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ABSTRACT. Given Gray-categories P and L, there is a Gray-category Tricati (P, L) of lo-
cally strict trihomomorphisms with domain 2 and codomain L, tritransformations, trimod-
ifications, and perturbations. If the domain P is small and the codomain L is cocomplete,
we show that this Gray-category is isomorphic as a Gray-category to the Gray-category
Ps-T-Alg of pseudo algebras, pseudo functors, transformations, and modifications for a
Gray-monad T derived from left Kan extension.

Inspired by a similar situation in two-dimensional monad theory, we apply the coher-
ence theory of three-dimensional monad theory and prove that the the inclusion of the
functor category in the enriched sense into this Gray-category of locally strict trihomo-
morphisms has a left adjoint such that the components of the unit of the adjunction are
internal biequivalences. This proves that any locally strict trihomomorphism between Gray-
categories with small domain and cocomplete codomain is biequivalent to a Gray-functor.
Moreover, the hom Gray-adjunction gives an isomorphism of the hom 2-categories of tri-
transformations between a locally strict trihomomorphism and a Gray-functor with the cor-
responding hom 2-categories in the functor Gray-category. A notable example is given
by locally strict Gray-valued presheafs with small domain. Our results have applications
in three-dimensional descent theory and point into the direction of a Yoneda lemma for
tricategories.

1 INTRODUCTION

Three-dimensional monad theory is the study of Gray-monads and their different kinds of
algebras. While three-dimensional monad theory is by now well-developed, see [7, Part III]
and [16], there are only few examples. This paper is based on the insight that one example
from two-dimensional monad theory can be transferred to the three-dimensional context. This
is in fact nontrivial since the amount of computation is considerably higher than in the two-
dimensional context. On the other hand, we have been in need of exactly this three-dimensional
result for applications in three-dimensional descent theory.

We here provide the details of the reformulation. 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]
derived from left Kan extension, where ob‘P is the underlying set of objects of P considered as
a discrete Gray-category. The conditions are that the domain % 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
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Tricats(P, L) are isomorphic as Gray-categories, which extends the local result mentioned in
[16, Ex. 3.5]. On the other hand, the Eilenberg-Moore object [obP, L] 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 [16] and by Gurski using
codescent objects [7]. This mimics the situation one categorical dimension below, which started
with Blackwell et al.’s paper [2] and was later refined by Lack using codescent objects [11]. We
readily show that a corollary of Gurski’s central coherence theorem [7, Th. 15.13] applies to
the Gray-monad on [ob?, L]: The inclusion of the Eilenberg-Moore object [ob?P, £]" 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.

This corresponds to the fact from two-dimensional monad theory that given a small 2-category
P and a cocomplete 2-category L, the inclusion of the functor category [P, L] (in the sense of Cat-
enriched category theory) into the 2-category Bicat(P, L) of functors, pseudonatural transforma-
tions and modifications has a left adjoint such that the components of the unit of this adjunction
are internal equivalences. While this is not explicitly stated, it follows from Lack’s coherence
theorem [11, Th. 4.10]. Explicit partial results may be found in [15, Ex. 4.2] and [2, Ex. 6.6].

We now go on to expand on the monad 7, its properties, and the identification of Ps-T-Alg.
For this purpose we will need the unique Gray-functor H: ob? — P which is the identity on
objects, and the Gray-functor [H, 1]: [P, L] — [ob®P, L] from enriched category theory, 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 £
respectively. By the theorem of Kan adjoints, left Kan extension Lany 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] — [ob®P, L] is strictly monadic. That is, the
Eilenberg-Moore object [ob®, L] 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. In fact, by the description of the left Kan extension in terms
of tensor products and coends we must have:

Peob?P
(TA)Q = f P(P,Q)®AP (1)

where A is a Gray-functor ob? — L and where Q is an object of P. Recall that the tensor
product is a special indexed 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, 0), LIAP,AQ)] , @)

where [—, —] denotes the internal hom of 1. Thus, in the case of enrichment in Gray, (2) 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 (2).

To achieve the promised identification of Ps-T-Alg with Tricat (P, L), we have to determine
how the data and Gray-category structure of Ps-T-Alg transforms under the adjunction of the
tensor product. Indeed, one can also identify the Eilenberg-Moore object with the functor Gray-
category in this fashion. For example, an object of [ob/P, L]” is an algebra for the monad T.
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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 equation (1), the Gray-natural
transformation 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 corresponds under
the hom adjunction (2) 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 XK. In the case
that K = [ob?P, 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 lo-
cally strict trihomomorphisms from pseudo algebras because a general trihomomorphism might
consist of nonstrict functors of 2-categories. This is in contrast to the two-dimensional context
where pseudo algebras correspond precisely to possibly nonstrict functors of 2-categories.

We now give a short overview of how this paper is organized. In Section 2, we describe the
symmetric monoidal closed category Gray and extend some elementary results on the corre-
spondence of cubical functors and strict functors on Gray products.

In Section 3, we reproduce Gurski’s definition of Ps-T-Alg and prove that two lax algebra
axioms are redundant for a pseudo algebra.

In Section 4, we introduce the monad 7 on [obP, L] in 4.1 and describe it explicitly in 4.2. In
4.3 we expand on tensor products and derive the two rather involved Lemmata 11 and 12, which
play a critical role in the bulk of our technical calculations.

In Section 5, we explicitly identify the Eilenberg-Moore object [ob®, L]” in the general situ-
ation where ¥ is a complete and cocomplete locally small symmetric monoidal closed category.

In Section 6, we establish the identification of Ps-T-Alg and Tricat|s(‘P, L), on which we will
now comment in more detail. To characterize how Ps-T-Alg transforms under the adjunction
of the tensor product, in 6.1 we introduce the notion of homomorphisms of Gray-categories,
Gray transformations, Gray modifications, and Gray perturbations. With the help of Lemmata
11 and 12 from 4.3, these are seen to be exactly the transforms of pseudo algebras, pseudo
functors, transformations, and modifications respectively. This also equips the Gray data with
the structure of a Gray-category.

Elementary observations in 6.3 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 transformation corresponds exactly
to a tritransformation between locally strict functors, and Gray modifications and perturbations
correspond exactly to trimodifications and perturbations of those. This follows from the general
correspondence, mediated by Theorem 2 from 2.4, of data for the cubical composition functor
and the cartesian product on the 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
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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 adjoint and the components of the unit of this adjunction
are internal biequivalences.
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2 PRELIMINARIES

We assume familiarity with enriched category theory. Regarding enriched category theory,
we stay notationally close to Kelly’s book [9], from which we shall cite freely. We also assume
a fair amount of bicategory theory, see for example [1] or the short [12]. Since the notions of
tricategory theory are intrinsically involved, and since we consider various slight variations of
these, we refrain from supplying all of them. The appropriate references are the original paper
by Gordon, Power, and Street [4], Gurski’s thesis [6], and his later book [7], which includes
much of the material first presented in [6]. Since this is also our primary reference for three-
dimensional monad theory, we will usually cite from [7]. In fact, the tricategories considered
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 correspond precisely to
locally strict trihomomorphisms, tritransformations, trimodifications, and perturbations, but in
describing this correspondence we assume knowledge of the tricategorical definitions. As a
matter of fact the sheer amount of notational translation between the Gray-enriched and the
tricategorical context can be challenging at times.

Only basic knowledge of the general theory of monads in a 2-category is required cf. [17].
For monads in enriched category theory see also [3].

2.1 Conventions

Horizontal composition in a bicategory is generally denoted by the symbol *, while vertical
composition is denoted by the symbol ¢. We use the term functor for what is elsewhere called
pseudofunctor or weak functor or homomorphism of bicategories and shall indicate whether the
functor is strict where it is not clear from context. By an isomorphism 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 structure and tensor products in the sense of enriched
category theory. If not otherwise stated, 1/ denotes a locally small symmetric monoidal closed
category with monoidal structure ®; associators and unitors a, [, and r; internal hom [—, —]; unit d
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and counit or evaluation e. We shall usually use the prefix /- to emphasize when the 7-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 M 4. The unit at the object
K € X is denoted by jg 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 U4(1, [X, Y]) and (X, Y)
induced from the closed structure for objects X,Y € 4 of ¥ is to be understood and usually
implicit. We use the terms indexed limit and indexed colimit for what is elsewhere also called
weighted limit and weighted colimit. The concepts of ordinary and extraordinary ‘V-naturality
cf. [9, 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. Composition of
V-functors is in general also denoted by juxtaposition. For cells of a Gray-category, juxtaposi-
tion is used as shorthand for the application of its composition law.

2.2 The category 2Cat

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. Coprod-
ucts are given by disjoint union, and there is a construction for coequalizers in [5, I,1.3, p. 25]
(due to Wolff). In fact, the same strategy applies to the category of V/-enriched categories and
7/-functors in general, where 71/ is a complete and cocomplete symmetric monoidal closed cat-
egory. 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 coproduct of the hom objects. The construction of coequalizers
in [5, [,1.3, p. 25] can easily be transferred to this context. In particular, the category 2Cat of
small 2-categories and strict functors is complete and cocomplete.

2.3 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 can only provide a brief description of the Gray product here. For details, the
reader is referred to [7, 3.1, p. 36ft.] and to [5, 1,4.9, p. 73ft.] for a lax variant.

The Gray product of 2-categories X and Y is a 2-category denoted by X®Y. Rather than giving
a complete explicit description of the Gray product, we mention the following characterization
(see [7, Ch. 3]). Considering the sets of objects obX and obY as discrete 2-categories, we denote
by X O Y the pushout in 2(at 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
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obY — Y and identity functors respectively.

X X obY

obX X obY

obX XY
3
By the universal property of the pushout, the products of the inclusions and identity functors,
obX XY — X XY and X X obY — X X Y, induce a strict functor j: XOY — X X Y.

It is well-known that there is an orthogonal factorization system on 2(Cat 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 [7, Corr. 3.20, p. 51]. The Gray product X ® ¥ may be
characterized by factorizing j with respect to this factorization system. More precisely, X ® Y
is uniquely characterized (up to unique isomorphism in 2(Cat) by the fact that there is a strict
functor m: X OY — X ® Y which is an isomorphism on the underlying categories i.e. bijective
on objects and 1-cells and a strict functor i: X ® ¥ — 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 — 2(Cat. 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 X obY and obX X Y, for which
we use the same name in X ® Y. That is, there are 1-cells (f,1): (A4,B) — (A’, B) for 1-cells
f: A — A’ in X and objects B in Y, and there are 1-cells (1, g): (A, B) — (A, B’) for objects A
inXand l-cellsg: B— B’ inY. 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, ): (f, 1) = (f",1): (A,B) > (A’,B)and (1,8): (1,8) = (1,¢'): (A,B) — (A, B’), there
must be unique invertible interchange 2-cells Xrq: (f, 1) *(1,g) = (1,g) * (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 F®G: XQY — X’ ®Y’. We confine ourselves with the observation that on interchange
2-cells,

(F ® G)a,B)A'BYZf.g) = XFy 0 ().Gpp ) - 4)

From the characterization above it is then clear how to define associators and unitors for ®.
We only mention here that

aZrg, 1) = Zp ) (5)

and

a(Z s, = Zf1,h) (6)
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and

aZ,g.n) = (1,Ze0) . @)

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

c(Zrg) =2 - ®)

As for any two bicategories (by all means for small domain), there is a functor bicategory
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. [7, 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 transforma-
tions, and modifications.

Remark 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 [7,
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 (10) below.

Next recall that a locally small symmetric monoidal closed category ¥ can be considered as
a category enriched in itself i.e. as a V/-category. Also recall that if the underlying category 7}
of v is complete and cocomplete, V is complete and cocomplete considered as a V-category.
This means it has any small indexed limit and any small indexed colimit. For the concept of an
indexed limit see [9, Ch. 3]. In fact, completeness 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 V), see [9, (2.2)].
It is cocomplete because, ¥ being complete, 1P is tensored and thus also admits small conical
limits because ¥ is cocomplete, hence 1V’ admits small coends because it is also tensored, but
then since by [9, (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. 2.2. Thus
in particular, we have the following :
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Lemma 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 composition of strict func-
tors. On 1-cells of the form (6,1): (F,G) — (F’,G) it is given by the pseudonatural transfor-
mation denoted G*# with components 6, and naturality 2-cells 6. On 1-cells of the form
(1,0): (F,G) — (F,G’) it is given by the pseudonatural transformation denoted F.o with
components Fgy g ,(0,) and naturality 2-cells Fgy /(0 f). Similarly, on 2-cells of the form
T, 1): 6,1)=(@,1): (F,G) — (F',G) itis given by the modification denoted G*T" with com-
ponents [y, and on 2-cells of the form (1,A): (1,0) = (1,0”): (F,G) — (F,G’) itis given by
the modification denoted F*A with components Fgy g’ x(Ax). Finally, on interchange cells of the
form X, it is given by the naturality 2-cell 6, of 6 at o, hence,

(Mgray(zﬁ,a'))x =0s,: Oc'x * Foxgx(0x) = F,Gx,G/x(O'x) * 0Gx . 9)

This follows from the general form of M, in enriched category theory by inspection of the
closed structure of Gray cf. [7, Prop. 3.10].

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

Ten(x,xf),(Y,yf)Z [X, X’] ® [Y, Y’] - [X® Y, X' ® Y’]

sends an object (F, G) to the functor F' ® G. It sends a transformation (6, 1g): (F,G) = (F’,G)
to the transformation with component the 1-cell (6, 15,) in X" ® Y’ at the object (x,y) in
X ® Y; and naturality 2-cells (o7, 1g) and Zg g, at 1-cells (f,1y) and (1,,g) respectively.
Its effect on a transformation (1g,¢): (F,G) = (F,G’) is analogous. It sends a modification
T, 11,): (6,16) = (¢, 1¢) to the modification with component the 2-cell (I'y, 1 1g,) 1IN XY
at (x,y)in X ® Y. Its effect on a modification (11,,A): (1r,t) = (1f,!’) is analogous. Finally, it
sends the interchange 2-cell g, to the modification with component the interchange 2-cell Zy_, ,
hence,

(Tenx.x).(v.y)(Zg.))xy = Lo,y - (10)

All of this again follows from inspection of the closed structure of Gray, cf. [7, Prop. 3.10]. See
also equation (58) below.

