MULTIPLE CATEGORIES OF GENERALISED QUINTETS

MARCO GRANDIS AND ROBERT PARE

ABSTRACT.

We construct various multiple categories, based on generalised Ehresmann quintets.
The main construction is a multiple category whose objects are all the ‘lax’ multiple
categories; the transversal arrows are their strict multiple functors while the arrows in
a positive direction are multiple functors of a ‘mixed laxity’, varying from the lax ones
(in direction 1) to the colax ones (in direction co).

Introduction

This paper is about strict, weak and lax multiple categories, a higher dimensional exten-
sion of double categories that we have studied in the articles [GP6 - GP10]. The first two
of them are about the 3-dimensional case, where intercategories (a kind of lax multiple
category) cover and combine diverse structures like duoidal categories, Gray categories,
Verity double bicategories and monoidal double categories.

An infinite dimensional multiple category has objects, i-directed arrows in each direc-
tion ¢ € N, 7j-cells of dimension two for all ¢ < j, and so on. The transversal direction
i = 0 always has a categorical composition (strictly associative and unitary), while the
composition in a geometric direction ¢ > 0 can be weak, i.e. associative and unitary up to
invertible transversal comparisons. The transversal composition has a strict interchange
with all the geometric ones, but the latter have 7j-interchangers, which are assumed to
be invertible in the case of weak multiple categories; more generally, chiral multiple cat-
egories and intercategories have directed ij-interchangers, for ¢ < j. An n-dimensional
multiple category has indices in the ordinal n = {0,1,...,n — 1}. The definitions can be
found in [GP6] for the 3-dimensional case, and in [GP8| for the general one; they are
briefly sketched in Section 1.1, below.

Many examples of infinite-dimensional weak multiple categories studied in the previous
papers are of cubical type: loosely speaking, all the positive directions are equivalent. For
instance this happens for all weak multiple categories Span(C) and Cosp(C), of ‘cubical’
spans and cospans over a category C [GP8|. Even many chiral examples, like the chiral
triple category SC(C) of spans and cospans over C (and its infinite dimensional extensions)
only have two kinds of arrows in positive directions: either spans or cospans.

Here we construct various (strict) multiple categories of highly non-cubical character,
where the arrows in each direction are of different kinds.

The starting point is Ehresmann’s double category of quintets Q(C) over a 2-category
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C, whose horizontal and vertical maps are the maps of C, with double cells defined by
2-cells of C

u</g0 v p:vf = gu: A— D. (1)

Their horizontal and vertical compositions are obvious. This construction can be
easily extended to a multiple category Q(C) of higher quintets of C (see Section 1.2). It
is of cubical type, but gives a mould in which we can cast various multiple categories ‘of
generalised quintets’, no longer of cubical type.

Outline. In Section 1, after constructing the multiple category Q(C) of higher quintets
over a 2-category C, we define the notion of a multiple category of generalised quintets,
or - more particularly - of quintet type (Section 1.4).

Section 2 contains our main result: the construction of the multiple category Cmc
of chiral multiple categories, indexed by the ordinal w +1 = {0,1,...,00}. Here the
transversal arrows are strict multiple functors while, in direction p (for 1 < p < 00),
the p-morphisms are ‘multiple functors of mixed laxity’, including the lax ones (in di-
rection 1) and the colax ones (in direction co). Similar frameworks are concerned with
intercategories, and the n-dimensional case.

The next two sections construct a multiple category GQ(C) of generalised quintets
over a sequence C of 2-categories and 2-functors. In particular, a 2-category C gives a
multiple category Adj(C) where an i-directed arrow is a chain ug 4 ;... - u; of consecutive
adjunctions in C, and a multiple category Bnd(C) where an i-directed arrow is a bundle
u = (uo, ..., u;) of parallel arrows of C.

Finally in Section 5 we construct a triple category of pseudo algebras, for a 2-monad;
it is again of quintet type. The Theorems 5.7 and 5.8 show how algebras and normal
pseudo algebras of graphs of categories are related to strict and weak double categories.

Literature. Strict double and multiple categories were introduced and studied by C.
Ehresmann and A.C. Ehresmann [Eh, BE, EE1, EE2, EE3]. Strict cubical categories can
be seen as a particular case of multiple categories (as shown in [GP8]); their links with
strict w-categories are made clear in [BrM, ABS]. The theory of weak double categories
(or pseudo double categories) is analysed in our series [GP1 - GP4], and in other papers
like [DP1, DP2, DPP1, DPP2, Fi, FGK1, FGK2, Ga, GP11, Kol, Ko2, Ni, P1, P2]. For
weak cubical categories see [G1, G2, G3, GP5].

Notation. We mainly follow the notation of [GP8 - GP10]. The symbol C denotes weak
inclusion. Categories and 2-categories are generally denoted as A, B...; weak double
categories as A, B...; weak or lax multiple categories as A, B... More specific points are
recalled below, in Section 1.

Acknowledgements. This work was partially supported by GNSAGA, a research group of
INDAM (Istituto Nazionale di Alta Matematica), Italy.



1. Higher quintets

After constructing a multiple category Q(C) of (higher) quintets over a 2-category C,
we define multiple categories of generalised quintets, and - more particularly - of quintet
type.

In a 2-category the vertical composition of 2-cells is written as ¢ ® 1), in diagrammatic
order; the whisker composition of arrows and cells by juxtaposition or dots.

1.1. NoTATION. The definitions of weak and chiral multiple categories can be found in
[GPS], or - briefly reviewed - in [GP9], Section 1. Here we only give a sketch of them,
while recalling the notation we are using.

The two-valued index « (or /) varies in the set 2 = {0, 1}, also written as {—, +}.

A multi-index i is a finite subset of N, possibly empty. Writing i C N it is understood
that i is finite; writing i = {iy,...,4,} it is understood that i has n distinct elements,
written in the natural order iy < iy < ... < i,; the integer n > 0 is called the dimension
of i. We write:

ij=ji=1U{j} (for 7 € N\i),
il =1i\{j} (for j €1i).

For a weak multiple category A, the set of i-cells A; is written as A,, A;, A;; when i
is @, {i} or {i,j} respectively. Faces and degeneracies, satisfying the multiple relations,
are denoted as

(2)

8]9‘: Xi — Xi\ja €;: Xi|j — Xi (fOI" o = :l:, j S i) (3)

The transversal direction ¢ = 0 is set apart from the positive, or geometric, directions.
For a positive multi-indez i = {iy,...,i,} C N* = N\{0}, the augmented multi-index
0i = {0, 4y, ..., i, } has dimension n + 1, but both i and 0i have degree n. An i-cell x € A;
of A is also called an i-cube, while a Oi-cell f € Ag; is viewed as an i-map f: x —q vy,
where z = 9, f and y = 9f f. Composition in direction 0 is categorical (and generally
realised by ordinary composition of mappings); it is written as gf = f+4og, with identities
1, =id(z) = eo(z).

The transversal category tvi(A) consists of the i-cubes and i-maps of A, with transver-
sal composition and identities. Their family forms a multiple object in Cat, indexed by
the positive multi-indices.

Composition of i-cubes and i-maps in a positive direction i € i (often realised by
pullbacks, pushouts, tensor products, etc.) is written in additive notation

frigiat+iy—d +y  (fra—a, g:y—y, 0 f=0g).

(4)

The transversal composition has a strict interchange with each of the positive oper-
ations. The latter are categorical and satisfy the interchange law up to transversally-



invertible comparisons (for 0 < ¢ < j, see [GP8], Section 3.2)

Nix: (e,0;x) +ix —o @ (left i-unitor),
pir: T+ (6,0 x) = x (right i-unitor),
ki@, Y, 2) x4 (Y +i 2) =0 (@ 4+3y) +i 2 (i-associator), (5)

Xij (2, y, z,u): (24 y) +5 (24 u) =0 (45 2) +i (y+5 uw)
(ig-interchanger).

