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Introduction

TOPICS IN THREE-DIMENSIONAL DESCENT THEORY

Structures satisfying a property only up to a distinguished natural coherence isomor-
phism appear frequently in mathematics and physics. Category theory provides a formal
framework, in which to speak and reason about these structures. In particular, since
many constructions are much easier carried out in the strict situation where the coher-
ence isomorphisms are trivial, one wishes to know if any such structure is equivalent to
a strict one. This is the concept of strictification. On the other hand, the definition of
weak notions of higher categories and their homomorphisms is a rich source of examples
for these situations. This is because the definition of weak higher categories involves
categorification, the process where axioms and more generally equations are replaced by
new coherence isomorphisms subject to new axioms. It is a highly nontrivial task to
identify which equations have to be replaced, and what kind of and how many axioms
have to be enforced in order to allow for strictification. In this thesis we are concerned
with the concept of strictification in three-dimensional category theory. Specifically, our
interest concerns strictification for the higher cells of weak 3-categories and is driven by
fundamental questions in three-dimensional category theory arising from the construc-
tion of bundle gerbes in terms of descent [61], which was motivated by Mathematical
Physics.

A strict 3-category can be defined as a category enriched in the symmetric monoidal
closed category of small 2-categories equipped with the cartesian product and a suitable
internal hom. The weak concept of a 3-category is the concept of a tricategory intro-
duced by Gordon, Power, and Street [21]. In contrast to monoidal categories, and more
generally bicategories, not every tricategory is triequivalent to a strict 3-category. For
example, just as a monoidal category gives rise to a bicategory with one object, a braided
monoidal category gives rise to a tricategory with one object and one 1-cell. If this tri-
category were equivalent to a strict 3-category, every braided monoidal category would
have to be strictly symmetric cf. [21, Rem. 8.8]. Rather, any tricategory is equivalent to
a semi-strict 3-category: a Gray-category [21]. A Gray-category is a category enriched
in the symmetric monoidal closed category Gray of small 2-categories and strict functors
equipped with the strong Gray product [22] of 2-categories and a suitable internal hom
cf. Section 1.1.3. The semi-strictness of Gray-categories has its roots in the definition of
the monoidal structure of Gray: The Gray product encodes the non-trivial interchange
corresponding to the braiding of a monoidal category. The other side of the story is that



the closed structure of Gray is given by pseudonatural transformations and modifications
of strict functors of 2-categories, but there are two possibilities to compose pseudonat-
ural transformations, which coincide only up to an invertible interchange modification.
While the question of strictification for a tricategory has basically been answered by
the coherence theorem of Gordon, Power, and Street, and later by Gurski [24] using
free constructions with coherence theorems in the form of commuting diagrams and the
explicit construction of a strictification GrT', a Gray-category, for a tricategory 7', much
less is known about the higher cells of tricategories.

In enriched category theory the basic object of interest is a category enriched in a
monoidal category. For enriched categories 4 and B, there are two basic notions of cells
between them: that of a functor F: 4 — B, and that of an enriched natural transfor-
mation between two such functors. Under suitable assumptions, these organize into an
enriched category themselves: the enriched functor category [A4, B]. Its underlying cat-
egory has objects the enriched functors between A4 and B and morphisms the enriched
natural transformations. For example, for enrichment in the category Set of small sets
with the cartesian product, an enriched category is a locally small ordinary category, and
the functor category consists exactly of the ordinary functors between such categories
and natural transformations. Hence, in three-dimensional category theory, there is the
well-understood concept of the functor Gray-category [A4, B] between Gray-categories 4
and B. By the definition of an enriched category, for two objects F,G in [A4, B], that
is, two Gray-functors F,G: A — B, we have a hom object [4, B](F,G) in the category
of enrichment Gray. Thus, [A4, BI(F,G) is a 2-category with objects the Gray-natural
transformations between F' and G, but there are also 1- and 2-cells in this 2-category,
and these constitute the higher cells between Gray-categories. By the definition of the
hom object of the enriched functor Gray-category in terms of an end—a basic form of a
limit in enriched category theory—each of these higher cells will consist of component
cells in the target Gray-category B and each of them will be subject to a naturality
condition in the form of an equation of cells in the target B cf. Corollary 1.5.

The weak notions of cells between Gray-categories arise if axioms are only enforced on
cells of the highest dimension, that is, on 2-cells in the hom 2-categories of the target,
which we call the 3-cells of the target Gray-category. We are in particular interested in
the case, where an equation of each kind of cell is replaced by the appropriate notion
of ’equivalence’ between such cells and where axioms are only allowed for 3-cells. Since
3-cells between two fixed 2-cells form a set, the only notion of ’equivalence’ is equality.
Hence, 3-cells will be subject to axioms. The higher cells between two fixed 1-cells form
a category, in which the appropriate notion of ’equivalence’ is an isomorphism. Finally,
the higher cells between two fixed objects form a 2-category—the hom object of the
category enriched in Gray. The notion of equivalence in a 2-category that we use is that
of an adjoint equivalence. Hence, an equation of 2-cells is replaced by an invertible 3-cell
subject to new axioms that have to be specified. An equation of 1-cells is replaced by an
adjoint equivalence 2-cell, but since equations of 2-cells are not allowed, further data in
the form of invertible 3-cells subject to yet new axioms has to be specified. If the axioms
of a Gray-category are themselves replaced in this fashion, one recovers the notion of a
cubical tricategory.



On the other hand, we have the definitions of weak higher cells between two tricate-
gories T and S. These are trihomomorphisms, tritransformations, trimodifications and
perturbations, which are defined in a similar fashion involving bicategories, pseudofunc-
tors, and the cartesian product instead of 2-categories, strict functors, and the Gray
product. One expects that these organize into a functor tricategory Tricat(T,S), but in
fact, the precise structure of this tricategory has yet only been described in special cases.
For example, Gurski [27, Th. 9.4] has shown that Tricat(T,S) forms a Gray-category if
the target S is a Gray-category. The question how this Gray-category compares to the
functor Gray-category if also T is a Gray-category is the content of the first chapter of
this thesis. In fact, even if T and S are Gray-categories, Tricat(T,S) is not the Gray-
category that one obtains by weakening the concept of the functor Gray-category as
described above. Rather, just as a weak Gray-category corresponds to a cubical tricate-
gory, a weak functor of Gray-categories or Gray homomorphism as we call it in Chapter
1, corresponds to a cubical trihomomorphism. The only difference between these two
notions of trihomomorphisms is that a Gray homomorphism A: T — S has as its ba-
sic data, just as a Gray-functor, a function on objects t — At, and strict hom functors
Ayt T(t,1) — S(At, AY'), where t,¢’ € obT; while for a trihomomorphism the hom func-
tors are allowed to be non-strict i.e. honest pseudofunctors. Apart from this difference
in objects, the weak notions of higher cells between Gray-categories coincide with the
tricategorical ones and thus form a full sub- Gray-category of Tricat(T, S) as we will show
in Chapter 1.

However, it is well-known [46] that not every pseudofunctor is equivalent to a strict
functor as we also show in the Example 0.1 in this introduction. This basic example
can in fact be extended to show that not every trihomomorphism is biequivalent to
a locally strict trihomomorphism cf. Ex. 2.2. Hence, even up to triequivalence, the
Gray-categorical notions fail to capture all of the functor tricategory Zricat(T,S). Since
the replacement of a tricategory by a triequivalent Gray-category is a basic form of
reasoning in three-dimensional category theory, the question arose whether this failure
might severely limit the applicability of this strategy. On the other hand, whenever
there is a comparison with an enriched context in higher-dimensional category theory,
one can often transport the enriched Yoneda lemma through the comparison to prove a
higher-categorical Yoneda lemma. Since the Yoneda lemma is a basic tool in category
theory, one wonders whether the comparison of the functor tricategory with the Gray-
categorical notions is, in spite of its shortcomings, good enough to allow for a proof of a
Yoneda lemma for tricategories. This is the ultimate goal of Chapter 2 of this thesis.

The final third Chapter is concerned with an application of the theory of Chapters 1
and 2 and was motivated by the desire to find a reformulation of the descent construction
of bundle gerbes from Nikolaus and Schweigert [61] in three-dimensional category theory.
To explain this desire a word on bundle gerbes and their physical motivation seems in
order.



PHYSICAL MOTIVATION

Hermitian line bundles with connection are a well-established mathematical formaliza-
tion for ordinary abelian gauge theories, in which the gauge field is described locally
by a l1-form. String theory and, more generally, two-dimensional sigma models lead to
gauge theories which involve locally defined 2-forms. The Kalb-Ramond field in string
theory is an example of such a 2-form. An interesting class of two-dimensional quantum
field theories or more specifically two-dimensional conformal field theories is given by
non-linear sigma models with Wess-Zumino term. The topological term in the action has
the mathematical interpretation of a surface holonomy assigned to a field ¥ — M of the
sigma model on a target manifold M. The appropriate and intrinsically local geometric
framework for this is given by bundle gerbes. These were introduced by Murray [58] as
an alternative geometric realization of classes in third integral cohomology H>(M,Z).

Bundles over a manifold M naturally form a category — morphisms are local gauge
transformations. Bundle gerbes turn out to be objects of a higher category, a bicategory.
In physical terms, 2-cells have been called gauge transformations of gauge transforma-
tions. In fact, whether bundle gerbes over a manifold form a 2-category or a bicategory
depends very much on their precise construction. This is where strictification enters the
picture. As we will see below, this has to do with the fact that transition functions
provide a strictification of the higher categorical structures borne by abelian principal
bundles.

Bundle gerbes, as objects in a higher category, are not in one-to-one correspondence
to classes in H>(M, Z); rather their bicategorical equivalence classes are classified by such
cohomology classes. The fact that H>(M,Z) is an abelian group, suggests that bundle
gerbes have even more structure than the one of a bicategory. Indeed, there is a tensor
product of bundle gerbes, and there is a dual bundle gerbe with respect to this tensor
product. One can rephrase this by saying that bundle gerbes over a manifold M form a
symmetric monoidal bicategory [29] with duality.

The theory of the final Chapter 3 of this thesis is concerned with the question how the
bicategorical structure of bundle gerbes arises locally. Locally means, in mathematical
terms, by descent. A proper understanding of locality by descent techniques requires
much more than the knowledge of the equivalence classes of objects. One needs a firm
control over the whole of the bicategorical structure of bundle gerbes and the way in
which this structure varies over different base manifolds. This is illustrated by examples
from physics, where 1- and 2-cells of bundle gerbes explicitly turn up.

e l-cells play an explicit role for D-branes i.e. for sigma models on surfaces with
boundary. Here, one needs the structure of a bundle gerbe G-module. This is an
equivalence 1-cell with a trivial bundle gerbe on the submanifold of the D-brane,
see [15].

e In fact, bundle gerbe modules were introduced to define a notion of bundle gerbe K-
theory, which is intimately linked to twisted K-theory with its various applications
in string theory (for example for D-brane charges), see [9].



e 2-cells play an explicit role for unoriented surface holonomy. On the geometric
side, a Jandl structure J on the bundle gerbe is needed. The definition of such a
Jandl structure includes a 2-cell isomorphism, see [76].

Initially, it took some efforts to unravel the right notion of equivalence of bundle
gerbes. The notion in [58] was too restrictive; it did not lead to a classification of
equivalence classes of bundle gerbes by H3>(X,Z). This was achieved with the notion
of stable isomorphism in [59], but only with the drawback that composition of such
isomorphisms was very cumbersome [71, p. 31-33].

The notions introduced in [77] and finally in [61], although giving rise to more 1-cells,
achieve the desired classification of equivalence classes, while horizontal composition of 1-
cells is transparent. In particular, the construction in [61] also shows that bundle gerbes
naturally form a higher categorical stack in the way in which they arise: Informally,
bundle gerbes may be glued together just as principal bundles may be glued together
from suitable local data. This ensures the local character of bundle gerbes as geometric
objects and, in applications to physics, locality of target space geometries.

To show that bundle gerbes are closed under descent, one needs control over the
bicategorical structure and in particular over the way in which this structure varies
with respect to maps of manifolds: Just as bundles may be pulled back, so there is a
pullback operation for bundle gerbes. More precisely, the construction of bundle gerbes
is a contravariant assignment of a bicategory to a manifold M. This is where three-
dimensional category theory enters the picture because such a structure corresponds to
a trihomomorphism into the tricategory of bicategories. The stack property of bundle
gerbes is formulated as a property of this trihomomorphism with respect to some class
of coverings of manifolds—such as for example open coverings. The construction of
bundle gerbes in terms of descent resembles the construction of a bundle from transition
functions in a higher categorical sense. Transition functions involve a cocyle condition
cf. (0.22). For bundle gerbes, which are of a higher categorical nature, the transition
functions are replaced by (adjoint) equivalences in a bicategory and the cocycle condition
is replaced by an invertible 2-cell subject to a new axiom cf. Lem. 3.5. At this point,
it becomes more complicate as coherence isomorphisms turn up. In fact, these make it
much harder to show that the resulting structures form a bicategory again and even more
so that they form a trihomomorphism into the tricategory of bicategories. Coherence
isomorphisms in particular have to be considered if bundle gerbes are defined with respect
to more general coverings than open coverings, namely surjective submersions. These
appear in important examples such as lifting bundle gerbes [58], [60] and the bundle
gerbes over compact connected simple Lie groups [20], [56]. However, pullback and fiber
product of surjective submersions as limits are necessarily non-strict. The fiber product,
for example, is just as non-associative and non-unital as the cartesian product is.

This was the starting point for the idea to tackle the problem from another direction by
searching for a genuinely three-dimensional construction, which builds in coherence iso-
morphisms automatically, and which manifestly gives rise to a trihomomorphism again.
The basic idea for this is to replace the bicategories of explicit descent data by bicat-
egories of tritransformations as we do in Chapter 3. In hindsight, it was noticed that
this also makes contact to Street’s approach to descent [75]. The central question ad-
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dressed in Chapter 3 is how these bicategories of tritransformations behave under the
strictification from Chapters 1 and 3. We now take a step back to illustrate the concept
of strictification in a simpler setting.

THE CONCEPT OF STRICTIFICATION

A particularly rich source of examples for coherence isomorphisms is given by struc-
tures that arise from a universal property. For example, the cartesian product X X Y of
two sets X and Y satisfies the universal property that for any set Z and any two functions
f:Z—> X and g: Z — Y, there is a unique function h: Z — X X Y such that mh = f
and mph = g, where 11: X XY — X and mp: Y XY — Y are the cartesian projections and
where composition is denoted by juxtaposition. From the uniqueness in the universal
property, one deduces that given three sets X, Y, Z, there must be an isomorphism

XXxY)XZ=Xx(YXZ), (0.1)

and that this isomorphism must be natural in X, Y, and Z. In this sense, the cartesian
product is associative up to the natural coherence isomorphism (0.1).

Many mathematical objects have an underlying set, and it is frequently the case that
the cartesian product of the underlying sets gives rise to a mathematical object of the
same kind and which fulfills a similar universal property in the given context. Sets and
functions organize into a category Set, and this phenomenon can often be described by
the existence of a forgetful functor

U:C— Set (0.2)

sending an object in the category C to its underlying set and which has the property
that it preserves products. A product in a category C is an example of the concept of a
limit, which is characterized by a universal property as above.

Limits are preserved by right adjoints, and it is indeed often the case that the forgetful
functor (0.2) has a left adjoint, which associates the ’free‘ object in C to a set X. For
example, this is the case when the category C is monadic over Set. In particular, the
monadicity ensures the existence of finite limits and thus for example of finite products.
Now in a category C with finite products the binary product is associative up to natural
isomorphism as in (0.1) as follows by an analogous argument. Thus the cartesian product
of sets underlies many mathematical contexts, in which natural coherence isomorphisms
asin (0.1) arise. Further well-known examples are given by the associativity and unitality
of the tensor product of vector spaces up to natural isomorphism and the tensor product
of principal bundles with abelian structure group, which takes a special, guiding position
for this thesis.

The idea that one could get rid of coherence isomorphisms by passing over to isomo-
morphism classes turns out to be a tempting misconception. The relevant categorical
notion to pass to isomorphism classes is that of a skeleton of a category, which is a
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full subcategory containing exactly one object in each isomorphism class’. Now by an
argument attributed to Isbell, the skeleton Sety of the category of small sets does not
have a strictly associative product, as we will now explain in more detail cf. MacLane
[55, VII.1., p. 160]. In fact, to get slightly ahead of our narrative, Sety cannot be given
the structure of a strict monoidal category such that the inclusion into Set is a monoidal
equivalence. First, Seto has a unique product? induced from the one in Set. Now the
denumerable set D in Sety i.e. the set in the isomorphism class of the set of natural
numbers N gives an example for which the natural coherence isomorphism

appp: (DXD)xD = Dx(Dx D) (0.3)

cannot be an identity in Seto. To see this, recall that there is an isomorphism NXN = N
of sets. In terms of the cartesian product, such an isomorphism is provided by the Cantor
pairing function 7: N X N — N defined by

1
n(n,m) = 5(n+m)(n+m+ D+n. (0.4)
By the definition of a skeleton, we must have
DxD=D (0.5)

in Setg. By the universal property of a product, there is a unique morphism g: D — D
such that

mg=1p and mg=1p, (0.6)

where 11: D — D and mp: D — D are the two projections of the product (0.5) in the
category Seto. The naturality of the coherence isomorphisms (0.3) in particular requires
that for three arbitrary morphisms f,g,h: D — D the following naturality condition
holds.

ap.p.p((f X g) xh)=(fX(gXxh)appp - (0.7)
Assuming that ap p p is the identity thus implies that
(Fx@xh=fx(@gxh). (0.8)

Now there clearly exist two functions j,k: N — N such that j # k. Since Setq is a full
subcategory of Set, this means that there are two morphisms j/,k’: D — D in Seto such
that j/ # k’. On the other hand, by definition of the product of morphisms and the
equality (0.8),

Jm=m(f x (K x1p)) = mi((j’ X k') x 1p) = (j x k")p1 (0.9)

'Being a full subcategory, a skeleton still contains all automorphisms of its objects.
2Here we mean a binary product in the sense of category theory. If Set, is to be monoidally equivalent
to Set, we have to define the tensor product in Sety to be this product induced from Set.
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and
(J XKy =m(Ip X (f xk)) =m((Ip x j)x k') =k'ny . (0.10)

Yet, together with (0.6) these equalities imply that j* = j/ X k" = k’, which is a contra-
diction.

MONOIDAL CATEGORIES

It follows that the notion of a skeleton gives no justification for ignoring the natural
isomorphisms (0.1) arising from binary cartesian products. Rather, the practice of ig-
noring such natural isomorphisms is justified by suitable coherence theorems. One way
of stating such a result is the assertion that the structure satisfying a property up to
a distinguished natural isomorphism is ’equivalent‘ to a structure where this property
holds strictly. To make this more precise, one has to give a framework formalizing the
appearance of such structures and giving a means to define an equivalence of these. One
such framework is provided by the concept of a monoidal category.
A monoidal category is a category M together with a functor

® MxM— M (0.11)

on the cartesian product of M with itself—called the tensor product—an object I € M—
called the unit—and three natural transformations ayxyz: X ®Y)®Z —» X® (Y ® Z),
Ii: I®X - X, ry: X®1 — X—=called the associators and unitors—which are subject to
the pentagon identity

(WeX)®Y)®Z -5 (WeX)®(Y®Z) — WX (Y®Z))

a®lh 11@(1

X®Y)®Z X®Y)®Z
WeXeY)® P Weo(XeY)®2) (0.12)

and the triangle identity

a

XeheYt

X®U®Y)
rel 18!

XY,
(0.13)

which we have here expressed as commutative diagrams. A monoidal category is said to
be strict if the natural transformations a, [, and r are identity natural transformations.

To give a notion of equivalence of monoidal categories, one first needs a means to
compare monoidal categories: A (strong) monoidal functor F: A — B between monoidal
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categories A and B is given by a functor of the underlying categories and natural iso-
morphisms with components

Fow: Fa®p Fa' — F(a®y a’) (0.14)
and
Fo: Ig— F(Ly) , (0.15)

which have to be appropriately compatible with associators and unitors. The isomor-
phisms in (0.14) and (0.15) are called the composition and unit constraints or coherence
isomorphisms of F respectively. The monoidal functor is said to be strict if the compo-
sition and unit constraints are given by identities.

Finally, there is the notion of a monoidal transformation o: F = G: A — B between
monoidal functors F and G. This consists of a natural transformation of the underlying
functors such that the components are compatible with the constraints (0.14) and (0.15).

A monoidal equivalence between monoidal categories A and B is given by monoidal
functors F: A — B, G: B — A and invertible monoidal transformations FG = 1 and
1A = GF.

The definition of a weak 2-category as introduced by Bénabou [2] with the notion of
a bicategory is a generalization of the concept of a monoidal category. A bicategory
is given by a set of objects and hom categories between pairs of such objects with
composition functors which resemble the tensor product (0.11) of a monoidal category.
In particular, a bicategory with one object is exactly a monoidal category. A monoidal
functor precisely corresponds to the notion of a pseudofunctor between bicategories, but
a monoidal transformation is a special kind of pseudonatural transformation: an icon
[48].

A strict bicategory, where all the coherence isomorphisms are identities, is called
a 2-category and corresponds to a category enriched the category Cat of small cate-
gories equipped with the cartesian product and the functor category as its internal hom.
Monoidal categories themselves form a 2-category MonCat with 1-cells functors and
2-cells monoidal transformations.

STRICTIFICATION OF MONOIDAL CATEGORIES

A choice of binary and nullary cartesian products in a category C with finite limits gives
rise to the structure of a monoidal category on C. Since the composite products are
again finite products, these satisfy associativity and unitality up to the unique isomor-
phisms determined by the universal property. In fact, by uniqueness, these isomorphisms
must be natural—they form the components of natural transformations, and again by
uniqueness, they satisfy the pentagon and triangle identity, and in fact any identity built
from them. This is a general phenomenon for monoidal categories: the pentagon and
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triangle identity (0.12) and (0.13) are enough?® to ensure that any diagram of coherence
isomorphisms i.e. a diagram built solely from associators and unitors commutes. This
is one form of MacLane’s famous coherence theorem for monoidal categories [54].

The other, closely related form of the coherence theorem is that any monoidal category
is monoidally equivalent to a strict monoidal category, cf. MacLane [55]. This general
strictification can be explicitly constructed, and as a concept it is opposite to the concept
of a skeleton. Instead of having possibly less objects, new objects are added in the
process of strictification, and in contrast to the skeleton, which is a full subcategory, M
is ’embedded’ in its strictification stM.

The strictification [32] stM of a monoidal category M is a strict monoidal category
with two monoidal functors e: stM — M and f: M — stM giving rise to a monoidal
equivalence such that

ef= Ly - (0.16)

An object of the monoidal category stM is a string of objects in M. The monoidal
functor e sends a string g, gm—1-...- g1 to the tensor product (...((g; *gm—1) * &m—2) *...) * g1
and the empty string 0 to the unit /. The set of morphisms between strings g and h
is defined by the set of morphisms M(e(g),e(h)) and e sends such a morphism to the
morphism of the same name between e(g) and e(h) in M. Composition of morphisms
is defined via composition in M. The tensor product is defined on objects by string
concatenation. On morphisms a: h — h’ and B: g — g’ in stM, the tensor product is
defined by use of the unique coherence isomorphisms arising from the coherence theorem:

elhg) = e(h) * e(g) —> e() * e(g) = e(l'g) . (0.17)

Uniqueness of the coherence isomorphisms implies that this prescription is suitably func-
torial to give a monoidal structure, and the coherence isomorphisms give e the structure
of a monoidal functor as required. The monoidal functor f: M — stM is defined by in-
cluding objects as length one strings and by sending a morphism to the morphism of the
same name in stM. The constraints of this functor are represented by identity morphisms
in M, but they are not identity cells in stM since source and target do not coincide. The
strictification of a monoidal category has an obvious extension to bicategories [27, 2.3].

STRICTIFICATION OF FUNCTORS

MacLane’s coherence theorem alone is not justification enough to just forget about coher-
ence isomorphisms at all. This becomes more evident when considering the strictification
of a monoidal functor. Notice that a monoidal functor can be strict even if the monoidal

3 In fact, MacLane [54] first came up with a redundant amount of axioms for a monoidal category as
Kelly [33] later showed when he determined the minimal amount of coherent axioms i.e. such that
MacLane’s coherence theorem still holds. A similar thing happens for trihomomorphisms, which are
subject to only two axioms corresponding to the pentagon and the triangle identity for a monoidal
category. This will be of importance in Chapter 1.
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categories in the domain and codomain are not strict. Hence, the question arises whether
a monoidal functor between monoidal categories A and B is isomorphic by an invertible
monoidal transformation to a strict monoidal functor between A and B.

However, this is not true even if source and target are strict monoidal categories as
we show in the following elementary example.

Example 0.1. Let I be the 2-category with one object x, a single nontrivial idempotent
endo-1-cell g of x, and only identity 2-cells: 1, and 1;,. Equivalently, this can be consid-
ered as a strict monoidal category with two objects: the unit object 1, and g such that
g*g = g. The monoidal functor f: I — st/ is clearly not isomorphic to a strict monoidal
functor: Indeed, the only idempotent in st/ is the empty string, which thus has to be the
image of g under a strict monoidal functor f’: I — stI. However, there is no 2-cell in st/
between the empty string () and the one-letter string f(g) as there is no 2-cell between
1, = e(®) and g = e(f(g)) in I. Hence, there can be no natural transformation between f
and f’ and thus certainly no monoidal isomorphism. Consequently, f: I — st/ is an ex-
ample of a monoidal functor between strict monoidal categories that is not (monoidally)
isomorphic to a strict monoidal functor.

Moreover, f is in fact also an example of a pseudofunctor of 2-categories that is not
equivalent to a strict functor i.e. a 2-functor f’: I — stI. Again, f’ has to send g to
the empty string 0. In this context, however, there are pseudonatural transformations
o: f = f’ with component g (or any string g-g-...- g of length greater or equal 1) and a
nontrivial naturality 2-cell g-g = g represented by the identity e(g-g) = g = e(g) in 1. It is
indeed not hard to see that this defines a pseudonatural transformation: The naturality
2-cell at 1, is determined by respect for units* to be the identity. Since there are only
identity 2-cells in I, naturality is trivial. Respect for composition is easily seen to hold
since [ is a 2-category—thus has trivial constraints—and since the condition involves only
identity 2-cells in /. Similarly, there are pseudonatural transformations o’: f’ = f, but
for any two such transformations, there can be no modifications o’ xo = 15, 1y = o' 0,
o0’ = 1p, and 1y = o * 0’ since these would all have to have components 2-cells
g:g...g=>0ord= g-g-..-g for strings of length greater or equal 2, but there are no
2-cellse(g-g-...-g) =g = 1y =e(®) in I and thus no such 2-cells in stl. Consequently, f
cannot be equivalent to a 2-functor.

The 2-category I considered here is also given as an example of a 2-category that is
not strictly biequivalent to any 2-category of the form stB in Gurski [27, Rem. 8.22].

On the other hand, it is true that any diagram in the target built from constraints of
the source, the target, and the monoidal functor commutes [32]. This corresponds to the
result that a monoidal functor can be meaningfully replaced by a strict monoidal functor
between the strictifications of the source and target monoidal categories cf. Joyal and
Street [32]. Namely, for a functor F: A — B as above, there is a strict monoidal functor

4We refer to the axioms of a pseudonatural transformation as naturality, respect for composition, and
respect for units.
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stF: stA — stB between the strictifications of A and B and there are two diagrams

StA L stB StA LF» stB
fa ‘ ‘fy and e ‘ lw ‘83 (0.18)
A—r B A—" B

such that the left hand diagram commutes, and the right hand diagram commutes up
to an invertible monoidal transformation w.

The strictification stF: stA — st of the monoidal functor F is defined on a length 1-
string in an object g of A by stF(f(g)) = f(F(g)). This definition is extended to arbitrary
strings by strictness. On a morphism @: g — & in stA, stF is defined by use of the unique
coherence isomorphisms arising from the coherence theorem for monoidal functors:

F(e(@))
e(F(g)) = F(e(g)) — F(e(h)) = e(F(h)) . (0.19)

It is easy to see that st is functorial on monoidal functors.

Finally, given a monoidal transformation o: F = G: A — B, one constructs a
monoidal transformation sto: stF = stG: stA — stB as follows. The component of
sto- at a string of objects g in stA is defined by use of the unique coherence isomorphisms
arising from coherence for F and G:

(sto)g: e(stF(g)) = F(e(g)) Y, Gle(g)) = e(stG(2)) - (0.20)

The strictification stA of a monoidal category also has another strictification property.
Any monoidal functor F: stA — B with B strict monoidal category is isomorphic by an
invertible monoidal transformation to a strict functor F’: stA — B. One can again easily
give an explicit definition of F’, but its existence also follows from (0.18), the obvious
fact that ep is a strict monoidal functor if B is strict, and (0.16). In fact one can show
that strictification provides a left 2-adjoint to the inclusion of the 2-category of strict
monoidal categories into the 2-category of monoidal categories and (0.16) corresponds
exactly to a triangle identity [28, 4.]. On the other hand, there is the notion of a free
strict monoidal category FyC on a category C. The strict monoidal category F;C has
again objects given by strings of objects in C and the morphisms are given by the
corresponding strings of morphisms in C. It is easy to see that the strict monoidal
functor e: stFyC — FC has strict monoidal equivalence-inverse. Note that this implies
by the above that any monoidal functor on a free strict monoidal category and with
target a strict monoidal category is isomorphic to a strict monoidal functor.

This is much like the strictification that we study in Chapter 2, where we show that the
codescent object of a free algebra—which corresponds to the strictification—is strictly
biequivalent to the free algebra itself.

We now want to give a short account of how one is naturally led to consider the
question of coherence for trihomomorphisms starting from the problem of coherence for
monoidal categories.
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THE MONOIDAL CATEGORY OF ABELIAN PRINCIPAL
BUNDLES

The monoidal category Buns(M) of principal bundles over some fixed manifold M for
an abelian structure group A is central for the definition of bundle gerbes. With respect
to strictification, it has in fact quite unusual properties. The morphisms of this category
are bundle maps, and the tensor product is given by the tensor product of principal A-
bundles. We shortly recall the definition of the contracted product and tensor product
of principal A-bundles:

Definition 0.1. Let P and P’ be two principal smooth A-bundles over a smooth manifold
M. The contracted product P X4 P’ of P and P’ is defined to be the cartesian product
P x P’ of P and P’ modulo the equivalence relation

(a.p,p") ~ (p,a.p’) (0.21)

where a € A and p,p’ € P,P’. It is straightforward to prove that the contracted product
P x4 P’ is locally trivial and gives rise to principal A-bundle again.

The tensor product P® P’ of P and P’ is defined as the pullback of Px4 P’ with respect
to the diagonal d: M — M X M.

Given choices of local trivializations, there is a monoidal equivalence from Bun(M)
to the strict monoidal category Bun’y(M) of principal A-bundles in terms of open cover-
ings and transition functions, which we now describe in more detail. An object of the
category Buny(M) is a principal A-bundle over M in terms of open coverings and tran-
sition functions, which consists of an open covering (U;) of the manifold M and smooth
functions 7;;: U;; — A on two-fold intersections U;; = U; N U; that satisfy the cocycle
condition on three fold intersections Ujj,

Tik = TjkTij » (0.22)

and where 1;; is the constant function at the identity.

A morphism in Bun,(M) is given by a common refinement (V}) and smooth functions
fi: Vk — A into the structure group that are compatible with the transition functions
on intersections. The composition of two such morphisms is given by the intersection of
the refinements and point-wise multiplication in the structure group. It is to be observed
that this composition is strictly associative and unital because so is intersection of open
coverings and multiplication in the structure group. Hence, principal bundles in terms
of open coverings and transition functions form a category.

In terms of open coverings and transition functions, the tensor product of two such
abelian principal bundles is given by the intersection of open coverings and the pointwise
product of transition functions in the structure group. For the definition of the tensor
product on morphisms note that the intersection (W;NW,,) of refinements (W;) and (W,,)
of open coverings (U;), (Vi) and (U)),(V},) is a refinement of the intersections (U; N U))
and (Vx N'V}). For the same reasons as for the composition of morphisms, the tensor
product is strictly associative and unital.
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It is well-known how to construct an ordinary principal A-bundle from one in terms
of transition functions as a quotient of the disjoint union

Zl’Ui X A (023)

with an equivalence relation determined by the transition functions. Moreover, a mor-
phism in Bun/,(M) gives rise to a bundle map between the principal bundles arising from
(0.23) and in fact gives rise to a strong monoidal functor

Bun'y(M) — Buns(M) (0.24)

as is easily verified from the construction (0.23) and the definition of the tensor products
of Buny(M) and Buns(M).

On the other hand, by choosing a local trivialization, an ordinary principal A-bundle
gives rise to one in terms of an open covering and transition functions. Moreover, a
bundle map between principal A-bundles with chosen local trivializations gives rise to a
morphism in Buny(M). Under the assumption that a local trivialization for any principal
A-bundle has been chosen, this process has the structure of a monoidal functor

Buna(M) — Bun)y(M) . (0.25)

The two functors (0.24) and (0.25) constitute a monoidal equivalence between Buns(M)
and Bun/;(M). Thus, transition function give rise to an explicit strictification Buny(M)
of the monoidal category of principal A-bundles, which is in fact quite close to the orig-
inal category. It shares some similarity with the general strictification of a monoidal
category insofar as there are again more objects than in the original monoidal cate-
gory of principal bundles. In fact, principal bundles with abelian structure group are
a symmetric monoidal category and the above gives a symmetric monoidal equivalence
with a strictly symmetric strict monoidal category. This is an unusual property since a
symmetric monoidal category is in general not equivalent to a strictly symmetric strict
monoidal category [64, Ex. 7.4].

THE PRESHEAF OF ABELIAN PRINCIPAL BUNDLES

Up to now the base of the bundles has been fixed. In fact, by pullback, principal bundles
give rise to a contravariant assignment of a monoidal category to a manifold. However,
since the pullback is only determined up to isomorphism, this does not give rise to an
ordinary functor Man — MonCat. Instead, monoidal transformations have to be taken
into account, which makes principal bundles into a pseudofunctor

Buny: Man™ — MonCat (0.26)

of 2-categories, where the category Man is considered as a locally discrete 2-category®.
On the other hand, open coverings and transition functions provide a pseudonatural

5Here and in the following, a ‘local’ property means a property of all hom objects. Hence, locally
discrete means that all hom categories of the 2-category are discrete categories. In other words, Man
has only trivial 2-cells.
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transformation to a strict functor
Bun'y: Man® — MonCat . (0.27)

Since the components of this pseudonatural transformation are equivalences, this is in
fact an equivalence with a strict functor in the 2-category

Bicat(Man’®, MonCat) (0.28)

of pseudofunctors from the 2-category Man to the 2-category MonCat, pseudonatural
transformations of such functors, and modifications of such transformations. Recall from
Ex. 0.1 that such a strictification does in general not exist.

TWO-DIMENSIONAL MONAD THEORY

However, if we restrict to a small subcategory of Man, this fits into a coherence result
from two-dimensional monad theory proving that an arbitrary non-strict functor between
a small 2-category P and a cocomplete 2-category L is equivalent to a 2-functor cf. Power
[63]. In particular, higher dimensional monad theory provides a well-developed general
framework, in which to address the question of strictification.

A 2-monad on a 2-category M, just as an ordinary monad, is given by a 2-functor
T: M — M and two 2-natural transformations u: 7> = T and n: 1y = T subject to
the following axioms in terms of commutative diagrams:

Tu

73— 717 T T2 T
yTh hﬂ \ﬂh / (0.29)
Y T .

An algebra for a 2-monad is given by an object A of M and a l-cell a: TA — A such
that the following equations of 1-cells hold:

aTa=aup: T?’A > A and aga=14: A>A. (0.30)

Similarly, there are the notions of 1- and 2-cells between such algebras involving 1- and
2-cells in M subject to axioms on 1- and 2-cells respectively. Indeed, algebras for T
organize into a 2-category T-Alg, with a forgetful functor

U: T-Alg, > M . (0.31)

However, in a 2-category we can replace the axioms (0.30) for algebras and 1-cells by in-
vertible 2-cells subject to new coherence axioms cf. [44]. The resulting notions of pseudo
algebras and pseudo algebra 1-cells give rise to a 2-category T-Alg and an inclusion

i: T-Alg, —» T-Alg . (0.32)
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The idea to study coherence and strictification in terms of the 2-categorical properties of
this inclusion has been championed in [4]. In particular, one asks under which conditions
there exists a left 2-adjoint

L: T-Alg — T-Alg, (0.33)

to the inclusion (0.32) and if so whether the unit of the adjunction is an equivalence.

Lack [44] has given an elegant treatment of this situation using the concept of a
codescent object, which is a certain 2-categorical limit. Under suitable assumptions on
the existence of these colimits and their preservation, the codescent object gives rise to
a left adjoint as in (0.32).

For example, this applies to monoidal categories as we have illustrated above. On
the other hand, for a small 2-category P and a cocomplete 2-category L, the functor
2-category [P, L] is the 2-category of algebras for a 2-monad, and T-Alg corresponds to
the 2-category Bicat(P, L) of pseudofunctors, pseudonatural transformations, and mod-
ifications. In this case the left adjoint L exists and the unit of the adjunction is an
equivalence. In Chapter 1, we analyze the three-dimensional counterpart of this situa-
tion.

THREE-DIMENSIONAL MONAD THEORY

Three-dimensional monad theory is the study of Gray-monads and their different kinds
of algebras. The general coherence theory of Gray-monads has been developed by Power
[65]. Pseudo algebras and codescent objects in the three-dimensional context have later
been introduced by Gurski [27, III] leading to a similar coherence theorem as the one
proved by Lack [44] in the 2-dimensional context.

The concept of a codescent object and the resulting coherence theorem underlie the
first Chapter of this thesis. As a consequence of the general theory of enriched monad
theory, the Gray-functor category [P, L] is the category of algebras for a Gray-monad over
[ob®P, L]. In the first Chapter, we identify the Gray-category of pseudo algebras for this
Gray-monad with the Gray-category of locally strict trihomomorphisms Zricati (P, L).
The concept of a codescent object turns up again in Chapter 2, where we concentrate
on the special case of the codescent object of a strict codescent diagram to analyze the
codescent object of a free algebra for a Gray-monad. Finally, in Chapter 3, we analyze the
codescent object of the weight of the three-dimensional descent construction introduced
ibidem.

We end this introduction with a word on the general strategy that we adopt with
regards to the application of three-dimensional monad theory to the theory of tricate-
gories. The identification of the Gray-category Ps-T-Alg that we present in Chapter 1 is
an explicit identification of pseudo algebras, their cells, and the Gray-category structure
rather than the application of a recognition theorem such as Beck’s monadicity theorem.
On the one hand, the reason for this is that we do not have at hand a recognition theo-
rem in three-dimensional monad theory, which would allow to identify the Gray-category
of pseudo algebras. In two-dimensional monad theory a recognition theorem going into
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this direction has been provided by Bourke [8, Th. 25|, though it only applies to strict
algebras. However, the extension to Gray-monads and pseudo algebras seems nontrivial.

On the other hand, to apply a recognition theorem, one certainly will have to verify
properties of the forgetful Gray-functor

Tricatis(‘P, L) — [obP, L] (0.34)

such as the question if it reflects internal biequivalences. However, the verification of
such properties is usually nontrivial in the three-dimensional context. For example, the
reflection of internal biequivalences in (0.34) means that a tritransformation of locally
strict trihomomorphisms P — L is a biequivalence in Tricat; (P, L) if its components
are biequivalences in £. Since there is no coherence theorem for tritransformations, the
verification of such properties quickly becomes cumbersome.

Our explicit identification of the Gray-category Ps-T-Alg with Tricati(‘P, L) allows us
to deduce such properties from three-dimensional monad theory. Namely, for a Gray-
monad T on X, the forgetful functor

U: Ps-T-Alg —» X, (0.35)

reflects internal biequivalences cf. Gurski [27, Lem. 15.11], and hence so must (0.34).
We use this property in Proposition A.16 to extend this result to the full functor Gray-
category Tricat(P, L).

Similarly, in 2.2, we prove a Yoneda lemma for Gray-categories and locally strict
trihomomorphisms via the identification of pseudo algebras from Chapter 1 and the
Gray-enriched Yoneda lemma.

We now give a summary of the results, and a detailed outline of each of the three
chapters and the appendix afterwards.
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SUMMARY OF RESULTS

In Chapter 1, we introduce new notions of homomorphisms between Gray-categories
cf. (1.5.1). Conceptually, they can be described as functors between categories enriched
in the monoidal tricategory Gray i.e. between cubical tricategories restricted to the
case that the domain ? and the codomain L are Gray-categories. For small P and
cocomplete L, we show that the resulting Gray-category Gray(?, L) can be identified
with the Gray-category Ps-T-Alg of pseudo algebras for the Gray-monad T on [ob?P, L]
given by left Kan extension on the one hand, and with the Gray-category Zricati(‘P, L)
of locally-strict trihomomorphisms on the other hand. This comparison depends on two
purely enriched identities for tensor products that we prove in Lemmata 1.11 and 1.12
in 1.3.3; and the observation that two axioms in the definition of a pseudo algebra for a
Gray-monad are redundant cf. Proposition 1.3, which is reminiscent of Kelly’s proof that
two axioms in the definition of a monoidal category [33] are redundant. We then employ
the coherence theory of three-dimensional monad theory, to prove the existence of a left
Gray-adjoint to the inclusion [P, L] — Tricati (P, L) into the Gray-category of locally
strict trihomomorphisms, tritransformations, trimodifications, and perturbations such
that the components of the unit of this adjunction are internal biequivalences. As an
application, we prove that a locally strict trihomomorphism from a small Gray-category
to the Gray-category Gray of 2-categories, strict functors, pseudonatural transformations,
and modifications is biequivalent to a Gray-functor. We also provide a counterexample
in Example 1.1, which shows that the condition of local strictness cannot be dropped.

In Chapter 2, we collect various intermediate results, which culminate in a Yoneda
lemma for tricategories cf. Theorem 2.12 in 2.6. The Yoneda lemma for tricategories
is proved via the Gray-enriched Yoneda lemma, and further depends on the coherence
theory from Chapter 1 and on the results presented in Appendix A. The intermediate
results are of independent interest and include Theorem 2.1 about the preservation
of free algebras up to strict biequivalence under the left adjoint L given on pseudo
algebras by taking the codescent object of the associated codescent diagram; a Yoneda
lemma for Gray-categories and locally strict trihomomorphisms proved in Theorem 2.3 in
2.3; Theorem 2.5 in 2.3 about invariance of trihomomorphisms between Gray-categories
under change of local functors; and Theorems 2.7-2.11 in 2.4 and 2.5, where we prove a
comparison of representables under pseudo-icon biequivalences of tricategories and under
"change of base® with respect to the strictification functor st: Bicat — Gray.

In Chapter 3, we introduce a new three-dimensional descent construction as a simple
tricategorical limit. We show that this construction is equivalent under strictification
to the descent construction given in [61]. To do so, we have to identify the latter with
a Gray-enriched limit given by 2-categories of Gray-natural transformations. We then
identify the weight of this simple limit as the codescent object of the weight of the
tricategorical limit.

Finally, new results on functor tricategories are collected in Appendix A. In particular,
we give an account of whiskering on the right in case that the target is a Gray-category
and some partial results about whiskering on the left, which allow to give the bicategory
enriched graph Tricat(T, Bicat) the structure of a tricategory via transport of structure
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cf. Theorem A.4. Specifically, we show in Theorem A.9 that whiskering on the right
with a trihomomorphism that is part of a triequivalence gives rise to a triequivalence of
functor tricategories.

OUTLINE

Chapter 1: Trihomomorphisms as pseudo algebras.

In the first chapter we show how under suitable conditions on domain and codomain
the locally strict trihomomorphisms between Gray-categories P and L correspond to
pseudo algebras for a Gray-monad T on the functor Gray-category [ob®P, L], where ob?
is considered as a discrete Gray-category. The conditions are that the domain P is a
small and that the codomain L is a cocomplete Gray-category. In fact, we prove that
the Gray-categories Ps-T-Alg and Tricatis(P, L) are isomorphic as Gray-categories, which
extends the local result mentioned in [65, Ex. 3.5]. On the other hand, the Eilenberg-
Moore object [ob®, L]T for this monad is given by the functor Gray-category [P, L], and
there is an obvious inclusion of [P, L] into Ps-T-Alg. The relation of these two Gray-
categories was studied locally by Power [65] and by Gurski using codescent objects [27].
We readily show that a corollary of Gurski’s central coherence theorem [27, Th. 15.13]
applies to the Gray-monad on [ob®P, L]: The inclusion of the Eilenberg-Moore object
[ob®, L]T into the Gray-category Ps-T-Alg of pseudo T-algebras has a left adjoint such
that the components of the unit of this adjunction are internal biequivalences.

The unique Gray-functor H: ob? — P which is the identity on objects, induces a
Gray-functor [H,1]: [P, L] — [obP, L] of functor Gray-categories, which is given on
objects by precomposition with H. This functor sends any cell of [P, L] such as a Gray-
functor or a Gray-natural transformation to its family of values and components in L
respectively. By the theorem of Kan adjoints, left Kan extension Lang along H provides
a left adjoint to [H, 1], and T is the Gray-monad corresponding to this adjunction. This
is all as in the 2-dimensional context, and the story is then usually told as follows:
The enriched Beck’s monadicity theorem shows that [H,1]: [P, L] — [obP, L] is strictly
monadic. That is, the Eilenberg-Moore object [ob®, L]T is isomorphic to the functor
category [P, L] such that the forgetful functor factorizes through this isomorphism and
[H,1]. On the other hand, the monad has an obvious explicit description. Namely, by
the description of the left Kan extension in terms of tensor products and coends we must
have:

Pcob®P
(TA)Q = f P(P,Q)® AP (0.36)

where A is a Gray-functor ob? — L and where Q is an object of . The tensor product
is a simple weighted colimit. For enrichment in a general symmetric monoidal closed
category v/, it is characterized by an appropriately natural isomorphism in ¥:

L(P(P,Q)®AP,AQ) = [P(P,Q), LIAP,AQ)] , (0.37)
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where [—, —] denotes the internal hom of 9. Thus, in the case of enrichment in Gray,
(0.37) is an isomorphism of 2-categories. In fact, the tensor product gives rise to a
Gray-adjunction, and its hom Gray-adjunction is given by (0.37).

To achieve the promised identification of Ps-T-Alg with Tricats(P, L), we have to de-
termine how the data and Gray-category structure of Ps-T-Alg transforms under the
adjunction of the tensor product. Doing so, one notices that the identification of the
Eilenberg-Moore object with the functor Gray-category is a mere byproduct. For ex-
ample, an object of [ob®P, L]T is an algebra for the monad T. The definition of such an
algebra is just as for an ordinary monad. Thus, it consists of a 1-cell a: TA — A subject
to two algebra axioms. According to the expression (0.36), the Gray-natural transforma-
tion a is determined by components apg: P(P, Q) ® AP — AQ. These are objects in the
2-category L(P(P,Q)® AP,AQ) . The internal hom of Gray is given by the 2-category
of strict functors, pseudonatural transformations, and modifications. Thus apg corre-
sponds under the hom adjunction (0.37) to a strict functor Apg: P(P,Q) — L(AP,AQ),
and the axioms of an algebra imply that this gives A the structure of a Gray-functor
P L.

Given a Gray-monad on a Gray-category X, the notions of pseudo algebras, pseudo
functors, transformations, and modifications are all given by cell data of the Gray-
category K. In the case that K = [obP, L], this means that the data consists of families
of cells in the target L. Parts of these data transform under the adjunction of the tensor
product into families of cells in the internal hom, that is, families of strict functors of
2-categories, pseudonatural transformations of those, and modifications of those. This
already shows that we only have a chance to recover locally strict trihomomorphisms from
pseudo algebras because a general trihomomorphism might consist of nonstrict functors
of 2-categories, which is in contrast to the two-dimensional context where pseudo algebras
correspond precisely to pseudofunctors of 2-categories.

We now give a short overview of how Chapter 1 is organized. In Section 1.1, we
describe the symmetric monoidal closed category Gray and extend some elementary
results on the correspondence of cubical functors and strict functors on Gray products.

In Section 1.2, we reproduce Gurski’s definition of Ps-T-Alg and prove that two lax
algebra axioms are redundant for a pseudo algebra.

In Section 1.3, we introduce the monad T on [obP, L] in 1.3.1 and describe it explicitly
in 1.3.2. In 1.3.3 we expand on tensor products and derive the two technical Lemmata
1.11 and 1.12, which play a critical role in the bulk of our calculations.

In Section 1.4, we explicitly identify the Eilenberg-Moore object [ob®, £]7 in the gen-
eral situation where 7 is a complete and cocomplete locally small symmetric monoidal
closed category. Instead of appealing to Beck’s enriched monadicity theorem, we provide
an explicit identification in accordance with the general strategy adopted in Chapter 1.

In Section 1.5, we establish the identification of Ps-T-Alg and Zricat;s(P, L), on which
we now comment in more detail. To characterize how Ps-T-Alg transforms under the
adjunction of the tensor product, in 1.5.1 we introduce the notion of homomorphisms
of Gray-categories, Gray transformations, Gray modifications, and Gray perturbations.
With the help of Lemmata 1.11 and 1.12 from 1.3.3, these are seen to be exactly the
transforms of pseudo algebras, pseudo functors, transformations, and modifications re-
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spectively. This also equips the Gray data with the structure of a Gray-category.

Elementary observations in 1.5.3 then give that a homomorphism of Gray-categories
is the same thing as a locally strict trihomomorphism, much like a Gray-category is the
same thing as a strict, cubical tricategory. Similarly, the notion of a Gray transfor-
mation corresponds exactly to a tritransformation between locally strict functors, and
Gray modifications and perturbations correspond exactly to trimodifications and pertur-
bations of those. This follows from the general correspondence, mediated by Theorem
1.2 from 1.1.4, of data for the cubical composition functor and the cartesian product
on the one hand and data for the composition law of the Gray-category and the Gray
product on the other hand. The only thing left to check is that the axioms correspond
to each other. Namely, the Gray notions being the transforms of the pseudo notions of
three-dimensional monad theory, the axioms are equations of modifications, while the
axioms for the tricategorical constructions are equations involving the components of
modifications. That these coincide is mostly straightforward, less transparent is only
the comparison of interchange cells. Gurski’s coherence theorem then gives that the
inclusion of the full sub-Gray-category of Tricat(P, L) determined by the locally strict
functors, denoted by Tricat;(P, L), into the functor Gray-category [P, L] has a left ad-
joint and the components of the unit of this adjunction are internal biequivalences. As
a corollary, we show that in this situation any locally strict trihomomorphism P — L is
biequivalent to a Gray-functor in Tricatis(P, L). Finally, in Example 1.1, we show that
the latter assertion is not true if one drops the assumption of local strictness: In the
case of L = Gray, we provide a counterexample with a small Gray-category D and a
trihomomorphism 2 — Gray that is not locally strict and that is not biequivalent to a
Gray-functor D — Gray.