24 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

Fagun: FA,9+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: EG D« E1D) = B« £,1),



HOMOMORPHISMS OF GRAY-CATEGORIES AS PSEUDO ALGEBRAS 9

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

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 [7, Th. 3.7] to a Cat-isomorphism.

Proposition 1. Given 2-categories X, Y, Z, there is a universal cubical functor C: X X Y —
X ® Y natural in X and Y such that precomposition with C induces a natural isomorphism 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 cu-
bical functors.

Proof. The functor C is determined by the requirements that it be the identity on objects, that
cif,) = (f,D, Cla, 1) = (a, 1), C(1,2) = (1,8), C(1,B) = (1,B), and that it be a cubical
functor. In particular, observe that this means that C(f, g) = (1, g) = (f, 1) and that the constraint
C(1.1),(1,¢) 1s given by the interchange cell X .

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

C*: Bicat(X®Y,Z) - Bicat(X x Y, Z) .

It sends a functor G: X ® Y — Z to the composite functor GC: X X Y — 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
F (f.0,(1,e) = F(Zf,). Thus by restriction, C* gives rise to a functor [X ® ¥, Z] — Bicat (X, Y;Z)
which we also denote by C*.

Ifo: F = G: X®Y — Zis 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

(CO)rg) = TC(r.g) = T(r)slg) = (Ory x 1) o (1 0(1g))

at a 1-cell (f,g) € X X Y, where the last equation 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*(t = o). It is manifest that the components coincide: both are given by
T(A,B) * 0 (A,B) at the object (A, B) € X x Y. That the naturality 2-cells at a 1-cell (f,g) € X XY
coincide,

(Te(rg * D o (Lxoc(rg) = (T*0)e(re
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is simply the defining equation for the naturality 2-cell of the horizontal composite 7 * 0.
If A: 0 = nis a modification of pseudonatural transformations ¥ = G of strict functors
X®Y — Z, then C*A is the modification C*o = C*r with component

(C*A)aB) = 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 A4 g) * Aa,B)
at an object (A, B) € X x Y. Thus, we have shown that 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 Zricat of bicategories,
functors, pseudonatural transformations, and modifications.

Let F: XxY — Zbean arbitrary cubical functor, then the prescriptions F(f, 1) = F( £, 1),
F(a,1) = F(a, 1), F(1,8) = F(1,8), F(1,8) = F(1,8), and F(,) = F(1.1)(1.¢)> 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

Fapapyarpy: *z Ewpyarpy < Eapw.p) = Fapar sy xxy (11)

where * denotes the corresponding horizontal composition functors. For example, for the rela-
tion

Lpafg ~ Qpgx (g, D)oy, 1) Xpe) (12)

one has to use that axiom twice giving
Firarng = Firpwrnag = Fornreg © F g, 1) Friyag)

and F(ff’l)’(f,g) = ﬁ(j",l),(l,g)*(f,l) = ﬁ(f’,l),(g,l) * ﬁ(lf, 1). Another way to see this, is to use
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 ¥;Z are mapped to identities in #»cZ, where these
are the corresponding free constructions on the underlying category-enriched graphs cf. [7, 2.].
Now let 6: F = G be an arbitrary pseudonatural transformation of cubical functors. We
have already shown that £ 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*o. By the above, the latter equation uniquely determines both the components,
0 (A,B) = 0 (a,B), and the naturality 2-cells of o, namely o (r,1) = 0 (f,1) and 01 4) = G (1,4), and thus
o is uniquely determined by respect for composition. That this is compatible with the relations
(f, D=(f, D)~ (f'=f,and (1, g")=(1,2) ~ (1, g’ *g) in the Gray product follows from the fact
that respect for composition is in this case tantamount to respect for composition of & 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 . Naturality with respect to 2-cells of the form (e, 1) and
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(1, ) is tantamount to the corresponding naturality condition for . Naturality with respect to
an interchange cell X/, i.e.

(G(Zrg) * Loy ) © T(r 11 = Tgx(s1) © Uoyp * F(Zrg))

is—by the requirement that o respects composition:

T(r.«1g = UG * 0g) © (0 * Lrag) = g * Tag) © (O * Lpa g)

and by respect for composition of &:

T« = Ucg * o) © (T * 1rn) = Uga g * 0 © (G * Lpgny) = 0(re

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

(Grng * lows) © gy * Tag) © (G * Lpa ) = 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. (11)), respect for composition, and naturality with
respect to the individual factors.

Finally, let A: C*oc= C*n: FC = GCbean arbitrary modification. Then we maintain that
there is a unique modification A: o~ = 7 such that A = C*A. By the above, the latter equation
uniquely determines A’s components, A gy = A(A,B) and thus A itself, but we have to show
that A exists i.e. that this gives A the structure of a modification. The modification axiom for
1-cells of the form (f, 1) is tantamount to the modification axiom for A and the corresponding
I-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 7, and the modification axiom for the
individual factors.

O

Given 2-categories X1, X, X3, it is an easy observation that
alC(Cx1)=CAxCax: X1 xXoXxX3 > X1 9(X,®X3), (13)

where ax 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. In the same fashion,
in order to compare locally strict trihomomorphisms between Gray-categories with Gray homo-
morphisms as it is done in Theorem 6 in 6.3 below, we need the following many-variable version
of Proposition 1 to replace adjoint equivalences and modifications of cubical functors by adjoint
equivalences and modifications of the corresponding strict functors on Gray products.

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

CCICL.)x1x )X 1x): X1 XXa X . X Xy = (. (X1 ©X2) © X3)®..) ® X, ,
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where C is the universal cubical functor, induces a natural isomorphism of 2-categories (i.e. a
Cat-isomorphism)

[((X1®X)®X3)®...)®X,,Z] = Bicat (X1, X2, ... Xn3 Z) ,

where Bicat (X1, Xa, ..., Xu; 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 (F; X ... X Fy)) of cubical functors is again
a cubical functor. This shows that the restriction of (C(C(C(...) X lx, ,) X lx,))* to
[C.. (X1 ®X2)® X3)®...) ® X,;, Z] does indeed factorize through Bicat.(Xi, X2, ..., Xin; Z). The
proof that this gives an isomorphism as wanted is then a straightforward extension of the two-
variable case. There are Gray product relations on combinations of interchange cells, which
correspond to relations for the constraints holding by coherence. Note that 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 [7, Prop. 3.3, p.
42]. This corresponds to a combination of the Gray product relation

Srgeg ~ (Lg D xEpe) 0 (Srg # (1, 1) (14)

for f = fiand g’ = (f2,1)and g = (1, f3) and ¢’ = (1, f3) and g = (f», 1) respectively, and the
Gray product relation

(LB (@, 1)) o Zpg ~ Ep g o (@, 1) % (1,5))
forf=fi=fL,a=1x,8=(. D=+, 1).g =, f3)*(f2,1),and g = X, r,, which reads

(LZp ) (g, D) o (D, D *Zp a,1) ¢ Eppn * (1 L))
~((La,p), D * Zp(p,10) © Epuapm * (L 1gn) o (g, D« (1,25 4))

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

2.5 7/-enriched monad theory

Recall from enriched category theory that there is a V-functor Hom,: £L°° ® £ — 9/, which
sends and object (M, N) in the tensor product of V/-categories L°P® L to the hom object L(M, N)
in V. As is common, the corresponding partial 7/-functors are denoted £(M, ) and L(—, N)
with hom morphisms determined by the equations

eég%:x’))(L’(M’ _)N,N’ ® 1) = ML (15)
and
eéé%,’j’vl\),)(L(_9N)M,M’ ® 1) =M,c. (16)
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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]) = (X, Y) induced from the closed structure of ¥ for objects X, Y € V. Also note
that we will occasionally write £(1, f) instead e.g. if the functoriality of

homy: L x Ly —— (LP® L) omeh, (17)
is to be emphasized, where the first arrow is the canonical comparison functor [9]. This notation
is obviously extended in the case that 7 = Gray, e.g. givena 1-cell @: f — g in the 2-category
L(N,N") = [I, L(N,N")], then L(M, @) denotes the pseudonatural transformation L(M, f) =
L(M, g) given by L(M, —)n (@) 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 transforma-
tions is a symmetric monoidal 2-category with monoidal structure the tensor product of V-
categories and unit object the unit V-category 7 with a single object 0 and hom object /. Recall
that the 2-functor (-)y = V-CAT(I,-): V-CAT — CAT sends a V-category to its un-
derlying category, a ¥/-functor to its underlying functor, and a ¥/-natural transformation to its
underlying natural transformation.

Let T be a V-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) =w(Tp)  and  u(mT) =17 =pu(Tn), (18)
where uT and Tu are as usual the 7/-natural transformations with component
MTM - I - M(TTTM, TM) and TTTM,M#M: I - M(TTTM, TM)

respectively at the object M € M, and similarly for n7 and Tn.

Under the assumption that V' has equalizers e.g. if V 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, M) = V-Cat(K, M) (19)

of categories which is Cat-natural in X and where T\ is the ordinary monad induced by com-
position with 7.

In particular, putting K = I shows that the underlying category M of the Eilenberg-Moore
object in ¥-CAT is isomorphic to the Eilenberg-Moore object for the underlying monad T on
the underlying category M of M.

Thus an object of M7 i.e. a T-algebra is the same thing as a T, 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 (T A, A) such that
the two algebra axioms hold true:

Ma(a, Trana) = Mgs(a, pa) and la = Mys(a,na) . (20)

Here, the notation is already suggestive for the situation for V' = Gray. Namely, (a, Tra aq)
is considered as an element of the underlying set V(M (TA,A) ® M(TTA, TA)), and we apply



14 HOMOMORPHISMS OF GRAY-CATEGORIES AS PSEUDO ALGEBRAS

the underlying function VM, to this, where V is usually dropped because for % = Gray the
equations in (20) 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

WU aw),B5) M(a,1)

MT((A,a),(B,b)) ————— M(A,B)

M(TA,B) . (21)

M1.,6)Tap

In fact, it is not hard to show that the composition law M4, and the units j4 of M induce a
-category structure on M T such that U7 is a faithful V-functor M7 — M, which we call the
forgetful functor. The explicit arguments may be found in [13].

In the case that V' = Gray and X is a Gray-category with a //-monad 7 on it, Gurski
identifies X explicitly in [7, 13.1]. This is also what the equalizer description gives when it is
spelled out:

Proposition 2. The Gray-category of algebras for a Gray-monad T on a Gray-category K,
i.e. the Eilenberg-Moore object K, 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 ie. an object in
K(TX,X) satisfying M (x, Tx) = Mg (x,ux) and 1x = My (x,nx). These algebra axioms are
abbreviated by xT x = xuy and 1x = xnx respectively.

An algebra 1-cell f: (X,x) — (Y,y) is given by a l-cell f: X — Y ie. an object in
K(X,Y) such that Mx(f,x) = Mx(y,Tf), which is abbreviated by fx = yTf. An algebra
2-cell a: f = g: (X,x) = (Y,y) is given by a 2-cell a: f — gie a l-cell in K(X,Y)
such that Mg (1,,Ta) = Mg (a, 1,), which is abbreviated by 1,Ta = al,. An algebra 3-cell
I'a=pg: f=g X,x) = (Y,y) is given by a 3-cell T': @« = Bi.e a2-cellin X(X,Y)
such that M x(11,, TT) = Mx (I, 14)), which is abbreviated 1, TT =T1y,. The compositions are
induced from the Gray-category structure of K. U

Observe here that the common notation x7'x = xuy for equations of (composites of) mor-
phisms 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.

3 THE Gray-cATEGORY Ps-T-Alg OF PSEUDO ALGEBRAS

Let again T be a Gray-monad on a Gray-category XK. Since the underlying category 2(Cat
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 2.5.

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 dif-
ferent 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 [2] and [11]. In particular, in the second, Lack provides an analysis of the coherence problem
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by use of codescent objects. In the case of enrichment in Gray, there are partial results along
these lines by Power [16], and a local version of the identification of pseudo notions for the
monad (1) from the Introduction with tricategorical structures is mentioned in [16, Ex. 3.5, p.
319]. A perspective similar to Lack’s treatment is given by Gurski in [7, Part III].

For a Gray-monad T on a Gray-category KX, Gurski gives a definition of lax algebras, 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, together 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 Lax-T-Alg of lax algebras. Finally,
there is an obvious 2-locally full inclusion of the Gray-category K of algebras into Ps-T-Alg
and Lax-T-Alg.

3.1 Definitions and two identities

We reproduce here Gurski’s definition of Ps-T-Alg in equational form. In Section 6 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. [7, Def. 13.4, Def. 13.8] A pseudo T-algebra consists of
e an object X of K;
e al-cell x: TX — Xi.e. an object in K(TX, X);

e 2-cell adjoint equivalences! (m,m®): M x(x,Tx) — Mg(x,ux) or abbreviated
(m,m®): xTx — xux and (i,i®): 1x — Mqg(x,nx) or abbreviated (i,i®): 1 — xnx i.e.
1-cells in K (72X, X) and K (X, X) respectively which are adjoint equivalences;

e and three invertible 3-cells m, A, as in (PSA1)-(PSA3) subject to the four axioms
(LAA1)-(LAA4) of a lax T-algebra:

(PSA1) An invertible 3-cell & 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, L1y, ) * Mg (1, Tm) ;

where the horizontal factors on the left compose due to Gray-naturality of 4 and the codomains
match by the monad axiom pu(uT) = u(T ).
(PSA2) An invertible 3-cell A given by an invertible 2-cell in K(7'X, X):

A (mly) * (i) = 1,

'For adjunctions in a 2-category see [10, §2.].
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which is shorthand for
A Mg(m, 1)« Mg(i,1,) = 1,

where the horizontal factors compose due to Gray-naturality of 7 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: (mlpp) * (1,Ti) = 1,,
which is shorthand for
ol MK(m, 1T77X) * M?((lx’ Tl) = lx ,

where the codomains match by the monad axiom p(77) = 17.

The four lax algebra axioms are:
(LAA1) The following equation in K(T*X, X) of vertical composites of whiskered 3-cells is
required:

(1) % 1y172) © (Lt % 2l ) o (1) % L)

= (L * (1Tm) o (1) * Lizm1) © (Luny * (1)),
where £~ 1T2 is shorthand for M (X ! 72,,)- 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 axiom as the pentagon-like axiom for n.

