have

K((C¥F*)Dpoxyp- (FCY)) 2 KCX.
for any direct summand K of HF with some H € ¥, and this is functorial. Note that
(KCH)Oox ((CXF)Dpex)ps (FCY)) 2= ((KCY)Oex (CHF*))Opex)p (FCY)
= (K(CXF*))Ogpoxp- (FCY)
= K((C*F*)Opex)p- (FCY))
~ KCX

where the first 2-isomorphism is given by the associator, the second and third ones
are due to the second 2-isomorphism in ((3.2)), and the fourth one is induced by 6.
Combining this with the fact that FC* generates injf(CX), we see that the natural
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transformation _Ocx0: _OexCX — _Oex ((CXF*)D(FcX)F* (FCY)) is an isomor-
phism. This implies that 6 is a 2-isomorphism. U

4.5. Avoiding abelianizations.

Proposition 4.18. Let € be a [J-simple quasi multifiab bicategory and ¥ € J. The
pseudofunctor

(F_)F*: € ¢, Gws (FG)F*

~

takes values in inj(%) = €.
Proof. Let us consider the J X 7 °P-simple fiab bicategory
C°=CREP,

cf. [MM6, Section 6 and Proposition 21]. Note that % is a birepresentation of €°,
and thus, by J-simplicity, add(J) is a simple transitive birepresentation of ¥¢. By
construction, add(7) has apex JXJ°P in €’ °. From the straightforward generalization
of [KMMZ, Theorem 2] to bicategories, we know that (FX)F* is injective in add(7)
for any X € add(J). Finally, since for any simple 1-morphism L in € we have

(FL)F*=0 <« L is not supported in J,

cf. [MM6@], Proposition 26], the claim follows. O

Theorem 4.19. Let ¢ be a J-simple quasi multifiab bicategory and M a transitive
birepresentation of € with apex J. Then, for any X € M(i),Y € M(j), the 1-
morphism [X,Y| belongs to €(i,j) (not only to €(i,j)).

Proof. Let X € M(i),Y € M(j), fix an arbitrary H-cell H inside J and denote
k := igg) and t := i,5). By Lemma we can choose a generator Z € M(k)
such that, for any F € H, My (F)Z also generates M. Therefore, there exist 1-
morphisms G € ¢(t,1),H € %(t, j) such that

Mlk(GF) Z g Mlt(G)Mtk(F) Z g X @ )(l7
M, (HF) Z =2 My (H) M (F) Z =Y ¢ Y.

for some X’ € M(i) and Y € M(j).
Next, recall from ((4.20]) that

My (GF) Z, Mi(HF) Z] = ((HF)[Z, 2)) (GF)* = (H((F[Z, Z))F*) ) G",

where the last isomorphism is obtained by using the associator several times and
(GF)* = F*G*. By Proposition we know that (F[Z, Z])F* belongs to ¢ for
all 1-morphisms F and thus [M;x(GF) Z, M (HF) Z] also belongs to €. Since the
internal cohom is additive in both entries, we see that [X,Y] is a direct summand of
M (GF) Z, Mjx(HF) Z] and therefore, it belongs to € as well. d

Example 4.20. For any coalgebra 1-morphism C in & we have
cIC, ],

as follows e.g. from [ChMil Lemma 3]. However, this does not contradict Theorem
4.19) since a coalgebra C which is strictly in € will correspond to a birepresentation M
that is either not transitive or has smaller apex.
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4.6. Simple transitive birepresentations and coalgebras. Simple transitive birep-
resentations correspond to particularly nice coalgebras (compare [MMMT1], Corollary
4.9] and [MMMZ,, Corollary 12]).

Proposition 4.21. Let € be a quasi multifiab bicategory and J a two-sided cell.
If M € ¥-afmod 7, then, for any fixed left cell L inside J, there is a 1-morphism
C € add(H(L)) C add(J) which has a coalgebra structure in € such that

(4.22) M = inj, (C).
If, moreover, € is J -simple, then we can choose C € add (H(ﬁ)) C add(7).
If M € €-stmod s, then such a coalgebra C is cosimple. Conversely, if C € add(J)

is a cosimple coalgebra in €, then inj(C) is a simple transitive birepresentation of ¢
with apex J.