Chapter 2: A Yoneda lemma for tricategories.

In the second chapter we provide a proof of a Yoneda lemma for tricategories via the
Gray-enriched Yoneda lemma and strictification of the Gray-category of locally strict
trihomomorphisms as developed in Chapter 1. Given a trihomomorphism PP — Bicat
on a tricategory P, the Yoneda lemma for tricategories states that there are natural
biequivalences:

Tricat(P°P, Bicat)(P(—, P),A-) = AP . (0.38)

It is well known that we can replace a tricategory P by a triequivalent Gray-category,
and Bicat is triequivalent to a full sub-Gray-category Gray' of Gray via strictification
st: Bicat — Gray[27], [46, Rem. 3]. These replacements give rise to triequivalences of
functor tricategories as we show in Appendix A. To apply the Gray-enriched Yoneda
lemma, we first have to show that the transform of the representable P(—, P) under the
replacements is suitably biequivalent to a representable of P’. Second, we have to show
that the transform of A is suitably biequivalent to a Gray-functor.

The latter leads us to the first obstacle on the path of a proof of the Yoneda lemma:
our coherence result from three-dimensional monad theory only applies to locally strict
trihomomorphisms. We show that the transform of A is biequivalent to a locally strict
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trihomomorphism if the correct replacement P of P is chosen: this is the Gray-category
obtained by first replacing P by the cubical tricategory stP which is locally given by
the strictification of bicategories [27], and then by the image of stP under the cubical
Yoneda embedding [27], which is locally strict with locally strict triequivalence-inverse.
Since the strictification of bicategories is left adjoint to the inclusion, the resulting local
functors on stP are equivalent to strict functors. Since the cubical Yoneda embedding
and its inverse on its image are locally strict, we are given a trihomomorphism between
Gray-categories for which each local functor is equivalent to a strict functor. By general
principles, the definition of a trihomomorphism should be invariant under change of local
functors. We present a proof of this in the given situation that domain and codomain
are Gray-categories. Thus the given trihomomorphism can be replaced by a biequivalent
locally strict trihomomorphism, which since the unit of the adjunction L 4 i from Chapter
1 is a biequivalence, can in turn be replaced by a biequivalent Gray-functor.

The comparison of the representables of P and P’ is of a different nature. Concep-
tually, this involves two results about enrichment in monoidal tricategories. First a
comparison of representables under change of base with respect to the monoidal strictifi-
cation functor st: Bicat — Gray, and a comparison of representables under the triequiv-
alences corresponding to the enrichment. We give proofs of these results in the specific
situation. The comparison under change of base with respect to the strictification st
can be proved by reference to coherence for the tricategory P although this necessarily
involves some deeper analysis of functor tricategories cf. Appendix A. The comparison
of representables under the triequivalence induced from the cubical Yoneda embedding
y, proceeds mainly by reference to coherence for the weak inverse w of y. However, to
make this comparison sufficiently natural by a coherence argument, we would have to
refer to coherence for the triequivalence. Conceptually, this would follow from coherence
for a tetrahomomorphism. Yet, since the cubical Yoneda embedding is bijective-on-
objects, the resulting triequivalence is actually a biequivalence in the tricategory Tricat
of cubical tricategories [18], and one can prove naturality in this situation by substantial
calculation. Finally, we are in the situation to apply the hom Gray-adjunction from
Chapter 1, but before the Gray-enriched Yoneda lemma can be applied, we have to com-
pare LP’(—, P) with a representable. Since the representable P’(—, P) is in fact a free
algebra for the monad on [ob®P’P, Gray], we appeal to the following result established in
Chapter 2: Given a Gray-monad T on a Gray-category K and A € ob%, the codescent
object of the codescent diagram associated to the free algebra TA is biequivalent to TA
itself.

Chapter 2 is organized as follows.

In Section 2.1 we introduce the codescent object of a strict codescent diagram. In
Section 2.1.1 we prove that the codescent object preserves free algebras up to strict
biequivalence.

In Section 2.2 we provide a Yoneda lemma for Gray-categories and locally strict tri-
homomorphisms.

In Section 2.3 we prove the change of local functors theorem.

In Sections 2.4-2.5 we provide the comparisons of representables.

Finally, in Section 2.6 we state and prove the Yoneda lemma for tricategories.
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Chapter 3: A three-dimensional descent construction.

In the third chapter we give a new definition of the descent construction for a triho-
momorphism

X: C°®° - Bicat , (0.39)

where C is a small category considered as a locally discrete tricategory, and where Bicat
is the tricategory of bicategories. Such a trihomomorphism has been called a presheaf in
bicategories in Nikolaus and Schweigert [61]. The descent construction for X is another
such trihomomorphism

Desc(¥): [AY,CI® — Gray . (0.40)

Rather than by an explicit definition in terms of descent data, we define (0.40) by a
tricategorical limit given by bicategories of tritransformations. The main question that
we are then concerned with is how this new definition relates to the descent construction
from Nikolaus and Schweigert [61]. This requires an analysis of the codescent object of
the weight of the tricategorical limit. In the end, we are able to identify the strictification
of the three-dimensional descent construction with the one from Nikolaus and Schweigert
[61]. Chapter 3 is organized as follows.

In Section 3, we introduce the three-dimensional descent construction in Definition
3.1.

In Section 3.1 we analyze how the descent construction behaves under strictification
and thus propose a descent construction for Gray-functors.

Section 3.3 contains the central result of Chapter 3: in Theorem 3.1 we explicitly
identify the weight of the descent construction for Gray-functors with the codescent
object of the weight for the general descent construction

In Section 3.4, we can then easily identify the descent construction for Gray-functors
with the descent construction from Nikolaus and Schweigert [61].

Finally, in Section 3.5, we give an outlook on how one might use these results to
construct the stackification of a trihomomorphism with values in bicategories.
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Chapter 1

Homomorphisms of
Gray-categories as pseudo
algebras

1.1 PRELIMINARIES

We assume familiarity with enriched category theory. Regarding enriched category
theory, we stay notationally close to Kelly’s book [38], from which we shall cite freely.
We also assume a fair amount of bicategory theory, see for example [2] or the short
[61]. The appropriate references for tricategories are the memoir by Gordon, Power, and
Street [21], Gurski’s thesis [24], and his later book [27]. Since this is also our primary
reference for three-dimensional monad theory, we will usually cite from [27]. In partic-
ular, we use the same letters as in [27] to denote the adjoint equivalences and invertible
modifications of the tricategorical definitions. The tricategories considered in the first
chapter are all Gray-categories, and we will describe them in terms of enriched notions
to the extent possible. We do supply definitions in terms of enriched notions that corre-
spond precisely to locally strict trihomomorphisms, tritransformations, trimodifications,
and perturbations, but in describing this correspondence we assume knowledge of the
tricategorical definitions.

Only basic knowledge of the general theory of monads in a 2-category is required cf.
[73]. For monads in enriched category theory see also [14].

1.1.1 Conventions

Horizontal composition in a bicategory is generally denoted by the symbol *, while ver-
tical composition is denoted by the symbol ¢. We use the term functor or pseudofunctor
for what is elsewhere called weak functor or homomorphism of bicategories and shall
indicate whether the functor is strict where it is not clear from context. By an iso-
morphism we always mean an honest isomorphism, e.g. an isomorphism on objects and
hom objects in enriched category theory. The symbol ® is reserved both for a monoidal
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structure and tensor products in the sense of enriched category theory. If not otherwise
stated, ¥ denotes a locally small symmetric monoidal closed category with monoidal
structure ®; associators and unitors a,/, and r; internal hom [—, —]; unit d and counit
or evaluation e. We shall usually use the prefix V- to emphasize when the ¥-enriched
notions are meant, although this is occasionally dropped where it would otherwise seem
overly redundant. The composition law of a V-category X is denoted by Mg. The unit
at the object K € K is denoted by jgx or occasionally 1k, for example when it shall be
emphasized that it is also the unit at K in the underlying category %p. The identification
of M(I,[X,Y]) and ¥(X,Y) induced from the closed structure for objects X,Y € V of V
is to be understood and usually implicit. We use the terms weighted limit and weighted
colimit for what is elsewhere also called indexed limit and indexed colimit!. The con-
cepts of ordinary and extraordinary ¥-naturality cf. [38, Ch. 1] and the corresponding
composition calculus are to be understood, and we freely use the underlying ordinary
and extraordinary naturality too.

Composition in a monoidal category is generally denoted by juxtaposition. Compo-
sition of ¥-functors is in general also denoted by juxtaposition. For cells of a Gray-
category, juxtaposition is used as shorthand for the application of its composition law.

1.1.2 The category 2(Cat

Let Cat denote the category of small categories and functors. It is well-known that Cat
is complete and cocomplete: it clearly has products and equalizers, thus is complete.
Coproducts are given by disjoint union, and there is a construction for coequalizers in
[22, 1,1.3, p. 25]. In fact, the same strategy applies to the category of V-enriched
categories and V/-functors in general, where ¥ is a complete and cocomplete symmetric
monoidal closed category, see [78] and [3, Th. 7] for a full proof. Products are given by
the cartesian product of the object sets and the cartesian product of the hom objects.
Equalizers of V-functors are given by the equalizer of the maps on objects and the
equalizer of the hom morphisms. Coproducts are given by the coproduct of the object
sets i.e. the disjoint union and by the original hom object or the initial object in V.
The construction of coequalizers in [22, 1,1.3, p. 25] can be transferred to this context,
see also [3, Prop. 5]. In particular, the category 2Cat of small 2-categories and strict
functors is complete and cocomplete.

1.1.3 The symmetric monoidal closed category Gray

We now describe the symmetric monoidal closed category in which we will usually enrich.
Its underlying category is 2Cat, which has a symmetric monoidal closed structure given
by the Gray product. We only provide a brief description of the Gray product here. For
details, the reader is referred to [27, 3.1, p. 36ff.] and to [22, 1,4.9, p. 73ff.] for a lax
variant. We always use the former strong variant of the Gray product in the following.

In particular in Kelly [38].
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The Gray product of 2-categories X and Y is a 2-category denoted by X ® Y, which
can be characterized as follows cf. [27, 3.4]. Considering the sets of objects obX and
obY as discrete 2-categories, we denote by X O Y the pushout in 2Cat of the diagram
below, where X denotes the cartesian product of 2-categories, and where the morphisms
are given by products of the inclusions obX — X and obY — Y and identity functors
respectively.

obX x obY X X obY

(1.1)

obX XY

By the universal property of the pushout, the products of the inclusions and identity
functors, obX XY — XX Y and X XobY — X XY, induce a strict functor j: XOY —» XXY.

It is well-known that there is an orthogonal factorization system on 2Cat with left
class the strict functors which are bijective on objects and 1-cells and right class the
strict functors which are locally fully faithful, see for example[27, Corr. 3.20, p. 51].
The Gray product X ® Y may be characterized by factorizing j with respect to this
factorization system. More precisely, X ® Y is uniquely characterized (up to unique
isomorphism in 2Cat) by the fact that there is a strict functor m: X0OY — X ® Y which
is an isomorphism on the underlying categories i.e. bijective on objects and 1-cells and
a strict functor i: X ® Y — X X Y which is locally fully faithful such that j = im.

There is an obvious explicit description of X ® Y in terms of generators and relations,
which can be used to construct a functor ®: 2Cat x 2Cat — 2Cat. Clearly, X ® Y
has the same objects as X X Y, and we have the images of the 1-cells and 2-cells from
X xobY and obX X Y, for which we use the same name in X®Y. That is, there are 1-cells
(f,1: (A,B) > (A’,B) for 1-cells f: A —» A’ in X and objects B in Y, and there are 1-cells
(1,2): (A,B) - (A, B’) for objects A in X and 1-cells g: B — B in Y. All 1-cells in X®Y are
up to the obvious relations generated by horizontal strings of those 1-cells, the identity
1-cell being (1, 1). Apart from the obvious 2-cells (o, 1): (f,1) = (f’,1): (A,B) —> (A’, B)
and (1,8): (1,g2) = (1,¢"): (A,B) — (A, B’), there must be unique invertible interchange
2-cells Zro: (f,1)=(1,8) = (1,8 *(f, 1) mapping to the identity of (f, g) under j because
the latter is fully faithful—domain and codomain cleary both map to (f,g) under j.
In particular, by uniqueness i.e. because j is locally fully faithful, these must be the
identity if either f or g is the identity. There are various relations on horizontal and
vertical composites of those cells, all rather obvious from the characterization above.
We omit those as well as the details how equivalence classes and horizontal and vertical
composition are defined.

For functors F: X —» X’ and G: Y — Y’, it is not hard to give a functorial definition
of the functor FG: X®Y — X' ® Y. We confine ourselves with the observation that
on interchange 2-cells,

(F ® G)a,B)a'B)Zfg) = ZF, 0 (/)Gpp(e) - (1.2)
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From the characterization above it is then clear how to define associators and unitors
for ® We only mention here that

aZre, 1) = Zp g (1.3)
and

a1, = Zrn (1.4)
and

aXa.gn) = (1,Zgn) (1.5)

We omit the details that this gives a monoidal structure on 2Cat (pentagon and
triangle identity follow from pentagon and triangle identity for the cartesian product
and 0O).

There is an obvious symmetry ¢ for the Gray product, which on interchange cells is
given by

c(Zre) =2 - (1.6)

As for any two bicategories (by all means for small domain), there is a functor bicat-
egory Bicat(X,Y) given by functors of bicategories, pseudonatural transformations, and
modifications. As the codomain Y is a 2-category, this is in fact again a 2-category. We
denote by [X, Y] the full sub-2-category of Bicat(X,Y) given by the strict functors. One
can show that this gives 2Cat the structure of a symmetric monoidal closed category
with internal hom [X, Y]:

Theorem 1.1. /27, Th. 3.16] The category 2Cat of small 2-categories and strict functors
has the structure of a symmetric monoidal closed category. As such, it is referred to as
Gray. The monoidal structure is given by the Gray product and the terminal 2-category
as the unit object, the internal hom is given by the functor 2-category of strict functors,
pseudonatural transformations, and modifications.

Remark 1.1. In fact, we will not have to specify the closed structure of Gray apart from
the fact that its evaluation is (partly) given by taking components. This is because our
ultimate goal is to compare definitions from three-dimensional i.e. Gray-enriched monad
theory to definitions from the theory of tricategories, and we do so in the case where all
tricategories are in fact Gray-categories, that is, equivalently, strict, cubical tricategories.
These definitions will only formally involve the cubical composition functor, which relates
to the composition law of the Gray-category — we will usually not have to specify the
composition. Of course, one can explicitly identify the enriched notions, and then there
are alternative explicit arguments. However, we think that the formal argumentation
is more adequate. The closed structure is worked out in [27, 3.3], and the enriched
notions usually turn out to be just as one would expect. We spell out a few explicit
prescriptions below the following lemma, but in fact we just need a few consequences of
these, for example equation (1.8) below.
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Next recall that a locally small symmetric monoidal closed category % can be con-
sidered as a category enriched in itself i.e. as a V-category. Also recall that if the
underlying category ¥ of ¥ is complete and cocomplete, V' is complete and cocomplete
considered as a V-category. This means it has any small weighted limit and any small
weighted colimit. For the concept of a weighted limit see [38, Ch. 3]2. In fact, complete-
ness follows from the fact that a limit is given by an end, and if the limit is small, this
end exists and is given by an equalizer in 1), see [38, (2.2)]. It is cocomplete because,
7 being complete, VP is tensored and thus also admits small conical limits because ¥
is cocomplete, hence ¥ admits small coends because it is also tensored, but then since
by [38, (3.70)] any small colimit is given by a small coend over tensor products, it is
cocomplete.

Recall that the underlying category 2Cat of Gray is complete and cocomplete cf. 1.1.2.
Thus in particular, we have the following :

Lemma 1.1. The Gray-category Gray is complete and cocomplete. O

The composition law of the Gray-category Gray is given by strict functors [¥,Z] ®
[X,Y] — [X,Y], where X,Y and Z are 2-categories . It is given on objects by com-
position of strict functors. On I-cells of the form (6,1): (F,G) — (F’,G) it is given
by the pseudonatural transformation denoted G*6 with components 0, and naturality
2-cells Og¢. On I-cells of the form (1,0): (F,G) — (F,G’) it is given by the pseudo-
natural transformation denoted F.o with components Fg. ¢ x(0x) and naturality 2-cells
FGxcx(op). Similarly, on 2-cells of the form (I, 1): (6,1) = (¢',1): (F,G) — (F',G) it is
given by the modification denoted G*T" with components [y, and on 2-cells of the form
1,A): (,0) = (1,07): (F,G) — (F,G’) it is given by the modification denoted F*A with
components Fgy o x(Ax). Finally, on interchange cells of the form Xy, it is given by the
naturality 2-cell 6, of 6 at o, hence,

(Mgray(zaa))x = HO'X: Oc'x * FGx,G’x(O—x) = F/GX’G’X(O—)C) * OGx . (17)

This follows from the general form of My, in enriched category theory by inspection of
the closed structure of Gray cf. [27, Prop. 3.10].

Also recall that there is a functor Ten: ¥ ® ¥ — ¥ which is given on objects by the
monoidal structure. For ¥ = Gray, its strict hom functor

Ten(X,X’),(Y,Y’): [X, X/] ® (Y, Y/] - [X® Y,X/ ® Y’]

sends an object (F,G) to the functor F ® G. It sends a transformation (6, 15): (F,G) =
(F’,G) to the transformation with component the 1-cell (6, 1g,) in X’ ® Y’ at the object
(x,y) in X ® Y; and naturality 2-cells (of, 1g,) and Xy g, at l-cells (f,1,) and (1,,g)
respectively. Its effect on a transformation (1g,t): (F,G) = (F,G’) is analogous. It sends
a modification (I', 11,): (6,1¢) = (€', 1) to the modification with component the 2-cell
(Tx, 115,) in X'®Y” at (x,y) in X®Y. Its effect on a modification (11,,A): (1f,0) = (1F,¢) is

2where a weighted limit is called and indexed limit
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analogous. Finally, it sends the interchange 2-cell Xy, to the modification with component
the interchange 2-cell X4, , hence,

(Tenx,xy, vy Zo.))xy = Lo, - (1.8)

All of this again follows from inspection of the closed structure of Gray, cf. [27, Prop.
3.10]. See also equation (1.57) below.

1.1.4 Cubical functors

Given 2-categories X, Y,Z, recall that a cubical functor in two variables is a functor
F: XxY — Z such that for all 1-cells ( f,g) in X X Y, the composition constraint

Faggn: FA,e)+ F(f,1) = F(f.g) ,

is the identity 2-cell, and such that for all composable 1-cells (f/, 1), (f,1) in X X Y,

Fopngn: B D« E(f 1) = F(f * 1),

is the identity 2-cell, and such that for all composable 1-cells (1,g"), (1,¢g) in X X Y,
Fagag: F(,8)«F(1,8) = F(1,¢ *g)

is the identity 2-cell. For composable (1, g"), (f,g) and (f’, g’), (f, 1), the constraint cells
are then automatically identities by compatibility of £ with associators i.e. a functor
axiom for F; it also automatically preserves identity 1-cells.

We start with the following elementary result, which extends the natural Set-
isomorphism in [27, Th. 3.7] to a Cat-isomorphism.

Proposition 1.1. Given 2-categories X, Y,Z, there is a universal cubical functor C: X X
Y - XQ®Y natural in X and Y such that precomposition with C induces a natural iso-
morphism of 2-categories (i.e. a Cat-isomorphism)

[X®Y,Z] = Bicat (X, Y;Z) ,

where Bicat (X,Y;Z) denotes the full sub-2-category of Bicat(X X Y,Z) determined by the
cubical functors.

Proof. The functor C is determined by the requirements that it be the identity on objects,
that C(f,1) = (f, 1), C(a,1) = (a, 1), C(1,2) = (1,2), C(1,B8) = (1,B8), and that it be a
cubical functor. In particular, observe that this means that C(f,g) = (1,2) = (f, 1) and
that the constraint C(s,1),1,¢) is given by the interchange cell Xy,.

As for an arbitrary functor of bicategories, precomposition with C induces a strict
functor

C*: Bicat(XQY,Z) — Bicat(X X Y, Z) .
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It sends a functor G: X® Y — Z to the composite functor GC: X XY — C. In fact, if
F is a strict functor X® Y — Z, recalling the definition of the composite of two functors
of bicategories, a moment’s reflection affirms that ¥ := FC is a cubical functor with
constraint I:"(f,l),(l,g) = F(Xsg). Thus by restriction, C* gives rise to a functor [X®Y,Z] —
Bicat . (X,Y;Z) which we also denote by C*.

Ifo: F=G: X®Y — Z is a pseudonatural transformation, C*o: FC = GC is the
pseudonatural transformation with component

(C*'0)a,B) = Tc,B) = T(AB)

at an object (A, B) € X X Y, and naturality 2-cell

(C*0)(f9) = TC(fr.g) = T(f)x(lg) = (O * 1) o (1501 )

at a l-cell (f, g) € XX Y, where the last equality is by respect for composition of o. If o is
the identity pseudonatural transformation, it is immediate that the same applies to C*o.
Given another pseudonatural transformation of strict functors 7: G = H, we maintain
that (C*1) * (C*o) = C*(r *07). It is manifest that the components coincide: both are
given by 74 ) * 0°(4,p) at the object (A, B) € X x Y. That the naturality 2-cells at a 1-cell
(f,g) € X X Y coincide,

(Te(rg * D o (L xoc(rg) = (T* 0)e(re)

is simply the defining equation for the naturality 2-cell of the horizontal composite 1o
If A: 0 = n is a modification of pseudonatural transformations F = G of strict
functors X ® ¥ — Z, then C*A is the modification C*o- = C*n with component

(C*A)a,B) = Aca,) = A,B)

at an object (A, B) € X X Y, and this prescription clearly strictly preserves identities and
vertical composition of modifications. Given another modification A: 7= p: G > H
where H is strict, one readily checks that (C*A)*(C*A) = C*(A*A) both having component
A, * A, at an object (A, B) € X X Y. Thus, C* is indeed a strict functor.

As a side note, we remark that because we only consider 2-categories, C* is the same
as the functor Bicat(C,Z) induced by the composition of the tricategory Tricat of bicat-
egories, functors, pseudonatural transformations, and modifications.

Let F: X XY — Z be an arbitrary cubical functor, then the prescriptions F(f, 1) =
E(f,1), F(a.1) = F(a,1), F(L,g) = F(1,9), F(1.p) = F(1.B), and F(Zry) = Firia.,
provide a strict functor F: X ® Y — Z such that FC = F. The latter equation and the
requirement that F be strict, clearly determine F uniquely. That this is well-defined e.g.
that it respects the various relations for the interchange cells is by compatibility of F
with associators and naturality of

Fapyaprarsy: *z (Eapyarsn X Eapw.s) = Fapasysxxy »  (1.9)

where * denotes the corresponding horizontal composition functors. For example, for
the relation

Zpapg ~ Epgx (g, 1)) o ((Ap, 1) Xy ) (1.10)
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one has to use that axiom twice giving

Fpapnae = Firosrng = Firnge © (F g, D) # Friae)

and Fip 1)t = Firnag«n = Fpanen = F(1p,1). Alternatively, one uses coherence
for the functor F—then any relation in the Gray product must clearly be mapped to an
identity in Z because the constraints in ¥3Z are mapped to identities in F>cZ, where these
are the corresponding free constructions on the underlying category-enriched graphs cf.
[27, 2.].

Now let 6: F = G be an arbitrary pseudonatural transformation of cubical functors.
We have already shown that F and G have the form FC and GC respectively, where
F and G were determined above. We maintain that there is a unique pseudonatural
transformation o: F = G such that & = C*c. By the above, the latter equation
uniquely determines both the components, o4,y = 64,5, and the naturality 2-cells of
o, namely o1y = 0,1y and 0 (1,¢) = 0(1,¢), and thus o is uniquely determined by respect
for composition. That this is compatible with the relations (f’,1) = (f,1) ~ (f' = f, 1)
and (1,g") = (1,g) ~ (1,¢" = g) in the Gray product follows from the fact that respect
for composition is in this case tantamount to respect for composition of 6 because the
constraints are identities here due to the axioms for cubical functors. Hence, what
is left to prove is that this is indeed a pseudonatural transformation. First observe
that the prescriptions for o have been determined by the requirement that it respects
composition, and respect for units is tantamount to respect for units of 6. Naturality
with respect to 2-cells of the form (a, 1) and (1,8) is tantamount to the corresponding
naturality condition for 6. Naturality with respect to an interchange cell X, i.e.

(GEre) * o) © T 1x(1e) = Tge(fil) © oy g, * F(Zfg))

is—by the requirement that o respects composition:

a(r.hg = Uarn * 0g) © (0 * Trag) = g * Tag) © (O * Lpa g)

and by respect for composition of

Tagrr) = Ucaeg * o) o (Tag * 1rian) = Uga g * T © (Fag * Lpgn) = Grg

(the constraints are trivial here)—tantamount to respect for composition of -

(Grng * lows) © gy * Tag) © (G * Lpg ) = Grg) © Uo ) * Frnig) -

Notice that in general, naturality with respect to a vertical composite is implied by
naturality with respect to the individual factors. Similarly, naturality with respect to
a horizontal composite is implied by functoriality of F and G (cf. (1.9)), respect for
composition, and naturality with respect to the individual factors.

Finally, let A: C*o = C*n: FC = GC be an arbitrary modification. Then we maintain
that there is a unique modification A: o = & such that A = C*A. By the above, the
latter equation uniquely determines A’s components, A p) = A(AB) and thus A itself, but
we have to show that A exists i.e. that this gives A the structure of a modification. The
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modification axiom for 1-cells of the form (f, 1) is tantamount to the modification axiom
for A and the corresponding 1-cell in X x Y of the same name. The same applies to the
modification axiom for 1-cells of the form (1,g). This proves that o is a modification
because the modification axiom for a horizontal composite is implied by respect for
composition of o and &, and the modification axiom for the individual factors.

O

Given 2-categories X1, X, X3, it is an easy observation that
alC(Cx1)=CxClax: Xi xXoxXz3>X1 (X2 ®X3), (1.11)

where ay is the associator of the cartesian product.

It is well-known that a strict, cubical tricategory is the same thing as a Gray-category.
To prove this, one has to replace the cubical composition functor by the composition
law of a Gray-category. This uses the underlying Set-isomorphism of Proposition 1.1. In
the same fashion, in order to compare locally strict trihomomorphisms between Gray-
categories with Gray homomorphisms as it is done in Theorem 1.6 in 1.5.3 below, we need
the following many-variable version of Proposition 1.1 to replace adjoint equivalences
and modifications of cubical functors by adjoint equivalences and modifications of the
corresponding strict functors on Gray products.

Theorem 1.2. Given a natural number n and 2-categories Z, X1, X2, ..., X, composition
with

CICICC.)X1x IX1x): Xi XXX o X Xy = (X1 ©X2) ®X3)®..)® X,

where C is the universal cubical functor, induces a natural isomorphism of 2-categories
(i.e. a Cat-isomorphism)

[(L(X19X)®X3)®..)R®X,,Z] = Bicat (X1, X2, ... X; Z) ,

where Bicat (X1, Xz, ..., Xn; Z) denotes the full sub-2-category of Bicat(X; X X X ... X X, Z)
determined by the cubical functors in n variables. The same is of course true for any
other combination of universal cubical functors (mediated by the unique isomorphism in
terms of associators for the Gray product).

Proof. Recall that the composition (F o (Fj X ... X Fy)) of cubical functors is again
a cubical functor. This shows that the restriction of (C(C(C(...) x 1x, ) X 1x,))* to
[C.(X19X2)®X3)®...)®X,,,Z] does indeed factorize through Bicat.(Xi, Xz, ..., Xn; Z).
The proof that this gives an isomorphism as wanted is then a straightforward exten-
sion of the two-variable case. There are Gray product relations on combinations of
interchange cells, which correspond to relations for the constraints holding by coher-
ence. Indeed any diagram of interchange cells commutes because these map to identities
in the cartesian product.

For example, a cubical functor in three variables is determined by compatible partial
cubical functors in two variables and a relation on their constraints cf. the diagram in
[27, Prop. 3.3, p. 42]. This corresponds to a combination of the Gray product relation

Srgeg ~ (Lo D ¥ Zp0) 0 (Srg # (1, 1,)) (1.12)
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for f=fiand g =(fr,1) and g = (1, f3) and g’ = (1, f3) and g = (f», 1) respectively, and
the Gray product relation

(1L,B) (@, 1) 0 Zpe ~Zpr o o ((a, 1) x (1,5)) (1.13)
for f = fl = flv a = 1f17 8= (fZa 1) * (17f3)7 g, = (19f3) * (f29 1)7 and ﬁ = Zfz,fsa which reads

(LZg ) (g D) o (L), D * Zpy1,1) © Ehuinnn * (1 Lag))
~((La,p)> D * Zp 1) © Epsap * (L 1) o (g, D) = (1,25, 4))

For pseudonatural transformations and modifications, the arguments are entirely anal-
ogous to the two-variable case. O

1.1.5 7V-enriched monad theory

Recall from enriched category theory that there is a V-functor Hom,: L®? ® L — V/,
which sends and object (M, N) in the tensor product of V-categories L°? ® L to the hom
object L(M,N) in V. As is common, the corresponding partial %-functors are denoted
L(M,—-) and L(—,N) with hom morphisms determined by the equations

L(M,N

e rn (LM, =y @ 1) = M, (1.14)
and

L

e rmn (L= Ny ® 1) = Mc (1.15)

where e denotes evaluation, i.e. counits of the adjunctions of the closed structure with a
superscript indicating which adjunction we mean and a subscript indicating a component
of the counit of this adjunction.

For an element f: N — N’ in L(N,N’)i.e. a morphism in the underlying category of L,
we usually denote by L(M, f): L(M,N) — L(M,N’) the morphism in ¥ corresponding to
the image of f under the underlying functor of L(M, —) with respect to the identification
T, [X,Y]) = Y(X,Y) induced from the closed structure of ¥ for objects X,Y € V. Also
note that we will occasionally write L(1, f) instead e.g. if the functoriality of

(Homy)o

homy: £ X Lo —— (L® ® L)y ——> V) (1.16)

is to be emphasized, where the first arrow is the canonical comparison functor [38]. This
notation is obviously extended in the case that ¥ = Gray, e.g. given a l-cell @: f — gin
the 2-category L(N,N’") = [I, L(N,N’)], then L(M, @) denotes the pseudonatural transfor-
mation L(M, f) = L(M,g) given by L(M,—)yn (@) i.e. the 1-cell in [L(M, N), L(M,N")].

Recall that the 2-category V-CAT of V-categories, V-functors, and ¥-natural trans-
formations is a symmetric monoidal 2-category with monoidal structure the tensor prod-
uct of V-categories and unit object the unit ¥-category J with a single object 0 and
hom object I. Recall that the 2-functor (=)g = V-CAT(J,-): V-CAT — CAT sends
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a V-category to its underlying category, a ¥-functor to its underlying functor, and a
V-natural transformation to its underlying natural transformation.

Let T be a ¥-monad on a V-category M. Recall that this means that T is a monad
in the 2-category V-CAT. Thus T is a V-functor M — M, and its multiplication and
unit are V-natural transformations u: TT = T and n: 14, = T respectively such that

pT) =u(Tp)  and  u(T) =17 = u(Ty) , (1.17)
where uT and Ty are as usual the V-natural transformations with component
Mrm - I - M(TTTM, TM) and TTTM,M,uM: I - M(TTTM, TM)

respectively at the object M € M, and similarly for nT and Tn.

Under the assumption that 9 has equalizers e.g. if 1 is complete, the Eilenberg-
Moore object M7 exists and has an explicit description, on which we expand below. For
now, recall that the Eilenberg-Moore object is formally characterized by the existence
of an isomorphism

V-Cat(K, MT) = V-Cat(K, M) (1.18)

of categories which is Cat-natural in K and where T, is the ordinary monad induced by
composition with 7.

In particular, setting X = J shows that the underlying category M7 of the Eilenberg-
Moore object in ¥-CAT is isomorphic to the Eilenberg-Moore object for the underlying
monad Ty on the underlying category My of M.

Thus an object of M7, i.e. a T-algebra, is the same thing as a Ty algebra. This
means, that it is given by a pair (A,a) where A is an object of M and a is an element
I — M(TA,A) such that the two algebra axioms hold true:

Mgs(a,Trana) = Mgs(a,ua)  and 14 = Mgs(a,na) . (1.19)

Here, the notation is already suggestive for the situation for %/ = Gray. Namely,
(a, Traaa) is considered as an element of the underlying set V(M (TA, A)®@ M(TTA, TA)),
and we apply the underlying function VMg, to this, where V is usually dropped because
for V = Gray the equations in (1.19) make sense as equations of the values of strict
functors on objects in the Gray product.

Given T-algebras (A,a) and (B,b), the hom object of M7 is given by the following
equalizer

UT) a0, (8.b) M(a,1)

MT((A,a),(B,b)) Gaaws, M (A, B)

M(TA,B) . (1.20)
M(l,b)TA,B

In fact, it is not hard to show that the composition law Mg, and the units js of M
induce a V-category structure on M7 such that U” is a faithful V-functor M7 — M,
which we call the forgetful functor. The explicit arguments may be found in [53].

In the case that ¥ = Gray and X is a Gray-category with a %-monad T on it, Gurski
identifies K7 explicitly in [27, 13.1]. This is also what the equalizer description gives
when it is spelled out:
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Proposition 1.2. The Gray-category of algebras for a Gray-monad T on a Gray-category
K, i.e. the Eilenberg-Moore object KT, can be described in the following way. Objects
are T-algebras: they are given by an object X in K and a 1-cell x: TX — X, i.e. an
object in K(TX, X), satisfying Mg (x, Tx) = Mg (x,ux) and 1x = Mg (x,nx). These algebra
axioms are abbreviated by xTx = xuy and lx = xnx respectively.

An algebra 1-cell f: (X,x) — (Y,y) is given by a 1-cell f: X — Y, i.e. an object in
K(X,Y), such that Mg (f,x) = Mx(y, T f), which is abbreviated by fx = yT f. An algebra
2-cell a: f= g: (X,x) = (Y,y) is gwven by a 2-cell a: f — g, i.e. a l-cell in X(X,Y),
such that Mg (1,, Ta) = Mg (a, 1), which is abbreviated by 1,Ta = al,. An algebra 3-cell
I''e=sp: f=g: Xx)— X,y is given by a 3-cellT': a = B i.e. a?2-cell in K(X,Y)
such that Mg (11, TT) = Mg (I, 11,), which is abbreviated 1, TT' =T'1y,. The compositions
are induced from the Gray-category structure of K. V O

Observe here that the common notation xTx = xuy for equations of (composites of)
morphisms in the underlying categories has been obviously extended for ¥ = Gray to
2-cells and 3-cells i.e. 1- and 2-cells in the hom 2-categories, where juxtaposition now
denotes application of the composition law of X, and the axioms for algebra 2- and
3-cells are whiskered equations with respect to this composition on 2-cells and 3-cells in

X.

1.2 THE GRAY-CATEGORY OF PSEUDO ALGEBRAS

Let again T be a Gray-monad on a Gray-category K. Since the underlying category
2Cat of the Gray-category Gray is complete, it has equalizers in particular, so we have a
convenient description of the Gray-category X' of T-algebras in terms of equalizers as
in 1.1.5.

Recall that for enrichment in Cat, there is a pseudo and a lax version of the 2-category
of algebras with obvious inclusions of the stricter into the laxer ones respectively. Under
suitable conditions on the monad and its (co)domain, there are two coherence results
relating those different kinds of algebras. First, each of the inclusions has a left adjoint.
Second, each component of the unit of the adjunction is an internal equivalence. The
primary references for these results are [4] and [44]. In particular, in the second, Lack
provides an analysis of the coherence problem by use of codescent objects. In the case of
enrichment in Gray, there are partial results along these lines by Power [65], and a local
version of the identification of pseudo notions for the monad (0.36) from the Introduction
with tricategorical structures is mentioned in [65, Ex. 3.5, p. 319]. A perspective similar
to Lack’s treatment is given by Gurski in [27, Part III] for Gray-monads.

For a Gray-monad T on a Gray-category X, Gurski gives a definition of lax alge-
bras, lax functors of lax algebras, transformations of lax functors, and modifications
of those, and shows that these assemble into a Gray-category Lax-T-Alg. Further, he
defines pseudo algebras, pseudo functors of pseudo algebras, and shows that these, to-
gether with transformations of pseudo functors and modifications of those, form a Gray-
category Ps-T-Alg, which embeds as a locally full sub- Gray-category in the Gray-category
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Lax-T-Alg of lax algebras. Finally, there is an obvious 2-locally full inclusion of the Gray-
category K7 of algebras into Ps-T-Alg and Lax-T-Alg.

1.2.1 Definitions and two identities

We here reproduce Gurski’s definition of Ps-T-Alg in equational form. In Section 1.5
we will identify this Gray-category for a particular monad on the functor Gray-category
[obP, L] where P is a small and L is a cocomplete Gray-category. Namely, we show
that it is isomorphic as a Gray-category to the full sub-Gray-category Tricati(‘P, L)
determined by the locally strict trihomomorphisms.

Definition 1.1. [27, Def. 13.4, Def. 13.8] A pseudo T-algebra consists of
e an object X of X
e al-cell x: TX - X i.e. an object in K(TX, X);

e 2-cell adjoint equivalences® (m,m®): Mg (x,Tx) — Mg(x,ux) or abbreviated
(m,m®): xTx — xux and (i,i®): 1x — Mgx(x,nx) or abbreviated (i,i®): 1 — xnx
i.e. 1-cells in K(T?X,X) and K (X, X) respectively which are adjoint equivalences;

e and three invertible 3-cells 7, 4, p as in (PSA1)-(PSA3) subject to the four axioms
(LAA1)-(LAAA4) of a lax T-algebra:

(PSA1) An invertible 3-cell 7 given by an invertible 2-cell in K(T3X, X):
w: (mly,,) * (mlpa,) = (mlry) * (1, Tm) ,
which is shorthand for
w: Mg(m, 1) % Mg(m, 172,) = Mg (m, 17,,) * Mg(1,,Tm)

where the horizontal factors on the left compose due to Gray-naturality of u and the
codomains match by the monad axiom p(uT) = u(Tw).
(PSA2) An invertible 3-cell A given by an invertible 2-cell in K(TX, X):

Az (mly) # (i) = 1,

where the horizontal factors compose due to Gray-naturality of n and the codomains
match by the monad axiom u(nT) = 17.
(PSA3) An invertible 3-cell p given by an invertible 2-cell in K(T'X, X):

P (mlTnx) * (lei) = lx >

where the codomains match by the monad axiom u(Tn) = 17.
The four lax algebra axioms are:

3For adjunctions in a 2-category see [41, §2.].
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(LAA1) The following equation in K(T*X, X) of vertical composites of whiskered 3-cells
is required:

(1) % 1y172) © (Lt % 2Ly o (1) # L)
= (Lyi1 * (ATm) o (1)  Lizm) © (Lupy * (1))

where Z;:TQm is shorthand for M K(Z;:sz). A careful inspection shows that the horizontal
and vertical factors do indeed compose. Note that any mention of the object X has been
omitted, e.g. Tur stands for Turyx. We refer to this as the pentagon-like axiom for m.

(LAA2) The following equation in K(T%X, X) of vertical composites of whiskered 3-cells

is required:
(D) * L) © (i1 * Xy 72) = (L1 * (1Tp)) © (L) * 1yy72)

(LAA3) The following equation in K (T?X, X) of vertical composites of whiskered 3-cells
is required:

Ltt # (A1) = (A1) 5 L) © (Lay * Z7,) © (1) = 1)

(LAA4) The following equation in K(T*X, X) of vertical composites of whiskered 3-cells
is required:

(I = (AT ) o () * Lizin) = Lpin * (1) .

We refer to this as the triangle-like aziom for A, p, and n. Diagrams for these axioms
may be found in Gurski’s definition.

Remark 1.2. In the shorthand notation juxtaposition stands for application of Mg,
an instance of a power of T in an index refers to its effect on the object X, any other
instance of a power of T is shorthand for a hom 2-functor and only applies to the cell
directly following it. This notation is possible due to the functor axiom for T'.

Remark 1.3. The definition of pseudo algebras and their higher cells may be illuminated
by the following viewpoint, which the author learned from Ross Street. Let T be a Gray-
monad on K and X be an object of K. The objects of the 2-category K(TX, X) should
form the objects of a multi-2-category with 1- and 2-cells from K(T"X, X) for n > 0. Then
a pseudo algebra for T should correspond to a pseudomonoid in this multi-2-category
with multiplication m and unit i, and the higher cells defined in Definitions 1.2-1.4 below
should correspond to the higher cells between pseudomonoids.

The definition of a pseudo algebra is derived from the definition of a lax algebra by
requiring the 2-cells m and i to be adjoint equivalences and the 3-cells &, 4, p to be in-
vertible. In fact, under these circumstances we do not need all of the axioms?. This is

4In fact, while used in the proof below, the same applies if m and i are not required not be adjoint
equivalences, that is, for a lax algebra with m, 4, p invertible. To show the redundancy of (LAA3)
under these circumstances, the equation has to be whiskered on the left with the domain (m1) = (i1) of
A, which gives an equivalent equation since A is an isomorphism with the identity 1,. The argument
then parallels Kelly’s proof [33] even more closely than the one shown here.
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proved in the following proposition, which is central for the comparison of trihomomor-
phisms of Gray-categories with pseudo algebras. Namely, there are only two axioms for
a trihomomorphism, while there are four in the definition of a lax algebra. Proposition
1.3 shows that, in general, two of the axioms suffice for a pseudo algebra. In light of
Remark 1.3, it is natural to expect such a redundancy.

Proposition 1.3. Given a pseudo T-algebra, the pentagon-like axiom (LAA1L) and the
triangle-like aziom (LAAA4) imply the other two axioms (LAA2)-(LAA3), i.e. these
are redundant.

Proof. We proceed analogous to Kelly’s classical proof that the two corresponding ax-
ioms in MacLane’s original definition of a monoidal category are redundant [33]. The
associators and unitors in Kelly’s proof here correspond to m, 1, and p. Commuting
naturality squares for associators have to be replaced by instances of the middle four
interchange law, and there is an additional complication due to the appearance of in-
terchange cells — these have no counterpart in Kelly’s proof, so that it is gratifying that
the strategy of the proof can still be applied. We only show the proof for the axiom
(LA A3) involving 7 and A here. The one for the axiom (LAAZ2) involving 7 and p is
entirely analogous.

The general idea of the proof is to transform the equation of the axiom (LAA3)
into an equivalent form, namely (1.24) below, which we can manipulate by use of the
pentagon-like and triangle-like axiom. Diagrammatically, this has the form of adjoining

x1TxT?x UL xTxTyTxT*x

]ITmh U Zfrlirm 111Tm
1Ti11

X1TxTy ——— xTxTnTxTu

U1TAl  1tmnn

xTxTuTnrTu — xTxT,uTZ/JTnTz

to the right hand side of some image of the pentagon-like axiom (LA A1), and then a
diagram equivalent to the right hand side of (LA A3) can be identified as a subdiagram
of this.

Since i: 1x — xnx is an equivalence in L(X, X), and since

LX, 1x): LX',X) — LIX',X)

is the identity for arbitrary X’ € obL, we have that L(X’, xnx) is equivalent to the identity
functor. In particular, it is 2-locally fully faithful i.e. a bijection on the sets of 2-cells.
On the other hand, by naturality of n we have:

LX', xmx) = LX, 0) LX  nx) = LX) L0x, TXT,

where the subscript of T on the right indicates a hom morphism of T. This means that
the equation of (LAA3) is equivalent to its image under

L(T?X, x) L2y, TX)T. = L(p2y, X) L(T3X, X)T
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where we have used the underlying functoriality of hom,. We will actually show that the
image of the equation under L(73X, x)T. holds, which of course implies that the image
of the equation under L(nTzX,X)L(T3X, x)T holds.

Applying L(T3X, )T, to the lax algebra axiom (LAA3) gives

Lizmin * (ITA1) = (ATA1) = Liigm) © (Ligmn * ATE;) o (ATal) # L) . (1.21)

Observe that since E . is shorthand for M (X7 ), we have ITE_ = 12; Tm by the functor

axiom for T and the equahty (1.2) from 1.1.3, which is in fact shorthand for
ML, Me(ErL 00 = MM @ 1)@ (1,57),,))  (by a Gray-category axiom)
= MMz ® D)(E( 7 1) (by eq. (1.5) from 1.1.3)
= ML(Z#Z. m) s (by eq. (1.2) from 1.1.3)
for which the corresponding shorthand is just Zm T

Next, equation (1.21) is clearly equivalent to the one whiskered with m111 on the left
because m111 is an (adjoint) equivalence by the definition of m, i.e. to

L1 * Lizman = (1T A1)
= (Lt * (AT AD) * 1y17m) © (Lnt11 * Lizmnn * (Zf}i,rm)) o (Lyyrr * (ATxl)  Lypip) - (1.22)

Here we have used functoriality of % i.e. the middle four interchange law, and it is
understood that because horizontal composition is associative, we can drop parentheses.

Now observe that 1,111 *(1Tx1) is the image under L(T 2y, X) of the leftmost vertical
factor in the right hand side of the pentagon-like axiom (LAA1) for n. Namely, the
image of (LAA1) under L(Tn2x, X) is

(@11 % 1yiz2) © (Lpinn * (210, D) 0 (@11 % L)
= (L * (AT71)) o ((r11) * 1i7m11) © iy * (wl1))

where X~! 1 is shorthand for
m,T*m

ML(ML(Z;Iszm)a D=M/(M;® 1)(2_ T2 , 1) (by definition of (M, ® 1))
=M/,(1® ML)a(Z 720 1) (by a Gray-category axiom)
=M/(1® ML)(Em @m1) (by eq. (1.3) from 1.1.3)
= ML(Em rom1) > (by eq. (1.2) from 1.1.3)
for which the corresponding shorthand is just X~ 1T2m1
In fact, we have that 72ml = 1Tm where on the left the identity is lry,,, and on the
right it is 17,, , thus this is simply naturality of Tn. Hence, E;IT = Zr_n \7me D turn,

this is shorthand for
MA@ ML)E, ) = MM ® Da™ (0 1 1my) (by a Gray-category axiom)
=M,(M;® 1)(Z(m .Tm) (by eq. (1.4) from 1.1.3)
=M} Tm) - (by eq. (1.2) from 1.1.3)
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Implementing these transformations, the image of (LA A1) has the form

(1) * 1yii7m) © (L * E,;lljm) O ((wl 1) * 1p11)
= (Lpin = (1T71)) o (1) * Lizmi1) © (Lnian * (l1)) (1.23)
Since they are invertible, composing equation (1.22) with the other two factors from the

pentagon-like axiom for 7 whiskered with the (adjoint) equivalence 17il1 on the right,
gives an equivalent equation. Thus, our goal is now to prove the following equation:

(Lmiir * Lizmun = (1T AD) o ((L1) * Lizman * Lizitn) © (Lmaan = (L1) = Tizinn)
= (111 = ATAD) = Liizm) © (111 * Lizmin * (Zf%ijm))
o (T * AT7D) & (1) * Ligmin) © (Laay = 11)) = Lizan) - (1.24)
This is proved by transforming the right hand side by use of the pentagon-like and
triangle-like axiom until we finally obtain the left hand side. Namely, using the image
of the pentagon-like axiom for 7 in the form (1.23) above, the right hand side of (1.24)
is equal to
(Lpt1n = (AT AD) = Ligzm) © (Lpann * Ligmn * (Ef},-,rm))
© ((((ﬂll) * 11117m) © (111 * 2;1111,,,) o (1) = 1m111)) * 11Ti11) .

The diagrammatic form of this is drawn below.

x1TxT?x A, xTxTnTxT?x AN xuTyTxT?x —— xTxpTT3xTnTz mi xppTTS)cTnTz _— x,quTS)cTnTz

nrm| U El‘;i’m H1Tm U Z;nll’Tm hmm =
x1TxTu SELLIAIN xTxTnTxTu — xuTnTxTu xTxsz/.th Ty - x,uszTz Tnr xyszT,uTTnTz

m m

U1TAl  1Tmi1 1Tml11
U 1l J 11
XTxTuTnr Ty = xTxTuT?uTnp  xTxurT*uTnge == xTxTuppTrge XTxurpgeTyps = xTxurTurTnge
mlll mlll = mlll mlll = mlll

T uT*uTnrs == xpur T*uT 2 == xuTupr2Tnr: == xpprur2Tnr: == xpur Tur Tnr

The rectangle composed of the two interchange cells is shorthand for

M (11, 1) % Zf}i,rm) o ML(Z,;]LT,” * (L3, 1)) = M L Emy«1i),1m)

for which the corresponding shorthand is just Z¢u1)«17i)rm- Notice that we made use
here of the image under M, of the Gray product relation

Eprg sy D)o (L, 1) xZpe) ~ Zprapg -
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Next, the subdiagram formed by 1741 and n11 may be transformed by use of the
image under L(Tu, X) of the triangle-like axiom (LA A3):

(L1 * (1T A1) o ((w11) * 117i1) = Lpi1n * (p11) .