(LAA2) The following equation in K(T?*X,X) of vertical composites of whiskered 3-cells is
required:

(D) * L) © (Inrr # Ly r2) = (Lt + (1eTp)) © (1) * 1yy727)

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

Lntn # (A1) = (A1) # 1) © Ly % Z7,) © (1) = 1)

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

(i1 (AT ) © (1) * 1izin) = Lnt + (pl)

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

Remark 2. In the shorthand notation juxtaposition stands for an application of M g, 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. Notice that
this notation is possible due to the functor axiom for 7.
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This 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 &, A, p to be invertible. In fact,
under these circumstances we do not need all of the axioms. This is proved in the following
proposition, which is central for the comparison of trihomomorphisms 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 3 shows that, in general, two of the axioms
suffice for a pseudo algebra.

Proposition 3. Given a pseudo T-algebra, the pentagon-like axiom (LAA1) and the triangle-
like axiom (LAA4) 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 axioms in
MacLane’s original definition of a monoidal category are redundant [8]. The associators and
unitors in Kelly’s proof here correspond to m, A, and p. Commuting naturality squares for as-
sociators have to be replaced by instances of the middle four interchange law, and there is an
additional complication due to the appearance of interchange 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 here the proof for the axiom (LAA3) involving 7 and A, the one for the axiom (LAA2)
involving 7 and p is entirely analogous.

The general idea of the proof is to transform the equation of the axiom (ILAA3) into an equiva-
lent form, namely (25) below, which we can manipulate by use of the pentagon-like and triangle-
like axiom. This is probably easier to see from the diagrammatic form of the axioms, where it
means that we adjoin

x1TxT?x i, xTxTnTxT?x

-1
lleh U ZlTi,Tm 11Tm

x1TxTu i, XTxTnTxTu

U1TAl  1rm1n

xTxTuTnrTu — xTxT,uTz/lTr]Tz

to the right hand side of some image of the pentagon-like axiom (LLAA1), and then a diagram
equivalent to the right hand side of (LAA3) 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) > LX,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  we have:

LX', xmx) = LX', ) L(X  nx) = LX) Ly, TXT

where the subscript of 7" on the right indicates a hom morphism of 7. This means that the
equation of (LAA3) is equivalent to its image under

L(T?X, X) L2y, TX)T. = Loy, X) L(T>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 £(7>X, x)T_ holds, which of course implies that the image of the equation
under L(172x, X)L(T3X, x)T holds.

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

Lirmiy * (ATA1) = (ATA1) * 1iizw) © Qg * ATEL) o (ATA1) * Lizin) . (22)

Observe that since Z is shorthand for M L(Z n)» We have 1TX- 1 = 1%}

riTm OY the functor
axiom for T and equatlon (4) from 2.3, which is 'in fact shorthand for

M ((1, ML(Z;"i,Tm))) =M/ (M;® 1)((1_ (1, Z}i,Tm)) (by a Gray-category axiom)
=M (M. ® 1)(2(1 Ti)Tm) (by eq. (7) from 2.3)
= ML(ZfTi m) s (by eq. (4) from 2.3)

for which the corresponding shorthand is just X7} \TiTm'

Next, equation (22) 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

L1t * Ligman = (1T A1)
= (L« (AT AD) = Lyizm) © (Lnann * Lizmin * (Ef}i,m)) O (L * (ATxl) x 1yginy) . (23)

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 *(1771) is the image under L(Tny2x, X) of the leftmost vertical factor
in the right hand side of the pentagon-like axiom (LAA1) for 7. Namely, the image of (LAA1)
under L(T 72y, X) is

(1) * 1y17251) © (L1 * (Z;}szl)) o ((m11) * 1p111)
= (L * (ATxl)) o ((r11) * 1izmin) © (Lpr11 * (w1 1)),

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

ML(ML(E;n}sz), D=M;(M;® 1)(Zm 72 D) (by definition of (M, ® 1))
=M, (1M L)a(Zm 2 , 1) (by a Gray-category axiom)
=M/ (1® ML)(Z_ (T2, 1)) (by eq. (5) from 2.3)

=M (X (by eq. (4) from 2.3)

m, T2m1)

for which the corresponding shorthand is just Z T2l
In fact, we have that 7?>m1 = 1Tm where on the left the identity is 17y,  and on the right it

is 17y, , thus this is simply naturality of 7. Hence, Z’;}T =x-1 . Inturn, this is shorthand

for

m,1Tm

M, (1M L)(Z‘ arm) =Mc(Mp® Da™! (Z(‘m (1.7my)) (by a Gray-category axiom)
=M (M. ® 1)(2(_,,1,1)1"1) (by eq. (6) from 2.3)
= ML(Zml Tm) > (by eq. (4) from 2.3)
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for which the corresponding shorthand is just 2;111 T'm*

Implementing these transformations, the image of the pentagon-like axiom (ILAA1) then has
the form

(Gr1D) = Iiiirm) © (Lni1n * E,_,,lljm) O ((m11) * 1p11)
= (L * (IT7)) o ((11) * Lizgmin) © (L1 * (w1D)) . (24)
Since they are invertible, composing equation (23) with the other two factors from the pentagon-

like axiom for m whiskered with the (adjoint) equivalence 17'i11 on the right, gives an equivalent
equation. Thus, our goal is now to prove the following equation:

(L1t * Liggan * (AT A1) © ((A11) = Lizmar * Lizing) © (Lpan * (el 1) = 1yging)
= (L1 =+ AT AD) = Liizm) © (111 * iz * (Zf]l‘i’]‘m))
o (i + AT & (1 1) * Ligmin) © (Lay * @11)) * Lizant) - (25)

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 m in the form (24) above, the right
hand side of (25) is equal to
(Lt * (AT A1) * 1y17m) © (Lnt1 * Lizmnn * (Zf}i,rm))

o (((@11y  Tinizm) © (a2} 7) © (Gr1D) % Lyin)) * Lizant) -

The diagrammatic form of this is drawn below.

x1TxT?x i, xTxTyTxT*x AN xuTyTxT?x ——= xTxurT>xTnp2 mi xpur T3 xT e == xuTuT3xTnp

nrm| UEihg,, 17w U, Nllrm =
x1TxTu i, xTxTnTxTu i xuTnTxTu XTxT?xur2Typ2 - xuT? 2 Tge xuT?xTur Tz

m m

1Tl 1Tml11 1Tmi11
Urll Unll
xTxTuTnrTuy — xTxTyszTnTz xTxpTTz,uTr]Tz — xTxTuur2Tnz XTxurpr2Tnr: = xTxurTurTnr:
mlll mlllh = mlll mlllh = hmlll

uTuT*uTnrs == xpur T*uT 2 == xuTupr2Tnr: == xpprur2Tnrs == xpur Tur Tnp

The rectangle composed of the two interchange cells is shorthand for

M (L, 1) % Zf}i,rm) o ML(Z,ZILTm # (Lizin D)) = M o (Zoniy«(17i),1m) »

for which the corresponding shorthand is just X,,1)«(17:),7m. Notice that we made use here of the
image under M, of the Gray product relation

(Zf/,g * (1f9 1)) < ((lf’$ l) * Zf,g) ~ Zf’*f,g .
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Next, the subdiagram formed by 1741 and 711 may be transformed by use of the image under
L(Tu, X) of the triangle-like axiom (LAA3):

Lyt * (1T A1) o ((w11) * 117i1) = Lpinn * (pl1) .

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

x1TxT?x A, xTxTnTxT?x AN xuTnTxT?x —— xTx,uTT3xT17T: mih xyuTT3xTnTz _— xyT,uT3xT77Tz
1Tm Uity m H1Tm =
x1TxTu BRI XTxTnTxTu 0 xuTnTxTu ) xTxsz,uTquTz - x,uTzlJTzTr]Tz ) xﬂszT/lTTﬂTz
U pll 1Tm11
Jnll

xTxTuTnrTuy — xTxTyszTnTz — xTxpTTQ,uTnTz — xTxTuur2Tnz: XTxurpr2Tnp: = xTxurTurTnr:

mlll = mlll = mlll mlll = mlll

uTuT*uTnrs == xpur T*uT g2 == xuTpupr2Tnr: == xpprur2Tnrs == xpur Tur Tnp

The subdiagram formed by the interchange cell and p11 is
((p11) * Li17m) © Z(_rrlll)*(lTi),Tm .
This is shorthand for
M0, D) % (L 17m)) 0 Zghari ) = M b o (L ) % (0, 1)) = M((L L) * (0, 1)
or 11117 * (011), where we have used the relation
((1,B) * (@, 1)) o X o ~ Zpr g © (@, 1) * (1, 8)) (26)

for interchange cells in the Gray product and the fact that £ 1Tm is the identity 2-cell cf. 2.3. This
means we now have the following diagram.

xlT)cszllkl XTxTnTxT?x mi xuTnTxT?x — xTx,uTT3xTr]Tz mi xppTT3xT17Tz B xyT,uT3xT17Tz
U pll =
x1TxT?x xuTyTxT?x xTxsz,uTzTnTz - quZ,uTzTnTz x,uszT,urTnTz
1Tm = (Zf’le =1) 111Tm 1Tml1
Uil
x1TxTu xuTnTxTyu ——= xTxTpur2Tnr2 xTxprur2Tnr: = xTxurTurTnr:
= mlll mlll = mlll

ml
XTxTp ——— xpuTu === xuprT*uTng == xuTpurTnr xpprpr2Tnr: —— xpupur Tur Tz
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Slightly rewritten, this is the same as the diagram below.

xlTxszll] xTxT17TxT2x’ﬂ>l xuTnTxT?x — xTx,uTT3xT7]Tz LN x,uﬂTT3xT77Tz = uT%x

Upll = =

x1TxT?x xuTnTxT?x =———= xTxT?x —— xTxszT,uTTnTz - x,uszTuTTnTz
m

1Tml1

Uil
XTXTuT urTnp xTxurTurTny

mlll mlll

xpuTpTprTnr: xppr Tpr Tape

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 £(T2x, X)—we end up with
the diagram below. It is easily seen to be the diagrammatic form of the left hand side of (25), so
this ends the proof.

x1TxT?x i xTxTnTxT*x ——= xTxT>xTyrT?x AN xuT?xTnrT?*x ——— xTxurTnrT?x
U. 1T A1 p— U?Tll mlll
x1TxT?x xTxT/JTr]Tsz 4)111 x,quTr]Tsz xnyTnTsz
m
xTxT?x xTxTZxT,uTTnTz — xpszT/,tTTr]Tz
m
1Tm11
Jmll
XTXTuT urTnp: XTxurTurTnr
mlll mlll
xpuTuTpr T xppr Tur Tz

Definition 2. [7, Def. 13.6 and Def. 13.9] A pseudo T-functor
(f. F, hymy: (X, x,m™, i, 7%, 2%, 0%) > (Vy,m",i" 2", 27, p")

consists of
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e al-cell f: X = Yin X i.e. an object of X(X,Y);

e a 2-cell adjoint equivalence (F, F*): fx — yT f i.e. a 1-cell adjoint equivalence internal
to K(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 £ given by an invertible 2-cell in (X, Y):
h: (Fly) (1% = (1))

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

m: (m 1p2p) % (1,TF) = (F1) = (F1,) * (1;m)

where the codomains match by Gray-naturality of u.

The three lax T-functor axioms are:
(LFA1) The following equation in K (73X, Y) of vertical composites of whiskered 3-cells is
required:

(Ip11 = (A7) o ((m1) # 1p,xp) © (Lyryg = Lygzp * (mD) o (L * Zyr p2p % Ligpy * 1p11)
= ((m1) * Lyyppx) © (Lyryg = Lizpy * Z}}me) o (1Tm) o (1) % 1yypop * 1rpr + L) -

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

(1) Lip) o (Lyryy # 250 0) 0 (Lyryy * Lie * (A1)
= (Ipx(12") o ((m1) % 1ypx) .

(LFA3) The following equation in X (7X,Y) of vertical composites of whiskered 3-cells is
required:

("D * 1pp) o (Lyryy = (AT h) = 1py)

= (g * (1p%)) o ((m1) * 1yzp) © (Lyry % Lizer % 20 -

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.

Definition 3. [7, Def. 13.6 and Def. 13.10] A T-transformation
(@,A): (f,F, b, m) = (g,G, h8, m®): (X, x,m*,i*, 7%, 2%, p%) — (V,y,m", i, z", A¥, p")
consists of

e a2-cella: f = gi.e. anobject of X(X,Y);
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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 X(TX, Y):
A: (W,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 re-
quired:

(A % 1a1) © (11 % Zg) © (AD)  11p0) = 23! o (Ligar * A7) .

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

(m% % 11) o (Lyry * Lirg * (AD) o (Lyry * (1TA) % 1p1) o (£ 1o % Lire * 1p1)
= (161 * Zg ) © (A1) % 11,x) 0 (1172, % m7) .

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 4. A T-modification I": (@, A) = (B8, B) of T-transformations
(. F, b mh) = (g,G, 18, m®): (X, x,m*, i, 7%, 2%, p%) = (¥,y,m", i, 7", 2¥, p")
consists of a
e 3-celll': @ = Bie. a2-cellin (X, Y);
e subject to one axiom (MA1):

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

Bo((ITD) * 1p) = (1 *(T1)) o A .

Finally, we provide the Gray-category structure of Ps-T-Alg. We begin with its hom
2-categories.

Definition 5. Given T-algebras (X, x, mX, iX,ﬂX,/lX,pX) and (Y, y, mY,i¥ 7Y, /lY,pY), the pre-
scriptions below give the 2-globular set Ps-T-Alg(X, Y) whose objects are pseudo 7-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 [7, Prop. 13.11].

Given T-modifications I': (a,A) = (8, B) and A: (8, B) = (¢, E) of T-transformations

(f, F R, m’y = (g.G, B8, m®): (X, x,m*, i, 7%, A%, p%) = (,y,m", i, 7%, ¥, pY) ,

their vertical composite A o I' is defined by the vertical composite A ¢ I' of 2-cells in (X, Y).
The identity 7T-modification of (@, A) as above is defined by the 2-cell 1, in K(X, ).
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Given T-transformations (@, A): (f,F, A/, m’) = (g,G, h%, m®) and (B, B): (g,G, h%, m®) =
(h, H, A", m") of pseudo T-functors

X, x,m*, %, 7% %, p%) = (¥, y,m", i, 77,27, "),
their horizontal composite (83, B) * (@, A) is defined by

(B *a, (B 1q1) © (117p4)) .