Proof. Due to the biequivalence ([2.11]) for 7/ = 7, without loss of generality, we may
assume that J is the unique maximal two-sided cell of %.

Set H := H(L) and let i be the source of H. By Lemma|2.33] for any M € %-afmod 7,
there is a generator X € M(i) of M such that, for any F € H, M;; (F)X also generates
M. By Theorem [4.10] there is a biequivalence

M = inj, (CY),
where CX € %(i,i). By Corollary and Theorem [4.16] for any F € H, the
coalgebra CX is MT equivalent to CM::(F)X =~ (FCX)F* € €(i,1). Suppose that CX
is given by CX LN CsX in €(i,1). Then (FCX)F* is given by

(idronB)onidpx
e,

(FC)F* (FC)F*.

Since J is the unique maximal two-sided cell of %, the 1-morphisms (FC:*)F* and
(FC2X)F* belong to add(H), whence C := (FCX)F* belongs to add(#). This proves
the first claim of the proposition.

If € is J-simple, then C already belongs to add(#) as a result of Theorem [4.19]

If M € €¢-stmod 7, then the coalgebra C satisfying is cosimple by the general-
ization of [MMMZ, Corollary 12] to bicategories.

For the converse statement, first observe that for cosimple C, the birepresentation
inj,(C) is transitive by the generalization of [ChMi, Theorem 20 (ii)] to bicategories.
The generalization of [MMMZ, Corollary 12] to bicategories then implies that it is
simple transitive. If inj,(C) annihilates 7, then we obtain CC = 0 since C € add(J7),
which is a contradiction. Therefore the apex of inj,(C) being J follows from the
maximality of J. N O

Proposition 4.22. If ¢ is quasi multifiab, then, for any two-sided cell J in €, there
is a biequivalence

C<g-stmod y = €-stmod ;.
Proof. By (2.19) for J' = J, we already know that there is a local equivalence
€<g-stmody — €-stmod 5.

It remains to prove that any simple transitive birepresentation of ¢ with apex J de-
scends to <. Due to the biequivalence for 7' = J, without loss of generality,
we can assume that J is the unique maximal two-sided cell of €, i.e. that € ~ €/Z4 .
Let Z be the biideal of ¢ such that €< ~ €/, i.e. I is the maximal biideal of €
not containing idx for any X € J.

Now, suppose that M € %-stmod 7. Since apex(M) = J, the annihilator of M is
contained in Z. We need to show that this inclusion is an equality, so suppose that
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a: X — Y is a 2-morphism in & not belonging to the annihilator of M. By Proposition
there is a coalgebra C € add(7) C & such that

M = inj, (C).

By this equivalence of birepresentations, there exists a 1-morphism F € 7 such that
a op idpc: X(FC) — Y(FC) is non-zero in inj(C), whence the left ¢-stable ideal in
inj,(C) generated by a oy, idr¢ is equal to inj%;(C) by simple transitivity. In particular,
this left €-stable ideal contains some idg with G € add(J). We claim that therefore

a € I. To prove this claim, assume that C is given by C; i Co € €. Then a oy, idpg
is given by the commutative square

X(FCy) _idxon(idronf) X(FCy)

aohidpcll laohichz .

_
Y(FCy) idy on(idron3) Y(FC)
Since the left ¥-stable ideal in & generated by aonidpc contains idg with G € add(7),
the left €-stable ideal in & generated by aopidgc, contains some idk with K € add(J).
The latter left %-stable ideal is contained in the biideal of % generated by «, whence
a € Z. We conclude that ann(M) = Z, which is what we had to prove. O

4.7. Bicomodules and birepresentations. Let 4 be a multifinitary bicategory.

Definition 4.23. We define Z%icomy to be the bicategory of biinjective bicomodules
over coalgebras in €, whose objects, 1-morphisms and 2-morphisms are coalgebras,
biinjective bicomodules and bicomodule homomorphisms in €, respectively. Horizontal
composition is defined by the cotensor product over coalgebras and vertical composition
is defined by the composition of bicomodule homomorphisms. For each object C in
PBHicomg, the identity 1-morphism 1 is given by C, seen as a C-C-bicomodule.
For each 1-morphism M in #%icomy, the identity 2-morphism is simply the identity
bicomodule endomorphism of M.