Implementing these transformations in the diagram, gives the one drawn below.

x1TxT?x A, xTxTnTxT?x AN xuTyTxT?x —— xTx/,tTT3xTnTz mih xypTTSxTnTz B x,uT/,tT3xT17Tz
11Tm U 2(’,,1,1)*(”1.”,” 11Tm =
x1TxTu SELLIAAN xTxTnTxTu — xuTnTxTu ) xTxsz,uTz T - X/JTZ/JTz Tnr ) xpszTpTTrsz
U pll 1Tm11
U nll

xTxTuTnrTuy — xTxTyszTnTz = xTxpTTz,uTr]Tz = xTxTuur2Tnz XTxurpr2Tnp = xTxurTurTnr:

mlll = mlll = mlll mlll = mlll

uTuT*uTnrs == xpur T*uT e == xuTpupr2Tnr: == xpprur2Tnrs == xpurTur Tnr

The subdiagram formed by the interchange cell and pl1 is
(1) * Tiizm) © 2(_n111)*(17i),rm :
This is shorthand for
Mo 1) % (L 1) © Zghgnzm) = Me(Er b © (L Trm) # (0, 1) = M((1, ) % (o, 1)
or 1i117m * (011), where we have used the relation
(L) x (@, 1) o Zpe ~Zp g o ((a, 1) = (1,8)) (1.25)

for interchange cells in the Gray product and the fact that Zl_le is the identity 2-cell cf.
1.1.3. This means we now have the following diagram.

xlTxszlﬂ>l XTxTnTxT?x mi xuTnTxT?x — xTxyTT3xT7]T2 mi xy,uTT3xT17Tz — xpTyT3xT17Tz
U pll =
x1TxT%x xuTyTxT?x xTxT?xpp2 T - xuT?ur2Thpo xuT?xTur Ty
m
1Tm = (Z[’le =1) 111Tm 1Tml1
1l
x1TxTu xuTnTxTyp ——= xTxTpur2Tnr2 xTxprur2Tnr: =— xTxurTurTnr:
= mill ml1l = mill
1
XTxXTp ——— xpTp ——= xppr T*uTnp == xuTppr2Tny: == xpprppTnr: == xupr Tur Ty
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Slightly rewritten, this is the same as the diagram below.

xlTJcszlﬂ>1 xTxTr]Txszlﬂ>l xuTnTxT?x — xTxyTT3xT77Tz LN x,uyTTSXTnTz xuT?x

Upll

x1TxT?x xuTyTxT?x ——— xTxT*x —— xTxszT,uTTnTz - xpszTyTTnTz
m

1Tml1

U 1l
XTXTuT urTnp xTxurTurTnr
mlll mlll
XuTpTprThnr: == xppurTurTnr:

For the upper right entry we have used another identity to make commutativity obvious.
Finally, by another instance of the triangle identity—in fact its image under £(72x, X)—
we end up with the diagram below. It is easily seen to be the diagrammatic form of the
left hand side of (1.24), so this ends the proof.

x1TxT?x ALY xTxTnTxT?*x ——= xTxT?xTn;T?x LR xuT?xTyrT?x xTxurTnrT?x
U171l lrm”h Uil mlll
x1TxT?x xTxTyTnTT2x - x,uTuTnTsz o x,uyTTnTsz
m
xTxT?x XTxT?xTurTnp -7 xuT*xTurTnp
m
1Tm11
Jnll
XTXTuT urTnp XTxurTurTnr
mlll mlll
XuT T pr Ty xppr Tur Ty

O]

Remark 1.4. One can impose a fifth axiom in the definition of a lax algebra, which
corresponds to the fifth axiom in the definition of a skew-monoidal category. One can
similarly prove that this fifth axiom is implied by the pentagon-like and triangle-like
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axiom in the case of a pseudo T-algebra.

Definition 1.2. [27, Def. 13.6 and Def. 13.9] A pseudo T-functor
(f. F, hymy: (X, x,m*, i, 7%, 2%, 0%) > (Yy,m",i", 7", 27, p¥)
consists of
e al-cell f: X > Y in K i.e. an object of K(X,Y);

e a 2-cell adjoint equivalence (F,F®): fx — yTf i.e. a l-cell adjoint equivalence
internal to X(TX,Y) ;

e and two invertible 3-cells £, m as in (PSF1)-(PSF2) subject to the three axioms
(LFA1)-(LFA3) of a lax T-functor:

(PSF1) An invertible 3-cell A given by an invertible 2-cell in K(X, Y):
h: (Fly) = (14%) = (1)

where the codomains match by Gray-naturality of 7.
(PSF2) An invertible 3-cell m given by an invertible 2-cell in K(T>X, Y):

m: (m"1p2p) * (1,TF) * (F1,) = (F1,) * (1ym)

where the codomains match by Gray-naturality of pu.

The three lax T-functor axioms are:
(LFA1) The following equation in K(T>X, Y) of vertical composites of whiskered 3-cells
is required:

(Lp11 = (17TX)) o ((ml) = 1y,x1) © (Lyryy * Lyypap = (m1)) o (Lyryy * 2y r2p * Lizpy * 1p11)

= ((m1) * Lyigy) © (Lyrig * Lizen # T ) 0 (ATm) o (1) % Lyypop # Lrpy + 1en) -

(LFA2) The following equation in X(TX,Y) of vertical composites of whiskered 3-cells
is required:

("1 % 11p) o (Lyryy #2300 0 (Lyryg * Line % (A1)
= (Lp* (12")) o ((m1) * 1;x) .

(LFA3) The following equation in X(TX,Y) of vertical composites of whiskered 3-cells
is required:

(0" 1) # 1) o (Lyryy * (ATA) * 1p1)

= (1p * (1p%) o ((m1) % 1y7) © (Lyry * Lizer # 2

A careful inspection shows that the horizontal and vertical factors do indeed compose
in all of these axioms. Diagrams may be found in Gurski’s definition.
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Definition 1.3. [27, Def. 13.6 and Def. 13.10] A T-transformation
(@A) (f, 1, m’) = (g,G, kS, m8): (X, x,m™,i*, 7%, 2%, 0%) - ¥,y,m",i¥, ¥, 27, p")
consists of
e a2-cell a: f= gi.e. an object of K(X,Y);

e an invertible 3-cell A as in (T1) subject to the two axioms (LTA1)-(LTA2) of a
lax T-algebra:

(T1) An invertible 3-cell A given by an invertible 2-cell in K(TX, Y):
A: (I,Ta)+ F = G x(aly) .

The two lax T-transformation axioms are:
(LTA1) The following equation in X(X,Y) of vertical composites of whiskered 3-cells
is required:

(A # 1a1) © (161 * Zg) © (A1) # 1) = 25! o (Lizar * A7) .

R

(LTA2) The following equation in % (72X, X) of vertical composites of whiskered 3-cells
is required:

(m$ # 141) © (Lyry * Lirg * (A1) o (1) * (1TA) % 1p1) © (2;11Y’Tza # Lz * 1F1)
= (1G1 * Zg) © (A1) 1) 0 (11724 % m)) .

A careful inspection shows that the horizontal and vertical factors do indeed compose
in the two axioms. Diagrams may be found in Gurski’s definition.

Definition 1.4. A T-modification I': (a,A) = (B, B) of T-transformations
(. F, B mh) = (g,G, 18, m®): (X, x,m*, i, 7%, 2%, p%) —» (v,y,m", i, 7", 2¥, p")
consists of a
o 3cellT': a= Bie a2-cellin X(X,Y);
e subject to one axiom (MA1):

(MA1) The following equation in K(TX,Y) of vertical composites of whiskered 3-cells
is required:

Bo((ITD) x1p) = (g * (T1)) o A .

Finally, we provide the Gray-category structure of Ps-T-Alg. We begin with its hom
2-categories.
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Definition 1.5. Given T-algebras (X, x, mX, X, 7X, /lX,pX) and (¥, y,mY, iY,nY,/lY,pY), the
prescriptions below give the 2-globular set Ps-T-Alg(X, Y) whose objects are pseudo T-
functors from X to Y, whose 1-cells are T-transformations between pseudo T-functors,
and whose 2-cells are T-modifications between those, the structure of a 2-category [27,
Prop. 13.11].

Given T-modifications I': (@, A) = (B, B) and A: (B8, B) = (€, E) of T-transformations

(f, F, ', m’) = (g,G, B8, m8): (X, x,m®, i, 7%, A%, p%) = (V,y,m", i, 7%, ¥, p¥) ,

their vertical composite A o I' is defined by the vertical composite A ¢ I' of 2-cells in
K(X,Y). The identity T-modification of (@, A) as above is defined by the 2-cell 1, in

KX, 7Y).
Given  T-transformations (@, A): (f,F, A/, m/) = (g,G,h8,m8)  and
B,B): (g,G, k8, m8) = (h,H, K", m") of pseudo T-functors

OCox,m®, X, 7%, 2%, %) - (Yy,m" i 7", 27, p")
their horizontal composite (8, B) * (a, A) is defined by

B*a,(B=*141) o (li7pxA)) .

The identity T-transformation of (f, F, A/, m/) is defined by (1 7 1p).
Given T-modifications T': (a,A) = (/,A): (f,Fh/',m/) = (g G, A% m?) and
A: (B,B)= (B,B): (g,G, k%, m8) = (h,H, k", m" of pseudo T-functors

X, x,m®, %, 7%, 2%, %) = (v y,m", i, 7V, A, o),

their horizontal composite is defined by the horizontal composite A % I' of 2-cells in

KX, Y).
We omit the proof that this is indeed a 2-category.

Definition 1.6. The prescriptions below give the set of pseudo T-algebras with the
hom 2-categories from the proposition above, the structure of a Gray-category denoted
Ps-T-Alg, see [27, Prop. 13.12 and Th. 13.13].

Given pseudo T-algebras (X, x,m*,iX, 7%, 2%, p%), Y,y,mY,i¥,n¥, 2¥,p¥) and
(Z,z,m%, i%, 7%, A%, pZ), the composition law is defined by the strict functor

®: Ps-T-Alg(Y,Z) ® Ps-T-Alg(X, Y) — Ps-T-Alg(X, Z)
specified as follows.

On an object (g, f) in Ps-T-Alg(Y, Z) ® Ps-T-Alg(X, Y) i.e. on functors (g, G, A%, m®) and
(f,F, k', m’), ® is defined by

(gf, (Glrp) = (1gF), (A1) o (111 * (1A7)),

(111 * (1m)) o (m81) % Lirp * 1o * Lip1) © (Lyryy * Lirg *Zé}TF * 11F1)) ,
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which we denote by g & f.
On a generating 1-cell of the form ((@,A),1): (g,f) — (¢’,f) in the Gray product
Ps-T-Alg(Y, Z) ® Ps-T-Alg(X, Y), where (@, A) is a T-transformation

(&G, h*,m) = (/.G K¢, m*),
and f is as above, ® is defined by
(aly, (11 * Za,r) © (AD) * 115))

and denoted a ® 1.
Similarly, on a generating 1-cell of the form (1,(8, B)): (g, f) — (g, f’) in the Gray
product Ps-T-Alg(Y,Z) ® Ps-T-Alg(X, Y), where (B, B) is a T-transformation

(f,F b mhy = (f F B m!),
and g is as above, ® is defined by

(18,161 * (1B)) © (Zgls * 11F))

and denoted a ® 1.

On a generating 2-cell of the form (I, 1): ((a,A),1) = ((@’,A’), 1), ® is defined by the
underlying 2-cell I'l f in X(X,Y) and denoted by I' ® 1, and similarly for 2-cells of the
form (1,A): (1,(8,B)) = (1,(8', B")).

Finally, on an interchange cell X, 4),3,8) in Ps-T-Alg(Y, Z) ® Ps-T-Alg(X, Y), ® is defined
by the 2-cell M4 (Z,p), the shorthand of which is X, g.

The unit at an object (X, x,m,i,x, A,p), that is, the functor jx: I — Ps-T-Alg(X, X) is
determined by strictness and the requirement that it sends the unique object % of I to
the T-functor (1x,1,,1;,1,,).

We omit the proof that this is well-defined and that Ps-T-Alg is indeed a Gray-category.

1.2.2 Coherence via codescent

Recall from [38, 3.1] that given a complete and cocomplete locally small symmetric
monoidal closed category V', V-categories K and B, and V-functors F: K°° — 9 and
G: K — B, the colimit of G weighted by F is a representation (F %G, v) of the ¥-functor
[K°P, VI(F—, B(G—,?): B — V (where this is assumed to exist) with representing object
F+G in B and unit v: F — B(G—, F = G). For the concept of representable functors see
[38, 1.10]. In particular, there is a ¥-natural (in B) isomorphism

B(F * G, B) —— [K°?, VI(F, B(G—, B)) , (1.26)

and the unit is obtained by Yoneda when this is composed with the unit jr.g of the
V-category B at the object F x G.



52 THE MONAD OF THE KAN ADJUNCTION

Definition 1.7. A V-functor T: B — ( preserves the colimit of G: K — ‘B weighted
by F: K — 9/ if when (F * G, v) exists, the composite

Tg-pv: F - B(G-,F «G) » L(TG-,T{F,G})

exhibits T(F % G) as the colimit of TG weighted by F i.e. the composite corresponds
under Yoneda to an isomorphism as in (1.26) with TG instead of G.

Now let again XK be a Gray-category and T be a Gray-monad on it. Below we will make
use of the following corollary of the central coherence theorem from three-dimensional
monad theory [27, Corr. 15.14].

Theorem 1.3 (Gurski’s coherence theorem). Assume that K has codescent objects of
codescent diagrams, and that T preserves them. Then the inclusion i: KT < Ps-T-Alg
has a left adjoint L: Ps-T-Alg — KT and each component nx: X — iLX of the unit of
this adjunction is a biequivalence in Ps-T-Alg.

Remark 1.5. Codescent objects are certain weighted colimits, see [27, 12.3] and 2.1
for the codescent object of a strict codescent diagram. In fact, they are built from co-
2-inserters, co-3-inserters and coequifiers. These are classes of weighted colimits where
each of these classes is determined separately by considering all weighted colimits F * G
with a particular fixed Gray-functor F: X°° — V. Thus there is no other restriction on
G apart from the fact that it must have the same domain as F. In particular, if T is a
Gray-monad and T preserves co-2-inserters, co-3-inserters and coequifiers, then also TT
preserves co-2-inserters, co-3-inserters and coequifiers because G and TG have the same
domain. This is used in the proof of the theorem to show that the Eilenberg-Moore
object KT has codescent objects and that they are preserved by the forgetful Gray-
functor X7 — %K. Namely, in enriched monad theory one can show that the forgetful
functor X7 — K creates any colimit that is preserved by T and TT, just as in ordinary
monad theory.

For any of the classes of weighted colimits above, the domain of F is small, so codescent
objects are small weighted colimits. Hence, if K is cocomplete, it has codescent objects
of codescent diagrams in particular. This observation gives the following corollary.

Corollary 1.1. Let K be cocomplete and let T be a monad on K that preserves
small weighted colimits. Then the inclusion i: K < Ps-T-Alg has a left adjoint
L: Ps-T-Alg — KT and each component nx: X — iLX of the unit of the adjunction
is an internal biequivalence in Ps-T-Alg. O

1.3 THE MONAD OF THE KAN ADJUNCTION

1.3.1 A 7-monad on [0b?P, L]

Let v be a complete and cocomplete symmetric monoidal closed category such that
the underlying category 14 is locally small. By cocompleteness we have an initial ob-
ject which we denote by 0. Let P be a small V-category and let £ be a cocomplete
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V-category. In this general situation, we now describe in more detail a %-monad cor-
responding to the Kan adjunction with left adjoint left Kan extension Langy along a
particular ¥-functor H and right adjoint the functor [H, 1] from enriched category the-
ory. For V' = Gray, this is the Gray-monad mentioned in the introduction, for which the
pseudo algebras shall be compared to locally strict trihomomorphisms.

First, observe that the set ob? of the objects of P may be considered as a discrete
V-category. More precisely, there is a V-category structure on ob® such that for objects
P, O € P the hom object (obP)(P, Q) is given by I if P = Q and by 0 otherwise and such
that the nontrivial hom morphisms are given by I; = r;. The ¥-functor H is defined
to be the unique ¥-functor ob? — P such that the underlying map on objects is the
identity.

Since P is small and since ¥} is complete, the functor category [P, L] exists. For two
V-functors A, B: P — L the hom object [P, L](A, B) is the end

f L(AP,BP) ,
Peob?P

which is given by an equalizer

f L(AP,BP) — ] L(AP,BP); [T [P(P,0O), L(AP, BO)]
PeobP PeobP 7 PQeobP (1.27)

in 1}, see [38, (2.2), p. 27], where—if we denote by r the cartesian projections— p and
o are determined by requiring npgp and mppo to be mp composed with the transform of
L(AP, B-)pg and mp composed with the transform of L(A—, BQ)pp respectively.

Now let M be another small V-category and K: M — P be a V-functor , e.g. K = H.
The V-functor K induces a ¥-functor

(K, 1]: [P, L] > [M, L],

which sends a V-functor A: P — L to the composite V-functor AK, cf. [38, (2.26)],
and its hom morphisms are determined by the universal property of the end and com-
mutativity of the following diagram

[P, LI(A, B) A lns [M, LI(AK, BK)
e . (1.28)
L(AKM, BKM) ———— [(AKM, BKM) .

Left Kan extension Lang: [M, L] — [P, L] along K provides a left adjoint to [K, 1]:
this is the usual Theorem of Kan adjoints as given in [38, Th. 4.50, p. 67], and it
applies since M and P are small and since L is cocomplete. In particular, we have a
hom ?¥/-adjunction

[P, L](LangA, S) = [M, LI(A, [K, 1](S)) , (1.29)
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cf. [38, (4.39)], which is V-natural in A € [M, L] and S € [P, L]. Thus we have a monad
T = [H,1]Lang: [M, L] — [M, L] (1.30)

on [M, L], which we call the monad of the Kan adjunction. The unit n: 1 = T of T
is given by the unit 5 of the adjunction (1.29), while the multiplication u: TT = T, is
given by

[H,1]eLang: [H, 1]Langy[H, 1]Lang = [H, 1]Langy

where € is the counit of the adjunction (1.29).

We now come back to the special case that M = ob? and K = H. Since P is small,
we may identify a functor ob? — L with its family of values in L i.e. the set of functors
is identified with the (small) limit in Set given by the product []pp 0bL.

In fact, the equalizer (1.27) is trivial for [ob®, L], so for two functors A, B: ob®? — L,
the hom object [ob®P, L](A, B) is given by the (small) limit in %} given by the product
[1peobe L(AP, BP).

Namely, p and o are equal in (1.27): Denoting by 7 the projections of the cartesian
products, mpgp = pponp equals mpgo = opomg because for P # Q, the two morphisms

l_[ L(AP,BP) — [0, L(AP, BQO)]
Peob?

must both be the transform of the unique morphism

0 [ | ] £AP BP), LAP, BO) ;
Peob?

and for P = Q, we have ppp = opp because these are the transforms of L(AP, B—)pp and
L(A—, BP)pp, which are both equal to

Jrwppy: I = (0bP)(P,P) — [L(AP, BP), L(AP, BP)]

by the unit axioms for the ¥-functors A, B, L(AP,-), and L(—, BP). To see this, note that
jp: I — I is the identity functor, so L(AP, B—)pp = L(AP,B—)ppjp and L(A—, BP)pp =
L(A—,BP)ppjp.

From diagram (1.28), we see that

[H,1]ap: [P, LI(A, B) = [ob®P, LI(AH, BH)

is given by the strict functor of the equalizer (1.27),

f L(AP, BP) — ]_[ L(AP, BP) ,

Peob® Peob®

that is, the strict functor into the product induced by the family of evaluation functors
Ep where P runs through the objects of P.
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Lemma 1.2. Let {F,G} be a pointwise limit, then any representation is pointwise.

Proof. Let (B,u) be a pointwise representation and let (B’,u’) be any other representa-
tion. By Yoneda, y’ has the form [P, L](a, G-)u for a unique isomorphism a: B’ = B.
It follows that

Epu’ = Ep[P, L](a, G-)u = L(ap, EpG-)Epu

and by extraordinary naturality this induces

L. BP) 25 Py B 1% VIF, L(L.(G-)P))

where f is the isomorphism induced by Epu, and this is an isomorphism that is %-natural
in L and P because (B, i) is pointwise and ap is an isomorphism that is ¥-natural in P.
This proves that (B, u’) is a pointwise limit. O

The following is the usual non-invariant notion of limit creation as in MacLane’s book
[55, p. 108] adapted to the enriched context:

Definition 1.8. A V/-functor T: B — (C creates F G or creates colimits of G: X — B
weighted by F: K° — 7 if (i) for every (C,v) where v: F — C(TG-,C) exhibits the
object C € C as the colimit F+(TG), there is a unique (B, &) consisting of an object B € B
with TB = C and a V-natural transformation &: F — B(G-, B) with Tg_ ¢ = v, and if,
moreover; (ii) & exhibits B as the colimit F * G. There is a dual notion for creation of
limits.

In particular, a colimit F * G created by the ¥-functor T is also preserved by T.
Lemma 1.3. The functor [H, 1] creates arbitrary pointwise (co)limits.

Proof. We only prove the colimit case, the proof for limits is analogous. If the colimit
(C,v) = (F % [H, 1]G, v) exists pointwise, we have

CP=(F«[H,1]G)P =F = ([H,11(G-)P) = F x (G-)HP = F x (G—-)P ,

which means that the value of C at P is a colimit (CP,v") of (G-)P weighted by F.
In fact, this determines the V-functor C uniquely since the domain ob® is discrete.
Further, it implies that the colimit (F * G, &) exists pointwise because F % (G—)P exists
as (CP,v"), and this means that the functoriality of F * G is induced from the pointwise
representation and that Epé = v, Now since

([H,1)(F * G))P = (F * G)HP = (F + G)P = F x (G-)P = CP,

the two functors [H, 1](F * G) and F = ([H, 1]G) coincide pointwise, and this means that
they must also coincide as functors ob®? — L, i.e. [H, 1](F *G) = F =([H, 1]G). Moreover,
since the units coincide pointwise, Epé = v*', we must have [H, -4 =v= I,

This proves the existence of a (B,¢) as in Definition 1.8. Suppose there would be
another (B’,¢’) with [H,1]B’ = C and [H, 1]g-pé = v. Then B and B’ would coincide
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pointwise i.e. BP = BP’ for any object P € P, and via & and & would both give rise
to the same representation isomorphism—by the fact that [H, 1]g-4& = v = [H, llg-4¢
and thus Ep¢’ = Ep[H, 1]1g-a¢" = Epv = Ep[H, 1]g-aé = Epé— and this representation
isomomorphism is V-natural in P as well as in L:

L(BP,L) = [ K, V|(F, L(G-)P,L)) . (1.31)

But for such a representation isomorphism there is a unique way of making B a ¥-functor
P — L such that the representation isomorphism is ¥-natural in P as well as in L, see
for example [38, 1.10], so B and B’ have to coincide as V-functors. Clearly, by Yoneda,
also &€ = ¢’ then as the representations of (B, ¢) and (B, ¢”) coincide because the pointwise
representations (1.31) do, cf. [38, 3.3]. Note here that (B’,&’) must be a pointwise colimit
too because by assumption, it is preserved by [H, 1] and (C,v) is preserved by any Ep,
so (B, &) is preserved by any Ep and thus it is a pointwise colimit. On the other hand,
this is just the general fact that if a colimit exists pointwise, then any representation
must in fact be pointwise, see Lemma 1.2 above.

O]

Corollary 1.2. The functor [H, 1] preserves any limit and any pointwise colimit that
exists.

Proof. This follows from the lemma above and the fact that [H, 1] is a right adjoint. [

Remark 1.6. In case that [H, 1] is also a left adjoint, it in fact preserves any colimit
that exists. This is for example the case when the target L is complete, where the right
adjoint is given by right Kan extension Rang along H, which exists because £ and obP
were assumed to be complete and small respectively. In particular, this applies in the
situation that £ = V.

Corollary 1.3. Let P be a small and L be a cocomplete Gray-category, and let T be
the monad [H, 1]Lang on [ob?P, L] given by the Kan adjunction. Then the inclusion
i: [P,L] — Ps-T-Alg has a left adjoint L: Ps-T-Alg — [P, L] and each component
na: A = iLA of the unit of the adjunction is an internal biequivalence in Ps-T-Alg. [

Proof. We aim at applying Corollary 1.1 of Gurski’s coherence theorem. Thus, we have
to show that T = [H, 1]Lany preserves small colimits. Since Lang is a left adjoint, it
preserves any colimit that exists. Since this colimit is again a small colimit and since,
L being cocomplete, small colimits are pointwise colimits (cf. Lemma 1.2), Lemma 1.3
implies that it is preserved by [H, 1]. This proves that any small colimit is preserved by
T. O

1.3.2 Explicit description of the monad

In this paragraph, we will give an explicit description of the monad from 1.3.1 in terms
of a coend over tensor products. As a matter of fact, the explicit identification of the
monad structure is involved, and an alternative economical strategy adequate for the
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purpose of this paper, would be to take the description in terms of coends and tensor
products as a definition. By functoriality of the colimit it is then readily shown that this
gives a monad on [ob?P, L] as required, but one has to show that it preserves pointwise
(and thus small) colimits in order to apply Corollary 1.1 from 1.2.2. This follows from
an appropriate form of the interchange of colimits theorem. For this reason, we will be
short on proofs below.

First, we recall the notions of tensor products and coends to present the well-
known Kan extension formula (1.37) below. Then we determine the monad structure
u: TT =T and n: 1 = T for the monad from 1.3.1. Given an object X € ¥ and
an object L € L, recall that the tensor product X ® L is defined as the colimit X = L
where X and L are considered as objects i.e. as V-functors in the underlying categories
T = V-CATI®, V) and Ly = V-CAT(J, L) where J is the unit V-category. With
the identification [J, L] = L, the corresponding contravariant representation (1.26) from
1.2.2 has the form

n: LX®L,M)=[X, L(L,M)] , (1.32)

and this is V-natural in all variables by functoriality of the colimit cf. [38, (3.11)]. This
means that tensor products are in fact V-adjunctions, and we will dwell on this in the
next paragraph 1.3.3. Because L is assumed to be cocomplete, tensor products indeed
exist,.

Next, recall that for a V-functor G: A°° ® 4 — L, the coend

A
f G(A, A) (1.33)

is defined as the colimit Homoﬂ? # G. The corresponding representation (1.26) from 1.2.2
transforms under the extra-variable enriched Yoneda lemma cf. [38, (2.38)] into the
following characteristic isomorphism of the coend:

A
B: L(f G(AA),L) = fL(G(A,A),L) , (1.34)

A

which is V-natural in L and where on the right we have an end in the ordinary sense cf.
[38, 2.1]. The unit of Hom‘jqp * G corresponds to a V-natural family

A
ka = A 1 gy )0 GALA) —>f G(A,A) (1.35)

where A4 is the counit of the end, and (1.34) induces the following universal property of
Kp:

A
Lo f G(A,A), L) = V-nat(G(A, A), L) . (1.36)
This is a bijection of sets and it is given by precomposition with k4, which proves that

k4 is the universal ¥-natural family with domain G(A,A). Since L was assumed to be
cocomplete, small coends in £ do in fact exist.
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We are now ready to present the explicit description of left Kan extension and thus
of the monad from 1.3.1. Since £ admits tensor products and since P was assumed to
be small, left Kan extension along the functor H: ob®? — P from 1.3.1 is given by the
following small coend:

P
LanHAEf PP,-)®AP (1.37)

of. [38, (4.25)].

Example. In case that L = 7 and 4 = ob?P, the coend in (1.33) is given by a coproduct
in Y: Indeed it is easy to verify that Homgg? *G(A, A) reduces to a conical colimit in V/,
which, v being cotensored, coincides with the ordinary colimit, hence the coproduct.
Next one observes that tensor products in ¥ are given by the monoidal structure as
is easily seen from (1.32) cf. (1.44) in 1.3.3. Therefore, (1.37) reduces to the coproduct

LangA= " P(P-)®AP. (1.38)
Peob?P

Now let M be another small ¥-category and K: M — P be a V-functor. Then left
Kan extension along K exists in the form of

M
LangA = f P(KM,-)® AM | (1.39)

the relevant functor categories exist, and we again have the Kan adjunction Lang 4 [K, 1].

Lemma 1.4. The component at A € [P, L] of the counit €: Lang[K,1] = lip ) of the
adjunction Lang 4 [K, 1] has component

M
€Ap: f P(KM, Q) ® AKM — AQ

at Q € P induced from the V-natural transform
P(KM, Q) ® AKM — AQ
of the hom morphism
Axmo: P(KM, Q) — L(AKM,AQ)
under the adjunction (1.32) of the tensor product.

Proof. The component at A is obtained by composing the unit
jak: I — [obP, L]I(AK, AK)

with the inverse of the %-natural isomorphism of the Kan adjunction (1.29). The lemma
then follows from inspection of the proof of the theorem of Kan adjoints [38, Th. 4.38].
In particular, the transform of the ¥-natural L(AKM, —)akmAQAKkM,0, Which gives rise
to the extra-variable Yoneda isomorphism [38, (2.33)], enters in the inverse of (1.29),
and this is the point where the hom morphism Agpso shows up.

O
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We will show in the next paragraph 1.3.3 that there are obvious left unitors A and
associators a for the tensor products. These already show up in the following two
lemmata, but since we mostly omit the proofs, it seems more stringent to state the
lemmata here in order to have the explicit description of T at one place.

Lemma 1.5. The component at A € [M, L] of the unit of the adjunction Lang 4 [K, 1]
and the corresponding monad T = Lang 4 [K, 1] on [M, L], i.e. the V-natural transfor-
mation n: 1[M,L] = [K, 1]Lang has component

i Jrkm®1 KM KM

1 0
Nam: AM =5 1@ AM —"— P(KM,KM) ® AM —— f P(KO,KM)® AO

at M in M where /1;11‘/[ is the unitor of the tensor product cf. 1.3.3.

Proof. Note that we have stressed in the statement that the unit of the monad T is
exactly given by the unit of the adjunction Lang + [K,1]. Hence, its component at
A € [M, L] is given by composing the ¥-natural isomorphism of the Kan adjunction
(1.29) with the unit

Jranga: I — [P, L](LangA, LangA) .

This gives an element I — [ob®P, L](A, [K, 1](LangA)), that is, a ¥-natural transforma-
tion A = [K, 1](LangA) = TA cf. (1.29). Since the inverse of the extra-variable enriched
Yoneda isomorphism [38, (2.33)] takes part in (1.29), this is converse to the situation in
Lemma 1.5. Correspondingly, one has to consider the transform of L(AO, (LangA)—)o.xum,
although one does not have to determine ((LangA)—)o xkm in the argument as one only
uses the unit axiom for a ¥-functor. O]

Lemma 1.6. The hom morphism of LangA = fM P(KM,-)QAM,

M M
(LangA)gr: P(O,R) — L(f P(KM, Q)®AM,f P(KM,R) ® AM)

corresponds to the V-natural family (in M € M and also in Q € P but Q is held constant
here)

kr(Mp ® a™! (1.40)

under (1.32), exchange of the colimits P(Q,R) ® — and fM, and (1.36).

Proof. A neat way of proving this is by showing that the prescription in the statement
of the lemma gives rise to the correct unit of the representation for left Kan extension
along K via
(Lang)km.r L(na,m,1)
P(KM,R) ——5 [((LangA)KM, (LangA)R) ——— L(AM,(LangA)R)  (1.41)
cf. [38, dual of Th. 4.6 (ii)], where 74 was determined in Lemma 1.5, and the unit of
the representation of the left Kan extension as a colimit in the form of (1.39) is quickly
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determined to be L(I,KM’R)U‘%%(M’R). Namely, the unit of (1.34) is kpr, then n is applied

to this, which by (1.56) in 1.3.3 below gives

_ [ AM
n(kur) = Dpticar pyy 11EAM, o rieam, M empeanMR)

T%(M,R)’ 11L(AM, kpg), where 1 is the counit of the adjunction of the tensor prod-

uct cf. (1.32). Thus this is the counit in question and it can be identified with

L(AM, ko) T%(M’R). One then proves that (1.41) in fact has exactly this form:

or [

Denoting by x exchange of the tensor product and the coend f M, the relevant calcu-
lation is displayed below.

_ _ M p(KMKM)SAM
LOam DLA, (VB kmr(Mgps prr ® 1an) l)x)né(mm

. _ _ _ M p(k M KM)YSAM
=Lk xnm(Gixm ® DAy DL (VB (kmr(Mg gy gprr ® Lam)e 1)x>n£(KM,R)

(by Lemma 1.5)

) _ _ _ M PR MK M)SAM
=L(Gikm ® DA DL, (VB ™ ktr(Migyy xprr ® 1as)e™)x) Likng ko, 1)n£(KM,R)

(functoriality of hom/)

=L((km ® DAzp DL, (VB (Kt kM yg a2 ® 1ame Y0 LA, 1@ ka g prry

(naturality of n)
=L((km ® DAza DL, (VB (Kt kMg s ® Lm0 eapegurr

(exchange of colimits is induced by an iso of represented functors: x(1 ® ky7) = kp)

= L((ixm ® DAh DL kg py pp @ Lasd@ Mgl o (since (VB) = Vi, 11)
= L350 DL kpp g Mg grrr ® Landa (1 ® (xw ® 1)));7’1;@(;‘(%’@ (functoriality of hom )
= L(Ayp DLA, ki rMgyg e (1 ® jiean) @ Landa™ iigen o (by naturality of @)
= L300 DL,k g(recarry ® Lan)a” Mg (by a V-category axiom)
= L(p DLA, ky (1 ® A ipem z) (by the triangle identity (1.53))
=L(/1AM/1;‘11\,1, l)L(l,KM,R)n‘gf(V;{M’R) (by naturality of )

=L(L kMR Tz = Tp(kanry LAM, KyR)

Thus the prescription (1.40) leads to the right counit, but this means that the hom
morphism (Lang)g r must have precisely the claimed form since LangA is uniquely func-
torial such that the representation, which is induced from this counit, is appropriately
natural cf. [38, 1.10] (and indeed this is how the functoriality of (1.39) is defined). [

Corollary 1.4. Let T = [K, 1]Lang be the monad of the Kan adjunction from 1.5.1. The
component at A € [M, L] of the V-natural transformation u: TT = T has component
corresponding to the V-natural (in M,N € M ) family

kur(Mp ® Da™! (1.42)
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under exchange of colimits, Fubini, and (1.36), where a is the associator of the tensor
product cf. 1.5.5.

Proof. The V-natural transformation u of the monad is determined by the counit e
of the adjunction Lang -4 [H,1]. Namely, it is given by the ¥/-natural transformation
denoted

[H,1]eLanyg : [H, 1]Langy[H, 1]Lang = [H, 1]Langy
with component
[H, 1]LanH((LanHA)H),LanHA €LanyA - I — [ob®P, L]((Lany((LanyA)H))H, (LanyA)H)

at A € [obP, L]. Since Ep factorizes through [H, 1] and zp, the component at Q € P
of uyu is simply given by the component of €ran,a at Q. According to Lemma 1.4, the
component of €an,4a at Q € P is induced from the transform of (LanyA)pgp, and by
Lemma 1.6, this transform is precisely given by (1.42). O

1.3.3 Some properties of tensor products

It is clear from the defining representation isomorphism (1.32) from 1.3.2 of the tensor
product and its naturality in X,L, and M that tensor products, for any object L in a
tensored V-category L, give an adjunction of V-categories as below

(-®L: V> L) 4 (LL,-): Lo>V). (1.43)

Because the representation isomorphism is also V-natural in L, it is a consequence of
the extra-variable Yoneda lemma [38, 1.9] that the unit and counit of this adjunction
are also extraordinarily %-natural in L:

Lemma 1.7. The unit n)L(: X - L(L,X®L) and counit ef,l: LL,M)QL — M of these
adjunctions are extraordinarily V-natural in L (and ordinarily V-natural in X and M ).

O
Recall that there is a natural (in X, Y,Z € /) isomorphism
p: [ XY, Z]l=[X,[Y,Z]], (1.44)

which is induced from the closed structure of ¥ via the ordinary Yoneda lemma cf. [38,
1.5]. From p and the hom %-adjunction (1.32) of the tensor product, we construct a
V-natural isomorphism

1y yer m X1y ylPnxerim: LX®Y)®LM) > LX® (Y ®L), M), (1.45)

which, by Yoneda, must be of the form L(a;(’ly ;> 1) for a unique ¥-natural (in X,Y,L)
isomorphism

oy Xe(¥YeL) = (XeY)®L. (1.46)
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The natural isomorphism (1.46) is called the associator for the tensor product. Since
tensor products reduce to the monoidal structure if £ = ¥/, the natural isomorphism
(1.46) is in this special case, by uniqueness, given by the associator a~! for the monoidal
structure of V.

In fact, there is a pentagon identity in terms of associators @ and associators a:

Lemma 1.8 (Cf. Janelidze and Kelly [30]). Given objects W, X, and Y in V, and an
object L in a tensored V-category L, the associators a and a satisfy the pentagon identity

awxyeLawex.yr = (lw ® axyr)awxerz(awxz ® 17) , (1.47)
which is an identity of isomorphisms
(WeX)Y)L->W(X®(Y®L)) .

Proof. The corresponding identity for the inverses is proved by showing that the corre-
sponding ¥V-natural isomorphisms

LW X)®Y)®LM)= L(IWR(X®(YQL)),M)

coincide. The V-natural isomorphism corresponding to the inverse of the left hand side
of (1.47) is readily seen to be given by

-1 -1 -1
Ny xever).mWs x yer ul X, nyp yllPPRWexX)0Y.LM

cf. (1.45), where we have used naturality of p and cancelled out two factors. Similarly,
the V-natural isomorphism corresponding to the inverse of the right hand side of (1.47)
is given by

”QX@(Y@L),M[W’ n)_(,lY®L,M[X’ [n}_’,lL,M]]] (W, P]P[CY_I, L(L, M)Inwex)ev,Lm -
Thus, the identity (1.47) is proved as soon as we show that
pp =W, plpla™, LIL. M)] .

In fact, this last equation reduces to the pentagon identity for a since p is defined via
Yoneda by

YW, p) = nxVo(a, Dr ™",

where 7 is the hom Set-adjunction of the closed structure. Namely, one observes that
on the one hand,

YV, pp) = W(V, p)V(V, p) = nxViy(a, Dn ' anVy(a, Dr ! = nnViy(a, DaVi(a, Dr™!
= Vya®1,1)Vj(a, Hr !
= annVy(a(a® 1), Hr ",
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and on the other hand,
VoV, [W, plpla™, LIL, M) = Vo(V. [W, phrn V@™, Dr~ e V(1 @ a™', D!
= WV, W, phar Vo(a, D V(1 @a™", D™
=1V @ W, pyr ' nnVy(a, N V(1 ®a™", Dr™!
= nanV(a, NVy(a, DVy(1®@a"', r!
= nan V(1 ® a Haa, Hr™!

U
Similarly, recall that there is a natural (in Z € V) isomorphism
i Z=1,7] (1.48)
which is defined via Yoneda by
X,i ! = [rx , l]p X LZ) =X ,Z] =([X.Z] . (1.49)

Thus from i and the hom ¥/-adjunction n of the tensor product, we construct a V-natural
(in L, M) isomorphism

nph s LOL M) = (1, L(L, M)] = LA & L, M) . (1.50)
By Yoneda, (1.50) must be of the form £(4z, 1) for a unique isomorphism
AL I®L— L, (1.51)

which must moreover be V-natural in L.
For M = I ® L, composing the inverse of the isomorphism (1.50) above with jigr,

- LA®LISL) =[I, LLI®L)] = LLIDL),

must give /lzl—since this is how we get hold of the counit of such a natural transformation
in general—and it is of course also the map corresponding to nf under the isomorphism
[I, L(L,I®L)] = L(L,I® L) —because this is exactly the inverse of the first isomorphism
n (1.50). Conversely, composing (1.50) for M = L with jj; must give A;.

For Y = I, consider the composition of the representation isomorphism (1.45) i.e.

L(a - 1) = nx1®L ulX nZIL,M]PnX®I,L,M > (1-52)

with L(ry ® 1,1). By naturality of n, functoriality of [—,—], and the definition of i via
Yoneda cf. (1.49), we have the following chain of equalities:

L((rx @ Da', 1) = nyher ylXon7) ylpnxeremLiry ®1,1)

-1
=Ny IeL, M[X, n]’L,M]P[rX, 1]”lX,L,M

= nX11®L ulX, nz_lL X ilnx . m

nXI®L M[X L(AL, DInx r.m
=L(1®1,1).

Hence, by Yoneda, we have proved the following lemma.
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Lemma 1.9. Given an object X in V' and an object L in a tensored V-category L, there
s a triangle identity for r,A, and «,

(rx®1)ax,, = 1x® 1L, (1.53)
which is an identity of isomorphisms
X®(UQ®L)—- XQL.
O

Lemma 1.10 (Cf. Janelidze and Kelly [30]). Let L,M,N be objects in a tensored V-
category L. Then

Mp: LIM,N)® L(L,M) = L(L,N)

can be identified in terms of the associator a for tensor products and units n and counits
€ of the tensor product adjunctions:

M, = L(L, 61]\‘,/1(1 ® eb)a)nli(M,N)@)L(L,M) .

Proof. First, recall that as for any %/-adjunction, Yoneda implies the identity
L(L,—)yn = nL(el, 1) cf. [38, (1.53), p. 24], and thus M, = ejfﬁj‘j))(nL(e@, D ® 1)
of. (1.14) in 1.1.5.

The lemma is now proved by the following chain of equalities

L(LM
M, = eLEL,N))(nL(GI@’ H® IL(L,M))

= L(LL €% @i L€ D ® 1)
v a triangle identity for unit and counit of the adjunction (1.

by a triangle identity f it and it of the adjuncti 1.43
= L1, e LA L (€ N Ll D@ Lrwm) 8 1N iy o

(by ordinary naturality of 7% in X)
= L(1L, ey M a((Liefy. D ® 1rwan) ® LW o

(see below (*), by functoriality and the identity € = e((e(n® 1)) ® Da!)
= L(1L, ey MM (Liefy D) © (U wan ® 1) 4y vvor

(by ordinary naturality of @)

M Ly L

= L1, ey 1 @ €)M [y vyw ci1.m)

(by extraordinary naturality of 61%/1 in L)
To prove the identity used in (*) consider the morphism

[L(L(L,M)®L,N), L(LL,M)®L,N)] - LIL(LIL,M)®L,N)Q (L(L,M)® L),N)
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given by the composite

- Sl
L, N) L g ppy v @ D@ LN Ly cnocwmy NP P couny.Ln " eouny Ly
(1.54)

in V), where p: [X®Y,Z] = [X,[Y,Z]] is again the natural isomorphism (1.44) induced
from the closed structure of ¥, and where we have added subscripts such that the hom
V-adjunction (1.32) from 1.3.2 is now denoted by nxzm. If L(a,N) is spelled out in
terms of hom V-adjunctions n and p according to (1.45), then it is seen by naturality
that (1.54) is in fact the same as

-1
R (£ (L MSLN), L(LM)SLN * (1.55)

In particular, it is an isomorphism (although this is also clear because each factor is
an isomorphism) and appropriately ¥-natural (and this follows from the composition
calculus respectively). We now want to show that the unit of this natural isomorphism
is given by

L(LM —
ex(eri Ly ® D) ® Da™!

because then, by Yoneda, this must be the same as since this is by definition
the unit of (1.55).
The unit is obtained by applying (1.54) (or rather V of it) to 1 s meLn), and we do

this factor-by-factor. First, note that

L(LM)®L
oY

-1 _
[z mny.n " eouny Lyl cccawmeryy) = Liowm,ciny »

and

_ L(LM)
PAcwmn.cann) = €.y

because p is the hom 9-adjunction with underlying adjunction — ® Y 4 [¥, -] given by
the closed structure i.e. Vp =m.
Now note that by ordinary naturality of n, we have

LM LM -1
[e LE L,N)), 1] = niemy, coanjecw,m,LnL(e LE L N)) @1, Dnygavrn -

LM LM LILM
Thus because [eLEL,N))’ 1](1L(L,N)) = eLEL,N))’ we may compute n[L(L,M),L(L,N)]@L(L,M),L,N(eLEL’N)))
. L(LM - - LM
by applying L(e LEL’N)) ® 1, n LtL’N)’ LN to 1.y, the result of which is 61%,(6 LEL,N)) ®1).
Finally, applying the remaining factors L((n camin® 1)®1,N) and L(a, N) indeed gives

(1.54). O

Remark 1.7. A different strategy for the proof of the lemma is to first observe that
the right hand side just as M, is ordinarily %-natural in L and N and extraordinarily
V-natural in M by Lemma 1.7, naturality of @, and the composition calculus. Then the
identity in the lemma can be proved variable-by-variable by use of the Yoneda lemma
where one considers the transforms in the case of the variable M.
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For an object X € ¥ and objects L, M € L, recall that the hom ¥-adjunction (1.32)
from 1.3.2 of the tensor product has the following description in terms of the unit and
the strict hom functor of the right adjoint L(L,-),

n =% LWL, —)xerm: LX® L M) — [X, L(L,M)] . (1.56)

With this description of n we are able to derive two important identities for n stated
in the two lemmata below. These are in fact the main technical tools that we employ
to achieve the promised identification of Ps-T-Alg. Recall that there is a 7/-functor
Ten: V®% — 1 which is given on objects by sending (X, Y) € ob¥xob? to their product
X®Y € ob? and whose hom morphism Tenxxvy): [X,X'1®[V,Y] > [X®Y,X ®Y']
is such that

e))g?@YY,(TGH(X’X/)’(KY/) ® lxgy) = (€§, ® eg,)m (1.57)

where e denotes evaluation i.e. the counits of the adjunctions comprising the closed
structure of ¥ and where m denotes interchange in V.

The two lemmata specify how n behaves with respect to Ten: ¥® ¥ — 4 and M, in
two specific situations that we will constantly face below.

Lemma 1.11 (First Transformation Lemma). Given objects X,Y in V, and objects
L,M,N in L, the following equality of V-morphisms LIX® M,N)® L(Y® L, M) — [X®
Y, L(L,N)] holds.

[xey> 11L(L, =) xenern L@, DM (1 Lxomn) ® (X ® =)yerm)
= [1, M 1Tencx vy couny.cvarany (% TTLM, =)xemn) ® (15, 11L(L, —)yerm))

In terms of the hom V-adjunction (1.32) from 1.3.2, this means that

nL(a, )M Ten(L(X ® M, N), =) r(verm),£(xsvsL) xem (X ® —)ysrm)
= [1, M )Tenx y) cmny,my(n @ n) .
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Proof. This is proved by the following chain of equalities.

ey L(L, “)xenery L@, DM (1 Lxamn) ® (X ® —)yerm)
= [L(L, @)y LWL, “xerenyvM (1 Lixemn ® (X ® —)yerm)
(by the functor axiom for £(L,—-) or ordinary ¥-naturality of £L(L,-)yy in M)

= [L(L, )y, UMy (LIL, ~)xemn ® (L(L. ~)xsver.xem(X ® —)yerm))
(by the functor axiom for L(L,-) )
= My(L(L, ~)xamn ® (L(L D5y ILL ~)xsvarn.xem(X ® —)yerm)
by ordinary ¥-naturality of M, or a V-category axiom if spelled out
(by y y of My gory p
= My(L(L, =)xomn ® ([L(L, (1x ® €75)0Kg 1 (1. yer) X ® 19)s 1IL(L, “)xa(rer) xem(X ® —)yarm))
(see below (A), by a triangle identity and naturality)
= My(L(L, =)xomn ® (X @ 175), LIL, (1x ® €4))g 1 4p) ) TenX, =) v vor). o LIL, —)yeL.m))
(see below (C), by ordinary ¥-naturality of L(L,(1x ® elL()a)n)L@L(L,K) in K)
= My(L(L, =)xemn ® ([1, LIL, (1x ® )Ny ;4 1(Ten(X, =)y £iwan [7ys 11L(L, )yer,m))
(ordinary V-naturality of Ten(X, —)yz in V)
= My ((LL(L, (1x ® €)M g 1y LWL, “xemn) ® (Ten(X, =)y ly, 11LWL, —)yerm))
(extraordinary V-naturality of M)
= My((AM Oy ® 1o, NLL, =)xomn) @ (Ten(X, )y ey, HLL, —ysrm))
(see below (B), by a triangle identity, naturality, and Lemma 1.10)
= Moy(({01¥ ® 1 czmy)s M1 Ten(—, L(L, M) ruxemn Lonn) LM, =)xamn)®
(Ten(X. =)y, ciz.m 1y UL(L, ~)ysrm)
(see below (D), by ordinary ¥-naturality of M)
= My(([1, M 1Ten(=, LIL, M)x, comm iy s 1L, =)xamn) ® (Ten(X, =)y, e [0y LL(L, -)yer,m)
(ordinary ¥-naturality of Ten(—, Z)yw in U)
= [1, M IMy((Ten(—, L(L, M))x coum [y s LM, =) xemn) ® (Ten(X, =)y cr.an(ny, 1L(L, —)yerm))
(ordinary V-naturality of M)
= [L, M ITencxy),ccouny, vy (Moygy
(DY LM, )xemn) @ J g ar) " Zxomny) @ (G © (15 L, =) veLs) L iyer )
(functor axiom for Ten (partial functors spelled out))
= [1, M ] Tencxy) (m.N), £LM))
(Mo (Y, 1L, =)xamn) © JX ) L xanny) © MG T ap ® 5 LWL -)yverm) 7 iyer an)
(by Mygq = (M4 ® Mq))m where m is interchange, naturality of m, and m(r~' @ ") = r 1 @ I7})
= [1, M 1Tency),ccoumy, e[y s LM, =)xemn) ® (7, 1LL, =)ysrm))
(V-category axioms for V)

In (A) and (B) we have used the following identities of %’-morphisms. For (A), observe
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that

L(L, a@)ygy = LIL, (1x ® (€ (15 ® 1))k gy

(by a triangle identity)

= L(L,(1x ® €y )(1x ® (7% ® 1))y
(by functoriality of X ® —)

= L(L,(1x ® efg)a((1x ® 1) ® 1))y
(by ordinary ¥-naturality of @)

= L(L, (1x ® €560y 1 (1. yer,(1x ®717)
(by ordinary ¥-naturality of n)

= L(L,(Ix® E%@L)Q)TIJL(@L(L,Y@L)(X ®7y)

= L(L,(Ix® E%@L)G)UJL@L(L,Y@L)TCH(X’ 775) .

Similarly, for (B) observe that

L(L, (1x ® €)W 1apy = LLs exop Ty © 1) (1x ® €)M e 1)
(by a triangle identity)
= L(L, ey 0, (1 Lomxann) @ €4y ® 1L(L,M)®L)a’)77)L(® L(LM)
(by underlying functoriality of the functor ® )
= L(L, ey ps (1 comxann @ ex)a((ny © 1o ® IL))U)L@ L(LM)
(by underlying functoriality of ®, Leawmeor = 1o ® 11,
and by ordinary ¥-naturality of @ )
= L(L, exou (1 v xem) ® €D 4y xomnorwin X @ 1owm)
(by ordinary ¥-naturality of )
=My ® 1)
(by the identification of M, in Lemma 1.10 above)
= MOy ® L(L, M) = M Ten(y , L(L, M) .

Finally, we comment on the V-naturality used in (C) and (D):

For (C) recall that nf is V-natural in J. Then so is n)L(®L(L,K) because this is ’7%’1( for
P = L(L,-)(X ® —). Next, recall that a is ordinarily ¥-natural in all of its variables,
and that 61[2 is ordinarily ¥-natural in K. Then so is 1x ® eIL( because this is Qo(eIL() for
0 = (X®-), and thus the composite (1 X®6IL<)G’ is ordinarily ¥-natural in K. From this it
follows that L(L, (1 X®EIL{)Q) is ordinarily ¥-natural in K because this is Qg((1 X®eIL()a/) for
Q = L(L,-). Hence, we conclude that the composite family L(L,(1x ® Eé)a)nf@ (LK) is
ordinarily ¥-natural in K. That is, L(L,(1x ® ellg)af)nf(® (LK) is the component at K € L
of a V-natural transformation

Ten(X, —)L(L,—) = L(L,-)(X®-)
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where X and L are held constant, and where X ® —: L — L is the partial functor of
the tensor product in contrast to the partial functor Ten(X,—): ¥ — ¥ induced by the
Gray product.

