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Enrichment over iterated monoidal categories

Stefan Forcey

Abstract Joyal and Street note in their paper on braided monoidal cate-
gories [9] that the 2{category V {Cat of categories enriched over a braided
monoidal category V is not itself braided in any way that is based upon the
braiding of V. The exception that they mention is the case in which V is
symmetric, which leads to V {Cat being symmetric as well. The symmetry
in V{Cat is based upon the symmetry of V. The motivation behind this
paper is in part to describe how these facts relating V and V{Cat are in
turn related to a categorical analogue of topological delooping. To do so
I need to pass to a more general setting than braided and symmetric cat-
egories ] in fact the k{fold monoidal categories of Balteanu et al in [2].
It seems that the analogy of loop spaces is a good guide for how to de ne
the concept of enrichment over various types of monoidal objects, including
k{fold monoidal categories and their higher dimensional counterparts. The
main result is that for V a k{fold monoidal category, V{Cat becomes a
(k — 1) {fold monoidal 2{category in a canonical way. In the next paper |
indicate how this process may be iterated by enriching over V{Cat, along
the way de ning the 3{category of categories enriched over V{Cat. In fu-
ture work | plan to make precise the n{dimensional case and to show how
the group completion of the nerve of V is related to the loop space of the
group completion of the nerve of V{Cat.

This paper is an abridged version of [8].
AMS Classi cation 18D10; 18D20

Keywords Loop spaces, enriched categories, n{categories, iterated mon-
oidal categories

Introduction

95

AlG

A major goal of higher dimensional category theory is to discover ways of ex-
ploiting the connections between homotopy coherence and categorical coher-
Stashe [15] and Mac Lane [13] showed that monoidal categories are
precisely analogous to 1{fold loop spaces. There is a similar connection be-
tween symmetric monoidal categories and in nite loop spaces. The rst step in

ence.
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96 Stefan Forcey

Iling in the gap between 1 and in nity was made in [6] where it is shown that
the group completion of the nerve of a braided monoidal category is a 2{fold
loop space. In [2] the authors nished this process by, in their words, \pursuing
an analogy to the tautology that an n{fold loop space is a loop space in the
category of (n — 1){fold loop spaces.” The rst thing they focus on is the fact
that a braided category is a special case of a carefully de ned 2{fold monoidal
category. Based on their observation of the correspondence between loop spaces
and monoidal categories, they iteratively de ne the notion of n{fold monoidal
category as a monoid in the category of (n — 1){fold monoidal categories. In
their view \monoidal"™ functors should be de ned in a more \lax" way than
is usual in order to avoid strict commutativity of 2{fold and higher monoidal
categories. In [2] a symmetric category is seen as a category that is n{fold
monoidal for all n.

The main result in [2] is that their de nition of iterated monoidal categories
exactly corresponds to n{fold loop spaces for all n. They show that the group
completion of the nerve of an n{fold monoidal category is an n{fold loop space.
Then they describe an operad in the category of small categories which param-
eterizes the algebraic structure of an iterated monoidal category. They show
that the nerve of this categorical operad is a topological operad which is equiv-
alent to the little n{cubes operad. This latter operad, as shown in [3] and [14],
characterizes the notion of n{fold loop space. Thus the main result in [2] is a
categorical characterization of n{fold loop spaces.

The present paper pursues the hints of a categorical delooping that are sug-
gested by the facts that for a symmetric category, the 2{category of categories
enriched over it is again symmetric, while for a braided category the 2{category
of categories enriched over it is merely monoidal. Section 2 reviews enrich-
ment. Section 3 goes over the recursive de nition of the k{fold monoidal cat-
egories of [2], altered here to include a coherent associator. The immediate
question is whether the delooping phenomenon happens in general for these
k{fold monoidal categories. The answer is yes, once enriching over a k{fold
monoidal category is carefully de ned in Section 4, where we see that all the
information included in the axioms for the k{fold category is exhausted in the
process. The de nition also provides for iterated delooping as is previewed in
Section 5.

I have organized the paper so that sections can largely stand alone, so please
skip them when able, and forgive redundancy when it occurs. Thanks to my ad-
visor, Frank Quinn, for inspirational suggestions. Thanks to Xy-pic for the dia-
grams. Thanks especially to the authors of [2] for making their source available{
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Enrichment over iterated monoidal categories 97

I learned and borrowed from their use of IATEX as well as from their insights
into the subject matter.

2 Review of categories enriched over a monoidal cat-
egory

In this section | briefly review the de nition of a category enriched over a
monoidal category V. Enriched functors and enriched natural transformations
make the collection of enriched categories into a 2-category V-Cat. This section
is not meant to be complete. It is included due to, and its contents determined
by, how often the de nitions herein are referred to and followed as models in
the rest of the paper. The de nitions and proofs can be found in more or less
detail in [10] and [5] and of course in [12].

