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INTERNAL ENRICHED CATEGORIES

DISSERTATION SUMMARY

Enrico Ghiorzi

This dissertation introduces and develops the theory of internal enriched
categories, arising from the internalization of the theory of enriched categories.
Given an internal monoidal category V in an ambient category &, we define the
notions of V-enriched category, functor and natural transformation. We then
develop such theory, which presents many of the good properties of standard
enriched category theory. Notably, under suitable conditions, the category of
internal V-enriched categories and their functors is monoidal closed.

Internal enriched categories admit a notion of internal weighted limit, anal-
ogously to how internal categories admit internal limits. Such theory of limits
constitutes a major focus point in the dissertation and yields fundamental
results such as the adjoint functor theorem. It is observed that internal catego-
ries are intrinsically small and some of them are non-trivial examples of small
complete categories, whereas the only standard small complete categories are
complete lattices. As a consequence, the internal theory is better behaved than
that of standard categories, particularly in relation with size issues, while still
featuring interesting examples.

Moreover, to frame it into a wider context, the notion of internal enriched
category is compared with related notions from the literature, such as those
of indexed enriched category and enriched generalized multicategory. It turns
out that internal enriched categories are indeed strongly connected with such
other notions, thus providing a novel approach to—and, possibly, insight into—
other topics in category theory.
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INTRODUCTION

It is a remarkable feature of the Effective Topos (Hyland 1982) that it contains
a small subcategory which is in some sense complete. That something of this
kind should be true was originally suggested by Eugenio Moggi as a way to
understand how realizability toposes give rise to models for impredicative
polymorphism. Concrete versions of such models already appeared in Girard
1972. The relevant subcategory identified within the Effective Topos has
been called the category of Modest Sets. The sense in which it is complete is a
delicate matter. That and other aspects of the situation are considered in detail
in Hyland, Robinson, and Rosolini 1990. For the purposes of this dissertation
however it will be enough to know that the Modest Sets form a small complete
subcategory of the Category of Assemblies (equivalently, the ——-separated
objects in the Effective Topos, identified in Hyland 1982) in a sense which
we shall make precise in chapter 2. This notion of (strong) completeness is
related in a reasonably straightforward way—using the externalization of an
internal category—to the established notion for indexed categories (Paré and
Schumacher 1978). However we do not exploit this explicitly and keep the
exposition as internal as possible. There is a rough sketch of the indexed point
of view in Hyland 1982.

Aside from the applications to polymorphism, the existence of a small com-
plete category remains underexploited. Section 3.1 of Hyland 1988 contains a
little small complete category theory, inspired by the understanding of indexed
categories (Paré and Schumacher 1978), but even that has never been worked
through in any detail. We are not going to address that lack in this dissertation:
rather, we want to propose a different perspective, that of enriched category
theory.

This dissertation introduces the notion of internal enriched category theory,
that is, enriched category theory internal to a suitable ambient category &.
Given a complete (and so co-complete) symmetric monoidal category 7° within
&, we consider categories enriched in 7" and internal to €. (These themselves
form a category indexed over €.) Our aim is to develop an attractive theory of
such internal enriched categories.

Our leading example of such a situation is provided by taking 7" to be the
internal category of modest sets within & the Category of Assemblies. In that
case 7" is an internal subcategory of € and enriched categories are essentially
special categories internal to . Even within the Category of Assemblies, there
should be many other examples of our general situation where the enriched
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categories are not simply special categories. In particular, if T'is a commutative
monad acting on 7°, then the category of T-algebras should give an internal
symmetric monoidal category in which one can enrich. We briefly address this
at the end of the dissertation.

The dissertation is organized as follows.

Some categorical background to the dissertation is presented in chapter 1.
The focus of the dissertation is on enriched category theory internal to a
suitable ambient category, so we discuss internal categories and internal
monoidal categories. However, when handling internal category theory, one
needs to consider from time to time e.g. all such categories and give definitions
which are not strictly within the internal logic. It is helpful to see such material
from the perspective of indexed category theory, as that gives a way to talk
about large categories over a base. While we shall not need to make this
perspective explicit throughout the dissertation, we include here a treatment
of indexed categories as motivating background for the main material of the
dissertation.

The usual setting for enriched category theory involves a symmetric monod-
ical closed category which is complete and cocomplete (Kelly 1982). We try
to follow essentially the same approach in our internal theory, so we have to
consider, in particular, the completeness of our enriching symmetric monoidal
categories. There is relatively little on this topic in the existing literature and
the fullest treatment (Hyland, Robinson, and Rosolini 1990) is concerned with
issues irrelevant to the context in which we develop our theory. Hence, in chap-
ter 2 we give a treatment of limits and completeness for internal categories.

In chapter 3 we introduce the main objects of study in the dissertation, that
is, internal categories enriched in an internal complete symmetric monoidal
closed category. We make the comparison with the indexed setting and then
introduce the basic machinery of the theory of enrichment, including a crucial
calculus of ends. A major topic is the construction and properties of the
exponential (or enriched category of functors) between enriched categories.
After we address that in some detail, we are then able to present a form of the
Yoneda lemma and Yoneda embedding.

We finally come to the focal point of the dissertation in chapter 4, in which
we discuss completeness and cocompleteness for internal enriched categories.
Here, we find a pleasing contrast with Kelly’s classical theory: there is no need
to consider matters of size, as all objects under consideration are internal and
can thus be thought of as small. So our results—for example the adjoint functor
theorem—appear clean and uncluttered by the usual delicate set-theoretic
considerations.

We have not developed the theory of internal enriched categories simply for
its own sake and in our concluding chapter 5, we suggest directions for future
work.

Finally, in appendix A we conduct a kind of sanity check on the notion of



internal enriched category, by showing that it can be presented as an example
of Leinster’s notion of enriched generalised multicategory (Leinster 2002,
2004).






1. BACKGROUND

In this chapter we quickly recall, without any claim of completeness, some
topics in Category Theory which will be needed as background. Although
these topics are standard and well-known, it is useful to spell them out anyway
to set the notation. Aside from that, we assume the reader to be familiar with
the basic notions of Category Theory. In this respect, we shall regard Borceux
(1994) and Mac Lane (1989) as our main references.

In the context of this dissertation, let &€ be a category with finite limits, which
we will regard as our ambient category. We also require & to have a cartesian
monoidal structure, that is, a monoidal structure given by a functorial choice
of binary products x?: &€ x € — & and a chosen terminal object 1.

Notice that, as a category with finite limits, € is a model for cartesian
logic, or finite limit logic. So, we will frequently use its internal language to
ease the notation. The internal language will be extended to typed lambda-
calculus when we will further assume & to be locally cartesian closed. There
are multiple accounts of the internal language of categories in the literature.
In particular, we shall follow Crole (1993) and Johnstone (2002), but, since
we only make a basic use of the internal language, other references would be
equally adequate.

1.1. INTERNAL CATEGORIES

We start by giving the definitions of internal category, functor and natural
transformation using the internal language of € as described before.

Definition 1.1.1 (internal category). An internal category (or category object)
A in & is a diagram

SA
- °A

Ag —ida— Ay A sxtAq
ta

in € (where A (x{ A1 is the pullback of s, and t,) satisfying the usual axioms
for categories, which can be expressed in the internal language of & as follows.
a:AgFsy(idy(a)) =a: Ay
a:AgFty(idg(a)) =a: Ay
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&,f): AL Xt A1 Fsagoaf) =84(f): Ag
&,f): AL Xt A Fta(goaf) =t4(8): Ag
(h,8,f): Ay gxt Ay Xt Ay hog (8oaf) = (hogg) oaf:i Aq
frA1Ffopaidg(sa(f)) =f- Ay
frALFidg(ta(F)) oaf =1 Ay

We now define a notion of functor of internal categories with relative compo-
sition and identity, so that internal categories and their functors shall form a
category.

Definition 1.1.2 (internal functor). Let A and B be internal categories in
&. A functor of internal categories F': A — B is given by a pair of arrows
FO: AO —)BO andFlel —)B]_ such that

f: A1 FEsg(F1(f)) =Fo(sa(f)): By
frAL Htg(F1(f)) =Fo(ta(f)): By
&, f): A1 Xt A1 EF1(goaf) =F1(8) o F1(f): B;.

The composition G o F of two consecutive functors A E, B G Cis defined by

a:AO (o (GOF)O(a) = Go(Fo(a))Z CO
f:A]_ H (GOF)I(f) = G]_(Fl(f)) Cl'

The identity functor id4 : A — A is defined by

a:Ag (idA)O(a) =a:Ag
£ Ay - (g, (f) = f: Ay

With the composition so defined, internal categories in € and their func-
tors form a category Catg. In the following remark, we notice some useful
properties of Caty in relation to slicing and change of base.

Remark 1.1.3. Let &’ be another category with finite limits, and F: € — €’ a
functor preserving finite limits. Then, there is a functor F': Catg — Catg, (with
notation overload) applying F' to the underlying graph of internal categories.

Remark 1.1.4. Leti: J — I be an arrow in €. Then, there is an adjunction
iy 1i*: €/1 - €/J where the functori,: €/J — €/Iis given by post-composition
with i, and the functor i*: €/I — &/J is given by pullback along i. This
adjunction extends to internal categories, yielding iy - i*: Caty;; — Catg,,.
In particular, the unique arrow !;: I — 1¢ yields an adjunctionl; 4 I*: Catg —
Catg g
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While correct, the use we made of the internal language is quite unwieldy,
especially when dealing with terms whose type is the object of arrows of an
internal category. We then introduce conventions to ease the use of the internal
language, by bringing it closer to the standard notation of category theory.

Notation 1.1.5. Given arrows F: X - A; and S,T: X — A, we shall write

x:XFF(x):Sx) >T(x):A; or x:XI—S(x)ﬂT(x):Al

instead of x: X s, F (x) =S(x): Agand x: X F tyF(x) = T(x): Ay. More-
over, given G: X - A and U: X —» Agsuch thatx: X + G(x): T(x) -
U (x): Aq, we shall write

2 XFSE) 7w £ U@ A,

instead ofx: X - G(x)o4F (x) : A;. Finally, when we have atermag,a;: Ag,f: A1 +
t(ag,aq,f): B we shall write
(frag »ay): Ay Ft(f,ap,a1): B

in place of f: A1 F¢(s5 (f),t4(f),f): B. Then, we can use the familiar notation
for commuting diagrams even in the internal language.

With the previous notation, it is easy to define natural transformations
between functors of internal categories, with relative horizontal and vertical
compositions and identity, so that internal categories with their functors and
the natural transformations between them shall form a 2-category.

Definition 1.1.6 (natural transformations). Let F',G: A — B be functors of
internal categories in €. A natural transformation a: F - G: A — B is given
by an arrow a: Ay — B; such that

a: AO (o Fo(a) ﬂ) Go(a) : Bl’

a(a)

Fola) —— Go(a)
(fra—>a’): A F Fl(f)l lGl(f) : By.

Fo(a’) —,* Go(a,)
a(a’)

The vertical and horizontal compositions of natural transformations in
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are given by

a:AO (o ((Z,B) (a) = Fo(a) M Go(a) &)Ho(a)iBl
¢: Cy b (aL) (a) = Fo(Ly(e)) “£ Gy (Lo (e)): By

Ri(a(a
a: Ag - (Ra) (a) = Ry (Fy(a)) ~X2, p (Gy(a)): Dy.

The identity natural transformation idz: F — F: A — B is defined by

. idg (Fg(a))
a:AgFidg(a) :=Fy(a) — Fy(a): B;.

With the compositions so defined, internal categories in & with their functors
and the natural transformations between them form a 2-category Cat¢. Notice
that there is a notation overload, but context is usually sufficient to distinguish
between occurrences of Catg as a category or as a 2-category.

The category of internal categories is well-behaved with respect to slicing,
as the following remark makes clear.

The following proposition can be proved by a completely routine application
of the internal language of &.

Proposition 1.1.7. The category Catg has finite limits induced point-wise
by the corresponding limits in €. In particular, there is a terminal internal
category Lcag, and a binary product x Cate of internal categories making Catg
a cartesian monoidal category.

There is also an obvious functor Cate — &, given in the next definition.

Definition 1.1.8. The objects functor is the monoidal functor U: Caty — &
sending an internal category A into its object of objects A, and an internal
functor F': A — B into its object component Fy: A — B.

We now present a few remarkable examples of internal categories.

Example 1.1.9. Let A be an object of €. The discrete category dis(A) over A is
given by

Sdis(4); =1da
—
idgis(a) ) °dis(A); =1da
=— dis(A); =A
ldA
~~
tais(a), =1da

This extends to a monoidal functor dis: € — Catg.



1.2. Exponentials of Internal Categories

Example 1.1.10. Let A be an object of €. The indiscrete category ind (A) over
A is given by

Sind(4); =71

—
. idinaa); °inda);  ind(A); X ind(A),
lnd(A)O —A A—A_* lnd(A)l —AXA 4?1?77_3) EAxAxA
\_/

tinda) ;=72

This extends to a monoidal functor ind: € — Catg.

The above constructions yield the free and co-free internal categories over
an object of &, as formally stated by the following proposition, whose proof is,
again, routine.

Proposition 1.1.11. There are monoidal adjunctions dis 4 U - ind.

As a further example, consider opposite categories.

Example 1.1.12. Let A be an internal category in €. The opposite category A°P
is obtained by switching the source and target arrows of A, so that sqep = t4
and tqop = s4. This extends to a monoidal functor (-)°P: Catg — Cat.

Then, it is not difficult to prove the following result.

Proposition 1.1.13. The monoidal functor (-)°P is a self-adjoint automor-
phism.

1.2. ExPoNENTIALS OF INTERNAL CATEGORIES

The functors between two categories form a set, meaning that Cat is enriched
over Set. Analogously, we would expect Catg to be enriched over €. For that,
we need to assume that € is cartesian closed. Then, the theory of categories
internal to & becomes clearer from the perspective of enriched category theory.

In this section, let’s assume that & is cartesian closed, meaning that its
internal language will be the simply typed lambda calculus extension of finite
limit logic.

Notation 1.2.1. If A and B are objects of &, let ex: BA x A — B be the
evaluation morphism. The notation for the evaluation arrow should also be
decorated with A and B, but it is unnecessary as those are usually clear from
the context.

It is also useful to introduce a convention to denote subobjects yielded by an
equalizer.
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Notation 1.2.2. Given two termsa: A - t(a),t’ (a) : B we can form the equal-
izer of the two parallel arrows A — B yielded by ¢ and #’. That is the subobject
of A of those a: A such that ¢(a) =t'(a).

We are now ready to prove that the intuition about Caty¢ being enriched in
& was correct, in the sense made precise by the statement of the following
proposition.

Proposition 1.2.3. There is a category enriched in & (which shall be called
Catg with abuse of notation) whose underlying category is isomorphic to Catg
itself.

Proof. The hom-object Homcy,, (A, B) of internal categories A and B repre-

sents the functors A — B, and is defined as the subobject of B‘g 0 x B‘? 1 of those
F = (Fy,F,) satisfying the functoriality axioms, i.e. such that

e%(Fl’f)
Afrag = aq):Aq.eg(Fg,a9) —— ex (Fp,a1)
Agf): Ay gxyAr.eg(F1,804f) = A(g,f): A1 sxt Ar. eg(F1,8) o eg (F1,[).
The composition of internal categories A, B and C is the arrow

°Caty (4, B, C) : Homgy, (B, C) x Homgy, (A, B) - Homg,y, (4,C)

defined in context F': Homcyy, (A, B), G: Homgyy, (B, C) as

°Cat, (A, B, C) (F’G)O = Aa: Ag. eg (Go, e (Fo,a)): Coo
°Caty (A,B,C) (F,G) = Af: Aq. ex (G, e (F1,f)): 1.
The identity of the internal category A is the arrow
idcat, (A): 1g — Homgyy, (A,A)
defined as
idCatg (A) == (Aa:Ag.a,Af: Aq.[): Homcat8 (A,A).

The verification that these data give an enrichment is a simple exercise in
the internal language.

The points of the hom-object Homcy, (A, B) are evidently in bijective corre-
spondence with functors A — B. Il

The theory developed in section 1.1 extends to the context of enriched cate-
gory theory. For example, consider the following proposition.

Proposition 1.2.4. The adjunctions from proposition 1.1.11 are &-enriched.

10



1.2. Exponentials of Internal Categories

Remark 1.2.5. For any object  in € we have that Caty/; is enriched over &/1I.
Moreover, if u: I — o is an arrow in &, then Caty/; has an enrichment on &/1
through u*: €/J — €/I, and (u*),: Catg,; — Catyg/; is a €/I-enriched functor.

We can finally prove that Cat¢ is cartesian closed. Moreover, as it is clear
from the following proof, if A and B are categories in &, then the points of BA
are in bijective correspondence with the functors A — B.

Proposition 1.2.6. The category Caty is cartesian closed.

Proof. Let A and B be internal categories of €. Let’s define the exponential
object BA, representing the internal category of functors A — B and natural
transformations between them:

Object of objects (BA)O is HomCa‘Lg (A,B), as defined in proposition 1.2.3.

Object of arrows (BA)1 is the subobject of (BA)O X (BA)O X B‘?O given, in
context (F': (BA)O, G: (BA)O, a: B‘?O), by the axiom

eg(a,a)
ey (Fo, a) — €g (Go,a)

Afra—0b):Aj. eig(Fo,f)l le%‘;(GO’f) + By

€z (Fo, b) em) €¢ (Go, b)

Composition is the arrow oga: (BA); gx; (BA); > (BA), defined, in context
((G,.H,B), (F,G,a)): (BA)] 4% (BY),, as

(G,H,pB) oga (F,G,a) = (F,H, a: Ay. ex(5,a) cgeg(a,a))

Identity is the arrow idga: (BA), — (BA); defined, in context F: (B4),, as

1dBA(F) = (F,F,AGIAO. 1dB(F0(a)))

Then, a standard argument shows that there is an isomorphism
Homg,, (A xCats A B) =~ Hom,y, (A’,BA)

natural in A’. O

Of course the fact that Catg is cartesian closed tells us that it is enriched in
itself. That extends the fact that it is enriched in %. In fact the enrichment in
& is essentially obtained from that in Caty¢ by change of base along the objects
functor U: Catg — €.

11



1. Background

1.3. INTERNAL MonNoIDAL CATEGORIES

We could not conceivably present a notion of enrichment without introducing
a suitable notion of monoidal category to serve as enriching category. We
introduce here the definitions, in the internal language of &, of the notions
of monoidal category, functor and natural transformation. We also give the
definitions pertaining to the symmetric case, which is of most interest for the
sequel.

Definition 1.3.1 (internal monoidal category). An internal monoidal category
is an internal category V in & equipped with functors

Monoidal product ®V:V xCa% vV 5 V, and

Monoidal unit ly: Lga, =V,

and natural isomorphisms

Associator ay: (m1 ®V 7o) @V g > 11 ®V (e @V mg): VxVxV =V,
Left unitor Ay: Iy ®Vidy — idy: V - V, and

Right unitor py:idy ®Y Iy - idy: V >V,

such that, in context a,b,c,d: V), the axioms

ay(a,ly,b)

(a®f Iy) ®f b > a @ (Iy ®F b)

\ / (Triangle)
pv(a)®Yidy (b) idy(a)®YAy(b)

a®gb

((@®yb) ®Yc)®Yd
aV(a7b7CAM),d/ X‘I(a‘®gb7c7d)
(a®y (b®Yc) ®Yd (a®y b) ®Y (c®d)
aV(a,b®gc,d)l lay(a,b,cébgd)

»a®y (b (c®fd))

vV vV vV
a®y ((beyc) ey d) pS TR

(Pentagon)
hold.

The previous definition is a direct internalization of the standard definition
of monoidal category, and that alone should suffice to persuade us of its correct-
ness. If we were still skeptical, though, it could also be argued that, since small

12
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monoidal categories are pseudomonoids in the 2-category of categories, then
internal monoidal categories in € must be pseudomonoids in the 2-category
Catg, which is what our definition amounts to.

We then proceed with the definition of monoidal functor.

Definition 1.3.2 (internal monoidal functor). An internal monoidal functor
(F,e,u): V — Wis given by an internal functor F': V.— W and coherence
natural isomorphisms

€: ]IW—>F]IVI HCatg —>W
and
wW:FWF S F(-QV-):VxV W

such that, in context a, b,c: V), the axioms

aw(Fo(a),Fqo(b),Fq(c))
_ >

(Fo(a) W Fy (b)) @W Fy(c) Fo(a) @Y (Fo(b) @W Fy(c))
,u(a,b)@‘f’idW(FO(c))l lidW(FO(a))QD‘l’/L(b,c)
Foa®Vb) @YW Fy(c) Foa) ®WFy(b ®Yc)
M(a@})’b,c)l l,u(a,b@)gc)

F V) @Y » Fo(a ®Y (b oY
0((a®"b) ®"c) T (ar @b 0(a®” (b®Yc))
Aw(Fo(a)
Iy ®W Fy (@) w(fo@) » Fo(a)

e@WFMkA /Flv(/lv(ao)

Fo(Iy) ®WF0(GL(]I—V*,aF0 (Iy ®V a)

Fy(a)
Fo(a) @V Iy pw(o@) > Fo(a)

Fy (a% /F:(Pv(a))

Fy(a) ®WF0(]IV2L (a—jvz)vo (a ®VIy)

hold.
Then, we define natural trasformations of monoidal functors.

Definition 1.3.3 (internal monoidal natural transformation). An internal
monoidal natural transformation a: (F,ep, ug) = (G,éqg,ng): V> Wisa
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1. Background

natural transformation ¢: F — G: V — W such that, in context a, b, : V, the
axioms

Wa(b
Fo(a) ®" Fo(0)" 222G (a) @ Gy (b)
,uF(a,b)l l#a(a,b)
F \ % vV
0(a® b) —W) Go(a® b)
a(ly)

Fo(ly) — Gy (Ly)

N
Iw

hold.

While it is not necessary for the definition of the notion of enrichment,
in many situations it is required for the monoidal product of the enriching
category to be symmetric. We now define the notion of internal symmetric
monoidal category and functor. Notice that there is no need for a definition of

symmetric monoidal natural transformation, as the usual definition is already
adequate.

Definition 1.3.4 (internal symmetric monoidal category). An internal monoidal
category V is a internal symmetric monoidal category if it comes equipped
with a symmetry, that is, a natural isomorphism oy: 7; ®Y 79 — 79 ®V
m:V xCats V _ V such that, in context a,b: V), the following axioms

7b7
@®’b) 8” "% % gV (b eV o)
o-V(a,b)®Vcl ldv(a,b®vc)
beva) ®Vc beVe)®Va (Hexagon)
aV(b,a,c)l lav(b,c,a)
bV (a ®ch e bV (c®Va)
®"oyl(a,c)
a®Vb a®Vb
\ (Involution)
oy(a,b) oy(b,a)
beVa

hold.
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1.3. Internal Monoidal Categories

Definition 1.3.5 (internal symmetric monoidal functor). An internal monoidal
functor (F,e,u): V — W between internal symmetric monoidal categories V
and W is a internal symmetric monoidal functor if the axiom

,b
Fy(a ®Vb) p@s) Fy(a) @YW Fy(b)

F1(0V(a,b))l lUW(Fo(a),Fo(b))

1% w
Fo(b®" a) ,ud—’(b,a) Fo(b) ®" Fy(a)

holds.

It is routine to check in the internal language that the data above gives
2-categories, so we can give the following definitions.

Definition 1.3.6 (category of internal monoidal categories). Internal monoidal
categories and monoidal functors (and monoidal transformations) in & form a
(2-)category MonCatg. Internal symmetric monoidal categories and symmetric
monoidal functors (and monoidal transformations) in & form a (2-)category
SymMonCatg.

Remark 1.3.7. There is an underlying-monoidal-category (2-)functor
UMonCat,, : SymMonCatg — MonCatg

sending symmetric monoidal categories and functors (and natural transfor-
mations) to, respectively, their underlying monoidal categories and functors
(and natural transformations).

There is an underlying-internal-category (2-)functor

Ucgat, : MonCatg — Catyg

sending monoidal categories and functors (and natural transformations) to,
respectively, their underlying internal categories and functors (and natural
transformations).

The analogous result to proposition 1.2.6 does not hold for monoidal cate-
gories, as MonCatg is not generally cartesian closed even when & is. However,
we can still extend the ideas about enrichment to the case of monoidal cate-
gories, and we have the following proposition, analogous to proposition 1.2.3
and proved in the same way.

Proposition 1.3.8. If € is cartesian closed, then MonCaty¢ (SymMonCatg) has
an enrichment on Catg (as a cartesian monoidal category) whose underlying
category is MonCaty¢ (SymMonCaty) itself.