By (3.1) and the explanations above it, as well as the fact that the cotensor product
over a coalgebra of two biinjective comodules is again biinjective, Z%icomy is indeed
a bicategory.

Definition 4.24. For various 1, 2-full 2-subcategories & of €-afmod appearing in Def-
initions [2.21| and we define the associated 2-subcategories 2°* with the objects
being the same as those of &, the 1-morphisms being the exact morphisms of finitary
birepresentations and 2-morphisms being all modifications.

We have

¢-stmod®™ C €-tfmod®* C F-cfmod®™ C F-afmod®™
and, due to Lemma |2.33

¢-stmod’; C €-tfmod? C €-cfmod’; = €-afmod? .
Note that all finitary birepresentations of ¥’® are cyclic. Furthermore, all morphisms
between simple transitive birepresentations with the same apex of a given fiab bicategory
are exact, as the following proposition shows. This is the analog of [EGNOI| Proposition

7.6.9] in our context and its proof follows the same reasoning, except that we have to
invoke [KMMZ|, Theorem 2] at some point.

Proposition 4.25. Suppose that € is quasi (multi)fiab. For any two-sided cell J of

exr

¢, the bicategories ¢-stmod’; and €-stmod s are equal.
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Proof. Let M, N be two simple transitive birepresentations of % with apex J and let
®: M — N be a k-linear homomorphism of birepresentations. We have to show that
its extension ®: M — N is exact.

Before we do that, we first prove an auxiliary result. For i,j € €, let

Cii= P X cadd()

Xe?(1,3)NT

and notice that, by adjunction, C;i = Gy,

Claim. The endofunctors M(Cj ;) and N(Cj ;) are both projective and injective in
the category of left exact endofunctors and they do not annihilate any objects in M(1i)
and N(i), respectively. o
The first part of the claim follows from simple transitivity of M, N and [KMMZ,
Theorem 2]. Let us show the second part of the claim for M(Cj ;), the argument for
N(C;,1) being analogous. Suppose to the contrary that L € M(i) is a simple object
such that M(C; ;)L = 0. Let @ be the direct sum of all indecomposable injectives in
M(j), i.e. the direct sum of all indecomposables in M(j). By adjunction, we have

HomM(L,M(Ciyj)Q) =~ Hompym (M(Cj,i)L,Q) =0.

However, this means that the injective hull of L has multiplicity zero in the decompo-
sition of M(C; ;)@ = M(C;,;)Q, which contradicts transitivity of M. This completes
the proof of the claim.

Now, suppose that the above homomorphism @ is not exact. Then there exists an
object i and a short exact sequence of objects in M(1)

0=-X—->Y—=>2-=0
such that its image under &
0= 2(X) = 2(Y) = 2(2) =0
is not exact in N(i). The claim implies that
0— M(Cj:)X = M(Cy;)Y = M(C;:)Z =0
is split exact, while
0 = N(Cy,5)@(X) = N(C;1)2(Y) — N(C;5)2(Z) = 0
is not exact. But this is a contradiction, since the latter sequence is isomorphic to

and ® preserves split exactness.
This shows that @ is exact and completes the proof of the proposition. O

Theorem 4.26. Let € be a quasi multifiab bicategory. The assignment
. . ~OcM_, .
M — 1njﬁ(C) -_— 1n‘]£(D)7
(M L N) (L OcM = _OcN),
defines a biequivalence
(4.23) BHAicomge ~ ¢ P-afmod™,
which restricts to a biequivalence

(4.24) PBHAicomy ~ €-ctmod®™.
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Proof. The pseudofunctor Z%icomye — € “P-afmod™ is well-defined by Lemmas
and It is a biequivalence due to Theorems and When we restrict

to coalgebras and biinjective bicomodules in & on one side of the biequivalence, we
have to restrict to cyclic birepresentations of % on the other side, because we need a
generator X € M(i), for some i € ¥, in order to define CX via the internal cohom
construction. O

The following corollary follows immediately from Proposition and (4.23).
Corollary 4.27. Let € be a quasi multifiab bicategory. Then there is a biequivalence
BAicomye ~ €-afmod™.