The identity T-transformation of (f, F, A/, m’) is defined by (17,1F).
Given T-modifications T': (o, A) = (/,A): (f,.F.h/,m") = (g G, k% m8) and
A: (8,B)= (8,B): (g,G, k%, m8) = (h,H, k", m" of pseudo T-functors

X, x,m*, %, 7%, 2%, p%) = (Y,y,m",i¥, 2", 2", p")

their horizontal composite is defined by the horizontal composite A = I" of 2-cells in K(X, Y).
We omit the proof that this is indeed a 2-category.

Definition 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 [7, Prop. 13.12 and Th. 13.13].

Given pseudo T-algebras (X, x, mX, iX,nX,/lx,pX), Yy, mY,iY,ﬂY,AY,pY) 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, (Glrs) * (1,F), (A1) o (111 * (1A7)),
(Ig11 * (1m)) o (m81) % Liyrp * 1o * Lipn) © (Lyryy * Lirg *Zé}TF * 11F1)),

which we denote by g ® f.
On a generating 1-cell of the form ((a,A),1): (g, f) — (g, f) in the Gray product
Ps-T-Alg(Y, Z) @ Ps-T-Alg(X, Y), where (a,A) is a T-transformation

(g,G, k8, m®) = (¢/, G, K ,m¥),
and f is as above, ® is defined by
(aly,(1g1 * Zo ) © (A1) x 11£))

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 R, m!),
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and g is as above, ® is defined by

(18,161 * (1B)) © (Eglg * 11£))

and denoted @ ® 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 y in K (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),g,5) in Ps-T-Alg(Y, Z) ® Ps-T-Alg(X, Y), ® is defined by
the 2-cell M (X, ), the shorthand of which is X, g.

The unit at an object (X, x, m, i, 7, A, p), that is, the functor jy: I — Ps-T-Alg(X, X) is deter-
mined by strictness and the requirement that it sends the unique object * of I to the T-functor
(Ix, 1y, L, Lp).

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

3.2 Coherence via codescent

Recall from [9, 3.1] that given a complete and cocomplete locally small symmetric monoidal
closed category V/, V-categories KX and B, and V-functors F: X? — 9 and G: X —
B, the colimit of G indexed by F is a representation (F % G,v) of the 7U/-functor
[K°P, V(F-, B(G-,7): B — Y (where this is assumed to exist) with representing object
F+Gin Band unitv: F — B(G-, F+G). For the concept of representable functors see [9, 1.10].
In particular, there is a ‘/-natural (in B) isomorphism

B(F «G,B) — [K°P, VI(F, B(G-, B)), 27

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

Definition 7. A V-functor T: B — ( preserves the colimit of G: X — B indexed by
F: K° — 7V if when (F * G, v) exists, the composite

Tg-pv: F = B(G—-,F «G) » L(TG-,T{F,G})

exhibits T'(F xG) as the colimit of 7G indexed by F i.e. the composite corresponds under Yoneda
to an isomorphism as in (27) with TG instead of G.

Now let again X 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 [7, Corr. 15.14].

Theorem 3 (Gurski’s coherence theorem). Assume that K has codescent objects of codescent
diagrams, and that T preserves them. 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 this adjunction is a
biequivalence in Ps-T-Alg.
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Remark 3. Codescent objects are certain indexed colimits, see [7, 12.3]. In fact, they are built
from co-2-inserters, co-3-inserters and coequifiers. These are classes of indexed colimits where
each of these classes is determined separately by considering all indexed colimits F * G with
a particular fixed Gray-functor F: X°° — 4. Thus there is no other restriction on G apart
from the fact that it must have the same domain as F. In particular, if 7" 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 X7 has codescent objects and
that they are preserved by the forgetful Gray-functor X — %. Namely, in enriched monad
theory one can show that the forgetful functor X7 — & creates any colimit that is preserved by
T and TT, just as in ordinary monad theory.

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

Corollary 1. Let K be cocomplete and let T be a monad on X that preserves small indexed
colimits. Then the inclusion i: KT < Ps-T-Alg has a left adjoint L: Ps-T-Alg — KT and
each component nxy: X — iLX of the unit of the adjunction is an internal biequivalence in
Ps-T-Alg. O

4  THE MONAD OF THE KAN ADJUNCTION

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

Let V be a complete and cocomplete symmetric monoidal closed category such that the un-
derlying category ‘¥ is locally small. By cocompleteness we have an initial object which we
denote by 0. Let P be a small V/-category and let L be a cocomplete V-category. In this general
situation, we now describe in more detail a 7’-monad corresponding to the Kan adjunction with
left adjoint left Kan extension Lang along a particular %/-functor H and right adjoint the functor
[H, 1] from enriched category theory. For 9/ = Gray, this is the Gray-monad mentioned in
the introduction, for which the pseudo algebras shall be compared to locally strict trihomomor-
phisms.

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, Q € P the hom
object (0bP)(P, Q) is given by I if P = Q and by 0 otherwise and such that the nontrivial
hom morphisms are given by [; = r;. The V-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
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which is given by an equalizer

f L(AP,BP) — [] L(AP,BP)% [T [P 0O), LAP, BQ)]
Peob® PeobP 7 PQeob? (28)

in 1, see [9, (2.2), p. 27], where—if we denote by x the cartesian projections— p and o are
determined by requiring 7p o and wppo to be mp composed with the transform of L(AP, B-)pg
and mp composed with the transform of L(A—, BQ)gp respectively.

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

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

which sends a ¥-functor A: P — L to the composite ‘V-functor AK, cf. [9, (2.26)], and its
hom morphisms are determined by the universal property of the end and commutativity of the
following diagram

(P, L1A. B) — = (9. L1(AK. BK)
Exm Ey (29)
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 [9, Th. 4.50, p. 67], and it applies since M and
P are small and since £ is cocomplete. In particular, we have a hom 4/-adjunction

[P, L](LangA,S) = [M, L1(A, [K, 1]1(S)), (30)
cf. [9, (4.39)], which is V-naturalin A € [M, L] and S € [P, L]. Thus we have a monad
T =[H 1]Lang: [M,L] - [M, L] 3D

on [M, L], which we call the monad of the Kan adjunction. The unit p: 1 = T of T is given
by the unit 7 of the adjunction (30), while the multiplication u: TT = T, is given by

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

where € is the counit of the adjunction (30).

We now come back to the special case that M = ob®P 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 [],p obL.

In fact, the equalizer (28) is trivial for [ob?, L], so for two functors A, B: obP — L, the hom
object [obP, L](A, B) is given by the (small) limit in 7} given by the product [] peope L(AP, BP).

Namely, p and o are equal in (28): Denoting by  the projections of the cartesian products,
7pop = pponp equals mppo = opomg because for P # Q, the two morphisms

[ | £ar.BP) — (0. L(AP. BO))
Peob?
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must both be the transform of the unique morphism

0— [ || LAP.BP), LAP, BO);
PeobP

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

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

by the unit axioms for the V-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)pp .

From diagram (29), we see that

[H,1]a5: [P, LI(A, B) — [ob®P, LI(AH, BH)

is given by the strict functor of the equalizer (28),

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.

Lemma 2. Let {F, G} be a pointwise limit, then any representation is pointwise.

Proof. Let (B, 1) be a pointwise representation and let (B’, i) be any other representation. By
Yoneda, y’ has the form [P, L](«, G—)u for a unique isomorphism «: B’ = B. It follows that

Epy’ = Ep[P, L1(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 3 is the isomorphism induced by Epu, and this is an isomorphism that is %/-natural in L
and P because (B, u) is pointwise and ap is an isomorphism that is V-natural in P. This proves
that (B’, i) is a pointwise limit. O

The following is the usual non-invariant notion of limit creation as in MacLane’s book [14, p.
108] adapted to the enriched context:

Definition 8. A V/-functor T: B — ( creates F * G or creates colimits of G: X — B indexed
by F: K — ¥/ if (i) for every (C,v) where v: F — C(TG-, C) exhibits the object C € C as
the colimit F * (T'G), 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_ g€ = v, and if, moreover; (ii) £ exhibits
B as the colimit F = G. There is a dual notion for creation of limits.
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In particular, a colimit F * G created by the ¥/-functor 7 is also preserved by T'.
Lemma 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,11G)P = F * ({H,11(G-)P) = F x (G-)HP = F = (G-)P ,

which means that the value of C at P is a colimit (CP,v") of (G—)P indexed 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, vF), 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 = (G—)P =CP s

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 = vF, we must have [H, llg-aé=v= ey,

This proves the existence of a (B,&) as in Definition 8. Suppose there would be another
(B',&) with [H, 1]1B’ = C and [H, 1]g- p&’ = v. Then B and B’ would coincide 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]16_a&" = v = [H, 1]g_ a€ and thus Epé’ = E,[H, 1]g-s& =
Epv = Ep[H, 1]g- & = Epé— and this representation isomomorphism is //-natural in P as well
asin L:

L(BP,L) = [K*®, VI(F, L(G-)P,L)) . (32)

But for such a representation isomorphism there is a unique way of making B a V/-functor
P — L such that the representation isomorphism is ‘V-natural in P as well as in L, see for ex-
ample [9, 1.10], so B and B’ have to coincide as ¥/-functors. Clearly, by Yoneda, also & = &’ then
as the representations of (B, ¢) and (B, &’) coincide because the pointwise representations (32)
do, cf. [9, 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 2 above.

O

Corollary 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. O

Remark 4. 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 £ is complete, where the right adjoint is given
by right Kan extension Rangy along H, which exists because £ and obP were assumed to be
complete and small respectively. In particular, this applies in the situation that L = V.
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Corollary 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 inclusioni: [P, L] — Ps-T-Alg
has a left adjoint L: Ps-T-Alg — [P, L] and each component n4: A — iLA of the unit of the
adjunction is an internal biequivalence in Ps-T-Alg. O

Proof. We aim at applying Corollary 1 of Gurski’s coherence theorem. Thus, we have to show
that T = [H, 1]Lang preserves small colimits. Since Lang is a left adjoint, it preserves any
colimit that exists. Since this limit is again a small limit and since, £ being complete, small
limits are pointwise limits (cf. Lemma 2), Lemma 3 implies that it is preserved by [H, 1]. This
proves that any small limit is preserved by 7. O

4.2 Explicit description of the monad

In this paragraph, we will give an explicit description of the monad from 4.1 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 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?, L] as required, but one
has to show that it preserves pointwise (and thus small) colimits in order to apply Corollary 1
from 3.2. 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 ex-
tension formula (38) below. Then we determine the monad structure u: 77 = T andn: 1 =T
for the monad from 4.1. 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 V) = V-CAT(I°P, V) and Ly = V-CAT (I, L) where
T is the unit V-category. With the identification [1, L] = L, the corresponding contravariant
representation (27) from 3.2 has the form

n: LXQL,M)=I[X, L(L,M)], (33)

and this is ¥-natural in all variables by functoriality of the colimit cf. [9, (3.11)]. This means
that tensor products are in fact //-adjunctions, and we will dwell on this in the next paragraph
4.3. Because L is assumed to be cocomplete, tensor products indeed exist.

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

A
f G(AA) (34)

is defined as the colimit Horn(;f * G. The corresponding representation (27) from 3.2 transforms
under the extra-variable enriched Yoneda lemma cf. [9, (2.38)] into the following characteristic
isomorphism of the coend:

A
B L(f GAA),L) = fL(G(A,A),L), (35)

A
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which is ¥-natural in L and where on the right we have an end in the ordinary sense cf. [9, 2.1].
The unit of Homifzf’ * G corresponds to a ‘V-natural family

A
Ko = AABJ i goq gyt GCAA) —>f G(A,A), (36)

where A4 is the counit of the end, and (35) induces the following universal property of «xp:
A
Lo(f G(A,A), L) = V-nat(G(A,A), L) . (37)

This is a bijection of sets and it is given by precomposition with x4, which proves that k4 is the
universal V/-natural family with domain G(A, A). Since £ was assumed to be cocomplete, small
coends in £ do in fact exist.

We are now ready to present the explicit description of left Kan extension and thus of the
monad from 4.1. Since £ admits tensor products and since P was assumed to be small, left Kan
extension along the functor H: ob® — P from 4.1 is given by the following small coend:

P
LanyA = f P(P,—)® AP (38)

cf. [9, (4.25)].

Example. In case that L = v/, the coend in (34) is given by a coproduct in %}: Indeed obP
is the free V-category ((0bP)g),, where the set of objects of P is considered as the ordinary
discrete category (ob®P)g, and Hongg, = (Homszg,)o)q/ is the V-functor corresponding to the
ordinary hom functor Hom?é’b - under the identification

((0bP)g X (0bP)g)qy = 0bP ® 0bP ,

where we have dropped the superfluous superscript °°. Thus, Homgg p * G(A,A) reduces to a
conical colimit in ¥/, which, ¥ 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 (33) cf. (45) in 4.3. Therefore, (38) reduces to the coproduct

LanyA = Z P(P,-)® AP . (39)
PecobP

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

M
LangA = f PKM,-)®AM , (40)

the relevant functor categories exist, and we again have the Kan adjunction Lang 4 [K, 1].
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Lemma 4. The component at A € [P, L] of the counit €: Lang[K, 1] = 1 1) 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
Agmo: P(KM, Q) — LIAKM,AQ)
under the adjunction (33) of the tensor product.
Proof. The component at A is obtained by composing the unit
Jax: I — [obP, L]I(AK, AK)

with the inverse of the 4/-natural isomorphism of the Kan adjunction (30). The lemma then
follows from inspection of the proof of the theorem of Kan adjoints [9, Th. 4.38]. In particular,
the transform of the V/-natural L(AKM, —)akmApAkMm,0, Which gives rise to the extra-variable
Yoneda isomorphism [9, (2.33)], enters in the inverse of (30), and this is the point where the

hom morphism Ao shows up.
O

We will show in the next paragraph 4.3 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 5. The component at A € [M, L] of the unit of the adjunction Lang - [K, 1] and
the corresponding monad T = Lang 4 [K,1] on [M, L], i.e. the V-natural transformation
n: I[M,L] = [K, 1]Lang has component

-1 .
Jrkm®l1 KM.KM

2 0
nam: AM =5 1@ AM =" P(KM,KM)® AM —— | P(KO,KM)® AO

at M in M where /l/_“lw is the unitor of the tensor product cf. 4.3.