15



1. Background

Finally, in this dissertation we will also need a notion of monoidal closedness
for internal symmetric monoidal categories.

Definition 1.3.9 (monoidal closed internal category). An internal symmetric
monoidal categoy V is monoidal closed if the functor in €/V,

(72,8Y)

VxV, y (Vo)'V

Vo

has a right adjoint [—, —]: (V)*V — V. In this case, the unit and counit will
be internal natural transformations

n:mT - [7T2,7Tl ®V7Tz]2 V x VO - Vx VO

and
€: [mq,79] vV w1 = e (Vo)*V = (Vy)*V,

the latter providing the evaluation ey.

1.4. InDEXED CATEGORIES

Indexed categories have been treated extensively in the literature, and the
main ideas are long established. However, we shall refer to the recent expo-
sition given in Shulman (2008, 2013), since these sources are also needed in
regard to the notion of enriched indexed category.

To begin with, we shall state the definition of indexed category.

Definition 1.4.1 (indexed category). An &-indexed category is a pseudofunctor
€ : €°P — Cat, where Cat is the 2-category of categories, functors, and natural
transformations.

Consider the following, notable example, which will turn out to be useful
later on.

Example 1.4.2. The self-indexing of & is the €-indexed category whose fiber
over an object X is the slice category €/X and where the reindexing along
f: X - Y is given by pullback along f.

There is a strict relation between the theory of indexed categories and that
of fibration, as established by the following, classic result.

Theorem 1.4.3. An é-indexed category € is, via the Grothendieck construc-
tion, equivalent to a cloven fibration [ € — &.

16



1.4. Indexed Categories

Now we want to extend the previous ideas to the context of monoidal cate-
gories.
We begin by giving the notion of indexed monoidal categories.

Definition 1.4.4 (indexed monoidal category). An &-indexed monoidal cate-
gory is a pseudofunctor %" : €°P — MonCat, where MonCat is the 2-category
of monoidal categories, strong monoidal functors, and monoidal transforma-
tions.

A suitable notion of monoidal fibration is required to establish a relation
with indexed monoidal categories, so we recall that in the following definition.

Definition 1.4.5 (monoidal fibration). Let 7° be a monoidal category. A
monoidal fibration is a cloven fibration 7° — & such that the underlying
functor is strict monoidal (with & cartesian monoidal) and the tensor product
in 7" preserves the choice of cartesian arrows.

For a general monoidal base category &’ the notions of &€’-indexed monoidal
category and of monoidal fibration do not correspond under the Grothendieck
construction. Indeed, if #": €’°P — MonCat is an &’-indexed monoidal cate-
gory, then, in the cloven fibration [ %" — %', it is evident that [ %" has tensor
products only for objects in the same fiber, and the result is still an object
in that fiber. On the other hand, if 7" — %’ is a monoidal fibration, and A
and B are objects of 7" lying over the objects X and Y of €’ respectively, then
the tensor product A ®7" B lies over X 0% Y. However, it is folklore that, in
case the monodial structure on &€’ is given by the product, i.e. €’ is cartesian
monoidal, such as our ambient category & is, then there is a correspondence.

We now introduce some convenient notation for use in the next result.

Notation 1.4.6. Let F': € — & be a cloven fibration, and f: X — Y an arrow
in €. Then, call f*: F~1(Y) - F~1(X) the lifting functor from the fiber along
F over Y to the fiber over X.

We then state and give a sketch proof of the theorem analogous to theo-
rem 1.4.3, in the context of monoidal categories.

Theorem 1.4.7. An é-indexed monoidal category W' is, via the Grothendieck
construction, equivalent to a monoidal fibration [ W' — &.

Proof (sketch). Let the pseudo-functor %" : € — MonCat be an index monoidal
category and [ %" — % the fibration yielded by the Grothendieck construc-
tion. Then, [ %" has a monoidal structure. Indeed, I [w = Loy (1 o) Let X and

Y be objects of €. Let A be an object of %" (X) and B one of 7%°(Y). Then,

A7 B = (ry)*"A @7 &Y) (7x)*B
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1. Background

where 7y: X x Y - X and 7mx: X x Y — Y. With this monoidal structure on
[ W, the fibration [ %" — & is strict monoidal.

Let V: 7" — & be a strict monoidal fibration and %" : € — Cat the pseud-
ofunctor defined by the fibers of V. Then, %" is an €-indexed monoidal cat-
egory, that is, it restricts to 7#": € — MonCat. Let X be an object of €, and
Ix: X — lg the unique such arrow. Then, Iy x) = (x)“Iy. Let A and B be
a objects of 7" (X). Then,

A7 X) B =A*(A®7 B)
where A: X - X x X. O

Notice that the proof makes essential use of the assumption that € has (at
least) finite products.

1.5. EXTERNALIZATION OF INTERNAL CATEGORIES

The next piece of background material that we present concerns the relation-
ship between internal and indexed categories, and makes an essential use of
the theory of indexed categories from section 1.4.

Let A be a category in € and X an object of €. We regard an arrow X — A
as representing an indexed family of objects of A over the indexing object X.
Given two such indexed families xy,x7: X — A, consider the pullback

(x0,%1)"Aq Aq
Pl B l(SA,tA)
X Ag xAg.
(x0,x1) 0 0

Then, the sections of p represent indexed families of arrows of A with domain
x¢ and codomain x. Given another family x5: X — A, the composition in A
restricts to an indexed composition

. * & *
° Al q e (x1,%9) "Aq X (x0,x1) A1 = (x9,%9) A1

inducing a composition of indexed families of arrows: given two families of
arrows sg: X — (x9,%1)*A; and s1: X — (x1,x9)"Aq, their composition is
defined as

(s1,50) * # *Alrgxy %9 #
1 °pa)x S0 =X — (¥1,%2) "Aq X (x0,%1) A —— (%9, %2) "Ay.

Moreover, a family of objects x: X — A induces a family of identity arrows
id[ Apx (%) X — (x,x)*A;. These data form the category [A]X of indexed
families of objects and morphisms of A over X.

18
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Given a reindexing u: X’ — X, precomposition reindexes a family of objects
x: X = Ag over X the family xu over X’; a family of arrows s: X — (xg,x1)*Aq
is reindexed to u*s: X’ — (uxg,ux;)*A; by pulling back the section s along
(xg,%71). That gives a functor u*: [A]X — [A1X".

The above discussion leads to the following result.

Proposition 1.5.1. For A an internal category in &, there is an indexed category
[A] given by [A] (X) = [A]X and [A] (u) = u*.

Remark 1.5.2. Notice that the indexed category arising from an internal one
is given by a strict (rather than merely a pseudo) functor €°P — Cat. Then,
evidently, internal categories yield rather special indexed categories, and not
all indexed categories can be obtained from an internal one.

Moreover, the construction extends to the monoidal context, as shown in the
following proposition.

Proposition 1.5.3. Let V be an internal (symmetric) monoidal category in &.
Then, [V] is an indexed (symmetric) monoidal category on &.

Proof. Let X be an object in €. Then, [V]X has a monoidal structure induced
by that of V.
The monoidal product on objects is defined as

(2, %) v

X5V oVF X vy) = x 5, v, x vy 25 v,

Let
X A%
X 20, vy LG Va - By
and
’ ’:X—> l’ ’ *V ’
X 20 vy L2y By

be arrows of [V]X, and notice that ®" restricts to
(xo,xl) *Vl X (xf),x’l) *Vl - (.’XZO ®[V]X x6,x1 ®[V]X x'l)*Vl
Then, the monoidal product of arrows f VI¥ f’ is given by the arrow

’ \ 4
X (—fi)—> (xo,xl)*Vl X (xa,x’l)*Vl 3—> (xo ®Vx6,x1 ®Vx’1)*V1.
The monoidal unit I [vx is defined by the constant family indexed by X on
the monoidal unit of V.
The structural isomorphisms, associator and unitors (and, in case V is
symmetric, the symmetry), are defined point-wise.
Moreover, reindexing preserves the monoidal product. O

19
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Remark 1.5.4. The strictness of the monoidal products of the fibers of the
indexed monoidal category [V] obtained from an internal monoidal category
V is the same as that of the original monoidal product of V, so it will generally
not be strict monoidal. Still, the reindexing functors for [V] strictly preserve
the monoidal structure, regardless of how strict the monoidal product of V
is. That means that the (actually strict) functor [V]: € — MonCat factorizes
through the 2-category of (non-necessarily-strict) monoidal categories, strict
monoidal functors and monoidal natural transformations. Such a category is
quite uncommon, since normally there is little use for strict monoidal functors,
especially between non-strict monoidal categories. Nonetheless, this shows
that the indexed monoidal categories arising from internal monoidal categories
are rather special ones.

Remark 1.5.5. The fiber [A]X over an object X is enriched over &/X:
Homset: Hom 4;x (x0,%1) = (x0,%1) "Ay 2 x

Composition: o 4x(xg,%1,%2) = °Alg g g

Identity: id[A]X(x).

Reindexing is compatible with this structure, in that the reindexing of the
homset is the same as the homset of the reindexing. More explicitly, given a
reindexing u: X’ — X, by pullback-pasting we have that

u*(x9,%1) A1 = (xou,x1u)*A;.

In fact, the reindexing functor u*: [A]X — [A]X "isa fully-faithful functor of
enriched categories.

Then, [A] is an indexed enriched category over the self-indexing of & (see
example 1.4.2). Equivalently, it is the locally internal category over € whose
underlying indexed category is (up to natural isomorphism) [A] as an indexed
category (Johnstone 2002; Shulman 2013).

As shown in section 1.4, indexed (monoidal) categories are equivalent to
cloven (monoidal) fibration.

Definition 1.5.6 (externalization). The externalization of an internal category
A is the total category for the fibration associated to the indexed category
[A]. With abuse of notation, we denote the externalization of A with [A], and
context will usually suffice to distinguish between the use of the notation as a
fibration or as an indexed category.

Explicitly, the externalization of A is the category given by the data

Objects: families of objects of A indexed over objects of &, that is, arrows
X - Ag with X in €.
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1.5. Externalization of Internal Categories

Morphisms: an arrow (x: X - Ag) — (y: Y — A) is given by a reindexing
u: X — Y and a family of arrows x — yu, that is, a section of the projection
p: (xyw)*A; - X.

Composition: the composition is given by

(X1>Y,Xi>(x,yu)*A1) (YLZ,Yi(v,zv)*Al)

y
(Y e Ao)
(XLYLZ,u*go[A]Xf: X— (x,zvu)*Al)

X5 Ag) (Z 5 Ayp)

=X5A4) (Z5 Ay).

Identity: the family of identity arrows.

Let F: A — B be a functor of internal categories. Then, there is a functor of
fibered categories [F']: [A] — [B] defined on objects as

F
[F1X 5 A9) =X5 40 =2 B,
and on morphisms as

(X257 X5 (e yu)*A;)

[F1((X 5 A) (Y = Ag))

u f % Fy *
(XY X5 (xyu)*Ay— (Fox,Foyu) By )

F F
= (X5 A4, By) (YL A9 => By)

which restricts to a functor on the fibers [F1X: [A]X - [B]¥X.
Let «: F - G: A — B be a natural transformation.Then, there is a natural
transformation of fibered categories [@]: [F'] — [G]: [A] — [B], defined as

(idx, XA g—> (Fox,Gox)*B1)

F G
[a] X5 Ay = (X5 A4, = By) X5 A= By)

which restricts to a natural transformation on the fibers [¢]X: [F]¥X - [G]X.

Remark 1.5.7. If V is a (symmetric) monoidal category, then its externalization
[V] has a (symmetric) monoidal structure induced by that of the indexed
(symmetric) monoidal category [V]. The monoidal product on objects is given
by
\ %4
X5V oVl ¥ L Vy) =XxY 2LV, x Vy 25 V.

The monoidal product on arrows

(X257 X5 e yuw)*Vy)

X5 V) RESRTS)
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and

(Z25W.Z25 2 wv)"Vy)

(Z 35 Vy) (W5 V)

is indexed by X x Z 2=% Y x W and given by

®V
XxZ f—g> (x®Yz,yu ®va)*V1.

The monoidal unit is Iy: 1¢ — V. Finally, the structural isomorphisms are
induced by those of V.

1.6. InpDEXED ENRICHED CATEGORIES

Now that we have—at least for € with products—a notion of indexed monoidal
category, we give, as the last piece of background material, the notion of
enrichment in such a category. This comes in two versions: a general indexed
version and a version which we call “small” (Shulman 2013). The latter is
in a sense a hybrid notion, having an internal as well as an indexed aspect.
The force of the definition will be clear in chapter 3, after we have (in the next
section) treated the relationship between internal and indexed categories.

In this section, let 7" be an &-indexed monoidal category.

Let’s introduce a convenient notation for use in the next definition.

Notation 1.6.1. If f: B —» A is a morphism in é and H is an object in %" (A),
let’s write H (f') for the object %" (f) (H) of W (B).

First we give an outline of the definitions of the notions of small %" -category,
of functors between such categories, and of natural transformations between
such functors. For brevity we will omit some diagrammatic axioms. We refer
to Shulman (ibid.) for those.

Definition 1.6.2 (small 7% -category). A small W -category A consists of
* an object A of &;
* an object Hom 4, of %" (A x A);

* a morphism id 4 : Igy4) — Hom 4, (A) where A: A — A x A is the
diagonal,;

* A morphism of %#'(AxAxA)
o »: Hom 4 (7g,m3) @7 AXAXA) Hom , (7, m9) — Hom , (71, 73)

where 71,79, m3: A x A x A — A are projections.
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satisfying the associativity and unitarity axioms (ibid.).

Definition 1.6.3 (functor of small % -categories). A functor of small W -
categories F: A — 9B consists of

* a morphism Fy: A - B of &;

* amorphism F';: Hom , —» Hom g (Fo,Fg) of W' (A xA);
satisfying the functoriality axioms (ibid.).
Definition 1.6.4 (natural transformation of small 7 -categories). A natu-
ral transformation of small W -categories a: F — G: A — 9B consists of a
morphism
a: ]I%/'(A) i Hom%((Fo,Go)A)
satisfying a naturality axiom.
Let’s introduce some convenient notations for use in the next definition.

Notation 1.6.5. Let 7" and 7"’ be monoidal categories. If F: 7" — 7"/ is a lax
monoidal functor and 4 is a 7"-enriched category, then there is an induced
7"’ -enriched category F,(.4). Moreover, if F is a closed monoidal functor
(with " and 7"’ closed monoidal), then in particular there is a fully faithful
' functor F,: F, (V") - V"'

Now we present the hopefully more familiar definition of a general indexed
category enriched in an indexed monoidal category (ibid.).

Definition 1.6.6 (indexed % -category). An indexed W -category 9B consists of
* for each X object of €, a %" (X)-category B~%;

e foreachf: X — Yin &, a fully faithful %" (X)-functor f*: (f*).(%’Y) - BX;

e foreachf: X - Yandg: Y —» Zin 4, a % (X)-natural isomorphism
@&f)" = fo (f*).(g) (where we implicitly identify (f*),(g*),%B% with
(gf *).%’Z in the domains of these functors);

* for each X object of €, a %" (X)-natural isomorphism (idy)” = id BX

satisfying, forevery f: X - Y, g: Y - Zand h: Z — K in &, the axioms for
associativity and unitarity, analogous to those for ordinary indexed categories,
by making the following diagrams of isomorphisms commute.

(hgf)* > f*o (F*) , ((h)™)
&N * e (8N™). (1" f*o (F*) (g% o (8%),(h*))

| l

f*o (F).8*) o (N)") (") — [*o (f*). (%) o (f").(8%).(h")
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(idg)™ o ((idg) ™), (F*) f*o (F*).((idg)"™)

SN LN,

Definition 1.6.7 (functor of indexed %" -categories). An indexed W -functor
F: B — B’ consists, for every object X of &, of a %" (X)-enriched functor
FX. BX ¥ together with, for every f: X — Y, an isomorphism FX o f* =
f*o (f*) (FY). Such data have to satisfy the functoriality axioms by making
the following diagrams of isomorphisms commute, for every f: X — Y and
g:Y —>Zin €.

* (idgyN”

(fidg)*

Flo (gf)* » FXof*o (f*).(g%)
&f)* o (g)*) , (F?) 5o (F*) (FY)o (F).(g%)
5o (F*)(@*) o (f*) . ((g") (F%)) Fro (f*) (FYog")

\ F*o (F*) . (g% ° (8%) . (F%))

FXo (idg)* — (idg)* o ((idg)*) (FX)

Definition 1.6.8 (natural transformation of indexed 7 -categories). An in-
dexed 7/ -natural transformation a: ¥ — ¥: B — B’ consists, for every

object X of &, of a 9 (X)-natural transformation oX: FX — €X. X _, X
satisfying naturality axioms by making the following diagram commute, for
every [ X - Y.

FXof* — f*o () (FY)

l l

FXof* — f*o () (FY)

With the data thus defined (plus the obvious notions of compositions and
identities) we can define a 2-category of indexed enriched categories.

24



1.6. Indexed Enriched Categories

Definition 1.6.9 (category of indexed 7/ -categories). We denote with 7" ICat
the 2-category of indexed %" -categories, their functors and the natural trans-
formations between them.

By abuse of notation, we shall denote with 7/"ICat¢ also the mere 1-category
of indexed 7"-categories and their functors. Usually, the context is sufficient
to distinguish when the notation is being used referring to the 1-category or
the 2-category.

Finally, we briefly mention how to change the indexed monoidal category
in which we are enriching. Such operation, fundamental for every flavor of
enriched category theory, is called change of cosmos. For more details, we refer
to Shulman 2013.

First, we define the transformation between indexed monoidal categories.

Definition 1.6.10 (lax monoidal morphism). If %" is an €-indexed monoidal
category, and 7"’ is an &’-indexed monoidal category, then a lax monoidal
morphism ¢: W — W' is a commutative square

f%/’i»f%"

l |

& — €
such that ¢: € — &’ preserves finite products and ¢: [ W — [ W' is lax
monoidal and preserves cartesian arrows.

If ¢: W — W' is a lax monoidal morphism, there are induced operations
&, from small and indexed 7 -categories to the corresponding sort of %"’-
categories, and similarly for functors, and natural transformations.
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2. COMPLETENESS OF INTERNAL
CATEGORIES

The aim of this dissertation is to develop a form of enriched category theory
internal to a suitable ambient category €. What is perhaps unexpected in our
theory is that we seek enriching categories within & that are complete. Of
course, when & is the category of sets, there are relatively few small complete
categories in which we can usefully enrich: essentially, they are all quantales.
However, there are small complete internal categories within categories pro-
vided by realizability, such as the category of modest sets within the category
of assemblies (Hyland 1988).

As in the usual theory of enriched categories (Kelly 1982), two kinds of
completeness play a role in the theory: first, there is the completeness of the
enriching category; secondly, the completeness of the enriched categories. The
main focus of the dissertation is on the second notion, which is part of the
theory of internal enriched categories. However, to set the stage for that, we
have to consider the first notion. So, we need some preliminaries on complete
internal categories.

Sadly, the existing literature on internal complete categories is sparse. The
paper Hyland 1988, which presents a leading example, gives a sketch of how
the theory might develop. The more or less contemporaneous paper Hyland,
Robinson, and Rosolini 1990 discusses the definitions in light of a perspective
suggested by Freyd, but its main focus is on weak notions of completeness
which play no role in this dissertation. The basic idea is that one has a weak
limit when it is internally true that there exists a limit cone for the given
diagram, while the limit is strong when the choice of limit cone is given as
part of the structure. In this dissertation, though, we are not assuming that
the internal logic of our ambient category features existential quantification,
so the notion of weak limit is not even applicable.

As completeness of the enriching category is fundamental to the theory we
develop, we have decided to adopt and clarify the definition of strong complete-
ness given in ibid. Evidently, the use of the internal logic in ibid. is intended
to ensure that the property of being a limit cone is stable under pullback.
Although that makes the definition of completeness very concise, it also obfus-
cates its content. Instead, we will present the notion in a more explicit way,
by avoiding the use of the internal language.

In this chapter & shall be a finitely complete, locally cartesian closed category.
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As a consequence, the internal language is now a dependent type theory (Seely
1984). In particular, these assumptions are necessary to ensure that the
notions we are going to define will be stable under pullback, which in turn is
necessary if we want them to be meaningful in the internal language.

2.1. Diagrams AND CONES

As obvious as they might seem, we shall spell out the definitions of diagrams
and cones over diagrams in the internal context.

Definition 2.1.1 (diagram). Let A and D be internal categories in €. A
diagram of shape D in A is an internal functor D: D — A.

Definition 2.1.2 (cone). A cone over adiagram D: D — A withvertex T 1cyq, —
A is a natural transformation y: AT — "D™: Loat, = [D,A], where A: A —
[D,A] is the diagonal functor. The situation is shown in the following diagram.

]LCatg ]lCatg

| 7 v
Let ;: T; A — "D7: gy, — [D,A] fori = 0,1 be two cones over the
diagram D: D — A with tips T;: 1g,, — A respectively. A morphism of
cones h: 7y — 11 is given by a natural transformation h: Ty — T'; such that
v1° (A=*h) =y, as represented in the following diagram.

lCatg ]]‘Céltgg lCatg - ]lCatg
71]-/

D = Tol % lFD-l

[D.A]  AT—— [D.A]

Dually, we can give the definition of cocone (which we sum up, but all the
considerations from the definition of cones apply).

Definition 2.1.3 (cocone). A cocone over a diagram D: D — A with vertex
T: 1cqy, — A is anatural transformation y: "D — AT 1¢yy, — [D,Al].

Let I be an object of €, to be intended as an indexing object. We know
from remark 1.1.4 that there are two adjunctions, I} 4 I*: € — %/I and
Iy 4 I*: Catg —» Caty ;. Moreover, the canonical morphism i: [*[D,A] —
[I*D,I*A] is an isomorphism because & is locally cartesian closed. Then,
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2.1. Diagrams and Cones

given a diagram D: D — A, we get a diagram I*D: I*D — I*A, and, given a
cone

]LCatg ]lCatg
| A o
A [D,A]

A
over D, we get a cone

]lCatg/I - ]lcatg/l I‘I*Dﬂ
"
I*Tl l*% l[*rD-l
I*A S I*[D,A] — [I*D,I*A]
S~ s
over I*D. Notice that I* preserves the terminal object, i o I*"D™ = "[*D™ and
iol*A = A. Then, we have a functor I*: Conepy, — Coney:p.
It is worth noting that the previous notions are all internal, in the sense that

they can be expressed by the internal language of €. The internal category of
cones over a diagram D: D — A is given by the lax pullback

Conep —— 1cgg,

| 2~ o

A 7 [D,A]

Then, the category of points of Conep, is the external category of cones over D
and their transformtions; in particular, any cone (7', ) over D corresponds
uniquely to a global sections (T, ) : Leat, = Conep,. Moreover, if I is an object
of &, an I-indexed family of cones over D is given by a 2-cell

I —— Icat,

| 17 | (2.1)
A —A>/[D,A]

where I'is I)]* 1,4, (intuitively, the discrete category over the object I). Analo-
gously, the category of all cones of shape D over A is given by the lax pullback

Conep —— [D,A]

| = |
A ——— [D,A]
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2. Completeness of Internal Categories

Dually, the internal category of cocones over a diagram D: D — A is given by
the lax pullback

CoConep —— 1cgt,

l/ e

A=—— [D,A]

2.2. Limits

As usual, we call universal a cone that is a terminal object in the category of
cones over the given diagrams. Though, we have to be careful about which
category of cones we are talking about, and what it means to be terminal in it.
Since our definition aims to be internal in essence, what we want is a terminal
object, as defined by the internal language, in the internal category of cones.
That is more than a terminal object in the external category of cones: there,
stability under pullback has to be enforced, thus realizing the intuition that,
if limp, is a limit for a diagram D: D — A and I is an object of &, then I'* lim,
should be a limit for I*D.

Definition 2.2.1 (universal cone/limit). A cone (T, ) over a diagram D: D —
A is universal if it is internally a terminal object for Conep; that means that,
for every object I of &, the cone I* (T, ) over I*D is a terminal object in the
external category of cones over I*D. The vertex of a universal cone over D is
also called the limit of D.

Dually, we give the definitions of universal cocone and colimit.

Definition 2.2.2 (universal cocone/colimit). A cocone (T, ) over a diagram
D: D — A is universal if it is internally an initial object for CoConep; that
means that, for every object I of &, the cocone I*(T', ) over I*D is an initial
object in the external category of cocones over I*D. The vertex of a universal
cocone over D is also called the colimit of D.