The comparisons are natural with respect to transversal maps; \;, p; and x; are special
in direction i (i.e. their i-faces are transversal identities) while y;; is special in both
directions i, j; all of them commute with 05 for k # ¢ (or k # 4, j in the last case). Finally
the comparisons must satisfy various conditions of coherence, listed in [GP8], Sections 3.3
and 3.4.

More generally for a chiral multiple category A the ¢j-interchangers y;; are not assumed
to be invertible (see [GP8], Section 3.7).

Even more generally, in an intercategory we also have ij-interchangers fi;;, d;;, 75 in-
volving the units; this extension is studied in [GP6, GP7| for the 3-dimensional case, the
really important one. The infinite dimensional case is introduced in [GP8], Section 5, but
lacks examples of interests and has a marginal position in [GP8 - GP10], as well as here.

Lax multiple functors and their transversal transformations are defined in [GPS], Sec-
tion 3.9.

1.2. A FRAMEWORK OF HIGHER QUINTETS. We start from a 2-category C and construct
a multiple category M = Q(C) of (higher) quintets over C, extending the double category
Q(C) of quintets introduced by C. Ehresmann (see [GP1], Section 1.3).

(a) The objects of M are those of C; in every direction ¢ > 0, an i-cell f: X —; YV is a
C-morphism. They form the category cat;(M) underlying C.

(b) In dimension 2, an ij-cell (for 0 < i < j) is a quintet of C, consisting of four morphisms
and a 2-cell ¢

r

A—"- B o

J
Ul</¥’ lv w:vr = su: A— D. l (6)
C ——= D

S

These cells have two obvious composition laws, in directions ¢ and j, and form a double
category dbl;;(M); it is the same as the double category Q(C), ‘displayed’ in directions 4
and j.
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(c) In dimension 3 an ijk-cell (for 0 <i < j < k) is a ‘commutative cube’ I of quintets

| x l<\|y ki\ﬂ_> (7)

More precisely, we have six quintets

©:Ur — su, ' = s (two ij-cells, the faces Of1I),
mx'r = 'z, py's— sy (two ik-cells, the faces 011,
w: yu — u'z, C:yv— v (two jk-cells, the faces OP11).

which must satisfy the following commutativity relation, in C
Yo pu®sw="_Cvrr: yur — s'ux. (8)

The compositions in directions ¢, j, k amount to compositions of faces in the double
categories dbl;;(M), dblyx(M) and dblj,(M). We have thus a triple category trp,;;.(M).

(d) Every cell of dimension n > 3 is an n-dimensional cube whose 2-dimensional faces are
quintets, under the condition that each 3-dimensional face in direction ijk be an ¢jk-cell,
as defined above.

1.3. COSKELETAL DIMENSION. We want to express point (d) above saying that the mul-
tiple category Q(C) has coskeletal dimension 3, at most. Loosely speaking, this means
that each cell of higher dimension is ‘bijectively determined’ by its boundary.

To formalise this property, we say that an n-dimensional N-multiple category A is the
‘same’ as a multiple category, but based on multi-indices i = {41, ..., it} C N of dimension
k< n.

There is an obvious truncation functor

Dtre, : Mlt — Dim, MIt, (9)

defined on the category of (small) multiple categories (and strict multiple functors), with
values in the category of n-dimensional N-multiple categories. Its right adjoint

Dcosk,, : Dim, M1t — MIt, (10)

extends an n-dimensional N-multiple category A by adding cells of every higher dimension,
with their faces, operations and degeneracies.
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The higher cells are inductively defined as follows. If we have already defined the cells
up to dimension k£ > n, an i-cell of dimension k + 1 is a face-consistent i-family x = (x5")
of k-dimensional cells, where

o
xZ;

B a _ ga,bB ; EN —
9; v = Ofw; (fori# jiniand o, = +).

is an ili-cell (for i €iand a = =),

(11)

Of course the new faces are defined letting 07(x) = x¢. Then the new operations
and degeneracies are determined by the fact that they must be consistent with faces, i.e.
satisfy the following conditions (for j # i):

O (x+iy) =07 (), O (w+iy) =0/ (y),

07 (z +iy) = 07 (x) +: 97 (y), (12)
0¥ (e;x) = x, O (eir) = €;05 ().

Now we say that the multiple category A has coskeletal dimension < n if it is iso-
morphic to Dcosk,,Dtrc,, (A), so that all its cells of higher dimension can be reconstructed
from those of dimension up to n, as described above. The coskeletal dimension of A is the
least such natural number n.

Similar definitions can be given for weak or lax multiple categories.

The coskeletal dimension of the multiple category Q(C) is 3 at most, and can be less.
For instance, if C is a preordered category (viewed as a locally preordered 2-category),
then each cube of quintets (7) commutes, and is ‘bijectively determined’ by its boundary,
so that the coskeletal dimension of Q(C) is at most 2; moreover, if the preorder of C is
codiscrete, even a quintet is ‘bijectively determined’ by its boundary, and the coskeletal
dimension is at most 1; finally, if C is a codiscrete category with codiscrete preorder, the
coskeletal dimension of Q(C) is 0.

In [GPS8], Section 2.7, we have considered a different truncation functor tre,: Mlt —
Mlt,,, taking values in the category of n-multiple categories, having multi-indices i C
n = {0,...,n — 1}. This functor and its right adjoint cosk, would give another notion of
dimension, which seems to be of little interest.

1.4. MULTIPLE CATEGORIES OF GENERALISED QUINTETS. A multiple category of gener-
alised quintets will be a multiple category A equipped with a ‘forgetful” multiple functor
U: A — Q(C) with values in the multiple category of quintets over some 2-category C.

More particularly we say that A is of quintet type over C when U satisfies the following
condition of ‘2-dimensional faithfulness’:

(i) each cell = of A of dimension 2 or higher is determined by its boundary and by the cell
U(x) of Q(C).

In the general case above, U is just expected to capture properties of A, motivating
our interest. Much in the same way as we may be interested in ‘forgetful’ functors of
ordinary categories, even if not faithful.
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1.5. MULTIPLE CATEGORIES OF CUBICAL QUINTETS. Extending our construction of the
multiple category Q(C) of quintets over a 2-category C, one can start from a (strict) n-
category C and form a multiple category Q"(C), of coskeletal dimension < n+ 1, so that
Q?(C) is the previous case of Section 1.2 while Q!(C) = Cub(C) is the multiple category
of commutative cubes over a category (see [GP8], Section 3.5(a)).

We only sketch the construction of Q*(C), for a 3-category C. For all cells of dimension
0, 1 and 2 we proceed as in Section 1.2, points (a), (b); then we go on as follows.

(¢) In dimension 3 an ijk-cell IT (for 0 < i < j < k) is a cubical diagram of 2-dimensional
cells (its faces), as in diagram (7), inhabited by a 3-cell of C (still written as II, by abuse
of notation)

II: o @ pu®sw— (rovr@yz: y'or — s'u'z. (13)

The compositions in directions i, j, k are defined by ‘pasting inhabited cubes’ in C; we
get a triple category trp;;,(Q*(C)).

(d) A cell of dimension 4 is a face-consistent family of 3-dimensional cells that forms
a ‘commutative 4-dimensional cube’. Every cell of dimension n > 4 is an n-dimensional
cube whose 3-dimensional faces are as in (¢’), under the condition that each 4-dimensional
face be a commutative 4-cube.