Let adds_, (J) be the additive closure of J inside ¥< 7 and let %%icom;33%<J(j)

be the 1-dense and 2-full subbicategory of Z%icom_ , of biinjective bicomodules over
cosimple coalgebras in add¢_ , (J). For the multifinitary bicategory €7, one can also
define add« , () and ,%’g%’icom;‘ésd%j(j). Since €7 is a 2-full subbicategory of €<,
we have

(4.25) add¢,(J) =addy_,(J) and %%icomgﬁsdcgj(j) = %@icomggz%sjw).

Theorem 4.28. If € is quasi multifiab, then there are the following biequivalences:
¢-stmody ~ €< s-stmody ~ € s-stmod s ~ %%icomiﬁ%{gﬁjw).

Proof. By Proposition[4.25] all instances of stmod in this theorem are equal to stmod®*.

Bearing this in mind, the first biequivalence is due to the restriction of the biequivalence

in Proposition By Proposition [4.21] therefore, the biequivalence in Theorem [4.26]
restricts to a biequivalence

(4.26) %ﬂicomiﬁ%ﬁgy (7) = C<g-stmodyg,
By (4.25) and J-simplicity of €7, we also have a biequivalence
%‘%icoméﬁigsﬂj) = %@icomgﬁz%ﬂj) ~ € 7-stmod 7,
which is indeed a restriction of (|4.26]). O
Remark 4.29. Note that Theorems and also prove that
BAicomygy 7y = %’t%’icom‘;ﬁsdiggj( 7 t%’%icomgﬁsd%gj( )

4.8. Strong H-reduction. Let € be a multifiab bicategory, J a two-sided cell in ¢

and H a diagonal H-cell inside 7. Assume that i is the source of H. Recall from
Lemma [2.33] that

€ (g7)-afmod 7 = € 7)-cfmody; and € (y)-afmody = €' (3)-cfmody,
which implies that
C(7y-afmod’ = € 7)-cfmod and  €(y-afmody] = C5)-cfmods;.

We denote by ZHicomy ., add(3), respectively BAicomy ., aaa(n). the bicategory

of coalgebras, biinjective bicomodules and comodule homomorphisms in add(#) inside
C (), respectively (3.

Theorem 4.30. There are biequivalences
C(g)-afmod? = € 7)-cfmod? ~ BABicome, ;) add(H)

~ BHicomy ,, add(H) = € (3)-cfmody] = €(3)-afmody;.
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Proof. We claim that the last biequivalence in the first row and the middle biequivalence
in the second row are obtained by restricting the biequivalence in (4.24)). Indeed, (4.24))
provides biequivalences

BHicomy ,, ~ % (7)-cfmod™  and BHicomg,,, ~ % (3)-cfmod™

and Proposition guarantees that the restriction of the pseudofunctor in Theorem
to coalgebras in add(#H) is still essentially surjective on objects when corestricting
to C(7)-cfmod; respectively %(H)—Cfmo.d‘jf. . o

Finally, %@icom(g(m’add(m is naturally isomorphic to %%icomcg(\j%add(y), consisting

of the same objects, 1-morphisms and 2-morphisms, just considered in different ambient
bicategories. O

Passing to the J-simple and H-simple quotients ¥’ 7 and %3, respectively, and defin-
ing BAicomy , aqan) and BAicomy,, .aau) as the bicategories of coalgebras, bi-

comodules and comodule homomorphﬁs in add(#) inside €7 and €3, respectively,
we obtain the following.

Theorem 4.31. There are biequivalences
€ 7-afmod? = € 7-cfmod’ ~ BABicomy , adga(n)
~ BHicomeg,, add(n) = Cn-cfmody] = €3-afmody;.