It is inconvenient that stability needs to be imposed, but such is the price of
doing everything concretely, without relying on the internal logic. However,
once the definition has been stabilized, we get all the desired consequences of
an internal definition. For example, the universal property does not merely
hold for cones, but for indexed families of cones as well: that is to say the
universal quantifier for all cones has the expected property.

Indeed, let D: D — A be a diagram admitting a limit (limp, 7). Then, if I is
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an object of &, consider an I-indexed family of cones
I - ICatg
| 17 | (2.2)
A~ [D,A]

By applying I* and the properties of the adjunction, we get

]I'Catg/l - ]I'Catg/l

n(ICatg/l)l

I*I > ]lCatg/I rrEpa
*
I*Tl % l I*7 D"

I*A —— I*[D,A] —— [I*D,I*A]

A

which is a cone over I*D. Let’s call T = I*T o n(1) and y =i % oy % n(1). Then,
by the universal property, there exists a unique ~: T' — I* limp, such that the
above diagram is equal to

Cat%/l Catg/l rrEpa

I* hmD
%/ I*TD"

I*A—rl*[D Al ——— — [I*D,I*A]
W

On both squares, cancel the whiskering with i, which is possible because i is
an isomorphism as € is locally cartesian closed. Apply I, to the two squares
and then compose with the counit ¢; let & be e(A) = I th. Then, we get that the
square (2.2) is equal to

!

I —_— ]LCatg - ]lCatg
A

thus showing that even families of cones factorize through the limit.
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2. Completeness of Internal Categories

Moreover, any cone (T, ) over D corresponds uniquely to a global sections
(T',7): 1cat, — Conep, and a cone is a limit if it is understood in the internal
logic as a terminal object for Coneyy. Again, it is essential that the notion is
stable under pullback, or it could not be expressed in the internal language.
Then, that of limit is a notion in the internal logic, and that allows us to use
the internal logic to argue about it.

2.3. COMPLETENESS

While completeness generally means to “just” have limits for all diagrams, in
the internal setting the treatment of the notion requires special care. The
category of diagrams of shape D over A is evidently the functor category [D,A],
and the notion of functor category is stable under pullback. Then, we may
wish to say, in the internal language, that every such diagram has a limit
cone. However, limits are determined only up to (unique) isomorphism, and
we have no non-unique existential quantifier in the logic of a cartesian closed
category (this issue could be partially circumvented by treating completeness
as a structure rather than a property, and requiring a functorial choice of limits
on the internal category of diagrams). Even more limiting, while we have a
category of diagrams of a certain shape, there is no category of diagrams of
any shape. Thus, completeness cannot be a purely internal notion.

From an external perspective, it would look natural to call an (internal)
category complete if every diagram over it admits a limit. Again, it is necessary
to reconsider this intuition as the resulting notion would not be stable under
pullback. Indeed, even if every diagram over a category A admits a limit, it is
still possible that not every diagram over I*A does, for some indexing object I.

Definition 2.3.1 (completeness). An internal category A in & is (strongly)
complete if, for every object I of &€, every diagram over I*A admits a limit.

At this point, it is necessary to find out whether such definition of complete-
ness admits non-trivial examples. The first place to look into is the category
of sets.

Example 2.3.2. The internal complete categories in Set coincide with (the
categories associate to) complete lattices.

Thus, the internal complete categories in Set are precisely the small complete
categories. That means that the notion of internal completeness is compatible
with the standard one, as it should be.

While the examples in the category of sets are legitimate, they are a bit
disappointing: there are no small complete categories other than lattices.
Fortunately, and somewhat surprisingly, there are remarkable examples in
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other ambient categories. Maybe the most famous of these is the internal cat-
egory of the Modest Sets in the Category of Assemblies (Hyland 1988; Hyland,
Robinson, and Rosolini 1990). Such example is presented in section 5.2.

The dual notion of cocompleteness is as one would expect.

Definition 2.3.3 (cocompleteness). An internal category A in € is (strongly)
cocomplete if, for every object I of &, every diagram over I*A admits a colimit.

A complete category has all indexed limits, and the object of diagrams of a
certain shape over it is a suitable indexing object. Following this intuition, we
can produce a functorial choice of limits in the form of a right adjoint to the di-
agonal functor. This shows some interesting facts. Firstly, that there exists an
internal, uniform (as in functorial) choice of limits, as opposed to the external
choice required by the definition of internal completeness. Secondly, that our
definition of completeness is consistent with the well-known characterization
of completeness via adjunctions. Finally, that the limit-choice functor comes
for free from the definition of completeness, whereas, for standard categories,
that would generally require the use of the axiom of choice. It is worth remark-
ing that the choice functor can only be defined over the object of diagrams of a
given shape, as there is no internal object of all diagrams of any shape.

Proposition 2.3.4. If A is a complete internal category in &, then for any
internal category D in € there is an internal functor limp: [D,A] — A which
is right adjoint to the diagonal functor A: A — [D,A].

Proof. The first step is to define the functor limyp. We shall define the object
and arrow components separately, each by using the definition of limit for a
suitable diagram, in a suitable slice of E.

To define the object component of limy), consider Fun (D, A) as the indexing
object. There is a diagram

€: Fun(D,A)*D — Fun(D,A)*A
in Catyg jpyn, 4y, defined as

F:Fun(D,A),d: Dyt ey (F,d) = (F,eg (Fy,d))
F: Fun(D,A),f: D1 b ¢, (F,f) = (F,e5 (F1,f)).

Then, the diagram has a limit given by
(limp)g: Leaty jrunma) — Fun(D,A)*A,

corresponding to an arrow (limp)y: Fun(D,A) — A, yielding the object
component of limp. We also get the universal cone, let it be the natural
transformation

m: (limp)o! — €: Fun(D,A)*D — Fun(D,A)*A.
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2. Completeness of Internal Categories

To define the arrow component of limy), consider Nat(D,A) as the indexing
object. There are diagrams ¢, €;: Nat(D,A)*D — Nat(D,A)*A in Caty /i p a)>
defined as

(a: F - G): Nat(D,A),d: Dy (es)o(a,d) = (a,eg (Fo,d))
(a: F - G): Nat(D,A),f: D, + (GS)l(a,f) = (a,eg (F1,f))

and
(a: F - G): Nat(D,A),d: Dy + (et)o(a,d) = (a,eg (Gg,d))

(a: F - G): Nat(D,A),f: D + (et)l(a,f) = (a,eg(G1,f)),
and there is also a natural transformation €: €, — ¢; defined as
(a: F - G): Nat(D,A),d: Dy - €(a,d) = (a,eg(a,d)).
Then, the diagram ¢; has a limit given by
L:1 — Nat(D,A)*A,

* ~Caty Natp, 4)

corresponding to an arrow L: Nat(D,A) — A, and a universal cone
p:L! - ¢ : Nat(D,A)*D — Nat(D,A)*A.

Observe that, in context d: Dy, (a: FF — G): Nat(D,A), we have L(a) =
(limp) o (G) and p(a,d) = 7 (G,d). Consider L’: ]lCatg/Natw,A) — Nat(D,A)*A
given by L’ () := (limp) o (F'), and the natural transformations p”: L’! — ¢
defined as F)
’ . T 5
p’(a,d) = (a, (limp) o (F) — e(F,d)).

Let p” := ép’: L! — ¢;. Then, by the universal property of the limit, there is a
unique natural transformation

(limp),: L" —» L: ]lcat%/Nat(D,A) — Nat(D,A)*A

such that p” = p(limp); and whose underlying arrow in & is a morphism
(limp);: Nat(D,A) —» Aq. That yields the arrow component of limyp,.

We shall now give the unit and counit for the adjunction A - limy. Define the
unit 7: id (A) — limp A: A — A as the unique natural isomorphism yielded by
the universal property of the limit. Define the counit u: Alimy — id ([D,A])
as the natural transformation induced by the universal cone 7, which can
be regarded as an arrow Fun(D,A) — Nat(D,A). That is natural because,
in context (¢: F — G): Nat(D,A) and d: D, the equation p” = p(limp)4
implies that the square

limp) o (F) “22 ¢(F,d) = e (Fy,d)

(hmD)l(a)l leg(a,d)

(limp) o (G) “E2 ¢(G,d) = ex (Gy,d)
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commutes. These data yield the required adjunction. O

Together, the functor limp and the counit of the adjunction Alimp — idp 4;
induce an internal functor [D,A] — Conep which is a right adjoint of the
projection p: Conep — [D,A]. Likewise, we could produce the functor limy,
from the right adjoint of p. In other words, the two formulations of a limit
functor in terms of a right adjoint to p: Conep — [D,A] and in terms of a
right adjoint to A: A — [D,A] are equivalent. Such equivalence is just a
matter of routine 2-category-theory calculations.

Notice that the limit functor is stable under pullback, as it is the right adjoint
of the diagonal functor, which is a stable notion in a locally cartesian closed
category. More precisely, I*limp = lim.p: A — [D,A] for every indexing
object I of &.

The strength of the notion of internal completeness is constrained by the
shapes of the diagrams we can build in €. For example, if € doesn’t have a
coproduct 1 + 1, we are unable to build a diagram with a pair of objects. That
means that an internal category may in principle be complete, but not have
binary products. Even more strikingly, if € does not have an initial object,
we are unable to build the degenerate diagram having the terminal object as
its limit. Fortunately, it is possible to express the concepts of terminal object,
internal binary product and equalizer independently of the notion of internal
limits.

Firstly, we treat the terminal object.

Definition 2.3.5 (internal terminal object). An internal category A in & has
terminal object if the functor !: A — 1¢,;, has a right adjoint.

Proposition 2.3.6. If € has initial object and A is a complete internal category
in &, then A has terminal object.

Proof. Let Ocgy, be the initial object in Catg, built from the initial object Og
of €. Then, A: A - [0¢yy,, Al is 1 A > 1y, , and the limit functor of A from
proposition 2.3.4 yields the right adjoint. O

Secondly, we turn our attention to binary products.

Definition 2.3.7 (internal binary product). An internal category A in & has
binary products if the functor A: A - A xCats A has a right adjoint.

It turns out that when one can give a natural definition in terms of diagrams,
then it coincides with the general definition.

Proposition 2.3.8. If & has binary coproducts and A is a complete internal
category in &, then A has binary products.
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2. Completeness of Internal Categories

Proof. Let D = 1ggy, +Cate 1cat. be the internal category with just two objects
(let them be called 0 and 1) andig their identity arrows. Consider the diagram
in the slice €/A,x A,

D: (AgxAg)*D - (Ag xAy)*A

defined, in context ag,aq: Ag, as Dg(ag,a1,i) = (ag,a1,q;) fori = 0,1. Then,
the limit of D yields the right adjoint to A. Il

Finally, we treat the case of equalizers. Consider the object (Ap) 0 of pairs

of parallel arrows in A, defined by means of the internal language as the
subobject of A; x A given, in context (f,g): A; X A7, by s4 (f) = s4(g) and
tq4 (f) = t4(g). Analogously, there is an object of commutative squares between
pairs of parallel arrows in A, which is the subobject of (A,) 0% (Ap) 0 xAqxAq

given, in context ((f7g)7 (f/7g’)7h07h]_), by

X, — X,

8
hol , lhl

where hy oqf =f"opshgand hyoq g =g’ o4 hy. Thus we get the category A,
of parallel arrows of A. There is also a delta functor A: A — A, sending an
object of A into the pair given by its identity arrow (twice).

Definition 2.3.9 (internal equalizer). An internal category A in € has equal-
izers if the functor A: A — A} has a right adjoint.

Again, when we can give a definition in terms of diagrams it coincides with
the general definition.

Proposition 2.3.10. If & has binary coproducts and A is a complete internal
category in &, then A has equalizers.

Proof. Let P be the internal category in € with two objects (let them be called
0 and 1) and two parallel arrows between them (let them be called 0 and 7).
Consider the diagram in the slice €/(4,)

D: (Ap)(”;]P’ N (Ap);A
defined, in context P = (fy,f1: a9 = a1): (Ap)o asDgy(P,i) =a; fori =0,1,

and D{ (P,7) = f; for i = 0,1. sending pairs of parallel arrows of A into the
corresponding diagram, yields the right adjoint to A. [
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Notice that the previous notions are all stable under pullback, as they are
defined as the right adjoint of the diagonal functor, which is a stable notion
in a locally cartesian closed category. Moreover, we could similarly define the
dual special colimits: initial object, binary sum and coequalizer.

It is part of the folklore of category theory that, were it not for issues of size,
completeness and cocompleteness would be equivalent notions. For example,
the thought plays a manifest role in the proof of the General Adjoint Functor
Theorem. In the context of internal categories the size issues disappear and
there is an equivalence. This important fact is alluded to in Hyland (1988),
but there is no written account of which we are aware, so we think it useful to
indicate full details of a proof in a modern categorical style. The proof of the
equivalence is a consequence of the following remarkable propositions.

Proposition 2.3.11. Let A be a category in €. If the identity idgyy . A):A-A
has a limit, then that limit is an initial object in A.

Proof. Let the functor I: 1.y, — A be the limit of idgy, (A), and the natural
transformation 7: Ily — idg,y, (A): A — A be its universal cone. We want to
prove that I is the left adjoint of !4, with 7 as the counit of the adjunction (the
unit being the obvious degenerate natural transformation). Then, the only
non-trivial triangular equation (after canceling the identity terms) requires us
to prove that 7 % I = id (/). Observe that the interchange law of composition
applied to the natural transformations

]LCatg

Il I
A/'iI A

eV

ICatg

says that 7 = 7 (7 # I') (given that I! = 7 is an identity as it factors through
Lgat,)- Then, by the universal property of the limit, there is a unique ~: I — I
such that 7 (h=!) = 7, which is obviously id (). But, by the previous observa-
tion, also 7 * I features such property, and then it must be that 7 « I = id (1),
which is the required triangular equation. O

Proposition 2.3.12. Let A be a complete category in € and D: D — A a
diagram over it. Then, CoConep, is complete too.

Proof. Let D’: D’ — CoConep be a diagram over CoConep. Observe that, by
composition with the projection T: CoConep, — A, we have a diagram 7'D’
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2. Completeness of Internal Categories

over A. By hypothesis, 7D’ has a limit lim) Lcat, — A with universal cone
m: Alimpp, — "T'D’". The situation is as follows.

5 AN CoConep —— Ly,

l 77-/7 Tl - '}’/ ll‘D'l
7 F

]lCatg > A > [D,A]

limTD; A

Because A preserves limits, lim 44, is (isomorphic to) Alimpp, and its uni-
versal cone is (isomorphic to) A % 7. But y % D’: "D - ATD’ is a cone over
ATD’ with vertex "D7, so, by the universal property of the limit, there is a
unique natural transformation ~: "D™ —» Alimqpp, such that (A « 7) (hx!) =
v # D’. Then, by the universal property of the lax pullback, there is a unique
L: 1¢,., — CoConep such that TL = limyp, and (up to this isomorphism)
v % L = h. Moreover, observe that by the defining properties of 4 and L it holds
v# D" = (A% ) (y+L!). Then, by the 2-dimensional universal property of
the lax pullback, there is a unique p: L! —» D’ such that T p = 7.

We claim (L, p) is a limit for D’. We need to show that, for any other cone
(L’,p’) on D’, there is a unique 8: L’ — L such that p(8%!) =p’.

Let’s produce 5. To begin with, notice that T'# p”: TL’! — TD’ is a cone
on TD’ and thus, by the universal property of the limit, there exists a unique
k: TL" - limpp, such that 7 (k+!) = T'+p’. Then, observe that (A= k) (y=L")
is h, as it has the same unique property:

(Ax7)((Asxk)(ysL)=!)
= (A% 7) (A% kx!)(y= L)
= (A % (W(k*!))) (y=L')
(by the unique property of k) = (AT = p”) (y = L'!)
(by the interchange law of composition) = (y % D") ("D™! % p”)
(because "D™! x p” factors through 1, ) =+ D’

Finally, by the 2-dimensional universal property of the lax pullback, there is a
unique 8: L’ — L such that T % 3 = k.

Now we need to show that p’ factorizes through p, i.e. that p(8%!) = p’.
Notice that gy« D" = (A= (w (k*!))) (y=L’!) (it is the same calculation as before).
Then, there is a unique q: L’! — D’ such that T'x q = 7 (k=!). But both p(3=!)
and p’ have this unique property. Indeed, T'* (p(8%!)) = (T % p) (T % B%!) and
that, because of the unique properties of p and 3, is 7 (k*!); and for p’ it holds
because the unique property of 2. But then, p (8x!) = p’.

To conclude, let’s prove that 3 is unique with its property. Let 3”: L’ — L be
such that p(8’*!) = p’. To prove that 3’ is 3, we need to show that it has the
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same unique property, i.e. that T+ 3’ = k. Likewise, to prove that T'x 3’ is k, we
need show that it has the same unique property, i.e. that 7 (T = 8’%!) = T % p’.
But that follows from (T % p) (T % 3’%!) = T = p’, by applying the unique
property of p. ]

We can now finally prove the result.

Theorem 2.3.13. Let A be a category in &. Then, A is complete if and only if it
is cocomplete.

Proof. By duality, it is enough to show only one direction of the equivalence.
Assume A is complete, and let’s prove that it is also cocomplete. Consider
the diagram D: D — A. A colimit of D is by definition an initial object in
CoConep, which is, by proposition 2.3.11, the identity on CoConep,. Such limit
exists because, by proposition 2.3.12, CoConep, is complete. ]

The equivalence of completeness and cocompleteness is, essentially, a gen-
eralization of the well-known fact that complete lattices are also cocomplete.
We can now retrieve such fact by recalling that complete lattices are complete
internal categories in Set (example 2.3.2) and applying theorem 2.3.13.

Another immediate consequence is that the category of Modest Sets in the
Category of Assemblies is cocomplete.
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3. INTERNAL ENRICHED CATEGORIES

In this chapter we introduce the notion of internal enriched category, abstract-
ing both the notions of internal and enriched category. After giving the main
definitions, we develop the foundations of such theory by presenting a selection
of standard categorical topics in the new setting. That shows that our theory
parallels standard (enriched) category theory and it has many of its features.
Moreover, we compare the new notion to that of enriched indexed category,
showing that the two are closely related.

It is worth remarking that standard category theory has an intrinsic bias
towards sets, in that (small) categories are implicitly enriched over the (large)
category of sets. In the internal context, there is no immediate notion of large
category: the usual substitute is via a theory of indexed categories, but that
has the disadvantage that the notion of large is not intrinsic to the situation.
As a result, a considerable portion of standard category theory is problematic
from the internal point of view. After all one cannot even state the Yoneda
Lemma internally. However having an internal enriching category obviates
these difficulties. Thus, the theory of internal enriched categories has many of
the features of the standard theory of categories, while retaining the generality
of the theory of internal categories.

In this chapter, let € be a category with finite limits, and V be an internal
monoidal category in &.

3.1. INTERNAL ENRICHED CATEGORIES

Let’s define a notion of internal enrichment in V, substantially by translating
the standard notion of enriched category in the internal language of &.

Definition 3.1.1 (internal enriched category). An internal V-enriched category
X in &, or V-category, is given by

Underlying object: an object X of &,
Internal hom: a morphism Homy: X x X — Vy;
Composition: amorphism ox: XxXxX — V; such that, in context xg,x1,x9: X,

ox (%0, %1,%9) : Homy (x1,%9) ®Y Homy (x,%1) — Homy (x,%9);
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Identity: a morphism idyx: X — V7 such that, in context x: X

idy: Iy - Homx (x,x);
satisfying, in context x¢,x1,%9,x3: X, the axioms of 3.1, 3.2, and 3.3.

oX(xl,xz,xg,)®VH0mX(x0,x1)
—_— T
(Homx(.X'2,X3) ®V HomX(xl,x2) ) ®V HomX(xO,xl) HomX(xl, .X'3) ®V HOIle(.’XIO, xl)
|
aV(HomX(xg,xS),HomX(xl,xz),HomX(xO,xl))
¥

Homy (x9,x3) ®" (Homy (x1,%9) ®Y Homy (xg,%7)) ox (X0,X1,X3)

Homy (xg,x3) ®Yox(x0,x1,%2) J

> Homy (xg,x3)
(3.1)

Homy (x9,%3) ®" Homy (xq,%s)

ox(x0p,x9,X3)

Av(Homy (xg,%1)
]IV®VH0mX(x0,x1) V( 0 1) > HomX(xO,xl)

ldX(.’Cl)@‘lI{[OlmA %ny:,xl)

Homy (x1,%1) ®" Homy (xq,%1)

(3.2)

pV(HomX(xO,xl))
HomX(xO,xl) ®V ]IV > HomX(xO,xl)

I‘IOIle(.’XIo,.’)Cl)®VidkA Wiﬁxl)

Homy (xg, %) ®" Homy (xq,%1)

(3.3)

Notice how the conventions on the internal language of & allow one to express
those axioms in a form very close to that used to define standard enriched
categories.

Example 3.1.2. Let 7" be a small monoidal category. Then, 7" is an internal
category in Set, and internal 7"-enriched categories in Set are standard (small)
7"-enriched categories.

Continuing in the style of the previous definition, we give a notion of inter-
nal enriched functor, by translating the standard definition into the internal
language.
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Definition 3.1.3 (internal enriched functor). Let X and Y be V-enriched cate-
gories. A V-enriched functor, or V-functor, F: X — Y is given by

Objects component: an arrow Fy: X — Y;

Morphisms component: an arrow F{: X x X — V7 of shape

xg,%1: X F F1(xg,x1): Homx (xg,x1) = Homy (Fg(xq),Fo(x1)): V7;

satisfying, in context x¢,x1,%9: X, the axiom 3.4.

ox(x0,X1,%X2)

Homy (x1,%9) ®" Homy (xq,%1) » Homy (x¢,x9)
Fy(x1,29)®YF (xO’xl)J JFI (x0,X2)

Homy(FO (xl),FO (x2)) ®V Homy(FO (xo),FO (x]_)) Homy(FO (xo),FO (.X,'2))
\_/Y

oy (Fo(xg),Fo(x1),Fq(x2))
(3.4)

We would expect the definition above to provide a category of internal V-
enriched categories and functors. We present the relevant data for that.

The composition of V-functors G o F': X L,y G, 7 is defined by

(GoF)g=GoFo: X > Z
and
Homy (xq,%1)
lFl(xO,xl)
x0,41: X F (GoF);(o,%1) = Homy(Fy (xg),Fy (1)) Vi
lGI(F()(xo),Fo(xl))
Homg (GoF¢ (x0), GoFo(x1))

The identity V-functor idx: X — X on X is defined by

(idx)y =idg(X): X - X

and
HOIIIX ldV

(ldx) 1 = X VO Vl'

It is just an exercise in the internal language to prove that the data so
defined yield a category, as stated in the following proposition.
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3. Internal Enriched Categories

Proposition 3.1.4. Composition and identity of internal enriched functors
strictly satisfy associativity and unitarity. Then, V-enriched categories and
functors form a category VCatg.

Example 3.1.5. There is an underlying-object functor U: VCaty¢ — € sending
V-enriched categories to their underlying object, and V-enriched functors to
their object-component.
Example 3.1.6. Let X be an object of €. The indiscrete V-enriched category
ind (X) on X is given by

! I
Homj,qx) =X xX - 1g A Vo.

The rest of the structure follows from that. Analogously, a morphismf: X - Y
induces an indiscrete V-enriched functor ind (/) : ind(X) — ind (Y). Then,
there is a functor ind: € — VCaty.
Remark 3.1.7. To define the discrete V-enriched category over an object of &,
we would need to assume some extra hypothesis. Firstly, we would need to be
able to tell whether two elements of the underlying object of the V-enriched
category are equal. Secondly, we would need an initial object in V to be the
homset of non-equal elements of the underlying object. Both hypothesis do not
hold in general. For example, the first one does not hold in the Effective Topos.
Finally, again by translating the standard definition into the internal lan-
guage, we give the definition of internal enriched natural transformation.

Definition 3.1.8 (internal enriched natural transformation). Let X and Y be V-
enriched categories, and F' and G be V-enriched functors X — Y. A V-enriched
natural transformation, or V-natural transformation, ¢: F - G: X —» Y is
given by an arrow a: X — V7 of shape

x: X F a(): Iy » Homy (Fo(x),Go(x)): Vq
satisfying, in context x(,xq: X, the axiom 3.5.

a(x1)®VFq (xg,x1)

—
Iy ® Homy (xg,%7) Homy (Fy(x1),Go(x1)) ®Y Homy (Fy(xg),Fo(x1))
At (Hom;(xo,xl)) oy (Fo(x0),Fo(x1),Go(x1))
HomX(lxo,xl) Homy (Fg(xg),Gg(x1))
p‘_,l(Hom%(xO,xl)) Aoy(Fo (20),Go(x0),Go(x1))

HOIle(.’XIO,.’)Cl) ®V ]IV HomY(GO (xo) y GO (xl)) ®V HOIIly(FO (xo), GO (xo))

\_/Y

Gl (.’)Co,xl) ®VCZ (.’XZO)

(3.5)
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3.1. Internal Enriched Categories

We would expect the definition above to provide a 2-category of internal
V-enriched categories, functors and natural transformations. We present the
relevant data for that.