De nition 1 For our purposes a monoidal category is a category V together
with a functor CZ¥ V ¥ V and an object | such that:

(1) [slassociative up to the coherent natural transformations . The co-
herence axiom is given by the commuting pentagon:

(U V) om) £x1 222 U rm rw)) £X1

UV W)X
(U DDOW X

(U V) W £X) U Ly ) £X)

UV (W X3 1y T Adwx
=

/
U LM CQW CXD)

(2) 1 is astrict 2-sided unit for 1

De nition 2 A (small) V {Category A is a set jAj of objects, a hom-object
A(A;B) 2 jVj for each pair of objects of A, a family of composition morphisms
Magc : A(B;C) CAKA;B) ¥ A(A;C) for each triple of objects, and an
identity element ja : 1 ¥ A(A; A) for each object. The composition morphisms
are subject to the associativity axiom which states that the following pentagon
commutes

(A(C;D) [AIB;C)) [AIA;B) — A(C;D) L(A(B;C) [AIA;B))

1M1
M [11
A(B; D) [CA[A;B) A(C;D) CA[A;C)
\ /
M

A(A;D))
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98 Stefan Forcey

and to the unit axioms which state that both the triangles in the following
diagram commute.

I CA[A;B) A(A;B) 11
je A(A;B) 10A
Mags
/ ‘Vm
A(B;B) A[A;B) A(A;B) CAAA)

In general a V {category is directly analogous to an (ordinary) category enriched
over Set: If V = Set then these diagrams are the usual category axioms.

De nition 3 For V{categories A and B, a V{functor T : A ¥ B is a
function T : jAj ¥ jBj and a family of morphisms Tag : A(A;B) ¥ B(TA;TB)
in V indexed by pairs A;B 2 jAj. The usual rules for a functor that state
T(f g)=TFf Tgand T1la = 17 become in the enriched setting, respectively,
the commuting diagrams

A(B;C) [CA[A;B) —M A(A; C)
\LT [T lT
B(TB;TC) [B(TA; TB) X B(TA;TC)
and

A(A;A)
/
| Taa

Jta
B(TA; TA):

V {functors can be composed to form a category called V{Cat. This category
is actually enriched over Cat, the category of (small) categories with cartesian
product.

De nition 4 For V{functors T;S : A ¥ B a V{natural transformation

T ¥ S:A T Bisan jAj{indexed family of morphisms A : 1 ¥ B(TA;SA)
satisfying the V{naturality condition expressed by the commutativity of the
following hexagonal diagram:
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| [A[A;B) — 2 _B(TB;SB) [BITA;TB)

= M

A(A;B) B(TA;SB)
M

A(A;B) [T} ——>B(SA;SB) [B{TAISA)

For two V{functors T;S to be equal is to say TA = SA for all A and for
the V{natural isomorphism  between them to have components A = jta.
This latter implies equality of the hom{object morphisms: Tag = Sag for all
pairs of objects. The implication is seen by combining the second diagram in
De nition 2 with all the diagrams in De nitions 3 and 4.

We want to check that V{natural transformations can be composed so that
V {categories, V{functors and V{natural transformations form a 2{category.
First the vertical composite of V {natural transformations corresponding to the
picture

A\\ H S ;18
\\\\\\ v
has components given by ( )a = I =1 1]
ara)

B(SA;RA) [B{TA;SA)

|

B(TA;RA):

The reader should check that this composition produces a valid V {natural
transformation. Associativity of composition also follows from the pentagonal
axioms. The identity 2-cells are the identity V-natural transformations 1q :
Q ¥ Q:B ¥ C: These are formed from the unit morphisms in V: (1g)g =

joB-

In order to de ne composition of all allowable pasting diagrams in the 2-
category, we need to de ne the composition described by left and right whisker-
ing diagrams. The rst picture shows a 1-cell (V{functor) following a 2-cell

Algebraic & Geometric Topology, Volume 4 (2004)
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(V{natural transformation). These are composed to form a new 2-cell as fol-
lows

L is composed to become - AN
N Q ~
AT | Te——c AT e e
— o
where QT and QS are given by the usual compositions of their set functions and
morphisms in V, and Q has components given by (Q )a = |
/|
B(TA;SA)
QTA;SAL
C(QTA; QSA):

The second picture shows a 2-cell following a 1-cell. These are composed as
follows

L is composed to become - AL
p — - - N
D A ﬂ B D’ ﬂ P B
\\\\_______‘,_,//1 ___________________ 7
S SP

where P has components given by ( P)p = pp. What we have developed
here are the partial functors of the composition morphism implicit in enriching
over Cat. The partial functors can be combined to make the functor of two
variables as shown in [5].

Having ascertained that we have a 2{category we review the morphisms between
two such things. A 2{functor F : U ¥ V sends objects to objects, 1{cells to
1{cells, and 2{cells to 2{cells and preserves all the categorical structure. A
2{natural transformation :F ¥ G:U ¥ V is a function that sends each
object A2 U toal{cell o:FA ¥ GA inV in such a way that for each
2{cell in U the compositions of the following diagrams are equal in V .