2. The multiple category of chiral multiple categories

In [GP10], Section 2, we have constructed the strict double category Cmc of chiral multiple
categories, with lax and colax multiple functors, and suitable double cells ‘of quintet type’.
This construction was the basis of our definition of colax/lax adjunctions between chiral
multiple categories.

In [GP6], Section 6, we have constructed the strict triple category ICat of 3-dimensional
intercategories, whose arrows are ‘mixed-laxity functors’: the lax triple functors in direc-
tion 1, the colax ones in direction 3 and the intermediate colaz-lax morphisms in direction
2.

We extend now these structures, forming a (strict) multiple category Cmc of chiral
multiple categories, indexed by the ordinal w+1 = {0, 1, ...,00}. The transversal arrows,
or 0-morphisms, are strict multiple functors. In direction p (for 1 < p < o), the p-
morphisms are ‘functors of mixed laxity’, varying from the lax functors (in direction 1)
to the colax ones (in direction co).

As to notation, a chiral multiple category A is a multiple object of ordinary categories
tvi(A) indexed by positive multi-indices i = {4, j, k...} C N*. On the other hand Cmc will
be indexed by ‘extended’ positive multi-indices p = {p,q,r...} C {1,2,...,00}.

Let us note that, if we restrict Cmc to the weak multiple categories of cubical type
(see [GP8]), we still have a multiple category of non-cubical type, with different kinds of
arrows in each direction.
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2.1. MIXED-LAXITY FUNCTORS. In degree 0, the objects of Cmc are the (small) chiral
multiple categories, and the transversal arrows (or O-morphisms) are the strict multiple
functors F': A —¢ B.

In degree 1 and direction p (for 1 < p < 00), a p-morphism R: A —, B between chiral
multiple categories will be a mized-laxity functor which is colax in all positive directions
1 < p and lax in all directions ¢ > p. In particular, this is a lax functor for p = 1 and a
colax functor for p = oo.

Basically, R has components R; = tv;(R): tvi(A) — tvi(B), for all positive multi-
indices i, that are ordinary functors and commute with faces: 0. R; = R;;.0{ (for i € i).

Moreover R is equipped with i-special comparison i-maps R, (for t € A;; and z,y
i-consecutive in Aj;), either in the lax direction for i > p

Ri(t): eRR(t) —o R(eit),  Ri(x,y): R(x) +; R(y) —o Rz +:y), (14)

or in the colax direction for 0 < i < p

R,(t): R(eit) —o e;R(t), Ri(z,y): R(x +;y) —o R(x) + R(y). (15)

All these comparisons must commute with faces (for j # i in i)
(9]9‘32-(15) = Ei(ag%)a a}'lﬁi(xa y) = Ei(ajq‘r7 a?y)- (16)

Moreover they have to satisfy the axioms of naturality and coherence (see [GPS|,
Section 3.9), either in the lax form (Imf.1-4) for ¢ > p, or in the transversally dual form -
say (cmf.1-4) - for i < p.

Finally there is an axiom of coherence with the interchanger x;; (0 < ¢ < j) which has
three forms (where (a) corresponds to (Imf.5), (¢) corresponds to its dual (cmf.5) and (b)
is an intermediate case):

(a) for p < i < j (so that R is i- and j-lax), we have commutative diagrams of transversal
maps:

(Rx +; Ry) +; (Rz +; Ru) 2t (Rx +; Rz) +; (Ry +; Ru)
Ei+jEi\J/ Lﬁj-hﬂj
R(z +;y) +; R(z +; u) R(x +;y) +:i R(z +; u) (17)

R, |2

R((z +iy) +5 (2 +iu)) R((z +; 2) +i (y +5 u))

Rxj



(b) for 0 < i < p < j (so that R is i-colax and j-lax), we have commutative diagrams:

(Rzx 44 Ry) +; (Rz +; Ru) 2R (R +; Rz) +; (Ry +; Ru)

Rﬁ'jV yjj'h'Rj

R(x +;y) +; R(z +; u) R(x +;y) +i R(z +; u) (18)

2\ /a

R((z +iy) +5 (2 +i u)) moe ((z 45 2) +i (y +5u))

(c) for 0 < i < j < p (so that R is i- andj-colax), we have commutative diagrams as in
(17), with all vertical arrows reversed.

The composition of p-morphisms is easily defined: their comparisons are separately
composed.
Finally, a transversal map (F,G): R —¢ S of p-arrows will be a commutative square

F 0

R[ — s SF =GR v (19)
* a

o <—eo— o

with strict functors F, G and p-morphisms R,S. Commutativity means that SF' = GR
as p-morphisms, including comparisons.

(Let us recall that, as already remarked in [GP6], the ‘lax-colax’ case makes no sense:
modifying diagram (17) by reversing all arrows R; would lead to a diagram where no pairs
of arrows compose.)

We have thus defined the double category dbly,(Cmc) of chiral multiple categories,
strict functors and p-morphisms.

2.2. TWO-DIMENSIONAL CUBES. To define a pg-cube (for 1 < p < ¢ < 00) we have to
adapt the axioms of transversal transformation (again in [GP8], Section 3.9).

A pg-cube @: (U B V) will be a ‘generalised quintet’ consisting of two p-morphisms
R, S, two g-morphisms U, V', together with - roughly speaking - a ‘transversal transfor-
mation” ¢: VR --» SU

R p

. -« —>

A — >
! |
U‘< v [V p: VR --+ SU. (20)
. —> B

S

Again (as in [GP10], Section 2, for the double category Cmc) this is an abuse of nota-
tion since there are no composites VR and SU in our structure: the coherence conditions
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of  are based on the four morphisms R, .S, U,V and all their comparison maps. Precisely,
the cell ¢ consists of a face-consistent family of transversal maps in B

o(x) = pi(x): VR(x) —¢ SU(z), (for every i-cube x of A),

: (21)
0.3 = ;-0 (for i € 1),

so that each component ¢;: ViR; — S;U;: tvi(A) — tvi(B) is a natural transformation of
ordinary functors:

(nat) for all f: x —¢ y in A, we have a commutative diagram of transversal maps in B

VR(z) —— SU(x)
VRfj = jSUf (22)
VR(y) SU(y)

Y

Moreover ¢ has to satisfy the following coherence conditions (coh.a), (coh.b), (coh.c)
with the comparisons of R,S,U,V, for a degenerated cube e;(t) (with ¢t € A;;) and a
composite z = x +; y in A;.

(coh.a) If p < ¢ < i (so that R,S,U,V are lax in direction i), we have commutative
diagrams:

aVR() S esU(t) VR +; VRy 5% SUz +, SUy
Ki(Rt)l/ lﬁi(Ut) Zi(Rx,Ry)l lﬁi(Ux,Uy)

V(e;Rt) S(e;Ut) V(Rz +; Ry) S(Uz +; Uy) (23)
VE®) Jsoo Ve st

V R(e;t) oy SU (e;t) VR(z) SU(z)

(coh.b) If p < i < ¢ (so that R, S are lax and U,V are colax in direction i), we have
commutative diagrams:

aVR(E) <YL e su(t) VRr + VRy 5% SUz +, SUy
v ] siwn L(R%Ry)T lﬁiwx,vy)

V(e;Rt) S(e;Ut) V(Rz +; Ry) S(Uz +; Uy) (24)
VE®) [suo)  vae) [su.aa)

V R(e;t) oy SU (e;t) VR(2) o SU(z)

(coh.c) If i < p < ¢ (so that R,S,U,V are colax in direction ¢), we have commutative
diagrams as in (23), with all vertical arrows reversed.
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The p- and ¢g-composition of these cubes are both defined using componentwise the
transversal composition of a chiral multiple category. Namely, for a consistent matrix of
pg-cubes and x € A

. L . U .
U[ © jv ¥ w A
S . v (25)
e g
T T
(o +p V) (x) = (Rx) +0 S'(pz): WR'Rx — S'VRx — S'SU, (26)

(p4q0)(x) =V (px)+00(Ux): V'VRr — V'SUx — TU Ux.
We prove below, in Theorem 2.8, that these composition laws are well-defined, i.e.
the cells above do satisfy the previous coherence conditions. Moreover, they have been

defined via the composition of transversal maps, and therefore are strictly unitary and
assoclative.