Consider V-categories, V-functors and V-natural transformations as shown
in the diagram:

Vertical composition of V-natural transformations Soa: F - H: X — Y is
defined by
Iy = Iy @Y Iy
l,@(x)ebva(x)
x: X (Bea)®) = Homyg(Gy(x),Hy(x)) ® Homg (Fo(x),Go(x)) © V1
v (Fo@.Go ) Ho@)
Homy (Fo(x),H(x))

The left whiskering @ « L: F o L - G o L: W — Y is defined by
w: Wk (ea+L)(w) =a(Lyw)): V;.
The right whiskering R % 3: Ro G — R o H: X — Z is defined by
Iy

|8
v XF@®R=B) @) = Homy(Gy(x),Hy(x)) Vr

lRl(Go (x),Ho (%))
HOIIIZ (R()GO (.')C) ,R()HO (JC) )

The identity V-natural transformation idz: F' — F: X — Y is defined as

F id
ldF :=X—0> YI—Y> Vl‘

It is just an exercise in the internal language to prove that a pair of V-
enriched categories yield a category of functors and natural transformations,
as stated in the following proposition.
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3. Internal Enriched Categories

Proposition 3.1.9. Vertical composition and identity of internal enriched
natural transformation strictly satisfy associativity and unitarity. Then, given
V-enriched categories X and Y, the V-enriched functors X — Y and natural
transformations between them form a category VCaty (X,Y).

Moreover, with the horizontal composition defined before, the above assign-
ment turns out to yield an enrichment in Cat. Equivalently, internal enriched
categories, functors and natural transformations form a 2-category, as stated
in the following result, whose proof is again an exercise in the internal lan-
guage.

Proposition 3.1.10. Horizontal and vertical composition of V-enriched nat-
ural transformations satisfy the interchange laws. So, V-enriched categories,
functors, and natural transformations form a strict 2-category VCatg.

By abuse of notation, we called by VCaty¢ both the category of V-enriched
categories and their functors, and the 2-category of V-enriched categories,
their functors and their natural transformations. As a consequence, given
two V-enriched categories X and Y, we will denote by VCaty (X,Y) both the
hom-set of V-enriched functors X — Y and the hom-category of V-enriched
functors X — Y and their natural transformations. Context will usually suffice
to determine in which sense the notation is being used.

Remark 3.1.11. Let X be a V-enriched category. There is an underlying &-
category U (X)), such that U (X) := X and U (X)) is the subobject of X x X x V;
given by

(x9,%1,f): UX) Ff: Iy » Homy(xg,x1): V1
with the first and second projections as source and target. The composition is
defined, in context (x1,%9,8), (xg,%1,f): UX); ¢xt UX), as

(x1,%2,8) °ux) *o,%1,f) = (xg,%2, ox (%9, %1,%2) oy €V [)): UX) ;.

Let F: X — Y be a V-enriched functor. There is an underlying functor
UF):UX) - UX) in &, with U(F'), defined as Fyp and U (F) ; (xg,%1,f),
in context (xg,x1,f): U(X)q, as the tuple

Fq(xg,x1)

(FO (xo),FO (xl), ]IV L HomX(xO,xl) HomX(FO (xo),FO (xl) ))

inU);.

Let a: F - G: X — Y be a V-enriched natural transformation. There is an
underlying natural transformation U(a): U(F) - U(G): UX) - U(Y) in
&, defined as

x:UX)gFU(a) ) = (Fox),Gox),ax)): UX);.
Those data yield the underlying-category-in-& 2-functor U: VCatg — Caty.
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3.1. Internal Enriched Categories

It is an established practice in enriched category theory to focus on en-
richment in symmetric monoidal closed category. Inter alia this provides a
self-enrichment. We check that this happens in our internal setting.

Proposition 3.1.12. If V is symmetric and monoidal closed, then it has an
internal V-category structure such that (with abuse of notation) U(V) = V.

Proof. Let V, be the underlying object. Define
a,b: Vo - Homy(a,b) = [a,b]: V.
Let the composition
a,b,c: Vo F oy(a,b,c): Homy(b,c) ® Homy(a,b) —» Homy(a,c): V;

be the exponential transpose of

H (b,c)®e(a,b) (b,c)
Homy (b,c) ® Homy(a,b) ® a v oemee Homy (b,c) ® b 2 e

and the identity
a:Vykidy(a): I - Homy(a,a): V;

be the exponential transpose of the identity idy(a) : @ — a. (Notice again that
there is some notation overload.)

The V-category axioms hold because of the defining property of monoidal
closure. O]

We now consider the issue of the change of base. In this context, though,
there are two sensible such notions, one coming from internal category the-
ory and one from enriched category theory. Indeed, we can change both the
ambient category and the enriching category.

To begin with, let’s state the internal version of the standard result changing
the enriching category.

Proposition 3.1.13. Let V'’ be another monoidal categoryin €, and F: V — V'
a monoidal functor. Then there is an induced 2-functor F,.: VCatg — V'Catg.

Proof. Let X be a V-category. Define a V'-category F,. (X) on X given by

HOIIIX FO ’
Internal hom: Homp (x) =XxX ——> Vo — V{;

o F
Composition: op xy =X xXxX X \%1 SEN Vi

. . HomX F]_ ,
Identity: idp x) =X ——> V; — V7.
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3. Internal Enriched Categories

Let G: X — Y be a V-functor. Define a V'-functor F,(G): F,(X) - F,(Y),
with the same object component as G and arrow component given by

G F
(F.(@);=XxX—V; — V],

Let a: G —» G’: X — Y be a V-natural transformation. Define a V’-natural
transformation F, (a): F,(G) - F,(G'): F,(X) - F,(Y) as

a Fl ’
F.(a) =X—>V; —V,.

The axioms for the above definitions hold because of the functoriality of
F. O

Then, let’s check that changing the ambient category induces a 2-functorial
operation on internal enriched categories, just as it does on internal categories.

Proposition 3.1.14. Let €’ be another finitely complete category and F: € — &’
a functor preserving finite limits. Then there is an induced monoidal category
F (V) in € and a 2-functor F,,: VCatg — F (V)Caty.

Proof. Let X be a V-category. Define a F'(V)-category F,(X) on F(X) by
applying the functor F to the structural arrows Homy, ox and idx of X. That
gives a F' (V) -enriched category because F preserves finite-limit logic, in terms
of which internal enriched categories are defined. Analogously, define F', on
V-enriched functors and natural transformations. Il

3.2. CoMmPARISON WITH INDEXED ENRICHED CATEGORIES

We now establish the connection between internal enriched categories and the
notions from section 1.4. Recall that the externalization of V is a monoidal
indexed category [V] over €. Thus, we will investigate which relationship
subsists between V-enriched categories, small [V]-categories and indexed
[V]-categories.

The most immediate fact is that V-enriched categories and small [V]-
categories are the same thing, in a very strict sense: their definitions coincide!

Proposition 3.2.1. To give a V-enriched category (functor, natural transfor-
mation) is to give a small [V]-category (functor, natural transformation).

Proof. A small [V]-category X is yielded by
¢ an object X of &,

* an object Homy: X x X — V, of [V]X*X;
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3.2. Comparison with Indexed Enriched Categories

* a morphism of [V]

(X—)XxX,X—> (Iy!x,Homy Ax)*V )

! I H
X5 14 5 V) XxX —%, Vo)

¢ a morphism of [V]

HomX(772,7r3)®VHomX(771,7rg)

H
XxXxX Vo) = (Xx X —2% V)

(7m1,73)

over X x X x X ——— X x X, given by

X x X x X = (Homy (79, 73) ®" Homy (71, 7s), Homy (71, 73) ) V3

satisfying associativity and unitarity axioms. But these are precisely the same
data that yield an internal V-enriched category.

Analogously, to give a functor or a natural transformation of small [V]-
categories is to give a functor or a natural transformation of internal V-
enriched categories. O

The relationship between V-enriched categories and indexed [V]-categories
is more complicated. We will prove that V-enriched categories are a sub-case
of indexed [V ]-categories, in the sense precisely stated in propositions 3.2.2
and 3.2.3.

First, we give the construction yielding an indexed [V]-category from a V-
enriched category. Let X be a V-enriched category and let’s define an indexed
[V]-category [X]. Given an indexing object I of &, define the [V ]{-enriched
category [X ]! as

Objects: I-indexed families x: I — X of elements of X

(xo,xl) HOIIIX
Internal hom: Homy 1 (xo: I > X,x1: 1 > X) =] —— Xx X —— Vy;

(x0,%1,%X1) °
Composition: o x1(xg,%1,%2) =1 L XX x X S Vi

. . x idy
Identity: 1d[X]1(x) =15 X —> V.

Let f: I — J be a re-indexing. Define the [V ]{-functor f*: (f*).( [X1Y) - X!
as

fprasx) =1575x

x x id
fl* (J —O>X,J —1>X) = Hom(f*).([X]J) (xo,xl) — Hom[X]I(xOf,xlf).
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3. Internal Enriched Categories

Since f7 (xg,x1) is the identity of Homy (x(f,x1f) as an object of [V1{, then f*
is full and faithful, as required by the definition. The rest of the structure is
given by canonical isomorphisms verifying the axioms.

Secondly, let F: X — Y be a V-enriched functor and let’s define an indexed
[V]-enriched functor [F]: [X] — [Y] induced by F. For an indexing object I,
define the [V]{-enriched functor [F]!: [X] - [Y ]! as

: I,7 X x + Fo
Objects component: [F1'(I > X)=1>X—Y,;

Morphisms component: [F11 (I Yo, X, I R X):=1 M XxX i Vi
Notice that, for any reindexing f: I — J, we have an equality [F]{ o f* =
f*o (f*).([F]Y), meaning that the axioms for indexed [V ]-enriched functors
are automatically satisfied.

Finally, let @: F - G: X — Y be a V-enriched natural transformation and
let’s define an indexed [V ]-natural transformation [a]: [F] — [G]: [X] —
[Y] induced by «. Let I be an indexing object. Then, define the [V ]!-enriched
natural transformation [«]!: [F]! - [G}: [X]! - [Y ) as

e I5X)=1I5X5S V.

The naturality condition for indexed [V]-natural transformations is trivially
satisfied because the defining isomorphisms of indexed [V]-functors [F'] and
[G] are identities.

With the data previously defined, we have the following proposition.

Proposition 3.2.2. There is a 2-functor [-] from VCatyg to the 2-category of
indexed [V]-categories [V]ICaty.

The previous result is extremely weak. Indeed, we would like to better
understand the 2-functor [-].

Observe that there is a construction inducing V-enriched functors from
indexed [V]-functors. Let ¥ : [X] — [Y] be a [V]-functor. Define the V-

functor ¥: X - Y as

Fo=(FX)(dX): X >Y

F1=¢oy (FXX) (m1,79): XxX - V.
The isomorphism appearing in the definition of the morphism component
requires some explanation. The source and target of (FX*X) 1(mq,79) are,
respectively, (FX*X )o(mq) and (F XxX )o (72), while we need an arrow from
(97X)0 (id (X)) to (?X)O (id (X)) 79 to match the definition of ¥ on objects.
We fix this issue by introducing a suitable isomorphism. By the definition of
[V]-functor, we have an isomorphism

FXXX Tt =t o (Wi*).(?X)i (WL*).([X]X) - [X]X0X

50



3.2. Comparison with Indexed Enriched Categories

which we apply to the object id (X) of (7;*), ([X 1%) to get an isomorphism
bi: (FXX) o (1) = (FX) o (1d X)) 7,

in [X]%¥*X. From ¢ and ¢, we get the isomorphism ¢ that we need.

Moreover, there is also a construction inducing V-enriched natural transfor-
mations from indexed [V]-natural transformations. Let ¢: ¥ — ¢: [X] —
[Y] be an indexed [V ]-natural transformation. Define the V-enriched natural
transformation @: ¥ - ¥: X —» Y as

a:=aX@{idX)): X - V.

It is clear that, for a V-enriched functor F: X — Y, we have F = [F], and for
a V-enriched natural transformation ¢: F — G: X — Y, we have @ = [«]. This
provides a strengthening of proposition 3.2.2, in that it shows that VCat¢ is a
sub-2-category of [V ]ICaty¢. Moreover, as proved in the following proposition,
VCatg is a full sub-2-category, meaning that there is an equivalence of hom-
categories.

Proposition 3.2.3. The 2-category VCatg is a full sub-2-category of [V ]ICatg,
and [-] is the relative inclusion.

Proof. Consider indexed [V]-categories [X] and [Y]. We need to show that
there is an equivalence of categories

Let ¥ : [X] — [Y] be a [V]-functor, and consider the indexed [V ]-functor
[F]1: [X] - [Y]. We need to prove that there is a [V ]-natural isomorphism
F = [¥]. Let I be an indexing object in €. Then we need a natural isomor-
phism F! =~ [F]L. Let x: I — X be an object of [X]{. By the definition of
[V]-functor, we have an isomorphism

Flox* =x*o (x%) (FX): (%), (IX]¥) - X
which we apply to the object id (X) of (x*), ([X]¥) to get an isomorphism
Fhx) =, FEAAX)) ox

in [X]!. Then, we take that as the definition of the isomorphism ¥/ =~ [# |/
onx: I - X.

We need to prove that the isomorphism just defined is natural. Let I be an
indexing object in & and x1,x9: I — X objects of [X]{. By the definition of
[V]-functor, we have an isomorphism

Flo(xy,29)* = (x1,%9) "0 ((x1,%9)™) (FXX): ((x1,%9)"), ([X]X) - [X]]
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3. Internal Enriched Categories

which we apply to the objects 7; of ((x1,x9)),([X 1%X*X) to get an isomorphism
Fhx) = FXX () o (x1,%9)
in [X]{. Then, consider the following diagram.

Fhxy) — FEX(m) o (x1,29) — FFEAX)) o xy
gﬂ(xl,xz)l l?)fXX(Wl,Wzﬁ(xsz) l[.of]ll(xl,xz)

FLxg) — FEX(mg) o (x1,29) —— FEAA(X)) o x;

Firstly, the left-hand-side square commutes because of the naturality of the
isomorphism. Secondly, the right-hand-side square commutes because such is
the definition of [ % ]. Finally, the composition of the consecutive isomorphisms
Fhx;) - FEEAA(X)) o x; is the isomorphism F! = [F ]! computed on x;,
because of the functoriality axiom for [V ]-functors applied to the functor
¥ and the composition 7; o (x1,x9) = x;. But then the outer square is the
naturality diagram, and we have shown that it commutes.

Then, we need to prove that the isomorphism ¥ = [¥ ] satisfies the natu-
rality condition for [V]-natural transformations. Let f: I — <J be a reindexing
and x: J — X an object of [X]. Then the naturality diagram for the reindexing
f and computed on x is

FhGeoof) > Fh@) of

k A/x"f

[(Flh(xof) = FEAAX)) oxof

which commutes thanks to the functoriality axiom for [V ]-functors applied to
the functor % and the composition of f and x.

Finally, we need to prove that, for any indexed [V ]-natural transformation
a: ¥ - G: [X] - [Y], the following square commute.

Let I be an indexing object in € and x: I — X an object of [X ]/, and compute the
I-th component of the above diagram on x. We get a commutative square, as it is
an instance of the naturality axiom for the indexed [V ]-natural transformation
a, relative to the reindexing x and computed on id (X). [
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3.2. Comparison with Indexed Enriched Categories

Remark 3.2.4. The converse of proposition 3.2.3 does not seem to hold, that is,
indexed [V]-categories don’t canonically induce internal V-enriched categories.
In particular, the categories [X]{ are small, as their object of objects is the
homset & (I,X), but that is not generally the case for indexed [V]-categories.

We then straightforwardly get the following corollary.
Corollary 3.2.5. The 2-category of small [V]-categories, functors and natu-

ral transformations is a full sub-2-category of the 2-category of indexed [V ]-
categories, functors and natural transformations.

To conclude, we look at the interplay between externalization and the un-
derlying category of points.

Proposition 3.2.6. Let X be a V-enriched category. Then, there is a natural
isomorphism of indexed categories U([X]) = [U (X)] between the underlying
indexed category of the indexed [V ]-enriched category [X] and the externaliza-
tion of the underlying é-category U (X).

Proof. Let I be an indexing object. We need to prove that there is an isomor-
phism U([X]) = [U (X)]! between the underlying standard category of the
[V]{-enriched category [X ]! and the fiber over I of the externalization of the
underlying &-category U (X). Moreover, for any reindexing f: J — I in &, the
square

U(IX1Y) — X 1!
U(f*([X]))l lf*([U(X)])
U(Ix17) — [ux1’

has to commute.
For both categories, the objects are I-indexed families of objects of X, and

the arrows (I X x ) —> L x ) are the sections of the projection
(]IV!X’ HomX(xO,xl) ) *Vl - I,

so that the categories are clearly isomorphic to each other, and the square
commutes trivially. O

The previous result can be extended to the following proposition.

Proposition 3.2.7. The following diagram of 2-functors commutes.

VCaty —Z— Catg

[-]l l[-]

[V]ICaty —Z— ICaty
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3. Internal Enriched Categories

3.3. CATEGORIES OF FUNCTORS

Analogously to the treatment of internal categories, we now look at the enrich-
ment of VCatg over Catg. That is, we show how two V-enriched categories
give rise to a category in & of the functors between them and their natural
transformations. That will be propaedeutic to the investigation regarding
the monoidal closure of VCatyg, whereas, instead of an internal category of
functors and natural transformations, we will need an internally enriched one.

In this section, we shall assume that & is cartesian closed.

Let X and Y be V-categories. Define Fun(X,Y) as the object representing
the V-enriched functors X — Y; that is, the subobject of YX x VlXXX of those

F=(Fy:YXF;: VIXXX ) such that, in the context x(,x1,x9: X, the axioms

e(Fy, (xg,x1)): Homx(xg,x7) » Homy (e (Fg,x0),e (Fg,x1)): V;

and

ox(xg,%1,X2)

Homy (x1,%9) ®" Homy (xq,%1) Homy (x¢,x9)

e(F1,(x1,x9))@Ye(F1q,(xp,x1)) e(F1,(xg.x2))
+

HomY(e (FO’x1)7e(FO,X2))
®V HomY(e (F07x0)’e(F07x]_)) HomY(e(F07x0),e(F0,x2))
\/Y

oy(e(Fg,x0),e(Fo,x1),e(Fo,xa))

hold.

We shall now validate the intuition that Fun(X,Y) is indeed an internal
representation of V-enriched functors X — Y, or, in other words, that V-
enriched functors X — Y correspond to the global sections of Fun(X,Y ). That
suggests that Fun(-,-) may actually yield the hom-objects for an enriched
category extending VCaty.

Proposition 3.3.1. There is an é-enriched category whose underlying category
is isomorphic to VCatg (and, with abuse of notation, it shall be called in the
same way). That is, for all V-enriched categories X and Y, there is a natural
bijection between the hom-sets

€ (1lg, Homyg,, (X,Y)) = VCatg (X,Y). (3.6)
Proof. Let X, Y and Z be V-categories. Define the enrichment of VCaty in €:
Hom-object: Homycy,g, (X,Y), the hom-object of X and Y, is Fun(X,Y).
Composition: The composition of X, Y and Z is given by the arrow

oycat, (X, Y,Z): Homycy,, (X,Y)xHomygy, (X,Y) - Homycyg, (X, Z)
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3.3. Categories of Functors

where, in context F': Homycy,, (X,Y), G: Homygg, (Y,Z), the compo-
nent oycay, (X,Y,2) (F,G) : ZX is defined as Ax: X. ex (Gg, ex (Fy,x))
and the component oycyy, (X,Y,Z) (F,G) VXX ag

HOI’IIX (.’)Co, xl)

le%(Fla(xO’xl))

Axg,x1: X. Homy (e (Fg,xo),e(Fo,x1))
le%(Gl’(e% (Fo,x0),(eg (Fx1))))

Homz(e(GO,e(Fo,xo)),e(Go,e(Fo,xl)))

Identity: The identity of X is the arrow
idycat, (X) 1 1g — Homycy, (X, X)

where the component idycg, (X )0: XX is defined as Ax: X. x and the

component idycyg, (X) VX% as Axg,xq: X. idy (Homy (xg, 1) ).

Finally, the bijection (3.6) is obtained straightforwardly by applying the
exponential transpose. 0

Let X and Y be V-categories. Let’s define Nat(X,Y) as the object represent-
ing the V-enriched natural transformations X — Y; that is, the subobject of
Fun(X,Y) x Fun(X,Y) x V;% of those

(F: Fun(X,Y),G: Fun(X,Y), a: V%)
such that, in context x,xg,x7 : X, the axioms

e(a,x): Iy » Homy(e(Fy,x),e(Fg,x)): V;
and

e(axy)®Ve(Fq,(xg,x1))

Homy (e (Fo,x1),e(Gg,x1))

Homy (xg,%1) ®Y Homy (e (Fy,x¢),e (Fo,x1))

e(Gq,(xg.x1))®Ve(a,xg) |
(G2, (ro21)) “ro oy(e(Fo,x0),e(Fo,x1),e(Gg,x1))

}
Homy (e (Fy,xq),e(Gg,x1))
J
Oy(e(Fo,xo),e(GOer)ae(GO’xl))

Homy(e (Go,.’XIO), e(G0>x1))
®V HomY(e(FO7xO)7 e(GO7x0))
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3. Internal Enriched Categories

hold.

As before, we now validate the intuition that Nat(X,Y) represents the
object of V-natural transformations X — Y. By doing that, we prove that the
enrichment of VCaty over € extends to an enrichment over Catg; in other
words, that two V-enriched categories yield an internal category in € whose
underlying standard category is that of V-functors between them and their
natural transformations.

Proposition 3.3.2. There is a Catg-enriched category whose underlying cat-
egory is isomorphic to VCatg (and, with abuse of notation, it shall be called
in the same way). Such enrichment extends that of proposition 3.3.1. That is,
for all V-enriched categories X and Y, the natural bijection (3.6) extends to an
isomorphism of categories

Catg ( ]LCatg7 HomVCat% (X, Y) ) = VCatg (X, Y) . (37)

Proof. LetX,Y and Zbe V-categories. Let’s define the category Homyc,g, (X,Y)
in & as:

Object of objects: let Homycy, (X, Y)0 be Fun(X,Y).

Object of arrows: let Homycy,y, (X,Y) L be Nat (X,Y) with the first and second
projections as source and target, respectively.

Composition: In context (F,G,a), (G,H,[3): Nat(X,Y), composition is de-
fined as

/8°Homvcatg(X,Y) a:= (F,H,Ax: X. e(f,x) cye(a,x): V1): Nat(X,Y).

Identity: in context F': Fun(X,Y), identity is defined as

idHomVCatg X,Y) (F) = (F,F, Ax: X. idy(e(Fo,x)) : Vl) : Nat(X,Y)

The composition
ovcat, X, Y, Z) : Homycy, (Y,Z) x“¢ Homyg,, (X,Y) — Homycy, (X, Z)

is the functor which, on the object component, acts as the composition of
functors in proposition 3.3.1. On the morphism component,

F’ (oycaty) ,F
(F,aGlaﬁ)(OVCatg)l(Fa G,(Z) = G,(OVCatg)OGa
Ax: X.e(B,e(Gy,x)) oz e(Fy,e(a,x))
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3.4. Profunctors and Extranatural Transformations

(which is one out of two equivalent ways to define composition of natural
transformations).
The identity

targets the identity functor in Fun(X,X) and the identity natural transfor-
mation on it in Nat(X,X).

Finally, the object and morphism components of the isomorphism (3.7) are
obtained by applications of the exponential transpose. ]

There is abuse of notation in that VCaty¢ is enriched both in ¥ and in
Catg, and thus Homyc,y, (X,Y) can either be an object or an internal cate-
gory in €. Moreover, HomVCatg (X,Y) as an object is the object of objects of
Homyc,g, (X,Y) as an internal category in &.

3.4. PROFUNCTORS AND EXTRANATURAL
TRANSFORMATIONS

In the following, we will need the notion of end. In order to properly define
ends, though, it is useful to dedicate some time to the treatment of profunctors
and extranatural transformations, which will be the main topic of the present
section. This will allow for a very general and elegant theory of ends, requiring
no unnecessary assumptions.