Ff _ Gf
------------------------------------ A B - A T
FA_ |fF "FrB—2"—>GB FA A~ o “cB
=T Gy

3 k-fold monoidal categories

In this section | closely follow the authors of [2] in de ning a notion of iterated
monoidal category. For those readers familiar with that source, note that I
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Enrichment over iterated monoidal categories 101

vary from their de nition only by including associativity up to coherent nat-
ural isomorphisms. This includes changing the basic picture from monoids to
something that is a monoid only up to a monoidal natural transformation. We
(and in this section \we" is not merely imperial, since so much is directly from
[2]) start by de ning a slightly nonstandard variant of monoidal functor. It is
usually required in a de nition of monoidal functor that be an isomorphism.
The authors of [2] note that it is crucial not to make this requirement.

De nition 5 A monoidal functor (F; ):C ¥ D between monoidal categories
consists of a functor F such that F (1) = | together with a natural transfor-
mation

ag :F(A) LE(B) ! F(A [B);
which satis es the following conditions.

(1) Internal Associativity: The following diagram commutes.

(F(A) CETB)) [E(C) 22 . F(A [B) [CE(C)

| o

F(A) [B(B) CFIC)) F((A CB) [T)
llF(A) L el J{F
F(A) [CE(B [T) — """~ F(A [(B [T))
(2) Internal Unit Conditions: a1 = 1a = 1g(a):

Given two monoidal functors (F; ):C ¥ D and (G; ): D ¥ E, we de ne
their composite to be the monoidal functor (GF; ) :C ¥ E, where denotes
the composite

F(A)F(B) G( aB)

GI%I(A) CE(B) GF (A [B):

It is easy to verify that satis es the internal associativity condition above
by subdividing the necessary commuting diagram into two regions that com-
mute by the axioms for and  respectively and two that commute due to
their naturality. MonCat is the monoidal category of monoidal categories and
monoidal functors, with the usual Cartesian product as in Cat.

GF(A) CGF(B)

A monoidal natural transformation : (F; ) ¥ (G; ): D ¥ E is a natural
transformation : F ¥ G between the underlying ordinary functors of F and
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G such that the following diagram commutes

F(A) CE(B)——F(A [B)
lAl——BI lAEB:I
G(A) [G[B) —> G(A [E)

De nition 6 For our purposes a 2-fold monoidal category is a tensor object, or
pseudomonoid, in MonCat. This means that we are given a monoidal category
(V; L1 1. 1) and a monoidal functor (1) :V V ¥ V which satis es:

(1) External Associativity: the following diagram describes a monoidal nat-
ural transformation 2 in MonCat:

1
VVV&VV

1y (@)l / l(@)
v

VoV (2)

(2) External Unit Conditions: the following diagram commutes in MonCat.

V. |—V V=~——1 V

()

\

(3) Coherence: The underlying natural transformation 2 satis es the usual
coherence pentagon.

Explicitly this means that we are given a second associative binary operation
AV V Y Vv, for which I is also a two-sided unit. We are also given a
natural transformation

ascp - (A LB) L@ D) ! (ALQJ) (B LD):

The internal unit conditions give a1t = 11a8 = lazm, While the exter-
nal unit conditions give ais1 = 1a1B8 = lage. The internal associativity
condition gives the commutative diagram:
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uvvwx O 5z Ll
(U W) W LX) ¥ 4)——— (U W) W LX) LW 4)
J{ 1 l(u CEW)(V LEH)Y Z
U M) AW LX) L [4)) (U LAW) 0Y) AV LX) L 4)
llu@m\/xvz l 1t

UV (W LYY (X (52
_ >

Cl
(U V) W LY) (X 4) (U GV 0Y)) LV (X L4))
The external associativity condition gives the commutative diagram:

(U W)W (X Y)Z

Cl
((U W) W) AX [Y) [ 2) (U W) X W) LW [4)

2P l uvxy 2T gz
U L W) X K [4)) (U X) vV Y)) W [4)
UV W)X (Y 52) 2

L1 lugx R dwyz
U LX) AV W) L L4) ——— (U LX) AV [LY) LW [ 4))

The authors of [2] remark that we have natural transformations

A||BZALT_B!AL?_B and |AB|IA|_1__B!BL,_E.I

If they had insisted a 2-fold monoidal category be a tensor object in the category
of monoidal categories and strictly monoidal functors, this would be equivalent
to requiring that = 1. In view of the above, they note that this would imply
A B = A [ B =B [ A and similarly for morphisms.