Finally, to verify the middle-four interchange law on the four double cells of diagram
(25), we compute the composites (¢ 4+, ¥) +4 (0 +, 7) and (¢ +4 0) +, (¥ +4 7) on an
i-cube x, and we obtain the two transversal maps W/'W R'Rx —q T"TU'Ux of the upper
or lower path in the following diagram

W'WRRr 1 wisv Ry V2L wrersU
TVR:Jcl = \J/TSUw (27)

T'V'VRx — T'V'SUr —— T'TU'Ux
T'V'px T'oUx
The square commutes, by naturality of the double cell 7 (with respect to the transversal
map px: VR(z) —o SU(x)), so that the two composites coincide.
2.3. TRANSVERSAL MAPS OF DEGREE TWO. Given two pg-cubes
p: (U BV, o (U BV (28)

a transversal pg-map (F,G,F',G"): ¢ —o ¢ (of degree two and dimension three) is a
quadruple of strict functors forming four transversal maps of degree 1

(F,G): R—y R, (F',G"): S —¢ 5,

29
(F,F): U = U, (G,G"):V = V', (29)
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A A,
/
\f.ﬁ. UA//“” \ . 2o
DT P . |\
SR NN

and such that ‘the cube commutes’, in the sense that, for every i-cube x of A, the following
transversal maps of B coincide

G'(¢px): G'VR(z) — G'SU(z), ¢ (Fzx): VR'F(z) — S'U'F(z). (30)

We have thus defined the triple category trp,,(Cmc) of chiral multiple categories,
with strict functors and p- and g-morphisms (for 0 < p < ¢ < 00). Its indices vary in the
pointed ordered set {0, p, q}.

2.4. THREE-DIMENSIONAL CUBES. A pgr-cube (for 0 < p < ¢ < r < oo) will be a
‘commutative cube’ Il determined by its six faces:

- two pg-cubes @, (the faces 9°11),
- two pr-cubes 7, p (the faces 9711,
- two gr-cubes w, ¢ (the faces 951I),

A R . A i .
SN2 |\ o

e O N S S "IN (31)
N NI

The commutativity condition means that, for every i-cube x of A, the following com-
posed transversal arrows in B coincide

S'wr.pUz.Y'pr: Y'VR(z) - Y'SU(z) = S'YU(zx) = S'U'X(z)

Y Xz V'mrx.(Rr:Y'VR(x) = V'X'R(x) = V'R X(x) = S'U'X(x). (32)

These cubes are composed in direction p, ¢, or 7, by pasting cubes (with the operations
of 2-dimensional cubes). Again, these operations are associative, unitary and satisfy the
middle-four interchange by pairs.

2.5. HIGHER ITEMS. A transversal pgr-map F': I1 —q II' between pgr-cubes is determined
by its boundary, a face-consistent family of eight transversal maps of degree two (and

dimension three)
O F: 951 —g 09T (7 € {p,a.r}), (33)
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under no other conditions. Their operations are computed on such faces.

We have thus defined a quadruple category of chiral multiple categories, with strict
functors and p-, ¢-, r-morphisms (for extended positive integers p < ¢ < r). The indices
vary in the pointed ordered set {0, p, ¢, 7}.

Finally, we have the multiple category Cmc (indexed by the ordinal w+ 1), where each
cell of dimension > 4 (starting with the transversal maps of degree 3 considered above and
the cubes of dimension 4, not yet considered) is determined by a face-consistent family of
all its iterated faces of dimension 3.

In the truncated case we have the (n+1)-dimensional multiple category Cmc, of (small)
chiral n-multiple categories, where the objects are indexed by the ordinal n = {0, ...,n—1},
while Cmc,, is indexed by n + 1 (the previous oo being replaced by n). But one should
note that Cmc, is not an ordinary truncation of Cmc, as its objects too are truncated.

Cmc is a substructure of the - similarly defined - multiple category Inc of small infinite
dimensional intercategories, and Cmc,, is a substructure of the (n+1)-dimensional multiple
category Inc, of small n-intercategories.

2.6. COMMENTS. These multiple categories are related to various double or triple cate-
gories previously constructed.

(a) A chiral 1-multiple category is just a category, and Cmc; is the double category of
small categories, with commutative squares of functors as double cells.

(b) A chiral 2-multiple category is a weak double category. Let us recall that we have
already studied (in [GP2], Section 2) the double category Dbl of weak double categories,
with lax and colax functors - where double adjunctions live. Later Dbl has been extended
to a triple category SIDbl of weak double categories, with strict, lax and colax functors
[GP8], Section 1); in the latter all 2-dimensional cells are inhabited by possibly non-trivial
transformations, while in Cmcy the 01- and 02-cells are ‘commutative squares’, inhabited
by identities. Thus Cmcy extends Dbl but is a triple subcategory of SDbl.

(c) Multiple adjunctions live in the double category Cmc of chiral multiple categories,
with lax and colax multiple functors ([GP10], Section 2). This can be extended to a triple
category SCmc of chiral multiple categories, with strict, lax and colax functors, where
again all 2-dimensional cells are inhabited by possibly non-trivial transformations. Then
SCmc contains the triple category obtained from Cmc by restricting to the multi-indices
i € {0,1,00}. But there seems to be no reasonable way of extending Cmc with non-trivial
quintets on Op-cells, for 1 < p < oo.

(d) The quadruple category Incs of 3-dimensional intercategories is an extension of the
triple category ICat of [GP6], Section 6, obtained by adding strict functors in the transver-
sal direction and ‘commutative transversal cells’.

2.7. THE QUINTET TYPE. There is a multiple functor

tv: Cmc — Q(Mlt(Cat)), (34)
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with values in the multiple category of quintets over the 2-category of multiple objects in
Cat (indexed by N*), which sends:

- a chiral multiple category A to the multiple object tv(A) = (tv;A)icn+ of its transversal
categories,

- a p-morphism F': A —, B to the multiple morphism tv(F) = (Fj: tviA — tviB); formed
by its transversal components, the ordinary functors F; (for p > 0),

- a pg-cell ¢: VR --» SU (as in (20) or also in (19)) to the multiple transformation
tv(p) = (i ViRy — S;iU;); formed by its transversal components, the ordinary natural
transformations ¢; (for 0 < p < q),

- each higher cell ® of Cmc to the corresponding cell of the codomain, by acting on all
the 2-dimensional faces of ®.

This multiple functor makes Cmc into a multiple category of quintet type, in the sense
of Section 1. Moreover Cmc has coskeletal dimension 3: note that the 3-dimensional cubes
of (31) are determined by their boundary, under a commutativity condition which is not
automatically satisfied.

2.8. THEOREM. In Cmc the composition law ¢ +, Y of pg-cubes is well-defined by the
formula (27)

(0 4p ) (x) = Y(Rx) +0 S'(pz): WR'Rx — S'VRx — S'SUx, (35)

in the sense that this family of transversal maps does satisfy the conditions (coh.a) -

(coh.c) of 2.2.

PROOF. The argument is an extension of a similar one for the double category Dbl in
[GP2], Section 2, or for the double category Cmc in [GP10], Section 2, taking into account
the mixed laxity of the present ‘functors’. We prove the three coherence axioms with
respect to a composed cube z = x +; y in A;j; one would work in a similar way for a
degenerate cube e;(t), with t € Ajy;.