For (D) recall that M : L(M, K)® L(L, M) — L(L,K) is V-natural. Since V-naturality
may be verified variable-by-variable, M is in particular ordinarily ¥-natural in K. That
is, it is the component at K € L of a V-natural transformation

Ten(—, L(L,M))L(M,-) = L(L,-)
where L and M are held constant. O

Lemma 1.12 (Second Transformation Lemma). Given an object X in V, and objects
L,M,N in L, the following equality of V-morphisms L(X@M,N)® L(L, M) — [X, L(L,N)]
holds, where c is the symmetry of V.

[ 11L(L, ) xar vM (1 cixemny ® (X ® =) )
= Myy(L(=, Ny ® ([0, 11LM, =)xemn))c

In terms of the hom V-adjunction (1.32) from 1.3.2, this means that

nM  Ten(L(X ® M, N), =) L. m),cxeL,xem) (X @ =)m) = My(L(—, N)L.y ® n)c

Proof. This is proved by the following chain of equalities.

(7%, 11L(L, ) xorvM (1 Lixomn) ® (X @ =)L)

= [y, UMy(L(L, -)xamn ® (LL, ~)xar xem(X ® =),m))
(functor axiom for L(L,-))

= My(L(L, =)xomn ® (M5, 11L(L, —)xerxemX ® =)rum))
(ordinary V-naturality of M)

= My(L(L, —)xemn ® (0§, 11L(—, X @ M)Lu1))
(extraordinary V-naturality of n)L( in L)

= [ IMy(L(L, -)xemn ® L(= X ® M)1,m)
(by ordinary ¥-naturality of M)

= [y, UMy ((L(=, N).y) ® LIM, =)xemn)C
(see below, by extraordinary V-naturality of L(L,—)yy in L)

= My((L(= N)r.w) ® ([0 » 11L(M, =)xemn))e
(by ordinary ¥-naturality of M)

For the last equality, recall that L(L, =)y n: L(M,N) — [L(L, M), L(L, N)] is extraordi-
narily ¥-natural in L when M and N are held constant. That is, L(L,—)y.y has the form
I — [L(M,N),T(A, A)] for the V-functor T = Homy(L(—, M)®PQ L(—,N))c: LPQL — V,
where ¢: LP® L = L ® L is the V-functor mediating the symmetry of the 2-category
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V-CAT of V-categories, which is locally given by ¢, and the corresponding naturality
condition is

[L(L, =)xemn, 1 THomy (=, L(L, N)) rcmxem), £L.xem) L(— X @ M) pm
= [L(M, =)xemN, 1THom gy (LM, X @ M), =) cun), Ny L(—= Ny -

This is an equality of %-morphisms L(L,M) — [L(X ® M,N),[L(M,X ® M), L(L,N)]],
and it corresponds to an equality of ¥-morphisms L(L,M)® L(X ® M,N) — [L(M,X ®
M), L(L, N)] under the adjunction of the closed structure, which in turn corresponds to an
equality of ¥-morphisms L(X® M, N)® L(L, M) — [L(M,X® M), L(L, N)] by composition
with c.

Recall that Homq,(L(M, X®M), =) r(m,N), (1n) corresponds to M, under the adjunction,

while Homgq/(—, L(L, N)) r(m.xem).cL.xem) corresponds to Mgc. The correspondence is
L(X®M,N)

[L(M,XeM),L(L,N)] (and we

given by application of —® L(X ® M, N) and composition with e
also compose with c¢).
Then the transform of the left hand side of the naturality condition is:

L(X®M,N)
[L(M,X®M),L(L,N)]

((LL(L, =)xem.N, 1IHOm (=, L(L, N)) Lo xem), cLxem) L= X @ M)r.ym) ® 1 Lixem.n))C

= e nrxontr 2o (oM (=, L(L, N)) Lo xeom), £t xom) L(= X @ M)La) ® L(L, —)xam )
(by extraordinary ¥-naturality of e)

= Myc(L(=, X ® M) ® L(L, —)xemN)C

= My(L(L, —)xemn ® L(—, X @ M) )
(by naturality of ¢ and ¢? = 1) .

Similarly, the transform of the right hand side of the naturality condition is:

LXOM,N)
€l LM XOM),L(LN)]

(([LM, =)xemn, ITHom (LM, X @ M), =) cmNy, N L(— N)Lm) ® 1 Lxemny)C
= el - xonty 22wy (HOMy(LIM, X ® M), =) oy, 2t L(= N)za) ® LIM, =)xamn)e
(by extraordinary V-naturality of e)
= My(L(=,N)Lm ® LIM, —)xeMN)C -
This proves the missing equality used in the chain of equalities above, and thus ends the
proof. O

1.4 IDENTIFICATION OF THE V/-CATEGORY OF ALGE-
BRAS

Let vV be complete and cocomplete. Let P be a small and L be a cocomplete V-
category, and denote again by T the V-monad Lang[H, 1]: [obP, L] — [ob®P, L] from
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1.3.1 given by the Kan adjunction Lang 4 [H, 1]. Recall that we denote by [ob®, L]T
the Eilenberg-Moore object i.e. the ¥/-category of T-algebras, which we described in
Proposition 1.2 from 1.1.5 explicitly in the special case that V = Gray.

We are now going to show that [ob®P, L]” is isomorphic as a V-category to the functor
V-category [P, L] i.e. that [H, 1] is strictly monadic, which is the content of Theorem
1.4 below.

Lemma 1.13. Let (A,a) be a T-algebra cf. 1.1.5. Then A: obP — L and the transforms
Apg = n(apg): P(P,Q) — L under the adjunction (1.32) from 1.3.2 of the components
apg of a at objects P,Q € P have the structure of a V-functor. Conversely, if A: P — L
is a V-functor, then the function on objects considered as a functor A: ob®P — L and
the transformation a induced by the transforms n_l(ApQ) of the strict hom functors are
the underlying data of a T-algebra.

Proof. The 1-cell a: TA — A has component

PcobP

agp: (TA)Q = f P(P,Q)® AP — AQ

at the object Q € P, and this is in turn induced from the ¥-natural family of components
apg: PP,Q)QAP — AQ .

These are elements of L(P(P,Q) ® AP,AQ). Under the hom %-adjunction (1.32)
from 1.3.2 of the tensor product, these correspond to elements of the internal hom
[P(P, Q), LIAP,AQ)], i.e.

Apg: P(P,Q) — L(AP,AQ) .
We now have to examine how the algebra axiom cf. 1.1.5
Miove 1(a, Ta) = Mobe, 1(a, pa)

transforms under the adjunction.
This is an equation of morphisms in [ob?P, L]y, which is equivalent to the equations

M (agr, P(Q,R) ® apg) = M (apr, (Mp ® 14p)a™ ")

of elements in L(P(Q,R)®(P(P, Q)®AP),AR) where P, Q, R run through the objects in P.
To apply the hom ¥-adjunction (1.32) from 1.3.2 for X = P(Q,R)® P(P,Q) and L = AP
and M = AQ, we consider the equivalent equations

M (agr, (P(Q,R) ® apg)a) = M (apr, Mp ® 14p) . (1.58)

Applying Lemma 1.11 from 1.3.3 to the left hand side shows that its transform is given
by®

M (Agr ® Apg) .

5In fact, we do not need the full strength of Lemma, 1.11 here, and one could do with more elementary
considerations if one was merely concerned with the identification of algebras.
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On the other hand, the image of the right hand side under (1.56) from 1.3.3 is determined

by the following elementary transformations 6.

([ng‘an,R)@ga(p,Q), HL(L, =)2.rerr0)esrarM c)(apr, Mp © 14p)
= Wipp perroy HMy(LAP, -)perearar(@rr),

L(AP, =)(p0.R)ePP,0)2AP,2(PRSAR(Mp ® 14p)))
(by the functor axiom for L(AP,-))

= My(L(AP, =) prpr)eAPAR(APR),

[ﬂ/}fQ,R)M(P,Q), LH(L(AP, =)2(0.pe2P.0)eAPP(PR@AR(MP ® 14p)))

(by ordinary ¥-naturality of M)

= My/(LAP, =) ppryearAR@PR): [ 1, 7pp ) |(Mep))
(by ordinary ¥-naturality of )

=M q/(([ﬂ'gﬂ ry» LL(AP, =) pprygapar)(apr), Me)
(by extraordinary V-naturality of My))

= My(Apr, Mp) = AprMp

Hence, the algebra axiom is equivalent to the equation
ML(AQR ®APQ) ZAPQMT , (159)

and this is exactly one of the two axioms for a ¥-functor.
Now we want to determine the transform of the other axiom of a T-algebra:

la = Miobe,£)(a,na) -
First note that this equation is equivalent to the equations
lap = Mc(app, (jp ® DA5p)

on objects in L(AP,AP) where P runs through the objects of P. In turn, these are
equivalent to the equations

Aap = M(app, jp®1) .

By definition of the unitor for the tensor product, the transform of the left hand side is
given by the unit jap: I — L(AP,AP) of the V-category at AP (under the identification
of elements of the internal hom and morphisms in 4/). On the other hand, it is routine
to identify the transform of the right hand side as Appjp. Thus the second axiom of a
T-algebra is equivalent to

Jjap =Appjp . (1.60)

and this is exactly the other axiom of a ¥-functor. O

6We will be short on such routine transformations below. The computation here should serve as an
example for basic naturality transformations of the same kind. One could subsume this into another
more elementary lemma.
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Recall that the hom object of [ob®P, L] at algebras (A, a) and (B,b) is given by the
equalizer

[ob®P,L](a,1)

[obP, L17(A, B)

[ob®P, L](A, B) [ob?P, LI(TA, B) .
[ObfP,L](l,b)TA,B

Spelling out the hom objects of [obP, L] as in 1.3.1, this is the same as the following
equalizer

L(ap,1)

[obP, L1T(A, B) fReobf.P

Hpeobp L(AP, BP) [Mpeohp L(
NL,bp)TaB)p

P(R, P) ® AR, BP)

where EpTs p = (Tag)pEp for a unique V-morphism (Ta g)p: L(AP, BP) — L(TAP,TBP).
By (1.34) and the universal property of the end, this equalizer is the same as the equalizer
of the compositions with Ipegpp L(kgp, 1) (by definition (1.35) of k and by Yoneda), and
since

n: L(P(R,P)® AR, BP) = [P(R, P), L(AR, BP)] ,
this is in turn the same as the following equalizer

[nL(agp,1)
[ob®P, L]"(A, B)) ——— M peobr L(AP, BP) g peobr[P(R, P), L(AR, BP)] .
MnL(1,brp)(P(R,P)®=) AR BR

(where we have used that apkgp = agp for the first morphism of the equalizer, and
where we have used that L(K‘g’P, D(Ep)rarTAB = L(I,Kg’P)(fP(R, P)® —)ar.Br(ER)A.B by
ordinary V-naturality of Kﬁ’ p in A and that bpkg p = bgp for the second morphism of the
equalizer).

One can now use the Yoneda lemma to show that this is exactly the equalizer (1.27)
from 1.3.1 which defines the hom object of the functor ¥-category: one checks that both
the first morphism given here and the transform of L(A—, AR)gp map the identity at AP
to Agp, and both the second here and the transform of L(AP, B—)pg map the identity at
BR to Bgp.

Finally, note that the composition law of [ob®P, £L]” is induced from the composition
law of the functor category [ob®P, L], which in turn, is induced from the composition law
of L.

Likewise, the composition law of the functor category [P, L] is induced via the
evaluation functors from the composition law in £, and since the evaluation functors
Ep: [P,L] —» L where P € ob?® factorize through [H, 1] and Ep: [obP, L] — L, this
means that [H, 1]: ob[P, L] — ob[ob®P, L] and the ¥-isomorphisms on the hom objects
induced from the comparison of equalizers above satisfy the ¥/-functor axiom.

Similarly, this data is shown to satisfy the unit axiom for a ¥-functor. This proves
the following theorem.
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Theorem 1.4. Given a small V-category P and a cocomplete V-category L, then the
functor [H,1]: [P,L] — [obP, L] induced by the inclusion H: obP — L is strictly
monadic for the V-monad T = [H, 1]Lany given by the Kan adjunction Lang 4 [H,1]. In
particular, the functor V-category [P, L] is isomorphic as a V-category to the Eilenberg-
Moore object [ob®P, LIT in V-CAT. d

Remark 1.8. An alternative strategy to achieve this result is to use an enriched version
of Beck’s monadicity theorem (see for example [14, Th. II.2.1]). The Kan adjunction
meets the conditions of such a theorem because [H, 1] creates pointwise colimits, cf.
Lemma 1.3 from 1.3.1.

Yet another strategy for specific % where an identification of the functor ¥-category is
known, is to be completely explicit: For example, if 9 = Gray, the functor category can
be explicitly identified (cf. [27, Prop. 12.2]). With the help of the two Transformation
Lemmata 1.11 and 1.12 from 1.3.1 it is then straightforward to identify the algebra 1-
cells, algebra 2-cells, and algebra 3-cells from Proposition 1.2 from 1.1.5 explicitly as we
have done it for algebras above.

1.5 IDENTIFICATION OF PSEUDO ALGEBRAS

Given Gray-categories P and L, the Gray-category Tricat(P, L) of trihomomorphisms
P — L, tritransformations, trimodifications, and perturbations has been described by
Gurski [27, Th. 9.4], see also Appendix A. The basic definitions of the objects and the 2-
globular data of the local hom 2-categories, i.e. trihomomorphisms, tritransformations,
trimodifications, and perturbations may be found in [27, 4.]. These are of course defini-
tions for the general case that domain and codomain are honest tricategories. In our case,
they simplify considerably because domain and codomain are always Gray-categories.

Let again T = [H, 1]Lany be the Gray-monad on [ob?, L] from 1.3.1 corresponding to
the Kan adjunction Lang 4 [H, 1], where P is small and L is cocomplete. The aim of this
section is to prove Theorem 1.6 below, which states that Ps-T-Alg is isomorphic to the full
sub- Gray-category of Tricat(‘P, L) determined by the locally strict trihomomorphisms.

The general idea of the proof is to identify how the pseudo data and axioms transform
under the adjunction (1.32) from 1.3.2 of the tensor product. The main technical tools
employed are the two Transformation Lemmata 1.11 and 1.12 from 1.3.3, and elementary
identities involving the associators and unitors a,l, r,a, A, and p, which are implied by
the pentagon and triangle identity as presented in 1.3.3.

1.5.1 Homomorphisms of Gray-categories

To characterize how Ps-T-Alg transforms under the adjunction of the tensor product,
we now introduce the notions of Gray homomorphisms between Gray-categories, say P
and L, Gray transformations, Gray modifications, and Gray perturbations in Definitions
1.9-1.12. If the O-cell-domain P and -codomain L are fixed, these notions organize into
a Gray-category Gray(P, L).



HOMOMORPHISMS OF GRAY-CATEGORIES AS PSEUDO ALGEBRAS 75

On the other hand, we maintain that this is in fact the natural notion of a (locally
strict) trihomomorphism when domain and target are Gray-categories, and when the
definitions are to be given on Gray products and in terms of their composition laws, say
My and M, rather than on cartesian products and in terms of the corresponding cubical
composition functors. Thus, the definitions below are easily seen to be mild context-
related modifications of the definitions of (locally strict) trihomomorphisms between
Gray-categories, tritransformations, trimodifications, and perturbations cf. [27, 4.]. All
of the definitions are given in equational form. In 1.5.2 we will identify them with
the transforms of the definitions from 1.2.1. To achieve this identification, it is at any
rate necessary to unwind the diagrammatic presentations for these notions. Thus, we
chose an equational notation to make the comparison—which is the object of the present
chapter— as comprehensible as possible. While this might make it harder to grasp the
content of the definitions on the one hand, the reader will note that the nontrivial cells
are easily identified on the other hand.

Definition 1.9. A Gray homomorphism A: P — L consists of

e a function on the objects P — AP denoted by the same letter as the Gray homo-
morphism itself;

for objects P, Q € P, a strict functor Apg: P(P, Q) — L(AP,AQ);

for objects P, Q,R € P, an adjoint equivalence

(x*): Mp(Agr ® Apg) = AprMyp: P(Q,R) ® P(P,Q) — L(AP,AR) ;

for each object P € P, an adjoint equivalence

(t,¢%): jap = Appjp: I = L(AP,AP) ;

and three families of invertible modifications (GHM1)-(GHMS3) which are sub-
ject to two axioms (GHA1)-(GHAZ2):

(GHM1) For objects P,Q,R,S € P, an invertible modification

WPQRS [(Mp® Da™', 1(xpos) * [a™', M 1(Ten(x grs, 1ap,))
= [1®Mp,11(xprs) * [1, M 1(Ten(1ags, X POR))

of pseudonatural transformations
M (1®Mp)(Ars ® (Agr ® Apg)) = Aps(1® Mp(1® Mp))
of strict functors
PR,S)Q(P(Q,R)® P(P,Q)) > L(AP,AS) .
(GHM2) For objects P, Q € P, an invertible modification

vro: 1o ® Dippg) Nxpoo) * lpp gy MI(Ten(g, 1a,0)) = 1ayg
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of pseudonatural transformations Apg = Apg: P(P, Q) — L(AP,AQ) .
(GHM3) For objects P, Q € P, an invertible modification
opg: lay, 2 [(1® ]'P)er}p,Q), (v pro) * [’E)}RQ),ML](Ten(lAanLP))
of pseudonatural transformations Apg = Apg: P(P, Q) — L(AP,AQ) .
(GHA1) For objects P,Q,R,S,T € P, the following equation of vertical composites of
whiskered modifications is required:
[1®(1®Mp), 11(w) * 11m, (10M,)](Ten(1,Ten(1,0))
o ljapempat i * (@ Mc](Ten(Zy,))
o [(Mp®Da™', 1(w) Liam1a-1 M, (M, ®1)](Ten(Ten(y, 1),1))
= LniempieMen 11 * [1, M ](Ten(1, w))
o [1®((Mp®1)a"), 11(w) * 111 (1@a-1y., (M, &1)](Ten(Ten(1).1)
o limpOeMpast o * [(@® Da~'a™, M 1(Ten(w, 1))
To save space, we here employed the notation that vertical composition binds less strictly
than horizontal composition =, which is also indicated by a line break. Also Ten always
denotes the corresponding strict hom functor of the Gray-functor Ten: Gray ® Gray —
Gray cf. eq. (1.57) from 1.3.3 above. It is to be noted that in each vertical factor there
appears only one nontrivial horizontal factor, and this applies generally to the following
definitions.
The axiom is an equation of 2-cells i.e. modifications
[(Mp(Mp® 1)) ® a”'a™", 11(xpor)
« [(Mp® D)@ Da'a™!, Mc](Ten(xorr, 1)
x [a'a', M (M, ® D](Ten(Ten(xgs7, 1), 1))
= [1®(Mp(1® Mep)), 11(xpsT)
*  [1®@(1®Mp), M ](Ten(l1, xprs))
*  [1,M(1® Mp)I(Ten(l, Ten(1, x pgr)))
between 1-cells i.e. pseudonatural transformations
Mo (1@ (ML(1®ML))AsT ® (Agrs ® (Agr ® Apg))) = AprMo(1 @ (Mp(1 ® Mp)))
of strict functors

P(S,T)®(P(R,S)®(P(Q,R)® P(P, Q) = LIAP,AT) .

We remark that we chose another bracketing than in the definition of a trihomomorphism
in the references [27] and [21]. The difference is of course not substantive.
(GHAZ2) For objects P,Q,R € P, the following equation of modifications is required:

Ly = [1, M ](Ten(ly, ., vPo))

o [1® (o ® Dippp) wpoor) * 11,1

o @M (M @D](Ten(Ten(1,0),1))

-1
= lgaepren * [ M I(Ten(Ggp, 11,,,)
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This is an equation of 2-cells i.e. modifications
XPOR = XpPor: M (Agr ® Apg) = AprM,: P(Q,R) ® P(P,Q) — L(AP,AR) .

Definition 1.10. Let A,B: P — L be homomorphisms of Gray-categories. A Gray
transformation f: A = B consists of

e a family (f,)peobe Of Objects fp: AP — BP in L(AP, BP) ;

e for objects P, Q € P, an adjoint equivalence
(fro, frg): L(AP, fo)Apg = L(fp, BQ)Bpg: P(P,Q) — L(AP, BQ) ;

e and two families of invertible modifications (GTM1)-(GTM2) which are subject
to three axioms (GTA1)-(GTA3):

(GTM1) For objects P,Q,R € P, an invertible modification

HPQR : [la L(fP’ BR)](XgQR) * [l’ ML](TCI’I(IBQR, fPQ)) * [1’ ML](Ten(fQR’ lAPQ))
= [Mp. 11(fpr) * [1, LAP, fR)](pog)
of pseudonatural transformations M ((L(AQ, fr)Agr)®Apg) = L(fp, BR)BprMyp of strict

functors P(Q, R) ® P(P, Q) — L(AP,BR)
(GTMZ2) For each object P € P, an invertible modification

Mp: [jp, 1(fpp) = [1, LAP, fp)1(¢5) 2 [1, L(fp, BP)I(t5)

of pseudonatural transformations fp = L(f,, BP)Bppjp: I — L(AP,BP) .
(GTA1) For objects P,Q,R,S € P, the following equation of vertical composites of
whiskered modifications is required:

Lmp(ioMp) 11(frs) * [1, LIAP, fs)(w™)
o [(Mp®1)a™', 1](ID) Li@a1 M, (19M)](Ten(Ten(1,x4),1))
o NMpoyat L(fp.BSN(E) * L[(Mpo1)a M TTen(1.fog) * [a™!, M ](Ten(T1, 11,,,))
o Niaponat, cpms)iph) * [ MLI(Ten(Zys 7))
* Lia1 M, (M @) Ten(Ten(1, for) 1) * Lt M (M ® 1) Ten(Ten(fis . 1),1)
= [1® Mo, LIAD) * 11 _£(ap f5 )M, Ten(1 44)
© ioMp, £ BN * TeMp b Ten1. o) * [1 MLI(Ten(Z5 1))
o lnemp.ciprpsnes * [1, McI(Ten(li,,  TD) * 141y, (s, @1)Ten(Ten(frs. 1).1)
o [1, L(fp, BS)(w®) * LM (M @1))(Ten(1.Ten(1. fpg)))

* 1[a’l,ML(ML®1)]Ten(Ten(1,fQR),1) * 1[a’l,ML(ML®1)]Ten(Tc:n(fRs,1),1)
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This is an equation of modifications
[(Mp® Da~", L(fp, BHI®)
« [a™', L(fp, BS)M1(Ten(x", 1))
x* [IL,Mo(Mp® 1)](Ten(1,Ten(1,pr)))
« [a!, M (M, ® 1)]Ten(Ten(1, fgg), 1)
x [a~', M (M, ® 1)]Ten(Ten( fzs, 1), 1)
= [Mp(1® Mp),1]fps
« [1® My, L(1, f)I0¢Y)
s [1, L1, fs)M]Ten(1, x*)
of pseudonatural transformations
L(AR, fs)M (1 ® M )(Ars ® (Agr ® App)) = L(fp, BS)Bps Mp(1 ® M)
of strict functors
P(R,S)® (P(Q,R) ® P(P, Q) — L(AP,BS) .

(GTA2) For objects P, Q € P, the following equation of vertical composites of whiskered
modifications is required:

1o * [1, LIAP, f)](¥ap)
. -1
o [(o® Dippg) 11pgo) * 1[z;laQ),ML](Ten([l,L(th)](L’é)JAPQ»
= (1, L(fp, BQ)](%I?Q) 1

O LGigoiy o £ DIge) * Uatpoy ML](TCH(ZL:’;{#Q))
* Ligigeigl, o LU DI * L(Booio)eDigly o McI(Ten(L fro)) * Uipip gy Mc)(Ten(Mo, 11,,))
This is an equation of modifications
[Gio ® Dig(pg) LUfr, BOIxroo) * [(Bogjo) ® Dlgip)» McI(Ten(l, fro))
+ [(Go ® Dlggpgy Mcl(Ten(foo, 1)) * [lp(p ) LIAP, f))(to)
=  fro.

(GTA3) For objects P, Q € P, the following equation of vertical composites of whiskered
modifications is required:

[1, L(fp, BOI(S®)pg) * 13
-1
Lty L BONEy) * ooy Mel(Ten(liy, . Mp)) * 17,
= g # 1 LAP f))((6Y)pp)

N
o L@ jp)rpp gy lppo) * 1t b1, 1Ten(liar papg )

-1 1
 L0jpigly o LeBONEg) * Li1@jpL o MoITen(1 g for) * Tpip o) MLI(TENE L 1))
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This is an equation of modifications

[(1® jp)rpp gy LUp BOWXEpg) * [(1® je)r™, M1(Ten(1s,q, frp))
# [rppgy Mcl(Ten(1,, [1, LIAP, fp)lp) * fro
=4 fPQ .

Definition 1.11. Let f,g: A = B: P — L be Gray transformations. A Gray modifi-
cation a: f = g consists of

e a family (@p)peopp Of 1-cells ap: fp — gp in L(AP, BP) ;

e and one family of invertible modifications (GIMM1) which is subject to two axioms
(GMA1)-(GMA2):

(GMM1) For objects P,Q € P, an invertible modification

apg: [Bpg, 1]1(L(ap, BQ)) * fro = gpo * [Apg, 11(L(AP, ag))

of pseudonatural transformations
L(AP, fo)Apg = L(gp, BQ)Bpg: P(P,Q) —» L(AP,BQ) .

(GMA1) For objects P,Q,R € P, the following equation of vertical composites of
whiskered modifications is required:

IT¥ = 1[1,ML](Ten([AQR,IJ(L(AQ,GR)),I))

° lMgfay<l’/\/1§QR) * 1M Tenttgre) * [1, Mel(Ten(agr, 11,,,))

O Dty * [ Mel(Ten(liy,, . @po)) * LM iTen(orLapg)

o Mgy (Z L(QP,BR)’XgQR) * I[I,ML](Ten(lz;QR fro)) * 1[1,ML](Ten(fQR,1APQ))
= liMp e * MgrayE ciarary,)

o [Me, 1N@pr) * Ly, a0,

o (BuMp, 1) LiarpBRY * [T

This is an equation of modifications

[BprMp, 11(L(ap, BR))

UM gy (1 )
«  [1, M ](Ten(1py,, fro))
# [1, M ](Ten(fgr, Lapy))
= (Mo, 11(gpPr)
* Mgray(1,Xpor)
*  [1, M ](Ten([Agr, 11(L(AQ, ar)), 1))
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of pseudonatural transformations
M ((L(AQ, fr)AgR) ® Apg) = L(gp, BR)BprMp .

(GMAZ2) For an object P € P, the following equation of vertical composites of whiskered
modifications is required:

M8 % 1,,
o Ajpierr) * MGray(E Lapap).t)
o Lp, Ularp) * 111 ciap o)
= Mgy n)8)
« M/

1[l;l,ML](Ten(IGPPjP,aP))

This is an equation of modifications
(171, ML )(Ten(1G,p - ap)) * fpp o+ (171 ML1(Ten(lg,,5) = [, M)(Ten(i§, 1g,))  ap
of pseudonatural transformations
fr = M (Gppjp)®gp)l;': T — L(AP,BP).

Definition 1.12. Let a,8: f = g: A = B: P — L be Gray modifications. A Gray
perturbation I': @ = 8 consists of

e a family of 2-cells I'p: ap = Bp in L(AP, BP);
e subject to one axiom (GPA1):

(GPA1) For objects P, Q € P the following equation of vertical composites of whiskered
modifications is required:

apg © ([Bpg, LI(L(T'p, BP)) x 15,,) = (14,, * [Apg, 1I(L(AP,T'g))) © Bro
This is an equation of modifications
[Bpg, 11(L(ap, BP)) * fpg = [Apg, LI(L(AP,B0)) .

Remark 1.9. Notice that the definitions above are notationally distinguished from the
Gray-enriched notions, which usually involve the symbol for the symmetric monoidal
closed category Gray. In fact, the notions above correspond to functor categorical no-
tions enriched in the monoidal Gray-category Gray. Thus a Gray homomorphism is
a cubical trihomomorphism between Gray-categories, a Gray transformation is a cubi-
cal tritransformation between such trihomomorphisms, a Gray modification is a cubical
trimodification, and a Gray perturbation is a cubical perturbation.
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The 3-globular set formed by Gray homomorphisms, Gray transformations, Gray mod-
ifications, and perturbations for fixed domain P and codomain L has the structure of
a Gray-category: We write down definitions on components for the different composi-
tions and interchange cells in Theorems A.1 and A.2 in the Appendix, see also Corollary
A.1. There they are formulated in the case of a general domain for trihomomorphisms,
tritransformations, trimodifications, and perturbations, but the definitions adapt to the
present context without fuss.

Definition 1.13. Given Gray-categories P and L, the Gray-category formed by Gray
homomorphisms, Gray transformations, Gray modifications, and Gray perturbations
with fixed O-cell-domain P and -codomain L is denoted by Gray(?, L).

1.5.2 The correspondence of Gray homomorphisms and pseudo algebras

We now show that the correspondence of algebras for the monad of the Kan adjunction
and Gray-functors as presented in Section 1.4 generalizes to a correspondence of pseudo
algebras and Gray homomorphisms induced by the adjunction of the tensor product.
Just as in Theorem 1.4, this correspondence extends to the higher cells between pseudo
algebras and Gray homomorphisms. The 1-cell, 2-cell, and 3-cell data of pseudo algebras
for the monad of the Kan adjunction and their higher cells consists of families of 1-cells,
2-cells, and 3-cells in the target Gray-category L. Under the adjunction of the tensor
product (1.32) from 1.3.2, this data corresponds to data in the Gray-category Gray, i.e.
strict functors, pseudonatural transformations, and modifications. In this way we can
consider the transform of a pseudo algebra, a pseudo functor, a pseudo transformation,
and a modification. Thus we maintain that the adjunction of the tensor product induces
maps of 3-globular sets between Ps-T-Alg and Gray(?®, L).

The following theorem is one of the main results, and forms the first part of the
promised correspondence of pseudo algebras and locally strict trihomomorphisms.

Theorem 1.5. Let P be a small Gray-category and L be a cocomplete Gray-category,
and let T be the monad corresponding to the Kan adjunction. Then the notions of
Gray homomorphism, Gray transformation, Gray modification, and Gray perturbation
are precisely the transforms of the notions of a pseudo algebra, a pseudo functor, a pseudo
transformation, and a pseudo modification respectively for the monad T = [H, 1]Lang on
[ob®P, L]. In fact, the correspondence induces an isomorphism

Ps-T-Alg = Gray(P, L)
of Gray-categories. O

We only present parts of the proof explicitly. The proof involves the determination
of transforms under the hom Gray-adjunction (1.32) from 1.3.2. These determinations
involve the pentagon identity (1.47) and triangle identity (1.53) from 1.3.3 for associators
and unitors both of the tensor products and of the monoidal category Gray. We also
need naturality of these associators and unitors as presented in the same paragraph. On
the other hand, there are elementary identities due to naturality, which are similar to
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the one we displayed for the transform of the right hand side of the algebra axiom (1.58)
above in 1.4., and then there is heavy use of the two technical Transformation Lemmata
1.11 and 1.12 from 1.3.3. In pursuing the proof, one quickly notices that many of the
determinations of transforms are similar to each other. While we cannot display all of
the computations, it is our aim to at least characterize the arguments needed for these
different classes of transforms. Thus, in the lemmata below we provide examples that
should serve as a complete guideline for the rest of the proof.

Lemma 1.14. Taking transforms under the adjunction (1.32) of the tensor product from
1.3.2 induces a one-to-one correspondence of Gray homomorphisms P — L and pseudo
algebras for the monad T = [H, 1]Lany on [ob®P, L].

Proof. Let (A,a,m,i,n,A,p) be a pseudo T-algebra. From the identification of algebras
we know that the components apg of the 1-cell a: TA — A transform into strict functors
Apg: P(P,Q) — L(AP,AQ) under the hom Gray-adjunction (1.32) from 1.3.2 of the
tensor product.

Since the adjoint equivalences m and i replace the two algebra axioms, we define
adjoint equivalences (XPQR’X;’QR) = (nL(a, 1))(meR,m;,QR) for objects P,Q,R € P and
(tp,tp) = (nL(4, 1))(ip,i}) for an object P € P. We have already determined domain and
codomain of these transforms in the identification of the algebra axiom, and the adjoint
equivalences in Definition 1.9 do indeed replace the axioms of a Gray-functor cf. (1.59)
and (1.60) in 1.4. above.

Next we have to show that the transforms of the components of the invertible 3-cells
m,4, and p~! correspond to the invertible modifications wpors; Ypo, and dpg in the
definition of a Gray homomorphism.

The components of m at objects P,Q,R,S € P are invertible 3-cells in £. We apply
the invertible strict functor L((1 ® @)a, 1) to bring them into a form where we can
apply the hom Gray-adjunction (1.32) from 1.3.2. We then obtain invertible 3-cells
L((1 ® @)a, 1)(mpgrs) of the form

M L(mpos s Lagmpetiaen) * MLUMORS s 11k 5 om0 n@argataon)
> Mo(mprs, Lprs)e(Mpo1ap)a1))) ¥ ML(lags, L(a, D(P(R,S) ® mpgr)) ,

where we have already used the pentagon identity (1.47) from 1.3.3 for @ and a.

The computations below then determine the transforms of the horizontal factors
and show that these coincide precisely with the horizontal factors in the domain and
codomain of the invertible modification wpggs in Definition 1.9 from 1.5.1. For brevity
we have suppressed many indices e.g. those of hom morphisms where we leave a comma
as a subscript to indicate that they are hom morphisms.
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Transform of the right hand factor of the domain:

([m, 1]1L(AP, —),)(ML(mQRS, 1(1T<R’S)®?(Q’R>®a,,g)a(a—l®1)))
=(la™", 11, 11L(AP, =) Lo, DM (1 ® (P(R, S) ® P(Q, R)) ® =).))(mgrs» Lapy)
(by naturality)

=la™', M.]Ten (xors - 14,)
(by Lemma 1.11 from 1.3.3)

Transform of the left hand factor of the domain:

([n, LIL(AP, =) )M L(mpgs  Lo(mpe1)ao1))
=([(Mp ® Da™"', 11[n, 11L(AP, =), L(a, 1))(mpgs)
(by naturality)

=[(Mp ® Da”", 11(xros)
Transform of the right hand factor of the codomain:

([, 11 L(AP, =) )(M (L azs > LAa, 1)(P(R, S) ® mpgR)))
=[1,ML]TCH,(1ARS 9XPQR)
(by Lemma 1.11 from 1.3.3 )

Transform of the left hand factor of the codomain:

([m, LIL(AP, =) )(M L(mpgs » L pr 5)o((Mps1 4p)a-1))))
=[1® Mp, 1]1(xprs)
(by naturality)

Thus we may define wpgprs as the transform (nL((1 ® a)a, 1)(mpors)-

Similarly, it is shown that ypp and dpp may be defined as the transforms of App and
,o;,é2 respectively (where one has to use the first Transformation Lemma and the triangle

identity).
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Finally we have to show that the axioms of a Gray homomorphism are precisely the
transforms of the axioms of a pseudo algebra. Observe that because there are only two
axioms in the definition of a pseudo algebra, it is crucial that by Proposition 1.3 from

1.2.1 two of the lax algebra axioms are redundant for a pseudo algebra’.

Now consider the pentagon-like axiom. The corresponding Gray homomorphism axiom
and the pseudo algebra axiom are both composed out of three vertical factors on each
side of the axiom. Each of the vertical factors is the horizontal composition of a nontrivial

"We show below that Gray homomorphisms correspond to locally strict trihomomorphisms. The two
redundant axioms correspond to two identities for a trihomomorphism that hold generally: This can
be shown because they hold for strict trihomomorphisms by the left and right normalization axiom

of a tricategory, and then they hold for a general trihomomorphism by coherence.
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2-cell and an identity 2-cell. Since the hom Gray-adjunction (1.32) of the tensor product
from 1.3.2 is given by strict functors, it preserves vertical and horizontal composition
and it preserves identity 2-cells. It follows that we only have to show that the nontrivial
2-cells in each vertical factor match. In diagrammatic language this means that we only
have to compare the nontrivial subdiagrams.

In fact, the determination of the transforms of the nontrivial 2-cells of the pseudo alge-
bra axiom is perfectly straightforward and similar to the identification of the transforms
of mpgrs’s domain and codomain above. For example, the transform of the interchange
cell is:

([, TIL(AP, =) M £) (g, L(aa ' ©1). 1 PR.S )©-) (mpor))

=([n, 11LAP, )M (1 ® (L(ala' @ 1), )(P(R,S) ® =) sz mpor)
(by equation (1.2) from 1.1.3)

=([a™", 11, 11L(AP, =), L(e, DM (1 ® (P(R,S) ® )N Egsrmpor)
(by naturality of M, L(AP,-),, and n)

=[a™", M 1Ten, (Zyes 7w pon)
(by Lemma 1.11 from 1.3.3)

This is exactly the interchange cell appearing in the pentagon-like axiom of a Gray
homomorphism. O

Notice that the proof above only involved the first Transformation Lemma from 1.3.3,
namely Lemma 1.11. To show how the second Transformation Lemma i.e. Lemma
1.12 enters in the proof of Theorem 1.5, we provide the following lemma regarding the
first axiom of a T-transformation. In fact, one has to employ Lemma 1.12 already
in the proof of the correspondence for pseudo T-functors, but only for the axioms of
a T-transformation, there appears a new class of interchange cells. Thus we skip the
proof for the correspondence of pseudo T-functors and Gray transformations, and for the
correspondence of the data of a T-transformation and the data of a Gray modification.

Lemma 1.15. The transform of the first aziom (LTA1) of a T-transformation a: f —
g: A — B is precisely the second aziom (GMA2) of a Gray modification.

Proof. First note that the T-transformation axiom (LTA1) cf. Definition 1.3 from 1.5.1
is equivalent to the equations

(ﬁﬁ x*1)o (1% ML(ZQP,I';‘,)) o (Mr(App, 1(j,,®1),1;)1p) * 1)
_ -1 I
= M5y, )0 (15 )

where P runs through the objects of PP. We apply the invertible strict functor L(A4p, 1)
to these equations, which gives the following equivalent equations:

(L(Aap, D(Ap) 1) © (15 ML(Zq, L1108 © (ML(App, 1jpe1) * 1)

= ML ) © (% LCap. DAY
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Here we have used naturality of M, and the identity (1.2) from 1.1.3 for the manipula-
tion of the interchange cells. As above we only have to compare the transforms of the
nontrivial 2-cells. The transforms of L(A4p, 1)(ﬁ§) and L(Aap, 1)(ﬁ£ ) are by definition
the modifications M8 and M/ of the Gray transformation corresponding to the pseudo
T-functors f and g. The transform of M (App, 1j,e1) is by naturality [jp, 11(app).

The transform of the interchange cell M 02N Lap i ) is determined as follows:

(77" L(AP, =)16ap.5p) (M £(Zq,. L1y 10i8)
=M Gray(L(AP, =)apsp ® (10}" 1L(AP, =)104pAP))(Zq ¢ Lap1)(E0)
(by the functor axiom for L(AP, ) and naturality of Mg,)
=M Gray(X Lap.ap), i 11 LAP-)1eapap(LCAap,1)(ED)
(by equation (1.2) from 1.1.3)
=M Gray(X Lapap).)

The transform of the interchange cell left is:

P -1

(", NLAP, Diaarsp) ML)
=", NL(AP, 2)ieapsp) (ML @ T =))E o in )

(by naturality of A, equation (1.2) from 1.1.3, and extraordinary naturality of Mgy, )
:(Mgray((L(_s BP)AP,BP) ® ([nI[Apv 1]L(AP7 _)(1®AP’AP))C)(221(/1AP51)(1g)safP))

(by Lemma 1.12 from 1.3.3)
=(M gray(L(=, BP)apsp) ® (117", IL(AP, =) 184PAPY) Sy L2001 i8)

(by equation (1.6) from 1.1.3)
=M Gray(X £(ap,BP)8)

(by equation (1.2) from 1.1.3)

g

In the same way one goes on to show that the adjunction of the tensor product induces
an isomorphism of 3-globular sets as stated in Theorem 1.5. It requires some more work
to show that composition and interchange coincide under the correspondence since these
are defined on components for Gray(P, L) cf. Appendix A, but the arguments closely
parallel similar arguments in the following section, and thus we omit them. This finishes
our exhibition of the proof of Theorem 1.5, and we end this paragraph with the following
corollary:

Our explicit description of the Gray-category of pseudo algebras also gives rise to an
explicit description of the Gray-category of strict algebras by restriction. Thus we can
read off a description of the functor Gray-category cf. Gurski [27, Prop. 12.2, p. 197]:
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Corollary 1.5. Given Gray-functors T,S : A — B of Gray-categories A and ‘B, the hom
Gray-object i.e. the 2-category

[4, BI(T,S)
1s 1isomorphic to the following 2-category provided that A is small.

o The objects are given by the Gray-natural transformations. That is, an object a is
given by objects as in B(TA,SA) for each A € obA such that the following equation
of strict functors A(A,A’) —» B(TA,SA’) holds,

Blaa, NTan = B(l,an)S an - (1.61)

o A l-cell s: a — B is given by 1-cells sa: as — Ba in B(TA,SA) for each A € 0obA4
such that for every object k in A(A,A"),

Mg(sar, 11¢) = Mg(lsk, sa) , (1.62)
and for every 1-cell t: k —» A in A(A,A”), the corresponding interchange cells coin-
cide®

-1
Mp X, (Tppnra®) = MB35, ) om.5) - (1.63)

e A2-cellp: s=t: a— B is given by 2-cells pp: sa = ty in B(TA,SA) for every
A € 0bA such that for every object k in A(A,A’),

MQ?(,DA” 117,<) = Mﬁ(llskspA) . (164)

Vertical and horizontal composition are given by the corresponding compositions in
the hom 2-categories of B.

Proof. In case that the target is cocomplete, this follows from comparison with the Def-
initions in 1.5.1: A strict algebra corresponds to a Gray homomorphism cf. Def. 1.9
where the adjoint equivalences y and ¢ are the identity adjoint equivalences, and where
all the invertible modifications are the identity modifications: This is exactly a Gray-
functor. An algebra 1-cell corresponds to a Gray transformation cf. Def. 1.10 where the
adjoint equivalences fpp are the identity adjoint equivalences, and where the invertible
modifications I1ppr and Mp are the identity modifications: This is exactly a Gray-natural
transformation. An algebra 2-cell corresponds to a Gray modification cf. Def. 1.11 where
the invertible modifications are the identity modifications. Pseudonatural transforma-
tions coincide if and only if the components and the naturality 2-cells coincide. The
equation of components leads to equation (1.62) and the equation of naturality 2-cells
leads to (1.63). Finally an algebra 3-cell corresponds to a Gray perturbation cf. Def.
1.12, and the axiom of a Gray perturbation between algebra 2-cells is exactly equation

(1.64).
An explicit identification of the end representing the hom object in the functor Gray-
category shows that this description is also valid in the case of a general target. O

8This requirement is not stated in Gurski [27, Prop. 12.2, p. 197].
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1.5.3 The correspondence with locally strict trihomomorphisms

The next theorem forms the second part of the promised correspondence of pseudo
algebras and locally strict trihomomorphisms, which is then proved in Theorem 1.7
below.

Theorem 1.6. Given Gray-categories P and L, the Gray-category Gray(®P, L) is iso-
morphic as a Gray-category to the full sub-Gray-category Tricati(P, L) of Tricat(‘P, L)
determined by the locally strict trihomomorphisms. O

Again, we just indicate how the proof works, but we want to stress that the steps of the
proof not displayed have been explicitly checked and they are indeed entirely analogous
to the situations we discuss in the lemmata below.

Lemma 1.16. Given Gray-categories P and L, there is a one-to-one correspondence
between locally strict trihomomorphisms P — L and Gray homomorphisms P — L.

Proof. Comparing the definitions, the first thing to be noticed is that Definitions 1.9-
1.12 from 1.5.1 involve considerably less cell data than the tricategorical definitions cf.
[27, 4.3]. Since P and L are Gray-categories, these supernumerary cells are all trivial.

Consider, for example, a locally strict trihomomorphism A: P — L. Recall that this
is given by (i) a function on the objects P + AP; (ii) for objects P, Q € P, a strict functor
Apg: P(P,Q) — L(AP,AQ); (iii) for objects P, Q,R € P, an adjoint equivalence

(xPor-Xpor): MLC(Agr X Apg) = AprMoC

where C is again the universal cubical functor, and an adjoint equivalence

(tp,tp): jap = Appjp

if P = Q = R; (iv) and three families w,y,d of invertible modifications subject to two

axioms. Up to this point, this looks very similar to Definition 1.9 from 1.5.1, the differ-

ence being in the form of domain and codomain of the adjoint equivalence (ypgr, )(;,QR).

However, observing that C(Agr X Apg) = (Agr ®App)C by naturality of C, it is clear from

Proposition 1.1 from 1.1.4 that this corresponds to an adjoint equivalence (¥por, )?;,QR)

as in the definition of a Gray homomorphism such that C*(ypor, )2;,QR) = (XPOR» )(;JQR).
Next, given objects P, Q,R,S € P, the modification wpggs has the form?

WPQRS : (MpC) x Day ) (xpos) = (ax" ) (MC)slxors X Lapg)
= (I XMpC) (vprs) * (MC)(Lags X XPOR)

where we used strictness of the local functors, and where we made the monoidal structure
of the cartesian product explicit, e.g. ax denotes the corresponding associator.

9We again remark that we here and in fact always use a different bracketing than the one employed in
[27]. Thus, specifying a modification as the one displayed is equivalent to specifying a modification
as in [27].
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This is the same as

WPQRS : (CAX O ([(Mp®Da", 1(¥pos) * [a™', M1(Ten({ grs , Lay)))
= (C(AxC)([1® Mp, 1(prs) * [1, M 1(Ten(1a,g, £r0R))) -

Here we have used that aC(C x 1)ay' = C(1 x C) on the left hand side, that C commutes
with the hom functors of Ten and X i.e.

CXxyyxvy = C'Tenxy)x v C: [X,XTX[V,Y] > [XxXY, X ®Y']

where Xxy.yy: XX 1X[LY] - [X X Y, X' X Y] (on objects, this is naturality of
C), that (FG), = F.G, and (FG)* = G*F*, that (C(1 x C))" is strict, that (-)* and (-).
coincide with the partial functors of [—, —] for strict functors, and that apart from the
cubical functor C, all functors are strict.

By Theorem 1.2 from 1.1.4, wpggrs corresponds to an invertible modification &pggrs as
in the definition of a Gray homomorphism such that (C(1 x C))*@pgrs = wpgrs -

Given objects P, Q € P, the modifications ypg and dpg are of the same form as in the
definition of a Gray homomorphism: Using strictness of the local functors, ypp is seen
to be of the form

yro: (o X DIX) (¢poo) * () (MLC)ulto X 1apy) 2 Lay, »

and this is clearly the same as

vpo: (o ® Digtpor 1(P00) * [l p.gy MI(Ten(g. 14s0)) = Ly, -

Similarly, it is shown that dpg is of the form required in the definition of a Gray homo-
morphism.

Finally, we have to compare the axioms. By Theorem 1.2 from 1.1.4, the axioms of
a trihomomorphism correspond to equations involving the components of the modifica-
tions @pgrs, Ypo, and dpg. On the other hand, the axioms of a Gray homomorphism
are equations for the modifications @pgrs, ypo, and dpg themselves (involving an in-
terchange modification in the case of the pentagon-like axiom). In fact, apart from the
interchange cell in the pentagon-like axiom, it is obvious that the components of the
nontrivial modifications in the Gray homomorphism axioms are precisely the nontrivial
2-cells in the axioms of the corresponding trihomomorphism axioms. Note here that the
correspondence of Theorem 1.2 from 1.1.4 is trivial on components.

Recall that the interchange cell in the pentagon-like axiom of a Gray-homomorphism
is given by [a™!, M ]Ten (Syes;ap0r)- We maintain that at the object

(&, (h, (i, ) € P(S, T)® (P(R,S) ® (P(Q,R)® P(P, Q))) ,

the component ([a‘l,ML]Ten,(EXRST,XPQR))ghU is given by ML(Z);;MU)' This is because
evaluation in Gray is in this case given by taking components and now the identity
(1.57) from 1.3.3 for the strict hom functor Ten, implies that

-1
([Cl 9ML]Ten,(Z,\(RST,)(PQR))g(/’l([j)) = ML(Ten,(ZXRSTsXPQR))(gh)(ij) = ML(ZXgthij) :

This is exactly the interchange cell on the right hand side of the corresponding axiom
for a trihomomorphism, cf. [27, p. 68]. O
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As noted above, in the proof of Theorem 1.6, there appear additional classes of in-
terchange cells of which the components have to be compared to the interchange cells
appearing in the definitions of the data and the Gray-category structure of Tricat(‘P, L).
To give examples for these classes, we skip the proof for the correspondence of Gray
transformations and tritransformations and for the correspondence of the data of Gray
modifications and trimodifications, and we come back to the second axiom of a Gray
modification cf. Lemma 1.15 from 1.5.1:

Lemma 1.17. The components of the interchange cells in the second axiom of a Gray
modification correspond precisely to the interchange cells appearing in the second axiom
of a trimodification.

Proof. The interchange cell appearing on the left hand side of the Gray modification
axiom (GMA2) is Mg, (X LAPap).ch)- Note that X L(APap) 18 an interchange 2-cell in
the Gray product

[L(AP,AP), L(AP,BP)]®[I, L(AP,AP)] ,

and now we have to determine how Mg, acts on such an interchange cell. Recall that
MgGry: [Y,Z]1®[X, Y] — [X,Z] is defined by

ey (Mgray ® 1x) = el(1®ej)a™" .

For the component of M gy (X, 4p, apyah) at the single object * € I this implies that

(Mgray capayt)e = (€ Lapp (LAP, 2apse 8 D), 4).)
(by equation (1.2) from 1.1.3)
=Mc(Zq, ).
(by definition of L(AP,-) see (1.14) from 1.1.5)

In fact, this is exactly the interchange cell for the left hand side of the axiom in [27, p.
7.

Similarly, the component of the interchange 2-cell M gqy(Z/,, 5 p).8) at the single object
x € [, is given by

L(BP,BP)
(Mgray(zL(aP,BP),Lg))* = eL(AP,BP)(L(_’ BP)AP,BP ® 1)(2(”)’(15)*)
= MLC(ZGP,(LIQ)*)
(by definition of L(—, BP) see (1.15) from 1.1.5)
_ -1
- ML(Eaﬁﬁ,ap)

(by equation (1.6) from 1.1.3) .

In fact, this is exactly the interchange cell for the right hand side of the axiom in [27, p.
77]. O
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Remark 1.10. It is entirely analogous to show that the composition laws as given in [27,
Th. 9.1 and 9.3] cf. Theorems A.1 and A.2 and Definitions 1.5 and 1.6 from 1.2.1 of the
two Gray-categories coincide under the correspondence. This concludes our exhibition
of the critical ingredients of the proof of Theorem 1.6.