Proof. The only thing to note is that, under the assumption of J-simplicity, the coalge-
bra CMi:(F)X =~ (FCX)F* in Proposition belongs indeed to add(#) by Proposition
418 O

We deduce the following consequence, which we (also) call strong H-reduction.

Theorem 4.32. Let € be a fiab bicategory, and fix a two-sided cell J of € as well as
diagonal H-cell H C J. Then there is a biequivalence

€-stmod 7 ~ €3-stmody,.
Proof. Bearing Proposition [£.25] in mind, the statement follows by Theorems [4.28 and
4311 O
4.9. An extra biequivalence. The goal of this subsection is to prove that the 2-functor

in (2.24)) is a local equivalence.

Theorem 4.33. Let € be a quasi multifiab bicategory and J a two-sided cell in €.
Then the 2-functor

%”Sj—afmodj — ‘ﬁj—afmodj,
defined in (2.24)), is a local equivalence.

Proof. Recall from Subsection [2.6] that (2.24)) is well-defined. Let M and N be two
arbitrary birepresentations in %< s-afmod . Since 2-faithfulness of (2.24]) is obvious,
it suffices to prove 1- and 2-fullness, or in other words essential surjectivity and fullness
of the induced functor

(4.27) Hom%vgj_afmodj (M, N) — I{OI’Ilcgj_zabfm(,(i7 (M, N)

By the abelianized version of Proposition and the fact that €<y is J-simple,
there exist two 1-morphisms C and D in add(J) which have coalgebra structures in
€< such that

M =~ comody_,(C) and N ~comody_, (D),
as birepresentations of ¥< 7. Both equivalences can be restricted to equivalences
M ~inj,__(C) and N=x~inj.4 (D),
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as birepresentations of <. Since €7 is a 2-full subbicategory of €< 7, the coalgebra
structures of C and D in add(J) both restrict to € 7. Via the 2-functor in (2.24)), the
above equivalences descend to

M ~ comody,(C) and N ~ comody, (D),
as birepresentations of € 7, respectively, and
M ~inj, (C) and N ~injy, (D),

as birepresentations of €' 7.

Let ® be any morphism of birepresentations in Homcgj_afmodj(M,N). Then the
induced morphism ® from M to N is left exact by definition. Hence the functor
underlying ® can be represented by cotensoring with some C-D-bicomodule X €
€5 C €<z, which is injective as a right D-comodule since it sends injective right
C-comodules to injective right D-comodules. It is clear that the functor _[JcX is an
element of Homcgsj_afmodj (injﬁ(C),injﬁ(D)) by Lemma This implies that
® € Homy_ afmod, (M, N) and our functor are essentially surjective. Since
modifications correspond to homomorphisms of C-D-bicomodules, fullness of is
also clear and the statement is proved. O

Remark 4.34. In fact, the local equivalence in Theorem restricts to a biequivalence
€< g-stmod s ~ € z-stmod 7, cf Theorem [4.28]

5. THE DOUBLE CENTRALIZER THEOREM

Throughout this section, let € be a fiab bicategory, H a diagonal H-cell and M a
simple transitive birepresentation of €3 with apex H. By Proposition there is a
cosimple coalgebra C € add(#) such that

M ~ inje, (C),
and by Lemma [4.1] we have
(5.1) inj,, (C) = add{GC | G € Gy },

where the additive closure is taken inside comods,, (C).

Let &nd,, (M) denote the one-object 2-category of endomorphisms (of finitary birep-
resentations) of M and recall that &nde,, (M) = &ndZ, (M) by Proposition m
Further, let Zn := (C)%iinjy,, (C) denote the one-object finitary bicategory of biin-
jective C-bicomodules in €3, with the horizontal composition being given by _ ¢ _.
By Proposition there is a biequivalence

(5.2) éndeg,, (M) ~ By,
where the right biaction of %y on inje, (C) is given by _Oc_. By (5.2), M can

be viewed as a left birepresentation of %,y or, equivalently, a right birepresentation of
B -

Lemma 5.1. M is transitive as a birepresentation of 2,y .