In standard enriched category theory, profunctor are normally defined as
certain functors into the enriching category. Such a notion, though, is well-
defined only if the enriching category is monoidal closed and thus enriched
over itself. The same situation presents itself in the internal context. Luckily,
by stating the definitions carefully, it is possible to introduce profunctors,
extranatural transformations and ends without requiring extra assumptions
on the enriching category.

Definition 3.4.1 (profunctor). Let X and Y be V-enriched categories. A V-
enriched profunctor P: X - Y is given by

Object component: an arrow Py: Y x X — Vy;

Morphism component: an arrow P;: (Y x X) x (Y x X) — V; of shape

X0,X1+ X>y07y1: Y P]_((yo,xo), (yl,xl)) :
Homy (y1,50) ® Po(¥g,%9) ® Homy (xg,%1) = Po(y1,21): Vy;
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3. Internal Enriched Categories

satisfying, in context x,xg,x1,%9: X,¥,¥0,¥1,Y2: Y, the axioms

Homy (y2,y1)®P1((vo-%0),¥1,41) ) ®Homy (x1,x2)

Homy (y2,y1) ® Homy (y1,y0) s Homy (y9,y1)
® Py(y0,%0)® ® Py(y1,%1)®
HomX(xo,xl) ® HomX(xl,xz) HomX(xl,x2)

oy (¥0,Y1,52)®Po (¥9,%0) ®ox(xg,X1,X2)
l P1((3’1,x1):(3’1,x1))

Homy (y2,50)
® Py (y0,%9)® Py (yg,x9)

Homy(xg,x9) ~—_ _—7

Pl((yO7xO)7(y2,x2))
and

Py (y,x) . > Py (y,%)

idy () ®Po @m A x))

Homy (y,y) ® Py (y,%) ® Homy (x,%)

Remark 3.4.2. Given a profunctor P: X’ - Y’ and functors F: X — X’ and
G:Y - Y’, there is a composite profunctor P(G,F) : X + Y defined, in context
Xg,%1: X,¥0,¥1: Y, as
(PG, F), =YxX 25 v xx' L v,
(P(G,F)){(o,%0), W1,%1)) =
Homy (y1,50) ® (P(G,F))(y0,%0) ® Homx (x¢,x1)
|e101900 (P@F) vox0) 8F1 o1)
Homy/ (Go (y1), Go (¥0)) ® Po(Go (o), Fo(x9)) ® Homy/ (Fo(xg),Fo(x1))
|P1(Go00).Foo), Gowrn) Fowr)
Py(Go(y1),Fo(x1)) = (P(G,F))((y1,21)-
Example 3.4.3. Any V-enriched category X has an associated profunctor in-

duced by the internal hom, Homy: X + X, where (Homy) , is the internal
hom of X and (Homy), is given by the composition in X.

Example 3.4.4. Let F: X — Y be a V-enriched functor. Then, there is a V-
enriched profunctor Homy (-, F): X + Y given by the composition of Homy
and F. Analogously, there is a V-enriched profunctor Homy (F,-): Y -~ X.
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3.4. Profunctors and Extranatural Transformations

Example 3.4.5. The V-enriched profunctors Iyc,y, + lycat, are the same
thing as the internal functors Ic,y, — V.

We shall now give a definition of extranatural transformation in the context
of internal enriched categories. That is, a transformation between profunctors
that is (ordinary-)natural in some variables and extranatural in others (the
meaning of which is clarified in the definition). Notice that some occurrences
of identity arrows of enriched categories (such as idx (x,x)) have been omitted
in the definition’s axioms to improve clarity.

Definition 3.4.6 (extranatural transformation). Let P: X®@Y - Yand @: X®
Z + Z be V-enriched profunctors. A V-enriched extranatural transformation
€: P — @ is given by a morphism ¢: X x Y x Z — V7 of shape

x:X,y:Y,z2: ZF €e(x,y,2): Py(x,y,y) = Qp(x,2,2): Vq
satisfying, in context xg,x1: X,y: Y,z: Z, the axiom

€(xg,y,2) ®Homy (xg,%1)

—_ T
PO (x09y9y) ® HomX(xO’xl) QO (xo,z,z) ® HomX(x07x1)
Pl((x07y7y)7(x1>y7y)) Ql((QCO,Z,Z),(xl,Z,Z))
€(x1,y,2)
PO(xl’y’y) > Qo(xl,Z,Z)

(naturality in X); in context x: X,yq,y1: Y,z: Z, the axiom

Py ((x%,y051),(®.y1,51))

-
Py (x,y0,y1) ® Homy (yg,y1) Py(x,y1,y1)
Pq1((x,y0,51),*,50:Y0)) €(x,y1,2)
€(x,50,2)
PO(x7yO’yO) 0 > QO(.’)C,Z,Z)

(extranaturality in Y); and, in context x: X,y: Y,zg,21: Z, the axiom

G(DC,y,Zl)@HOmZ(Zo,Zl)

—_— T
Py (x,y,y) ® Homg(29,21) Qo (x,21,y1) ® Homy(29,27)
€(x,y,20)®Homy(2¢,21) Q1((x,21,21),(x,20,21))
Ql((x120720)7(x520’21))
Qo (x,2¢,29) ® Homy(zg,21) > Qo (x,29,21)

(extranaturality in Z).
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3. Internal Enriched Categories

The definition of extranatural transformation supports the calculus of ends
and coends (as defined in the next section). For applications, it is impor-
tant to have definitions parametrized by an additional category representing
“ordinary-natural” variables (that is X in our definition). However, we shall not
draw further attention to this parametrization in our use of ends and coends,
as those are defined relatively to profunctors having “extra-natural” variables
only (that are Y and Z in our definition).

Notice that there are many special cases of this definition.

Example 3.4.7. An extranatural transformation ¢: A — P between the pro-
functors A: Iygag, + Iycag, (or, equivalently, a functor A: 1c,,, — V) and
P: X + X only needs to satisfy the extranaturality axiom on X.

Example 3.4.8. An extranatural transformation ¢: P — @ between the pro-
functors P,Q: X + Ivcat, only needs to satisfy the naturality axiom on X.

In standard category theory, profunctors and extranatural transformations
form a bicategory. Defining the composition of profunctors requires the use
of coends, which have not yet been introduced. Anyway, we are not going to
need such general composition, but it will be useful to define just a few special
cases, for use in the following sections.

Given a V-enriched profunctor P: X + X, a functor A: 1gy, — V, a V-
enriched functor F': Y — X, and a V-enriched extranatural transformation
€: A — P, there is an horizontal composition ¢ « F': A - P(F,F) given by

VY - (eF) () =4 S0

Py(Fo(y),Fo(y)): V;.

Moreover, given a V-enriched profunctor P: X + X, a functor A: 1cg, — V,
a V-enriched extranatural transformation ¢: A — P, and a natural transfor-
mationh: A" - A: Lcat, — V, there is an horizontal composition € A : A" > P
given by

y h €()
y: Yk (eoyh)(y) =A" > A —— Py(y,y): V1.

Finally, given V-enriched profunctors P,Q: X + Iy, , a V-enriched ex-
tranatural transformation ¢: P — @ and a V-enriched functor F: Y — X, there
is an horizontal composition ¢ % F': PF — QF given by

e(Fo(x))
y: Y (eF)(y) :=Py(Fo(x)) — Qg (Fo(x)): V.

3.5. EnDps

Equipped with the tools defined in the previous section, and informed by the
discussion from chapter 2, we are now ready to introduce the notion of end,
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which will turn out to be essential to the treatment of exponentials of internal
enriched categories and their weighted limits.

Definition 3.5.1 (universal extranatural transformation). Let P: X -~ X a
V-enriched profunctor and E: 1¢,¢, — V an internal functor. An extranatural

transformation e: E — P is universal if, given another functor E’: Ivcat, >V

and another extranatural transformation ¢': E’ — P, there exists a unique
natural transformation A: E’ — E such that ¢’ = €0 h.

By duality, we also have the definition of couniversal natural transformation
(so called for lack of better terminology in the literature).

Definition 3.5.2 (couniversal extranatural transformation). Let P: X - X a
V-enriched profunctor and E: 1¢,¢, — V an internal functor. An extranatural

transformation ¢: P — E is couniversal if, given another functor E’: Ivcat, —

V and another extranatural transformation ¢’ : P — E’, there exists a unique
natural transformation 2: E — E’ such that ¢’ = h o €.

Analogously to what happens in chapter 2, the definition of universal ex-
tranatural transformation is not stable under pullback. So, we shall enforce
stability explicitly in the definition of end.

Definition 3.5.3 (end). Let P: X +~ X a V-enriched profunctor. An end for
P is given by an internal functor [, P: Lcat, — V and an extranatural trans-

formation 7: fXP — P such that, for any object I of &, the extranatural
transformation I*7: I* [ P — I*P is universal.

Definition 3.5.4 (coend). Let P: X - X a V-enriched profunctor. A coend
for P is given by an internal functor fXP: Lcat, — V and an extranatural
transformation 7: P — J'XP such that, for any object I of &, the extranatural

transformation I*7: I*P — I* fXP is universal.

Analogously to the definition of complete internal category, we say a category
has all ends (for lack of better terminology from the literature) if, in every slice,
every profunctor has an end, so that the notion is forcefully made stable under

pullback.

Definition 3.5.5 (category with all (co)ends). We say that V has all (co)ends if,
for every object I in € and every I*V-enriched category X, every I*V-enriched
profunctor P: X + X has a (co)end.

Let’s note down (without proof) a few properties of ends and coends.
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3. Internal Enriched Categories

Proposition 3.5.6. It is possible to swap ends (and coends) with each other
(that is the so-called Fubini theorem):

[yl xPol@y, )= [ [ Po(@y, @) =[ o  P@.p)

[ Py (@), @) = [F7 [T Po(@y), @) = [T o).

Moreover, if V is monoidal closed, there is an interchange between the exponen-
tial objects and (co)ends:

Homy (v, fx: XPO (x,x)) = fx: XHomV(v,PO (x,%x))

x: X
Homy ( fx:XPo(x,x),v) = f Homy (Pg (x,x),v).

Let’s introduce a notation for products in V indexed over some object of €
which will be helpful in the future.

Notation 3.5.7 (product). Let f: X — V3 be a morphism. Consider the discrete
category dis (X) (see example 1.1.9) and the diagram dis(F): dis(X) — V.
The limit of that diagram, if it exists, is the product of f, and we write it as

Hfo(x) VO-

Proposition 3.5.8. Assume V is symmetric, complete (in the internal sense)
and monoidal closed, and it has equalizers. Then, V has all ends.

Proof. Notice that all the hypothesis are stable under slicing. Then, the proof
reduces to show that, given the above assumptions, any V-enriched profunctor
P: X +» X has an end.

There are two morphisms

IRV nPO(x,x)—> n Homy (Homy (xg,x1),Pqo(xg,%1))
x: X

xg,x1: X
which we define component-wise as
I1... xPox,x)

lidx(xo)®v7r(xo)

¢(x0,x1): Homyx (xq,x0) ®VP0(xo,x0)

lpl(('x()yx())y(xo’xl))

Homy (Homy (xq,x1),Po(xg,%1))
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3.6. Monoidal Product of Enriched Categories

where P1 ((xg,xg), (xg,%1) ) is the exponential transpose of P ((xg,xq), (xg,%1)),
and

Hx: XPO (%, %)
lidX(x1)®V7T(x1)

Yr(xg,x1) Homy (x1,%1) ®Y Py (x1,%71)

lpl((xlyxl)a(x()’xl))

Homy (Homx (xq,%7),Pg(xg9,%1))

where Pq ((x1,%1), (xg,%71)) is the exponential transpose of Py ((x1,%1), (xg,%1) ).
Notice that an extra-natural transformation ¢: £ — P induces a morphism
e: E — [].. xPo(x,x). Then, ¢ being extranatural is equivalent to e equalizing
¢ and .
We claim that the equalizer E of ¢ and v is the end of P, and the projection
is given by the extranatural transformation

x:XkFekx)=ES HPO(x,x) Lx)>PO(3c,3c).
x: X

Indeed, notice that the product and equalizer used to construct the above
extranatural transformation are stable under pullback, so stability will not be
a concern. Then, let E’: Vj and ¢’: E’ — P be another extranatural transfor-
mation. There is an induced equalizing arrow e’: E — [] . x Po(x,x). Then,
define h: E” — E as the unique arrow making the equalizer e commute with e’.
But, by construction, A is also the unique arrow making ¢ and ¢’ commute. []

We could also derive the dual result.

Proposition 3.5.9. Assume V is symmetric, cocomplete (which it is, by the-
orem 2.3.13, if and only if it is complete) and monoidal closed, and it has
coequalizers. Then, V has all coends.

3.6. MonoipaL Probpuct orF ENRIcHED CATEGORIES

Standard enriched categories have a monoidal product induced by that of
their enriching category, if that is symmetric monoidal. Indeed, symmetry is
necessary to define the composition of the product category. The situation is
analogous in the setting of internal enriched categories.

Proposition 3.6.1. If V is a symmetric monoidal category, then so is VCatg.

Proof. Let X and Y be V-categories. The monoidal product X ®XC

V-category given by the data:

% y is the
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3. Internal Enriched Categories

Underlying object: X x Y,
Internal hom: in context (xg,yq), (x1,y1): X X Y, define

Hom, _vea,y ((x0,50), (x1,51)) = Homy (xg,%1) ®" Homy (yo,71);

Composition: in context (xq,yq), (¥1,¥1), (X9,¥9) : X x Y, define

°xo sy ((£0:70), (X1,¥1), (X2,¥2)) =

Homy (x1,x2) ®" Homy (y1,y2) ®¥ Homy(x¢,x1) ®" Homy (y9,¥1)
|
Homy (x1,42) ®" oy (Homy (y1,y2) ,Homy (x,x1) ) ® " Homy (v0,¥1)
,L

Homy (x1,%3) ®" Homy (xg,%1) ®" Homy (y1,y2) ®" Homy (yg,y1)
J°X(x0’x1’x2)®V°Y(y0,y1,y2)

Homy (x¢,%5) ®Y Homy (vq,y5)

Identity: in context (x,y): X x Y, define idX®VCath(x,y) = idy (x) oV idy (y).

As it can be straightforwardly checked by using the internal logic, these data
satisfy the axioms 3.1 to 3.3.
Let F: X - Y and G: W — Z be V-enriched functors. Define the monoidal
VCatg .
product F ® ; G as:

C

Object component: (F ®‘1, 2t Gy =FoxGo: X xW ->Y xZ;

Morphism component: in context (xqg,wq), (x1,w1): X x W, define

C

(F®1 " @), ((x0,w0), (x1,w7)) = F1 (x0,%1) ® Gy (W, w1).

which satisfy the axiom 3.4.

That gives a functor ®"°%% : VCaty x VCaty — VCaty satisfying the asso-
ciativity axiom up to a suitable associator isomorphism.

The monoidal unit Iycy,g, is the V-category given by the data:

Underlying object: l;
Internal hom: 1 ;: 1¢ X 1y = 1¢ — Vo
Composition: py(ly) oy (py(Iy) ®¥idV(HV)): le x 1e x% 1 — Vy;
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The unit satisfies the unitarity axioms up to left/right unitor isomorphisms.
Given V-categories X and Y, their symmetry

OVCat, X, Y): X @Vlats y _, y @"Cats x

is defined as
(x,y): XxY TVCaty (X,Y)O(x,y) = (y,x): YxX
(x0,50), (x1,¥1): Xx Y I TVCaty (X,Y)l((xo,yo), (%1,¥1))

Homy (xg,%1) ®" Homy (yg,¥1)
I
o-V(HomX(xO,xl),Homy(yo,yl)) : Vl'
v

Homy (yg,¥1) vV Homy (x¢,x1)-

That satisfies the monoidal symmetry axioms. O

3.7. ExpoNENTIALS OF INTERNAL ENRICHED CATEGORIES

Remember that in section 3.3 we showed how, given two V-enriched categories
X and Y, there is an object Fun(X,Y) in & representing V-enriched functors
X — Y, yielding an enrichment of VCaty¢ in €. Then, we extended the previ-
ous argument assigning to X and Y an object Nat(X,Y) in & of V-enriched
natural transformations between V-enriched functors X — Y. We thus have
an internal category in & of V-enriched functors and their V-enriched natural
transformations, yielding an enrichment of VCatg in Caty.

We now prove that the category of internal V-enriched categories is monoidal
closed with respect to the monoidal product defined in section 3.6. That re-
quires associating to X and Y an internal V-enriched category whose under-
lying object is Fun(X,Y ), and whose hom-morphism represents V-enriched
natural transformations as an object of V. As in standard enriched Category
Theory, that is provided by an end.

In this section, assume & is locally cartesian closed and V is symmetric
monoidal (so that VCaty is too, by proposition 3.6.1) and it has all ends.

Let’s begin by defining a suitable candidate to be the exponential of two
internal enriched categories.

Definition 3.7.1 (exponential V-category). Let X and Y be V-categories. The
exponential of X and Y is the V-enriched category [X,Y ] defined as follows.

Underlying object: is given by Fun(X,Y ), the object of V-enriched functors
between X and Y.
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3. Internal Enriched Categories

Hom: is given by
F,G:Fun(X,Y) + Homx y; (F,G) = fx.  Homy (e (Fo,x),e(Go,x)): Vo
and it comes with an extranatural transformation

x: X, F,G: Fun(X,Y) +
7 (F,G,x) == Homx y; (F,G) — Homy (e (Fy,x),e(Gg,x)): V.

Composition: is given by an arrow
F,G,H: Fun(X,Y) +
O[X,Y] (F, G,H) : HOI'II[X,Y] (G,H) ®VHOII1[X’Y] (F, G) i HOIII[X,Y] (F,H)

defined as the unique arrow induced by the end on the extranatural
transformation

F,G,H: FunX,Y),x: X
Hom[x y;(G,H) ®" Homx y; (F,G)
[
Homy (e (Gy,x),e(Hy,x)) ®¥ Homy (e (Fy,x),e(Gg,x)) V1
lw(e(Fo,x),e(Go,x),e(Ho,x))
Homy (e (Fy,x),e(Hg,x))

Identity: is given by an arrow
F: Fun(X,Y) Fidx y;(F): Iy - Homx y (F, F)

defined as the unique arrow induced by the end on the extranatural
transformation

idy (e (Fg,x))
F:Fun(X,Y),x: X - Iy ———— Homy (e (Fy,x),e(Fg,x)): V1.

Often in this dissertation we have omitted routine calculations, but in this
case it seems instructional to spell out the calculations in detail.

Let X, Y and Z be V-categories. To prove that [Y,Z] is indeed the exponential
object of Y and Z, we need to show that V-enriched functors X oVl y . Z
correspond to V-enriched functors X — [Y,Z]. That is, that there is a natural
bijection

VCaty (X V0% Y, Z) = VCaty (X, [Y,Z]).
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We shall first give the two constructions yielding the correspondence, and then
show that these are mutually inverse.

Let’s first give the construction of
(-): VCaty (X ®"VC8% Y, Z) — VCaty (X, [Y,Z]).

Let F: X ®"VCats Y — Z be a V-enriched functor. Define the transposed V-
enriched functor F: X — [Y,Z] as follows.

Object component: is given by

x: X I—F‘O(x)0 =Ay: Y. Fo(x,y): Z

and

Homy (y9,¥1)
lidx(x)®vid
x: X FFo(x) = Ayo,y1: Y. Homy (x,x) ®¥ Homy (yo,y1) * V1:
lFl((x,yo),(x,yl))

HomZ(FO (x,yo),Fo (x7yl))

Morphism component: is an arrow of shape
X0p,%X1: XHF Fl (xo,xl) : HomX(xO,xl) - Hom[y,z] (FO (xo),FO (xl)) : Vl

defined, in context xy,x71: X,y: Y, as the arrow yielded by the end over
the extranatural transformation

Homyx (xq,x1)
lid@vidy(y)
Homy (xg,x71) ®" Homy (y,y) = HomX®VCath((xo,y), (x1,5))
lFl((xo,y),(xl,y))
Homy (Fy (x0,¥),Fo(x1,y)) = Homg (e (Fy(x0),¥),eFo(x1),y))
so that the above arrow is the composition 7 (F (), Fo (x1),v)Fy (xg,%1).

Note that here, by the definitions, we have genuine equality of objects,
not mere isomorphisms.
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Let’s prove that F is functorial. In context x¢,x1,%9: X,y: Y, consider the
following composite.

Homy (x1,%9) ®" Homy (xg,%7)

|F1(x1,x9) ®VF (x1,x9)
Homy 71 (Fo(x1),Fo(x2)) ® Homy z7(Fo(x1),Fo(x2))
letrz1 (Fo o) Fo 1) Fo(x2))
Homy 7 (Fo(x0),Fo(x3))

'W(FO (xO)’FO (xZ)yy)

Homy (e(Fy(x9),y),e(Fy(x2),))

By definition of o[y z; and F,, the previous map is equal to the composite

Homy (x1,%9) ®Y Homy (x0,%1)

,,Fl (x1,%9)®VF7 (x9,x1)

Homy 7} (Fo(x1),F(x2)) ® Homy 7 (Fo (x0),Fo(x1))

|7 (Fo@1),Fo(x2).y) 8V (Fo(xo),Fo(x1).y)

Homg (Fo (x1,¥),Fq (x2,5)) ®¥ Homg (Fo (x9,¥),Fo (x1,5))
VOZ(FO(any)yFO(xlyy)7F0(x27y))

HomZ(FO (any)7F0 (x27y))
which, by definition of F'¢, is equal to the composite

Homy (x1,%9) oV Homyx (xq,x1)
id®Yidy (y)®VideVidy (y)

Homy (x1,%5) ®" Homy (y,y) ®¥ Homy (xg,x1) ®¥ Homy (y,y)

[F1(@1.), (2.9 ®VF 1 ((x0.9),(x1.))

Homg (Fo(x1,y),Fo (x2,y)) ®¥ Homg (Fo(x9,¥),Fo(x1,5))
Loz (Fo(x0.9),Fo(x1,5),Fo(x2,5))

Homz(Fo(XO,y),FO(xZ’y))
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which, by functoriality of F, is equal to the composite

Homy (x1,x9) oV Homyx (xq,x1)
°X(xo,x1,x2)
HomX(xO, x9)
Vid®Vidy(y)

Homy (x(,x2) ®" Homy (y,y)

[F1(@0:y), (x2,7))
Homy (F,, (xo,y) Fo(x2,y))

By applying the argument backwards, we get that the map we started from is
equal to

Homy (x1,%9) ®" Homy (xg,%1)
|ox(®o-x1,%2)
HomX(xO, x9)
|F1(xo,x2)
Homy z, (Fo(xg),Fo(x3))
'W(FO (x0),Fo(x2).y)

Homg (e (F (x0),¥),e(Fo(x2),y))

and with this we have proved functoriality.
Let’s now give the construction of

() : VCaty (X, [Y,Z]) - VCatyx (X @V Y, Z).

Let G: X — [Y,Z] be a V-enriched functor. Define the transposed functor
G: X V03 Y - Z as follows.

Object component: is the arrow GO: X xY — Z defined as

x:X,y: Y F Go(x,y) = e(Go(x)y,y): Z.
Morphism component: is the arrow G1: X x Y x X x Y — V; defined as

x0,%1: X,90,¥1: Y F G1((x0,50), (x1,51)) =
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Hom, voat, ((*0,50)> (¥1,51)) = Homy (x9,%1) ®" Homy (y9,y1)

Gl(xo’x1)®ve(G()(x0)1,@0,3’1))
HOm[Y,Z] (GO (x0), G() (xl)) ®V Homz(e(GO (xo)O’yO) , e(GO (x0)07y1))
7(Go(x0),Go(*1).y1)®Yid

Homy (e (Gy (x9) 5,¥1)> (G (x1) 5,¥1)) ®Y Homg (e (Gg (x9) 4,¥0),€ (G (0) ¢,¥1))

oz(e(Go(x0)y-Y0),e(Go(x0) 5:¥1),e(Go (1) 9:¥1))

Homyg (e (G (xg) o,¥0),€(Go(x1) 5,¥1)) = Homy (Gy (x0,50),Go (x1,51)).