Combining Theorem 1.5 from 1.5.2 and Theorem 1.6, we have proved the main theorem
of this chapter:

Theorem 1.7. Let P be a small Gray-category and L be a cocomplete Gray-category,
and let T be the monad corresponding to the Kan adjunction. Then the Gray-category
Ps-T-Alg is isomorphic to the full sub-Gray-category of Tricat(‘P, L) determined by the
locally strict trihomomorphisms. O

The identification of the functor category [P, L] with [ob®, £L]T in Theorem 1.4 from
1.4., and the coherence result for Ps-T-Alg given in Corollary 1.3 from 1.3.1, then prove
the following coherence theorem for Tricat (P, L):

Theorem 1.8. Let P be a small Gray-category and L be a cocomplete Gray-category.
Then the inclusion i: [P, L] — Tricatis(‘P, L) of the functor Gray-category [P, L] into
the Gray-category Tricatis(‘P, L) of locally strict trihomomorphisms has a left adjoint
such that the components na: A — iLA for objects A € Tricatis(‘P, L) of the unit of this
adjunction are internal biequivalences. O

Recall that Gray considered as a Gray-category is complete and cocomplete cf. Lemma
1.1 from 1.1.3. Thus Theorem 1.8 applies for L = Gray. As a consequence we have the
following:

Corollary 1.6. Let P be a small Gray-category. Then any locally strict trihomomor-
phism P — Gray is biequivalent to a Gray-functor P — Gray. [

In particular, let P be a small category C considered as a discrete Gray-category. Then
locally strict trihomomorphisms C — Gray are the homomorphisms of interest, and we
have proved that any such homomorphism is biequivalent to a Gray-functor C — Gray.

On the other hand, the following example shows that the assumption of local strictness
in Corollary 1.6 cannot be dropped. It may come as a surprise that it is not true that
any trihomomorphism into Gray is biequivalent to a Gray-functor:

Example 1.1. Let J be the one-object 2-category with a single nontrivial idempotent
endo-1-cell described in Example 0.1 from the Introduction. Now consider the Gray-
category D with two objects a and b, D(a,b) = J, D(b,a) = 0, D(a,a) = I, and D(b,b) = I.

We aim to define a trihomomorphism F: 9D — Gray such that Da = I and Db = stJ.
Locally, this is given by the apparent strict I — [stJ,stJ] mapping % to the identity
functor, and 1, to the identity natural transformation. Similarly, we define I — [I,1],
and finally f: J — stJ = [/, stJ]. This can clearly be no Gray-functor since f is non-strict.
The adjoint equivalences y and ¢ can be taken to be the identity adjoint equivalences.
Suppose there would be a tritransformation §: G = F for a Gray-functor G: D —
Gray. This involves strict functors 6,: Ga — I and 6,: Gb — stJ and among other
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things a strict functor Gg,: J — [Ga,Gb]. The adjoint equivalence of the hypothetical
tritransformation has the form

O: [1,6p]Ga = [04,11f: J = [Ga,stJ] .

Clearly, for Ga = I (then 6, must be 1; and the above has the form ©: [1,6,]Gs, =
f+ J — stJ), there can be no such equivalence since f is not equivalent to a strict
functor. But if § were a biequivalence, then 6,: Ga — I would be a biequivalence in
Gray with strict biequivalence-inverse n,: I — Ga, and we would get a biequivalence
between G and another Gray-functor G’ such that G’a = I. This Gray-functor is defined
by G’'b = b and G/, = [4, 1]Gx and a Gray-natural isomorphism y: G’ = G is given by
Ya = 1a and ¥, = 1gp. This would be a biequivalence in Tricat(D, Gray) giving rise to
another biequivalence & : G’ = F where G’a = I, which cannot exist by the argument
above.
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Chapter 2

A Yoneda lemma for tricategories

In this chapter we prove a Yoneda lemma for tricategories. This involves again the
concept of a codescent object. In contrast to Chapter 1 where the codescent object only
appeared implicitly underlying the coherence theorem from three-dimensional monad
theory, this chapter starts with the notion of a codescent object of a strict codescent
diagram. The codescent object is a Gray-enriched colimit and the restriction to strict
codescent diagrams is precisely the restriction of this colimit to certain Gray-functors.

2.1 CODESCENT OBJECTS

In this section we introduce the notion of a codescent object for a strict codescent
diagram. The codescent object of a strict codescent diagram is just a simpler special
case of the general definition of a codescent object for a codescent diagram cf. Gurski
[27, 11.3]. However, we use a string diagram notation, which proves especially useful in
the application in Chapter 3. The results of this section also apply to codescent objects
of general codescent diagrams, but since we will apply them only to strict codescent
diagrams below, we chose to present the simpler case to make the argument more easy
to follow.

We present the definition of a codescent object of a strict codescent diagram in a form
where the simplicial identities are implicit in the diagrams. That is, one has to apply
simplicial identities to see that cells in the diagrams do indeed compose. On the other
hand, this results in diagrams of a very simple shape, which enable us to easily recognize
the weight of the colimit of the codescent object in Proposition 2.1. Namely, the axioms
have the same shape as those for a pseudofunctor, which explains why the strictification
st turns up in the weight of the colimit!.

Definition 2.1. We denote by n the free category on the graph0 - 1 -2 —» ... > n—1.
That is, n has a single morphism i — j if i < j and the hom sets are empty otherwise.

Irecall that the strictification is a left adjoint to the inclusion
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Definition 2.2. We denote by I the left adjoint of the inclusion Gpd — Cat of groupoids
into small categories—in fact a left 2-adjoint—which formally inverts all arrows in a small
category C.

Remark 2.1. The groupoid I(C) is constructed as follows. One takes the underlying
graph, adds inverses to all morphisms, then takes the free category on this graph, and
finally forms the quotient category with relations for the composition in C (this also
makes the length-1 string in the identity from C the identity for the quotient category)
and making the adjoined morphisms left and right inverses c.f. [55, I1.8. Prop. 1]. For
functors one takes the underlying graph map, then the obvious graph map of graphs with
adjoined inverses (an adjoined opposite arrow to an arrow f in the underlying graph U(C)
is sent to the adjoined opposite arrow to F(f)), takes the free functor on this graph map,
composes with the quotient functor and uses the universal property of the quotiening
c.f. [55, I.8. Prop. 1] to get a functor between I(C) and I(C"). It also follows from
the universal property that this prescription respects composition. For a transformation
one takes the same components and notes that naturality with respect to a morphism is
tantamount to naturality with respect to its inverse. Therefore, we get again a natural
transformation. Since vertical and horizontal composition of transformations are defined
in terms of components, the prescription clearly preserves those.

Definition 2.3. As a shorthand, we write I, for the groupoid I(n). The category I, has
the same objects as n and a single isomorphism between any two objects. That is, I, is
the indiscrete (chaotic) category on {0, 1,...,n — 1}.

Definition 2.4. We denote by Aj the full subcategory of the simplex category A with
objects [0], [1], [2], and [3].

Definition 2.5. We denote by Aj the subcategory of Az which differs from the latter
only in that AJ([3],[2]) = 0—i.e. in A7 we discard the codegeneracy maps in the highest
layer?.

Definition 2.6. A strict codescent diagram in a Gray-category X is a Gray-functor
Xo: (AP - K .

As the notation presumably suggests, we denote by X; the object of X given by the
image under X, of [j]. Similarly, we use indexed letters d; and s; for the images of the
coface and codegeneracy maps which are objects in the respective hom 2-categories of

X.

Remark 2.2. If, in Definition 2.6, A7 is replaced by As, one obtains the notion of a
reflexive strict codescent diagram in a Gray-category XK. Reflexive codescent diagrams
are of theoretical importance, but they do not play an explicit role in this thesis, although
most codescent diagrams are in fact reflective (as the strict codescent diagrams associated
to an algebra, which gives a functor A% — X).

2We have chosen a similar notation as in [7].
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A codescent object for X, is a representation for a weighted colimit of the strict
codescent diagram X,:

Definition 2.7. The codescent object of a strict codescent diagram X,: (A7)P — K is
the colimit of X, weighted by the following Gray-functor Fcogsc: A - Gray:

o Feoasc([jD = Sth
b Fcodsc(éj) = Stl((sj)
o Feodse(oy) = stl(oy)

More precisely, as an ordinary functor, F ods is defined to be the composition of the
inclusion A7 — Ay, the full inclusion Ay — Cat, the groupoidification I: Cat — Gpd,
the inclusion Gpd — (Cat, the inclusion Cat — Gray of categories as locally discrete
2-categories, and the restriction of the strictification st: Bicat — Gray to Gray. Since
A3 is a category, this ordinary functor gives rise to a Gray-functor Feoase: A7 — Gray,

3
which we also denote by stl,.

To actually work with the notion of a codescent object, it is often useful to have a
more explicit definition than the one given in Definition 2.7. A Gray-enriched colimit is
defined by a representation isomorphism of 2-categories. Definitions 2.8-2.13 give rise to
a Gray-functor with values in 2-categories cf. Prop. 2.3 that makes this representation
explicit. A representation isomorphism of 2-categories gives rise to a three-part universal
property, which we make explicit in Definition 2.15. On the other hand, the identification
of the weight of the codescent object gives a good explanation for the specific form of
this universal property.

Definition 2.8. Let X,: (Ag)Op — X be a strict codescent diagram. A cocone from X,
to an object X in the Gray-category X consists of

e an object x in the hom 2-category K (Xo,X),
e an adjoint equivalence 1-cell €: xd; — xdy in K(X;,X),
e an invertible 2-cell
M: (edy) * (edr) = edy: xdidr — xdyd
in K(X2,X),
e an invertible 2-cell

U:esop=>1: x> x

in K (Xo, X)
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subject to the three axioms below, which are expressed as string diagrams® in hom-2-
categories of the Gray-category X.
First axiom.

edrds edrds

= (2.1)
Second axiom.
eda sy edysy edrsg edyso
DERC o
Ed] S0
Third axiom.
6d2S1 Ed()sl Ed2S1 Ed()S]

- @ (2.3)

Proposition 2.1. A cocone from X, to X as in Def. 2.8 is precisely a cocone in the
enriched sense from the weight Feogsc of the colimit of the codescent object to X.

edr sy

Proof. A cocone from Fcogsc to X is given by a Gray-natural transformation

,8: Fcodsc = K(Xo_, X) . (2.4)

30ur string diagrams are read from left to right for horizontal composition and from top to bottom
for vertical composition. Regions corresponding to objects in the 2-category are not labeled. As
common, we also omit a label for the points corresponding to unit and counit 2-cells of an adjunction
in the 2-category.
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Since Feodse([0]) = stlp = st[0], the component Bjo; at [0] of this transformation is
determined by a pseudofunctor [3[0]: [0] - K(Xp,X). Thus we exactly have to give an
object x € K(Xo,X) as in Definition 2.8 with x = ,3[0](0) and the unit constraint of the
functor.

Similarly, the component f1; is determined by a pseudofunctor fj1;: I} — K(X1, X).
Forgetting about unit constraints for a moment, this is exactly given by an adjoint
equivalence €: xd; — xdy as in Definition 2.8 with € = B[l](Ol), where we used that by
Gray-naturality of (2.4)

Bin(0) = B11(61(0)) = K(dy, X)(Bj0)(0)) = xd;

and similarly

B = xdp .

On the other hand, the codegeneracy I(cg): I; — Iy clearly sends the nontrivial
isomorphism 01 in I; to the identity at 0 in Iy. Thus, writing 00 for the identity at 0 in
Iy , by naturality we have

B101(00) = Bio)(I(0)(01)) = K(s0, X)(B11(01)) = €50 ,

and so the unit constraint (Bjo))o for the pseudofunctor corresponding to Bjo; is precisely
an invertible 2-cell U =: esy = 1, as in Definition 2.8.

Next note that the unit constraints for Bjj} are determined by Gray-naturality and the
unit constraint for Bjo). The composition constraints of Bjj; are then determined by the
pseudofunctor axioms.

The pseudofunctor Bp): I, = K (X2, X) corresponding to the component S of (2.4) is
already determined on cells by naturality and the only new constraint is the composition
constraint

Brapizo1: (edo) = (edy) = (eda) ,

which is precisely an invertible 2-cell M as in Definition 2.8. Observe that, by naturality,
Msp and Ms; must be the composition constraints (B[11)o1,00 and (B[17)11,01 respectively.
The second and third axiom (2.2) and (2.3) in Definition 2.8 thus correspond literally
to the two pseudofunctor axioms.

Finally, while the data of the pseudofunctor B3): Iz — % (X3, X) corresponding to the
component B3 of (2.4) is already completely determined by naturality, the pseudofunctor
axiom for composition constraints imposes one new equation, which is exactly the first
axiom (2.1) in Definition 2.8.

O

In light of Proposition 2.1, the set Cocone(X,,Y) of cocones from X, to Y inherits
the structure of a 2-category from the hom object [AS, Grayl(Fcodse, K(Xe—, X)) of the
functor Gray-category cf. Corollary 1.5 from 1.5. Spelling this out leads to the following
definitions.
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Definition 2.9. Let X,: (A7) — X be a strict codescent diagram, and let (Y, y, €, M, U)
and (Y,y',€',M’,U’) be cocones from X, to Y. Then a I-cell from (Y,y,e, M,U) to
(Y,y',€,M’,U’) consists of

e alcella: y—y in X(Xp,Y), and

e an invertible 2-cell

€ ady

ad, €

in K(X;,7Y) satisfying the two axioms below.
First axiom for I.

€ds

Second axiom for T.

€50 adyso €50 adpsy

adi sy
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Remark 2.3. A l-cell as in Definition 2.9 corresponds to a 1l-cell s: 8 — B in
[AS, Gray](Feodse, K(Xe—, X)). The component spo essentially corresponds to the 1-cell
« in Def. 2.9. The component sjj; corresponds to a pseudonatural transformation with
components ad; and ady determined by the naturality condition on s cf. (1.62) and a
naturality 2-cell corresponding to the invertible 2-cell I' in Def. 2.9. Notice that the
condition on interchange cells (1.63) is vacuous because A has no nontrivial 2-cells.
The two axioms for I' in Def. 2.9 are then just respect for composition and units of
a pseudonatural transformation. Also note that the naturality of the pseudonatural
transformation corresponding to the component s;; is automatic because the domain /;
possesses no nontrivial 2-cells.

Definition 2.10. Let X,: (A7)® — X be a strict codescent diagram, and let
(a1,T1), (2, T2): (Y,y,e, M,U) = (Y,y', € ,M",U")

be a pair of parallel 1-cells between cocones from X, to Y. Then a 2-cell from (a;,I') to
(ap,T) consists of

e a2-cell Z: a1 = ap in X(Xp,Y)

satisfying the axiom below.

€ a/1d0

= CEdo D (2.5)

Remark 2.4. A 2-cell as in Definition 2.1 corresponds to a 2-cell p: s = § in
[AS, Gray](Fcodsc, K(Xo—, X)). Its component pyg essentially corresponds to the 2-cell
E in Def. 2.1. The component p[j) corresponds to a modification with components de-
termined by the naturality condition (1.64) and the axiom (2.5) in Def. 2.1 is exactly
the modification axiom.

Lemma 2.1. Vertical composition of 2-cells and unit 2-cells in K(Xo, Y) give
Cocone(X,, Y)(Y,y,e, M, U),(Y,y', € ,M’,U"))

the structure of a category.

Proof. Immediate since, for a vertical composite, the axiom in Definition 2.1 is implied
by the axiom for the individual factors. Of course, this is also implied by the comparison
with [A3, Gray](Feodse, K(Xe—, X)). 0
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Definition 2.11. Let Xo: (A7)°? = X be a strict codescent diagram. Then the identity
1-cell of a cocone (Y, y, e, M, U) from X, to Y is defined by

e the identity 1-cell of y in K(Xp,Y), and

e the identity 2-cell of € in K(X,Y).
Definition 2.12. Let X,: (Ag)"f’ — X be a strict codescent diagram, and let

(@.): Yy, e, M,U) > (Y,y', €, M, U")
and
@, (XY, e, M, U) > Xy ' M U")
be 1-cells between cocones from X, to Y. Then their horizontal composite
@, T x(a,): (Y,y,6, M,U) > (Y,y,e,M",U")

is defined by

e the horizontal composite @’ * a: y — y” of 1-cells in K(Xp,Y), and

e the vertical composite of whiskered 2-cells in K (X1, Y) below.

(2.6)

Definition 2.13. Let X.: (A7)® — X be a strict codescent diagram, and let
E: (a1,I) = (@2, 12): Yoy, e, M,U) — (VY. € ,M',U")
and
2 (@], T) = (@, T)): Xy, e,M,U)— X,y e M, U")

be 2-cells between 1-cells of cocones from X, to Y. Then their horizontal composite is
defined by the horizontal composite & x Z of 2-cells in K(Xp, Y).

Remark 2.5. Definitions 2.11-2.13 essentially correspond to horizontal composition of
pseudonatural transformations and modifications. In particular, (2.6) corresponds to
the naturality 2-cell for a horizontal composite of transformations.
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Proposition 2.2. Horizontal composition and 1-cell identities as introduced in Defini-
tions 2.11-2.18 are well-defined and give Cocone(X,, Y) the structure of a 2-category.

Proof. One either proves this by reference to the 2-category structure of
[AS, Gray](Feodsc, K(Xe—, X)) or by a short direct argument: It is immediate that
the identity 2-cell in Definition 2.11 satisfies the two axioms for a 1-cell of cocones.
Further, for the 2-cell (2.6) in Definition 2.12, the first axiom is obvious from the string
diagrams and reduces via the middle four interchange law to the corresponding axiom
for I' and I”. The second axiom is immediate from the ones for I' and I”. Finally, for
the 2-cell " % E in Definition 2.13, the axiom for a 2-cell of cocones follows from the
axiom for 2 and E” and the form of the 2-cell (2.6) in Definition 2.12. It is obvious that
horizontal composition is strictly associative and unital and suitably functorial—the
middle-four interchange law reduces to the middle four interchange law in K (Xp, Y)—to
give Cocone(X.,, Y) the structure of a 2-category. O

Proposition 2.3. The covariant partial hom functors of the Gray-category K induce a
Gray-functor Cocone(X,, —): K — Gray given by Cocone(X,,Y) on an object Y in K.

Proof. Again, this is proved by reference to the functor structure of the composite
[Ag, gray](Fcodsc, -)o [X:)p, 1Joy
where y: K — [KP, Gray] denotes the Yoneda embedding and
[X.P, 1]: [K®, Gray] — [AT, Gray]

is the Gray-functor given by precomposition with X, An explicit proof is an easy
exercise using the partial hom Gray-functors X(X;,—) for i = 0,1,2,3. In particular,
given a cocone (X, x, e, M, U) from X, to X and a 1-cell f: X — Y, then (Y, fx, fe, fM, fU)
constitutes a cocone from X, to Y. Given a l-cell 8: f — f’ in the hom 2-category
K(X,Y), notice that (Bx,Xg.) constitutes a 1-cell

Y, fx, fe, fM, fU) —> (Y, f'x, f'e, f'M, f'U) (2.7)

of cocones. This corresponds to the fact that the naturality 2-cell of the pseudonatural
transformation

KX1,px): KX, ) = KX, f): KX1, X) = KX, Y) (2.8)

at the I-cell €: xd; — xdj is given by the interchange cell Xg . Finally, a 2-cell A: g = g
gives rise to a cocone-2-cell A: (Bx,Zge) = (B'x,Zp ) by naturality of interchange cells
cf. (1.13) from 1.1.4. O

Lemma 2.2. A 2-cell Z: (a1,T1) = (a2,13) in Cocone(X,,Y) is invertible if and only if
it s invertible as a 2-cell in K(Xo, Y).

Proof. Immediate since axiom (2.5) holds for Z if and only if it holds for Z=! as is easily

verified. O
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Lemma 2.3. A 1-cell
(@,1): Y,y,e, M,U) = (Y,y',€ .M, U")

in Cocone(X,, Y) is part of an adjoint equivalence ((a,T),(a®,®),&,n) if and only if
(@,a®, &,1) is an adjoint equivalence in K(Xo,Y) and © is the mate of T below.

e a*dy

a'dy € (2.9)
Proof. Suppose (a,a®,&,n) is an adjoint equivalence in X (Xo, Y) and @ is the mate of I'™!
in the statement. One easily checks the two axioms to show that (a°®, ®) forms a 1-cell in
Cocone(X,, Y) in the opposite direction: First, one takes the mate of the axioms, inverts
the resulting equations, and pre- and postcomposes with the respective whiskerings of
M’ and M and U’ and U respectively. This directly gives the second axiom for (a°®, ®),
while the first axiom is obtained after applying a triangle identity. Next, one checks
that £ and 7! form 2-cells in Cocone(X,, Y), which are then automatically invertible by
Lemma 2.2: For the counit, equation (2.5) reduces to the following obvious identity of
string diagrams.

e ady ady e a‘dy ady

6./ EI

For n_l, recall that (a*,a, 77_1,8_1) is again an adjoint equivalence. Therefore the above
argument shows that the axiom holds for 7.

Conversely, if (o, ), (@®,0),&,n) is an adjoint equivalence, so must be (@, a®, &, 1), and
one checks that @ is the specified mate of I'"! from axiom (2.5) for either of the 2-cells
of the adjoint equivalence in Cocone(X,, Y). O

Definition 2.14. Let X,: A —» X be a strict codescent diagram. A codescent object
for X, is a representation of the Gray-functor Cocone(X.,-): X — Gray.

Remark 2.6. This definition is of course just a reformulation of Definition 2.7.
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Thus a codescent object consists of an object X in X and a unit I — Cocone(X,, X).
The latter consists of a cocone from X, to X such that the Gray-natural transformation
K(X,—) = Cocone(X,, —) induced from the unit via Yoneda is an isomorphism. Since a
Gray-natural transformation is invertible if and only if its components are, the isomor-
phism condition gives rise to a three-part universal property. This leads to yet another
reformulation of Definitions 2.7 and 2.14.

Definition 2.15. Let X,: A — X be a strict codescent diagram. A codescent object for
X, consists of a cocone (X, x,e, M, U) from X, to X € obX that is universal in the sense
of the three-part universal property below.

First part of the universal property. Given a cocone (X’,x’,¢’,M’, U’) from X, to
X', there exists a unique 1-cell f: X — X’ such that

o fx=1x;
o fe=¢€;
o fM=M; and
o fU=U".
Second part of the universal property. Given
e an object Y in the Gray-category X ;
e a pair of objects g1, g2 in the hom 2-category X(X,Y);
o al-cell a: g1x — grx in K(Xp,Y); and

e an invertible 2-cell

81€ ady

ady 82€

in X (X, Y) satisfying the two axioms below, there exists a unique 1-cell @: g; — g2 in
K(X,Y) such that

e ax=a, and

L r:Zd,ea
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where the latter is the interchange cell in the Gray-category X.

First axiom for T.

g1€dr

(2.10)
Second axiom for I.
81€50 adpyso 81€50 adyso
o |- el e
adi so
. . e

Third part of the universal property. Given
e an object Y of the Gray-category X ;
e a pair of objects g1,g2 in KX(X,Y);
e a pair of 1-cells aj,az: g1 — g2 in X(X,Y); and

o a2-cell Z: a1x = axx in K(Xp, Y) satisfying the axiom below, where the crossings
denote the corresponding interchange cells in the Gray-category X,

there is a unique 2-cell Z: @; = a» such that
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°
[1]:
=
I
[1]

axd g€
81€ asrxdy

Remark 2.7. The three parts of the universal property correspond to the bijections on
objects, 1-cells, and 2-cells constituting the representation isomorphism

KX, Y) N [A3, Gray](Feodse—> K(Xe—, Y)) = Cocone(X,, Y) (2.12)

of 2-categories, which is induced from the universal cocone (X, x, €, M, U) and the hom
functors of the Gray-functor Cocone(X,, —) cf. the proof of Proposition 2.3.

In particular, the condition that I' = 5, in the second part of the universal prop-
erty is a consequence of the effect of Cocone(X,,—) on 2-cells described in the proof of
Proposition 2.3.

Remark 2.8. The object X in the data of a codescent object is a representing object for
a weighted colimit and thus determined up to isomorphism. This is also obvious from
the first part of the universal property of the codescent object. Note also that we have
the following trivial corollary from the description of the codescent object as a weighted
colimit.

Corollary 2.1. If the Gray-category K is cocomplete, then K has codescent objects for
all codescent diagrams. 0

Lemma 2.4. The 2-cell E in the third part of the universal property of the codescent
object is invertible if and only if the 2-cell Z ibidem is invertible.

Proof. Immediate from the fact that Z is the image of Z under the representation iso-
morphism K (X, Y) = Cocone(X,, Y) and Lemma 2.2. ]

Lemma 2.5. Given a 1-cell (@, ') in Cocone(X,, Y) as in the second part of the universal
property of the codescent object such that « is part of an adjoint equivalence (a,a®, &, n)
m K(Xo, Y), there is a unique adjoint equivalence (&, a°*, &,1) such that ax = a, @*x = a°,

I'=2%3¢, Ex=¢, andfix=1.

Proof. By Lemma 2.3, ((a,I),(a®),&,n), where © is the mate (2.9) of I'"!, is an ad-
joint equivalence in Cocone(X,, Y), which corresponds to a unique adjoint equivalence
(a,a*, & 1) under the representation isomorphism K (X, Y) = Cocone(X,, Y). ]
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Remark 2.9. Note that 3. is indeed the mate of E(;le as we show in the following
exemplifying Lemma. Technically, this fact is already implicit in the representation
isomorphism K (X, Y) — Cocone(X,, Y).

Lemma 2.6. Let (f,g,&,m): A — A’ be an adjunction in a 2-category X, and lett: B —
B’ be a l-cell in a 2-category Y. Then the mate of the interchange 2-cell Zr;: (f,1) *
1,0 — (1,0H*(f, 1) in the Gray product X®Y 1is given by the interchange 2-cell Z;}: (1,1)*
(& D — (g D=(,0.

Proof. The Lemma is proved by the string diagram calculation below, where, for the
first equation, one uses the invertibility of interchange cells, and for the second, one uses
relation (1.10) for interchange cells, naturality of the interchange cell with respect to the
counit &, and a triangle identity.

Remark 2.10. Note that the mate X!

o Of Zg, 1s again invertible.

2.1.1 The codescent object of a free algebra

Let T be a Gray-monad on a Gray-category X with multiplication and unit Gray-natural
transformations u: TT — T and n: 14 = T respectively, and let A € obX be an algebra
for T with action a an object in the hom 2-category K(TA, A).

Definition 2.16. The strict codescent diagram in %7 associated with an algebra A,
denoted by X4 or just X., is defined by the following prescriptions:

° Xi — Ti+1A’
o X(d) = T*ugiay: T'A - TH'Af0<k<i-2and X(di_y) = T 'x,
o X(sp) =T ppiciy: TTA > TH A for0<k<i-1.

Remark 2.11. The following argument shows that these prescriptions do indeed give
rise to a strict codescent diagram in the Gray-category X' of algebras i.e. a Gray-functor
(A7)°P — K. Recall [73, pp. 151-153] that the Gray-monad T is generated by the Gray-
adjunction U 4 F where U: X! — X is the forgetful functor and F: X — K7 is the
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free T-algebra functor sending an object A to the free algebra TA with action uy4, and
we have T = UF and u = UeF, where ¢ is the counit of the adjunction, and the unit n
of T is given by the unit of the adjunction, for which we use the same letter.

Now the adjunction U 4 F also generates a comonad FU on X! with comultiplication
FnU and counit u. As the augmented simplex category A, is the free monoidal category
containing a monoid, such a comonad corresponds precisely to a strict monoidal Gray-
functor

FU.: AP - [KT, KT (2.13)

where the latter is the functor Gray-category with monoidal structure given by
composition—for the sake of the argument, we ignore possible issues with the existence
of the functor Gray-category here. Since Gray-CAT is (partially) closed, the transpose
of (2.13) gives rise to a Gray-functor

FU,: KT - [AP, K] (2.14)
Restriction now gives rise to a Gray-functor

(FU;: K" - [(A)®, K] (2.15)

The argument is apparently purely enriched and thus the same as in two-dimensional
monad theory, c.f. Bourke [7, Rem. 6.7].

Lemma 2.7. Let X, be the strict codescent diagram in K associated with a T-algebra
A. Then the action a € obK(TA,A) gives rise to a cocone from X, to A.

Proof. Explicitly, for Y = A in Definition 2.8, we take y: TA = Xy — Y = A to be the
action a, € is the identity adjoint equivalence, and M and U are the identity 2-cells. It
is easy to see that this is well-defined. Namely,

ydy = aTa = apu = ydo
by an axiom for the action of an algebra. O

Corollary 2.2. The action a factorizes as fx where f is an object in K (X,A) such that
fe is an identity 1-cell and such that fF and fU are identity 2-cells.

Proof. Immediate from Lemma 2.7 and the 1-dimensional part of the universal property
of the codescent object. O

Theorem 2.1. Let T be a Gray-monad on a Gray-category K and let A be an object
i K. Then the codescent object of the strict codescent diagram associated with the free
T-algebra TA on the object A is biequivalent to TA in K.

Proof. Since the action of the free T-algebra TA is given by us € K(T?A, TA), by Corol-
lary 2.2, ua factorizes as

a = fx (2.16)
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where f is an object in K7 (X, TA) such that
fe=1,fM=1,and fU=1. (2.17)

We will now construct a biequivalence-inverse g to f from the universal property of X.
Consider the object

g:=xTny € KI(TA,X) . (2.18)

Notice that this is a section of f since x and f factorize uy c.f. eq. (2.16) and by a
monad axiom:

8= fxTna=paTna =1ra . (2.19)

We now have to show that the other composition gf is equivalent to the identity 1y in
K (X, X). To do so, we construct an adjoint equivalence gf — 1x with the help of Lemma
2.5. Thus what we have to show is that there is a 1-cell (a,I) of cocones from X, to X
as in the second part of the universal property of the codescent object with g = 1x and
g2 = gf such that « is part of an adjoint equivalence (a, a®, &, 7).

First, notice that, by naturality of 4, gox may be transformed as follows?.

gfx = xTnapp = xpuraT*na = xdoT?na (2.20)
On the other hand, by a monad axiom, g;x has the form:
Ixx =xlpy = xTuATznA = xd; T277A . (2.21)

Notice that 7?54 is not part of the data of the codescent diagram X, for the free T-
algebra TA, nor in fact of the data of the codescent diagram for T7?A. Rather, the
l-cell Tna: TA — T?A of (free) algebras in the Gray-category X! gives rise to a 1-
cell in the functor Gray-category [(A7)P, K71, that is, a Gray-natural transformation

(Tna)e: X4 = XT A of codescent diagrams. Indeed this is implied by the functorial
structure (2.15) of the prescription assigning the associated codescent diagram to an
algebra as described in Remark 2.11 above.

On the other hand, the codescent diagram associated with the free algebra T?A is
obtained as the décalage [72, 2.] of the codescent diagram associated with TA—by
forgetting about the highest face and degeneracy map and shifting everything up one
dimension. Corresponding to the two décalage functors, the universal cocone (x, €, M, U)
from XI4 to X gives rise to two cocones from X! *A to X and an adjoint equivalence
between them. The two cocones are given by (xdi, edr, Mds, Uds) and (xdp,1,1,1) re-
spectively, and the adjoint equivalence is given by (e, M). The adjoint equivalence that
we describe explicitly below is exactly the adjoint equivalence of cocones obtained from
(€, M) under the functor

[(A7)®, Grayl(Feodse» KT (XI™4,Y)) = [(A), Gray](Feoase» KT (X1, Y))

4In order to avoid complicating parentheses, we again employ the convention that the shorthand T for
an instance of a hom functor only applies to the cell directly following it, cf. Remark 1.2 from 1.2.1.
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which is induced by the transformation (Tn4).: X4 = XTI *A described above.
Namely, from the adjoint equivalence €: xd; — xdy of the universal cocone, we can
produce a 1-cell

@=el*nu: lxx - gfx (2.22)

as required in the second part of the universal property of the codescent object for
g1 = lx and g = gf. This 1-cell is evidently part of an adjoint equivalence—the image
of the adjoint equivalence (¢, €, &, ) under the functor K(X, T?n,4).

To apply Lemma 2.5, we only have to show that this adjoint equivalence underlies a
1-cell of cocones. That is, we have to provide an invertible 2-cell

I': (ado) * (g1€) = (g2€) * (ad)) (2.23)

as in the second part of the universal property and show that this satisfies the two
axioms ibidem. To do so, we spell out domain and codomain of (2.23), which shows that
M(T>n,) provides an invertible 2-cell as in (2.23).

Namely, the domain is determined by the calculation below®:

(algy) * (1¢,€)
=(€elg2;,q,) * €

(by def., functoriality of My, and Gray-category axioms))
=(€lgy73n,) * (€lg2,,73y,)

(by naturality of (Tn4)s and a monad axiom)
=(€lyyrsp,) * (€lg,r3y,)

(by def. of X, for TA)
=((elgy) * (e1a)) 173,

(by functoriality of My and Gray-category structure)

This calculation, in particular the step involving the monad axiom, can also be un-
derstood as a contraction of the codescent diagram associated with TA provided by the
l-cells T'n in the Gray-category X as for usual augmented simplicial objects [72] .

Similarly the codomain is determined by the calculation below:

(1g,€) * (alg,)
=(1g(1r€)) * ((€lg2,,)14,)

(by definition and Gray-category structure)
=(€lr2,,)1a,

(by eq. (2.17))
=(elg)1z3y,

(by naturality of (Tn4). and Gray-category structure) .

Swhere we have made identities explicit in order to improve readability
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Thus an invertible 2-cell as required is given by
r= M11T3M s (€lgy 13y, * (€lg 1paps) = €lg 173y,

We now have to show that this 2-cell satisfies the two axioms in the second part of the
universal property of the codescent object.

Since by (2.17), we have goM = 1, gre = 1, the first axiom (2.10) for I', in the
present situation, has evidently the same shape as the first axiom (2.1) for a cocone
(up to transposition of the left and right hand side of the axiom). Indeed it follows
from (2.10) when whiskered with T#ps—i.e. when we consider its image under the
functor K (X, T*n4). Explicitly, using the Gray-category structure of X, the axiom for
I'= M11T3UA is given by

(M1, i) o (M1, Yg) * Leg,) = (M1, Ol ) o (e g1 % M) - (2:24)

dgy
On the other hand, the image of the axiom for M under whiskering i.e. under the functor
K (X, T*n,) is similarly given by

(M1, 0, )0 (ML, 0 )5 Letgy 14050, )= (ML, 0 )0 (et g0

ring (Mlldﬂm ) (2.25)
where we exchanged the left and the right hand side. The axiom is thus evidently implied
by naturality of (T74)e.

Similarly, since by (2.17), we have goU = 1 and gye = 1, the second axiom (2.11) for
[, in the present situation, has evidently the same shape as the second axiom (2.2) for
a cocone (up to transposition of the left and right hand side of the axiom). Indeed it
follows from (2.10) when we consider its image under the functor K(X, T2n4). Explicitly,
using the Gray-category structure of X, the axiom for I' = M 117371A is given by

ldTZW x* U = MllT}ﬂASo . (226)
On the other hand, the image of the second axiom for a codescent object under the
functor K (X, T?n,4) is similarly given by

let,, (WU, , ) =Ml

le21]A xOTzrjA :

The axiom is thus evidently implied by naturality of (Tn4)e and a monad axiom.

By the second part of the universal property of the codescent object, this means there
exists a unique 1-cell @: 1x — gf such that @l; = @ and £, =T = Mlys,,. By Lemma
2.5 this 1-cell must be part of an adjoint equivalence (&, @, &, 7}).

O

Remark 2.12. To state Theorem 2.1 in other words, any free algebra is flexible [4, Rem.
4.5]. See [4, Cor. 5.6] for the corresponding result in two-dimensional monad theory.

Let T-Alg denote the full sub- Gray-category of Ps-T-Alg with objects (strict) algebras.
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Lemma 2.8. Suppose that the left adjoint L to the inclusion i: KT — T-Alg ewists, for
example if K has codescent objects of strict codescent diagram®. Let F: K — KT be the
free T-algebra functor.

Given a Gray-functor G: M — XK, the biequivalence in Theorem 2.1, for A = GM,
forms the component at the object M in M of a Gray-natural transformation

LiFG = FG (2.27)
that is part of a biequivalence in [M, KT].

Proof. Since the 1-cell f: X — TA in the biequivalence (f, g, 17, (@, a°% &,17)) is in fact
the component er4 of the counit of the adjunction L 4 i, we indeed have a Gray-natural
transformation eFG as in (2.27). Since the forgetful functor

U: (M, K" - KT (2.28)

does in general not reflect internal biequivalences, we have to prove that this is indeed
part of a biequivalence as required.

The 1-cell g = xTns: TA — X in the biequivalence is natural in A: Clearly Tn, is
natural in A, and x: T?A — X is natural in A because this is a component of the unit of
the colimit of the codescent object. The naturality of the representation isomorphism is
equivalent to that of the unit i.e. the universal cocone

v: Feodse = K(X.TA_’XTA)

meaning that each v;: stl; — K(TIT2A, XT4) is extraordinarily Gray-natural in A (in
fact in TA). By definition of the functor Gray-category, this means each v; factorizes
through the hom object of the functor Gray-category. In particular, for j = 0, we see
that x must be Gray-natural in A (in fact in TA). For j = 1, we see that the adjoint
equivalence (e, €°, g,17) underlies an adjoint equivalence in the hom object of the functor
Gray-category and that U underlies an invertible 2-cell in the hom object of the functor
Gray-category. For j =2, we see that M underlies an invertible 2-cell in the hom object
of the functor Gray-category.

This implies that the cells involved in the construction of the adjoint equivalence
(@,a% &) in KX, XT) (in particular @ = €ly2,, and I' = M11T4”A where T?n and T*n
are natural in A) via the universal property all underlie cells in the functor Gray-category.
It is then not hard to see that (&, &%, &,7) in K (X TA xTA4y underlies an adjoint equivalence
in the functor Gray-category [X, K] (in fact in [KT, KT)).

For example, for @, we have to prove that

B (o FTNT) = L Feoguer @) FA
for a 1-cell h: A - B in K cf. (1.62) from 1.5.2. By naturality of the representa-
tion isomorphism the left hand side is sent to (egly2,,) 172, = (eglysp)ly2,,, where we
used naturality of n and Gray-category structure, while the right hand side is sent to
1 (Fcodsc*(ﬁ)g)(Th)(eAszn ). Hence, this is exactly implied by € being a 2-cell in the functor
Gray-category. Similarly, one sees that the condition on interchange cells cf. (1.63) from
1.5.2 is satisfied. O

6The corresponding result in the present context cf. Theorem 1.3 in Chapter 1.
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2.2 THE YONEDA LEMMA FOR Gray-CATEGORIES
AND LOCALLY STRICT TRIHOMOMORPHISMS

2.2.1 Representables as free algebras

The following elementary observation proves to be crucial in what follows.

Lemma 2.9. Given a Gray-category P and an object P, the representable P(P,—) is iso-
morphic to the free algebra T ((obP)(P,-)) in the functor Gray-category [P, Gray], where
T is the monad of the Kan adjunction described in Chapter 1.

Proof. The representable (ob?’")(P,—): ob?" — Gray sends Q to the initial i.e. empty
2-category 0 if Q # P and to the unit object i.e. the unit 2-category I with one object *,
a single identity 1-cell 1,, and a single identity 2-cell 1;, if O = P.

Indeed then, we have the following isomorphism on objects

(T((obP)(P,-))R = Z P(Q,R)® (obP)P,Q)=PP,R)®I =P(P,R), (2.29)
Q

and the hom morphism is induced from the monad multiplication i.e. the composition
law of " and so coincides with the one for P’(P,—) up to the isomorphism (2.29). Thus
these functors are isomorphic in [P, Gray]. ]

Recall that if 2 is small, there exists a left adjoint L: Tricati(‘P, Gray) — [P, Gray]
to the inclusion, given on objects by the codescent object of the associated codescent
diagram cf. Theorem 1.8 from 1.5.3.

The representable P(P,—) is the value of the Yoneda embedding

Y: PP — [P, Gray] = [obP, Gray]" (2.30)

at the object P. However, it does not factorize through the free algebra functor
F: [ob®, Gray] — [ob?P, gray]T. Thus, while LP(P,—) is strictly biequivalent to P(P,-)
by Theorem 2.1, we cannot use Lemma 2.8 to show that this strict biequivalence underlies
a biequivalence in the functor Gray-category [P, [P, Gray]].

The proof of Lemma 2.8 fails in this case because while Tn4: TA — T?A is natural in
A, it is in general not natural in TA. More precisely, given a functor G: M — KT such
that for every object M € M, GM is a free algebra TA for some object A € K, then Tny
gives rise to a family By : GM — TGM, which is not necessarily natural in M. However,
this is the case for the Yoneda embedding:

Lemma 2.10. Let Y be the Yoneda embedding (2.30), then the family
Tn(Ob?)(P,—): YP—->TYP (231)

is Gray-natural in P.
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Proof. First note that (2.31) is Gray-natural in P if and only if
EpThobr-): PP, P') — (TP(P,-))(P') = ZrP(R, P') ® P(P,R) (2.32)

is Gray-natural in P. Yet (2.32) is given by kp(1 ® jp)r~!, where «p is the inclusion into
the coproduct. Clearly, the unitor r~! is Gray-natural in P, and it follows from the
extraordinary naturality of xp and 1® jp and the composition calculus that xp(1® jp) is
ordinarily Gray-natural in P. O

Corollary 2.3. Let Y be the Yoneda embedding (2.30), then the families
T'eveyp—y: T7'YP — TIYP
are Gray-natural in P for all j > 1.
Proof. Immediate from Lemma 2.10 and the 2-category structure of Gray-CAT. O

Using this Corollary, one easily modifies the proof of Lemma 2.8 to prove the following
result.

Proposition 2.4. Let P be a small Gray-category and Y be the Yoneda embedding (2.30),
then the biequivalence from Theorem 2.1, for A = (obP)(P,—), underlies a biequivalence

LiY=Y
in the functor Gray-category [PP, [P, Gray]]. O
2.2.2 The Gray-enriched Yoneda lemma.

Let P be a small Gray-category. Recall that taking components at an object P has
the form of an evaluation Gray-functor Ep: [P, Gray] — Gray. In particular, given a
Gray-functor A: P°® — Gray and an object P in P, we have a 2-functor

(Ep)p-pra: PP, Grayl(P(-, P),A-) — [P(P, P),AP]
and precomposition [j,, 1] with the unit jp: I — P(P, P) of P at P and the isomorphism
[1,AP] = AP
from the closed structure of Gray, give rise to a 2-functor
[P°P, Gray](P(—, P),A-) — AP . (2.33)

Theorem 2.2. Given a small Gray-category P and a Gray-functor A: PP — Gray
evaluation of the component at P at the identity (2.33) induces an isomorphism

[P°P, Gray|(P(—, P),A-) = AP,

which is Gray-natural in P and A.
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Proof. See Kelly [38, 2.4, p. 33f.]. O

Remark 2.13. The functor Gray-category is strictly monadic over [ob®, Gray] cf. The-
orem 1.4 from 1.4. In particular, the forgetful functor [P, Gray] — [ob®P, Gray] given
by precomposition with the inclusion is a Gray-functor. Precomposition with the Gray-
functor P: J — ob?P? (sending the unique object in J to P)

[P, 1]: [obP*? Gray] — [J, Gray] ,
and the isomorphism

[J, Gray] = Gray

give exactly rise to the evaluation Gray-functor Ep.

2.2.3 The Yoneda lemma for Gray-categories and locally strict trihomo-
morphisms

Theorem 2.3 (The locally strict Yoneda lemma). Given a small Gray-category P and
a locally strict trihomomorphism A: P® — Gray, evaluation of the component at P at
the identity induces a biequivalence

Tricati (PP, Gray)(iP(-, P),A-) = AP , (2.34)

which is natural in P and A meaning that these biequivalences form the components of a
biequivalence

Tricatis (PP, Gray)(—, A)i’YP = A (2.35)

in Tricatis(P°P, Gray) where Y: P — [P°P, Gray] is the Yoneda embedding.
Similarly, the biequivalences (2.35) form the components of a biequivalence

Tricati (P, Gray)(iP(—, P),?) = Ep (2.36)
of Gray-functors in [Tricati(P°P, Gray), Gray] where Ep is evaluation at P.
Remark 2.14. Notice that just as for the functor Gray-category in Remark 2.13
Ep: Tricati (PP, Gray) — Gray
is the composition of the forgetful functor
U: Tricati (PP, Gray) — [obPP, Gray] ,

precomposition with the Gray-functor P: J — ob®P°P (sending the unique object in J to
P)

[P, 1]: [obP*? Gray] — [J, Gray] ,
and the isomorphism

[J, Gray] = Gray

given by the partial closedness of Gray-Cat c.f. [38, (2.29)]. It is thus clearly a Gray-
functor.
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Proof. The existence of a biequivalence as in (2.35) is a direct consequence of the two
assertions of Theorem 1.8 from 1.5.3; the fact that the representable P(—, P) is a free
algebra c.f. Lemma 2.9 and that the left adjoint L preserves free algebras up to strict
biequivalence cf. Theorem 2.1; and the Gray-enriched Yoneda lemma:

Tricatis (PP, Gray)(iP(—, P),A-)
=Tricatis(P°?, Gray)(iP(—, P),iLA-)
=[PP, Gray|(LiP(—, P), LA-)
=[PP, Grayl(P(—, P), LA-)
=LAP
=AP .

The first biequivalence is trivially natural in P and Gray-natural in A because so is
the unit n of the adjunction L 4 i—indeed the unit transformation 74 gives rise to a
transformation Zricat|(P°?, Gray)(iP(—, P), 7)n. The second isomorphism is Gray-natural
in A and P because the hom adjunction for L +4 i is natural in both variables (and
then this is just precomposition with the Gray-functors given by the Yoneda embedding
Y: P — [P, Gray] and L). The third biequivalence is trivially Gray-natural in A and
natural in P because of Proposition 2.4. The fourth isomorphism is the Gray-enriched
Yoneda Lemma and thus Gray-natural in P and A. Finally, the last biequivalence is
given by the component at P oft the component at A of the biequivalence-inverse of the
unit 7 and thus is natural in P and Gray-natural in A.

That a biequivalence as in (2.35) is induced from evaluation as claimed follows from
the lemma below. O

Lemma 2.11. The chain of biequivalences appearing in the proof of Theorem 2.3 is
equivalent to the component of the tritransformation

Tricatis (PP, Gray)(—, A)i’YP = A

induced by taking the component at P (of a tritransformation, a trimodification, or per-
turbation) and

e cvaluating the functor P(P,P) — AP at lp in the case of a tritransformation;

o taking the component at lp of the pseudonatural transformation of functors
P(P,P) — AP in the case of a trimodification;

e taking the component at 1p of the modification of pseudonatural transformations
of functors P(P,P) — AP at 1p in the case of a perturbation.

Proof. We know that the Gray-enriched Yoneda lemma is induced by evaluation of the
component at P at the identity cf. (2.33), so the question is how this is modified by
the remaining biequivalences. The hom adjunction of L 4 i is given by applying the
hom functor of L and postcomposing with the counit of the adjunction i.e. the I-cell
f: LILA — LA) or f: X — LA constructed above. The next biequivalence is given
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by precomposition with the unit of the adjunction i.e. the l-cell g = xTn: TA — X
constructed above, but x is natural with respect to (pseudo) algebra cells in the sense
that

[PP, Gray)(x, LA)Lip— pyira = [P, Grayl(TP(—, P), x)F U;p(— p).iLa

(by the same argument as in the proof of Lemma 2.8, namely extraordinary naturality
of the unit of the codescent colimit) where U is the forgetful functor and F is the free
algebra functor.

Hence, since fLAxMA = gl4

, we have

ob PP, Gray|(Tnooe)-pyob?)—p) @D T Ui pyira
obP®?, Gray
obP®?, Gray
=[obP?, Grayl(nobe)—.p)> DUip(- piLa

M2 P o) -.P) AT Uip(_ p) iz

by (—.p)» A ML) Ui pyita

[ ]
[ ]
=[ ]
[ ]

by a monad axiom and naturality of the unit of the monad, and where we have used that
LA is a strict algebra in the last equation. We have injected an additional npe)-,p), which
we may do because evaluation of the component at 1p factorizes through precomposition
with 1obe)-.p)-

Since the last biequivalence is given by composition with f4 and since the first biequiv-
alence is given by postcomposition with the unit x*;4 of the adjunction, in total, the
chain of biequivalences appearing in the proof of Theorem 2.3 is induced by taking the
component at P, whiskering with

fAxina =a'na (2.37)

and evaluating at 1p.

Yet whiskering with the adjoint equivalence ¢*: 1 — ans of the pseudo algebra A cf.
Def. 1.1 from 1.2.1 gives rise to an adjoint equivalence of the functors in question, and
thus the functor induced by evaluation as required must be a biequivalence too. ]

A.

Corollary 2.4 (Strictification via Yoneda). Given a small Gray-category P and a locally
strict trihomomorphism A: P® — Gray, the trihomomorphism appearing in the Yoneda
lemma,

Tricatis (PP, Gray)(P(—,7),A-): PP — Gray , (2.38)
is a strictification of A i.e. a Gray-functor biequivalent to A.
Proof. The trihomomorphism (2.38) is defined by the composition
Tricatis (PP, Gray)(—, A)i°PY°P (2.39)

of the Yoneda embedding Y, the inclusion i: [PP, Gray] — Tricat; (PP, Gray) and a
contravariant representable of the Gray-category Tricatis(P°P, Gray). All of these functors
are Gray-functors and thus so is their composition. That it is biequivalent to A is literally
Theorem 2.3. O
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Remark 2.15. According to Theorem 2.3, the Gray-functor (2.39) is biequivalent to A
in Tricat; (PP, Gray). At the same time, this Gray-functor can be worked out explicitly
for a given A. In contrast to Theorem 1.8 from 1.5.3, the Yoneda lemma hence provides
an explicit strictification of a locally strict trihomomorphism P°? — Gray. One might
wonder, how these two strictifications relate to each other. The following example shows
that the strictification provided by the Yoneda lemma is in general very different from
a codescent object.

Example 2.1. Let *: PP — Gray be the constant Gray-functor at the unit 2-category
I on a small Gray-category P. Then it is not hard to see that * coincides with its
strictification (2.38): First, on an object P, all the components 6p: P(Q,P) — I of a
tritransformation 6: P(—, P) = *, which have to be I-cells in Gray i.e. strict functors,
are determined to be the terminal morphisms. Since the internal hom

X, 1] (2.40)

is isomorphic to I for any 2-category X, all the adjoint equivalences of the tritransfor-
mation 6 must be the single pseudonatural transformation in such an internal hom—the
identity transformation: First, the 0-cell target of these adjoint equivalences is given by
such an internal hom (2.40), and second, this implies that these are adjoint equivalences
in such an internal hom (2.40). Finally, the 0-cell target of the modifications IT and M
for the tritransformation 6 is given by an internal hom as in (2.40), and thus these are
themselves modifications in such an internal hom (2.40), yet there is again only one such
modification—the identity modification. It follows that the Gray-functor (2.38) is given
by I on objects for A = %, but since [/, ] = I, such a Gray-functor must be the constant
Gray-functor * itself.