Proof. For every X € injy, (C) and Y € add(H), we have C(YC) € %y and
XOc(C(YC)) = (XOcC)(YC) = X(YC) & (XY)C.

The result now follows from and the fact that # is a right cell of €3 . O

Since the biaction of ¥ and &ndy,, (M) on M weakly commute by definition, there
is a canonical pseudofunctor

can: €y — @@ndzvxnd%,“ oy (M).
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For every X € add(H), the endofunctor M(X) of M(1) is injective by the dual version
of [KMMZ| Theorem 2], so in particular it is exact. (Recall that we call an endofunctor
of an additive category injective if it is injective in the category of endofunctors of the
injective abelianization.) The identity 1; in @, where i is the source of H, acts
by the identity functor, which is not injective but is, of course, exact. The following
theorem, which we call the double centralizer theorem, is the analog of [EGNO], Theorem
7.12.11] for fiab bicategories and simple transitive birepresentations. In its formulation,
the superscript inj denotes the injective morphisms, i.e. those realized by injective
endofunctors.

Theorem 5.2. The canonical pseudofunctor is fully faithful on 2-morphisms and es-
sentially surjective on 1-morphisms when restricted to add(H) and corestricted to
é"nd;’fldg (M) (M).

The proof follows similar reasoning as the proof of [EGNO| Theorem 7.12.11], but we
have to adapt some of the arguments to our setting, because %3, is not abelian and
1; does not act on M(1i) by an injective endofunctor, as already remarked.

Before we give the proof of Theorem [5.2] let us recall some general facts about duality
and coactions and point out some consequences. Since these facts are well-known and
not difficult to check, we omit their proofs, see also Remark Suppose that C is a
coalgebra in '3 and let Y € inje, (C). Then Y* € (C)injy,, , with the left C-coaction
dc, v+ being defined as the composite of (recall ev’ and coev’ from below Definition

25)

(voe) " idy+ opcoevy, idy+ o (8y,conidy«)

Y* Y*1,; Y* (YY*) Y™ ((YC)Y*)
adh v oyrov(idys onay ¢ y+) j
L (Y*Y)(CY*) —— 1,(CY?) ave.

1
eviopidgy* Vay*

This implies that Y*Y € %\ and that the following diagrams commute:

S y*opid ac y* idcopevy VG
yry SO (qyryy (20X qpyryy MO, g e
(5.3) ‘ ,
Y*Y ——— Y*(YC) _ (Y*Y)C ——— 1,C —_— C
idyondy,c O‘i’l*,Y,c evi onidc vl
1, coevy, vy Svconidyy Sy ,conidy« (YC Y*
(5.4) d(x [
Y(CY™)

Now, let X € €3, Y € injg, (C) and Z € #yp. For any f € Home,, (X, YOcZ),
define f = vy zonf € Homg, (X,YZ), where vy 7: YOcZ — YZ is the canonical em-

bedding. Then g € Homy,, (X, YZ) satisfies g = f, for some f € Homg,, (X, YOcZ),
if and only if

(5.5) ay,c,z o (Oy,c on idz) oy g = (idy oh dc,z) ov g-

Taking X = 1; and Z = Y*, we see that commutativity of the diagram in (5.4) means
that coev’, factors through YOCY™, i.e.

/ C,/
COEVy = COGVY 5
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where coevg’/ € Homg,, (15, YOcY™). This, in turn, implies that Y*Y is a coalgebra
in Zn, with comultiplication 6. being the composite of

(5.6)

i o v opi o
ldy* hcoe Y h dy (Y*(YDCY*))Y :—>

(03x) Lopidy
=

Y*Y (Y*1,)Y

(Y*Y)Oc(Y'Y)

and counit 630(*\/ being the composite of either one of the rows in ((5.3]). Checking coas-
sociativity and counitality is an easy but tedious exercise in diagram-chasing, which we
leave to the reader. We only note that to check counitality, one has to use commuta-

tivity of (5.3).
Finally, let

—

(5.7) Sy+y = 6$.y  €y+y i=€c oy oy

Then (Y*Y,dy-y,ey+y) is a coalgebra in €3 . As a matter of fact, it is exactly the
coalgebra structure on Y*Y which we defined in Lemma [4.13] if we consider Y*Y as
the framing of the coalgebra 1; by Y* in €3, namely,

Oy*y = Qy*y,y*,y Oy (04\_(1*7Y7Y* op idy)oy
((idy* op coevi) op idy) oy ((U{,*)’l oh idy)7
Ey*y — evg(.