Let’s prove that G is functorial. In context x(,x1,%9: X,¥0,¥1,V2: Y, consider
the composite

Hom _vear, o ((61,51), (02,52)) ®V Hom,_vear,  ((£0,50), (¥1,71))

61((301,3’1),(962,3/2))@‘,@1((xo,yo),(xl,yl))

Homy (G (x1,51), Go (xg,y2)) ®Y Homz(éo (x0,¥0)> Go (x1,1))

oz(Go(x0,50),Go (x1,51),Go (x2,72))

Homz(éo (%0,50), Go (x9,2)).
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By definition of G, that is equal to the composite arrow

Homy (x1,%2) ® Homy(y1,y2)
®V Homy (xg,x1) ®" Homy (yg,¥1)

G1(x1,22)®Ve(Go(x1)1,(V1.y2))
®YG1 (x9,x1)®Ye(Go(x1)1,¥0.¥1))
Homy 77 (Go(x1),Gq(x2))
®Y Homy (e (G (x1)9>¥1),e(Go(x1) ¢,¥2))
®Y Homy 77(Go(xg), G (x1))
®Y Homy (e (G (x1)9>Y0),€(Go(x1) ¢,¥1))

7(Go(x1),Go (x2),y2)®Vid®V 7 (Go (x9),Go (x1),y0)®Yid

Homg (e(Gg(x1) ,¥2),e(Go(x2) ,¥2))
®Y Homg (e(Go (x1) ,¥1),€(Go (*1) g,¥2))
®Y Homyg (e(Go (x0) 9,¥0)>€(Go (*1) 9,50))
®Y Homg (e (Gy (x1)9>Y0),e(Go(x1) (,¥1))
oz(e(Go(x1) 0:¥1),e(Go (x1) 9:¥2) e (Go (x2) 0,¥2) )
®Voz(e(Go(x0) 0:v0),e(Go(x1) 0:¥0),e(Go (1) 9:¥1))

Homyg (e(Go(x1) 5,¥1),€(Go (x2) 5,¥2) )
®V HomZ(e(GO (x())oayO)ae(GO (xl)()’yl))

oz(e(Go(x0) 5:¥0),e(Go(x1) 5:¥1),e(Go(x2) 5,¥2) )

Homg (e (Gg (x9) y,50),e(Go (x2) ,¥2))-

By shuffling the compositions, we get another composite equal to the previous
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one,

Homy (x1,%2) ®" Homy (y1,72)
®Y Homy (xg,x1) ®Y Homy (y¢,v1)

lGl(xl’x2)®ve(G0(xl)l’(yl’y2))

®VG1 (x0,x1)8Ve(Go(x1)1,¥0:¥1))
Hom[y z;(Go(x1),Go(x2)) ®¥ Homz(e(Go(x1) 5,51),€(Go(x1) 5,¥2))
®"Y Homy 71 (G (x9), Go(x1)) ®¥ Homg (e (Gg(x1) . ¥0),e(Go(x1) 5,¥1))

r(ao(xl),ao(xz),y2)®V7r(G0(xo),Go(xl),yo)

®Yoz(e(Go(x1):.y0),e(Go(x1)y.y1),e(Go(x1)y.y2))
Homg (e (Gg (x1) y,¥2),e(Go (x2) ,¥2))
®VHomZ(e(G0(x1)O,yo),e(Go(xl)O,yz))

®" Homy (e (G (x0) 5,¥0), € (Go (x1) 9,¥0))
|
oz(e(Go(x0)¢:¥0),e(Go(x1) 5:Y0) e (Go(X1) g:¥2),e (Go (x2) 9.¥2) )
,l,

Homg (e (G (xg) 4,0),€(Go (x2) 3,¥2) )

which, by functoriality of G, is equal to

Homy (x1,%5) ®V Homy (y1,¥2)
®Y Homy (x¢,x1) ®¥ Homy (y9,¥1)

JGI (x1,%2) @Yoy (¥0.y1.y2)®V G (x0,x1)

Homy 71 (Go (x1),Go (x2)) @ Homy (v9,y2)
®" Hompy 71 (G (x), G (x1))
JW(GO (x1),Go(x2),y2)®Ve(Go(x1) 1,(V0.y2))
®Vr(Go(x0),Go(x1),50)
Homgz (e (G (x1) (,¥2),e(Go(x2) o, ¥2) )
®" Homg (e (Go (x1) 5,¥0)>€(Go (x1) ,¥2) )

®Y Homg (e (G (x9) 9,¥0)> € (Go (x1) ¢,¥0))
I
oz(e(Go(x0) o:¥0),e(Go(x1) 5:¥0),e(Go(x1) o.¥2),6(Go (x2) ¢,¥2))
,L

Homg (e (G (xg) y,¥0),€(Go(x2)y,¥2))

72



3.7. Exponentials of Internal Enriched Categories

which, by extranaturality of 7, is equal to

Homy (x1,x2) ®" Homy (y1,y2)
Vv Homyx (xq,x1) oV Homy (y¢,y1)

lGl (x1,29)®V G (x0,21) @Yoy (¥0.¥1.¥2)

Homy z1(Go(x1),Go (x2))
®" Hom[y 71 (G (x), G (x1))
®" Homy (¢, ¥2)
r(Go (x1),Go (x9) ¥2) 877 (G (x0),Go (x1) ¥2)
®Ve(Go(x0)1,(W0:¥2))
Homg (e (G (x1) (,¥2),e(Go(x2),¥2))
®Y Homy (e (Gg (x0) g,¥2) € (Go (%1) 3,¥2))

®Y Homg (e (G (x9) 4,70), € (Go (x0) ,¥2))
I
oz(e(Go(x0) :¥0),e(Go(x0) 5:¥2) e (Go(¥1) g:¥2) e (Go (¥2) g,¥2) )
,‘,

Homg (e (G (xg) 5,Y0),€(Go (x2) 5,¥2) ) -

By definition of composition in [Y,Z], and again by functoriality of GG, the
previous composite is equal to

Homyx (x1,x9) oV Homy (y1,y2)
®Y Homy (xg,x1) ®" Homy (yg,¥1)

"°X(x0’xlsx2)®V°Y(3’O’y1’y2)
Homy (xg,%9) ®Y Homy (y¢,¥5)
"Gl(anxz)@VHomy()’o,yz)
Homy 71 (Gg (x0),Go (x2)) ®" Homy (v9,y2)

"7T(Go (x0),Go (x2),y2)®Ve(Go (x0) 1,¥0.y2))

Homg (e (G (xg) y,¥2),€(Go(x2) y,¥2) )
®V Homz(e (GO (xo)o,yo), e(GO (xO)OyyZ))

l°z(e(Go(xo)o,yo),e(Go(xo)O,yz),e(Go (22) 9:¥2))

Homg (e (G (xg) y,¥0),€(Go(x2) y,¥2))
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which is equal to

Hom _vea, o ((61,51), (62,52)) ® Hom_vear,, ((£0,70), (¥1,71))
l°X®VCath((anyO),(xlayl)a(x2,y2))

Hom, voa, 1 ((*0,50)5 (¥2,52))

lél((xO;yO)3(x2?y2))

HOIIlz(GO (.’)Co,y()), G"O (x27y2))

thus showing that G is functorial.

The final and most fundamental part of the argument is showing that the
two constructions yield a bijection. That is the content of the next proposition.

Proposition 3.7.2. The constructions (-) and (=) are mutually inverse.

Proof. Let’s prove that F =F. On the object component, we simply have the
following chain of equalities,

x:X,y: Y EFo(x,y) =e(Fox)y,y) =Fox,y): Z.

On the morphism component, in context xg,x1: X,yo,y1: Y, we have by defini-
tion of F that Fl ((x9,¥0), (x1,51)) is

Hom _vea, o ((%0,0), (61,51)) = Homx (x0,%1) ®" Homy (yo,71)

F1(xo,x1)®Ve(F0(x0)1,(y0,y1))
Homy 71 (Fo (x0),Fo(x1)) ® Homg (e (Fy(x9) ,¥0),€ (Fo (x0) :¥1))
7(Fo(x0),Fo(x1),y1)®Vid

Homy (e (F( (x9) 5,¥1),€ (Fo (x1) 5,51)) ®Y Homg (e (Fo (x0) ,50)> € (Fo (%) ,¥1))

oz(e(Fo(x0)o:¥0),e Fo(x0)o:¥1),e Fo(x1)g:¥1))

Homy (e (Fy (x0) ,¥0), € (Fo (x1) 9, ¥1)) = Homz(ﬁo (xo,yo),ﬁo (x1,¥1))
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which, by definition of ', and by definition of F (x() 1> is equal to

Homy (x(,x1) ®" Homy (y¢,y1)
id®Yidy (y1)®Vidyg (xo)®Vid
Homy (x,x1) ®¥ Homy (y1,y1) ®¥ Homy (x,%9) ® Homy (y9,y1)

F1((x0,y1) (x1.51))®VF1 ((x0.0),(x0.¥1))

Homg (Fg (xg,¥1),Fo(x1,51)) ®¥ Homg (Fg (x,50),Fo (x9,¥1))

oz (Fo(x0,50)Fo(x0,y1).Fo(x1.y1))

Homgy (Fo(x9,v0),Fo(x1y1))-

By functoriality, swap the application of the functor F' and the composition,;
then, apply the unit law. This way, it remains only the application of F';.

Let’s prove that G = G. On the object component we have, in context x: X,
the chain of equalities

Go@)y = Ay: Y. Go(x,y) = Ay: Y. e(Go(x),y) = Go(x): Z

whereas, in context x: X,y(,y1: Y, we have that e (éo (x)1, ¥o,¥1)) is the
composite arrow

HomY(.Yanl)
idy(x)®Vid

Homy (x,x) oV Homy (y9,y1)
G18"e(Go(x)1,(v0.y1))

Homy 7] (G (x),Go (x)) ®¥ Homz (e (G (x)4,50),€(Go(x) 5,¥1))

W(GO (x),Go(x),y1)®"id

Homg (e (Go (%) ,¥1),€(Go (%) 5,¥1)) ®VH0mZ(e(GO(x)O,yO) e(Go(x),y1))
oz(e(Go (%) :70),6(Go (%) g:¥1),6(Go (x) .¥1))

Homy (e (G (%) ,¥0),€(Go (%) 9,¥1)) -
But 7 (y1) oy G oy idx(x) is equal to idz(e(Go(x),,¥0)), thus the above

composite arrow is equal to Gy (x); applied to (yg,¥1). On the morphism
component, in context xy,x7: X,y: Y, the y-component of Gl (xg,x1), that is,
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the composition W(éo (x0), é"() (xl),y)él (xg,%71), is:

Homy (xg,x1)

VHomX(xO,xl)®Vidy(y)

Homy (x(,x1) ®" Homy (y,y)

|G1(x0,x1)®VGo (x0) 1 7¥)

Hom_y 71 (Go (x9), Go(x1)) ® Homg (e (Gg(x9) ), €(Go(x0) 5,3))
Vw(GO(xo),GO(xl),y)®VHomZ(...)

Homy (e (Gy (x9) 5,5),€(Go(x1) 5,)) ® Homg (e (Gy (x0) 5,5),€(Go (x9) 9,5))

oz(e(Go(x0)o:¥),e(Go(x0) g:),e(Go(x1) 9.))

Homg (e (Gg (x0) o), e(Go(x1) ,5))
which, by the extranaturality of 7, is

Homy (xq,%1)
lGl(xO,xl)
Homy 7z, (G (x0),Go(x1))
lW(GO(xO),Go (x1).)

Homy (e (G (x9) o,5),e(Go (x1) ,5))
that is, the y-component of G (xg,x7). O

Now at last we have proved the following.

Theorem 3.7.3. The category VCatg is monoidal closed.

3.8. YoNEDA LEMMA FOR INTERNAL ENRICHED
CATEGORIES

No theory of enriched categories can do without a suitable form of the Yoneda
lemma. The major concern in our context is not to prove the result, as the
proof just works out by means of the usual arguments, but rather to correctly
express the statement in an internal way. Indeed, while there is a tradition to
view the Yoneda lemma for internal categories in terms of indexed categories,
the point of the dissertation is that internal enrichment avoids all that.
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In this section, let’s work under the hypothesis that & is locally cartesian
closed, V is symmetric, monoidal closed (and thus V-enriched itself) and it has
all ends (so that VCatg is monoidal closed, by theorem 3.7.3).

We begin by defining the Yoneda embedding.

Definition 3.8.1 (Yoneda embedding). Let X be a V-category. The Yoneda
embedding for X is the V-enriched functor Y: X — [X°P,V] which is the
exponential transpose in VCat¢ of the hom-functor Homy: X°P @ X — V.

We now give a version of the Yoneda Lemma for V-enriched categories.
Notice how the statement is different from its usual form, as it has to capture
the fundamentally internal nature of the result.

Theorem 3.8.2 (Yoneda Lemma). The functor

YoP®[X°P,V Hom yo
X°P @ [X°P,V] YTV [X°P,V]°P @ [X°P,V] X% 174

is naturally isomorphic to the evaluation functor.
Proof. Define the natural transformation
x: X,F: [XP, V] Fy,p:eFyx) - Hom[Xop’V] Yox),F): Vy
on the projections
x,': X,F: [XP, V] 7.y, p: e(Fy,x) - Homy(Homy (x',x),e(Fg,x")): Vy
as the exponential transpose of e (F{, (x,x’)), meaning that

ey oy (myy, p ® idy (Homy (x',%))) = ey oy (e(Fq, (x,x")) ® idy (e (Fp,x))).

1

Define the natural transformation y= as

x: X,F: [X°P,V] by 1+ Homxop v (Yo (%), F) — e(Fo,x)
Hom xop v (Yo (x), F)
lw-x@idX(x)
= Homy (Homy(x,x),e(Fg,x)) ® Homy(x,x) V1 (3.8)

leV

e(Fp,x)
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Let’s prove that y~ly = id. In context x: X,F: [X°P, V], we have by defini-
tion that y }y, r is

e(F(),x)
lﬁx/yx’p®idx(x)
Homy (Homx (x,x),e(Fg,x)) ® Homy (x,x)

leV

e(Fo,x)
which, again expanding the definition, is

e(Fy,x)

|eFox) @idg(x)
e(Fp,x) ® Homx (x,x)
'e(FO,x)®e(F1,(x,x))

e(Fg,x) ® Homy (e (Fy,x),e(Fq,x))

ey

e (FO ) x)
which, by functoriality of F'q, is

e(Fp,x)
le(Fo,x)®idV(e(Fo,x))

e(Fy,x) ® Homy (e (Fy,x),e(Fy,x))

leV

e(FO>x)

and that amounts to idy (e (Fy,x)).
Let’s prove that yy—! = id. In context x,x": X, F: [X°P, V], the exponential
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transpose of Ty Ya,FYx Jr 1S

Homy (x",x) ® Homxop v (Yq(x),F)

|Homy (x’ %) ® 7, @idy (x)

Homy (x",x) ® HomV(HomX(x x),e(Fg,x)) ® Homy (x,x)
|Homy (' x) @ey

Homy (x",x) ® e (Fy,x)

HomX(x X)®T 1Yy F

Homy (x",x) ® HomV(HomX(x x),e(Fg,x"))

ey

e(F();x,)

By definition of y, the above morphism is equal to

Homy (x",x) ® Homxop v (Yq(x),F)
HomX(x X)) @, ®idy (x)
Homy (x",x) ® HomV(HomX(x x),e(Fg,x)) ® Homy (x,x)
e(Fl,(xx )) ®ey
Homy (e (Fg,x),e(Fg,x")) ® e(Fg,x)

ey

e(Fqy,x")

which, by naturality, is

Homy (x’,x) ® Homxop v (Yq (x),F)

1dX(x)®e(e(Y0,x) 1>(x,x")) ®@Hom xop v (Yo (), F)
Homyx (x,x) ® Homy (Homy (x,x), HomX(x x)) ® Hom[Xop V] Yox),F)
eV®7T /

Homy (x",x) ® HomV(HomX(x x),e(Fo,x"))

ey
Y

e(FOax,)
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Then, the above composite arrow computes to

Homy (x’,x) ® Homxop v (Yq (x),F)
lHomX(x',x)®7Tx/
Homy (x”,x) ® Homy (Homy (x,x),e (Fg,x"))
leV
e(Fo,x")
which is the exponential transpose of 7. O

There are some immediate consequences of the Yoneda Lemma. For a start,
that the Yoneda embedding is a full and faithful functor.

Corollary 3.8.3. Let X be a V-enriched category. Then, in context xg,x7: X,
Yl (xo,xl) : HomX(xO,xl) - HOIII[Xop,V] (YO (xo) , YO (xl) )
is an isomorphism.

Proof. By Yoneda lemma (theorem 3.8.2)
Hom xop v (Yo (x9), Yo (x1)) = Yo (x1) (x9) = Homy (xg,%1). O

It follows that also post-composition by the Yoneda embedding is a full and
faithful functor.

Corollary 3.8.4. Let X be a V-enriched category and F,G: Y — X be V-
enriched functors. There is a natural bijection between natural transformations
YF — YG and natural transformations F' — G, which internalizes to an
isomorphism

Hom[Y,X] F,G) = Hom[Y,[Xop,V]] YF,YG).

Proof. Any natural transformation YF — YG yields one F' — G by composing
each component with the isomorphism of corollary 3.8.3,

y: Y - Hom[Xop,V] (YO (FO (y) ) ,YO (GO (y) ) ) = HomX(FO (y) y GO (y) ) y
and vice-versa. H

In particular, that applies to natural isomorphisms, which is a fact we will
need later on.

Corollary 3.8.5. Let F,G: Y — X be V-enriched functors. If there is a natural
isomorphism ¢: YF = YG, then there is a natural isomorphism r: F = G such
that Y\ = ¢.
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Finally, we get the classic density result characterizing presheaves as colim-
its of representable presheaves. Proposition 3.5.9 reminds us that, for coends
to exist, in addition to the hypothesis already made at the beginning of the
section the enriching category also has to have coequalizers.

Corollary 3.8.6 (density of presheaves). Assume V has coequalizers and let X
be a V-category. Then, in context F': [ X°P,V],x: X, there is a natural isomor-
phism

/.

e(Fy,x) = fx 'XHomX(x,x’) ®Ve(Fyx). (3.9

Proof. Adding v: V|, to the context, we have

Homy ( fxl:XHomX(x,x’) ®Ve(Fy,x'),v)
= fx,:XHomV(HomX(x,x') ®Ve(Fy,x'),v)
= fx,:XHOInV(HomX(x,x’),HomV(e(FO,x’),v))
= Homxop v, (Homx (x,-), Homy (e (Fy,-),v))

=~ Homy (e (Fgp,x),v)

where the last step is an application of theorem 3.8.2. But then, by corol-
lary 3.8.5, we obtain the isomorphism (3.9). O
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4. Limits AND COMPLETENESS

In this chapter, we develop the theory of weighted (co)limits and (co)complete-
ness for internal enriched categories.

With regards to limits and completeness, the notion of size plays an im-
portant role. Particularly, one should be clear about what is the size of the
diagrams in respect to which a category is said to be complete. In standard
category theory, we generally mean that a category is complete with respect
to small diagrams, even when such a category is large. One needs to look no
further then to the category of sets to find an instance of this phenomenon.
That, indeed, is a large category which we say complete, meaning with respect
to small diagrams, while it is certainly not so with respect to large diagrams.
For example, the product of all non-empty sets is not a set, but a proper class.

It is also worth noting that all small complete categories are, essentially,
complete lattices. These feature a most remarkable behavior. For example, for
lattices, completeness and cocompleteness are equivalent. That is just another
way to look at the classic result for which a lattice has all meets if and only
if it has all joins. Moreover, the adjoint functor theorem for complete lattices
does away with size conditions, as those are trivially satisfied.

It is essential to note that the notion of internal enriched category is fun-
damentally “small” with respect to the given environment, in that underlying
objects are objects of the ambient category. That is in sharp contrast with
the standard theory of enriched categories, which are allowed to be “large”
(as in having a proper class of objects). This consideration suggests that in-
ternal enriched categories should be treated as analogous to small enriched
categories over a small monoidal enriching category. Moreover, for those that
are complete, we should also expect to get the same kind of results holding for
small complete categories.

In the internal setting there are non-trivial (as in other than lattices) ex-
amples of complete small categories. A most notable example is the internal
category of modest sets in the category of assemblies (Hyland 1988). Such
category is not only complete, but it also has a symmetric monoidal product
(the categorical product) with respect to which it is closed (that is to say, it
is a cartesian closed category). This provides a setting featuring all the good
properties we need, thus guaranteeing that our theory of internal enriched
categories is well-founded.

For the extent of this chapter, we shall assume that & is locally cartesian
closed, and V is a symmetric monoidal closed category in € with all ends.
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4.1. ComPLETE CATEGORIES

In this section we define the notion of internal weighted limits, following that
for internal limits (see definition 2.2.1). Then, we derive a few standard results
which will be instrumental in the following sections.

We begin by defining internal weighted limits.

Definition 4.1.1 (weighted limits for V-categories). Let X and K be V-enriched
categories and F': K - X and W: K — V be V-enriched functors. A weighted
limit over F with respect to the weight W is given by a V-enriched functor
{W;F}: Iycat, — X and a V-enriched natural isomorphism

¢: Homy (-, {W;F}) = Hom g v (W,Homy(-,F)): X°P > V.

Notice that, unlike the notions of internal limit and end, that of internal
weighted limit is automatically stable under pullback, being defined through
a natural isomorphism between homsets. For completeness, though, we have
to enforce stability again.

Definition 4.1.2 (completeness for V-categories). We say X is complete if, for
every I object of €, I*V-enriched category K, I*V-enriched functors F: K — I*X
and W: K — I*V, the limit of F with respect to the weight W exists.

By duality, we have the notions of colimits and cocompleteness as well.

Definition 4.1.3 (weighted colimits for V-categories). Let X and K be V-
enriched categories and G: K — X and W: K°P — V be V-enriched functors. A
weighted colimit over G with respect to the weight W is given by a V-enriched
functor F'- W: Iyc,i, — X and a V-enriched natural isomorphism

¢: Homyg (G - W,-) = Homgop y (W, Homg(G,-)): X > V.

Definition 4.1.4 (cocompleteness for V-categories). We say X is cocomplete
if, for every I object of &, I*V-enriched category K, I*V-enriched functors

G: K —» [*"X and W: K°P — I*V the colimit of G with respect to the weight W
exists.

As a sanity check, we make sure that the previous definitions of limit and
colimit yield a pair of dual notions.

Remark 4.1.5. Colimits in a V-enriched category X are, equivalently, limits in
X°P. Indeed, let F'- W: Iyc,y, — X be the colimit of G: K — X with respect to
the weight W: K°P — V, and Homx (G - W, -) = Hom gop vy (W, Homx (G, -))
the associated isomorphism. That can, equivalently, be regarded as an isomor-
phism

HOI’leop (-, (G . W)Op) = HOI’Il[Kop,V] (W, HOInXOp (-, GOP)),

84



4.1. Complete Categories

showing that (G - W)°P: Iycat, — X°P (which corresponds to the same point
of X as G - W does) is the limit of G°P: K°P — X°P with respect to the weight
w.

Limits are often thought of in terms of their universal property, which we
can indeed derive from the definition.

Remark 4.1.6. Let F: K —» X and W: K — V be V-enriched functors. Then, in
context x: X, by the Yoneda Lemma (theorem 3.8.2), we have an isomorphism

Hom xop vy (Y(x) , Homg v (W, Homx (-, F') )) = Hom g v (W,Homx (x,F)).

The previous remark, applied to the definition of weighted limit, suggests
the following proposition.

Proposition 4.1.7. Let F: K - X and W: K — V be V-enriched functors. If
the weighted limit {W;F'} exists, then by remark 4.1.6 there is an associated V-
enriched natural transformation

m: W - Homx({W;F},F): K -V

which is called the universal cone for the limit {W;F}. Then, given another
V-enriched functor L: Iyc,;, — X and another V-enriched natural transfor-
mation p: W — Homx(L,F'), there is a unique h: L — {W;F} such that
Homyx (h,F)m = p.

Proof. The natural transformation p has an associated V-enriched natural
transformation

a: Homx(-,L) — Homg v (W,Homy (-, F)): X°P - V.

Then, A is given by

I
|idx (@)
Homy (L, L)
V(Z(L)
Hom g vy (W,Homx (L, F))

[#1m
Homy (L, {W;F}).
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Notice that a(L)idx (L) is the exponential transpose of p, and that

W ® Hom g vy (W, Homy (L, F))

l7r®¢_1(L)
Homy ({W;F},F) @ Homyx (L, {W;F'})

Homy (L, F)
is the evaluation on W. Then, Homy (h,F) 7 = p. O

Remark 4.1.8. 1t is not generally true that the converse of proposition 4.1.7
holds, that is, that the V-enriched natural transformation associated to a
universal cone is necessarily an isomorphism, and it thus yields a weighted
limit. The same issue arises in standard enriched category theory and, in
that context, the classic approach involves the notion of conservative category
(Kelly 1982). It is likely that the same could be done in our context, but in this
dissertation we shall not pursue this topic any further.