On the other hand, * does not have the universal property of the codescent object
L(#): Given a Gray-functor B: P — Gray, a Gray-natural transformation 6: * = B is
given by an object 8p € BP for every P € P such that

Bop(f)(0g) = 0p (2.41)

for every object f € P(P, Q) with similar conditions for 1- and 2-cells in P(P, Q).

Now let P be a category C and B be a Gray-functor such that BP is a one-object
2-category for every P € obC. The equation (2.41) is then automatically satisfied, and
so there is exactly one Gray-natural transformation * = B. This means the 2-category

[C*®, Gray](+, B) (2.42)
has exactly one object. However, the 2-category
Tricatis(C?, Gray)(x, B) (2.43)

is in general not isomorphic to a one-object 2-category. An example for this situation is
given by bundle gerbes, which can be realized as tritransformations as in (2.43) where C =
As is the subcategory of the simplex category A spanned by the coface maps cf. Corollary
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3.1 in Chapter 3. For simplicity, we restrict here to bundle gerbes without connection
constructed by descent from principal U(1)-bundles in terms of transition functions and
open coverings. In this case, B is a Gray-functor assigning strict monoidal categories
i.e. one-object 2-categories to any object in As: Given a manifold M and a surjective
submersion ¥ — M, it assigns to [n] the one-object 2-category of principal U(1)-bundles
over the (n + 1)-fold fiber product of ¥ over M with itself. While (2.42) has only one
object, there are in general many bundle gerbes over a manifold M: The equivalence
classes of these are classified by the third integral cohomology group H>(M;Z). For any
connected, compact, simple Lie group M = G this cohomology group is isomorphic to
the integers Z, which gives rise to a counterexample.

In the next three sections 2.3-2.5 we collect the remaining ingredients to prove a
Yoneda lemma for tricategories. In Section 2.3, we prove an invariance result about
trihomomorphisms called change of local functors. Change of local functors is much
like the Transport of Structure, Change of Composition, and Change of Units Theorems
mediating the invariance of tricategories cf. [27, Th. 7.22-7.24] and [21, 3.6-3.8]. Change
of local functors enters in the proof of the Yoneda lemma in order to pass to locally
strict trihomomorphisms. We can then appeal to the Yoneda lemma for Gray-categories
and locally strict trihomomorphisms from 2.2. This depends on replacing the domain
tricategory P by the Gray-category P’ obtained from the local strictification st?, a
cubical tricategory, and its image under the cubical Yoneda embedding—this is the
original form of the coherence theorem for tricategories Gordon et al. [21, Theorem 8.1]
cf. Gurski [27, Cor. 9.15]. It is crucial for our argument that the cubical strictification
st? is locally given by the strictification stP(P, Q) of the hom bicategories P(P, Q) of
the tricategory P. Recalling that the strictification st is left adjoint to the inclusion
in particular enables us to strictify the local functors of any trihomomorphism with a
cubical target. We can then apply change of local functors to obtain a locally strict
trihomomorphism. It is also important for the argument that the local functors of the
cubical Yoneda embedding ypp and their triequivalence-inverses wpp are strict cf. Gurski
[27, Prop. 9.14]. From the point of view that these correspond to the Yoneda embedding
for enrichment in the monoidal tricategory Gray this might come as no surprise. Finally,
we need to compare representables under the various replacements that mediate the
transition to the Gray-enriched context. This is the content of Sections 2.4 and 2.5.

2.3 INVARIANCE OF TRIHOMOMORPHISMS UNDER
CHANGE OF LOCAL FUNCTORS

In the case that domain 2 and target L are Gray-categories, many cells in the def-
inition of a trihomomorphism, tritransformation, trimodification, and perturbation cf.
[27, 4.3] are identity cells. However, if the trihomomorphisms considered are not locally
strict, there appear images of 2-cell identities with respect to the local nonstrict func-
tors. These are isomorphic to identities via the corresponding unit constraints. Further,
the naturality cells of the adjoint equivalences involved are not identities, but are rather
given by unit constraints for the corresponding local functors. The images of the invert-
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ible modifications of the domain tricategory—a Gray-category—are identities, but there
remain composition constraints for the local functors which are implicit in the diagrams.

In fact, if these 2-cells are replaced by identities and if the 3-cells are simply dis-
carded, a careful analysis shows that this gives valid 'reduced‘ notions of the tricate-
gorical constructions, which form a Gray-category Tricat,(P, L) that is isomorphic as a
Gray-category to Tricat(‘P, L):

Theorem 2.4. Given Gray-categories P and L, the Gray-category Tricat(‘P, L) is iso-
morphic as a Gray-category to the Gray-category Tricat, (P, L) of reduced trihomomor-
phisms. O

In particular, the diagrams for the reduced versions contain no constraints of the local
functors.

For the following theorem, recall that adjunctions in a 2-category form a category, and
that a strict functor of 2-categories induces a functor on the categories of adjunctions.

Theorem 2.5 (Change of local functors). Let A: P — L be a reduced trihomomorphism
of Gray-categories, let (APQ)RQGOW be a family of functors

Apg: P(P,Q) — L(AP,AQ) ,

and let (O’PQ,O';,Q,EPQ,HPQ)RQEObT be a family of adjoint equivalences

(TP Thgs Ero, Hpo): Apg — Apg

Then (APQ)RQEObT has the structure of a a reduced trihomomorphism A: P — L that
agrees with A on objects such that A is biequivalent to A in Tricat,(P, L).

Proof. The remaining data of the trihomomorphism A is defined as follows:
e for objects P, Q,R € P, the adjoint equivalence
(XYPoR: ¥por> Epgr, Hpor): MC(Agr X Apg) = AprMopC

(where C is the universal cubical functor cf. 1.1.4) is defined to be the composite
adjoint equivalence

(MpC)*(Tpg, Tpr, Hpps s Epg)
*  (XPOR>Xpor> EPoR, HPOR)
% (MLC)* X ((U'QR, O—.QR’ EQR’ HQR), (O'PQ, O-E’Q’ EPQ’ HPQ)) .

In particular, the component at composable 1-cells f, g in P of the left adjoint is
given by

O';'g *Xfe* (Afo'g) * (O'ng) .
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e for an object P € P, the adjoint equivalence
(p.Tp, Ep, Hp): jap = Appjp
is defined to be the composite adjoint equivalence
Ljips 1O pps Tppy Hpps Epp) * (tp, 3, Ep, Hp) -
In particular, the single component of the left adjoint is given by

L]
O'IP*LP.

e The modification @ is defined to be the modification with component at composable
1-cells f, g,h in P given by the following string diagram.

o rAgAh |Afo,Ah| xfg.Ah O'}gz‘ih @A(fg)a’h Xfeh O'}gh
A fagAgAng‘ Xg.h @U oh CA(QZ) Afogn | Xrseh e

e The modification ¥ is defined to be the modification with component at a 1-cell
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g: P — Qin P given by the following string diagram.

e The inverse of the modification ¢ is defined to be the modification with component
at a 1-cell f: Q — R in P given by the following string diagram.

Afig EﬂAlQ Afaj xrig | o3

A calculation shows that this data satisfies the two trihomomorphism axioms. The
calculation is considerably simplified if performed on components with the help of string
diagrams cf. Figures 2.1 and 2.2. The basic idea is to bring the diagrams into an
equivalent form where one can apply the corresponding axiom for the trihomomorphism
A.

Next tritransformations o: A = A and 0°: A = A with identity components are de-
fined by use of the adjoint equivalences (o po, 0';,Q, Epo,Hpp) and (0';,Q, opQ; HI‘,IQ, , E;lg).
That is, the components of o and o, at an object P in P are both given by the identity
I-cell 14p at AP, and the components at a 1-cell f: Q — R in P of the left adjoints of the
adjoint equivalences appearing in the definition of a tritransformation are given by o
and 0% respectively. The invertible modifications of these tritransformations are defined
as follows:
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Figure 2.1.: First trihomomorphism axiom

GnghA

o rAgAhAk _ o XreAhAk , . : ik _ xrenAk o o oraAk X fehk .
! AforAndk ¢ o5 Andk Afgidk T gk TR Tacpghyon, T

/ T

AfAgoyAk cor o AfAgyng _ Apxem o pA(ghk) Ak
AfAgAhoy AfAgoy, AfAgom Af U;hk Afogh T renk
AfogAhk)
o rAgAnAk o AnAk , o o ARA A T OrgA hk .
SO N forghndk X1 o i ' T ohk
KfAgonAky . = AfAgxng _ AfodAtk) o Apxgm 0 rA(ghk) Xfghk
ATASTIAIZ A ghner, Rpagos T Apagoic M for, Afogr 0l
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Figure 2.2.: Second trihomomorphism axiom

Af(rTPAg - Afo,Ag . O3Ag - Afoy Tl

A Xfg
orAs Afo,

Afoy Ag Afoy,Ag olAg Afo
PP P i, | i
AfipAg P oAl Xr1pAg orAg X TR

A Xfg
orAg fog o
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e The invertible modification IT for o is defined to be the modification with compo-
nent at composable 1-cells f and g in P given by the string diagram below.

orAg Afoy  xpg

~

o—ng Afo,  Xfg Tfe o-}g

e The invertible modification M for ¢ is defined to be the modification with single
component given by the string diagram below.

.
Lp o-lp Tlp

\_/

e The invertible modification I1°® for ¢*° is defined to be the modification with com-
ponent at composable 1-cells f and g in P given by the string diagram below.

TP Af ATy oyAf Agrp Xgp  Tar

N

e The modification M*® for o* can be taken to be the identity:

M;: ];(O’;;P) *Llp = J;(O';)P) *Lp

One then has to check the three tritransformation axioms for o and o*:

e First tritransformation axiom for o: A = A: For objects P,Q,R,S € P, the
following equation is required:
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Xfgh

o rAgAh _AfA
1R8N Afo Al FAgh

r.gAR

AfXg,h . a'fA(gh) Xf.gh . T feh
Afo

Afo,Ah Afyen . 0rA(gh Xfgh T fgh

A
AfAgoy Afog, T oh T n

The axiom is easily proved by invertibility of the counit EyoAh: (o-}gAh)*(o- rgAh) =
la(rg)an and invertibility of interchange cells, which allows to eliminate the loop and
the two adjacent interchange cells on the left hand side.

e First tritransformation axiom for o*: A = A: For objects P,Q,R,S € P, the
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following equation is required:

a}AgAh Afy{ga'z _— Afg—g/;/,)(

.
_ ~ i A(fg)o, T foh
Afoyan 7 pAgh Ah Ah Th ren 8

I
D

1.8

4

AfXgn Xf.gh (r}gh
oS AgAN AfAgoy aoin A Ah A(fg)o- Treh
f i jU_ AR o g in h " fg
Afxg.n Xf.gh

The axiom is proved by a short calculation involving similar arguments as above.

e Second tritransformation axiom for o: A = A: For objects P, Q € P, the following
equation is required:
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. 1p010AS . 1p010AS
AT gy, XS AT Sy, Nied

ioAf igAf

oy of

This equation is clearly satisfied by a triangle identity.

e Second tritransformation for 0®: A = A: For objects P,Q € P, the following
equation is required:

igAf ot Af A(1Q)1T if ios A(lg)oy ipAf ot AI?‘(IQ)O- - A(lQ)O'f

e

The axiom is easily verified by adjoining a triangle identity.

e Third tritransformation axiom for o: A = A: For objects P,Q € P, the following
equation is required:
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0' Xf,] o e
Afip ’ T At Afo

//
o

(%3 agf

The axiom is easily proved by a triangle identity, naturality of interchange cells
w.r.t. the counit AfE;,: (Afoi,) * (Af(f1 ) = laga1, cf. (1.12) and (1.13) and
invertibility of interchange cells.

e Third tritransformation axiom for c®: A = A: For objects P,Q € P, the following
equation is required:

PorA(1p)

\& ViSY

The axiom is easily proved by adjoining a triangle identity and using Lemma 2.6.

"o A(lp)

Finally, one defines invertible modifications E: oco® = 14 and H™': 0*c = 1; with
identity components and invertible modifications Epp and HI‘,IQ and respectively. To spell
out the trimodification axioms, one first has to the invertible modifications IT and M of
the composite tritransformations oo® and o*o.

The modification Mg”‘ is given by—see [27, p. 142] (the components a,, B, in Gurski’s
diagram are identities):

Mp o (1j(app) * Mp) = Mp
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because M*® is the identity modification. Similarly,

Mp 7 = Mp o (1, * Mp) = (1jp(03,) * Mp) .

The component of the modification TI°?" at composable 1-cells f and g in P is de-

fined via an interchange cell Z;If - and H;g and H;f:g. Similarly, the component of the
J g > 2

modification I1°° is defined via an interchange cell 3!  and I17. and I1 fe-
T30 f.g Js

e The first trimodification axiom for E has the form:

oAg orAg Afoy Afoy Xt otAg o Ag Afots Afoy  Xfe

/ ]

XF.
Xfsg g

That the equation is satisfied follows from invertibility of interchange cells, which
allows to cancel the two crossings on the left hand side—this operation corresponds
to a Reidemeister move—and invertibility of the counit E: o f,*0% = 14(fg), which
allows to eliminate the loop on the left hand side.

f8

The second trimodification axiom holds by the definition of M?.

e The first trimodification axiom for H~! has the form:
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oA Afo orA .
Ag 175 Afoy g 7rne Afoyg e Trg

UU

0'ng

o'fffg Afo, Xfs o’

oA o7 Afo oA .
A8 gy A fppe TrA8 fo, X% o
0'ng AfO' Xfg U'}g

The equation is most easily seen to be satisfied by adjoining the identity 2-cell

O'/Ag O'AAf ¢ AfO';

L
L4

on the right hand side. Equality then follows from Lemma 2.6, naturality of
interchange cells with respect to the unit AfH: Lifig, = (Afoy) = (Afo-Z,) cf. (1.12)
and (1.13) from 1.1.4, and triangle identities.

The second trimodification axiom holds by the definition of M and a triangle
identity.

By invertibility of units and counits for the adjoint equivalences opp, it is easy to
see that the invertible modifications of the composite trimodifications E « E~', E™! % E,
Hx H™' and H! « H are all given by identity modifications. We have thus described A
and a biequivalence A = A (with the identity perturbation). O

As a first application of Theorem 2.5, we have the following trivial corollary.
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Corollary 2.5. Given a trihomomorphism A: P — L of Gray-categories such that each
local functor Apg is equivalent to a strict functor, then A is biequivalent to a locally strict
trihomomorphism in Tricat(‘P, L). O

In particular, notice that any functor F: X — Y of 2-categories with domain a discrete
2-category is equivalent to the strict functor F: X — Y that agrees with F on objects.
In fact, there is an invertible icon between these functors. Together with Theorem 2.5
this observation proves the following corollary.

Corollary 2.6. Let A: C — L be a trihomomorphism between a category C and a Gray-
category L. Then A is biequivalent to a locally strict trihomomorphism A: C — L. [

On the other hand, we know from Example 0.1 that not every pseudofunctor is equiv-
alent to a strict functor. Thus Theorem 2.5 cannot be applied in general, and indeed
the example may be extended to show that not every trihomomorphism is biequivalent
to a locally strict trihomomorphism.

Example 2.2. The strict monoidal category I from Example 0.1 can be given a unique
structure of a braided strict monoidal category, where all braidings are given by identities
(so I is in fact symmetric). Similarly, st/ is trivially braided such that f: I — stl is a
braided monoidal functor cf. Joyal and Street [32, Ex. 2.4]. This braided monoidal
functor is not braided monoidal isomorphic to a strict one. Since a braided monoidal
transformation is just a monoidal transformation between braided functors, this cannot
be the case because we have shown in Example 0.1 that f is not isomorphic to a strict
monoidal functor.

Moreover, f considered as a trihomomorphism, f is not biequivalent to a locally strict
functor. The latter would have to be locally given by a strict functor f': I — st/ as in
Example 0.1. A tritransformation f = f’ must have the identity i.e. x as its component,
and its adjoint equivalence must have component a string 4 in g’s of length greater or
equal 1 with naturality 2-cell h-g = h- f(g) = f'(g)-h = h, but we have shown above that
such a transformation cannot be an equivalence, so there is no such tritransformation.

Correspondingly, we have provided an example of a trihomomorphism between Gray-
categories that is not biequivalent to a locally strict trihomomorphism, and thus in
particular not biequivalent to a Gray-functor.

Corollary 2.7. Let A: P — L be a trihomomorphism of Gray-categories where P is
locally small and L is locally cocomplete. Then A is internally biequivalent to a locally-
strict trihomomorphism A’ in the Gray-category Tricat(P, L).

Proof. This follows from the theorem above together with the coherence result from two-
dimensional monad theory mentioned in the Introduction and the fact that an equiva-
lence in a bicategory may be replaced by an adjoint equivalence, see for example [24,
A.1.3]. O

The following theorem is now a consequence of Corollary 2.7, Theorem 1.8, and the
fact that the functor Zricat(P, L)(—,i(B)) (cf. [27, Lemma 9.7]) sends the biequivalence
A’ = A to a biequivalence Tricat(P, L)(A, i(B)) = Tricat(‘P, L)(A’, i(B)).
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Theorem 2.6. Let A: P — L be a trihomomorphism of Gray-categories where P is
small and locally small and L is cocomplete and locally cocomplete. Then A is internally
biequivalent to the Gray-functor L(A"): P — L in the Gray-category Tricat(‘P) (i.e. to
iL(A")). Given a Gray-functor B: P — L, there is a biequivalence

Tricat(P, L)(A,i(B)) = [P, LI(LA’, B)

of the hom 2-category of tritransformations, trimodifications, and perturbations with the
hom 2-category of Gray-natural transformations. 0

Remark 2.16. The Gray-category Gray of small 2-categories is itself clearly not locally
cocomplete since [/, X] = X is not cocomplete for any non-cocomplete 2-category X. On
the other hand, the tricategory Bicat of bicategories is triequivalent to the full sub-Gray-
category Gray' of Gray determined by the 2-categories which are strictly biequivalent to
the strictification stB of a bicategory B. However, Gray’ is again not locally cocomplete
as the following argument shows.

In Example 0.1 in the Introduction, we described a small 2-category I such that
f: I — stl is not equivalent to a strict functor. In particular, this example also shows
that the strictification of a bicategory is in general not cocomplete. Otherwise, as a
functor between a small and a cocomplete 2-category, f would have to be equivalent to
a strict functor. Thus since st/ is not cocomplete, the example also shows that Gray’ can
not be locally cocomplete.

2.4 'THE INVERSE OF THE CUBICAL YONEDA EM-
BEDDING PRESERVES REPRESENTABLES UP TO
BIEQUIVALENCE

Let C be a cubical tricategory—i.e. a category enriched in the monoidal tricategory
Gray. One obtains the notion of a cubical tricategory from the definition of a tricate-
gory by requiring all hom bicategories to be 2-categories and all unit and composition
pseudofunctors to be cubical cf. 1.1.4.

Recall that for a cubical tricategory C there is a cubical Yoneda embedding

y: C — Tricat(C*®, Gray) ,

which is locally given by strict biequivalences functors with strict biequivalence inverses
cf. Gurski [27, Th. 9.11, 9.12, and Prop. 9.14]. The obvious prescriptions associated
with the cubical Yoneda embedding can also be read off from what we present in A.2.

Definition 2.17. We denote by C’ the full sub-Gray-category of Zricat(C?, Gray) de-
termined by the objects of the form y(c) in Gray for all ¢ € ob(C.

The cubical Yoneda embedding y factorizes through ’ by definition, and there is
a trihomomorphism w: ¢’ — C forming a triequivalence-inverse to y. In fact, y and w
give rise to a biequivalence in the tricategory Tricat; of tricategories, trihomomorphisms,
pseudo-icons, pseudo-icon modifications [18].
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Theorem 2.7. Let C’ and C be cubical tricategories, and let (y,w): C — C’ be a biequiv-
alence in Tricat;. Then given an object P in C, there is a biequivalence of trihomomor-
phisms

wp: C'(=y(P)) > C(-,Pw?: C'P - Gray (2.44)
with component at P’ in C' given by
wpp: C'(P',y(P)) = C(w(P'),P) .

Proof. Since y and w are bijective on objects, we may use the same names for P and y(P)
and w(y(P)) when this is convenient.
The adjoint equivalence

Q: [1,wpp]C' (=, y(P)prpr = [wprp, 11C(=, P)prpwp pr (2.45)
has component at the object @: P* — P” in C'(P’, P”") an adjoint equivalence
Qy: wppC'(a,y(P)) = C(wppr(a), P\Wprp (2.46)
in [C'(P”,P),C(P’,P)]. At an object 8 in C'(P”,y(P)), (2.46) has component
wp p(Ba) = wprp(B)wp pr (@) ,

which we define by (Q,)p = (XW)[.w’af' Let now m: 8 — B’ be a l-cell in C'(P”,y(P)). We
have to provide naturality 2-cells

QaIns Wy * wprp(mle) = wprp(mwppr (1)) * 0w

for which we can take the naturality 2-cell ()(W)l'nhy of (xw)®. Respect for composition at
m: B— B and n: g/ — B” in C'(P”,y(P)) is then apparently tantamount to respect for
composition of (y,,)® at (m, 1) and (n, 1,). Likewise, respect for units at 8 is tantamount
to respect for units of (y,)* at (8,@). Namely, for m = 1g, (XW)i.nla = ()(W)Iﬁla = 1(/\/W)Zm'
Finally, naturality with respect to the 2-cell T: m = m’ in C'(P”,y(P)) i.e.

Oy, W p(Tl1,) = wprp(@wp pr(11,) 0wy

is tantamount to naturality with respect to (7, 1;,) of (yw)®.

We next need to show that these Q, are indeed the components of pseudonatural
transformations. First, given a l-cell k: @ — o’ in C’(P’,P”) we need to provide the
corresponding naturality 2-cells in [C'(P”, y(P)), C(P’, P)] i.e. modifications

Qo = ([1,wppl(C'(k, y(P))) = ([wprp, LI(C(wprpr (k), P))) Qo (2.47)

At an object 8 in C'(P”, P), the component of such a modification must have the form

Qo) * (wpp(1gk)) = (wpr p(1g)wp pr (k) * (Qq)p
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i.e.
g * Wprp(1gk)) = (wpr p(1)wp pr(K)) * (w)gy »

for which we can correspondingly take the naturality 2-cell (/VW)Iﬁk of (xy)*. To write

down the modification axiom, we first have to determine the naturality 2-cells of domain
and codomain of (2.47). The naturality 2-cell of C’(k,y(P)) at the 1-cell m: g — B in
C'(P”,y(P)) is given by the interchange cell

Zr_n,lk: (lﬁ'k) * (mly) = (mly) * (lﬁk)

(which is shorthand for MC’(Z,_,,,lk)) cf. Lemma A.1 or [27, Lemma 9.7]. Thus
[1,wp pl(C’(k, y(P))) has naturality 2-cell wP/P(fMC,(z,;}k)) at m: B— p.
Similarly, [wp» p, 11(C(wp:p(k), P)) has naturality 2-cell M-(Z-! yat m: B —

ﬁ/ WP//p(m),WP/ p (k)

The naturality 2-cells of domain and codomain of (2.47) are then determined by the
definition of the naturality 2-cells of a horizontal composite of 1-cells in Gray, that is,
horizontal composition of pseudonatural transformations. Hence, the naturality 2-cells
are

Qo) # 1) 0 (15 (wp (M (E,1))
= (O, * 1) o (1x (wpp(Mer(Z,[0))
for the domain, and
(M), i) * 1) 0 (1 (Qa))

= ((MC(Z;/}JNP(W[),WP/P'/(k))) w1 o (1x (XW)(.msla))

for the codomain. The modification axiom thus reads

(M pmyawys i) * D& (1% 01,0 © (0D % Lo ptms (1)
= (oprpm1 ) * )11 © ()1, * 1) 0 (1% (Wprp(Mer(Z,50))
but this is just naturality of (y,,)°® at the interchange 2-cell 2;11]( and respect for compo-
sition of (yw)*:
MC((WP”P ® WP’P")(Z,;,I/C)) < (XW)(.lé,k)*(m,lw)

= (XW)(.m,l(/)*(lﬁ,k) o wpp(Mer (Z,_n,lk)) .

Finally, we have to check that Q satisfies the axioms for a pseudonatural transfor-
mation. These are equations of modifications. Since modifications coincide iff their
components do, the axioms follow from the corresponding axioms for (y,,)°®, now in the
other variable: First, respect for composition is tantamount to respect for composition
of (xw)* (at (1g,k) and (lg, k")). Second, respect for units at a is tantamount to respect
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for units of (yy)® at (8, @). Third, naturality with respect to o: k = k’ is tantamount to
naturality of (y,,)® at (11,,0)).

By similar arguments, one shows that y,, gives rise to a right adjoint Q°, so that
(Q,Q°) forms an adjoint equivalence as required.

Next, we have to provide invertible modifications Il and M as in the definition of a
(cubical) tritransformation. Since the target Gray is a Gray-category these actually have
the same form as for a Gray transformation cf. Def. 1.10 from 1.5.1. To spell this out,
note that the target trihomomorphism C(—, P)wP of the tritransformation (2.44) is a
composite of trihomomorphisms cf. A.3, and the representables C’(-, y(P)) and C(-, P)
are described in Lemma A.1, cf. also Gurski [27, Lem. 9.7].

In effect, the component at the object y in C’'(P"”, y(P)) of the component at (6, €) of I1
where 6 and € are objects in C’(P”,P"””) and C'(P’, P"”), is given by the mate of (wv‘vl)y’g,e
depicted in the string diagram below.

.
(Xw)yé,s (/\/v.v)y, sWwe Aywy,wé,we wyOowls.e

Way.é.e

(X:v )y,ﬁe

Similarly, the component at the object y in C’(P’,y(P)) of the single component of M
is be given by the mate of (,,), depicted in the string diagram below.

w(r3)  (endys1pr)

r;,(y) W(y)(L\¢')P/

As for the tritransformations axioms, these are again of the same form as for homo-
morphisms of Gray-categories, and the components of the axioms clearly lift to the free
functor tricategory associated with w and map to identities in the free Gray-category on
the 2-locally discretized underlying category enriched 2-graph of C (they clearly map to
identities in the free strict 3-category on the 2-locally discretized underlying category
enriched 2-graph of (), the target of w, and thus the axioms are fulfilled by coherence
for the trihomomorphism w cf. Gurski [27, Th. 10.13, p. 174].

The components wpp of the tritransformation wp that we have just described are
biequivalences by assumption, but then wp must be a biequivalence of trihomomorphisms
by Prop. A.16 from A.7. O

A straightforward extension of the proof just given proves the following result by
coherence for trihomomorphisms.
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Theorem 2.8. Let S and T be tricategories, S an object in S, and let F: S —» T be a
triequivalence. Then there is a biequivalence of trihomomorphisms

r: $(—,8)=T(—,F(S))F®: § — Bicat
with component at S’ in S given by
Fsi5: S(S',8)— T(F(S),F(S)) .
O

The proof of the following theorem constitutes the main technical difficulty in this
section.

Theorem 2.9. The biequivalence (2.44) in Theorem 2.7 forms the component wp at P
of a tritransformation

w: y<y = wyC: C - Tricat(C'™, Gray) , (2.48)

where y¢ and yC refer to the Yoneda embeddings, and where w* is whiskering on the
right with the trihomomorphisms w cf. A.6.

Proof. We have to show that the biequivalences wp form the components of a tritrans-
formation between trihomomorphisms

C — Tricat(C'*®, Gray)
of cubical tricategories. First, we have to provide adjoint equivalences

Tricat(C'P, gray)(l,wg)yggyp,g = Tricat(C'?, Gray)(wp, 1)(Wop)*C(—,P),C(—,Q)yICJ:Q , (2.49)

where the y without the superscript concerns the inverse of the biequivalence w in Tricats.
At an object o in C(P, Q), the component of this adjoint equivalence is a trimodification.
The component at P’ € C’ of this trimodification is a 2-cell in Gray i.e. a pseudonatural
transformation. The component of such a pseudonatural transformation at the object
v e C'(P,y(P)) is defined by

(TIU'W(V)) * (X:V)y((r),y: W(Y(O-)')/) - O'W()/) ’ (250)

where 1, denotes the component of the equivalence pseudo-icon n: wy = 1,. The
naturality 2-cell at a 1-cell I: v — 7" in C'(P’,y(P)) is defined by

Coavy * Loz ony) © Mngniyy * Oep)10) - (2.51)

One easily checks the transformation axioms for this data.
Next, one has to define the invertible modifications of the trimodification. The com-
ponent at the object 6 in C’°P(P’,P”) = C'(P”,P’) of such an invertible modification is
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an invertible 3-cell in Gray i.e. an invertible modification itself. Its component at the
object y € C'(P’,y(P)) is depicted in the string diagram below.

W@y 06 . 5
awhews  Kdeyw(d) (W ())W(S)

PR

new(yo)

at o
O—(Xy.v)%tf o w(y).w(6)

The two modification axioms are checked by calculation. The two trimodification axioms
are checked by two substantial calculations.

The 2-cell of the adjoint equivalence (2.49) at a 1-cell k: o — ¢’ in C(P, Q) is a pertur-
bation with component at P’ an invertible 3-cell in Gray i.e. an invertible modification
with component at the object y € C’(P’, y(P)) defined by the string diagram below.

w(y()y) g w(y)

0 yey

Now(y)
o viey) kw(y)

The modification axiom is quickly proved from naturality of interchange cells and re-
spect for composition and naturality of y;, with respect to an interchange cell. For the
perturbation axiom, one has to determine the invertible modification in trimodifications
that are the image of ¥ under the domain and codomain pseudofunctors of the adjoint
equivalence (2.49). The components of the invertible modifications in the trimodifica-
tions arising from the cubical Yoneda embedding are given by naturality 2-cells of a°®.
The pseudofunctor on the left hand side of (2.49) involves the whiskering of such a tri-
modification with the tritransformation wgp on the left. The invertible modification of
this whiskering involves an interchange cell in Gray with the component pseudonatural
transformation of the adjoint equivalence of wg, hence, a naturality 2-cell of x*. The
pseudofunctor on the right hand side of (2.49) involves the whiskering of a trimodifica-
tion from the cubical Yoneda embedding with the tritransformation wp on the right. The



138 REPRESENTABLES AND THE CUBICAL YONEDA EMBEDDING

corresponding interchange cell is a naturality 2-cell of the component transformation of
the trimodification from the Yoneda embedding, which is given by an interchange cell.

Proving the perturbation axiom is then a simple calculation involving the modification
axiom for w,,, naturality of interchange cells, and respect for composition and naturality
of a°.

The transformation axioms for the adjoint equivalence (2.49) follow directly from the
transformation axioms for y}, and 7.

It remains to construct the invertible modifications I1 and M and to prove the three
tritransformation axioms.

The invertible modification IT has components at the objects o € C(P,Q) and
T € C(Q,R) invertible perturbations with component at P’ € ' a modification with
component at the object y € C'(P’,y(P)) defined by the string diagram below (note that
in the target trihomomorphism of (2.48) w* is a Gray-functor cf. Theorem A.6, and the
Yoneda embeddings have adjoint equivalence y with component a trimodification with
component the transformation a®).

Qe y@yoyy O @)y a;,mww)
‘ W@y (e w(y))

L

W(a;-r,yo-,y) W ( (Xy)m—))/ (X:v )y(‘ro'),y

NroW(Y)

The perturbation axiom follows from the first trihomomorphism axiom for w. The
modification axiom is proved by a straightforward calculation.

The single component of the invertible modification M is an invertible perturbations
with component at P’ € ¢’ a modification with component at the object y € C'(P’, y(P))
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defined by the string diagram below.

w(l3) w((ty)py) O p)y n1pw)

l‘.v(y)
The perturbation axiom follows from the equation for a trihomomorphism corresponding
to (LAA3) in 1.2.1. The modification axiom is proved by a straightforward calculation.
The tritransformation axioms are proved by three substantial calculations.
O

2.5 PRESERVATION OF REPRESENTABLES UNDER
CHANGE OF BASE WITH RESPECT TO st

For the proof of the following two theorems one has to recall the precise construction of
the local strictification st® cf. Gurski [27, 8.1]. The proofs thus becomes very referential
and we suggest that they may be skipped by the reader, although they are basically
straightforward, once everything has been spelled out. Given the monoidal structure of
strictification Gurski [28], we think that the result is very natural as it corresponds to a
comparison of representables under change of base.

Theorem 2.10. There is a biequivalence of trihomomorphisms
sto P(—, P) o e = stP(—, f(P)): stP® — Gray

with identity components. In fact, this is an equivalence pseudo-icon with pseudo-icon
components that are themselves invertible icons. In other words, this is an invertible
ico-icon [18].
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Proof. Recall that f: P — st and e: stP? — P are the identity on objects. It is
immediately clear that the two trihomomorphisms agree on objects. We now have to
provide adjoint equivalences of the local functors,

Eprpr Stopr pyocpr.py © P(=, P)pr pr o epr pr = StP(—, P)pr pr (2.52)
i.e. of functors
stP(P',P") — [stP(P”,P),stP(P',P)] .

Since epr pr is the identity on objects, and since st(P(g, P)) agrees with P(g, P) on
objects, given an object h € ob(stP(P”, P)) = obP(P”, P), we have st(P(g, P))(h) = hg.

Similarly, since composition in st? is given via transport of structure, change of com-
position, and change of units’ as st(®p)st where st is the cubical functor from [27, Prop.
8.5], see [27, Proof of Th. 8.4, p. 133], and since st is the identity on objects, and st(®p)
agrees with ®p on objects, we have stP(g, f(P))(h) = hg. This means stP(g, f(P)) and
st(P(g, P)) agree on objects.

Let now

j=j1'j2'...'jnlh—>h/ (2.53)
be a 1-cell in stP(P”, P). By the definition of st on 1-cells i.e. functors,

sWP(g, P))(J1 - j2 -« Jn)
=P(g, P)(j1) - P(g, P)(j2) - ... - P(g, P)(jn)
=(jl lg) : (.]21g) Tt (]nlg) .

On the other hand, by definition we have
SUj1 - o+ et Jins 0g) = Ga 1) - (s 1) + oo - Uy 1)
and
sU@2)((J1, 1g) - (2, 1g) = oo (Una 1)) = (i) - (2lg) - oo - (inlg)
from which it follows that
stP(g, f(P)(1 - J2 - Jn) = (ilg) - (G2lg) - oo - (nly) -

Hence, stP(g, f(P)) and st(P(g, P)) agree on 1-cells—since these are strict functors, they
agree on the identity 1-cell of & i.e. the empty string 0. Finally, consider a 2-cell

T VIR - IR M MR AR
in stP(P’, P) given by a 2-cell

@i (G ) * )% jn = () % J3) %) * i

“change of units does not change the composition
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in P(P’, P). By definition, st(P(g, P))(¢) is given by

e(11g) - (alg) o Ginlg))
=e(ji - jo e j)lg

ol 71
==e(j; " Jp - J)lg

=e((Jilg) - (Jolg) - - (i lg)

where the unlabeled 2-cell isomorphisms are the unique constraints given by coherence.
Similarly, by definition, st(p, 1) is given by

e((j1:1g) - (2, Lg) = oo - (jins Lg))
=(e(j1+ Jo - - Jn)re(1y)

(®.Ynm) . . . .
==(e(j}  jo o Jm)se(1g")

=e((j1: 1g) - (s 1)+ o Us 1))

where ynm: e(l3) = e(15") is the unique constraint 2-cell isomorphism given by coherence.
Correspondingly, stP(g, f(P))(¢) = st(®p)(st(g, 1)) is given by

e((jllg) : (j21g) HET (]nlg))
= @p (e(j1 - jo .+ ju)e(I)

Q2 (@ Ynm) " M M) .
®p (e(ji  Jp - Jm)se(15")

=e((jilg) - (Jalg) - v (m1e))

where the unlabeled 2-cell isomorphisms are the unique constraints given by coherence.
If we denote by 6, the unique 2-cell isomorphism e(1;') = 1, given by coherence, we can
rewrite the above using local functoriality of @ as follows:

e((Jilg) - (alg) - - (ulyg))
=Qep (e(J1 - j2 - Jn)s 1g)

®gp(90,5m°7n,m°6:ll ) . . .

=e((jilg) - (Jalg) « v Umle))

where the unlabeled 2-cell isomorphisms are the unique constraints given by coherence.
Observing that &, ¢ y,m ¢ 6, = 11, by coherence, this is clearly exactly the same 2-cell
as st(P(g, P))(¢). Thus indeed, the strict functors stP(g, f(P)) and st(P(g, P)) are literally
the same.

We now have to determine the effect of the functors in (2.52) on a 1-cell

k=ki-ky-..-kj: g—> ¢

in stP(P’,P”) (and on the empty string 0, if g = g’). Thus we have to compare
the pseudonatural transformations st(P(e(k),P)) and (stP)(k, f(P)) of strict functors
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stP(P”,P) — stP(P’,P). Consider again an object h € ob(stP(P”,P)) = obP(P”,P).
The transformation st(P(e(k), P)) has the same component as P(e(k), P) at h i.e. 1ze(k),
which is a string of length 1. On the other hand, the component of (stP)(k, f(P)) at h is
given by

SU @) (SO, k) = (1pk1) - (1pka) - ... - (k) .

Thus for the component at h of the icon-component ¢—a modification in
[stP(P"”, P),stP(P’, P)]—of the pseudo-icon component {prp—i.e. the component at &
of the ico-icon component, we have to determine a 2-cell

(Qn: Lhe(k) = (k) - (14ka) - ... - (1xkp)
in stP(P’, P) given by a 2-cell
e(1pe(k)) = e((1xky) - (14k2) - ... - (14kp)

in P(P’, P), for which we take the unique invertible constraint 2-cell given by coherence.
First, we have to explain why this gives rise to the component of a modification. Thus
we have to prove the modification axiom for every l-cell j: h — K’ in stP(P”,P) as in
(2.53). According to the definition of the strictification st on 2-cells i.e. pseudonatural
transformations cf. 0.20 and [27, p. 135], the naturality 2-cell of the pseudonatural
transformation stP(e(k), P) is given by unique invertible 2-cells coming from coherence
and the naturality 2-cell of the pseudonatural transformation P(e(k), P)) at e(h). Now
according to the definition A.2, the naturality 2-cell P(e(k), P)) at e(h) is given by the
"interchange’ 2-cell E;(lj)’e(k) of P. More precisely, the naturality 2-cell in question is given
by the 2-cell

e((Iwe(k)) - (jilg) - (alg) - oo - (nlg))
=(Ipe(k)) = (e()1y)

-1
Zt’(.i),f(/f)

== (e()1y) * (1e(k))
=e((ilg) - (alg) - .- Unlg) - (1ne(k)))
in P(P’, P), where the unlabeled invertible 2-cells are the unique 2-cells given by coher-
ence.

According to the definition [27, p. 145] cf. A.2, the naturality 2-cell of the pseudonat-
ural transformation (stP)(k, fP)) at h is given by the interchange 2-cell 2;11 of stP i.e. the
inverse of the single nontrivial composition constraint of the cubical composition functor
st(®qp)st at (j, 1 ¢) and (1,k). Since st(®p) is strict, this is simply given by the image
under st(®p) of the corresponding constraint of st. The latter is an invertible 2-cell

Awsk) - (s ko) - oo (s k) - G 1) - G2a L) = oo s Gins 1)
=011g) - G, 1g) - oo (ins L) - (s k1) - (Lps k2) - - (T, k)

in stP(P’, P) given by the unique invertible 2-cell

ik (e(ly - etk 179) = (e(j- 1;), (17 - k)
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in P(P’, P) arising from coherence. Therefore, the naturality 2-cell of (stP)(k, fP)) at h
is given by the 2-cell

e((Iwkr) - (ko) - ... - (Awkp) - (ilg) - (alg) - oo - (nle))
= @gp (e(1}, - j), e(k- 1))

®p(€jk) " "
— @ (e~ 1), e(1 - )

ze((jilg) - (alg) oo s Unlg) - (Anky) - (1nk2) - ... - (1nkp))

in P(P’, P), where the unlabeled invertible 2-cells are the unique 2-cells arising from
coherence. The modification axiom now follows from coherence.

If k = 0g, the component of st(P(e(k), P)) at h, given by the corresponding component
of P(e(k), P), looks formally the same 1,e(k) = 151,. On the other hand, the component
of (stP)(k, f(P)) is given by

sU®p)(SU(Dy, 0g)) = Oy
Thus, we set the icon component
(Qon: 1nlg = Opg
to be given by the unique invertible 2-cell

e(11g) = 131y = 1 = e(Dpg)

-1 —
e(j)e(@) —
which is in fact not the identity since P is not a Gray-category—source and

arising from coherence. As above, the 2-cell of stP(e(Q,), P) at h is given by X
Z, (
target do not even coincide since horizontal composition with (151;) and (1,1,) is not
the identity) and coherence isomorphisms.

On the other hand, the naturality 2-cell of (stP)(@,, fP)) at h is given by the interchange
2-cell ZZég of stP, which must be the identity since the composition functor st(®p)st of stP
is cubical. Just as above, the modification axiom is easily seen to follow from coherence
for the tricategory P, while it is automatic for j = 0j.

Next, one easily proves the two icon axioms for {; and naturality. The composition
constraint is of the form

(1ne(k")) - (1pe(k)) = 1y(e(k” - k) .
This is given by the unique invertible 2-cell
e((1pe(k)) - (1pe(k))) = (1he(k") * (1pe(k)) = 1x(e(k” - k)) = e(1n(e(k" - k)))
arising from coherence. The unit constraint is of the form

Ong = 1plg = 14e(Dg)
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This is given by the unique invertible 2-cell
e(Opg) = 1pg = 115 = e(1,1¢)

arising from coherence—i.e. the unit constraint (®p), of the composition functor of P.
The composition and unit constraints are identities for (stP)(—, f(P)) since this functor
is just given by the partial functor of the cubical composition functor of stP, which means
that it is strict. It is again easily seen that the two icon axioms follow from coherence.
For naturality, let ¢: k = k’: g — g’ be a 2-cell in st(P’, P”’). Note that the naturality
axiom is an equation of modifications, which holds if and only if it holds on components.
We now have to determine

st®)(st(1g,. 9)) -

The 2-cell st(lg,,¢) is given by (y.r,¢) in P(P’,P). The proof of naturality is then
basically as the one above involving v, and 8, and d,,, only in the other variable.

Finally, we have to provide invertible 2-cells between the components of the adjoint
equivalences y and ¢ corresponding to st o P(—,P) o e and (stP)(—, f(P)) respectively.
According to [27, p. 146] , the component of the adjoint equivalence y, ¢ is the pseudo-
natural transformation a of st? for (stP)(—, f(P)) (with two variables held fixed)—since
everything is the identity on objects, the components of this a are the same as for P.

Similarly, for stoP(—, P)oe, the component of y is a pseudonatural transformation with
component given by a component of a of P (because y has identity component for e, and
identity component for st [27, p. 137]). In fact, since this has the same components as
the pseudonatural transformation a for st? with two fixed variables, they must actually
coincide since the naturality 2-cells both arise from unique invertible 2-cells given by
coherence. This means we can take the identity for the component of the modification
I, . If this is a modification, it must be the identity modification, and the modification
axiom is exactly the requirement that the naturality 2-cells of the source and target
transformations coincide. Since both transformations are given by a, this is clear.

Similarly, ¢ is be given by r® for st? in both cases (according to [27, p. 146] cf. A.2).
This means we can take the identity for the component of the modification M, itself.
If this is a modification, it must be the identity modification, and the modification
axiom is exactly the requirement that the naturality 2-cells of the source and target
transformations coincide. Since both transformations are given by r®, this is clear.

I, and M, form the components of modifications Il and M, which must thus be
identity modifications: if yr # xg, tr # tg, one has to prove the modification axiom, in
other words, that the naturality 2-cells of the source and target transformations coincide,
but this follows from coherence.

The tritransformation axioms involve the modifications II and M, for which we were
able to choose the identity modifications, but they do involve naturality 2-cells of the
adjoint equivalences of the tritransformations i.e. the ico-icon components. To see
that these axioms really hold, first note that the tritransformation axioms simplify con-
siderably because they only contain tricategory constraints for the target Gray i.e. a
Gray-category, so these are trivial. Also, the interchange cells are trivial since the target
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is a Gray-category and since the components of the adjoint equivalence of the tritrans-
formation (the ico-icon) are identities.
It is straightforward to determine that all the cells turning up in the tritransformation

axioms are given by constraints of P, and thus these follow from coherence.
O

Theorem 2.11. The biequivalence of Theorem 2.10 is natural in P i.e. forms the
component of a tritransformation of functors P — Tricat(stP°P, Gray).

Proof. We have to provide adjoint equivalences

Tricat(stP®, Gray)(1, {p)Tricat(e, Gray)sop(- p) stor(-,0) Tricat (PP, St)fp(_’P)’T(_’Q)y_;l;, 0

= Tricat(stPP, Gray)(Le, )y} p) 0 /P0 (2.54)

of functors
P(P, Q) — Tricat(stP®, Gray)(st o P(—, P) o P, stP(—, f(Q))) .

Let g be an object in P(P, Q). Then the component at g of this adjoint equivalence
is a trimodification. Since €°P is the identity on objects, the component at P’ € stP
of the tritransformation which is the image under the left hand functor, is the func-
tor stP(P’,g): stP(P’,P) — stP(P’,P) —which sends the object h € ob(stP(P’,P)) =
obP(P’, P) to gh since stP(P’,g) and P(P’,g) agree on objects.

On the other hand, since the hom functors of f are the identity on objects, we have
to consider the composite of the ico-icon {p: sto P(—, P) o ¢? = stP(—, f(P)) with the
tritransformation stP(—, g): stP(-, f(P)) = stP(—, f(Q)) for the image of g under the
right hand functor. The component at P’ € st? is the functor (stP)(P’, g): stP(P’,P) —
stP(P’, Q)—sending the object h € ob(stP(P’, P)) = obP(P’, P) to gh.

We maintain that the two functors st(P(P’, g)) and (stP)(P’, g) coincide. Indeed, this
follows from the argument at the beginning of the proof of Theorem 2.10 upon replacing
P by its dual P°P. Thus the two tritransformations have equal components. As the
component of a trimodification we thus take the identity pseudonatural transformation.

We next have to provide invertible modifications between the adjoint equivalences of
the two tritransformations. As the adjoint equivalences of the ico-icons are themselves
icons i.e. have identity components, the components of these modifications must be
2-cells between the components of the adjoint equivalences of the two image tritransfor-
mations of g.

According to [27, p. 147] cf. A.2, the adjoint equivalence of the tritransformation
stP(—, g) has component given by a°® of st? with two variables held constant. As above,
this is given by a® of P because e and f are given by the identity on objects and 1-
cells. Similarly, the adjoint equivalence of the tritransformation (15 * P(—, g)) * 1.0 has
component given by a® of P. Thus for the component at & of the component at i—itself a
modification—of the invertible modification in question, we can take the identity 2-cell.
And since both of the pseudonatural transformations above are given, up to coherence,
by the adjoint equivalence a® with two variables fixed, we can in fact take the identity
modification between them. That these identity modifications form the components
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of modifications as in the definition of a trimodification follows from coherence—the
modification axiom is just the equality of naturality 2-cells, these modifications must
thus again be the identity modifications.

Finally, we have to check the two trimodification axioms—this is just the verification of
the axioms for the identity trimodification. Summarizing, the alleged adjoint equivalence
(2.54) has the identity trimodifications as component—Recall that Tricat(stP°P, Gray) is
a Gray-category, and that its hom categories are 2-categories in particular. Thus the
adjoint equivalence (2.54) must in fact be an icon.

We next have to provide the naturality 2-cell of the adjoint equivalence (2.54) i.e. its
icon component at a 1-cell k: g — g’ in P(P, Q). These are perturbations between the
two image trimodifications.

First, consider the trimodification 1,,®((11,*P(—,k))*1;,) . Its component at P’is the
pseudonatural transformation l(gg);p®stfP(P’,k) = gy, * StP(P’, k) = stP(P’, k) since ({o)p
is the identity functor.On the other hand, since fp¢ includes k as the string of length 1,
we have to consider the trimodification (stP)(—, k)®1;,: (stP)(—, g)®Lp = (stP)(—, g )®Lp.
The latter has component at P’ the pseudonatural transformation (stP)(P’, k) ® 1), =
(StPY(P’, k) * 1(zpy, = (SLPY)(P’, k).

We maintain that the identity 2-cell of this length-1-string 1,k gives rise to the identity
modification st(‘P(P’, k)) = (stP)(P’, k), which forms the components of a perturbation as
wanted. Indeed, upon replacing P by P°P, we have provided such a modification in the
proof of Theorem 2.10 in the general case of a string k of length n. In the case of a string
of length 1, this is in fact a modification between the same pseudonatural transformations
(i.e. with the same components and naturality 2-cells) with identity components, i.e.
the identity modification. The perturbation axiom for a perturbation with identity
components is nothing else than the requirement that the invertible modifications of the
source and target trimodifications coincide, and this follows from coherence again. This
means the adjoint equivalence (2.54) is in fact the identity adjoint equivalence.

Finally, we have to provide invertible modifications I1 and M. These are just invert-
ible modifications between the adjoint equivalences y and ¢ of the source and target
trihomomorphisms of the alleged tritransformation

Tricat(e®, Gray)Tricat(P°P, st)y? = y'Tf (2.55)

It is clear that the components of these y are both given by a® for . Their naturality
2-cells then match by coherence.

According to [27, p. 148] cf. A.2, the adjoint equivalence y for the Yoneda embedding
% is given by a® for stP with two variables held fixed, which has the component of
a® for P as its component. Since y for f has identity component, this means, y for the
right hand side has component a component of a® for P with two variables held fixed.
The component of the adjoint equivalence y for the left hand side is the same as the
component of the adjoint equivalence for y? because e and st are the identity on objects
and I-cells. Now the component of y for y¥ must also be given by a component of a*
for P A.2. This means the adjoint equivalences y are the same for source and target of
(2.55). Similar arguments apply to the adjoint equivalences ¢. This means we can take
IT and M to be the identity modifications. ]
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2.6 THE YONEDA LEMMA FOR TRICATEGORIES

With the results on functor tricategories from Appendix A, we are now ready to prove
the Yoneda lemma for tricategories. Given a tricategory P, the 3-globular set

Tricat(P°P, Bicat) (2.56)

of trihomomorphism, tritransformations, trimodifications, and perturbations locally has
the structure of a bicategory: it is not hard no write down the horizontal composi-
tion of trimodifications and the horizontal and vertical composition of perturbations cf.
Theorem A.1.

Since whiskering on the left with strictification st, gives rise to local biequivalences
cf. Proposition A.6, one can give Tricat(P°P, Bicat) the structure of a tricategory via the
Transport of structure theorem [27, Theorem 7.22] as we do it in Theorem A 4.