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 V-natural isomorphism of the Kan adjunction (30) with the unit

Jranga: I — [P, L](LangA,LangA) .

This gives an element I — [0b®P, L](A, [K, 1](LangA)), that is, a V-natural transformation
A = [K,1](LangA) = TA cf. (30). Since the inverse of the extra-variable enriched Yoneda
isomorphism [9, (2.33)] takes part in (30), this is converse to the situation in Lemma 5. Cor-
respondingly, one has to consider the transform of L(AO, (LangA)—)o.xum, although one does
not have to determine ((LangA)—)o k» in the argument as one only uses the unit axiom for a
7V -functor. O]
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Lemma 6. The hom morphism of LangA = f M P(KM,-)Q® AM,

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 ® ™! (41)

under (33), exchange of the colimits ‘P(Q, R) ® — and fM, and (37).

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 adjunction along K via

(Lang)gm.r L(mam,1)
P(KM,R) ——— L((LangA)KM, (LangA)R) ——— L(AM, (LangA)R) 42)

cf. [9, dual of Th. 4.6 (ii)], where n4 s was determined in Lemma 5, and the unit of the repre-
sentation of the left Kan extension as a colimit in the form of (40) is quickly determined to be
L(1, KM,R)@%(M’R). Namely, the unit of (35) is yz, then n is applied to this, which by (57) in
4.3 below gives

o AM
n(ku.r) = [’72\’(KM,R)’ NLAM. =)y gy riwam, ™ pimRyam KMR)

M
P(KM.R)’

(33). Thus this is the counit in question and it can be identified with L(AM, KQ)T]‘;,%( gy One
then proves that (42) in fact has exactly this form:

or [ 11L(AM, kpr), where 77 is the counit of the adjunction of the tensor product cf.

. M L
Denoting by x exchange of the tensor product and the coend f , the relevant calculation is
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displayed below.

_ _ M p(KMKM)SAM
LNaw VLA, (VB karrMigyy g prp ® lar)e ‘)x)nﬁ,(KM,R)

. _ _ _ M p(K MK MY®AM
= LkmxmGrnr ® DA DLA, (VB (knr(Migyy gz ® lam)a 1)x>n£(KM,R)

(by Lemma 5)

. _ _ _ M Pk MK MYSAM
=L(Gikm ® DAy, DL, (VB ™ kntr(Mgyy xprr © Lan)e™ ) Lkytkm, 1)n£(KM,R)

(functoriality of hom )

=L((ikm ® DAy VLA (VA ke rMyy o @ Tamda V0O LA 1@ kumpiinr

(naturality of 1)
=L((ikm ® DAy DL (VA ke rMEyy g ® 1am)@ s pgnrr
(exchange of colimits is induced by an isomorphism of represented functors: x(1 ® k1) = k)

=L(km ® DA DLkt r(M gy gar ® Las)a I A (since (VB) = Viku, 11)

P(KM,R)
= L0 DLA, ki rMigyy gprp ® Lam)a™ (18 Gikw ® D)y py  (functoriality of hom )
=LA DL, ki rME gy g (1 ® jxan) @ Lam)a miphy o) (by naturality of @)
=LA VLA, kpr(reganry ® Lada Mg (by a V-category axiom)
=LA, DL, k(1 ® /lAM))nﬁ?(%,R) (by the triangle identity (54))
=LA Ay pp VLA, KR Tpkarp) (by naturality of 1)

= L1 kMR p(kar) = Tp(kan.y 1IEAAM, Ky )

Thus the prescription (41) leads to the right counit, but this means that the hom morphism
(Lang)o g must have precisely the claimed form since LangA is uniquely functorial such that
the representation, which is induced from this counit, is appropriately natural cf. [9, 1.10] (and
indeed this is how the functoriality of (40) is defined). ]

Corollary 4. Let T = [K, 1]Lang be the monad of the Kan adjunction from 4.1. 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™! (43)

under exchange of colimits, Fubini, and (37), where « is the associator of the tensor product cf.
4.3.

Proof. The V-natural transformation y of the monad is determined by the counit € of the ad-
junction Lang 4 [H, 1]. Namely, it is given by the /-natural transformation denoted

[H,1]eLany: [H, 1]Langy[H, 1]Lany = [H, 1]Lang
with component

[H, 1]Lan((LangA)H),LangA€LanyA = 1 — [0bP, L]((Lany((LanyA)H))H, (LanyA)H)
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at A € [ob?, L]. Since Ep factorizes through [H, 1] and np, the component at Q € P of uy
is simply given by the component of € 45,4 at Q. According to Lemma 4, the component of
€LanyA at Q € P is induced from the transform of (LanyA)pp, and by Lemma 6, this transform
is precisely given by (43). g

4.3 Some properties of tensor products

It is clear from the defining representation isomorphism (33) from 4.2 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 ¥/-categories as below

(-®L: V> L) 4 (LL,-): L->T). (44)

Because the representation isomorphism is also %/-natural in L, it is a consequence of the extra-
variable Yoneda lemma [9, 1.9] that the unit and counit of this adjunction are also extraordinarily
V-natural in L:

Lemma 7. The unit n)L(: X — L(L,X®L) and counit 6/]171 : L(L, M)®L — 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, ¥, Z € V) isomorphism
p: [X®YZ]l=[X[Y.Z]], (45)

which is induced from the closed structure of 4/ via the ordinary Yoneda lemma cf. [9, 1.5].
From p and the hom ¥/-adjunction (33) of the tensor product, we construct a ‘/-natural isomor-
phism

Ny yer X nyy ylpnxevim: L(X®Y)® L, M) —» LX® (Y@ L), M), (46)

which, by Yoneda, must be of the form L(a;(}x 1» 1) for a unique V-natural (in X, Y, L) isomor-
phism

a’)_(,lY,L: XYL =2=X®Y)®L. (47)

The natural isomorphism (47) is called the associator for the tensor product. Since tensor prod-
ucts reduce to the monoidal structure if £ = 9/, the natural isomorphism (47) 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 8. 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

awxyeLawexyL = (1w ® axyr)awxsyz(@wxz ® 1z) , (48)
which is an identity of isomorphisms

(WX)®Y)L - WX (XYR®L)).
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Proof. The corresponding identity for the inverses is proved by showing that the corresponding
7/-natural isomorphisms

LIWRX)®Y)QL M) = LIWR®(XQ(Y®L)),M)

coincide. The ¥-natural isomorphism corresponding to the inverse of the left hand side of (48)
is readily seen to be given by

-1 -1 -1
Ny xever).mWs ix yer ul Xty yllPPR(WeX)RY.LM

cf. (46), 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 (48) is given by

”;V}X®(Y®L),M[W’ n)_(,lY®L,M[X’ [n)_’,lL,M]]] [W, plpla™", L(L, M)Ingwexyev.um -
Thus, the identity (48) is proved as soon as we show that
pp = W, plpla™, L(L, M)] .
In fact, this last equation reduces to the pentagon identity for a since p is defined via Yoneda by
W(W, p) = anVp(a, Dr ",

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

VoV, pp) = Wo(V, p)Vo(V, p) = maVip(a, D' maVy(a, Hr™' = anViy(a, DaVy(a, Hr™!
= nanVy(a® 1, 1) Vy(a, D!
= nanWy(aa® 1), D!,

and on the other hand,

Yo (V. [W. plpla”, LIL. M) = VoV, [W, phrrVo(a™', Dr” ' e Y1 @ a™', D!
= WV, W, phrrVo(a, DU @a™', D!

=1V W, p)n ' nnVy(a, N V(1 ®a™", Dn!

= nnnV(a, N Vy(a, DVl ®a"', 1)x!

= nan V(1 ® a Haa, D! .

Similarly, recall that there is a natural (in Z € 1) isomorphism
i: Z=[1,7] (49)
which is defined via Yoneda by

(X,i = 1p™ ' X LZ = [X®1,Z] = [X,Z] . (50)
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Thus from i and the hom ?/-adjunction 7 of the tensor product, we construct a ‘V-natural (in
L, M) isomorphism

nILMz LLM)y=[l, LILM)] = LUSL,M). (51
By Yoneda, (51) must be of the form £(A;, 1) for a unique isomorphism
A I®L— L, (52)

which must moreover be /-natural in L.
For M = I ® L, composing the inverse of the isomorphism (51) above with jg;,

1> LARLIRL) =[I, L(LISL)] = L(LISL),

must give /lil—since this is how we get hold of the counit of such a natural transforma-
tion in general—and it is of course also the map corresponding to nf under the isomorphism
1, L(L,I ® L)] = L(L,I ® L) —because this is exactly the inverse of the first isomorphism in
(51). Conversely, composing (51) for M = L with jj; must give A;..
For Y = I, consider the composition of the representation isomorphism (46) i.e.
L 1) = nghor ylXon7 ) ypnxerom (53)

with L(rx ® 1,1). By naturality of n, functoriality of [—, —], and the definition of i via Yoneda
cf. (50), we have the following chain of equations:

L((rx® Ha', 1) = n;}m X adpnxer L Liry ® 1,1)

= ”x1®L mlX, ”ILM]P[”X, nxrm

= nXlI®LM[X ”ILM][X inx.r.m

= nXI®L M[X L(A, Dlnx,.m
=L(1®1,1).

Hence, by Yoneda, we have proved the following lemma.

Lemma 9. Given an objects X in 'V and an object L in a tensored ‘V-category L, there is a
triangle identity for r, A, and «,

(rx®1p)ay,, =1x® AL, (54)
which is an identity of isomorphisms

X®(U®L) - X®L.

Lemma 10. Let L, M, N be objects in a tensored V-category L. Then
Mg: LIM,N)® L(L,M) — L(L,N)

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

M, = L(L, ell\l,/[(l ® EII\;I)Q)TIIL(M,N)@L(L,M) .
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Proof. First, recall that as for any ‘V-adjunction, Yoneda implies the identity L(L,—)yn =

nL(efy, 1) cf. [9, (1.53), p. 241, and thus M = e\ (nL(ef, 1) ® 1z ) cf. (15)in 2.5,

The lemma is now proved by the following chain of equations

My = ef i mLiey, D ® 1wm)

= L1, e @ ooy VLR D @ 1)
(by a triangle identity for unit and counit of the adjunction (44))
= L(11, e LA L (€7 N L6, D 1 Lwmn) © 100y wsrwmn
(by ordinary naturality of n}L( in X)
= L(1, e "M (L€, 1) @ 1) ® 1))
= L€y M> L(L,M) LI (M N)®L(LM)
(see below (*), by functoriality and the identity € = e((e(n ® 1)) ® Da™
= L, L(L M)®L(L(€]%/1’ D (lL(L,M) ® 1L))Q)UIL1(M,N)®L(L,M)
(by ordmary naturality of @)
M L L
= L1, ey (1 @ )N, (31 o £1.11)

(by extraordinary naturality of e/f,[ in L)
To prove the identity used in (*) consider the morphism
[L(LLM)QL,N), L(L(L,M)® L,N)] - LL(L(L,M)®L,N)Q(L(L,M)® L),N)

given by the composite

-1
La,N )L((nL(L mN® He LN )n[L(L M), LN LLM),LND [nL(M,N),L,N’ ne oy L] (55)

in 1, where p: [X®Y,Z] = [X, [Y, Z]] is again the natural isomorphism (45) induced from the
closed structure of V/, and where we have added subscripts such that the hom ‘-adjunction (33)
from 4.2 is now denoted by nx s y. If L(a, N) is spelled out in terms of hom 4/-adjunctions n
and p according to (46), then it is seen by naturality that (55) is in fact the same as

-1
N L(LMSLN), L(LM)SLN * (56)

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

N((eL(L N) (”L(M MLN® 1) ® Da™!
because then, by Yoneda, this must be the same as eL(L ML
of (56).
The unit is obtained by applying (55) (or rather V of it) to 1.,z meLN), and we do this
factor-by-factor. First, note that

since this is by definition the unit

-1 _
[ or vy Proumn cicawmerny) = 1iowm,cin »
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and

L(LM
PAcwm.ciny) = e LEL’N))
because p is the hom ¥-adjunction with underlying adjunction —®Y 4 [¥, —] given by the closed
structure i.e. Vp = «.
Now note that by ordinary naturality of n, we have

LM LM -1
e LEL,N))’ 1] = nicmy, oo cm,LNL(e LEL’ N)) ® 1, Dnpg vy -

L(LM LALLM L(LM
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 — . . L(LM .
by applying L(e LE L N))® 1., Dn Li LN)V.LN to 1.z ny, the result of which is ejf,(e LE L N)) ®1). Finally,

applying the remaining factors L((n ® 1)®1,N) and L(a, N) indeed gives (55). ]

L(L,M),LLN

Remark 5. 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 %/-natural in M by
Lemma 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.

For an object X € V and objects L, M € L, recall that the hom 9/-adjunction (33) from 4.2 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= [n}L(, 11L(L, “)xerm: LXQL,M) — [X, L(L,M)]. (57)

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: 7 ® ¥ — 1 which
is given on objects by sending (X, Y) € ob? x ob? to their product X ® ¥ € ob? and whose
hom morphism Tenix x) vy : [X, X'1®[Y,Y'] = [X®Y, X ® Y’] is such that

€§§’®Yy,(TCH(X,X')7(Y,Yr) ® lxey) = (€§, ® e;,)m (58)

where e denotes evaluation i.e. the counits of the adjunctions comprising the closed structure of
7 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 11 (First Transformation Lemma). Given objects X, Y in V, and objects L, M, N in L,
the following equality of V-morphisms L(X ® M,N)® L(Y ® L, M) — [X® Y, L(L, N)] holds.