Joyal and Street [9] considered a similar concept to Balteanu, Fiedorowicz,
Schwianzl and Vogt’s idea of 2{fold monoidal category. The former pair re-
quired the natural transformation agcp to be an isomorphism and showed
that the resulting category is naturally equivalent to a braided monoidal cat-
egory. As explained in [2], given such a category one obtains an equivalent
braided monoidal category by discarding one of the two operations, say [ 1
and de ning the commutativity isomorphism for the remaining operation L[]
to be the composite

—1

A I_]___B 1ABI B Iﬂ BIIA B Iﬂ

Just as in [2] we now de ne a 2{fold monoidal functor between 2{fold monoidal
categories F : V ¥ D. Itisafunctor together with two natural transformations:

ke :F(A) LH(B) ! F(A [ B)
28 F(A) [H(B) ! F(A [B)

satisfying the same associativity and unit conditions as in the case of monoidal
functors. In addition we require that the following hexagonal interchange dia-
gram commutes.
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F(A)F (B)F (C)F (D)

(F(A) zH(B)) L(F(C) L:H(D)) (F(A) LH(C)) [(F(B) LLH(D))

l %0 Ui B l fe o bo
F(A B) H(C [2D) F(A [:0) H(B D)
(azEE o) A zoy® o)

F( ABCD)

F((A [kB) L D)) F((A [0) (B D))

We can now de ne the category 2—MonCat of 2-fold monoidal categories
and 2-fold monoidal functors, and then de ne a 3-fold monoidal category as a
tensor object in 2—MonCat. From this point on, the iteration of this idea is
straightforward and, paralleling the authors of [2], we arrive at the following
de nitions.

De nition 7 An n-fold monoidal category is a category V with the following
structure.

(1) There are n distinct multiplications
Ly To0d: LV VBV
for each of which the associativity pentagon commutes:

(O ) Gw) i 2§ v Gw)) 6

Eu LYW X

(U GW) Gw GX) U GQv LW) LX)

U III/WX
U G LW X))
V has an object | which is a strict unit for all the multiplications.

(2) For each pair (i;J) such that 1 i <j n there is a natural transfor-
mation

Asco : (A B) G(T D) ! (A GQ) G(B D).
These natural transformations Y are subject to the following conditions:
(a) Internal unit condition: EB“ = :jIAB =1aGm
(b) External unit condition: 3,5, = g =lace
(c) Internal associativity condition: The following diagram commutes.

ij
UvwXx

G ga L[]
(U GW) G X)) G G2 — 2 pwy g oy GO G2)

EJU GRAN(V GX)Y Z
(U GW) LW GX) LY 5A)) (U GW) LY GQV GX) G2)
llU'TVII:\ix-/XYZ i J{ i'—j_—i
LJ OV W G 1520
(U GW) W 0Y) GIX G2) —2002 g 6w GY)) GV G(X G2)
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(d) External associativity condition: The following diagram commutes.

ifJ W (X z [
(U GW) GW) GUX G9) G2) — 0% 4 ) GK GY) GW G2)

l Td l HVXY GIW Gz
U G GW) G G G2) (U 6X) GV GY) GW 52)
E(v W)XV 2 i

Ll 1U'$X'Li——i/jWYz
(U LX) GV GW) GY G2) — 25 (U GX) GV LY) GW G2))

(e) Finally it is required for each triple (i;j; k) satisfyingl i<j<k n
that the giant hexagonal interchange diagram commutes.

(A A" GIB LBY) GUC LAY GD LDY)

ik i ij
AAlBR0 cipp? (A A" (B BY)/(C A% (D DY)

(A GB) LW GBY) GUC D) G DY) (A GA) G(€ L)) G(B LB LD LDY)

ik ik ik
(A GEXA GBY)(C GD)(C 500 antcct Eepo

((A §B) (€ D) QA B (T’ DY) (A GO) LW Q%) (B D) LB’ GOY)
gsCD IIEUBUQUDO ’(Z GayA Gefy(e Goy B0 God)

((A GO) GB M) LUA’ GA") GIB' DY)

De nition 8 An n{fold monoidal functor (F; Lowes M) :C T D between
n{fold monoidal categories consists of a functor F such that F (1) = | together
with natural transformations

W F(A) GHB) ' F(ALGR) i=12:::;n

satisfying the same associativity and unit conditions as monoidal functors. In
addition the following hexagonal interchange diagram commutes.

(F(A) GB(B)) G(F(C) H(D)) —LrEFO™®._ (F(A) GH(C)) G(F(B) GH(D))

| ot | betiho
F(A 7B) AC D) F(A GO) GHE GD)
A GBE)(C D) i l {A GC)(B GO)
F((A 3B) GIT D)) F{Asco) F((A O) G(B ;D))

Composition of n-fold monoidal functors is de ned as for monoidal functors.

Algebraic & Geometric Topology, Volume 4 (2004)



106 Stefan Forcey

The authors of [2] point out that it is necessary to check that an (n + 1){
fold monoidal category is the same thing as a tensor object in n—MonCat,
the category of n{fold monoidal categories and functors. Also as noticed in
[2], the hexagonal interchange diagrams for the (n + 1){st monoidal operation
regarded as an n{fold monoidal functor are what give rise to the giant hexagonal

diagrams involving L0 dAnd Casd.

The authors of [2] note that a symmetric monoidal category is n-fold monoidal
for all n. Just let

CFLF =0[FLC1
and de ne (associators added by myself)
Heco = 7' (la C (1a Lk [13)) (1a CTY)

foralli<j.