First we prove (coh.a), letting p < ¢ < i, so that all our functors R, R',S,S", U, V,W
are lax in direction ¢. This amounts to the commutativity of the outer diagram below,
formed of transversal maps (the index i being omitted in +; and in all comparisons R;, R,
etc.)

YRz S'pz

WR Rz S'VRz S'SUz
WR'R S'VR s'su
WR (Rz + Ry) — " o1y(Re + Ry) S'S(Uz + Uy)
WR'R S'VR S'SU

’ , , S’ (pz+py) ,
W(R'Rx + R'Ry) S'(VRx +VRy) ———— S'(SUx + SUy)
WR'R S'VR S'SU
/ / / / / !
WR Rz +WR'Ry e S'V Rz +S'VRy ——— §'SUz + S'SUy
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Indeed, the two hexagons commute by (coh.a), applied to ¢ and 1, respectively. The
upper rectangle commutes by naturality of ¢» on R;(x,y). The lower rectangle commutes
by axiom (Imf.2) [GP8], Section 3.9, on the lax functor S’, with respect to the transversal
i-maps px: VR(z) —¢ SU(x) and py: VR(y) —¢ SU(y)

S'(px +ipy) SV R(z), VR(y)) = Si(SU(x), SU())-(S'(px) +: S'(py)).  (36)

The proof of (coh.c) is transversally dual to the previous one. To prove (coh.b) we let
p <i<q,sothat R, R, S,S" are lax, while U, V, W are colax in direction i. We reverse
the comparisons U,, V,, W, in the diagram above

WR'R s S'VRz ez S'SU~
WR'R S'VR s'sU
WR'(Rz + Ry) —2 ) o'y (Re + Ry) S'S(Uz + Uy)
WR'R S'VR S'SU

’ , , S’ (pz+py) ,
W (R Rx + R'Ry) S'(VRx +VRy) ———— S'(SUx + SUy)
WR'R S'VR S'SU
/ / ! ! ! !
WR'Rz +WRRy —me S'VR2+S'VRy 5 ——— §'SUz+5'SUy

and note that the two hexagons commute, by (coh.b) on ¢ and 1, while the rectangles
are unchanged.

3. Generalised quintets for chains of adjunctions

We now construct a non-cubical multiple category of generalised quintets, out of a se-
quence of 2-categories and 2-functors. Then we deduce a non-cubical multiple category
Adj(C) where an i-directed arrow is a chain of adjunctions ug 4 uy = ... 4 u; of length i,
in a fixed 2-category C.

Examples of unbounded chains of adjunctions can be found in [Bo].

3.1. A MULTIPLE CATEGORY DERIVED FROM A SEQUENCE OF 2-CATEGORIES. We start
from a sequence C of 2-functors of 2-categories, which are supposed to be the identity on
a common set of objects S

©) e G I =0y 20 B g (37)
Uj': i+1---Uj: CJ—>CZ (O<Z<]),

and we construct a multiple category M = GQ(C) of generalised quintets over the sequence
C, or quintets modulo U. The 2-functors Uj; are called the forgetful functors of C.
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(a) The set of objects of M is S. In dimension 1, an i-cell u: X —; Y is a C;-morphism
(1 > 0). They form the category cat;(M) underlying C;.

(b) In dimension 2 an ij-cell (for 0 < i < j) is a U-quintet, or quintet modulo Uj;: C; — C,.
It amounts to: two C;-morphisms r,s (its j-faces), two C;-morphisms wu,v (its i-faces)
and a 2-cell ¢ in C;

A L B *
C D

s

Such an ij-cell has an obvious underlying cell |p| in the double category Q(C;) of
quintets over C;. U-quintets inherit from the latter two composition laws in directions
i and j, and form a double category dbl;;(M) with a cellwise-faithful double functor

(c) In dimension 3 an ijk-cell (for 0 < i < j < k) is a cube of U-quintets whose image in
C; commutes

T
e ————= o _—

| : l _><| N ()

More precisely, we have six U-quintets determined by 2-cells in C; or C;

-dg-cells: @ (Ujv)r — s(Uju), ¥ (Uj)r' — §'(Ujn)  (2-cells in C;),
-ik-cells: 7w (U )r — ' (Ukix), p: (Upy')s — s'(Uky)  (2-cells in C;),
- jk-cells: w: (Ugjy)u — ' (Uyx), C: (Ugjy')v — ' (Ugza')  (2-cells in Cj).

They must satisfy the following commutativity relation, in C;
Uy . o@pUu®s Uw=Ur@Uv.n@.Us: Uy .Uvr— s.Uu.Uxr,

where U stands for Uj; or Uy; when it operates on C; or Cy, respectively.
The compositions in directions %, j, k amount to compositions of faces in the double
categories dbl;;(M), dblj,(M) and dbly,(M). We have thus a triple category trp,;;.(M).

(d) Every cell of dimension n > 3 is an n-dimensional cube whose 2-dimensional faces
are U-quintets, under the condition that each 3-dimensional face in direction 5k be an
17k-cell, as defined above.
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3.2. COMMENTS. As a particular case, if we start from a 2-category C and build the
sequence C of its identities, this procedure gives the multiple category Q(C) of quintets
over C.

In general GQ(C) is a multiple category of generalised quintets, with respect to the
obvious forgetful multiple functor U: GQ(C) — Q(Cy); its coskeletal dimension is at most
3.

If we assume that all the forgetful functors U; are faithful, this multiple functor satisfies
condition 1.4(i), and GQ(C) becomes a multiple category of quintet type, over the 2-
category Cy.

3.3. CHAINS OF ADJUNCTIONS. The previous construction allows us to build a multiple
category Adj(C) of chains of adjunctions over a 2-category C.

We begin by forming the 2-category C; = Adj,(C) of i-chains of adjunctions in C, for
12> 0.

For i = 0 we just let Adj,(C) = C. In general, an object of Adj,(C) is an object of
C, and a morphism

U= (U, eey Ui M1, ETy ey iy E1) X =i Y, (40)

is a chain of adjunctions ug 4 uy = ... 4 u; in C, with

ug: X — Y, ur: Y — X, us: X =Y, ..

(’I’}l: 1X — UiUg, €1 UgU1 — 1y)2 U = U1 (UO’Ih X e1ug = 1, muy R ue] = 1)7 (41)
(2 1y = uguq, €21 g — 1x): ug Fug  (wine ® eaur = 1, 1oty @ ugey = 1),

The chain will also be written as u = (ug, u1, U2, ...), leaving units and counits under-
stood.

The composition of u with a consecutive arrow v: Y —; Z is just an iterated compo-
sition of adjunctions

vu = (vg, V1, V2, ...).(Ug, U1, U, ...) = (VoUg, UV, VoUs, ...): X —; Z, (42)
that ends with v;u; (resp. w;v;) when ¢ is even (resp. odd). The identity of X is a chain
of identities.

A 2-cell of Adj,(C)

© = (0, -y ©i): (U0 ooy Wis M1, €1y o) = (Voy ooy V31,1, 00 )2 X =4 Y (43)

Up i Uq i U9 f...

w) foo e

Vo i U1 D)
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amounts to a 2-cell pg: ug — vy of C, together with its mates in the corresponding
adjunctions

Yo Uy =~ vy X =Y,

pr1:v; —upt Y - X (p1 =M1 ® U1V @ user), (44)
Po: Uy — Uy X =Y (2 = Moty ® Vap1Us @ Vasa),

The vertical composition of ¢ with a 2-cell ¢ = (¢, ...,%;): v = w: X —; Y amounts
to the composite ¢y ® 1y, and can be written as

YR = (po @Y, V1 R Y1,Pp2 RUo,...): u —>w: X =Y, (45)

since mates agree with composition (in a contravariant way, of course). The identity of u
is the sequence (id(ug), ..., 1d(u;)).