[xeys 1L(L, ) xenyern L@, DM (1 Lxomn) ® (X ® —)yvorm)
= [1, M 1Tenx vy (conm.cvariny (s LM, =)xemn) © (05, 1L, =)yerm))

In terms of the hom V-adjunction (33) from 4.2, this means that

nL(a, )M (Ten(L(X & M, N), —)xexeL)xem(X ® =)yerm) = [1, M Tenx vy cmny,c,my)(n @ n) .
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Proof. This is proved by the following chain of equations.

ey L(L, - xenery L@, DM (1 Lxamn) ® (X ® —)yerm)
= [L(L, @)y LWL, )xerenvM (1 Lixemn) ® (X ® =)yerm)
(by the functor axiom for L(L, —) or ordinary ¥-naturality of L(L,—)yy in M)
= [L(L, )xgys IMy(LIL, Dxemn ® (LIL, )xe(ver) xem(X ® —)vsrm))
(by the functor axiom for L(L,—))
= My(L(L, =)xemn ® (LL, )y, 11L(L, =)xarar) xem(X @ —)yerm))
(by ordinary V-naturality of My, or a V-category axiom if spelled out)
= My(L(L, =)xemn ® [ LIL, (1x ® €75 )0yg (1 yor, X ®17) 1IL(L, “)xerrer)xem(X ® )yer,u))
(see below (A), by a triangle identity and naturality)
= Myy(L(L, ~)xemn ® (X ® %), L(L, (1x ® €5)a)mks canlTenX, =) i, yeor), cim L(L, —)yerm))
(see below (C), by ordinary V-naturality of L(L,(1xy ® elL()cx)n)L(® LK) in K)
= My(L(L, =)xemn ® ([1, LIL, (1x ® )N yg 1 4 1(Ten(X, =)y £ 7y, 11L(L, )yar,m))
(ordinary V-naturality of Ten(X, —)yz in V)
= My ((LL(L, (1x ® )5 g 1y LWL, “xemn) ® (Ten(X, =)y [y, 11LL, —)yerm))
(extraordinary V-naturality of M)
= My((IM LY @ 1) 1L, =)xemn) ® (Ten(X, =)y im0y, L(L, —)varm))
(see below (B), by a triangle identity, naturality, and Lemma 10)
= Mo(([01¥ ® 1 cemy)s M1 Ten(—, LIL, M) £vuxenn Lonn) LM, =)xamn)®
(Ten(X, =)y, w1y 11L(L, )yer,m))
(see below (D), by ordinary V-naturality of M)
= My(([1, M ]Ten(=, L(L, M)x coumy s LM, =)xamn) ® (Ten(X, =)y £iw.an iy, 11LL, —)yar,m))
(ordinary ¥-naturality of Ten(—, Z)y,w in U)
= [1, M 1My ((Ten(=, L(L, M)x coumly s LM, =)xamn) ® (Ten(X, =)y, .y, 11L(L, —)var,m))
(ordinary V-naturality of M)
= [1, M ]Tenx y) comn. oy Mygy
(DY 1L, )xemn) @ J g ar) " Zxomny) © (G © (15 L. =)veLs) L iyer )
(functor axiom for Ten (partial functors spelled out))
= [1, M ]Ten(x,y) (c(m.Ny.£(LM))
(Mo (Y TLLM, =)xemn) © JX ) L xanny) © MG T ap ® 05 LWL “)yvers) 7 iygr an)
(by Mgy = (Mg ® My)m where m is interchange, naturality of m, and m(r' @ I"!) = r ! ® I'!)
= [1, M 1Tencx vy, ccoumy, oy s LM, —)xemn) ® (75, 11L(L, =)yerm))
(V-category axioms for V)
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In (A) and (B) we have used the following identities of 7/-morphisms. For (A), observe that
L(L, @)gy = L(L, (1x ® (65, (75 @ 1)) ey

(by a triangle identity)

= L(L, (1x ® €75, )(1x ® (75 ® 1))y
(by functoriality of X ® —)

= L(L, (1x ® 15 )((1x ®77) ® 1)Ky
(by ordinary ‘V-naturality of @)

= L(L, (Ix ® €510 ye (1 yor,(1x ®177)
(by ordinary -naturality of 1)

= L(L,(Ix® E%@L)a)nf@L(L,Y@L)(X ® 1y)

= L(L, (1x ® €5))0)yg 1 (1 yor, Ten(X, 15) -

Similarly, for (B) observe that

L(L,(1x® ff/[)a/)ﬂg(@ o = LL, xon My ® Li)(1x ® e]%l)a)nf@L(L,M)
(by a triangle identity)
= L(L, €y 0y (1 comxamn ® €)1y ® 1L(L,M)®L)@)77;L(® L(LM)

(by underlying functoriality of the functor ® )

= L(L, €xps (1 Lo xann ® €x)a((ny ® 1 can) ® 1L))77;L(® LLM)
(by underlying functoriality of ®, 1 /(1 mer = 1rm @ 11,
and by ordinary V-naturality of « )

M L L M

= L(L, €X®M(1L(M,X®M) ® GM)a/)nL(M,X@M)@L(L,M)(nX ® 1L(L,M))
(by ordinary V-naturality of n)

=M (Y ® 1)
(by the identification of M, in Lemma 10 above)

=M (¥ ® L(L, M)) = M Ten(n, L(L, M)) .

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

For (C) recall that r]f is V-natural in J. Then so is r])L@ LK) because this is ’71%1( for P =
L(L,-)(X ® —). Next, recall that « is ordinarily /-natural in all of its variables, and that 61L<
is ordinarily ¥-natural in K. Then so is 1y ® eIL( because this is QO(EII;) for 0 = (X ® —), and
thus the composite (1x ® EIL<)(Y is ordinarily ¥-natural in K. From this it follows that £L(L, (1x ®
eII;)a/) is ordinarily V-natural in K because this is Qp((1x ® eIL()a) for Q = L(L,-). Hence, we
conclude that the composite family L(L, (1x® elg)a)nf@ LK) is ordinarily V-natural in K. That
is, L(L,(1x ® eIL{)a/)n)L(@ LK) is the component at K € £ of a V-natural transformation

Ten(X, -)L(L,-) = L(L,-)(X®-)

where X and L are held constant, and where X ® —: £ — L is the partial functor of the tensor
product in contrast to the partial functor Ten(X, —): ¥ — ¥ induced by the Gray product.
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For (D) recall that M, : L(M,K)® L(L, M) — L(L,K)is V-natural. Since ¥-naturality may
be verified variable-by-variable, M is in particular ordinarily //-natural in K. That is, it is the
component at K € £ of a V-natural transformation

Ten(_7 L(L7 M))L(M9 _) = L(L5 _)
where L and M are held constant. O

Lemma 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.

(%, T1L(L, =)xernM (1 Lixomny ® (X ® =)r.um)

= My((L(=, N)un) ® ([0 11LIM, =) xomn))e

In terms of the hom ‘V-adjunction (33) from 4.2, this means that
nM Ten(L(X ® M, N), —)xerxem(X ® =)Ly = My(L(=,N)L.m ® n)c
Proof. This is proved by the following chain of equations.

(175> 11L(L, =) xornM (1 Lixomn) ® (X ® =)r.m)

= [, UMy(L(L, =)xomn ® (L(L, —)xeLxem(X ® =)L)
(functor axiom for L(L, —))

= Moy (L(L, ~)xamn ® (7%, 1LL, “)xerxem(X ® =)rm))
(ordinary V-naturality of M)

= My(L(L, ~)xamn ® (15, 11L(=, X ® M)L.a1))
(extraordinary V/-naturality of n)L( in L)

= [y, 1My (L(L, ~)xemn ® L= X ® M)Ly)
(by ordinary ‘V-naturality of M)

= [0 s UMy (L= N)L.m) ® LIM, ~)xamn)c
(see below, by extraordinary ‘V-naturality of L(L,—)p in L)

= My(L(= N)rw) ® (I s 1LM, ~)xemn))e
(by ordinary V-naturality of M)

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

[L(L, =)xemn, 1THomq) (=, L(L, N)) cm,xom), £L,x0m) L(— X @ M) m
= [L(M, -)xemN, 1 THom g (LM, X ® M), =) cmny, LNy L= N)m -
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This is an equation of ¥/-morphisms L(L, M) — [L(X® M,N),[L(M,X ® M), L(L, N)]], and it
corresponds to an equation 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 equation of
V-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), (LN corresponds to Mg, under the adjunction,

while Hom (=, L(L, N)) r(m xem), £(1xem) corresponds to Mqc. The correspondence is given
b){ ?lpp)lication of —® L(X®M, N) and composition with eéfﬁgg&)’ L)
with ¢).

Then the transform of the left hand side of the naturality condition is:

(and we also compose

L(X®M,N)
e[L(M,X@M),L(L,N)]

(([LL, ) xemn»> 1IHom (=, L(L, N)) Lo xem), L xom L(— X & M) ) ® 1 (xem,N))C

L(LXM), L(L,N
= et ooy (oM (=, L(L, NY) Lo xem). £ xom L(= X ® M) y) ® L(L, =)xemn)e

(by extraordinary ‘V-naturality of e)
=Myc(L(=, X @ M)y ® L(L, —)xemN)C
= My (L(L, =) xemn ® L(—, X & M) m)

(by naturality of ¢ and ¢? = 1) .

Similarly, the transform of the right hand side of the naturality condition is:
L(X®M.N)
€ L(M.XOM), L(L.N)]
([LM, =)xemn, 1THomg (LM, X @ M), =) Lmny.L.8) L= N)L.m) ® 1 (xem.n))C

L(MXSM), L(M,N
= e{LEM,XzM;,LEL,N);] ((HOHI{V(L(M, X® M)’ _)L(M,N),L(L,N)L(_’ N)L,M) ® L(M’ _)X®M,N)C

(by extraordinary ‘V-naturality of e)
= My(L(=,N)L.u ® LIM, =)xemMN)C -

This proves the missing equation used in the chain of equations above, and thus ends the proof.
O

5 IDENTIFICATION OF THE ‘V—CATEGORY OF T-ALGEBRAS

Let ¥ be complete and cocomplete. Let P be a small and L be a cocomplete V/-category,
and denote again by T the 7-monad Lany[H, 1]: [ob®P, L] — [ob®P, L] from 4.1 given by the
Kan adjunction Lang 4 [H, 1]. Recall that we denote by [ob®, L] the Eilenberg-Moore object
i.e. the V-category of T-algebras, which we described in Proposition 2 from 2.5 explicitly in
the special case that V' = Gray.

We are now going to show that T-Alg 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 4 below.

Lemma 13. Let (A,a) be a T-algebra cf. 2.5. Then A: ob®P — L and the transforms Apg =
n(apg): P(P, Q) — L under the adjunction (33) from 4.2 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
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function on objects considered as a functor A: obP — L and the transformation a induced by
the transforms n~ (A po) of the strict hom functors are the underlying data of a T-algebra.

Proof. The 1-cella: TA — A has component

Pecob?

ag: (TA)Q = f P(P,Q)® AP —> AQ

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

These are elements of L(P(P, Q) ® AP,AQ). Under the hom /’-adjunction (33) from 4.2 of the
tensor product, these correspond to elements of the internal hom [P(P, Q), L(AP,AQ)], i.e.

Apg: P(P,Q) — L(AP,AQ) .
We now have to examine how the algebra axiom cf. 2.5
Moo 1(a, Ta) = Miobe,£1(a, pa)

transforms under the adjunction.

This is an equation of morphisms in [ob?®, L]y, which is equivalent to the equations

M (agr, P(Q,R) ® apg) = M, (apr, (Mp ® 1pp)a™")

of elements in L(P(Q,R) ® (‘P(P, Q) ® AP), AR) where P, O, R run through the objects in P. To
apply the hom 9-adjunction (33) from 4.2 for X = P(Q,R)®P(P,Q)and L = APand M = AQ,
we consider the equivalent equations

M (agr, (P(Q,R) ® apg)a) = M (apr, Mp ® 14p) . (59)
Applying Lemma 11 from 4.3 to the left hand side shows that its transform is given by?
M (Agr ® App) .

On the other hand, the image of the right hand side under (57) from 4.3 is determined by the

?In fact, we do not need the full strength of Lemma 11 here, and one could do with more elementary considerations
if one was merely concerned with the identification of algebras.
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following elementary transformations >.

([ng?fQ’R)®fp(P,Q)’ HL(L, =)@ rerr0)errarM c)(apr, Mp ® 14p)
= Uipppeproy HMy(LAP, -)perearar(@rs),

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

= My(L(AP, =) prpr)eAPAR(APR),
[ TI(JQ,R)W(P,Q), H(L(AP, =) 20.R)e?P,0)eAP2P.R9AR(Mp ® 14pP)))

(by ordinary V-naturality of M)
= My/(LAP, =) ppRysArAR@PR): [ 1, 7ipp ) |(Mp))
(by ordinary ¥-naturality of )

= Moy (pepg) VILAP, =) ppRrizarar)(@pr), M)
(by extraordinary ‘V-naturality of M)
= My (Apgr, Mp) = AprMop

Hence, the algebra axiom is equivalent to the equation
M (Agr ® Apg) = ApoMep , (60)

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:

Lo = Miobe, £1(a, 1) -
First note that this equation is equivalent to the equations
Lap = Mc(app, (jp ® DA3p)

on objects in L(AP, AP) where P runs through the objects of . 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 jup: I — L(AP,AP) of the V-category at AP (under the identification of elements of
the internal hom and morphisms in /). 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

Jap = Appjp, (61)

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

3We 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 [obP, L]7 at algebras (A, a) and (B, b) is given by the equalizer

[ob®,L](a,l)

[obP, L] (A, B)

[obP, LI(A, B) [ob®, LI(TA, B) .
[obP,L](1,6)Ts B

Spelling out the hom objects of [obP, L] as in 4.1, this is the same as the following equalizer

IL(ap,1)
[ob®P, L7 (A, B)

Mpeobr L(AP, BP) Mpeqhr L(
ML,bp)TaB)p

P(R, P)® AR, BP)

fReon’

where EpTap = (T4p)pEp for a unique ¥-morphism (T4 )p: L(AP,BP) — L(TAP,TBP).
By (35) and the universal property of the end, this equalizer is the same as the equalizer of the
compositions with [1pcopp L(kgp, 1) (by definition (36) of x 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

MnL(agp,1)

[obP, L]T(A, B))

[peobp L(AP, BP) Iz peobe[ P(R, P), L(AR, BP)] .
Mn L(1,brp)(P(R,P)®=) AR BR

(where we have used that apkg p = agp for the first morphism of the equalizer, and where
we have used that L(K‘g’P, D(Ep)rareTap = L, Kg’P)(fP(R, P) ® —)ar.sr(ER)a.p by ordinary
V-naturality of Kl’g’ 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 (28) from 4.1
which defines the hom object of the functor V/-category: one checks that both the first morphism
given here and the transform of L(A—, AR)grp map the identity at AP to Agp, and both the second
here and the transform of L(AP, B—)pr map the identity at BR to Bgp.