4 Categories enriched over a k{fold monoidal cate-
gory

Theorem 1 For V a k{fold monoidal category V{Cat is a (k — 1){fold
monoidal 2-category.

Example 1

We begin by describing the k = 2 case. V is 2{fold monoidal with products
[ 1,71V {categories (which are the objects of V{Cat) are de ned as being
enriched over (V, [511;1). Here [_plays the role of the product given by [
in the axioms of section 1. We need to show that V{Cat has a product.

The unit object in V{Cat is the enriched category 1 where jlj = f0g and

1(0;0) = I. Of course Mggog = 1 = jo: The objects of the tensor A If_’*lB
of two V-categories A and B are simply pairs of objects, that is, elements of

jAj jBj. The hom{objects in V are given by (A C£PIB)((A; B); (A;BY)) =

A(A; A" [3B(B;B). The composition morphisms that make A [X1B into
a V{category are immediately apparent as generalizations of the braided case.

Recall that we are describing A IﬁB as a category enriched over V with
product [ IThus

Ma:B)(a%;Bo)(A®:BD) (A C$1B) ((A”; BY); (A%; BY)) (A [$7IB)((A; B); (A"; BY))
1 (A EPIB)((A; B); (A" B™)
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is given by:

(A CPIB)((AY; BY; (AY; BY)) [ (A LPIB)((A; B); (A% BY)

(AAY, A" BB BY) LA(A;A") [xB(B;BY)
(AN A" GAA; AY)) (B(B;BY) L B(B;BY)
Maniatt L2Mgg0g0
(A(A; A") [B(B; B"))

(A E2B)((A; B); (A”; BY))

Example 2

Next we describe the k = 3 case. V is 3{fold monoidal with products [; 1> 1
and [31V {categories are de ned as being enriched over (V, [1%;1): Now

V{Cat has two products. The objects of both possible tensors A IﬁB and

A IﬁIB of two V-categories A and B are elements in jAj jBj. The hom{
objects in V are given by

(A C2IB)((A; B); (A'; BY) = A(A;A") [B(B;B")
just as in the previous case, and by

(A E21B)((A; B); (A, BY) = A(A;A") [B(B;B'):
The composition that makes (A IﬁIB) into a V {category is analogous to that
for (A C£P1B) but uses 13 as its middle exchange morphism.

Now we need an interchange 2{natural transformation ()12 for V{Cat. The

family of morphisms ,(Alélc;zD that make up a 2{natural transformation between

the 2{functors “V{Cat : ¥ V{Cat in question is a family of enriched functors.
Their action on objects is to send

((A;B); (C;D)) 2 (A B21B) [21(C [21D)
to ((A;C); (B; D)) 2 (A [§710) 1B VID) :
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The correct construction of the family of hom{object morphisms in V{Cat for
each of these functors is also clear. Noting that

(A £218) £ B2ID)(((A; B): (C: D)); ((A'; BY): (C%; DY)
= (A $7B)((A; B); (A" BY) [T [$2ID)((C; D); (C"; DY)
= (A(A;A)) [B(B;B") [(L(C;C") D(D; DY)
and similarly
(A £210) BB EPID)I(((A; C): (B: D)); ((A%; CY; (B"; DY)
= (A(AA) [2O(C;CY) L:(B(B;B’) [D(D; D)
we make the obvious identi cation, where by obvious | mean based upon the
corresponding structure in V: For a detailed discussion of this construction for
the case of braided V see [8]. Here \based upon" is more freely interpreted as

allowing a shift in index. Thus we write:

D12 _ 23
ABCD agcpyalsicinty  A(AAY)B(B;BY)C(C;C)D(D;D)

Much needs to be veri ed. Existence and coherence of required natural trans-
formations, satisfaction of enriched axioms and of k{fold monoidal axioms all
must be checked. These will be dealt with next.

Proof of Theorem 1 As in the examples, V{Cat is made up of categories en-
riched over (V, [51%;1): Here we de ne products Iﬁlz - Efil in V{Cat for

V k{fold monoidal. We check that our products do make A Ié’lﬁlB into a V{
category. Then we check that V {Cat has the required coherent 2{natural trans-
formations of associativity and units. We then de ne interchange 2{natural
transformations (M and check that the interchange transformations are 2{
natural and obey all the axioms required of them. It is informative to observe
how these axioms are satis ed based upon the axioms that V itself satis es. Itis
here that we should look carefully for the algebraic reflection of the topological
functor Q:

Again, the unit object in V{Cat is the enriched category I where jl1j = fOg and
1(0;0) = 1. For V k{fold monoidal we de ne the ith product of V {categories

A EﬁIB to have objects 2 jAj jBj and to have hom{objects in V given by

(A [2B)((A;B); (A; BY) = A(A; A") [1.d B(B; BY:
Immediately we see that V{Cat is (k — 1){fold monoidal by de nition. The
composition morphisms are

MaByansoame | (A CPIB)((A; BY); (A”; BY) A CIB)((A; B); (A% BY)
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1 (A [PIB)((A; B); (A"; B™))

given by

(A CPIB)((A"; BY; (AY; BY) (A [VIB)((A; B); (A; BY))

(AN A" 3 B(B'; BY) GAA;AY) L4 B(B;BY)
(AAS AYY A(A; AY)) Gad (B(B%;B™) LLB(B;BY)
Maniatt L2Mgg0g0

(AA; A" [AB(B; BY))

(A [E2B)((A; B); (A”; BY)):

The identity element is given by jia.gy = =1 5G4l
le Gljs
A(A;A) L+1B(B;B)

(A [2B)((A;B); (A:B)):
The product Efﬁlof enriched functors is de ned in the obvious way.