As an immediate consequence of the limit’s universal property, we have their
uniqueness property.

Proposition 4.1.9 (uniqueness of weighted limits). A weighted limit, if it
exists, is unique up to isomorphism.

Using proposition 2.3.4 as an analogy, we would like to have a choice-of-
limits functor which, in a suitable sense, yields limits for internal functors

relative to internal weights.

Notation 4.1.10. We shall now define a functor {-;-}: [K,V]°P ® [K,X] - X
for which it will be convenient to use an infix notation. We shall thus write
{W;F}for ({-;-}) (W, F) and {Wy, Wy; Fg,F1} for ({-;-}) { (Wo,Fy), (W1,Fq)).

Proposition 4.1.11 (weighted limits functor). If X is a complete V-enriched
category, then there is a V-enriched functor

{'; '}: [-K7 V]Op ® [KyX] - X
inducing a V-enriched isomorphism
Homy (x, {W;F}) = Homg v, (W,Homx (x,F)) (4.1)

naturalinx: X, W: [K,V] and F: [K,X].
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4.1. Complete Categories

Proof. Consider an indexing object I = Fun(K,V) x Fun(K,X). In context
W: [K,V],F: [K,X],k,ky,k1: K,let W: I*K — I*V be the I*V-enriched func-
tor defined by Wy (W, F, k) = e(Wy,k) and W1 (W, F, kg, k1) == e(Wy, (kg,k1)).
Let F: I*K — I*X be the I*V-enriched functor defined by F(W,F,k) :=
e(Fo,k) and F{ (W,F,ko,kq) = e(F1, (kg,k1)).

Then, the limit of F with respect to the weight W yields an arrow {-;-}: I - X
and a family of V-enriched natural isomorphisms

¢w r: Homy (-, {W;F}) - Hom g v; (W,Homx(-,F)): X°P - V

inducing universal cones 7y g: W — Homyx ({W;F},F). Let {Wy, W1;Fo,F1}
be the arrow

Homg v (W1, Wo) ® Homg x7(Fo, F1)
Hom g vi (W1, 7w, ) ®Hom g x1(Fo,F1)
Hom g y1 (W1, Homyx ({Wo;Fo},Fo)) ® Homg x7 (Fo,F1)
°[K X]
Hom g v (Wy, HomX({Wo,Fo} Fi))
| PW, . (WoiFod)

Homyx ({Wy;Fo}o, {W1;F1}0)-

Then, the isomorphism 4.1 holds point-wise and is natual inx: X. We have to
show that it is natural in W: [K,V] and F: [K,X]. That is, that the diagram

HomX(x,{WO;FO}) (,st o @)® Hom[K V] (WO,HomX(x Fo))
®HOI‘I1[K,X] (Fo,Fl) Lr ®Hom[KX] (Fo,Fl)
® HOI‘Il[K’V] (Wla Wo) ® HOIII[K’V] (Wl, Wo)

|
Homy (x,{Wy;Fo}) ®{Wo,W1:Fg,F1}

}
Homy (x, {Wy;Fo})
® Homyxy({Wq; Fo}, {Wy1;F1})

ox (x,{Wq;Fo},{Wy .Fl})l

Pw, . F, *) M
Homy (x,{W;F1}) ———— Homg vy (W, Homy (x,F1))
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commutes. But that follows from the fact that

Homy (x, {Wy;Fy}) ® Homg v (W1, Homx({Wo; Fo},F1))

| Homx (=, (Wo:Fo ® p, , (Wo:Fo))
Homy (x, {Wq; Fo}) ® Homy({Wq; Fo},{W1;F1})
V°X(9C,{W0;Fo},{W1;F1})

Homy (x, {Wy;F1})

Pw,,F, *)

HOII][K,V] (Wl, HomX(x, Fl) )

is the composition replacing {W; Fy} with x, by the naturality of ¢. Il
Observe that limits and the limit-functor behave consistently with respect
to parameters, in the sense made precise by the following remark.

Remark 4.1.12. Let X be a complete category, and F': KxL - Xand W: K -V
be V-enriched functors. Consider the exponential transposes F': K — [L,X]
and F: L — [K,X]. Then, the limit {W;F} is a V-enriched functor ]IVCatg -
[L,X] or, equivalently, a V-enriched functor L — X. Moreover, we can consider
the composition of F' and the identity of W with the limit-functor for X, and get
a functor {W;F}: L - X. Then, {W;F} = {W;F}, indeed, in context G: [L,X]

Homf, x (G, (W;F})
= Hom g v, (W, Hom/z, xy (G,F))
= ... )y, , Homy(Wo (k), Homg (e (Go, 1), e (Fo (k),])))
= [, ], , Homy(Wo (&), Homx (e (Go, D), e (Fo (1), k)

= Hom[K’V] (W, HOHE[L’X] (G,F))
= Hom(z, x1(G,{W;F}).

In particular, in context /: L, we have that {W;ﬁ'}o () = {W;FO 0)3}.

The enriching internal category V itself has a V-enrichment when it is
monoidal closed (see proposition 3.1.12). In that case, it is legitimate to ask
whether it is complete as a V-enriched category. Unintuitively, that does not
(directly) depend on V being complete as an internal category, but on its having
all ends (even though that is connected to completeness, see proposition 3.5.8).

Proposition 4.1.13. The category V is complete as a V-enriched category,
and its limits for diagrams of shape K are given by the hom of the functor
category [K,V].

88



4.1. Complete Categories

Proof. All hypothesis are stable under slicing, so we can assume I = 1¢. Let
K be a V-category, and F, W: K — V be V-enriched functors. Then, the limit
is Hom g vy (W, F). Indeed, in context v: V),

Homy (v, Homg v (W, F))
= Homy (v, [, Homy (W (k),Fo(k)))
= fk:KﬂomV(v,HomV(WO(k),FO (k)))
= [ Homy (W (k), Homy (v, Fy (%))
= Hom g v, (W,Homy (v, F)). u

The previous result produces a first example of complete V-enriched category.
We can produce further examples by means of the following proposition.

Proposition 4.1.14. Let X and Y be V-enriched categories. If Y is complete,
then [X,Y] is complete and its weighted limits are computed point-wise.

Proof. All hypothesis are stable under slicing, so we can assume we are slicing
over the terminal object. Moreover, by proposition 4.1.11, there is a V-enriched
functor {-;-}: [K,V]°P ® [K,Y] — Y yielding weighted limits in Y.

Let K be a V-category, and F': K — [X,Y] and W: K — V be V-enriched
functors. The limit of F' with respect to the weight W has to be a point of
Fun(X,Y), which is equivalent to a V-enriched functor X — Y. Moreover,
consider the exponential transpose F': X — [K,Y] of F. Then, let’s define such
a functor {W;F'} as

x: X HA{W;F},(x) == {W;Fq(x)}
x0,%1: X HA{W;F}{ (x0,%1) = {W;Fo(xq),Fo(x1)}.

Let’s prove that, in context H: [X,Y ], there is a natural isomorphism

Homx y;(H,{W;F})) = Homg y; (W,Homx y| (H,F)).
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4. Limits and Completeness

That is yielded by the following chain of equalities and natural isomorphims,

Homx y) (H,{W;F}))
= [ Homy(e(Ho,x), (W;F}o(x))
= x:XHomY(e(HO,x),{W;Fo(x)})
= | Homg y;(W,Homy (e (Ho,x),Fo(x)))
= [ ] Homy(Wo(k), Homy (e (Ho,x),e(Fo(x),,k)))
= [ ], Homy(Wo(k), Homy (e (Ho,x), e (Fo (k)y,x)))
= [ Homy(Wo(k), [ Homy(e(Ho,x),eFok),%)))
= :KHomV(WO(k),Hom[X’Y](H,Fo(k)))
= Hom g v (W,Hom x y; (H,F)). O
As an immediate consequence of the previous results, we have that categories

of presheaves are complete. That is a fundamental fact of standard category
theory, and it was legitimate to expect it would hold in our context as well.

Corollary 4.1.15. Let X be a V-enriched category. Then, the category [ X°P,V]
of presheaves over X is complete.

Proof. It follows from propositions 4.1.13 and 4.1.14. O
Finally, we mention that weighted limits endow complete V-enriched cate-

gories with a cotensor on V.

Remark 4.1.16. If X is a complete V-enriched category, there is a cotensor

{-;-}: V°P @ X — X yielding, in context v: Vj,x,x”: X, a natural isomorphism

Homy (x, {v;x"}) = Homy (v, Homy (x,x")).

Such a cotensor and its associate isomorphism are obtained by composing the
limit-yielding functor {-;-}: [Iycat,, V1°P ® [Iycat,, X1 — X with the obvious
equivalences X — [Iygqq,,X] and V — [Iygg,, V]

In the special case of a presheaf category [ X°P, V], which is complete because
of corollary 4.1.15, we have a very concrete representation of the cotensor.
Indeed, in context v: Vi, F': [X°P, V], we have

{v;F} = Homy (v,-) o F.

Essentially, this is a special case of proposition 4.1.14, but explicitely we see
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that, in context H: [X°P,V],

Hom xop v (H, Homy (v,-) o F)
= fx:XHomV(e(HO,x),HomV(v,eg (Fo,x)))
= L:XHomV(v,HomV(e(Ho,x),eg (Fg,%)))
= Homy (v, fx:XHomV(e(Ho,x),eg (Fg,x)))
= Homy (v, Hom xop vy (H,F)).

4.2. LiMmim-PrEsSERVING FUNCTORS

The concept of a limit-preserving functor will be particularly helpful in the
next section, so we shall dedicate some space to the definition and study of
such a notion.

As a terminology remark, notice that, since internal categories are intrinsi-
cally small, to preserve limits is the same as to preserve small limits. Then,
it would also be appropriate to call limit-preserving functors as continuous
functors (which, in the standard terminology, denotes functors preserving
small limits).

Definition 4.2.1 (limit-preserving functor). Let H: X — Y be a V-enriched
functor. We say H preserves weighted limits if, for every indexing object I
in &, I*V-enriched category K and I*V-enriched functors F': K — I*X and
W: K — I*V, the evident V-enriched natural transformation determined by
universality [*H){W;F} —- {W; (I*H)F'} is an isomorphism.

In the rest of the chapter we sometimes have to prove that a functor is limit-
preserving. In such situation, we will show the existence of an isomorphism,
but omit the routine and tedious check that such isomorphism is indeed the
correct one, i.e. the one determined by universality.

A first example of weighted limits-preserving V-enriched functor is given by
covariant and controvariant representable presheaves.

Proposition 4.2.2. Representable V-enriched covariant presheaves preserve
weighed limits.

Proof. Let X and K be V-enriched categories, and x: Iyc,;, — X an object of
X. Let’s show that Homx (x,-) : X — V preserves limits. Let F: K — X and
W: K — V be V-functors, and {W;F}: Iyc,;, — X the weighted limit of ¥ with
respect to the weight W. Then, by proposition 4.1.13, we have that

{W;Homy (x,-) o F'} = Homg v (W,Homy (x,-) o F') = Homyx (x, {W; F}). [l
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Proposition 4.2.3. Representable controvariant V-enriched presheaves pre-
serve weighed limits.

Proof. Let X and K be V-enriched categories, and x: Iyc,i, — X an object of
X. Let’s show that Homy (-,x) : X°P — V preserves limits. Let F': K — X°P
and W: K — V be V-functors, and {W;F}: Iyc,, — X°P the weighted limit of
F with respect to the weight W. Then, by proposition 4.1.13, we have that

{W;Homy (-,x) o F'}
= Hom[K’V] (W, HOmXOP (x,-) o F)
= Homyop (x, {W;F})
= Homx ({W;F'},x). O

Then, by duality, we get that representable presheaves also preserve colimits.
The following corollary sums up the situation.

Corollary 4.2.4. Covariant and controvariant representable presheaves pre-
serve both limits and colimits.

The Yoneda embedding is another notable example of limit-preserving func-
tor.

Proposition 4.2.5. Let X be a V-enriched category. Then, the Yoneda embed-
ding Y: X — [X°P, V] preserves weighted limits.

Proof. All hypothesis are stable under slicing and, for an indexing object I, we
have that I*Y is the Yoneda embedding of I*X. So, we can assume I = 1.

Let F: K - X and W: K — V be V-enriched functors, such that it exists the
limit of F with respect to the weight W. Then,

Hom xop v (H,Y{W,F})
= [ Homy(Ho (x), Homg (x, (W; F}))
= fx: XHomV(HO (x), Homg vy (W, HomX(x,F)))
= fx:XHomV(Ho (%), fk:KHomV(WO (k),Homy (x, F (k))))
ox fk:KHomV(WO(k),fx:XHomV(HO(x),HomX(x,FO(k))))
- fk: KHomv(Wo (k), Hom xop ) (H, Y (Fo (%))))
= HOIII[K,V] (W, HOIII[Xop’V] (H,YF))
meaning that {W;YF} exists and it is Y{W;F'}. O

It is worth noticing that we cannot internalize the notion of limit-preserving
functor (meaning that we have no object of all limit-preserving functors), as
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the relative defining condition spans over all possible diagrams, and there
is no internal representation of the object of all diagrams (just as there is
no set of all sets). Still, fixed a diagram shape (other than a domain and a
codomain V-categories), it is possible to consider an internal representation
of all functors (with the given domain and codomain) preserving limits of
diagrams of the given shape.

Remark 4.2.6. Let K be a V-enriched category. Then, there is in € an object
of K-limit-preserving functors X — Y, denoted by LPFung(X,Y), which
also tracks the required isomorphisms. This induces a V-enriched category
[X,Y]Lpx)-

Analogously to the case of completeness for V-enriched categories, a limit-
preserving functor H: X — Y induces, for each V-enriched category K, an
internal choice of isomorphisms witnessing its property of preserving the
limits of V-enriched functors K — X with respect to weights K — V.

4.3. ApsoiNnT FuncTOR THEOREM

In this section, we prove some further results about internal weighted limits
and completeness, notably the adjoint functor theorem, by taking advantage
of the intrinsic smallness of internal enriched categories. The results in
this section will then be analogous to those that can be obtained for lattices,
regarded as small categories.

The next, fundamental proposition establishes a link between limits and
representability of functors, and it will be the base upon which we will build
all of the following results.

Proposition 4.3.1. Let X be a V-enriched category and F: X — V a limit-
preserving V-functor. If the limit of idVCatg (X) relative to the weight F, denoted
by {F;X?}, exists, then

Homyx({F';X},-) = F

(that is, F is representable).

Proof. Let p: F - Homy ({F;X?},-) be the universal cone for the limit {F; X},
which we shall take as one side of the isomorphism.

Since F preserves limits, Fo ({F;X}) is (isomorphic to) the limit {F'; F'}.
Because of that, the natural transformation

F{({F;X},-): Homx({F;X},-) » Homy({F;F},F(-)): X -V
yields the universal cone of {F'; F'},

Fi({F;X},-)
_

G = F 2 Homg ({F; X3}, -) Homy ({F;F},F(-)).
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Consider the identical natural transformationid (¥'): F —» F = Homy (Iy, F).
By the universality of the cone g, there is a (unique) u: Iy — {F'; F'} such that

q Homy (w,F")
F - Homy({F;F},F) —— Homy(Iy,F) = F (4.2)

is the identity on F. That suggests that the natural transformation p—! that
we need is

F1({F:X},-) Homy (u,F)
_

Homy ({F;X},-) Homy ({F;F},F(-)) ——— F.

Let’s prove that
__1 _
Homy ({F;X},-) = F = Homy ({X;F},-) = id. (4.3)
The diagram

Homy ({F;X},{F;X}) ®" Homy({F;X},-) —=— Homy({F;X},-)

F1({F:X}{F:X})®Vid ox (1d®VF; ({F;X},-)) F1({(F:X},)
Homy ({F;F},{F;F}) ®" HomX({F;/X},:\ Homv({;’;F},-)F
Homy (u,{F;F})®Vid Homy (i,-)
Fo(FX}) @V Homy ((F;X),-) — X80 &
Prx,®Vid p

Homyx ({F; X}, {F;X}) ®¥ Homx ({F;X},-) —x Homy ({F;X},-)

commutes because of functoriality of F', associativity of composition and natu-
rality of p. Notice that pp.x,u: Iy — Homy ({F; X}, {F;X}) yields a natural
transformation

Homy (p(r.x3 1, -) : Homx ({F;X},-) - Homy ({F;X},-).
By diagram-chasing idx ({¥'; X}), we get that
pHomy (u,{F;F})F, ({F;X},-) = Homx (p(r.x3 M4, -)- (4.4)
By pre-composing with p and using eq. (4.2), it follows that
Homy (p x> -)p = pHomy (u, {F; FY)Fy ({F;X},-)p = p.

But, by the universal property of the limit, the only such arrow {F; X} — {F; X}
is the identity, which means that eq. (4.4) yields eq. (4.3). [
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We would like to internalize proposition 4.3.1 to get an isomorphism that is
natural over the object of limit-preserving functors. That could be achieved
by internalizing the whole proof by using, in particular, the internal limit-
functor for a complete category from proposition 4.1.11 and the internal choice
of isomorphisms from remark 4.2.6. Still, the result would be hard to read
and provide little insight. Instead, we provide a proof via indexing over the
object of limit-preserving functors, and then applying the external version of
the result.

Notice how, in the proof of proposition 4.3.1, the only limits the functor needs
to truly preserve are those of diagrams with shape X. Of course, since the
functor turns out to be (isomorphic to) a presheaf, it indeed preserves all limits.
This observation, though, is useful for internalizing the result, since internally
we can represent the object of functors preserving limits of diagrams with
shape X, but not general limit-preserving functors.

Corollary 4.3.2. Let X be a complete V-enriched category. Then there is a V-
enriched isomorphism Homy ({F';X},-) = F natural in F: LPFuny (X, V) (see
remark 4.2.6).

Proof. In the slice category of € over LPFuny (X, V), consider the diagram
e: LPFuny(X,V)*X — LPFuny(X,V)*V

defined, in context F': LPFuny (X,V),x: X, as e (F,x) = (F,eg (Fy,x)). Such
functor preserves limits because it is indexed over the object of limit-preserving
functors, so we can apply proposition 4.3.1 to get an isomorphism

HomLPFunX(X,V)*X({LPFunX(X, V) *X, e} (F) , (F,x) ) = (F, ez (Fo,x) ) .

Notice that the weighted limit {LPFunx (X, V)*X;e} with parameter F will
be a pair (¥,l) where [: X. Then, the chain of isomorphisms
(F,Homx (x",1))
= Homy ppuny x,v)*x ((F,x"), (F,]))
= HomLPFunX(X,V)*X( (F,x"),{LPFunx(X,V)*X;e}(F))
= Homp pruny (x,v)*1x,x] (LPFuny (X, V) *X, Homy ppyn, x,v)=x ((F,x"), e (F)))
= (F,Homx x (X, Homy ppyn, x,v)=x @', F)))

shows that [ is {X; F'}. But then, e¢ (F,x) = Homx (-, {X;F}). O

By corollary 4.3.2, a presheaf on a V-enriched category X that preserves
limits of shape X is representable. We know that representable presheaves
preserves all limits, so it may be tempting to say that LPFunyx (X, V) is the
object of limit-preserving presheaves over X. There is, though, a philosophical
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issue: LPFuny (X, V) tracks, for each presheaf it contains and each diagram
of shape X, the isomorphism witnessing that the limit of such diagram is
preserved by such presheaf, but it does not do the same for diagrams of other
shapes, as an object representing limit-preserving functors should.

Remarkably, corollary 4.3.2 provides a pseudo-inverse of the Yoneda em-
bedding. Unexpectedly, it is then possible to establish an equivalence be-
tween a V-enriched category X and the V-enriched category of limit-preserving
presheaves over it.

Corollary 4.3.3. Let X be a complete V-enriched category. Then there is an
equivalence of V-enriched categories

X = [X,Y]opx)-
Proof. It follows from corollaries 3.8.5 and 4.3.2 and proposition 4.2.3. O

From the previous results, it follows that, in the context of internal enriched
categories, completeness implies cocompleteness.

Corollary 4.3.4. Complete V-enriched categories are cocomplete.

Proof. Let X be a complete V-enriched category, and W: K°? - Vand G: K —
X be V-enriched functors. Define

F := Homgop v (W, Homy(G,-)): X - V.

By propositions 4.1.14 and 4.2.5, F preserves limits. Then, the weighted colimit
W - @G is given by the weighted limit {#'; X }. Indeed, from proposition 4.3.1, we
get

HomX({F,X},-) =F = Hom[Kop’V] (W, Homx(G,-)). [l

By duality we also get the converse, so that completeness and cocompleteness
are equivalent in the context of V-enriched categories.

Corollary 4.3.5. Cocomplete V-enriched categories are complete.

We have an immediate consequence by applying the previous result to cate-
gories of presheaves.

Corollary 4.3.6. All V-enriched categories of presheaves are co-complete.
Proof. 1t follows from corollaries 4.1.15 and 4.3.4. O

We also have a version of the adjoint functor theorem. What is remarkable
about it is that it doesn’t require any size-related hypothesis, such as the
solution set condition.
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4.3. Adjoint Functor Theorem

Corollary 4.3.7 (adjoint functor theorem). Let X and Y be V-enriched cate-
gories, of which X is complete, and F: X — Y a limit-preserving V-enriched
functor. Then, F has a left adjoint.

Proof. Consider the functgrﬁ’ := Homy (-, F'): Y°P — [X, V]. Notice that, in
context y: Y, the functor F(y) : LPFuny (X, V) preserves limits. Then, the

functor .
Fop@idVCatg (X) {_._}
G=Y [X,V]PQV [X,.X] - X

is left adjoint to F. Indeed, in context x: X and y: Y,

Homy (Go (¥),x) = Homx ({Fo (v); X},x) = e(Fy(y),x) = Homy (y,Fy(x))
by corollary 4.3.2. O
By duality, we also get a version of the adjoint functor theorem for colimits.

Corollary 4.3.8. Let X and Y be V-enriched categories, of which X is cocomplete,
and F: X — Y a colimit-preserving V-enriched functor. Then, F has a right
adjoint.

Finally, the previous results can be applied to categories of presheaves.

Corollary 4.3.9. The Yoneda embedding for a complete V-enriched category
has a left adjoint.

Proof. 1t follows from proposition 4.2.5 and corollary 4.3.7. O

Remark 4.3.10. It would be way too good if, analogously to corollary 4.3.5, a
V-enriched functor preserved limits if and only if it preserved colimits. Sadly,
counter-examples are easy to find: frames are complete lattices (and thus
they are complete Set-enriched categories) satisfying an infinite distributive
law, whose homomorphisms preserve arbitrary joins (so preserve limits) and
finite meets, but do not necessarily preserve arbitrary meets (and so do not
necessarily preserve colimits). The lattice of open sets of topologies provides
examples of such frames, and the inverse-image of continuous functions yields
frame homomorphisms, which notoriously preserve arbitrary joins (unions
of opens sets) and finite meets (intersections of open sets), but not arbitrary
meets (interiors of intersections of open sets).

97






5. Future WoORK

In this dissertation, we developed the foundations of the theory of internal
enriched categories. This merging of the separate subjects of internal and
enriched category theory raises many issues. In particular one would like to
investigate how the theory plays out in examples and exploit the theory in
application areas. In this chapter we suggest what seem to be promising areas
for future research.

5.1. SeTSs

Within the category of sets, our theory corresponds to the standard theory of
enriched categories (with the restriction that both the enriched categories and
the enriching monoidal categories are small).

With regards to completeness of the enriching category, the small com-
plete symmetric monoidal closed categories are—up to equivalence—what are
known as commutative unital quantales. There is some existing theory of
quantale enriched categories which has been studied in particular by Dirk
Hofmann, and it would be of interest to consider this subject from the point
of view of this dissertation. On the one hand, the theorems which we give
can be read as the elementary results of that theory. On the other hand, one
might try to generalize developments of that theory to our context, such as
the duality theory given in Hofmann and Waszkiewicz (2012).

5.2. MoDEST SETS

The internal category of modest sets in the effective topos (or better, its subcat-
egory of assemblies) represents the leading example for the theory of internal
enriched categories, as it fits all the requirements we need to develop the
theory presented in this dissertation.

Let’s recall the definition of the effective topos, Eff (Hyland 1982).

Definition 5.2.1 (effective topos). An object (X, [- =x -]) of the effective topos
is a set X with a non-standard equality predicate [- =x -] on X x X, that is, a
function X x X — % (N), such that the axioms

Symmetry: [x =xx'] = [x’ =xx], and
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Transitivity: [x =x '] A [ =xx"] = [x =xx"]

are valid.