The whisker composition of a 2-cell ¢ = (g, @1, @2, ...): u = v: X —; Y with arrows
r: X' —; Xands:Y —;Y'is

sor = (S0oro, T1§151, Sapara, o) sur — svr: X' = Y, (46)

since mates agree with whisker composition (again in a contravariant way).

The 2-functor Uj;;: C; — C; forgets the components of arrows and cells of all indices
i1, 7.

Finally we define Adj(C) as the multiple category GQ(C) of this sequence of 2-categories.

3.4. TRUNCATION. The multiple category Adj(C) extends the double category Adj(C)
of morphisms and adjunctions of C considered in [GP1], Section 3.5 (written down for
C = Cat, but the general case works in the same way).

To show that Adj(C) can be identified with the 2-dimensional truncation of Adj(C),
we begin by noting that the 0- and 1-cells of Adj(C) coincide with the horizontal and
vertical arrows of Adj(C); we are left with examining the 2-dimensional cells.

In a 0l-cell of Adj(C) the vertical arrows are adjunctions v = (u,,u®,n,¢) and v =
(v,,v°,1,¢") in C

A—1 . p o

l1
[ - [ o 0f = gu: A D, (47)
C D

and  amounts to a single 2-cell ¢, of C, as above. But we can equivalently add a mate
0 fut = vg
©* =1 fu* @vput vge: fut — vu, fut — viguut — v°g, (48)

and this completes the double cell ¢ = (¢., ¢*) as defined in [GP1].
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4. Generalised quintets for arrow bundles

We now study a similar construction of a non-cubical multiple category of generalised
quintets, based on a sequence of 2-categories and 2-functors of a different shape.

Then we deduce a non-cubical multiple category Bnd(C) where an i-directed arrow is
a ‘bundle’ u = (uy, ..., u;) of parallel arrows in a fixed 2-category C.

4.1. A SECOND CONSTRUCTION OF GENERALISED QUINTETS. We start now from a

sequence C of 2-functors which raise the indez, and again are the identity on a common
set S = ObC; of objects

(€) Co 2c Yoy — . —C (49)
Ui': j—l-“Ui: Cl—>C] (0<Z<j)’

The 2-functors U;; are called the structural functors of C. We shall construct a multiple
category M = GQ(C) of generalised quintets over the sequence C, of coskeletal dimension
3. The construction is much the same as in 3.1, taking into account that the structural
functors work the other way round.

(a) Again, the set of objects is S and an i-cell u: X —; Y is a C;-morphism (i > 0). They
form the category cat;(M) underlying C;.

(b) In dimension 2 an ij-cell (for 0 < i < j) is a U-quintet, or quintet modulo U;;: C; — C;.
It amounts to: two C;-morphisms r,s (its j-faces), two C;-morphisms u, v (its i-faces)
and a 2-cell ¢ in C;

T
C

Such an ¢j-cell has an obvious underlying cell |p| in the double category Q(C;) of
quintets over C;. U-quintets inherit from the latter two composition laws in directions i
and j, and form a double category dbl;;(M).

T

AS)

B

j
lv o:v.Ujr = Ujjsu: A — D. l (50)
D

S

(c) In dimension 3 an ijk-cell (for 0 < i < j < k) is a cube of U-quintets whose image in
C;, commutes

ml \iL. ;&. zl 7 z/.l Ni- . —s
S e R e
N N A

s s’
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More precisely, we have six U-quintets determined by 2-dimensional cells in C; or Cy,

-dj-cells:  @:v.Uyr — Uysu, ¢ 0".Ujr' = Uys' ' (2-cells in C)),
- ik-cells: m: 2" Upr — Upr'.x, p: r.Ups = Ups'y (2-cells in Cy),

- jk-cells: w: y.Upu — Uj .z, (:r.Upv — Ujv'.2” (2-cells in Cy).
They must satisfy the following commutativity relation, in the 2-category C;
rUp@pUu®Us w=CUr@Uu.r@Up.x: r.Uv.Ur — Us'.Uu .z,

where U stands for Uy, or Uj; when it operates on C; or Cj, respectively.

The compositions in directions 7, j, k amount to compositions of faces in the double
categories dbl;;(M), dbl;x(M) and dbl;,(M). We have thus a triple category trp,;;.(M).

(d) Every cell of dimension n > 3 is an n-dimensional cube whose 2-dimensional faces
are U-quintets, under the condition that each 3-dimensional face in direction 75k be an
17k-cell, as defined above.

Again, the coskeletal dimension of the multiple category M = GQ(C) is at most 3. If
all the functors U; are embeddings of 2-categories (injectives on objects, morphisms and
2-cells), GQ(C) can be obtained as a multiple subcategory of Q(C), where C, is the
colimit of diagram (49) - or some larger structure if convenient. GQ(C) is thus a multiple
category of quintet type over the 2-category C...

4.2. A MULTIPLE CATEGORY OF ARROW BUNDLES. As an example, we start from a
2-category C and construct a diagram C of 2-categories and 2-functors, of type (49).

For every i > 0, C; is a 2-category with the same objects of C, and bundles of arrows
and cells

u = (ug,...,u;): A —; B, ug, -, u; € C(A, B),

52
o= (po, .., pi):u—>v: A—; B, ©o: Uy —> Vg, ey P2 U; — v; in C, (52)

so that Cy = C. Furthermore the 2-functor U;: C; — C;,; repeats the last arrow or cell
of a bundle.

We shall write U;;(uo, ..., u;) = (uo, ..., u;), leaving as understood that u; = ... = uy;
similarly for 2-cells.

Plainly we are just considering an increasing filtration of the 2-category C, that has
unbounded bundles (up)n>0, (¥n)rso of parallel arrows and cells of C (eventually constant,
if we want).

Therefore the multiple category Bnd(C) = GQ(C) of arrow bundles over C is a multiple
subcategory of Q(Cy). It can be described as follows.

(a) The set of objects is ObC and an i-cell u = (ug, ..., u;): A —; B is a bundle of i + 1
parallel arrows of C. They form the category cat;(Bnd(C)) = C,.
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(b) In dimension 2 an ij-cell (for 0 < ¢ < j) amounts to: two C;-morphisms r,s (its

j-faces), two C;-morphisms w,v (its i-faces) and a sequence ¢ = (¢, ..., p;) of 2-cells in
C
A—"- B
J
</9" l on: vprn — spup (1< h <), l (53)

where the sequences (r1,) and (s;,) are constant for h > i

(c) In dimension 3 an ijk-cell (for 0 < i < j < k) is a cubical diagram

Its six faces are determined by their boundary-arrows and by bundles of 2-cells of C

BN

N

/\

<. .%.

N
¢ AN, (54)
Ny

7

N

- 1j-cells: On UpTy — SpUp, Up: Upry — Spu), (1< h<j),
- ik-cells: Tht ThTh —> ThThy  Ph: YpSh — Sh-Un (1< h<k),
- jk-cells: Wh YpUp = UpTh, Cpt YpUn — VLT (1< h<k).

They must satisfy the following commutativity relations, in C
YnPn @ prtn @ spWn = Curn @ VT @ Ypen: ypvnrn — spupen (1< h < k).

(d) Every cell of dimension n > 3 is an n-cube whose 2-dimensional faces are U-quintets,
under the condition that each 3-dimensional face in direction ijk be an ijk-cell, as defined
above.

5. The triple category of pseudo algebras

For a 2-monad T on a 2-category C we build a triple category of pseudo T-algebras,
of quintet type. Then we show how algebras and normal pseudo algebras of graphs of
categories are related to strict and weak double categories.