Here we rst check that A EfﬁlB is indeed properly enriched over V: Our
de nition of M must obey the axioms for associativity and respect of the unit.
For associativity the following diagram must commute, where the initial bullet
represents

[(A CZB)((A"; BM); (A"; B™) (A [IB)((A"; BY); (A" B")]

G CPB)((A; B); (A BY)):
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_—

S N
A

In the expanded diagram given in Figure 1 let X = A(A; A", X! = A(A" AY),
X0 =AY AN, Y =B(B;B", Y!=B(B%BY) and Y¥ = B(BY; BY): The
exterior of the diagram is required to commute.

The lower pentagon in Figure 1 commutes since it is two copies of the asso-
ciativity axiom{one for A and one for B: The two diamonds commute by the
naturality of : The upper hexagon commutes by the internal associativity of

For the unit axioms we have the following compact diagram.

I A C2IB)((A; B); (A BY) (A E2IB)((A; B); (A% BY) TN
iy 12T (A C2B)((A; B); (A%; BY) 1GHAs)
_— ~_
&B)(A%B“)(A":B”) M(A:B)(A:B)@

(A LEB)((A}; BY; (A% BY) LA CPIB)((A; B); (A" BY) (A C2B)((A; B); (A% BY) (A CRIB)((A; B); (A; B))

| expand the left triangle, abbreviating X = A(A:A"), Y = AALAY), Z =
B(B;B" and W = B(B’; B"): The exterior of the following must commute:

I X Lad Z)

/

= (I GX) Lad (1 L)

(I GA1) GOX [5dZ) (a0 D Gl (o (2D (X G42)
M GIM

\

(0 Gialiigo) (201 Ga1) _ (Y GX) G4 W 4)

\

(Y GadW) X LdZ)
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T ainbi4

(X" Gad Y") X G YY)
GX GAY)— ' T (X0 GaaY®)
GIEXY G YY) 0K G Y)]

1;i+1 [wi] 1 I—l——i:i+1

(XY X" G (V" GYY)] GX GadY) (XY G Y") X GX) Gad (Y" L)

\1|+1

(X" GX') GX]
e (VARER DIER ) i

M GAaM) A GAD (1511 LM GadM)

TOE X X X))
G [YO G W)

(AL A™) D3 B(BYB™) X Lagy) [ MEPH®ED GEMEACEM A (XU G YY) GUAAAY) [:1B(8;BY)
(AA% A") X)) [d (B(B% B™) W) (X" A AM) Lod (Y ° [1B(8;BY))

N

A(A;A") [ B(B;B™)

5314008709 [epIoUOW PaYeJall J3A0 JUBWYDdLIUT

TT1
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The parallelogram commutes by naturality of , the rightmost triangle by the
unit axioms of the individual V {categories, and the top triangle by the internal
unit condition for : The right-hand triangle in the axiom is checked similarly.

On a related note, we need to check that | EfﬁlA = A The object sets and
hom{objects of the two categories in question are clearly equivalent. What
needs to be checked is that the composition morphisms are the same. Note
that the composition given by

(1 C2IA)((0; AY; (0; AY)) L CEMA)((0; A); (0; A%)

(I GAARAY) GO GdAAAY)
|l,;ai\zol\0 AN AA;AD l
(I L) Gad (AA%; AY) LAA; AY)
1@MAAOAOO\L
(I G AR AY)

(1 C21A)((0; A); (0; AY))
is equivalent to simply Maacan by the external unit condition for

Associativity in V{Cat must hold for each Eﬁl The components of 2{natural

isomorphism
A (A L2IB) GPIC 1 A LB G2I)

are V {functors that send ((A,B),C) to (A,(B,C)) and whose hom-components

o LA TE1B) C2IC)(((A; B); C); ((AY; BY; CY)

ABC((a:B):C)((A:BY):c0)

1 (A E21B ERI0)I((A; (B; C)); (A% (B% CY))
are given by:

i _ i+l

ABC (a;B);c)((A%;BY;C) A(AAY)B(B;B)C(C;CY)

This guarantees that the 2{natural isomorphism @I is coherent. The com-
mutativity of the pentagon for the objects is trivial, and the commutativity of
the pentagon for the hom{object morphisms follows directly from the commu-
tativity of the pentagon for '+1:
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In order to be a functor the associator components must satisfy the commuta-
tivity of the diagrams in De nition 3.