Finally, note that the composition law of [ob®, L] is induced from the composition law of
the functor category [ob?, 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?P factorize through [H,1] and Ep: [obP,L] — L, this means that
[H,1]: ob[P, L] — ob[ob®P, L]" and the 7/-isomorphisms on the hom objects induced from
the comparison of equalizers above satisfy the 9/-functor axiom.

Similarly, this data is shown to satisfy the unit axiom for a 7/-functor. This proves the follow-
ing theorem.

Theorem 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: ob®P — L is strictly monadic for the
V-monad T = [H, 1]Lany given by the Kan adjunction Lanyg - [H, 1]. In particular, the functor
V-category [P, L] is isomorphic as a ‘V-category to the Eilenberg-Moore object [ob®P, L1T in
V-CAT. O
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Remark 6. An alternative strategy to achieve this result is to use an enriched version of Beck’s
monadicity theorem (see for example [3, Th. I1.2.1]). The Kan adjunction meets the conditions
of such a theorem because [H, 1] creates pointwise colimits, cf. Lemma 3 from 4.1.

Yet another strategy for specific 7/ where an identification of the functor V-category is
known, is to be completely explicit: For example, if %/ = Gray, the functor category can be
explicitly identified (cf. [7, Prop. 12.2]). With the help of the two Transformation Lemmata 11
and 12 from 4.3 it is then straightforward to identify the algebra 1-cells, algebra 2-cells, and
algebra 3-cells from Proposition 2 from 2.5 explicitly as we have done it for algebras above.

6 IDENTIFICATION OF THE G7a1-CATEGORY Ps-T-Alg oF PSEUDO
T'-ALGEBRAS

The Gray-category Tricat(‘P, L) of trihomomorphisms P — L, tritransformations, trimodi-
fications, and perturbations has been described by Gurski [7, Th. 9.4]. The basic definitions of
the objects and the 2-globular data of the local hom 2-categories, i.e. trihomomorphisms, tri-
transformations, trimodifications, and perturbations may be found in [7, 4.]. These are of course
definitions 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.

Letagain T' = [H, 1]Lany be the Gray-monad on [ob®P, L] from 4.1 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 6 below, which states that Ps-7-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 (33) from 4.2 of the tensor product. The main technical tools employed are
the two Transformation Lemmata 11 and 12 from 4.3, and elementary identities involving the
associators and unitors a, [, , @, 4, and p, which are implied by the pentagon and triangle identity
as presented in 4.3.

6.1 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 9-12. In fact, by ref-
erence to Ps-T-Alg, we show that these form a Gray-category Gray(P, L). 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 prod-
ucts and in terms of their composition laws, say Mp 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) triho-
momorphisms between Gray-categories, tritransformations, trimodifications, and perturbations
cf. [7,4.].

Definition 9. A Gray homomorphism A: P — L consists of
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a function on the objects P +— AP denoted by the same letter as the trihomomorphism
itself;

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

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

(X,X.)i ML(AQR ®APQ) = ApgMyp: P(Q,R)® P(P,Q) —» L(AP,AR) ;

for each object P € P, an adjoint equivalence

(t,1*): jap = Appjp: I = L(AP,AP);

and three families of invertible modifications (GHM1)-(GHM3) which are subject to two
axioms (GHA1)-(GHA2):

(GHM1) For objects P, Q, R, S € P, an invertible modification
WPQRS : [(Mp® Da™', 1(xpgs) * [a~', M ](Ten(x grs » Lapy))
S [1®Mp, 1(xprs) * [1, M 1(Ten(1 4z, X POR))
of pseudonatural transformations
M (1®Mp)(Ags ® (Agr ® Apg)) = Aps(1 @ Mp(1 ® Mp))
of strict functors
PR,S)®(P(Q,R)® P(P,Q)) - L(AP,AS) .
(GHM2) For objects P, Q € P, an invertible modification

ypo: [ ® Dip(p ) 10¢p00) * lp(p g MLI(Ten(ig, 1a,0)) 2 1ayg

of pseudonatural transformations Apg = Apg: P(P, Q) — L(AP,AQ) .
(GHM3) For objects P, Q € P, an invertible modification

0pg: lap, = [(1® jP)r}iP,Q), 110 pro) * [’E’%P,Q)’ M ])(Ten(14p,,tp))

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®Mep), 11(w) * 11m, (10M,)1(Ten(1,Ten(1,0)))
o ljagempat g * (@ Mc](Ten(Zy,))
o [(Mp®Da™', 11w) * Lig-t-1 p, M 1) Ten(Tene.1).1)
= Lnempaeme). 1 * [1, M](Ten(1, w))
o [1®(Mp® a™h), 1](w) * Lia-1(18a1), M, (M, ®1)](Ten(Ten(1 1),1))
o impiompaeti * [(@® Da'a™', M ](Ten(w, 1))
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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. (58)
from 4.3 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))® Da~'a™', 1(xpor)
x [(Mp®D)®Da'a™', M ](Ten(yorr, 1))
« [a'a™',M(M, ® 1)](Ten(Ten(ygs7. 1), 1))
= [1®(Mep(1® Mp)), 1(xpsT)
« [1®(1® Mp), M 1(Ten(1, xpgs))
s« [1,M(1® Mp)|(Ten(1, Ten(1, x pgr)))

between 1-cells i.e. pseudonatural transformations
M (1M (1®Mp)(AsT ® (Ars ® (Agr ® Apg))) = AprMp(1 ® (Mp(1 ® Mp)))
of strict functors
PSS, T)®(PR,S)Q(P(Q,R)® P(P,Q))) = L(AP,AT) .

We remark that we chose another bracketing than in the definition of a trthomomorphism in the
references [7] and [4]. The difference is of course not substantive.
(GHA2) For objects P, Q, R € P, the following equation of modifications is required:

Ly = [1, M )(Ten(l, .. YP0))

o [1® (o ® Dlppg) Nwroor) * 1,1

T(QYR)QZ)I,ML(ML®1)](Ten(Ten( L,0),1))

-1
= 1[((1®j)r71)®1]w) * [1, ML](TCU((SQR, 11APQ))
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 10. Let A,B: P — L be homomorphisms of Gray-categories. A Gray transforma-
tion f: A = B consists of

e afamily (f,)peobp Of Objects fp: AP — BP in L(AP, BP) ;
e for objects P, Q € P, an adjoint equivalence

(fros fp): L(AP, fo)Apg = L(fp, BO)Bpo: P(P, Q) — L(AP, BQ) ;

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



50 HOMOMORPHISMS OF GRAY-CATEGORIES AS PSEUDO ALGEBRAS

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

HPQR : [1’ L(fP’ BR)](XgQR) * [l’ ML](Ten(lBQR’ fPQ)) * [1’ ML](Ten(fQR’ lAPQ))
= [Mp. 11(fpr) * [1, LAP, fR)(por)
of pseudonatural transformations M ((L(AQ, frR)Agr) ® Apg) = L(fp, BR)BprMp of strict

functors P(Q,R) ® ‘P(P,Q) —» L(AP,BR) ;
(GTM1) For each object P € P, an invertible modification

Mp: [jp, N(frp) = [1, LIAP, fp)I(tp) = [1, L(fp, BP)I(L5)

of pseudonatural transformations fp = L(f,, BP)Bppjp: 1 — L(AP,BP).
(GTA1) For objects P, Q,R,S € P, the following equation of vertical composites of whiskered
modifications is required:

Lmpiomp) 11(frs) * [1, LIAP, fs)l(w™)
o [(Mp® Da™", 11X * Lj1g1 pr, (1oM,))(TenTen(1),1)
o Liampenat LB * Liponat v, 1Tenfrg) * (@~ M 1(Ten(L, 11y, )
o Apenat oo * [ Mel(Ten(Eyn 4,))
L=t M, (M @1 Ten(Ten(1, for) 1) * L1 ML (M ® 1) Ten(Ten(fs . 1),1)
= [1® Mp, LI * 1j1 £ap,fo)m, 1Ten(1 4
o oMy, £(fr.BS)NGE) * Ll1@Mp M 1Ten(l, frr) * [1, ML](TCH(Z;,:S,XA))
o lnemp.ciprssnes * [ Mol(Ten(liy,  ID) * Tia1 pr, @1y Ten(Ten s 1).1)
o [1, L(fp, BS)(w®) * 111 m (M @1))(Ten(1.Ten(1, frg)))

* 1[a’l,ML(ML®1)]Ten(Ten(l,fQR),l) * 1[a*l,ML(ML®1)]Ten(Ten(fRS,1),1)

This is an equation of modifications

x [(Mp®Da™', L(fp. BS)I(®)

« [a”', L(fp, BS)M](Ten(x”, 1))

* [1,M (M, ® 1)|(Ten(1, Ten(1, fpp)))

* [a_],ML(ML ® 1)]Ten(Ten(1, for), 1)

v [a ', M (M, ®1)]Ten(Ten( fzs, 1), 1)
= [Mp(1® Mp),1]fps

x [1® Mg, L(1, f)Ix™)

« [1, L, fs)M]Ten(1,x*)

of pseudonatural transformations

L(AR, fs)M (1 ® M)(Agrs ® (Agr ® Apg)) = L(fp, BS)Bps Mp(1 ® M)
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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:
Lppo * [1, LAP, f)l(¥py)
- -1
o G ®Dipp ) 1lpoo) * 1t oy, yTen(i1, L0 f0) ) 1apg)
= [LLUP, BOIBY) * L,
-1 -1
¢ 1[(jQ®1)l;§RQ),L(fP,1)]gngQ) *[Lpp o) ML](TCH(ZLZJPQ))
M )(Ten(Mg, 11,,,))

o 1y -1 By * 1 : -1 * [l_l
[Ge®Dlpp o) LUP DIl pgg) ~  L(Bojo)@Dlyp o -M1(Ten(l,frg)) = L P(P,O)

This is an equation of modifications
[Gio ® Dip(pg)» L(fr, BOI(xroo) * [(Bogjo) ® Dlpp)» McI(Ten(l, fro))
(g ® Digipgy Mc(Ten(foo, D) * [lp(p g LIAP, f0)]()
= Jro-

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

modifications is required:
[1, L(fp, BON(S™)pp) # g
-1
© Lsjpigly o LnBONEy * ooy Mel(Ten(liy, . Mp)) * 17,
= g [1LLAP f)l(6Mpp)
o1
o L@ jp)rpp gy lpro) * 1t b, Ten(liar prapg )

-1 -1
° Naejmrgt, ) L0rBONEL * HO®iprgl g M1 Ten(p,g.fre)) * p(pg)» MLI(TENE | 1)

This is an equation of modifications
[(1® jp)rpip gy L(fe BONppg) * [(1® jp)r~!, MN(Ten(1p,q, frp))
* [r;ip,@, M £ 1(Ten(1 gy, [1, L(AP, fp)I(tp))) * fro
=  fro-

Definition 11. Let f,g: A = B: P — L be Gray transformations. A Gray modification
a: f = g consists of

o afamily (ap)peopp Of 1-cells ap: fp — gpin L(AP, BP) ;

e and one family of invertible modifications (GMM1) which is subject to two axioms
(GMA1)-(GMA2):
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(GMM1) For objects P, Q € P, an invertible modification

apg: [Bpg, 11(L(ap, BO)) * fpo = gpo * [Apg, LI(L(AP, ap))

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

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

T8 s 111, )(Ten(lA . 1ICL(AQ.p)). 1)
© IMGmy(l’XgQR) * l[lvML](Ten(l’gPQ)) * [1’ ML](TCH(CL’QR, 11APQ ))
¢ Ditgy a8y * (1 Mel(Ten(liy,  apo)) * 1a 1(Ten(fon,1app)
Mgmy(zL(ap,BR),)(gQR) * 1[1,ML](TCI’1(1BQR,fPQ)) * 1[1,ML](Ten(fQR’1APQ))
=l * MgrayErapapg,,)
o [Me, 1(@pr) * Lyg, a0
o 1(BrMp1(LiapBRY * T

This is an equation of modifications

[BprM o, 11(L(ap, BR))

LM gy (1B 0
# [1, M ](Ten(1py,, fro))
x  [1, M )(Ten(fgr, 1ap,))
> (Mo, 11(gpr)
* Mgray(1,Xpor)
x [1, M ](Ten([Agr, LI(L(AQ, ag)), 1))

of pseudonatural transformations
M ((L(AQ, fr)Agr) ® Apg) = L(gp, BR)BprMp .

(GMA2) For an object P € P, the following equation of vertical composites of whiskered
modifications is required:

M8 x 1,,
o pjp11eerp) * Mgray(ZL(ARap),L;‘,)
o Lip 1arp) * 1y raap fiyieg)
= Mgray(Zap.pp)at)

f
Vit M 1Ten(16pp e * M
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This is an equation of modifications
17, MN(Ten(LGppjpr @p)) * fop + [, ML)(Ten(1 5, ) = [, ML)(Ten(ig, 1g,)) * ap
of pseudonatural transformations
fo= Mc(Gprjp)®gp)l;': I — L(AP,BP).

Definition 12. Leta,8: f = g: A = B: P — L be Gray modifications. A Gray perturbation
I': a = consists of

e afamily of 2-cellsI'p: ap = Bp in L(AP, BP);
e gsubject to one axiom (GPA1):

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

apg ¢ ([Bpg, LI(L('p, BP)) * 1y,,) = (1g,, * [Apg, LI(L(AP,T'g))) © Brg

This is an equation of modifications

[Bpo, L1(L(ap, BP)) * fpg = [Apo, LI(L(AP,Bp)) .

6.2 The correspondence of Gray homomorphisms and pseudo algebras

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

Theorem 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 [obP, L]. O

We only present parts of the proof explicitly. The proof involves the determination of trans-
forms under the hom Gray-adjunction (33) from 4.2. These determinations involve the pentagon
identity (48) and triangle identity (54) from 4.3 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 the one we displayed for the transform of the right hand
side of the algebra axiom (59) above in 5., and then there is heavy use of the two technical
Transformation Lemmata 11 and 12 from 4.3. 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.
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Lemma 14. Taking transforms under the adjunction (33) of the tensor product from 4.2 induces
a one-to-one correspondence of Gray homomorphisms P — L and pseudo algebras for the
monad T = [H, 1]Lang on [ob®P, L].