Algebras and pseudo algebras for a 2-monad are studied in [Bu, BIKP, Fi].

5.1. REVIEWING PSEUDO ALGEBRAS. We have a 2-monad T' = (T, h, m) on the 2-category
C. A pseudo algebra in C is a quadruple (A, a,w, ) consisting of an object A of C, a
map a: T'A — A (the structure) and two vertically invertible cells (the comparisons)

w:ls— ahA (the normaliser), (55)

k:aTa— amA (the extended associator),
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A—- 4 724 -4 TA
hAl/(/w ll mAl<//i Ja
TA T‘ A TA 7 A

These data are to satisfy three conditions of coherence:

aTw®rkThA =1, =wa® k.hTA,

) (56)
kT%a®@ k.mTA=aTk®rk.TmA,

a —2>ahA.a=aTa.hTA aTaT?a —241% - 4. Ta.TmA

a.Twl ln.hTA n.TQal lm.TmA
aTaThA ! a.mA.hT A a.mA.T?a a.mA.TmA
g | |
a.mA.ThA a a.TamTA — amA.mTA

A (strict) morphism of pseudo algebras f: (A,a,w,k) — (B,b,w, k) is a morphism
f: A — B of C which preserves the structure (note that the comparisons of pseudo
algebras are always denoted by the same letters)

b.Tf = f.a, wf = fuw, kT?f = fk. (57)
We write as Psay(T') the category of pseudo algebras and their strict morphisms.

5.2. NORMAL PSEUDO ALGEBRAS. We say that a pseudo algebra (A4, a,w, k) is normal if
the normaliser w is the identity, and therefore a.hA = 14.

Normal pseudo algebras are important, and should not be called ‘unitary’, as the
following example shows. We consider the 2-monad 7': Cat — Cat, where T'(A) is
the free strict monoidal category over the category A; its objects are the finite families
(X1, ..., X,,) of objects of A.

A strict monoidal structure a: TA — A over a (small) category A

a(X1, ... Xn) = ), Xi, (58)

gives all finite tensor products in A; the identity object I = a(e) comes from the empty
family e.

A normal pseudo algebra (A, a, ) amounts to an unbiased monoidal category, with
a trivial unary tensor @(X) = X (of single objects of A); the two unitors and the
binary associator all come from the extended associator x (that operates on finite tensor
products)

R(X(e), ®(X)) — R(X), QX(X), Q(e) — R(X),

RR(X).QV.2) —— RX.V.2) — QRX.1).Q1z)
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In the general case each object X has an associated object @)(X), isomorphic to X,
which - when the procedure is idempotent - can be viewed as a ‘normal form’.

For instance, let A be the monoidal category of finite totally ordered sets, with X ® Y’
the ordinal sum (extending the sum X + Y by letting z < y for all z € X, y € Y).
Redefining @’'(X1, ..., X,,) as the ordinal isomorphic to @ (X1, ..., X,) we have a pseudo
algebra (A, a,w, k) which is not normal, but has a trivial associator x = id.

5.3. LAX, COLAX AND PSEUDO MORPHISMS. Let us come back to a 2-monad (7', h, m)
on the 2-category C and its pseudo algebras.

(a) A laz morphism of pseudo algebrasf = (f,¢): (A, a,w, k) = (B, b,w, k) is a morphism
f: A— B of C with a comparison cell ¢ such that:

e:bTf — fa, wf®p.hA = fuw,

(60)
kT2 f @ omA=bTo®pTa® fk,
I fanA b.Th.T2f 2% b TfTa 214 faTA
wfl Tcp.hA fs.TZfl \Lfn
bhB.f —— b.Tf.hA bmB.T?f —= bTfmA —= famA
These morphisms compose: given (g,7): (B,b,w, k) = (C,c,w, k), we let
(9:7)-(f,0) = (gf: 7 Tf@gp),  +Tf@gp:cT(gf) = gbTf — gfa. (61)

We have thus a category LxPsay(T), with identities id(A,a,w, k) = (idA4,1,). A
pseudo morphism is a lax morphism (f, p) where the cell ¢ is vertically invertible.

(b) A colax morphism of pseudo algebras r = (r,p): (A, a,w,k) — (B,b,w, k) is a mor-
phism r: A — B of C with a comparison cell p such that:

p:r.a—bTr, rw® p.hA = wr, (62)
rk @ p.mA=pTa®bTpR KT,
r ——— ra.hA ra.Ta 2% b.Tr.Ta 2% b.Tb.T2r
wrl lp.hA Tﬁl/ ln.TQT
b.hB.r b.Tr.hA ra.mA i b.TrmA =—— b.mB.T?*r
Given a second colax morphism (s,0): (B,b,w,k) = (C,c,w, k), we let
(s,0).(r,p) = (sr,0.Tr ® sp), 0.Tr @ sp: sra — sb.Tr — c.T(sr). (63)

This gives a category CxPsas(7T'), with identities as above.
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5.4. A DOUBLE CATEGORY OF PSEUDO ALGEBRAS. We form now a double category
Psay(T') of pseudo algebras of T'; with lax morphisms in horizontal and colax morphisms
in vertical. The construction is similar to that of Dbl in [GP2], and we shall see that it
extends it.

Its objects are the pseudo T-algebras A = (A, a,w, k), B = (B, a,w, Kk),...; its horizontal
arrows are the lax morphisms f = (f, ), g = (g,7)...; its vertical arrows are the colax
morphisms r = (r,p), s = (s,0)... A cell w: (r £ s) consists of four morphisms as above
together with a cell 7: sf — gr: A — D in C (where sf and gr are just morphisms of
C, not of algebras)

f

A— - B A B
rl iy ls T </7r ls (64)
C—5—D ¢ ——D
fiA—=B, ©:bTf— fa, g:C—D, ~:dTg— g.c (lax morphisms),
r:A—=C, p:ra—cTr, s:B—D, o0:s8b—dTs (colax morphisms),
n:8f —gr: A= D (a 2-cell of C).

(Let us note that 7 consists of its boundary and a double cell 7: (r / s) of the double
category Q(C) of quintets over the 2-category C, as displayed in the right diagram above.)
These data must satisfy the following coherence condition, in the 2-category C

(coh) sp@ma®@gp=0cTf@dTT®~y.Tr,

/ / \ = / W\TD U—f_\: D (65)
I~ \ / \ / S

TC

The horizontal and vertical composition of double cells are both defined using the
vertical composition of the 2-category C. Namely, for a consistent matrix of double cells

r T s 9 "
C—g—>D—g—=D (66)
r ¢ s w t/
E F F
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we let:

(m]9)=9f ® g, (%) =sT®(r (67)

We prove below that these cells are indeed coherent. Then, plainly, these compo-
sition laws are strictly associative and unitary. Moreover, they satisfy the middle-four
interchange law because this holds in the double category Q(C) of quintets over the
2-category C.

We have thus a forgetful double functor, which is cellwise faithful

U: Psay(T) — Q(C), A— A f—f, r— T, T — . (68)
Finally we verify the axiom (coh) for (7 |¢), which means that
te Tfefo)e@feodra@ggp=1T(f)ed TWf®gr)® (. Tggy)Tr,

where a: TA — A and d': T D' — D' are the structures of the pseudo algeras A and D'.
The proof is similar to that of Theorem 2.8. Writing cells as arrows between mor-
phisms, our property amounts to the commutativity of the outer diagram below

tf'fa vfa gsfa o g gra
tf'e g'sp g'gp
tf'v.Tf k) g'sb.Tf ggcTr
to'Tf goTf g’y Tr (69)
ty T(f'f) gdT(sf) —L27 o gd T(gr)
r.T(f'f) Y'T(sf) v'.T(gr)
LTS S) gz A T(GsS) —gr A" Tldar)

Here the two hexagons commute by coherence of the double cells w and ¥, and the
two rectangles by interchange of 2-cells in C.