@) —M

l @i —Pi l (i

M
B —

Jaeycy

I @i

Jaeicy

Expanding the rst using the de nitions just given we have that the initial
position in the diagram is

[(A LZB) CPTI(((A; BY); CY); ((A"; BY); C™) [:[0A [E2B) LVTI((A; B); C): ((A'; BY); CY)
= [(A(A"; A") [24B(B'; BY)) [i+4C(CY; C™)] ITA(A; A') B (B; B)) [4dC(C; CY)]

We let X = AALAY), Y = BB BY), z = c(C;;ch, X' = AA;AY,

Y!=B(B;B" and zZ" = C(C; C"): Then expanding the diagram, with an added
interior arrow, we have:

)

(X GAY) Gad Z] GIX° Gad Y') Gad 27

Li+1

gt (X G Y)ZOK i Y 920
X Gad (Y Gad 2)] GIK® Gad (Y° Gad Z0)] (X GAY) X' GA Y] Gad (Z :2)
X0 L 2yX0 0 Gy 2 Xy oy Gz gz
X GX") GA[(Y GA2Z) ' G420 (X X" Gad (Y LY G (Z 2")

| —

Lo G $b 00 i+1 (M GaM) GaM

X LX) Gy GY) Gd(Z G2Y] (A(A;A") G4 B(B; B") LadC(C;C")

M\IE!(M GidM) ‘+/
™~

A(A;A") Lid (B(B; B”) Lid C(C;CY)
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The lower quadrilateral commutes by naturality of , and the upper hexagon
commutes by the external associativity of

The uppermost position in the expanded version of diagram number (2) is
(A £21B) CL2IC)((A:B); C); ((A: B); C))
= [(A(A;A) L4 B(B;B)) L4 C(C;C)l:

The expanded diagram is easily seen to commute by the naturality of

The 2{naturality of @ s essentially just the naturality of its components,
but | think it ought to be expounded upon. Since the components of @
are V{functors the whisker diagrams for the de nition of 2{naturality are de-

ned by the whiskering in V{Cat. Given an arbitrary 2{cell in 3V {Cat, i.e.
(:v:):(Q:R;S) ¥ (Q%R:SY : (A;B;C) 1 (A% B! C") the diagrams whose
composition must be equal are:

@ E?—’R)E?—’s
(A [PB) E?’;*lc ﬂ( D) (& (A“ E?l,_*lBO) [oie) — 22~ . CENY it et
(Q° R0 E?—’B‘) ‘
_ _g__téi’KR r2s)
(A £#1B) P1c Ao A 1B [?ilC) ﬂ @(y[gﬂ);qo [fl,il(BO (a o))
» < R E?is‘))

This is quickly seen to hold when we translate using the de nitions of whiskering
in V{Cat, as follows. The ABCD components of the new 2{cells are given by
the exterior legs of the following diagram. They are equal by naturality of +1
and Mac Lane’s coherence theorem.

B

(I Gad 1) Gad I Gad (1 Gad 1)

(aGslys L) ¢ ALGsl(ye G ©)

(A"(QA; Q'A) Ld BY(RB;R'B)) L C'(SC; S'C) A(QA; Q'A) [i:d (B'(RB;R'B) Ld C'(SC;S'C))
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Now we turn to consider the existence and behavior of interchange 2{natural
transformations U for j i+ 1. As in the example, we de ne the com-
ponent morphisms 2 that make a 2{natural transformation between 2{
functors. Each component must be an enriched functor. Their action on objects
is to send ((A;B);(C;D)) 2 (A L21B) [(C LPID) to ((A;C); (B:D)) 2
(A IfilC) Ej@il(B EﬁID) . The hom{object morphisms are given by:

Di;j _ i+1j+1
ABCD (agcD)a’BIciDY) - AAAYB(B;BY)C(C;CHD(D;DY

For this designation of (D to de ne a valid V {functor, it must obey the axioms
for compatibility with composition and units. We need commutativity of the
following diagram, where the rst bullet represents

[(A 521B) G2 CRD)I(((A'; BY: (€ DY): (A" B"); (C*; D))
GItA £21B) C21c CPID)I(((A; B); (C; D)); ((A%; BY); (C'; DY)

and the last bullet represents

[(A £210) 218 CRID)I(((A; C); (B; D)); (A% C%); (BY; DV))):

M
B ——

@i |_1—_(l)i:jl l i)

B —
M

If we let X = AAAY), Y =B(B;BY, Z =c(C;Cc", w =D(D;DY, X'=
AALAY), Y = BB, BY), z' = c(Cc’%c?) and W' = D(D" DY) then the
expanded diagram is given in Figure 2. The exterior must commute.

The lower quadrilateral in Figure 2 commutes by naturality of and the upper
hexagon commutes since it is an instance of the giant hexagonal interchange.
As for D the compatibility with the unit of MUl follows directly from
the naturality of '*1J*! and the fact that jia.gy.c:0y = [(ja G js) Gd
(c LG io)l-

Also the 2{naturality of M follows directly from the naturality of +1i+1
and the Mac Lane coherence theorem.