Proof. Let (A,a,m,i,m,A,p) be a pseudo T-algebra. From the identification of algebras we
know that the components app of the 1-cell a: TA — A transform into strict functors
Apg: P(P,Q) — L(AP,AQ) under the hom Gray-adjunction (33) from 4.2 of the tensor prod-
uct.

Since the adjoint equivalences m and i replace the two algebra axioms, we define adjoint
equivalences (XPQR’X;JQR) = (nL(a, 1))(meR,m;,QR) for objects P,Q,R € P and (tp,t}) =
(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 9 from 6.1 do indeed replace the axioms of a Gray-functor cf. (60) and (61) in 5.
above.

Next we have to show that the transforms of the components of the invertible 3-cells 7, A, and
p correspond to the invertible modifications wpgrs, ypg, and dpg in the definition of a Gray
homomorphism.

The components of 7 at objects P, Q,R,S € P are invertible 3-cells in L. We apply the
invertible strict functor L((1 ® @), 1) to bring them into a form where we can apply the hom
Gray-adjunction (33) from 4.2. We then obtain invertible 3-cells L((1 ® a@)a, 1)(mpors) of the
form

M (mpos ., 10(((M1>®1)a")®1)) * M(mogs 1(1T(R,S)M(Q,R)@aPQ)&(a’l®1))
=  Me(mprs, Lprs)o(Mpo14p)0-1)) * ML(lags, L@, (PR, S) @ mpgr)) ,
where we have already used the pentagon identity (48) from 4.3 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 9 from 6.1. 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.

Transform of the right hand factor of the domain:

([T], 1]L(AR _),)(ML(mQR57 1(1T(R,S)@?(Q,R@aPQ)"(a_l@1)))

=(la~", 11ln, 1L(AP, =) L(@, DM (1 & (P(R,S) ® P(Q, R)) ® =) ))(mgrs > Lap,)
(by naturality)

=la™", M 1Ten (x ks, 1ap,)
(by Lemma 11 from 4.3)

Transform of the left hand factor of the domain:

([, 11L(AP, —),)(ML(mPQS, 1a(((M,P®1)a—l)®1)))
=([(Mp ® D)a™", 11[n, 11L(AP, =) L(a, 1))(mpgs)
(by naturality)
=[(Mp® )a™", 1(xpos)
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Transform of the right hand factor of the codomain:

([T], 1]L(AR _),)(ML(I(IRS ) L(Cl, 1)(T(R’ S) ® mPQR)))
=[19 ML]Ten,(lARs 9XPQR)
(by Lemma 11 from 4.3 )

Transform of the left hand factor of the codomain:

([, TIL(AP, =) )M L(mprs s LR 5)o((Mps14p)a-1))))
=[1® Mp, 1]1(xprs)
(by naturality)

Thus we may define wpprs 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 ppo
(where one has to use the first Transformation Lemma and the triangle identity).

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 3 from 3.1 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 2-cell and an
identity 2-cell. Since the hom Gray-adjunction (33) of the tensor product from 4.2 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 algebra
axiom is perfectly straightforward and similar to the identification of the transforms of 7pggrs’s
domain and codomain above. For example, the transform of the interchange cell is:

([, TTLAAP, =) M £)(Z 1 L(aa 1), D(PR.S &) (mpor))

=([n, 11LAP,-). M (1 ® (L(afa™" & 1), D(PR,S) ® =) ) Cmgsr.mpor)
(by equation (4) from 2.3)

=([a™", 11[n, 11L(AP, =), L, DM (1 ® (P(R,S) ® =) ) s rmpor)
(by naturality of M., L(AP,—), and 1)

:[a_l s ML]Ten,(ZXRSTsXPQR)

(by Lemma 11 from 4.3)

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

“We show below that Gray homomorphisms correspond to locally strict trihomomorphisms. The two redundant
axioms correspond to two equations 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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Notice that the proof above only involved the first Transformation Lemma from 4.3, namely
Lemma 11. To show how the second Transformation Lemma i.e. Lemma 12 from 4.3 enters
in the proof of Theorem 5, we provide the following lemma regarding the first axiom of a T-
transformation. In fact, one has to employ Lemma 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 7-functors and
Gray transformations, and for the correspondence of the data of a T-transformation and the data
of a Gray modification.

Lemma 15. The transform of the first axiom (LTA1) of a T-transformationa: f —g: A - B
is precisely the second axiom (GMAZ2) of a Gray modification.

Proof. First note that the T-transformation axiom (LTA1) cf. Definition 3 from 3.1 is equivalent
to the equations

(A% D)o (1 Mc(S,, 1) © (Mo(App, 1 rgnat) * 1)
_ -1 f
= ML(E:’,B;,QP) o (1= ﬁP) .

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

(LQap, D) * 1) 0 (15 My, pa1it) © (Me(App. 1jsor) * 1)
_ -1 f

Here we have used naturality of M, and equation (4) from 2.3 for the manipulation of the
interchange cells. As above we only have to compare the transforms of the nontrivial 2-cells.
The transforms of L(Ap, 1)(ﬁ1g3) and L(Aap, 1)(ﬁ£ ) are by definition the modifications M# and
M of the Gray transformation corresponding to the pseudo T-functors f and g. The transform
of M (App,1;,e1) is by naturality [jp, 1]1(app).

The transform of the interchange cell M£(X,, 1(a,,.1)4) is determined as follows:

(77" (AP, -)16ap.8p) (M £(Zq,, 10 108)

=M Gray(LAP, =)apsp ® (10]" 1L(AP, =) 104pAP))(Zq ¢ L(ap1)(E)
(by the functor axiom for L(AP, —) and naturality of M gy,

=M Gray(E £(AP.ap) [P 1] LAP-)ioapar(LAap. ()
(by equation (4) from 2.3)

=M Gray(X Lapap).)
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The transform of the interchange cell left is:

P -1
(", LAP, Diaarsp) ML Cp )
—([AP _1
(by naturality of 4, equation (4) from 2.3, and extraordinary naturality of M g,,)
=(M gray(L(=, BP)apsp) ® (U1, ILAP, =) 10apar)ONE L ity o))
(by Lemma 12 from 4.3)
=(M gray(L(=, BP)ap.sp) ® (1], NL(AP, 2)14PAP)) Eap L1415
(by equation (8) from 2.3)

B).ap

=M gray(zL(aP,BP),Lg)
(by equation (4) from 2.3)

O]

This finishes our exhibition of the proof of Theorem 5, and we end this paragraph with the
following trivial corollary of Theorem 5:

Corollary 5. Given Gray-categories P and L, there is a Gray-category Gray(P, L) with objects
Gray homomorphisms, 1-cells Gray transformations, 2-cells Gray modifications, and 3-cells
Gray perturbations. If P is small and L is cocomplete, Gray(P, L) is uniquely characterized by
the requirement that the correspondence from Theorem 5 induces an isomorphism

Ps-T-Alg = Gray(?P, L)
of Gray-categories for T = [H, 1]Lang: [ob®P, L] — [obP, L]. ]

Remark 7. Strictly speaking, Gray(?, L) can of course only inherit the Gray-category structure
from Ps-T-Alg in the situation that the left Kan extension Lang along H: ob®? — P exists
and has the explicit description from 4.2, e.g. if P is small and L is cocomplete, but in fact
the prescriptions obtained in this case for the local 2-category structure and the Gray-category
structure of Gray(‘P, L) are also valid if we are not in this situation i.e. if there are no restrictions
on P and L cf. Theorem 6 below.

6.3 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 7 below.

Theorem 6. Given Gray-categories ‘P and L, the Gray-category Gray(‘P, L) is isomorphic as
a Gray-category to the full sub- Gray-category Iricat\s(‘P, L) of Tricat(‘P, L) determined by the
locally strict trihomomorphisms. U

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.
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Lemma 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 9-12 from 6.1
involve considerably less cell data than the tricategorical definitions cf. [7, 4.3]. Since P and L
are Gray-categories, these supernumerary cells are all trivial.

Consider, for example, a locally strict trihomomorphism A: Z — 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, O, 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, ¢ of invertible modifications subject to two axioms.
Up to this point, this looks very similar to Definition 9 from 6.1, the difference being in the
form of domain and codomain of the adjoint equivalence (x pgr, X p QR). However, observing that
C(AgrXApg) = (Agr®App)C by naturality of C, it is clear from Proposition 1 from 2.4 that this
corresponds to an adjoint equivalence (Y pgr, X p o &) as in the definition of a Gray homomorphism
such that C*(/QPQRa)A(;DQR) = (/\/PQR’X;JQR)-

Next, given objects P, O, R, S € P, the modification wpggs has the form?

WPQRS (MpC) x Dax' ) (xpos) * (a3 ) (M C)slxgrs X 1sy)
= (I X (MpC)) (xprs) * (MLC)(1ags X xPQR)

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.
This is the same as

WPQRS : (CAX O ([(Mp® Da", 1(¥pos) * [a', M1(Ten({ grs , La,y)))
= (C(1xC)*([1® Mp, 11(fprs) * [1, M 1(Ten(1a,g, £roR))) -

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

C.xxpx.ry = CTenxy),xyC: [X,Xx[LY] - [XxY,X ®Y]

where Xxy)x.y): [X. X'1X[Y,Y'] = [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 2 from 2.4, wpgrs corresponds to an invertible modification @pgrs as in the
definition of a Gray homomorphism such that (C(1 X C))*@pors = wpgrs -

SWe again remark that we here and in fact always use a different bracketing than the one employed in [7]. Thus,
specifying a modification as the one displayed is equivalent to specifying a modification as in [7].
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Given objects P, Q € P, the modifications ypp and dp¢p are of the same form as in the defi-
nition of a Gray homomorphism: Using strictness of the local functors, ypg is seen to be of the
form

yro: (Go X DI (epoo) * (N (MLC)i(tg X 1apy) 2 Lay, »

and this is clearly the same as

vro: 1o ® Dippg) NRP00) * Up(p gy MLI(Ten(g, 1a,0)) = 1apg -

Similarly, it is shown that 6 p¢ is of the form required in the definition of a Gray homomorphism.

Finally, we have to compare the axioms. By Theorem 2 from 2.4, the axioms of a trihomo-
morphism correspond to equations involving the components of the modifications &pgrs, Ypo,
and 0pg. On the other hand, the axioms of a Gray homomorphism are equations for the modi-
fications wpgrs, yYpo, and dpp themselves (involving an interchange 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 2 from 2.4 is trivial on components.

Recall that the interchange cell in the pentagon-like axiom of a Gray-homomorphism is given
by [a~!, M ] Ten (Zy 57 xpor)- We maintain that at the object

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

the component ([a"',\ M clTen (Zyisr ypor))ghij 18 given by M L(E;;Ml_j). This is because evalua-
tion in Gray is in this case given by taking components and now equation (58) from 4.3 for the

strict hom functor Ten, implies that

-1
([, M ] Ten (Zyesrxpor ety = M L(Ten sy ypor) gy = Mr(Zyyn;) -

This is exactly the interchange cell on the right hand side of the corresponding axiom for a
trihomomorphism, cf. [7, p. 68]. O

As noted above, in the proof of Theorem 6, there appear additional classes of interchange
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 tritransfor-
mations 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 15 from 6.2:

Lemma 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
(GMAY2) is M gGragy(X fap, ap)ih )- Note that X ;4 p ap)ih is an interchange 2-cell in the Gray product

[L(AP,AP), L(AP, BP)]® [I, L(AP,AP)],
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and now we have to determine how Mgy, acts on such an interchange cell. Recall that
Mgy [V, Z]1®[X, Y] - [X,Z] is defined by

ey (Mgray ® 1x) = ey(1®@ey)a" .

For the component of M gray(2 /(4 Pap)ih ) at the single object * € [ this implies that

L(APAP
(M GrayX(apap)s)+ = (€ LE AP, BP;(L(AP, =)apep ® D)Xy, (1))
(by equation (4) from 2.3)
= ML(E&P,(LQ‘,)*)
(by definition of L(AP, —) see (15) from 2.5)

In fact, this is exactly the interchange cell for the left hand side of the axiom in [7, p. 77 ].
Similarly, the component of the interchange 2-cell M gyy(E Liep, BP),Lg) at the single object
* € [, is given by

L(BP,BP
(M gray(Z oy 5p1.8)s = € iapap(L(= BPYapse © D, ()
= Mre(o,w).,)
(by definition of L(—BP) see (16) from 2.5)
=M (Z 5 )

(B)ap

(by equation (8) from 2.3) .
In fact, this is exactly the interchange cell for the right hand side of the axiom in [7, p. 77]. [

Remark 8. It is entirely analogous to show that the composition laws as given in [7, Th. 9.1
and 9.3] and Definitions 5 and 6 from 3.1 of the two Gray-categories coincide under the cor-
respondence. This concludes our exhibition of the critical ingredients of the proof of Theorem
6.

Combining Corollary 5 from 6.2 and Theorem 6, we have proved our main theorem:

Theorem 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 triho-
momorphisms. U

The identification of the functor category [P, L] with [ob/P, £]" in Theorem 4 from 5., and the
coherence result for Ps-T-Alg given in Corollary 3 from 4.1, then prove the following coherence
theorem for Tricatis(‘P, L):

Theorem 8. Let P be a small Gray-category and L be a cocomplete Gray-category. Then the in-
clusion i: [P, L] — Tricatis(‘P, L) of the functor Gray-category [P, L] into the Gray-category
Tricat\s(P, L) of locally strict trihomomorphisms has a left adjoint such that the components
na: A — ILA for objects A € Tricat\s(‘P, L) of the unit of this adjunction are internal biequiva-
lences. O
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Example. Let P be a small Gray-category. Recall that Gray considered as a Gray-category is
complete and cocomplete cf. Lemma 1 from 2.3. Thus Theorem 8 applies for L = Gray. As a
consequence, a locally strict trihomomorphism ? — Gray which is nothing else than a locally
strict Gray-valued presheaf is biequivalent to a Gray-functor P — L.

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