5.5. TRIPLE CATEGORIES OF PSEUDO ALGEBRAS. The double category Psay(7") can
be extended to a triple category P = PsPsas(T") of pseudo algebras, adding the pseudo
morphisms as transversal arrows.

More precisely, the sets Py, P, P, of arrows of P consist of the pseudo, lax and colax
morphisms of pseudo algebras, respectively. In dimension 2, the new 01- and 02-cells are
obvious, since Py can be viewed as a subset of P; and P,. Finally a 3-dimensional 012-cell
is a ‘commutative cube’ determined by its six faces, as in (7).

PsPsas(T) is a triple category of quintet type, with respect to the obvious forgetful
functor with values in the triple category trc3(Q(C)). The latter has the same objects as
C, the same arrows in all three directions, quintets for all three kinds of double cells and
commutative cubes for three dimensional cells.
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Our construction is foreshadowed in Shulman’s [Sh], Remark (4.8). As he points out
(private communication): a 2-monad on C extends canonically to a triple monad on the
triple category trcs(Q(C)), and its Eilenberg-Moore object (in the 2-category of strict
triple categories, strict functors and strict transformations) consists of strict algebras,
with strict, lax, and colax morphisms respectively, and higher cells as above.

In fact, we are more interested in the triple subcategory Ps(NPsay(T')) of normal
pseudo algebras, which - for a convenient 2-monad 7', will be proved to be equivalent to
the triple category Ps(IDbl), obtained by extending the double category Dbl as above.

(Taking strict morphisms and double functors in the transversal direction, one would
not get an equivalence, as will be remarked at the end of the proof of Theorem 5.8).

5.6. GRAPHS OF CATEGORIES. To examine double categories in the present framework,
we let C = GphCat be the 2-category of graphs A = (A4;,9%) in Cat

8a: Al :; Ao, (70)

where a 2-cell p: ' — G: A — B is a pair of natural transformations of ordinary functors,
consistent with the faces

(o7 F,— Gz Al — Bi, 8%01 = QO(]aa (Z = O, ]_, o = :t) (71)

A double category D has an underlying graph U(D) = (Hor;(D),0%), formed by the
category Horg(ID) of objects and horizontal arrows, the category Hor; (D) of vertical arrows
and double cells (both with horizontal composition), linked by two ordinary functors, the
vertical faces 0¢.

This defines a forgetful 2-functor

U: Dbl — GphCat = C, (72)

on the 2-category of (small) double categories, double functors and horizontal transfor-
mations.

5.7. THEOREM. [Strict double categories as algebras| The 2-functor U defined above is
2-monadic: it gives a comparison 2-isomorphism K: Dbl — Alg(T') with the 2-category
of T-algebras for the associated 2-monad T = UD.

PROOF. A graph of categories A = (A;,0%) generates a free double category D(A), de-
scribed as follows.

(a) Horg(DA) is the category Ay.
(b) Veryg(DA) is the free category generated by the graph of sets ObA = (ObA;, 0%); its

arrows give the vertical arrows (ug, ..., u,) of DA, including the vertical unit e(z) on an
object x of Agy (the empty path at x).

(c) Veri(DA) is the free category generated by the graph of sets MorA = (MorA;, 0%);
its arrows give the double cells (ay,...,a,) of DA, including the vertical unit e(f) on a
morphism f of Ay
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Jo
u1[ ay jvl
f
! ¢ 1Y
e(ﬂf)l e(f) .e(y) (73)
; —— . [ ] f )
uni Qp, jvn
Tt

(d) The horizontal composition of these double cells is a concatenation of compositions
in Ay, which we write as (a; | b;)

(@1, oo @n) | (b1, s b)) = (a1 | B1), oy (@ | b))

The obvious embedding hA: A — UD(A) is the 2-universal arrow from A to U. This
gives the left 2-adjoint D: C — Dbl and the associated 2-monad (T, h,m) on C, with
T=UD.

The comparison K is plainly an isomorphism of 2-categories. [

5.8. THEOREM. [Weak double categories as normal pseudo algebras| The triple categories
Ps(NPsay (7)) and PsDbl are linked by an adjoint equivalence of triple categories ([GP10),
Section 5.4)

V: Ps(NPsay(T)) 7= PsDbl: J,

(74)
VJ=1, e JV = 1, Ve=1, eJ =1.

PROOF. (a) A normal pseudo algebra A = (A, ¢, k) for T is a graph of categories A =
(A;, 0%) with an assigned vertical composition of finite paths of vertical arrows and cells

UL R o @ Uy = C(Ugy ey Uy, a ® ... a, = c(ay, ..., a,),
€r = C(@(l’)), ef = C(@(f)),

and an (invertible) extended associator k: c¢.Dc — c.mA.

As a first consequence of normality, the unary vertical composition is trivial: ¢(u) = u
and c(a) = a, for all items of the category A;. Second, A is trivial in degree 0, in the
sense that (T'A)y = Horg(DA) = Ay, while the functor ¢y and the natural transformation
Ko

(75)

Co: (TA)Q — Ao, Ko CU.DCO — Co.(mA)oi (T2A>0 — Ao, (76)

are identities: this follows easily from the coherence conditions (56), where wA, (hA)g
and (mA)g are identities.

(b) A can be viewed as an ‘unbiased’ weak double category, where all finite vertical
compositions are assigned. The fact that kg is trivial says that the comparison cells of the
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unbiased associator ki are special, i.e. their horizontal arrows are identities - as required
in the axioms of weak double categories, for the binary associator and the unitors.

The normal pseudo algebra A has un underlying weak double category V(A), obtained
by extracting the binary and zeroary vertical operations and their comparisons. We get
a canonical triple functor V| that sends:

- a pseudo, lax or colax morphism of normal pseudo algebras to the corresponding pseudo,
lax or colax double functor of weak double categories, reducing the unbiased comparisons
of finite vertical composition to the ‘biased ones’; of binary and zeroary composition,

- a 2-dimensional cell of type 01 (resp. 02, 12)

A —— A
L7 m

B — B

to the corresponding quintet (resp. quintet, generalised quintet) of ‘functors’ the latter
are reduced to their biased comparisons, but the components of ¢ (on the objects and
vertical arrows of A) stay the same,

- a ‘commutative cube’ of 2-dimensional cells to the ‘commutative cube’ of the modified
cells.

(¢) The other way round, we construct a triple functor J such that V'J = 1, by choosing
a ‘bracketing’ of n-ary compositions. Namely, a weak double category D can be extended
to a normal pseudo algebra J(D) by defining the n-ary vertical composition (of vertical
arrows and cells) as

TR .. ®@x, = (..((11 ® T2) ® x3)... ®xy), (78)

and extending the comparisons. A strict, or lax, or colax double functor becomes a strict,
or lax, or colax morphism, by extending the comparisons (in the last two cases). For a
2-dimensional cell we just note that its coherence with the unbiased comparisons implies
coherence with the biased ones.

(d) Finally, a normal pseudo algebra A = (A, ¢, k) produces an object JV(A) = (A, ', K')
with modified unbiased vertical operations and modified unbiased comparisons. The iden-
tity id(A) of the underlying graph extends to an invertible pseudo morphism

eA: JV(A) —0 A

satisfying the triangular conditions, as in (74). For a lax morphism F': A — B we get an
obvious 0l-cell eF': JV(F') —( F, inhabited by an identity; similarly for colax morphisms
and generalised quintets.

This point fails if we restrict to the triple categories S(NPsaq (7)) and SDbl (with strict
items in the transversal direction), because the component €A is not a strict morphism. m
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