Theorem 2.12 (The Yoneda lemma for tricategories). Given a small tricategory P and
a trihomomorphism A: PP — Bicat, evaluation of the component at P at the identity
induces a biequivalence

Tricat (P, Bicat)(P(—, P),A-) = AP , (2.57)

which is natural in P meaning that these biequivalences form the components of a biequiv-
alence

Tricat(P°P, Bicat)(—, A)YP = A (2.58)

in Tricat(P°P, Bicat) where Y: P — Tricat(P°P, Bicat) is the Yoneda embedding cf. The-
orem A.5.

Proof. The existence of biequivalences as in (2.57) is proved by the following chain of
biequivalences, where P’ denotes the triequivalent Gray-category obtained from P by its
local strictification st? and the cubical Yoneda embedding, and where (e, f) and (y,w)
denote the corresponding triequivalences. Note in particular that e and f are the identity
on objects and locally given by the functors of the same name between P(P, Q) and its
strictification stP(P, Q).

Tricat(P°P, Bicat)(P(—, P),A)
=Tricat(PP, Gray)(stP(—, P), stA)
=Tricat((P")P, Gray)(stP(—, P)e®Pw°P, stAe®PwP)
=Tricat((P")P, Gray)(stP(—, P)e’Pw°P, (stAe®Pw°P)jq)
=Tricatis((P")P, Gray)(i(stP)(—, f(P))wP, (stAe®PwP)j,)
=Tricatis(P"), Gray)(iP'(—, y(f(P))), (stAe®Pw°P)i5)
=Tricatis((P")P, Gray)(iP' (-, y(f(P))), iL(stAe®PwP)j,)
=(stAePwP) s (V(f(P)))
=(stAePwP)(y(f(P)))
=~AP .
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The first biequivalence is induced by the construction of the functor tricategory
Tricat(P°P, Bicat) by transport of structure from the biequivalences

sty Tricat(P°?, Bicat)(P(—, P),A) — Tricat(P?, Gray)(stP(—, P), stA) (2.59)

given by whiskering on the left with the strictification functor st, cf. Theorem A.4. Its
naturality in P,

Tricat(P°P?, Bicat)(—, A)YP = Tricat(P°?, Gray)(—, stA)st; Y°P (2.60)
follows from naturality of the comparison of representables
Tricat(PP, Bicat)(—, A) = Tricat(P°P, Gray)(—, stA)st,’ (2.61)

cf. Theorem 2.8.
The second biequivalence is the biequivalence (ew)* given by whiskering on the right
with the triequivalence ew: P’ = P cf. Theorem A.9 . For its naturality in P,

Tricat(PP, Gray)(—, stA)st," Y = Tricat((P')°P, Gray)(—, stAe®PwP)((ew)")PstP Y°P |

note that (ew)" is a Gray-functor, see Theorem A.6. Hence, naturality in P follows from
naturality of the obvious comparison of representables of Gray-categories.

For the third biequivalence, note that we can replace each local functor of
stAe?: stP® — Gray by an equivalent strict functor. The same then applies to
stAePwP: stP®? — Gray because w is locally strict and stAe®®w®P denotes the biequiv-
alent locally strict functor obtained from change of local functors cf. Theorem 2.5.
Replacing stAe®PwP by (stAe®Pw°P) gives rise to a biequivalence as required, which is
clearly natural in P.

The fourth biequivalence and its naturality in P follow from Theorems 2.10 and 2.11.

The fifth biequivalence and its naturality in P follow from Theorems 2.7 and 2.7

The sixth biequivalence follows from the fact that the unit of the adjunction L 4 i
from Chapter 1 is a biequivalence cf. Theorem 1.8. Its naturality in P is obvious.

The seventh biequivalence is Theorem 2.3—the Yoneda lemma for Gray-categories and
locally strict trihomomorphisms.

In the eighth biequivalence we go back from the biequivalent (stAe°®w°P) obtained
from change of local functors to stAe®®wP again.

The ninth biequivalence follows from the fact that inst: Bicat — Bicat is biequivalent
to the identity trihomomorphism, where in is inclusion.

Recalling how the strictification acts on functors, pseudonatural transformations,
and modifications, noting that e¢ and w are the identity on objects and recalling that
(stAe®PwOP) s agrees with stAe®®w°P on objects, shows that evaluation of the component
at P at the identity as in Lemma 2.11 induces a biequivalence as well. O
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Chapter 3

A three-dimensional descent
construction

In this chapter we give a new definition of the descent construction for a trihomomor-
phism

X: C® — Bicat , (3.1)

where C is a small category considered as a locally discrete tricategory, and where Bicat
is the tricategory of bicategories. Such a trihomomorphism has been called a presheaf in
bicategories in Nikolaus and Schweigert [61]. The descent construction for X is another
such trihomomorphism

Desc(¥): [AY,CI® — Gray (3.2)

from the dual of the category of simplicial objects in C i.e. the functor category [Agp, Cl.
Note here that we here use the subcategory As of the simplex category A spanned by
the coface maps in order to compare the construction with the descent construction of
Nikolaus and Schweigert [61].

On a simplicial object T, the descent construction would usually be defined by singling
out data with coherence conditions from the pseudocosimplicial bicategory given by the
composite trihomomomorphism ¥I'". The cocycle condition for transition functions of a
bundle on three-fold intersections is an example of this. In this case, we would take C to
be the category Man of smooth manifolds. Then an open covering provides a simplicial
space via multiple intersections. When X is the presheaf of smooth functions into the
structure group, Desc(X) should associate to this simplicial space a bicategory related
to principal bundles in terms of transition functions for this open covering. Expanding
on such ideas an explicit definition of Desc(¥) has been given in [61]. Starting with
the presheaf of principal bundles, the authors have shown that the descent construction
leads to the notion of bundle gerbes via a plus construction. However, the definition
suppresses coherence isomorphisms and equivalences, which is why we propose a new
definition.
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3.1 THE DEFINITION OF THE DESCENT CONSTRUC-
TION

Let #: As — Bicat denote the constant trihomomorphism at the unit 2-category I.

Definition 3.1. Given a trihomomorphism X: C°° — Bicat on the dual of a small
category C, the descent construction for X,

Desc(¥): [A),C]® — Bicat (3.3)
is defined to be the composite of the trihomomorphism
X.: [As, C°P] = Tricat(As, Bicat) (3.4)
and the trihomomorphism
Tricat(As, Bicat)(x,—): Tricat(As, Bicat) — Bicat , (3.5)

where X, is whiskering on the left with the trihomomorphism X cf. A.4 and
Tricat(As, Bicat)(x,—) is the representable of the functor tricategory Tricat(As, Bicat) cf.
A2

In particular, given a simplicial object I': Agp — C in C, the bicategory of descent
data,

Desc(X)(I') = Tricat(As, Bicat)(x, XI'P) | (3.6)
is the bicategory of tritransformations * = XI'°P.

Remark 3.1. Several remarks on this definition have to be made. First, note that the
ordinary functor category [Agp,C]"p =~ [As, C°P] coincides with the functor tricategory
Tricat(As, C°P). Second, we prove in Theorem A.3 that whiskering on the left gives
rise to a trihomomorphism as required, where Tricat(As, Bicat) inherits its tricategory
structure from the Gray-category Tricat(As, Gray) via transport of structure cf. Theorem
A.4. Third, the definition involves the composite of trihomomorphisms cf. A.3.

Just at the set of natural transformations between two fixed ordinary functors can be
described as an end, the bicategories of tritransformations (3.6) can be understood as a
simple tricategorical limit. The concept of such a ’trilimit‘ is introduced in Power [65,
Def. 7.3] as a ’trirepresentation’ much like the concept of a weighted limit in enriched
category theory cf. (1.26). Indeed we will see in the next section that the bicategories
of descent data strictify to 2-categories of Gray-natural transformations cf. (3.9), and
the latter constitute a simple Gray-enriched limit. This is why we say that the descent
construction Desc(X) is given by a simple tricategorical limit. Correspondingly, we call
the constant trihomomorphism *: As — Bicat at the unit 2-category I the weight of the
three-dimensional descent construction.



A THREE-DIMENSIONAL DESCENT CONSTRUCTION 151

3.2 STRICTIFICATION OF THE DESCENT CONSTRUC-
TION

In order to compare Definition 3.1 with the descent construction from Nikolaus and
Schweigert [61], we have to make the transition to the Gray-enriched context.

On objects, it is obvious how we have to strictify the bicategories of descent data (3.1).
Namely, whiskering on the left with the strictification functor st: Bicat — Gray gives
rise to biequivalences

sty Tricat(As, Bicat)(x, XI'P) — Tricat(As, Gray)(st=, stXIP) . (3.7)

Now note that the strict functor e: st/ — [ has a strict biequivalence-inverse given by the
strict functor that sends the single object in I to the single object in the strictification
st/ of I. It follows that the constant Gray-functors stx and * are biequivalent in the
functor tricategory Zricat(As, Gray). On the other hand, the composite trihomomorphism
stX is biequivalent to a locally strict trihomomorphism (stX);; by Corollary 2.6 from
Chapter 2. Hence, we apply the hom adjunction of the left adjoint L to the inclusion
i: [As, Gray] — Tricatis(As, Gray) from Chapter 1 and the fact that its unit is a strict
biequivalence to obtain the isomorphism below

Tricat(As, Gray)(x, i(L(stX)[°P)) = [As, Gray]l(L+, L(stX);sI°P) . (3.8)
Summing up, this gives rise to the biequivalence
Desc(X)(I') = [As, Gray](Lx, L(stX);I"P). (3.9)

Since the composition st of the strictification st: Bicat — Gray and the inclusion
in: Gray — Bicat is biequivalent to the identity, a technical argument! shows that (3.9)
is appropriately natural in " to give rise to a strictification of the descent construction
itself:

Desc(X) = in[As, Gray](L+, —)[1, L(stX)] . (3.10)

Remark 3.2. The representable [As, Grayl(L*,—) and [1,L(stX)] are both Gray-
functors, where the latter is given by postcomposition with L(stX);; on objects. The
strictification (3.10) motivates the following definition of a descent construction for Gray-
functors.

Definition 3.2. Given a Gray-functor X: C°® — Gray on the dual of a small category
C, the descent construction for X is defined by the Gray-functor:

Desc(X) := [As, Grayl(L+,—)[1, X]: [AY, C1P — Gray (3.11)
In particular, given a simplicial object I': Agp — C in C, the 2-category of descent data,
Desc(X)(I') = [As, Gray](Lx, XI'P) | (3.12)

is the 2-category of Gray-natural transformations L = XI'°P.

tinvolving Theorems 2.8, A.6, and Prop. A.16
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Recall that the left adjoint L is given on objects by forming the codescent object of the
associated codescent diagram. Since * is a Gray-functor, this is the codescent object of a
strict codescent diagram as we have analyzed it in Chapter 2. In the next section 3.3 we
identify the codescent object L+ explictly. This allows us to justify our definition of the
descent construction in Section 3.4, where we prove that the strict descent construction
of Definition 3.2 coincides with the descent construction from Nikolaus and Schweigert

[61].

3.3 THE CODESCENT OBJECT OF THE WEIGHT OF
THE DESCENT CONSTRUCTION

Let again I: Cat — Gpd be the groupoidification functor cf. Def. 2.2, and let I,
be its composition with the inclusions As — Cat and Gpd — 2Cat. In this section
we consider a slight variation of the strictification stX of a small 2-category X, where
the length-1-strings in an identity l-cell of X are identitified with the corresponding
empty string i.e. the identity 1-cell in the 2-category stX. Obviously, this identification
may be carried out by adjoining equations of 1-cells for each object of X. This process
has the form of a pushout over the small set of objects of the 2-category X—a colimit
whose existence is ensured by the cocompleteness of 2Cat. We denote the resulting 2-
category by st’X. It is obvious that st” can be extended to normalized pseudofunctors,
pseudonatural transformations of normalized pseudofunctors (for respect of units we
need that X is a 2-category), and modifications of the latter.

The strictification st’X classifies normalized pseudofunctors: a 2-functor st'X — Y
corresponds precisely to a normalized pseudofunctor X — Y. In fact, there is a natural
isomorphism of 2-categories

[st'X, Y] = Bicaty(X,Y) , (3.13)

where on the right, we have the 2-category of normalized pseudofunctors, pseudonatural
transformations, and modifications.

Theorem 3.1. The codescent object X for the codescent diagram X. associated with
the constant Gray-functor x: As — Gray is biequivalent in [As, Gray] to the composite
Gray-functor st'l,: As — Gray.

Proof. The proof is organized as follows. We first produce a Gray-natural transformation
v: Xo — st'l, which satisfies the assumptions in the first part of the universal property
of the codescent object, and so gives rise to a Gray-natural transformation ¢: X — st'/,
such that ¢x = v cf. Lemma 3.1 below. Next, we construct a Gray-natural transformation
Y st'ly, = X such that, firstly,

oy = g, (3.14)

cf. Lemma 3.2 below. Secondly, ¥ and 1x satisfy the conditions in the second part of the
universal property of X cf. Lemma 3.3 below such that we can employ Lemma 2.5 from
2.1 to show that there is an adjoint equivalence between ¥ and 1y in [0bAs, gray]T =
[As, Gray]. This completes the proof that X and st'/, are biequivalent in [As, Gray]. O
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Construction of v. Recall that Xy = T+ has the following form on objects cf. (1.38)
from 1.3.2:

Xo([JD) = ZkeNoAs([K], [J]) ® I = Zgeny As([K], [j]) -

In particular, the Gray-functor Xy factorizes through the sub-Gray-category of discrete
2-categories. For j = 0, notice that As([k],[0]) is isomorphic to I for k = 0 (with single
object the identity of [0]) and empty otherwise. On the other hand st'ly = [0]. Hence,
we define vy: Xo([0]) — st’'ly by

vo(1j0) = 0 € st'([0]) = [0] . (3.15)

Given a morphism d: [0] — [j] in As, observe that Xo(0)(1j0)) = 61ljo; = 6. Hence, we
define

vj(6) = (s 1)()(0) = 5(0) (3.16)

in st'I; using that (st'I,)(0) agrees with ¢ on objects. Notice that we have first defined
the component of v at [0] as a 2-functor I — st’[0] = [0] by specifying its image on the
single object 1jp). The component of v at [j] is given by a 2-functor

Zi=0A([K], [/]) — st'l; (3.17)
of which we defined the component at k = 0,
A([01, [j]) — st (3.18)

by specifying its image in ob(st'/;) = ob[j] on each of the objects ¢ in such a way that
this prescription is natural with respect to § considered as a morphism in As.
We now define it on a general morphism €: [k] — [j] by

Uj(E) = Uj(65k5k_1...61) , (3.19)

where ¢ is the coface map in As. That is, 6;: [n] — [n+1] is the unique order-preserving
injection whose image does not contain j, so 6;0k-1...01: [0] — [k] is the unique order
preserving injection which sends 0 to 0. This prescription is in fact Gray-natural since
for y: [j] — [I] in A we have:

ui(Xo(y))(€)
=v(ye)
=vi(y€dgOy—1...01)
=Y€0y0k-1..-01(0)
=y(v(€6xk0k-1...01))
=(st'L)(y)(v;(e)) .

Lemma 3.1. The Gray-natural transformation v satisfies the conditions in the first part
of the universal property for X.
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Proof. We have to define an adjoint equivalence 1-cell €: vd; = wvdp in the hom 2-
category [As, Gray](Xi,st'l,) of the functor Gray-category. In general, there are two
conditions on the components of such a 1-cell cf. Corollary 1.5 from 1.5.3. However,
the condition (1.63) on interchange cells is vacuous since the domain As is a category.
Hence, there remains the naturality condition (1.62). The components

€: Uj(d])j = Uj(d())j

of € are pseudonatural transformations. Let §: [k] — [j] and ¢": [j] — [/] be morphisms
in A, then the naturality condition requires that

(&)s.6 = (E)x,)11.0) = UL )(ED1y1.6) -

A specification of adjoint equivalences (€116 for all j, k, and all 6: [k] — [j] hence
determines a 1-cell €: vd; — vdy as wanted ((éj)l[ﬂ,(; is trivially a pseudonatural trans-
formation for fixed j because there are no nontrivial 1- and 2-cells in X;([/])).

According to our definition (3.19) and (3.15) of v and since di(1jj;,6) = 1jj and
do(1f;1,6) = 6, we have to specify adjoint equivalences

(€160 0j6j-1...61(0) = 6646k-1...61(0) (3.20)
Le.
(€160 0= 6(0) (3.21)

in st’;. We choose (3.20) to be the shortest adoint equivalence in st’/;—i.e. the length-
I-string in the unique isomorphism in /;. Note that this is the identity i.e. empty string
in case that §(6;0k-1...01(0)) = 6(0) = 0. For example,if j =1 and k = 0 and § = §y, this
means that

(31)1“],50 =01: 0—>1

as a length-1-string in st’l{. The 1-cell € has an apparent right adjoint equivalence-inverse
€: vdy = vd,.
We now have to construct invertible 2-cells

M: (Ely,) = (€ly,) = (€ly)
and
U: ely, > 1,

in the hom 2-categories [A, Gray](X»,st'l,) and [A, Gray](Xo, st'l,) respectively. Such 2-
cells are given by component-2-cells M ; and U j in Gray—i.e. modifications for each
[j1 in A—which are subject to a naturality condition cf. Corollary 1.5 from 1.5.3. Let
o: [kl = [j], &': [j] = [{], and ¢”: [l] — [m] be morphisms in A. Then the naturality
conditions require that

(Mm)é”,é’,é = (Mm)XZ((SH)(l[l],ﬁ’,(S) = (St’IO)(é’,)((Ml)1[1],5’,6) (3'22)
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and

(U)s = (Upxyoyigy = STLIO (U, - (3.23)

Since by definition of & and v; we have

(&) so1p) = @11y = Lo .010) = Loty >

we can take

(Uk)l[k]: (Ek)SO(l[k]) - 1Uk(1[k])
to be the identity 2-cell. For fixed k, this is trivially a modification (the identity mod-
ification) and the prescription is extended to a 2-cell in [A, Gray](X;, st’'l,) according to
(3.23).
For
MD1y.e5: (UL )(ED1,.0)) * EDrype = ED1yo6

we take the unique invertible 2-cell between those parallel 1-cells in st’l;. For fixed [,
these trivially give rise to modifications, and this prescription is extended to a 2-cell in
[A, Gray](X3, st’'l,) according to (3.22).

The three axioms in the first part of the universal property of the codescent object
reduce to equations of 2-cells in some st’[,,;, which must hold since any equation of parallel
2-cells holds in st’l,. ]

Thus by the first part of the universal property of the codescent object X, there is a
unique 1-cell i.e. Gray-natural transformation ¢: X — st’/, such that px = v, 1,€ = €,
1,M =M, and 1,U = U.

Construction of y: Let ¢: [0] — [/] be the unique (order preserving) function sending
0 to i where 0 <i < j. Then (st'l,)(¢) is the unique 2-functor st’[0] = [0] — st’[j] sending
0 to i. Thus each component

aj: st'l; — X([j])
of a Gray-natural transformation a: st'/, — X is determined on objects by its component
ap at [0]. Namely, for each i € ob(st';) = ob[j] we have
;i) = a;((st'L)((0)) = X(O)(ap(0)) . (3.24)

Thus the components of ¥ are determined on objects by the prescription

¥0(0) = xo(Ljo7) € X([0]) . (3.25)
Note that by Gray-naturality of x we have
¥ (D)
=X (0(0)) (by (3.24))
=X (xo(1[01))
=x;(Xo()(110))) (by nat. of x)
=x;(t10))

=x;() .
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In particular, for an object of Xy([j]) i.e. a morphism §: [k] — [j] in As we have

Y i(vj(6))
=Y j(66k6k-1...01(0))
= (6651 ...01) (3.26)

because 66;0k1...01 clearly sends 0 to 66;0x—1...01(0).

Next we define ¢; on 1-cells. Let f be a l-cell in st'/;. This is a string fi - fo-...- fu
of length greater or equal to 1 of morphisms in I; (the empty string was identified with
the length-1-string in the identity 1-cell). Since y; is supposed to be a 2-functor, we
define it on length-1-strings and extend this prescription to general strings by strictness.
Hence, let f be a length-1-string given by a 1-cell f of the same name in ;. The latter is
either a morphism from [] or its inverse in /;. Assume that the former is the case. Note
that f is necessarily an adjoint equivalence in st'(/;). Let {: [1] — [j] be the unique
order preserving function sending 01 to f where 0 < i < j. Then st'[,({) is the unique
2-functor st’(I}) — st’(I;) sending the free-living adjoint equivalence 01 in st’(/;) to the
adjoint equivalence f in st’(/}).

Again, if ¢ is to be Gray-natural, we must have

Yi(f) = Y (st L)()OD) = X(D(1(01)) .

Hence, specifying the effect of ¥; on 01 appropriately determines the component 2-
functors y; of ¥ on arbitrary I-cells. We define : st'I; — X([1]) to be the 2-functor
on the free living adjoint equivalence corresponding to the normalized pseudofunctor
J1: Iy = X([1]) determined by sending the nontrivial isomorphism 01 to the following
adjoint equivalence in X([1]). We know that 1(0) = x1(61), ¥1(1) = x1(60), do(117,61) =
1[1]51 = 61 and similarly do(l[]],éo) = 60, and d](l[]],51) = 1[1] and d](l[]],é()) = 1[1].
Hence, we define

lﬁl(Ol) = (61)1[1],50 * (6I)1[1],(51 . (327)

Next note that the component 2-functor y;: st'l; — X([j]) corresponds to a normalized
pseudofunctor §;: I; — X([j]). Naturality of  is tantamount to naturality of ¢: I, — X
where I, and X are considered as ordinary functors A — 2Catp.

Let now f and g be composable 1-cells in I;, j > 2. Then there is a unique order
preserving function &: [2] — [j] such that fg is the image under I,(¢) of a unique
composite f'g’ in I,.

If i is to be natural, we must have the following equality of composition constraints

Wrs = @ Dnoneg) = XEW2)pg) -

Thus since we have already determined /; on objects and I-cells and since I; only has
identity 2-cells, we will have defined the data of the normalized pseudofunctor §; as soon
as we determine the composition constraints for ¥». Then it only remains to prove the
axioms of a normalized pseudofunctor.



A THREE-DIMENSIONAL DESCENT CONSTRUCTION

157

Next note that the composition constraints (¥2)o1.10, (¥2)12.21, and (¥2)02.20 are already
determined by naturality and the definition of ;. In fact, the only constraint that we

have to specify is

212010 X(G0)(@1(01)) * X(62)(¥1(01)) = X(81)(w1(01))

By naturality of €: xd; — xdy: X; — X,

X(61)(1(01))
:X(él)((fl)l[l],&) * (61.)1[1]4;1)

=(€1)s,.0, * (€])51.61 >

and similarly,

W2)12,01: X(60)(¥1(01)) * X(62)(y1(01))

=(€1)s0.00 * (€])50.61 * (€1)5,.650 * (€] 55,6, -

Hence, (3.28) has the form

W) 12,015 (€1)50.60 * (€])50.61 * (€1)s.650 * (€])52.60 = (€1)5,.6, * (€])s1.6, -

The constraint (3.29) is defined by the string diagram below.

(€3)55.6, (€2)5,,50 (€3)50.01 (€2)50,69

(€9)51.61 (€255

(3.28)

(3.29)

By naturality, we only have to prove the pseudofunctor axiom for composition con-
straints for ¢3 depicted in Figure 3.3. To prove this axiom, one has to transform it into
a form, where one can use the simplicial identities. To do so, we apply at each node
of the left hand side of the axiom the relation (3.30) below (or its inverse), which is a
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Figure 3.1.: Pseudofunctor axiom

(€3)536,,61 (€3)636,.6, (€3)5360,61 (€3)5350.60  (€3)5050.61 (€3)s080.50

(€3)5161.6,  (€3)s6).50

(€3)5567.61 (€3)55,.69 (€3)5057.0, (€3)505,.59 (€3)5060.61 (€3)5050.90

(€3)5561.61  (€3)5781.5
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direct consequence of the first axiom (2.1) of the codescent object.

(&)ys; (&r)ys ;.51 (€)s;.6 (€)yss

(CUT (€&)s;,6¢

This results in the 2-cell depicted in Figure 3.3.

159

(3.30)

Due to the simplicial identities, we are now able to cancel many nodes by relations

such as the one depicted below.

(3.31)

Applying such a relation in between the blow-ups once everywhere where it is possible,
we obtain the cell below, where a similar relation can in turn be applied to the dashed

region. For simplicity, we have omitted labels of 1-cells.
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(€3)6362,00

(€3)5350,6

(€3)5,6,.6,

ML
blt’lﬁo

Figure 3.2.: Blow-up of the left hand side of 3.3

(€3)5,5,.59

(€3)5160,6

(€3)5360.99

(&3)s

0-50
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We then obtain a diagram, where due to simplicial identities, we can apply a relation
similar to the following three times on the left of the diagram.

M*l
1,6169.01
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We finally arrive at the cell below, where at each node, simplicial identities apply.

(€3)536,.61 (€3)0302.00 (€3)5360,6, (€3)5350.5¢ (€3)5160.01 (€3)5150,50

(€3)5161.61 (€3)5151.6¢
Namely, this is clearly equal to the cell below, which is obtained from the right hand
side of the axiom 3.3 by a similar computation.

(€3)556,.61 (€3)6202,00 (€3)5052.61 (€3)5967.6¢ (€3)5050.01 (€3)550,50

(€3)5,51.6, (€3)5251.89

Lemma 3.2. ¢ satisfies equation (3.14).

Proof. We show that @jf;: I; — st'l; is the unit of the adjunction f: I; — st'l; (the
pseudofunctor that is given by the inclusion as length-1-strings). Then by naturality, this
means ¢/ = lyy;. The components of § were determined on objects by the prescription
(3.25) for the component ¢ : st'ly = [0] — X([0]). By naturality, this means that (3.14) is
satisfied on components on objects because clearly, it is satisfied for the zero-component
by (3.15):

©0(0(0)) = @o(xo(1j01) = vo(ljo) =0 .
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Similarly, by naturality, we only have to check that @14 = fi: I} = st';:

@101(01))
=p1((€1)1p,60 * (51.)1[11»51)
=((1p€) 111760 * (1o€*) D16,
=(&) 113160 * ED1pyy.6,
=01 =% 00
=01 .

This is indeed all that we need to show. The constraints must be the same as those of
fj because there are unique such cells in st'/;. ]

Lemma 3.3. The 1-cells 1x,o¢: X — X satisfy the conditions in the second part
of the universal property of the codescent object X—i.e. there is a 1-cell of cocones
(a,1): X, x,6, M,U) = (X, pyx, pyye, oy M, oy U)—and a is part of an adjoint equivalence.

Proof. The component of the adjoint equivalence €: xd; = xdy at j is an adjoint equiv-
alence €;: (xd1); = (xdp); of 2-functors. Hence, since dy(d, 6x0k—1...01) = 06k0k—1...01 and
di (6, 0x0y—1...01) = 0, its component at (0, 0x0k—1...01) is an adjoint equivalence

(€1)6.6161-1..61 - Xj(0) = xj(60kOk-1...01) . (3.32)

We take (3.32) to be the component of @: x = yv = yex at 6, cf. (3.26). Correspond-
ingly, we take its adjoint (€j)sz,6,_,..5, for the component of a®: Yepx = x). These trivially
gives rise to pseudonatural transformations, but this is also follows from naturality of ¢;
and €. Similarly, @ are @, are Gray-natural as a consequence of € and €°* being Gray-
natural. Similar arguments apply to the unit and counit, and thus « is indeed part of
an adjoint equivalence.

We next have to provide an invertible 2-cell

It (algy) = (11,€) = (1yp€) * (alq))
Let 6: [k] = [j] and ¢": [j] — [I] be morphisms in A, then this has components
Iy s (@as * (€ s = WD(&)s 6) * (@)s -
Spelled out, this is
(€ 6.50011..61 * (€6 = WD(&)s 6) * (€5 .6,6,1..61 -
For ¢’ = 1p;; and 6(0) # 0, this has the form
€5.5:51-1..01 * €115 = X(O(€)111.60 * (€)1111.61) * €11,.5,6,-1..61 -

where : [1] — [j] be the unique order preserving function sending 01 to the unique
isomorphism

0= (5j(5j_1...(51(0) - 65k6k—1---61(0) = (5(0)
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in /;. By naturality of €, this has the form

(€)s6601--01 * (€16 = (€150 * (€126, * (€)D1,1.6,6/1...61

Note that we must have £61(0) = £(0) = 0, hence {61 = §;0;_1...01 as morphisms [0] — [/]
in A. Similarly, we have {69 = 00x0k-1...01. In the case that ¢’ = 1; and 6(0) # 0, the
component (I';)1 ;s of I is defined to be the cell represented by the string diagram below.

(@ s (€ 66...5,

MDst 565,

(&) ¢51=¢5;...) €)zs; (@25,

In the case that ¢’ = 1f; and 6(0) = 0, we have (&)1, = 1 cf. (3.21). Hence,
et €oisi..o0 * €16 = X(O(E€D1.6) * €1,,.6,6/1...6, (3.33)
has the form
D160 €568k 1..01 * €176 = €111.6;6)1...61 (3.34)

where 6;0;_1...01 = 00x0k-1...01 because 06x0_1...01(0) = 6(0) = 0. Therefore, we define the
component (Fj)lm,(; of I to be (Mj)l,é,ékék,l...élz

(N1 (€))5,65...6,

(M166;..6,

(€)1,65,...6,

These definitions are then extended to the case ¢’ # 1j;) by naturality.
The invertible 2-cell I' has to satisfy the two axioms in the second part of the universal
property of the codescent object. This is proved by a case analysis. The first axiom for
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I' in case that 6’(0) # 0 and 6(0) # 0 is depicted in the string diagram below.

(61)1,5/ (E])(y,(; (51)5’5,(5/(‘“(51

(€D)1,0761=61...61=Ly1 561 (€501 (€358

€y (€)s7 5.5y,
(es s

(G/)l,[(y/&,ﬁl

(6[)( /
. 67 6,0
(¢ )55'5,51 0
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Here, we have already transformed the lower right hand part according to the following
Lemma.

Lemma 3.4.

(€756, (€)5y.00 (€7)es.6, (€))¢50.50

(€Desy.o1  (€)es).80

(E; )562 61 (Ej )5‘72 80 (E; )560,61 (Ej)gfso,‘so

(s oy (€esy.sg

Proof. By blow-up according to (3.30) as above. O

By blowing up each of the three nodes in the dashed region according to (3.30), the
cell in the dashed region is transformed into the one depicted below.
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My 566..5,

-1
1,67 6601

M5 z5y=66,..6,

Employing relations as in (3.31), this is clearly the same as the following.

My 5556,

-1
Ml,d',{él =5;..51

Implementing this transformation in the left hand side of the axiom, one easily transforms
it into the right hand side of the axiom by employing similar relations.
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The first axiom for I in case that ¢’(0) = 0 and 6(0) # 0 has the form below.

(&)1.s @5 (Ess;..5 (€15 (€s56;...5,
(&)s' s

(1655, (€)o7 ¢80
(€)s'z.6 (€145 561 (€¢5 5,00

To see that domain and codomain match on both sides, note that /ss = 6’ and that
{5501 = 000 j_1...01 (because both map 0 to 0). Blowing-up the two nodes in the dashed
region according to (3.30), the axiom is easily seen to be satisfied by applying the first
axiom for the codescent object on the right hand side.

In the case that ¢’(0) # 0 and 6(0) = 0, the first axiom for I' follows directly from the
first axiom for the codescent object.

Finally, in the case that ¢’(0) = 0 and 6(0) = 0, the first axiom for I' is literally the
first axiom for the codescent object.

Observing that 1y,U = 1,U = 1, the second axiom for I', ¢f. (2.11), follows from the
second axiom for the codescent object. O

3.4 IDENTIFICATION WITH DESCENT DATA

Lemma 3.5. Given a Gray-functor X: C® — Gray with values in Gray on a category
C, and a simplicial object I': Agp — C, an object in the 2-category

[As, Gray](st'I,, XT'°P) (3.35)
s given by
e an object G in X(I'p),
e an adjoint equivalence
P: dyG — d|G (3.36)

in the 2-category X(I'1), and
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e an invertible 2-cell
u: dyPxdyP = diP (3.37)
satisfying the following equation
dypr o (1% dyp) = dijp o (dyp* 1) . (3.38)

Proof. An object in the hom 2-category (3.35) of the functor Gray-category is a Gray-
natural transfromation

a: sty = XoI?: A — Gray . (3.39)

Since st'ly = st’[0] = [0] = I, the component ajg) of a at [0] € obA is a 2-functor
ao: I — X([p), which is uniquely determined by its image on the single object 0 in
[0] =1, and so we define

G = a(0) . (3.40)

Next, the 2-category st’l is exactly the free living adjoint equivalence. Therefore, the
component aq1; of a at [1] € obA, which is a 2-functor aqyy: st’l;, corresponds precisely
to an adjoint equivalence in ¥(I'1). Since 6p: [0] — [1] is the (order-preserving) injection
whose image does not contain 0, the source of this adjoint equivalence is 6¢(0), while its
target is similarly given by 61(0). We thus define P to be the opposite adjoint equivalence.
By Gray-naturality P indeed has source

a(1) = a111(60(0)) = dy(a0)(0)) = dyG (3.41)

and similarly target
ap(61(0) = d;G . (3.42)

Next, the component of @ at [2] € obA, which is a 2-functor ap): st'lh — X(I'),
corresponds to a normalized pseudofunctor

d’[z]: [2] 4 %(FQ) . (343)

By Gray-naturality of @, this normalized pseudofunctor is already determined on objects
and 1-cells, and thus since [2] is locally discrete, as a normalized pseudofunctor, @) is
already completely determined on the cells of [2]. Also notice that, by Gray-naturality,
d21 sends any morphism in [2] to an adjoint equivalence, and thus its corresponding
composition constraints are already determined by unit and counit of these. In effect,
the only composition constraint which gives rise to new data is, by Gray-naturality,

p= (@021 dyPxdgP = diP . (3.44)

(The rest of the composition constraints are determined from (3.44), units, and counits
by the pseudofunctor axiom for composition constraints. The pseudofunctor axioms
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for the (trivial) unit constraints force the corresponding composition constraints to be
identity 2-cells).

Finally, there is one equation enforced on this data by Gray-naturality and the pseud-
ofunctor axiom for composition constraints for the pseudofunctor @3;: I3 — ¥(I'3) cor-
responding to the component @3;: st’l3z — ¥(I'3). This equation is precisely (3.38).

The components ap;) for j > 3 are completely determined by Gray-naturality and the
components for j < 3. O

Remark 3.3. Apart from the fact that P is required to be an adjoint equivalence and
not merely an equivalence, this is precisely the definition of a I'-equivariant object given
in Nikolaus and Schweigert [61].

Also note that a mere equivalence can be replaced by an adjoint equivalence cf. Gurski
[24, Th. A.1.10, p. 145].

Lemma 3.6. Let (G,P,u) and (G', P’ 1) be objects in (3.35). Then a 1-cell

(G.P,u) = (G, P 1) (3.45)
s given by
e al-cell
A: G- G (3.46)
i X(Ty), and
e an invertible 2-cell
a: P’ +djA = djA P (3.47)

satisfying the following equation

(Ixp)o(dsax1)o(lxdya)=djaou=1l). (3.48)

Proof. By similar arguments as above. We only note that equation (3.48) is exactly
respect for composition of a pseudonatural transformation. ]

Lemma 3.7. A 2-cell (A,a) = (A’,a’) in (3.35) is given by
e a2-cell
B: A—> A (3.49)
i X(Iy) satisfying the following equation

@ o(lxdif)=dif*xDoa. (3.50)

Proof. By similar arguments as above. We only note that equation (3.50) is exactly the
modification axiom. O
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By reference to Theorem 3.1 we have thus proved the following theorem.

Theorem 3.2. The descent construction from Nikolaus and Schweigert [61] coincides
with the three-dimensional descent construction for a Gray-functor X: C® — Gray:

[As, Grayl(L+, —)[1, X] = Tricati(As, Gray)(x, -)[1, X]: [AYY,C]® — Gray .
O

To draw the connection to the theory of bundle gerbes, we consider again the Gray-
functor Bunj,): Man™ — Gray on the category Man of smooth manifolds from the
Introduction. To a manifold M, the functor Q?un'u(l) assigns the one-object 2-category
given by the monoidal category of principal smooth U(1)-bundles over M in terms of
open coverings and smooth transition functions. The monoidal structure is defined by
the tensor product of principal bundles. As explained in the Introduction, this is in
fact a strict monoidal category, and pullback of principal U(1)-bundles gives rise to a
Gray-functor as required.

Let Y —» M be a surjective submersion of smooth manifolds. Then there is an as-
sociated simplicial object Y!*! in Man assigning to [n] the (n + 1)-fold fiber product
YW = ¥ X3 Y Xy ... X Y of Y with itself over M. A bundle gerbe over M is exactly
given by a surjective submersion ¥ — M and a Y!*l-equivariant object [61, 4.1]. Thus
the theorem above implies the following.

Corollary 3.1. A bundle gerbe over a manifold M corresponds to a tritransformation
« = Buny,(Y*HP: As - Gray (3.51)

for a surjective submersion Y — M. U

3.5 OUTLOOK

The identification of the three-dimensional descent construction with the explicit one
in terms of descent data given in Nikolaus and Schweigert [61] is of course not the end
of the story. We expect that this comparison allows us to construct the stackification of
a trihomomorphism

X: C® - Bicat . (3.52)

Therefore one has to specify generalizations of the sheaf conditions on such a trihomo-
morphism. This is done by specifying a collection 7 of coverings in C, which should
technically form a Grothendieck pretopology. A covering y — m gives rise to a simplicial
object y, in C. There is a projection to the trivial simplicial object m at the base m
of the covering, and the generalized sheaf conditions—the stack conditions—require the
induced functors

X(m) = Desc(¥)(m) — Desc(X)(y.) (3.53)
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to be biequivalences [61].

There should be a plus construction stackifying a given presheaf with appropriate
properties. Since we are working with bicategories, there is a varietey of conditions,
which one could impose on (3.53), e.g. that for any covering it is 2-locally fully faithful,
locally an equivalence, a biequivalence, or even an isomorphism of bicategories. Corre-
spondingly, there should be a variety of plus constructions which sheafify or stackify a
given presheaf with appropriate properties. A tentative idea is that this somewhat re-
sembles the situation in two- and three-dimensional monad theory, where there are new
kinds of algebras turning up, but these can be studied by reference to the strict algebras.
For example, the ‘exchange of homotopy limits’ in [61, Prop. 7.4] may be reduced to the
usual exchange of limits in enriched category theory via the strictification described in
3.2.

Apart from exchange of limits, a second property of the descent construction en-
ters critically in the proof that one can stackify a given presheaf, namely that Desc(¥)
preserves pointwise biequivalences. However, from its tricategorical description as the
composition of a representable and whiskering with ¥ on the left Desc(X) clearly has
the structure of a trihomomorphism. The latter in particular implies that it preserves
biequivalences: thus maps a pointwise biequivalence to a biequivalence cf. Prop. A.16.

Finally, we comment briefly on another aspect of the theory. There is a canonical
functor e: C — [A°P, C] sending an object ¢ in C to the trivial simplicial object at ¢. In
fact, this gives rise to a biequivalence

X = Desc(X) o o (3.54)

of trihomomorphisms. Note that this is implied by the hypothetical result that the bicat-
egory of tritransformations between constant trihomomorphisms is biequivalent to the
relevant hom bicategory in the target. The corresponding result for ordinary categories
is trivial: the axiom of a natural transformation between constant functors just requires
all components to be the same, but this component can be an arbitrary morphism be-
tween the corresponding objects in the target. Thus we have a bijection between the set
of natural transformations between constant functors and the corresponding hom set of
the target category. For bicategories, the argument is already slightly more complicated.
First, domain and target are replaced by their strictifications. The resulting category of
pseudonatural transformations and modifications is equivalent to the original one. Next,
the induced functors between the strictifications can be replaced by the strictifications
of the original constant functors, and these are again constant functors. This reduces
the question to the case of 2-categories. For tricategories, we can not yet mirror this
argument since this requires more knowledge about functor tricategories than we are
able to give in Appendix A. For the descent construction in terms of its explicit identi-
fication from 3.4, on the other hand, a straightforward calculation proves that (3.54) is
a biequivalence.
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Appendix A

Functor tricategories

Given tricategories R and S, the notions of trihomomorphisms F, F’: R — §, tritransfor-
mations @,@’: F = F’ between such trihomomorphism, trimodifications m,m’: a = o/,
and perturbations o-: m = m’ clearly give rise to a 3-globular set Zricat(R,S). The ques-
tion if this supports the structure of a tricategory has been answered positively in case
that the target S is Gray-category in Gurski [27, Theorem 9.4], in which case Zricat(R, S)
is actually a Gray-category. In case that the domain R is a category considered as a lo-
cally discrete tricategory and the target is the tricategory Bicat of bicategories such a
functor tricategory has been described by Carrasco et al. [11, 2.2].

In this section, we follow a strategy sketched in Gordon et al. [21, Cor. 8.3, p.74] to
show that 7ricat(R, Bicat) inherits the structure of a tricategory from the Gray-category
Tricat(R, Gray) via transport of structure, where we use the Gray-category structure of
Tricat(R, Gray) described by Gurski. Namely, we first show how whiskering on the left
with a trihomomorphism gives rise to morphisms of 3-globular sets. Then we show that
whiskering with the strictification st: Bicat — Tricat gives rise to local biequivalences

st,: Tricat(S, Bicat)(F,F') > Tricat(S, Gray)(sto F,sto F') . (A1)

The implementation of this strategy for general target S depends on a complete descrip-
tion of whiskering on the left, cf. Conjecture A.2, as we present it below for whiskering
on the right cf. A.6 in case that the target is a Gray-category.

To make sense of (A.1l), one first has to describe the bicategory structure of the
domain and target. This has been carried out in Gurski [27, 9.1], and we only describe
the straightforward structure here.

Theorem A.l. Given tricategories R,S and trihomomorphisms F,F': R — S, the fol-
lowing prescriptions give the 2-globular set

Tricat(R, S)(F, F') (A.2)

the structure of a bicategory.
The vertical composite

o’oo: m=>m" (A.3)
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of two perturbations o: m=>m': a = o and o’: m' = m”: a = & has component at
an object a in R the vertical composite o, ¢ 0.

The identity perturbation at the trimodification m has component at a the identity
2-cell 1,p,.

The horizontal composite

nxm: @ = a”’ (A.4)

of two trimodifications m: @ = & and n: @ = @’ has component at a the horizontal
composite n, * my. If the target S is a cubical tricategory, the component at a 1-cell
f: a— b in R of the invertible modification of the trimodification n+m is defined by the
string diagram below.

a F’ fn,
! F' fm, Sna

npFf
mpF f (x’f’

(A.5)

If the target is not cubical, one has to supplement this diagram in the source and the
target with a constraint for the composition functor of S.
The horizontal composite

Tx0: nxm=n" =m (A.6)

of two perturbations o: m=>m': a=>a andt: n=n": o« = & has component at the
object a in R given by the horizontal composite of 2-cells

Ty * O (A.7)

in the bicategory S (Fa, F'a).
The constraints of the bicategory (A.2) are perturbations with components given by the
corresponding constraints of the hom bicategories of the target S .

Proof. See Gurski [27, Theorem 9.1]. O

Corollary A.l. Given a tricategory R, a Gray-category L, and trihomomorphisms
F,F': R— S, then the bicategory

Tricat(R, L)(F,F") (A.8)
described in Theorem A.1 is a 2-category.

Proof. Immediate from the description of the constraints of the bicategory in Theorem
Al O
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A.1 THE FUNCTOR TRICATEGORY FOR TARGET A
GRAY-CATEGORY

Theorem A.2. Let L be a Gray-category and R be a tricategory. Then the prescriptions
below give the 2-category enriched graph

Tricat(R, L) (A.9)

of trihomomorphisms, tritransformations, trimodifications, and perturbations the struc-
ture of a Gray-category.

The composite Ba of two tritransformations a: F = G and B8: G = H has component
at the object a € R given by the composite

Baa (A.10)

of 1-cells in the Gray-category L. The adjoint equivalence is defined by the obvious
composite adjoint equivalence with component at the 1-cell f: a — b in R given by

Braa) = Bray): Prark f — HfPaay - (A.11)

The component of the invertible modification I1 at composable 1-cells f and g in R is
given by the string diagram below.

BL‘“’[F&’ Hfppag (XH)f,gﬁa(Ya
’ Brapke HfBgaa ’

Bca
Beacp) fg 1 Bfeta

(A.12)

The single component of the invertible modification M at the object a € R is given by
the string diagram below.

ﬁaml(lF)a ﬂ[alla
ﬂaﬂlu

Baltglaa @

(lH)uﬁaaa (A13)
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The whiskering
M(1,m) = pm: Ba = pa’ (A.14)

of a trimodification m: a« = . F — G with a tritransformation B: G = H on the left
18 a trimodification with component at the object a € R given by the whiskering

ML(I, mg) = Bamg (A15)

in the target Gray-category L. The invertible modification of the trimodification (A.14)
has component at a 1-cell f: a — b in R defined by the string diagram below.

ﬁbflf Hf,Bama

:Bfaa /
By

prmk ] Pret (A.16)

The whiskering
M(n,1) =na: pa=pa (A.17)

of a trimodification n: B = f': G — H with a tritransformation a: F = G on the right
s a trimodification with component at the object a € R given by the whiskering

ML(”LI? 1) = naa, (A18)

in the target Gray-category L. The invertible modification of the trimodification (A.17)
has component at a 1-cell f: a— b in R defined by the string diagram below.

Bray Hynga,
ﬂ_/“la

D
\

Bray
aF "y
el Pre (A.19)

The whiskering
M(1,0) = Bo: Bm = Bm’ (A.20)
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of a perturbation o: m = m’: @ = o with a tritransformation B: G = H on the left is
a perturbation with component at the object a € R given by the whiskering

Mc(1,04) = BuTa (A21)

in the target Gray-category L.
The whiskering

M(t,1) =7a: na =n'a (A.22)

of a perturbation 7: n = n': B = B with a tritransformation a: F = G on the right is
a perturbation with component at the object a € R given by the whiskering

M (t4,1) = 004 (A23)

in the target Gray-category L.

The interchange cell Z,, ,, at trimodificationsn: = B andm: a = & is a perturbation
(na’) * (Bm) = (B'm) = (na) with component at the object a € R given by the interchange
cell Z,, m, in the target L.

Proof. See Gurski [27, Theorem 9.4, P. 143]. O

A.2 REPRESENTABLES

Lemma A.1. For every object P in a tricategory P, there is a trihomomorphism
P(—, P): P — Bicat
whose value at the object Q in P is the bicategory P(Q, P).

Proof. We first have to define P(—, P) on the hom bicategories P(Q, Q’). Given an object
fin P(Q, Q’), we have to construct a functor

P(f,P): P(Q',P) > P(Q,P)

of bicategories. Let g,h be objects, @,8: g — h be 1-cells, and I': @ = 8 be a 2-cell in
P(Q’, P). Then P(f, P) is defined on this data by whiskering with f on the right in P,

e.g.
P(f,P)Ng)=8f, P, P)a)=aly, P(f,PA)=T1 . (A.24)

Since the composition functors for P are functorial on 2-cells, so is the given prescription.
Given composable 1-cells @: g - hand 8: h — i in P(Q’, P), the composition constraint
is defined as the unique invertible 2-cell

P(f,P)pa: Bly)*(aly) = (Bxa)ly
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arising from coherence for the tricategory . Naturality with respect to 2-cellsT': @ = o’
and A: B = B’ can be easily deduced from the comparison of the free tricategory and
the free Gray-category on the target.

The unit constraint is defined as the unique invertible 2-cell

P(fiP)g =gyt lgp = lgly

arising from coherence for the tricategory P. The three pseudofunctor axioms follow
from coherence for the tricategory P.

Next, given a 1-cell @: f — f" in P(Q, Q’), we have to specify a pseudonatural trans-
formation

P(a,P): P(f,P)= P(f',P): P(Q",P)— P(Q,P). (A.25)
Given an object g in P(Q’, P), the component of (A.25) is defined by
P(a,P)g = lga: gf = gf" .

Given a l-cell B: g — g’ in P(Q’, P), the naturality 2-cell of (A.25) is defined by the
unique invertible 2-cell

P(a, P)g: (1ga) x(Bly) = (Bly) * (1ga)

arising from coherence for the tricategory . Naturality with respect to a 2-cellT': 8= §’
can be easily deduced from the comparison of the free tricategory and the free Gray-
category on the target. The two transformation axioms follow from coherence for the
tricategory P.

Finally, given a 2-cellT': @ = o’: f — f’ in P(Q’, P), we have to specify a modification

P(T,P): P(a,P)= P(/,P): P(f,P)= P(f,P): P(Q,P)— P(Q,P).  (A.26)
Given an object g in P(Q’, P), the component of (A.26) is defined by
P(T,P)y = 1,,T: lga = 1,a': gf - gf .

The modification axiom can easily be deduced from the comparison of the free tricategory
and the free Gray-category on the target.
We now have to check that these prescriptions support the structure of a trihomomor-
phism. First, we check that they give rise to pseudofunctors on the hom bicategories.
Since the composition functors for P are functorial on 2-cells, so is P(—, P) i.e. for
composable 2-cells I and I", we have an equality of modifications

P(I",P)o P(T,P) = P(I" o T, P)

and P(l,, P) is the identity modification.
Now for the composition constraint, given composable 1-cells a: f — " and a’: f" —
f”, we have to specify an invertible modification

P(—,P)yo: P(@,P)*P(a,P)=> P@ *a,P) . (A.27)
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The component of (A.27) at an object g in P(Q’, P) is the unique invertible 2-cell
(P(-, P)a’,a)g5 (lga’l) * (lga’) = 1g(a’ * Q) ,

arising from coherence for the tricategory P, and the modification axiom follows from co-
herence for the tricategory P. Naturality with respect to 2-cellsT': @ = Band A: o =
can be easily verified on components from the comparison of the free functor tricategory
and the free Gray-category on the target.

For the unit constraint at f we have to specify an invertible modification

?(—,P)fi lgp(f’p) > T(lf,P) . (A.28)
The component of (A.28) at an object g in P(Q’, P) is the unique invertible 2-cell
(?(_,P)f)g = ®g,f: lgf = lglf

arising from coherence for the tricategory P, and the modification axiom follows from
coherence for the tricategory . The three pseudofunctor axioms are verified on compo-
nents by reference to coherence for the tricategory P.