Remark 5.3. The facts above are easy to see in the strict setting using string diagrams.

For example, (5.3) reads as

Y™ Y Y* Y

Y'Y

for which coassociativity and counitality are easy exercises in planar topology. Simi-
larly, the various constructions which we will use below also have string diagrammatic
interpretations. For example,

Y 7 7
-
X Ye o X

is the picture of the map in (5.10)).

Proof of Theorem[5.2 By we can interpret the canonical pseudofunctor as a
pseudofunctor (with the same name) can: €3 — é’ndi%fii (M).

By Lemma and the internal cohom construction, there is an equivalence of right
birepresentations of %

injﬁ(C) ~ ([C,C])inj@.

A crucial ingredient is the following claim.
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Claim 1. We have

(5.8) [C,C] = C*Cin Bm
and the implied equivalence
(5.9) injg, (C) ~ (C*C)injg,,

is given explicitly by X — C*X.
Claim 1 then implies that

and 1-morphisms in éond(g,ndtg (M)(M), under this equivalence, correspond to injective
OH

(C*C)-bicomodules in g, which all live in Zy;. We can then trace the canonical
pseudofunctor through the equivalences to a pseudofunctor

can: ¢y — (C*C)%iinjg,, (C*C).

It is on that level that we prove fully faithfulness on 2-morphisms and essential surjec-
tivity on 1-morphisms when restricting to add(?) and corestricting to injective (C*C)-
bicomodules.

We now proceed to prove Claim 1, i.e. the isomorphism and the explicit description
of the equivalence it implies. Both follow from the natural isomorphism

Home (X, YOcZ) 2 Homg,, (Y*X, Z)

for X,Y € injy,, (C) and Z € #m, which we claim is given by

(5.10) f vl o, (e oy onidz) oy ash y 7 oy (idy+ on f).

To verify this, we have to show that the natural transformation is well-defined and that
it is an isomorphism.

Since f is assumed to be a right C-comodule homomorphism, it is clear from the
definition of the natural transformation that the image of f is also a right C-comodule
homomorphism. The fact that the image of f is also a left C-comodule homomorphism
follows from the assumption that the target of f is YO¢Z, as the following commutative
diagram shows:

5 a idcop(evhy id
X % (CYHX S8 C(Y*X) M) C(Y*(YZ)) — C((Y*Y)Z) dcon(evyidz) C(L:7)
H @ (@ ye yonidz)ovad yuy Zl ady, Zl idcopul
I YIY)Z A
Y X idy«onf v Y7> (Y \ (8¢, v+ onidy )onidz <(CY >Y)7 @ (C1u)a @
w'QO»iN
vy opidc)opi UGOh
(Y Y ( dy« opdy, ¢ )opidz ( *(YC))Z ((Y*Y)C)Z (evi opidc)onidz (]l,C)Z ¢ Oonidz z

v coits) () ® 1,(cz)  (9) |
li(ly. Ohay,C,Z {“vgror“d(sz idL’thCl
Y*(Y(C2)) v (Y*Y)(CZ) LZ————1
idy« op(idyondc, z)T @ idy+yondc. zT evi opidy ’
iy i Y+(v2) : (Y'Y)z

idyonf ah vy
Commutativity follows from

e the interchange law, naturality of the associator and the pentagon coherence
condition of the associator for the facet labeled 1;

commutativity of and naturality of the associator for the facet labeled 2;
the triangle coherence condition of the unitors for the facet labeled 3;
equation for the facet labeled 4;

naturality of the associator for the facets labeled 5 and 7;

naturality of the associator and the pentagon coherence condition of the asso-
ciator for the facet labeled 6;

e the interchange law for the facet labeled 8;
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e naturality of the unitor and for the facet labeled 9.
This finishes the proof that the image of f belongs to Homg,,(Y*X,Z), in other
words, that the natural transformation above is well-defined.
Its inverse is given by sending any h € Homg,,(Y*X,Z) to the unique 2-morphism
h' € Homg (X, YOcZ) such that o

W= (idy on h) oy ay,y+ x oy (coevy op idx) oy (vi) ™.