Since M and O are both de ned based upon and their V{functor com-
ponents satisfy all the axioms of the de nition of a k{fold monoidal category.
At this level of course it is actually a k{fold monoidal 2{category.
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(X’ GAY) G (Z° GAW) GIX GAY) Giad (Z G W)]

i1+l j+155+1

Yvo Y zZwW X0 G Y O(Z0 Loy WOYOX 3 Y )(Z G W)

(X" G Z%) G (Y GaaW?)] GIX Gd Z) G (Y Gad W) (X GAY%) X GAY)] G2 GAW") GE GAW)]

O e 20y (v O WOY(X i Z5CY W) LG M
(X' G Z%) GX Gad 2)] GA LY GAW) G G W)] (X' GX) GA(Y' GY)] GA[(Z° 2) G (W° W)]
S e e e W e e 0 ey 2 eamew® sy [Maata® Dok Mpgogo] Gl [Mecocn Hl Mppopn]
(X' LX) G (Z2° GA)] GA (Y GY) Gd (W' W) [A(A;A") G B(B;B")] Ld [C(C; C") 21 D(D; DY)

- /

i+1;
Manoa® G Mccocn] Gk [Mggogn Gl Mppipn]  Aca;AN)ys@E;B0)c(c:c®yD(D;D%)

[A(A; AY) Gad C(C;C™)] GG+ [B(B;BY) Liad D(D; D)]
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Notice that we have used all the axioms of a k{fold monoidal category. The
external and internal unit conditions imply the unital nature of V{Cat and
the unit axioms for a product of V{categories respectively. The external and
internal associativities give us respectively the V {functoriality of ) and the
associativity of the composition morphisms for products of V {categories. This
reflects the dual nature of the latter two axioms that was pointed out for
the braided case in [8]. Finally the giant hexagon gives us precisely the V{
functoriality of @: Notice also that we have used in each case the instance of
the axiom corresponding to i = 1;J = 2:::k: The remaining instances will be
used as we iterate the categorical delooping. O

5 Further guestions

For V k{fold monoidal we have demonstrated that V{Cat is (k — 1){fold
monoidal. By induction we have that this process continues, i.e. that V{n{Cat
=V{(n—1){Cat{Cat is (k —n){fold monoidal for k > n. For example, let us
expand our description of the next level: the fact that V{2{Cat = V {Cat{Cat
is (k — 2){fold monoidal. Now we are considering enrichment over V{Cat. All
the constructions in the proof above are recursively repeated. The unit V{
2{category is denoted as I where jl1j = fOg and 1(0;0) = I: Products of
V {2{categories are given by U Eﬁw for i = 1:::k—2: Objects are pairs of
objects as usual, and that there are exactly k — 2 products is seen when the
de nition of hom{objects is given. In V{2{Cat,

[U C2W]((U; W); (U Wh) = U (U;U%) CE W (W W:
Thus we have that
(U C2IW(U;W); (U WO)(CF FY; (9:9))
= [U (U;U%) T2 W (W; WOI(CF; £; (9 0%)
= U (U; U")(f;9) Gad W W; W(F g):

The de nitions of @i and @WJ are just as in the lower case. For instance,
@1 will now be a 3{natural transformation, that is, a family of V{2{functors

G (U B21V) 21w 1 U 2 v 21w

To each of these is associated a family of V {functors

i _ i+l
UVW uvw)ytvowty — UUU) VYY) WWWD)
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to each of which is associated a family of hom{object morphisms:

()i — i+2
UV W U w )OOV WO g 5000y T UUUYEF) VYV 9 (g;0°) W(W;W ) (h;ho)

Veri cations that these de ne a valid (k—2){fold monoidal 3{category all follow
just as in the lower dimensional case. The facts about the V {functors are shown
by using the original k{fold monoidal category axioms that involve i=2.

In the next paper [7] my aim is to show how enrichment increases categorical
dimension as it decreases monoidalness. That paper also includes the de nitions
of V{n{categories and of the morphisms of V{n{Cat. In further work | want
to relate enrichment more precisely to topological delooping as well as to other
categorical constructions that have similar topological implications.

In [16] Street de nes the nerve of a strict n{category. Recently Duskin in [4]
has worked out the description of the nerve of a bicategory. This allows us to
ask whether these nerves will prove to be the logical link to loop spaces for
higher dimensional iterated monoidal categories.

Passing to the category of enriched categories basically reduces the number of
products so that for V a k{fold monoidal n{category, V{Cat becomes a (k—1){
fold monoidal (n + 1){category. This picture was anticipated by Baez and
Dolan [1] in the context where the k{fold monoidal n{category is speci cally
a (weak) (n + k){category with only one object, one 1{cell, etc. up to only
one k{cell. Their version of categorical delooping simply consists of creating
from a monoidal category V the one object bicategory that has its morphisms
the objects of V: Relating the two versions of delooping is important to an
understanding of how categories model spaces.
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