Next, we have to specify an adjoint equivalence

X: ®picar (P(=,P)g .0 X P(—,P)or.0) = P(—,P)or,0 ®por . (A.29)

At the objects f € P(Q,Q’) and f' € P(Q’,Q"), (A.29) has component an adjoint
equivalence

xrp: PUPYP(f,P) = P(f'f.P). (A.30)

with component
(e = agp.r: @ — 8(f'f) .

at the object g in P(Q", P), and naturality 2-cell (xss)p = ag1,,1, at B: g > g’. Nat-
urality follows from naturality of a, the transformation axioms from the corresponding
axioms for a and its naturality (with respect to bicategory constraints). The simpler
argument is to appeal to coherence again. The naturality 2-cell of (A.29) at 1-cells
a@: f—eand a: f' — € is a modification with component y, o = ai,.0.«r at the object
g. The modification axiom follows from coherence. Naturality is verified on components
by naturality of a, and the transformation axioms follow from coherence.

Analogously, the pseudonatural transformation a® gives rise to a pseudonatural trans-
formation )(},’ f’ and unit and counit of the adjoint equivalence (a,a®) give rise to unit
and counit for an adjoint equivalence (xy s, X}’ f/)‘

The adjoint equivalence

L: IQ)(Q’P) = fP(—,P)Q’QlQ (A31)
consists of a single component which is an adjoint equivalence

lg: lgp(Q’p) = fP(lQ,P)
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with component
(to)g =715: § > glo
at the object g in P(Q, P), and naturality 2-cell
(tolp =130 Ty x = (Bliy) * ry

at the 1-cell 8: g — g’. That is, ¢p is precisely given by the adjoint equivalence r°.
Hence, the opposite adjoint equivalence (r®, r) gives rise to an adjoint equivalence (¢, L'Q)
as required.

The invertible modifications w,y, and § of a trihomomorphism have components in-
vertible modifications the components of which are all given by the unique invertible
2-cells arsing from coherence. The two trihomomorphism axioms follow from coherence.

O]

Remark A.1. The proof is just a generalization by coherence of the proof in the case
that P is is a Gray-category [27]. It is however to be noted that the Yoneda embedding
from [27] led itself to a coherence theorem, which is why coherence was not employed
ibidem.

Lemma A.2. Given a 1-cell f: P — P’ in a tricategory P, there is a tritransformation
P(—, f): P(—,P)= P(—,P): PP — Bicat (A.32)
of representables whose component at the object Q in P is a pseudofunctor

PO, f): P(Q,P)— P(O,P), (A.33)
whose component at a 1-cell g: Q — P in P is the composite fg in P.

Proof. The proof is again an extension by coherence of the proof in the case that P is a
Gray-category cf. Gurski [27, Lemma 9.8]. For this reason, we will just outline the data
of the tritransformation.

The pseudofunctor (A.33) is defined similarly to the definition of the pseudofunctor
P(f, P) appearing in the proof of Lemma A.1: Let g, h be objects, a,B: g — h be 1-cells,
and I': @ = B be a 2-cell in P(Q, P). Then P(Q, p) is defined on this data by whiskering
on the left with f in P, e.g.

PO, Q) =fg, PO NHla)=1sa, PQO,NT)=1T. (A.34)
This is made into a pseudofunctor by coherence. The adjoint equivalence
Bicat(1, P(R, f)P(—, P)or = Bicat(P(Q, f), DP(—, P )or - (A.35)

has component at the object g € P(Q,R) a 1-cell in Bicat i.e. a pseudonatural transfor-
mation

P(R, /)P(g, P) = P(g, P)P(Q, ) (A.36)
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with component at the object j € P(Q, P), the component

ay ;. f(g) = (fig (A.37)
of the right adjoint a® of the associativity adjoint equivalence a for P. The naturality
2-cell of (A.36) at a: j — j’ is exactly the naturality 2-cell al .1 but the naturality 2-
cell of (A.35) contains further constraints due to the whiskering in Bicat. The invertible

modifications I1 and M are determined by coherence, from which the tritransformation
axioms follow automatically. O

Lemma A.3. Given a2-cella: f= f': P— P’ in a tricategory P, there is a trimodi-
fication

fP(_’ CY): fP(—, f) = T(_’f/) (A38)
whose component at the object Q in P is a pseudonatural transformation

PQ.a): PO, f) = PO, f) . (A.39)

whose component at a 1-cell g: Q — P in P is the whiskering al, in P and whose
naturality 2-cell at a 2-cell B: g = g’ is the "interchange’ cell Lo p.

Proof. The invertible modification for the trimodification P(—, @) is determined by co-
herence, from which the trimodification axioms follow automatically. O

Lemma A.4. Given a 3-cellT: a=a': f= f': P— P’ in a tricategory P, there is a
perturbation

P-,T): P(—,a) = P(—,a) (A.40)
whose component at the object Q in P is a modification

P(Q.T): P(Q,a) - PQ,) (A.41)
whose component at a 1-cell g: Q — P in P 1is the whiskering I'ly, in P.

Proof. The perturbation axiom follows from the comparison of the free tricategory and
the free Gray-category on the underlying category-enriched 2-graph of Bicat. O

Remark A.2. After we will have defined a tricategory structure on the 3-globular set
Tricat(P°P, Bicat) in Theorem A.4, we will prove in Theorem A.5 below that the prescrip-
tions from Lemmata A.1-A.4 give rise to a trihomomorphism—the Yoneda embedding
for tricategories.
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COMPOSITION OF TRIHOMOMORPHISMS

A.3 COMPOSITION OF TRIHOMOMORPHISMS

Below we recollect the critical bits and pieces of the definition of the composite of
trihomomorphisms introduced in Gurski [27, 7.1].

Definition A.1. Let R,S, and T be tricategories, and let H: R — S and J: § —» T be
trihomomorphisms. The following prescriptions define the composite trihomomorphism
JH: R—>T.

On objects, JH is given by the composition of the object-functions for J and H.

Locally, JH is given by the composition of the hom functors of J and H i.e., for
objects a,b in R,

Ha,b «IHa,Hb
(JH)ap: R(a,b)y — S(Ha,Hb) —— T(JHa,THD) .

For objects a, b, c in R, the adjoint equivalences
xiu: ©r (JHXJH) = JH®g: R(b,c) X R(a,b) — T(a,c)

are defined as the composite adjoint equivalences

XJLHXH JXH

1 1
Rr(J X )HXxH) —— J®s (Hx H) — JH®p
where identifiers for objects have been omitted for readability.

For an object a in R, the adjoint equivalences tyy are defined as the composite
adjoint equivalences

.ou . liw .
jr = Jjs — JHjg: I - T(JHa,JHa) .

For cubical trihomomorphisms, the component of the invertible modification wyg
at appropriate 1-cells (h, g, f) in R is represented by the string diagram below.

4JHh.JHg JHf JHh (xH)g, JXHhgf
THIX DEg.H WDHRH(f)

()(J)H/,H JHf XDH® H ./Hah, .
Hg g (hg), f](XH)hg,f 8.f
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It is not hard to supplement this diagram to cover the general case cf. also Gurski
[27, 7.1, p. 108].

e For cubical trihomomorphisms, the component of the invertible modification y;gy
at a 1-cell f in R is represented by the string diagram below.

W) ELIHS ()(J)H(lh),H]f JHIf
JpJHf O, f

Ly

It is not hard to supplement this diagram to cover the general case cf. also Gurski
[27, 7.1, p. 109].

e For cubical trihomomorphisms, the component of the invertible modification 8y
at a 1-cell f in R is represented by the string diagram below.

./HV}

re JHfIg)a JXH)f,1
ML JHF)Ha WDHFH(G) I

It is not hard to supplement this diagram to cover the general case.

Proposition A.1. The prescriptions in Definition A.1 give rise to a trihomomorphism
as required.

Proof. See [27, Prop. 7.1]. O
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A.4 WHISKERING WITH A TRIHOMOMORPHISM ON
THE LEFT

Let R,S, and T be tricategories, and let F: R —» § and G: § — T be trihomomor-
phisms.

Proposition A.2. Let R,S, and T be tricategories, let F,F': R - S and G: § —» T
be trihomomorphisms, and let a: F = F' be a tritransformation. Then the following
prescriptions define a tritransformation

G.a: GF = GF' .
The tritransformation G.a has component at an object a in R given by
Ga,: GFa— GF'a .

Its adjoint equivalence is defined by the evident composite of adjoint equivalences with
component at a 1-cell f: a — b in R given by

WGF faw * Glay) * (XG)ayFf

(where we have chosen no particular association), and its naturality 2-cell at a 2-cell
o: f— f in R is represented by the following string diagram

GaGFo XG)ay.Fr Glayr) XEIF! g

XGay.Ff Glay) WSF fog ~ GF' 0Gag

where the cell Ga, has to be interpreted correctly if G is not cubical.

The invertible modification Mg, o has component at the object a in R given by the string
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diagram below.

G GaaGQr) G(a,) .
“ Gal)ra (XG)aa.F(1) ¢ UeF()aq

G((tpr)aa)

Gla,)

(X6)1.q

2 G(tpr)aGa
Gaa ) aGag (tr)aGiea

Proof. See Gurski [27, Prop. 7.5]. O

Proposition A.3. Let R,S, and T be tricategories, let F,F': R - S and G: § —» T
be trihomomorphisms, let a,@’: F = F’ be tritransformations, and let m: @ = o be a
trimodification. Then the following prescriptions define a trimodification

G.m: G.a= G, .
The trimodification G.m has component at an object a in R given by
Gm,: Ga, — Ga,, .

The component at a 1-cell f: a — b in R of its invertible modification is represented by
the following string diagram

Gy Ff Glay) WEF GF' fGmy,

GmGF f (/\/G)a;’,Ff G(a} (X'G)p/fﬂ;l

where the cell Gmy has to be interpreted correctly if G is not cubical.
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Proof. The modification axiom is given by the equation of string diagrams below.

GaGF Glay) . GF'f'Gm, GapGFo Glay) . GF' f'Gm

WO ) v A A A 070 W " g “

GmpGF f , GF'cGal, GmpyGFf G(o/f) . GF'oGa,,
XG)as ry G@)) &P far, Gy s WGP fa,

It is a pleasing exercise in the diagrammatical calculus to verify this axiom, in partic-
ular if one assumes for simplicity that G and the target are cubical. The proof is only
mildly more complicated if G and the target are not assumed to be cubical. O

Proposition A.4. Let R,S, and T be tricategories, let F,F': R - S and G: § —» T
be trihomomorphisms, let a,a’: F = F’ be tritransformations, m,m’: a = o trimodifi-
cations, and let o: m = n be a perturbation. Then the following prescriptions define a
perturbation

G.o: Gom= G’ .
The perturbation G.o has component at an object a in R given by
Go,: Gm, — Gm), .

Proof. The perturbation axiom is easily verified by naturality of ()('G)_1 and (yg)™',
and the perturbation axiom for o (in the general non-cubical case, one also has to use
naturality of the constraints of the hom functors of G). O

Proposition A.5. Let R, S, and T be tricategories, and let F,F': R —> S and G: § —
T be trihomomorphisms. Then the prescriptions in Propositions A.1-A.J support the
structure of local functors of functor tricategories

(GOfFp : Tricat(S,T)(F, F') — Tricat(S,T)(GF,GF’) . (A.42)

Given tritransformations a,a’,a”: F = F' and trimodifications m: @ = o and
m': & = a", the composition constraint of this pseudofunctor (A.42) is a perturba-

tion

(G.m") % (G.m) = G.(m' *m)
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with component at an object a in R the composition constraint
Gymy 2 Gmy x Gmg = G(my, * mg) (A.43)
of the hom functor
Grara: S(Fa,F'a) > T(GFa,GF'a) (A.44)

of G.
The unit constraint of (A.42) at the tritransformation a is a perturbation

lg.e = Gl
with component at an object a in R the unit constraint
Go,: lg,, = G(1,,) (A.45)
of (A.44).

Proof. Tt is straightforward to check that the component prescriptions in (A.43) and
(A.45) give rise to perturbations as required by spelling out the composite trimodi-
fications. The pseudofunctor axioms for (G.)rr—as equations of perturbations—are
verified on components where they follow from the pseudofunctor axioms for the hom
functor Grgra- O

Lemma A.5. Let R,S, and T be tricategories, let F,F',F”": R — S and G: S — T be
trihomomorphisms, and let «: F = F’ and B: F' = F” be tritransformations. Then
there is an adjoint equivalence

XB.a- (G*ﬁ)(G*a’) > G*(ﬁa')

in Iricat(R, T)(GF,GF"") with component at an object a in R given by the adjoint equiv-
alence

(XG)ﬁa,aa: (GBu)(Gay) = G(Baay) .

This adjoint equivalence forms the component of an adjoint equivalence

X1 ®ficatR) (G X Gx) = Gi®Tricar(r.s) (A.46)

in the situations where the tricategory structure of Tricat(R, T) and Tricat(R,S) is known.
For example, this is the case when T and S are either a Gray-category (in particular, a
category) or Bicat cf. Theorem A.4.

Proof. The component of the invertible modification of the trimodification with compo-
nent (YG)g,.a, can be chosen as the unique constraint given by coherence for the triho-
momorphism G. The trimodification axioms then follow from the definition of the com-
position of tritransformations and coherence for G. By similar arguments, one checks
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that x¢, gives rise to a right adjoint xy*. The component of the invertible modification of
the latter is in fact the mate of the one for the left adjoint.

The proof that the naturality 2-cells for yg give rise to naturality 2-cells for (A.46),
which involves proving a perturbation axiom, proceeds essentially by coherence for G
and the definition of the (tricategorical) composite of trimodifications. The axioms for
a pseudonatural transformation follow from those for y;. That unit and counit induce
perturbations follows again from coherence for G, and the modification axioms follows
from the modification axiom for unit and counit of the adjoint equivalence yg. O

Lemma A.6. Let R,S, and T be tricategories, let F,F': R - § and G: § - T be
trihomomorphisms, and let a: F = F’ be a tritransformations. Then there is an adjoint
equivalence

Lot 1G*a/ = G.(1y)

in Tricat(R, T)(GF,GF") with component at an object a in R given by the adjoint equiva-
lence

(LG)a,,: lGaa - G(laa) .
Proof. By similar arguments. O

Conjecture A.1. LetR,S, and T be tricategories, and let G: S — T be a trihomomor-
phisms. Then the prescriptions above give rise to a trihomomorphism

G.: Tricat(R,S) — Tricat(R,T) . (A.47)

Theorem A.3. Given tricategories R,S and T and a trihomomorphism G: § — T,
where S and T are respectively either a Gray-category (in particular, a category) or
Bicat, then the prescriptions above give rise to a trihomomorphism

G.: Tricat(R,S) — Tricat(R,T) . (A.48)

Proof. What remains to be proved is to construct the invertible modifications w, 7y,
and &, and show that they satisfy the trihomomorphisms axioms. The component of Il
at composable tritransformations @: F = F': R - S and o’': F/ = F”: R —> S are
perturbations with component at a € obR given by (wG)e;.e,- The perturbation axiom
follows from coherence for G. Similarly, one defines the invertible modifications y and
0. The two trihomomorphism axioms then follow from the trihomomorphism axioms for
G. Notice that the constraints of the functor tricategories have components induced by
the constraints of the target. If the target is a Gray-category, these are trivial. If the
target is Bicat, these are the unique constraint cells given by coherence in the relevant
bicategory. O

Conjecture A.2. Given tricategories R, S, and T, then whiskering on the left supports
the structure of a trihomomorphism

(=)« Tricat(S,T) — Tricat(Tricat(R,S), Tricat(R’, T)) . (A.49)
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A.5 WHISKERING ON THE LEFT WITH STRICTIFICA-
TION

Proposition A.6. Whiskering on the left with the strictification functor st is a biequiv-
alence on hom bicategories

st,: Tricat(S, Bicat)(F, F’) 5 Tricat(S, Gray)(sto F,sto F’) . (A.50)

Proof. Let a: sto F = sto F’ be a tritransformation. We aim to construct a tritransfor-
mation @: F = F’ such that st.a is equivalent to « in Tricat(S, Gray)(F, F').
The component of @ at an object a in S is a pseudofunctor defined by the diagram

below

StF(a) stF’(a)
R
Fla) —“ . F'(a)

(A.51)

which commutes up to an invertible icon w. In particular, @, agrees with a, on objects.

The adjoint equivalence of the alleged tritransformation @ has component at a 1-
cell f: a — b the pseudonatural transformation given by the adjoint equivalence ay
whiskered with f and e and the icon

g, stF(f)
stF(a) — stF’(a) — stF’(b)

R
Fla) — gy — "
noting that
StE(f) ap
stF(a) StF(b) stF’(b)
|- -
Fla) — 2 poy — ™ Py

In particular, the component of @y at an object k in F(a) is given by e((as)x) (up to
whiskerings with identities coming from the icons).

The naturality 2-cell of the adjoint equivalence @ at a 2-cell y: f = f’ is an invertible
modification

ap = (1g,F(y) = (F'(y)a,) = @y
given as follows. Since up to coherence isomorphism

W (15tF' () = (F'(9)1,) * w (A.52)
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and since clearly,

StF(Y) 17 = 15F(y) (A.53)

up to coherence isomorphism!, we can define the naturality 2-cells of @ as

lle(a/yllf) .

Transformation axioms: For naturality, we have to argue why, for a 3-cell ®: y =
v, laf, * (11(be (@) and (F'(O)1y,,) * la, commute appropriately with the coherence
isomorphism (A.52) and the equality (A.53). Spelling out these commutation conditions,
they are easily seen to follow from comparison of the free tricategory and the free Gray-
category on Bicat cf. also A.8. Naturality then follows from naturality of the adjoint
equivalence a. Respect for composition and units follows from the very same for @ noting
that the coherence isomorphisms in between have to cancel by coherence. Also observe
that this involves composition and unit constraints for the local functors of F and F’, and
note that these coincide with the corresponding constraints for the local functors of sto F
and sto F’ up to coherence isomorphisms on components. This is because composition
and unit constraints of the local functors of st are given by coherence isomorphisms on
components.

Invertible Modifications IT and M. These have components invertible modifications.
Note that since the components of the component transformations of the adjoint equiva-
lences are given by e((e)r), domain and codomain of IT and M only differ in a coherence
isomorphism from domain and codomain for IT and M for & on components. Therefore,
the components of the component modifications of the invertible modifications IT and
M for @ can be defined in terms of the corresponding components of the component
modifications of IT and M for a respectively and coherence isomorphisms.

Modification axioms: We have to verify the modification axiom for the components
and the alleged modifications IT and M for & themselves. This follows from the very same
axioms for the component modifications of I1 and M for a and the latter themselves by
similar arguments as above.

Tritransformation axioms: The axioms are verified on components of the component
modifications. Again, coherence isomorphisms in between must cancel by coherence, so
the axioms follow from the tritransformation axioms for @, indeed are equivalent.

Locally essentially surjective: given a trimodification m between two tritransforma-
tions st.a and st.8, it has components which are transformations m,, and we take the
transformation m, as in Gurski [27, p. 136] which has components e(m,) and natural-
ity 2-cells e(mys) up to coherence isomorphisms. Since the adjoint equivalences y for the
trihomomorphism st are induced by icons cf. Gurski [27, p. 137], they have identity com-
ponents, and the transformations st(ar) and st(8y) have length 1 components coinciding
with the ones for ay and By. From this it follows that, up to coherence isomorphism, we
can take the same components as for the invertible modification of m.

Modification axiom: The 2-cells of the adjoint equivalences of the tritransformations
sta and stB, at a 2-cell o, are given by naturality 2-cells of y for st—which are given by

'meaning up to an invertible modification with components coherence isomorphisms
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coherence isomorphisms—and st(a,) and st(8,). The latter are strictifications of modifi-
cations, which have components represented by the same 2-cells. The modification axiom
thus follows from coherence and the modification axiom for the invertible modification
of m.

Trimodification axioms: These follow again from the trimodification axioms for m
because the coherence isomorphisms in between have to cancel.

2-locally fully faithful: Given a perturbation it has as its component a modification
between strictifications of transformations. By restriction this gives rise to a unique mod-
ification the strictification of which coincides with the original modification cf. Gurski
[27, p. 136]. The perturbation axiom directly follows from the one for the original
perturbation.

O

Theorem A.4. The bicategory enriched graph Tricat(S, Bicat) of trihomomorphisms,
tritransformations, trimodifications, and perturbations has the structure of a tricategory
such that whiskering on the left with the strictification st: Bicat — Gray gives rise to a
triequivalence

st.: Tricat(S, Bicat) — Tricat(S, Gray) (A.54)

with the sub-Gray-category Tricat(S, Gray)' of Tricat(S, Gray) given by the (essential)
mage of st..

Proof. Replacing the local biequivalences from Proposition A.6 by biadjoint biequiva-
lences cf. Gurski [26, Theorem 4.5], the theorem follows from Transport of structure cf.
Gurski [27, Th. 7.22, p. 124] and the Gray-category structure of Tricat(S, Gray). O

Theorem A.5. The prescriptions from Lemmata A.1-A.4 support the structure of a
trihomomorphism

y: P — Tricat(‘P°?, Bicat) . (A.55)

Proof. Given a 2-cell @: f = f': P — P’ in P, note that y(1,) = P(-, 1,) is a per-
turbation with component at Q, a modification P(Q, 1,) with component at the 1-cell
g: @ — P in P the whiskering 1,1;,. Since the composition in 2 is given by pseudofunc-
tors this is the identity 2-cell 141, in P(Q, P’). Thus the modification P(Q, 1,) must be
the identity modification, and hence the perturbation P(—, 1,) must be the identity mod-
ification. Similarly, for composable 3-cells I and I, one sees that y(I"") ¢ y(I') = y(I" o T
because (I"1,) o (I'ly,) = (I" ¢ T)l;,. We next have to argue why y locally has the
structure of a pseudofunctor. The constraint y(a’) = y(a@) = y(@’ * @) is a perturbation
with component given by the unique coherence isomorphism (a’ly) * (aly) = (o’ * @)1,
arising from coherence for . Similarly, one determines the unit constraints of the local
pseudofunctors.

For the adjoint equivalence y, its component at composable 1-cells f: O — R
and g: R — S in P is a trimodification with component at P a modification with
component at the 1-cell h: P — Q in P given by a;ig’h: f(gh) — (fg)h. We re-
mark that although the composition in Zricat(‘P°P, Bicat) is obscured by its definition
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through Transport of structure, it is still true that the composite of tritransformations
P(—, f)P(-, g) has component a pseudofunctor with value on h given by f(gh) because
e((StP(Q, fstP(Q, )(f(h)) = P(Q, fHI(P(Q,8)(h) = f(gh) cf. (A.51).

Similarly, the single component of the adjoint equivalence ¢ at § is a trimodification
with component at R a modification with component at 2: R — S given by [}.

The invertible modifications w,y, and §, and the rest of the data of the trihomomor-
phism are determined by coherence, from which the trihomomorphism axioms follow
automatically. O

Remark A.3. Determining the domain and codomain for the components of the invert-
ible modifications w,y, and § in the proof above involves whiskerings of trimodifications
in Tricat(P°P, Bicat). Tracing through the proof of Prop. (A.6), one sees that the pseudo-
natural transformations which form the components of these whiskerings have the same
components as the corresponding whiskerings in Bicat (of the component-transformation
of the trimodification with the component-functor of the tritransformation). Therefore,
the components of the component modifications of the invertible modifications w,y, and
§ are given by mates of components of the invertible modifications 77!, A, and p~! of the
tricategory P respectively.

A.6 WHISKERING WITH A TRIHOMOMORPHISM ON
THE RIGHT

Proposition A.7. Given a Gray-category L, tricategories R and S, a trihomomorphism
F: R — S, and a tritransformation B: G - G’: S — L of trihomomorphisms, there is
a tritransformation

F'B: GF = G'F
The tritransformation F*B has component at an object a in R given by
Bra: GFa — G'Fa .

Its adjoint equivalence is defined by the whiskering F*B of the adjoint equivalence of B.
That is, its component at a 1-cell f: a — b in R is given by

Brf .
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The component of the invertible modification Ilpg at composable 1-cells f, g in R is given
by the string diagram below.

BrfGFg XG?Ff,FeB
! G'FiBrg IR e

BrcGUP)fg
BEcXGIFf Fg BF(gf) (A 56)

The component of the invertible modification Mp+g at an objet a in R is given by the
string diagram below.

BFaG)Fa BF14
ﬂFaG(lF)a

(tG")FaPFa

@ Grlafra (A.57)
Proof. See Gurski [27, Prop. 7.5]. O

Proposition A.8. Given a Gray-category L, (cubical) tricategories R and S, a (cubical)
trihomomorphism F: R — S, tritransformations B,f': G — G': § — L of (cubical)
trihomomorphisms, and a trimodification n: = B, the following prescriptions define a
trimodification

F'n: F'= F'B .
The trimodification F*n has component at an object a in R given by
nrq: Bra _>ﬁ}7a .

Its invertible modification is defined by the whiskering F*n of the invertible modification
of n. That is, its component at a 1-cell f: a — b in R is given by

mpy: (Igprmra) * Bry = By = (meplcry) -

Proof. We have to prove the two trimodification axiom. The first trimodification axiom
is easily verified from the first trimodification axiom for n and the modification axiom
for its invertible modification at (yr)re. Similarly, the second trimodification axiom is
verified from the corresponding axiom for n and the modifications axiom for its invertible
modification at (tf),. O
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Proposition A.9. Given a Gray-category L, (cubical) tricategories R and S, a (cubical)
trihomomorphism F: R — S, tritransformations B, G — G': § — L of (cubical)
trihomomorphisms, trimodifications n,n’: B = B, and a perturbation T: n = n’, there is
a perturbation

F't: FFn= F'n’ .
with component at an object a in R given by

. ’
TFa- nFa—>nFa .

Proof. Tt is immediate that this data satisfies the perturbation axiom since this is literally
the perturbation axiom for T at Fa. ]

Theorem A.6. Given a Gray-category L and tricategories R and S and a trihomomor-
phism F: R — S, then whiskering on the right with F has the structure of a Gray-functor

F*: Tricat(S, L) — Tricat(R, L) (A.58)
of functor tricategories.

Proof. First, note that F*1¢ is the identity tritransformation 1zg. It clearly has identity
components and identity adoint equivalences. Since the identity tritransformation 1lg
has identity adjoint equivalences, the naturality 2-cells of the latter are identities. This
implies that the invertible modifications of F*15 described in Proposition A.7 are given
by identity modifications as required.

Second, for composable tritransformations 8: G = G’ and f: G’ = G”, note that
F*(B'B) = (F*B')(F*B), as is easily verified from the definition of the composite of two
tritransformations with O-cell target a Gray-category cf. Th. A.2.

Third, it similarly follows that F* preserves the two compositions of trimodifications,
and it is easy to to see that F* preserves the three compositions of perturbations as these
are given by the three compositions of 3-cells in the target.

Fourth, it is easy to see that F* preserves interchange cells. O

Proposition A.10. Given a Gray-category L, tricategories R, S, T, and trihomomor-
phisms F: R— S and F': S — T, then we have an identity of Gray-functors

(F'F)* = F*F": Tricat(T, L) — Tricat(R, L) . (A.59)

and the whiskering with the identity trihomomorphism is the identity on functor tricat-
egories i.e. we have an identity of Gray-functors

()" =1: Tricat(T, L) — Tricat(T, L) (A.60)

Proof. That (15)* is the identity Gray-functor is nearly immediate from the precriptions
defining it—verifying this only involves respect for units of the adjoint equivalences of
a tritransformation B (using that both source and target are locally strict) to show that
H(ls)*(ﬁ) = Hﬁ and M(ls)*(ﬂ) = Mﬁ cf. (A56) and (A57)
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To prove the equality (A.59) note that for a trihomomorphism G: T — L, we have
G(F'F) = (GF')F because the target L is a Gray-category—this is not true in general,
rather these agree up to an identity-component tritransformation cf. Gurski [27, Prop.
7.6] or ico-icon cf. Garner and Gurski [18, pp. 561-562,].

O

Remark A.4. Notice that the identities (A.59) and (A.60) only hold true if we restrict
to locally strict trihomomorphisms. In general (for target a Gray-category), there is an
identity component tritransformation

(F'F)'G = F*F"*G (A.61)

where the adjoint equivalences are the identity adjoint equivalences, and where I1 and
M are basically given by the composition constraints of a hom functor of G. These
tritransformations give rise to a Gray-natural isomorphism

(F'F)* = F*F'* (A.62)

since the prescriptions clearly coincide on trimodifications and perturbations. The com-
position of the tritransformation/ico-icon above with the tritransformations (F’F)*8 and
F*F’*B inject exactly the composition and unit constraints in the composite IT and M to
make them coincide.

Similarly, there is an identity component tritransformation (invertible ico-icon)

(17)'G=Glr =G (A.63)

with identity adjoint equivalences and Il and M given by unit constraints of a hom
functor of G. These constraints are exactly forming the component of a Gray-natural
isomorphism

(Ip)"=1. (A.64)
Hence we have the following.

Proposition A.11. Given a Gray-category L, tricategories R, S, T, and trihomomor-
phisms F: R— S and F': S — T, then there are Gray-natural isomorphisms

(F'F)* = F'F"™: Tricat(T, L) — Tricat(R, L) (A.65)

and
()" = 1: Tricat(T, L) — Tricat(T, L) (A.66)
O

Proposition A.12. Given a Gray-category L, tricategories R and S, and a tritransfor-
mation a: F = F': R — S, the following prescriptions define a tritransformation

o« F*= F'": Tricat(S, L) — Tricat(R, L) . (A.67)



196 WHISKERING WITH A TRIHOMOMORPHISM ON THE RIGHT

The component of a* at a trihomomorphism G: S — L is defined to be the tritransfor-
mation

G.a: GF = GF’ (A.68)

from Proposition A.2 with component Ga, at a € obR. Given a tritransformation
B: G =G : S — L, the component of the corresponding adjoint equivalence of a* is
a trimodification with component at a € obR defined by the 2-cell component

:Bc.ya : G,a'aﬁFa - ﬁF’aGa'a (A69)

of the adjoint equivalence B* of B.
The invertible modification of this trimodification has component at a 1-cell f: a — b
i R given by the string diagram below.

()(G’ )(zb,FfﬂFa (XE;/)F’f,aaﬁFa
Fa

G’abﬁl:f

/fc.thFf ﬁF'bGO‘f . ﬁp’fGaa
ﬂF’b(XG)ab,Ff ﬁF’b(XG)F’f,aa (A 70)

GlagB G'F' (8%,

The naturality 2-cell at a trimodificationm: B= B': G = G’ of the adjoint equivalence
of @ is a perturbation with component at a € obR given by the mate of the component
mg, of the invertible modification of m depicted in the string diagram below.

a

’
G’ agmpy

.
B

B
MGt (A.71)

Proof. The hard bit in the proof is the verification of the two trimodification axioms for
(A.70), which requires substantial calculation. O

Proposition A.13. Given a Gray-category L, tricategories R and S, and a trimodifi-
cation

n:a=ad: F=>F:R->S,
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the following descriptions define a trimodification

*

n ot =ad”". (A.72)

The component of the trimodification n* at a trihomomorphism G: § — L is defined to
be the trimodification

G.n: G.a = G.a (A.73)

from Proposition A.3 with component Gn, at a € obR. The component at a tritransfor-
mation B: G = G': S — L of the invertible modification of the trimodification n* is
a perturbation with component at a € obR given by the naturality 2-cell of the adjoint
equivalence B° below.

Br) " (graGna) * By, = BS, + (G'nalg,,) (A.74)

Proof. The perturbation axiom at a 1-cell f: a — b in R is proved by a straightforward
calculation involving the modification axioms for IT and n. The modification axiom at
a trimodification m: B = B': G = G’ is an equation of perturbations. At a € obR it is
tantamount to the modification axiom for m at n,. Noting that F* and F'* are Gray-
functors cf. Th. A.6, the first trimodification axiom at composable tritransformations 8
and B is just the definition of the adjoint equivalence for the composite tritransformation
B’'B. The second trimodification axiom is trivially satisfied. O

Proposition A.14. Given a Gray-category L, tricategories R and S, and a perturbation
oc-m=>m:a>ad: F=>F:R->S,
there is a perturbation
o m =0 (A.75)
with component at a trihomomorphism G: S — L given by the perturbation
G.o: Gam= G.m' (A.76)
from Proposition A.4 with component Go, at a € obR.

Proof. The perturbation axiom is verified on components, where it is tantamount to
naturality of the adjoint equivalence 8° at o,. O

Theorem A.7. Given a Gray-category L and tricategories R and S, then whiskering on
the right supports the structure of a morphism of 3-globular sets

Tricat(R, S) — Tricat(Tricat(S, L), Tricat(R, L)) . (A.T7)

O
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Proposition A.15. Given a Gray-category L,tricategories R and S, and trihomomor-
phisms F,F’: R — S, whiskering on the right supports the structure of local pseudofunc-
tors

(=g : Tricat(R,S)(F, F') — Tricat(Tricat(S, L), Tricat(R, L))(F*, F") . (A.78)

Proof. We have to specify the constraints of the alleged pseudofunctor. These are pertur-
bations with component at G: S — L the perturbation (G.m’)*(G.m) = G.(m’ *m) with
component G,y », at a € obS for composable trimodifications m’,m: @ = o': F = F’
and 1g.o = G.1, with component G,, respectively cf. Prop. A.5.

The perturbation axioms at 8: G = G': § — L follow from respect for composi-
tion and units of the adjoint equivalence B8° of B, cf. the definition of the invertible
modifications of the trimodification m* in A.13.

The pseudofunctor axioms, as equations of perturbations, follow from the correspond-
ing axioms for Grg fg. ]

Lemma A.7. Giwen a Gray-category L, tricategories R and S, trihomomorphisms
F,F',F”: R — S, and tritransformations a: F = F’' and o’': F' = F", then there
is a trimodification

Xoao: @@= (da)': F*= F": Tricat(S, L) — Tricat(R, L) (A.79)

with component at a trihomomorphism G: S — T the adjoint equivalence Yo o
from Lemma A.5. This trimodification is itself part of an adjoint equivalence in
Tricat(Iricat(S, L), Iricat(R, L)), which forms the components of an adjoint equivalence

X: OFricar(Tricar(s L) TricatR.L)) (5 X (=)) = (=) OFicarrys) - (A.80)

Proof. The component at a tritransformation 8: G = G’: § — L of the invertible
modification of the trimodification (A.79) is a perturbation with component at an object
a in R given by the mate of (Hﬂ);,la depicted in the string diagram below.

Gafos B, Ga
a BrraXGal aq

ﬁ ’
X6 alyaaBra e

(A.81)

The hard bit of the proof is the verification of the perturbation axiom at a 1-cell
f: a — b, which follows from a substantial calculation. The modification axiom at
a trimodification m: B8 = B': G = G’ follows from the first trimodification axiom for
m. The trimodification axioms follow from the definition of IT for the composite of two
tritransformations (with O-cell target a Gray-category).
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On the other hand, there is a trimodification with component the right adjoint x7, .
The component at a tritransformation 8: G = G’: § — L of the invertible modification
of this trimodification is a perturbation with component at an object a in R given by
the mate of (Ilg)a;, @, depicted in the string diagram below.

ﬁ !
Ya®a ﬁF”a(/\/z; )a; g

(Xz;/ )a(’l,aaﬁFa , . 'B‘;:l Gaa
G b (A.82)

The perturbation axiom is already implied by the perturbation axiom for (A.81).

That the unit and counit of this adjoint equivalence satisfy the perturbation axiom—
thus give rise to an adjoint equivalence as required—is proved by a short calculation,
where one has to cancel IT and IT~!.

The naturality 2-cells for (A.80) are perturbations Xayar * n*n*) = (W'n)* = Xa/ .y With
components given by the naturality 2-cells of the adjoint equivalence (A.46) from Lemma
A.5 with components naturality 2-cells of ys at n, and ns. The axioms for a pseudo-
natural transformation thus in the end follow from those for the adjoint equivalence yg.
The perturbation axiom at 8: G = G’: R — § follows from the modification axiom for
Ilg. Similarly, we have a right adjoint xy* to (A.80), where the modification axiom for
unit and counit follow from the modification axiom for unit and counit of the adjoint
equivalence (xG,Xg)- O

Lemma A.8. Given a Gray-category L, tricategories R and S, and a tritransformation
a: F= F': R— S, there is a trimodification

to: loo = (1)": F* = F™: Tricat(S,L) — Tricat(R, L) (A.83)

with component at a trihomomorphism G: S — T the adjoint equivalence i, from
Lemma A.6, and this trimodification is itself part of an adjoint equivalence in
Tricat(Tricat(S, L), Tricat(R, L)).

Proof. By similar arguments. O

Theorem A.8. Given Gray-categories L and S and a tricategory R, then whiskering on
the right supports the structure of a trihomomorphism

(=)": Tricat(R,S) — Tricat(Iricat(S, L), Tricat(R, L)) . (A.84)

Proof. What remains to be proved is to construct the three invertible modifications w, v,
and ¢ of the alleged trihomomorphism and to prove that these satisfy the two trihomo-
morphism axioms. The components of these invertible modifications are perturbations
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with component at G: § — L given by the perturbations w, y, and é for G. cf. Th.
A.3 with components given by components of w, y, and § for G. The trihomomor-
phism axioms thus follow from the trihomomorphism axioms for G. The modification
axioms follow from the modification axioms for w, y, and é for G, and the perturbation
axioms at a tritransformation 8: G = G’: § — L correspond precisely to the three
tritransformation axioms for g. O

Conjecture A.3. Given a Gray-category L and tricategories R and S, then whiskering
on the right supports the structure of a strict trihomomorphism

(=)": Tricat(R,S) — Tricat(Iricat(S, L), Tricat(R, L)) . (A.85)

Theorem A.9. Given a Gray-category L and a triequivalence F: R — S of tricate-
gories R and S, whiskering on the right with F gives rise to a triequivalence of functor
tricategories:

F*: Tricat(S, L) = Tricat(R, L) . (A.86)

Proof. If S is a Gray-category, this follows directly from Theorem A.8. In the general
case, we have already determined enough structure of the alleged trihomomorphism
in Conjecture A.3 to prove this explicitly: Let G: S — R be a triequivalence inverse
of F, and let @: FG = 1 and B: 1 = GF be biequivalence tritransformations with
biequivalence inverses a’: 1 = FG and f': GF = 1 and equivalences m: aa’ = 1y,
m': '« = lpg, n: BB = lgp, and n’: B'B = 1i,. With the Gray-natural isomorphisms
from Prop. A.11, we aim to show that a gives rise to a biequivalence

sk ok % o *
G F =(FG) — (ls)" = lgricarcs ) (A.87)
with biequivalence inverse

o @) U * ok
Lricar(s iy = (1s)” — (FG) — G'F (A.88)

and similarly for g.

Since the transformations from Prop. A.11 are Gray-natural isomorphisms, we only
have to show that a* is a biequivalence with biequivalence inverse (a’)*. This follows
from the fact that the composite of equivalences

N L e M L
(@) E5 (@) S (1) — 1y (A.89)

is an equivalence, where we use that m* is an equivalence because m is an equivalence
cf. Prop. A.5.
O
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A.7 BIEQUIVALENCES OF TRIHOMOMORPHISMS

Let S and 7 be tricategories. Under the assumption that S is small, there is surely a
forgetful functor

Tricat(S,T) — 1_[ T
obS

sending a trihomomorphism to its image on objects, a tritransformation to its compo-
nents, a trimodification to its components, and a perturbation to its components. This
is obviously a strict trihomomorphism.

Proposition A.16. Let S be a small tricategory, and let T be a cocomplete Gray-
category or the tricategory Bicat. Then the forgetful functor

Tricat(S, T) — 1_[ T
obS

reflects internal biequivalences.

Proof. Suppose o: F = G: S — 7 is a tritransformation such that its components are
internal biequivalences in the tricategory 7. We have to show that o is itself an internal
biequivalence in Tricat(§,T).

To begin with, we replace 7 by 7" = Gray if T = Bicat (otherwise 7’ = 7T), and then
S by the triequivalent Gray-category S’ obtained from the local strictification stS§, which
is a cubical tricategory, and the cubical Yoneda embedding [27, Th. 8.4 andTh. 9.12]:
ew: S’ =st§ = S. These replacements give rise to a triequivalence

Tricat(S, T) — Tricat(S',T") ,

cf. Theorems A.4 and A.9, and thus a tritransformation o”: F/ = G’: §' — 7’ with
components that are again internal biequivalences in 7”. In the case that 7T = Bicat,
we have F’ = stFew and G’ = stGew. Since stS is locally given by the strictification
stS(S,S’) of the hom bicategories of S, the local functors of the trihomomorphisms stFe
and stGe are biequivalent to strict functors. The same then holds for F’ and G’ as
the inverse w of the triequivalence induced by the cubical Yoneda embedding is locally
strict, see [27, Prop. 9.14]. By Theorem 2.5 from Chapter 2, F” and G’ are biequivalent
to locally strict trihomomorphisms F” and G” (which agree with F” and G’ on objects),
thus giving rise to a tritransformation o : F” = G” in Tricat;s(S’, T’) with components
that are biequivalences again. Since by Theorem 1.7 from Chapter 1, Tricat|s(S’,T’) is
the Gray-category of pseudo algebras for the Gray-monad on [0bS’, 7] generated by the
Kan adjunction, by [27, Lemma 15.11], the forgetful functor

U: Tricati(S',T") — [obS’,T'] = l_[ T’
obs’
reflects internal biequivalences. As a consequence o” must be a biequivalence in

Tricat;(S’,T"), which implies that o must be a biequivalence in Tricat(S,T).
O
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A.8 INTERNAL COHERENCE FOR Bicat

The cells of the tricategory Bicat of bicategories have constraints themselves: an
object i.e. a bicategory has associators and unitors, a 1-cell i.e. a (pseudo)functor has
composition and unit constraints, and a pseudonatural transformation has naturality
2-cells. These constraints can in fact be recovered solely from the tricategory structure
of Bicat as we briefly outline below?. We refer to this phenomenon as internal coherence
for the tricategory Bicat.

To recover the internal constraints of Bicat, one represents objects b of a bicategory
B by strict functors b: I — B, l-cells f: b — b’ by pseudonatural transformations
f: b= b': 1 — B (the single naturality 2-cell is determined by respect for units and
is composed out of unitors, hence gives no new data), and 2-cells by modifications
of such transformations. For example, the associators of B are then recovered from
associators of compositions of pseudonatural transformations i.e. associators of the hom
bicategories of Bicat. The image of a l-cell f in B under a functor F: B — C is
given (up to an identity I-cell) by whiskering on the left 1z % f of the pseudonatural
transformation f with F in Bicat, and so the constraints of F are recovered as constraints
of the composition in Bicat (since we have already recovered unitors, this is really true,
and we can eliminate the extra constraint coming from the additional identities above).
The component at b € B of a pseudonatural transformation o: F = G: B — C is
given (up to the image of an identity 1-cell under the target pseudofunctor G—for the
usual convention for composition of pseudonatural transformations, otherwise its the
source functor) by whiskering on the right o % 1, with b: I — B in Bicat, and thus the
naturality 2-cells are recovered as interchange constraints for the composition in Bicat
(up to unitors and unit constraints, which we have already recovered, and which we can
thus eliminate).

As a first observation note that one can recover coherence results for cells in Bicat
from coherence for Bicat: From the coherence theorem for bicategories, we know that
any diagram of constraints for a bicategory commutes, but since the constraints of this
bicategory can be expressed as constraints of Bicat, this also follows from coherence
for the tricategory Bicat—mnote that no interchange cells in Bicat are involved. Simi-
larly, we recover coherence for functors. More interestingly, we get a coherence result
for pseudonatural transformations saying that any diagram (in the image of the free
tricategory) composed out of naturality 2-cells and constraints of the source and target
functors commutes.

Consider a trihomomorphism P — Bicat. The image of this trihomomorphism is com-
posed out of bicategories, functors, pseudonatural transformations, and modifications,
yet the constraints associated with those bicategories, functors, and pseudonatural trans-
formations are not constraints of the trihomomorphism. By the argument above they
are however recovered as constraints of the target Bicat. Thus, as a consequence of co-
herence for the trihomomorphism one concludes that any diagram of constraints (in the
image of the free functor tricategory) composed out of the images of constraints from
the source P, constraints of the trihomomorphism, and constraints of the target Bicat

2This was also observed by Benjamin Alarcén Heredia.
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commutes, and the latter includes all constraints associated with the cells in the image
of the trihomomorphism.
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SUMMARY

TOPICS IN THREE-DIMENSIONAL DESCENT THEORY

This thesis is concerned with the concept of strictification in three-dimensional cate-
gory theory. Every tricategory is triequivalent to a Gray-category. However, the theory
of tricategories is not equivalent to Gray-enriched category theory. Nevertheless their
connection may be strained to allow for substantial results such as a tricategorical Yoneda
lemma as we show in this thesis.

A major impetus to analyze three-dimensional strictification comes from mathematical
physics. Motivated by the construction of bundle gerbes in terms of descent, we analyze
coherence in the context of the three-dimensional monadicity of the Gray-enriched func-
tor category. We identify the Gray-category of pseudo algebras for this monad with the
Gray-category of locally strict trihomomorphisms, tritransformations, trimodifications,
and perturbations, and show that coherence results from three-dimensional monad the-
ory apply to establish an adjunction between the latter tricategorical functor category
and the Gray-enriched functor category.

As an application, we are able to prove that any locally strict trihomomorphism with
domain a small and codomain a cocomplete Gray-category is biequivalent to a Gray-
functor. The Yoneda lemma for tricategories is then proved via the Gray-enriched Yoneda
lemma. The concept of a codescent object takes a special position in the argument and
also underlies the coherence theorem from three-dimensional monad theory that we em-
ploy. The codescent object is a certain Gray-enriched colimit, which we analyze on the
free algebras of a Gray-monad. We show that the codescent object of the codescent
diagram of a free algebra is strictly biequivalent to the free algebra itself. Since repre-
sentables are in particular also free algebras for the Gray-monad of the Gray-enriched
functor category, we are thus able to prove a Yoneda lemma for Gray-categories and
locally strict trihomomorphisms, which enables us to specify an explicit strictification
of a locally strict trihomomorphism with values in Gray. To prove a Yoneda lemma for
tricategories, we analyze the invariance of functor tricategories and their representables,
which broadens the basic knowledge of the theory of tricategories.

Finally, we introduce a new three-dimensional descent construction as a simple tri-
categorical limit. We show that the strictification of this construction coincides with a
known explicit strict descent construction. This involves the identification of yet another
codescent object up to strict biequivalence, namely the codescent object of the weight
of the tricategorical limit, and the proof that the known strict descent construction co-
incides exactly with the resulting Gray-enriched limit. These results enable us both to
give new explanations for the properties of the strict descent construction as well as to
apply the latter on the three-dimensional descent construction in the general non-strict
context. Finally, a new perspective on bundle gerbes is accomplished in that we show
that they can be understood as tritransformations.
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ZUSAMMENFASSUNG

THEMEN DREIDIMENSIONALER ABSTIEGSTHEORIE

Diese Arbeit beschéftigt sich mit dem Konzept der Striktifizierung in dreidimensiona-
ler Kategorientheorie. Jede Trikategorie ist tridquivalent zu einer Gray-Kategorie. An-
dererseits kann man die Theorie der Trikategorien nicht einfach mit Gray-angereicherter
Kategorientheorie gleichsetzen. Thre Verflechtung ist allerdings eng genug, um entschei-
dende Resultate wie ein Yoneda-Lemma fiir Trikategorien zu erméglichen, wie wir in
dieser Arbeit zeigen.

Das Interesse an dreidimensionaler Striktifizierung findet seine Begriindung in Fragen,
die durch die mathematische Physik aufgeworfen werden. Motiviert durch die Abstiegs-
konstruktion von Biindelgerben untersuchen wir Kohérenz im Zusammenhang dreidi-
mensionaler Monadizitét der Gray-angereicherten Funktorkategorie. Wir identifizieren
die Gray-Kategorie der Pseudoalgebren fiir diese Monade mit der Gray-Kategorie von
lokal strikten Trihomomorphismen, Tritransformationen, Trimodifikiationen und Per-
turbationen und zeigen, dafl die bekannten Kohérenzresultate fiir dreidimensionale Mo-
nadentheorie damit einen Vergleich iiber eine Adjunktion zwischen der letztgenannten
trikategorientheoretischen Funktorkategorie und der Gray-angereicherten Funktorkate-
gorie ermoglichen.

Damit kénnen wir das folgende Striktifizierungsresult beweisen: ein beliebiger lokal
strikter Trihomomorphismus zwischen einer kleinen und einer kovollstindigen Gray-
Kategorie ist bidquivalent zu einem Gray-Funktor. Das Yoneda-Lemma fiir Trikategorien
lasst sich dann von dem Gray-angereicherten Yoneda-Lemma ableiten. Dafiir wird das
Konzept eines Koabstiegsobjekts benotigt, das auch dem bekannten Kohédrenztheorem
dreidimensionaler Monadentheorie unterliegt. Das Koabstiegsobjekt is ein bestimmter
Gray-angereicherter Kolimes, den wir auf freien Algebren fiir Gray-Monaden untersu-
chen. Wir zeigen, dafl das Koabstiegsobjekt des Koabstiegsdiagramms einer freien Alge-
bra strikt bidquivalent zu der freien Algebra selbst ist. Da darstellbare Funktoren ins-
besondere auch freie Algebren fiir die oben beschriebene Monade sind, ldsst sich damit
ein Yoneda-Lemma fiir Gray-Kategorien und lokal strikte Trihomomorphismen bewei-
sen, das eine explizite Striktifizierung lokal strikter Trihomomorphismen mit Werten in
der Gray-Kategorie Gray erméoglicht. Um ein Yoneda-Lemma fiir Trikategorien zu bewei-
sen, wird die Invarianz von Funktortrikategorien und darstellbaren Trihomomorphismen
untersucht, was eine Erweiterung der grundlegenden Kenntnisse {iber die Theorie der
Trikategorien darstellt.

Schliefllich fithren wir eine neue dreidimensionale Abstiegskonstruktion als einen ein-
fachen trikategorientheoretischen Limes ein. Wir zeigen, dafl die Striktifizierung die-
ser Abstiegskonstruktion mit einer bekannten expliziten strikten Abstiegskonstruktion
iibereinstimmt. Dafiir identifizieren wir abermals ein Koabstiegsobjekt, ndmlich jenes des
Gewichts der neu eingefiihrten Abstiegskonstruktion bis auf strikte Bidquivalenz und zei-
gen, daf} die bekannte Konstruktion gerade mit dem resultierenden Gray-angereicherten
Limes iibereinstimmt. Diese Erkenntnisse ermdoglichen sowohl neue Erklarungen fiir die
Eigenschaften der bekannten Abstiegskonstruktion als auch die Anwendung letztgenann-
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ter auf die neu eingefiihrte Abstiegskonstruktion im allgemeinen nicht-strikten Kontext.
SchlieBlich ermdoglichen wir eine neue Perspektive auf Biindelgerben, indem wir zeigen
dafl man Biindelgerben als Tritransformationen verstehen kann.

Das erste Kapitel dieser Arbeit basiert auf der folgenden Vorvertffentlichung des Autors:

Lukas Buhné. Homomorphisms of Gray-categories as pseudo algebras. arXiv Pre-
print.arXiv:1408.3481 [math.CT], 2014.
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