The fact that the latter composite satisfies ((5.5]) implies well-definition. The statement
that the map h — 1/ is the inverse of (5.10] follows from naturality of the unitors and
associator, the interchange law, the pentagon coherence condition for the associator,
the triangle coherence condition of the unitors and the zigzag relation for coevaluations
and evaluations.

This completes the proof of Claim 1, since it shows that [Y,X] 2 Y*X which, setting
X =Y = C, yields (5.8). Moreover, the equivalence in (5.9) is then given by X —
[C,X] = C*X.

It is not hard to see that the coalgebra structure of C*C = [C, C] in %M given by the
internal cohom construction coincides with the one given in and the text above
and below it. As we explained in and the text above and below it, this coalgebra
structure in % induces one in Gy .

It follows that C* is naturally a left C*C-comodule in (C)injy, , with coaction defined
by

Scrc,cr = agh ¢.ov oy (ides on coeve) oy (vi) ™,

and C is naturally a right C*C-comodule, with coaction defined by

80,0+0 = ag,cr,c oy (coeve op ide) oy (vp) ™
Coassociativity follows from the interchange law, naturality of the associator and uni-
tors, and the pentagon coherence condition of the associator. Counitality follows from
the zigzag relations.
To show that the canonical pseudofunctor can: €3 — (C*C)Z%iinj4 ,(C*C) is fully
faithful on 2-morphisms and essentially surjective on 1-morphisms, when restricted to
add(#), we need the following.
Claim 2. The canonical pseudofunctor can: €3, — (C*C)%iinj4,,(C*C) is explicitly
given by

F s C*(FC).

We already know that the equivalence in (5.9) is given by X — C*X. Since F, viewed
as an endomorphism of inj,, (C), sends X to FX, it follows that under the equivalence

in (5.9), it sends C*X to C*(FX). We therefore have to show that there is a natural
isomorphism

X 2 (COercCH)X,
for X € inj,, (C). By Lemma it suffices to prove that there is a natural isomor-
phism in €5
(5.11) G 2 (COg»cCH)G,
for G € add(H). Finally, since H is a right cell of €3, it suffices to prove (5.11) when
G = CH, for some H € add(H). In this case, the isomorphism in (5.11)) is immediate,
since C 2 COc+¢(C*C) = (Chc»cC*)C. Note that the isomorphism

CH & (Clc- o C*)(CH),

is natural in CH, as it is given by

*
(coeve, © opiden) oy (ven) ™
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where coevg*c’/ is defined just as coevg” below (5.5). This completes the proof of
Claim 2.
We are now ready to complete the proof of Theorem [5.2] The assignment

cant: Z + COcrc(Z0c-cC*)

1

defines a pseudofunctor in the opposite direction. Clearly, can o can™ is naturally

isomorphic to the identity on (C*C)%iinj4,,(C*C), as follows from
(C*C)Oc+c(Z0c+c(C*C)) = Z

for any Z € (C*C)%iinjg,,(C*C). On the other hand, can™ o can is naturally iso-
morphic to the identity on add(#), due to and its analog for tensoring with
COc+cC* on the right in add(#H). Since we already know that can takes values in
injective (C*C)-bicomodules when restricted to add(#), these two natural isomor-
phisms imply that can™! takes values in add(H) when restricted to injective (C*C)-
bicomodules and, moreover, that can is fully faithful on 2-morphisms and essentially
surjective on 1-morphisms when restricted to add(#) and corestricted to injective

(C*C)-bicomodules. O
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