Let’s denote the term [x =x x] with [x € X], since, in a way, it represents
the set of witnesses to the belonging of x to X.

An arrow (X, [- =x -]) — (Y, [- =y -]) of the effective topos is a class of
equivalence of functional relations X — Y, that is, functions f: X x Y —» % (N)
such that the axioms

Relational: f(x,y) A [x=x '] A [y =yy'] = f&,y),
Strict: f(x,y) = [x€X]A[y Y],

Single-valued: f(x,y) Af(x,y’) = [y=yy’], and
Total: [x €X] = Jy: Y.f(x,y)

are valid, and where who such functional relations f and g are equivalent if
f(x,y) < g(x,y) is valid.
Given two morphisms

X, [-=x-1) L @, - =y -1 E @, [-=4 D),

the composition is given by the class of equivalence of the predicate

gof)(x,2) =Ty:Y.f(x,y) Ng(¥,2).

The identity for an object is given by the non-standard equality predicate of
the object.

There is a functor A: Set — Eff sending a set X to the object (X, 0x), where
Ox(x,x’) = N ifx = x” and @ otherwise.

Let’s now define the internal category of modest sets Mod in the effective
topos (Hyland 1988).

Definition 5.2.2 (modest sets). A modest set is an object (X, [- =x -]) in Eff
such that [x =x '] = [x e X] N [’ € X] and [x =x x"] # 0 implies x = x’ for
allx,x’ € X.

Modest sets are, equivalently, partial equivalence relations on N. Let PER
be the category of partial equivalence relations on N.

Definition 5.2.3 (category of modest sets). The object of objects of the internal
category Mod in Eff is Mody, = A(PER;). The object of arrows of Mod is
the subobject of A(PER;) with existence predicate given by [f € Mod;] =
{n|nisanindex for f}.
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5.3. Groupoids

In the effective topos, Mod is weakly complete, in the sense of Hyland, Robin-
son, and Rosolini 1990. Sadly that is not much use for the purposes of this
dissertation. However we can restrict attention to the quasi-topos of separated
objects for the double-negation topology, which is, equivalently, the category
of assemblies.

Definition 5.2.4 (assemblies). An assembly is an object (X, [- =x -]) of Eff
such that [x =x x’] # @ implies x = x” for all x,x” € X. Let’s call Asm the full
subcategory of assemblies in the effective topos.

Then, Mod is an internal strongly complete category in Asm (ibid.). Moreover,
the cartesian product in Mod makes it a symmetric monoidal closed category.
Then, we can then consider Mod-enriched categories in Asm, and the theory
developed in this dissertation will hold in that context.

5.3. GROUPOIDS

The original suggestion that there should be an internal enrichment over the
category of Modest Sets came from a discussion with Rosolini on the topic of
categorical models of type theory, in an attempt to formalize the intuition of a
groupoid-like object whose hom-sets look like modest sets.

In the early stages of the research, I abandoned the attempt to develop a
theory for groupoids, focusing instead on the mere enrichment over an internal
monoidal category. The reason is that, to define an enriched groupoid, the
enriching category has to be cartesian monoidal, an that would have much
reduced the generality of the argument. Indeed, the internal logic of a monoidal
category does not even allow to express a formula of the kind fo f~1 = id!

Still, the leading example of the category of Modest Sets is cartesian monoidal
(other then cartesian closed and complete), so it would support a notion of
groupoid enriched over it. It would then be interesting to specialize the present
theory to groupoids enriched over a cartesian monoidal category, and then
apply that theory to the category of Modest Sets.

5.4. MoNADS

Monads are an essential tool in category theory, and have found wide appli-
cation in the area of theoretical computer science (Moggi 1991). It is then
opportune to develop a theory of monads in the context of internal enriched
categories. There two aspects of monads which seem worth following up from
the point of view of this dissertation.

First note that the category of modest sets just discussed is cartesian closed
and we might wish to have examples of more general complete symmetric
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monoidal closed internal categories. One way to do that is by using the theory
of commutative monads as developed by Anders Kock (Kock 1970, 1971a,b,
1972a,b). Suppose we have an internal complete cartesian closed or even
symmetric monoidal closed category and an internal commutative monad T on
it. Then we would expect the category of T-algebras to be complete symmetric
monoidal closed. Typically algebraic theories where there is a natural tensor
product on algebras are commutative. There are many mathematical examples
and if anything more examples have been studied in connection with Moggi’s
approach to computational effects. There will surely be versions of such monads
acting on modest sets and that will give a large collection of examples of the
theory presented in this dissertation.

Secondly we might develop a theory of internal enriched monads. We sketch
the basic framework. Assume V is an internal symmetric monoidal category
in & with equalizer.

Definition 5.4.1 (internal enriched monad). Let X be a V-enriched category.
A monad T on X is a triple

(T: X - X,n:idX) > T,u: T2 > T)
such that u(9T) =id(T): T - T and u(uT) = u(Tw): T3 > T.
The object of algebras on 7' is the subobject of X x V; of those (x: X,h: Vy)
such that

h: 1y - Homyx (T (x),x),
Homx (T (x),x) ® Homx (x, T (x))

W w(ﬁ(x);x)

Iy > Homy (x,x)

and

I h®h - Homy (T (x),x)
v " ® Homy (T, (x),x)

ML(x)Rh Homy (T (T (x)), Ty (x))
® Homx (T (x),x)

l°X(T0 (To(x)),Ty(x),x)

Homyx (T (T (x)), Ty (x))

® Homy (T (x),x) Homy (To (T (x)),%).

R g
ox(T'o(To(x)),To(x),x)
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5.5. Cubical Sets

The homset in the context of algebras (xg, ko) and (x1,h1) is the equalizer of

Homy (xg,x1) Homy (xg,x1)
lid@ho lh0®T1 (xg9,%1)
Homyx (xq,x1) ® Homx (T (xg),x0) and Homx (T (x1),x1) ® Homx (T (xg),To(x1))
l°x(To(xo),xo,x1) l°x(To(xo),To(x1),x1)
Homy (T (xg),x1) Homy (T (xg),x1)

and the identity in the context of algebra (x,A) is idx(x). With this data, we
have an internal V-enriched category of algebras Alg,.

There are some standard definitions and results which would now have to be
proved, such as the characterization of monadic functors. Of particular interest
would be to prove that categories of algebras Alg; are complete. This would
imply that categories of algebras are cocomplete too. In standard category
theory, it is not generally true that if a category is cocomplete then so is a
category of algebras over it. Although there are various circumstances in which
such categories are cocomplete, these require individual attention. Even the
case of algebras over sets is non-trivial.

A theory of monads in the enriched setting is one notable omission in Kelly’s
treaties on enriched categories and rather little seems to be have appeared in
the classical literature. There may be good reason for this. For example, in
his consideration of the related topics of adjoint lifting in the enriched setting,
John Power explicitly remarks (Power 1988) that he conducts his arguments
essentially in the context of Street’s Formal Theory of Monads (Street 1972).
Perhaps because of this intellectual history it would be instructive to develop
the theory of enriched monads on an internal enriched category. One would
expect initial problems e.g. as to whether the category of algebras is cocomplete
to evaporate. But would one now be able to refer to Street’s theory as a suitable
background?

5.5. CuBicAL SETS

There is currently much interest in models for Type Theory (especially for
Homotopy Type Theory) in categories of presheaves. Because of its seeming
simplicity, internal enriched category theory should provide an ideal setting
for this kind of investigations.

We shall comment on the possibility of developing a theory of cubical sets
(M. Grandis and Mauri 2003) in the context of modest sets. Indeed, cubical
sets have been successfully used to yield univalent models for homotopy type
theory (Bezem, Coquand, and Huber 2014), and a theory of “modest” cubical
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sets would provide a potentially interesting variation of those models. In
particular, it would be interesting to investigate how the properties of the
effective topos, especially those regarding representability, affect such models.

To begin with, it would be necessary to define a suitable cube category [Jin
Asm. It could seem tempting to just use the set-theoretic definition, via the
embedding A, but likely that would not be the best choice: the set of object of
the cube category is N, but A(N) is not the natural number object of Eff. A
better idea would probably be to consider the natural number object of Eff as
the object of objects, and a suitable subobject of NN (whose underlying set is,
notably, the set of recursive functions N — N, see Hyland 1982, Lemma 10.1)
as the object of arrows. Then, the internal category of “modest” cubical sets,
[(°P, Mod], would be a complete symmetric monoidal closed category.

Moreover, we can consider [[J°P, Mod]-enriched categories, which provide an
interesting take on higher category theory and have potential applications as
models for type theory. It is an under-developed idea that categories enriched
over cubical sets may be, essentially, types.

It is also worth noticing that there is a category of cubical categories (Marco
Grandis 2009) which is (according to preliminary investigations) monadic on
the category of cubical sets. This again should translate to the language of
internal categories, so that we may get an internal category of “modest” cubical
categories which is still complete and cartesian closed.
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CoNcLUDING REMARKS

This dissertation introduces the notion of internal enriched category, whose
definition is a straightforward internalization of that of standard enriched
category. This turns out to be a special case of other well-known notions,
notably those of indexed enriched category (Shulman 2013) and enriched
generalized multicategory (Leinster 2004).

The methodical study of internal enriched categories in the spirit of Kelly
(1982) shows that they feature many of the good properties of standard enriched
categories. In particular, under suitable conditions, the category of internal
enriched categories and their functors is monoidal closed, in close analogy to
what happens in the external setting. That makes it possible to derive an
internalized version of the Yoneda lemma.

Moreover, a notion of completeness, compatible with that of strong internal
completeness as given in Hyland, Robinson, and Rosolini (1990), applies to
internal enriched categories. This is remarkable because there are interest-
ing examples of internal complete categories, such as, notably, the internal
category of Modest Sets inside the category of Assemblies (a subcategory of
the Effective Topos, see Hyland (1982)).

We argue that the the theory of internal enriched categories is particularly
nice to work with and suitable for applications in areas where the use of
standard category theory turns out to be problematic, thanks to its remarkable
combination of features. Indeed, as shown in the course of this dissertation,
the theory follows the familiar patterns from standard enriched category
theory, while offering the generality and wide array of examples of internal
category theory. Moreover, internal enriched categories are especially well-
behaved in regard to size issues, as they are always small with respect to the
ambient category; as a result, many size-related issues and inconveniences
that traditionally plague the treatment of completeness, especially in relation
to presheaves categories, disappear.

In particular, the theory developed herein is meant to find application in the
setting of categorical models of type theory. For example, internal enrichment
over the category of Modest Sets in the category of Assemblies could provide a
natural environment for the development of models with attractive computa-
tional features. This is a broad area of research well outside the scope of this
dissertation, though nevertheless a worthy investigation for future work.

More generally, the approach taken in this thesis is designed to facilitate
applications. In particular, note that many type theorists start with the idea of
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Concluding Remarks

models in locally cartesian closed categories, as in Seely (1984). Even though
in our leading example of the Modest Sets in the category of Assemblies we do
in fact have some existential quantification (after all, as they are a category of
separated objects, Assemblies form a quasitopos—see for example Johnstone
(2002)), we have been careful to present the whole theory without reference
to that. Hence traditional type theorists can exploit the theory here just as it
stands.

106



A. ENrRICHED (GFENERALIZED
MULTICATEGORIES

The notion of internally enriched category is an occurrence of Leinster’s more
general notion of enriched generalized multicategory (Leinster 2002, 2004).
This section will follow Leinster 2004’s notation.

A.1. GENERALIZED MULTICATEGORIES

Let & be a finitely complete category. In addition to the usual assumption, we
shall need to also assume that the forgetful functor U: Catyz — Graphg has
a left adjoint, the free-category-on-a-graph functor % : Graphy — Catg. In
particular, that is true if € has countable products and finite coproducts.

Definition A.1.1 (cartesian monad, ibid., definition 4.1.1). Call cartesian

* a category, if it has pullbacks;
¢ a functor, if it preserves pullbacks;
¢ a natural transformation, if all of its naturality squares are pullbacks;

* amonad (T, 7n,u) on &, if the category €, the functor T, and the natural
transformations u and 7 are all cartesian.

Let idg be the identity monad on &. This is a cartesian monad, since € is
finitely complete (and thus, in particular, cartesian).

Definition A.1.2 (generalized multicategory, ibid., definition 4.2.2). Let T be
a cartesian monad on . A T-graph is a diagram

NG
T(Cp) Co

in €. A (generalized) T-multicategory is a monad in the category of T-algebras
& 1. Explicitely, a T-multicategory € consists of a T-graph (as above) together
with arrows

'z C1 X7y T(C1) = Cy (A1)
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and
igi CO i Cl (A2)
satisfying associativity and unitarity axioms.

Remark A.1.3. Observe that Multicat,y, = Catg and Graphidg = Graphg.
Consider the forgetful functor U: Multicat;q, — Graphidg, that is, U: Catg —
Graphg, and its left adjoint % . The adjunction (¥,U, 7, ¢) is monadic, and
it induces the monad (¥ = U%,7n,¢ = Ue¥) over Graphy (Leinster 2004,
theorem 6.5.2).

Given an object X of &, there exists a unique €-category structure on the
&-graph
XxX

77 YQ
X X
which is called ind (X)), the indiscrete category over X. Composition is given

by

X xX) 7y Xy X xX) M X xX)

(where p; and py are the pullback’s projections), and identity is given by the
diagonal A: X — X x X.

The (underlying €-graph of the) indiscrete €-category ind (X) has an ¥ -
algebra structure

°indx) = U€ina(x)* Find(X) — ind (X)

given by the counit of the adjunction. Then, there is a (unique) ¥ -multicategory
structure ind (X) " (ibid., example 4.2.22) given by a % -graph

Find (X)
s=id t=oinax)
/ \
Find (X) ind (X)

and operations
. . T2 . *ind (X) .
indX)* = Find(X) xginax) F Find(X) — F Find(X) —— Find(X)

and

inacg,: = nd(X) Jind® | 7 ind (X)

satisfying associativity and unitarity.
Intuitively, the composition of ind (X)* collapses a list of lists of elements
of X into a single list:

(g, - ’xn)'ind(X)+((x0’ ey X1 )y ey (s oo 3%)) = (X e s Xy eee s Xy s oo 5% ) -
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A.2. The ¥F-multicategory V"

Definition A.1.4 (enriched generalized multicategory, ibid., definition 6.8.1).
Let 7" be an ¥ -multicategory. A 7 -enriched idg-multicategory is an object X
of & together with a map ind(X)" - 7" of F-multicategories.

A.2. THE ¥ -MULTICATEGORY 7"

Given the monoidal &-category V, there is a ¥ -multicategory (a % -operad, to
be more specific) 7°, constructed as follows.

Let V; be the &-graph 14 & V. Consider the &-category (V,, ®Y,Iy) given
by the monoidal structure on V. Then, by adjunction, there is a morphism of
&-categories

®%: F (Vo) — (Vy,8Y,1y),

induced by the morphism of &-graphs idVO. On the underlying graph, that

is a morphism ®°: ¥ (V) — V|, which is non-trivial only on the arrow’s
component.
Let V; = V§ & V{ be the pullback of €-graphs

Vi 2 1, eV Vi 2 1, vi 2 v,
Wll l(!,SV) = Wll - l : Wll ls%
97(V0) 20 VO ]lg —_— ]l;g y(VO)l F VO

Notice that Vi = 1g. In the internal language of &, the pullback V{ has
elements those pairs ((4;): ¥ (Vy),f: V1) such that sy (f) = ®9 (4,). Thus,
informally speaking, V; is the graph with one vertex and arrows f: A, ®V

...®Y A, — A of V as edges, remembering the sequence A ... A,, yielding the
domain of f.

There is an &é-category structure (Vy, oy ,idy ) where composition is defined
as

ToXT o

- + R

VI xV] > VixVy
- |ov

XY Vi Vi

Wll lS%
.O}‘(Vo)l X 97(V0)1 W 97(V0)1 VO

®0
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and identity as

lg
\ .
idy,
" .
Iy Vf —V;

Wll lSV
VO P 'QZ(VO)l F’ VO

(77V0)1

In the internal language,
(A1), (B;,8): Vi F (B},8) oy, (A,f) = (A; o5 v,y B;,f®V 2).
Informally speaking,

®
(A40®...84, 5 Aoy (By®..®B,, % B) = (A9®..84,8B,8..8B,, % AGB).

By adjunction, there is a morphism of V-categories
®!: F (V1) = (Vq, °V1?idV1)

induced by the morphism of €-graphs idy,.
There is a ¥ -multicategory 7" with structure given by

Vi
77 \(“ tyma)
Vo

F(Vy)

The composition -9-: Vi xg (y,) F (V1) — V7 is given by

o VlXVO@’1 ToX g
Vl X-CF(VO) S (Vl) —_— Vl XVO Vl — ]lg b Vl XVO Vl

77-2l \\__%\ l(!,o%)
7 T .

F (V1) Vi leeVy >

-
y(wl)l Wll l(!,sv)
of of oF N
FF (Vy) = F (Vy) -0 > Vo
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and the identity ig-: Vj —» V7 given by
(Lidy)

Vi —25 15V, -

d
Wll l('ysv)

Observe that only the edges’ part is non-trivial. In the internal language,
given (A;,f): Vi and ((4,);,f;): F (V1) such that A; = ty(f;): F (Vy),,
multi-category composition on the arrows’ component is defined as

A, ) Cor) 1A 1) = (Agjy,[ov ®1(fi)) : Vii-
where A(iJ) = (oy,)1( (Aj)i) : F (V)1 (and it is trivial on the object compo-
nent). Informally, f -9~ (fy,...,f,) is

AJ®..@AS .. Al®..®A%
o e.o 5l
Ay ® ®A,
Ir
A.

A.3. INTERNAL ENRICHMENT TO ENRICHED (GENERALIZED
MULTICATEGORIES

Let X be a V-enriched category. We shall build a 7"-enriched id-multicategory
% out of it. That is given by an object of &, let’s choose X, and a morphism
ind(X)" - ¥ of F-categories; that means a commutative diagram in Graphg

Find (X)

Find (X) Z*1 ind (X)
(A.3)

FXo Vy

Zo
F (Vy) Vo
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such that the diagrams

Lnact

ind( X) — FindX)
%’Ol l%l (A.4)
V() ETTEE— V1
1y,
and
. +
Find(X) Xginax) F Find(X) =22 Find(X)
%lxy%ll l%l (A.5)
Vl Xg‘(vo) y(Vl) g > Vl
commute.

(!,Homy)

Let g be ind(X) ——— V.

The arrow % 1: ¥ind (X) — V; requires a two-step construction. Consider
the €-graph Vx: (Vx), & (Vx), given by

VX T2 Vl (VX)O —2 ]l‘i? (VX)l - Vi'-
) lewm =g m] 2 e ] um
ind X) — V, X —— lg XXXT Vo

X

and notice that (Vx), = X, while, in the internal language, (Vx), has el-
ements those tuples (xg: X,x1: X, (4;): F (V) {,f: V1) such that sy(f) =
®%(4A;) and ty (f) = Homy(x,%7). Informally, Vy is the graph with elements
of X as vertices, and arrows f: Ay ® ... ® A,, » Homy(x,x1) as edges from
the vertex x( to the vertex x;.

There is a €-category structure (Vy, oy,,idy,). Composition oy : (Vx) Xx
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(Vx); — (Vx), is given by

T oy
Vi< 2 Vixy, Vi —— ™V,

|

V1XV1 > Vl

T QX T 9 T2

°F V)
FVo)1xF Vo)1 —= F Vo)

—_

TT1XT1
°x V]—_i_ X V]-_'_
(mg) X (73) - 1

(72)
(Vx); xx (Vx); ===V -~ (Vx), £

A
71)1%Xx(71) ¢ (77'1)11 tyms

XxXxX » X x X > Vo

(7Tl,’77'3) HomX

Identity idy_: X — (Vx), is given by
Vx 1

(n (Vo) Iyl,idy)
X

N
id
Vx
8

(7m2)
(Vx); — Vi

d
(71) 1l ltvﬂ' 2
XxX FIHX* VO
In the internal language, the composition is given by

(x17x27Bj7g) OVX (xny]_?Aiyf) = (xO’x2?Ai 0_07(‘70) Bja °X(3C0,x1,x2) (f®Vg)

Informally, the composition is given by

By®..®B,, Ap®..QA,
|« d
Homy (x1,x9) ® Homy (xg,x1)

l°X(x0:x1,x2)

Homyx (x¢,x9).
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V-functors ¥ind (X) — Vx correspond bijectively, by adjointness, to mor-
phisms ind(X) — Vyx of €-graphs (by abuse of notation, the same sym-
bol is being used for both a &-category and its underlying €-graph). Let
ox: ¥ind(X) — Vyx extend the morphism of €-categories

(idjng x),Homy) idinax)* (Mv,,idy)

lnd(X) lnd(X) XVO VO lnd(X) XVO V]_ = VX

that is, intuitively, the functor sending x to idx (x) and (xq,x7) toidy (Homy (xq,%1)).
Then,

ox(xg,...,%,) = Homy (x,,_1,%x,) ® ... ® Homx (x¢,%1) X, Homy (x¢,x,,).

By applying the forgetful functor, let’s consider ox as a mere morphism of
&-graphs. Let then &';: Find(X) — V; be the composition of ox with the
morphism of €-graphs 75: Vx — V3.

Diagram (A.3) commutes. To prove this, consider the diagram

ind (X)
nimli(X)
Find (X)
/ loX w:i(X)
Find (X) Vx —71+ ind(X) -
o
v
-67(%0) Vl .%0
F (Vy) Vo

Consider the two morphisms ¥ind (X) — V| of €-graphs forming the right
square. Direct calculation shows that the square at the bottom commutes.
The triangle on top is the underlying diagram of &-graphs of a diagram of
&-categories. Restricted by precomposition on ind (X), the two €-graph paths
commute. Both the paths Find (X) — ind (X) extend those to €-functors,
and as such they must coincide by adjunction.

Consider the two morphisms ¥ind (X) —» ¥ (V) of €-graphs forming the
right square. Direct calculation shows that the two paths, restricted on ind (X),
commute. Moreover, they are functors of €-categories. Both morphisms of &-
graphs extend that to €-functors on ¥ind (X), and as such they must coincide
by adjunction.
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Diagram (A.4) commutes, because

idjna x) Xiy

ind (X) xy, Vo > Vx

(idind(X)"%.O)T 177—2
ind (X) “’“‘X) Find(X) 24 v,

N

Diagram (A.5) commutes. To begin with, define -y_: VxXx gy, ¥ (Vx) - Vx
as

7TZX.(%~(7T2)
VX X?(Vo) y(Vx) > Vl X?(Vo) ?(Vl)
oy |
\\:L 7Tz

T VX > Vl

.
Wll l(!,tvﬂg)
Vx ——— ind(X) ———— Vg

In the internal language? given (x0,%1,4;,f): (Vx)qand (xh), x5, (A)),,f;): F (Vx),
such that A; = Homx (x(),x4) : ¥ (Vj) 1, multi-category composition on the ar-
rows’ component is defined as

(x0,%1,4:,1) (‘VX)l(xf),xily (Aj)iyfi) = (xo,xl,A(iJ),f°V ®1(fi))3 (VX)l'

Intuitively, the composition f Vy (fo, --- »f») is given by

A)® .0 AY, Al®..®@AY
lfo ® ...® fnl
HomX(xg,x(l)) ® ® Homxy (x3,x7)

|r

Homy (x¢,x1)

so that -y is an extension of -y-.
The morphism of €-graphs vy is a functor of €-categories, where Vy is
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given the &-category structure (Vy, oy idVX). This means that the diagrams

idyex7 (vy)
—_—
(Vx Xz v, ¥ (Vx)), (Vx Xz v, ¥ (Vx)),
<-VX>01 l(-vx% (A.6)

(Vx)o > (Vx),

idy,
and

" (vxx7 V)
/—\
(VX Xg(vo) g(VX))l Xx (VX X."f(Vg) 'g?(VX))l (VX Xg(VO) .o}’(Vx))l

('VX)IX('VX)ll l('VX)l
(Vx)1 xx (Vx); > (Vx)4

OVX
(A.7)

commute.

Then, to prove that (A.5) commutes is to prove that

—
Find(X) Xginax) F Find(X) 2% Find(X)

o Fox lx (A.8)
> VX

commutes. All morphisms in (A.8) are functors of &-categories. Thus, it
suffices to show that the paths commute on the generators of

Find(X) Xginax) F Find(X) = F (ind(X) Xjpqx) Find(X)).

Also, notice that ind (X) x;,qx) Find(X) = Find (X). With this in mind,
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the diagram

Vx
fo
Find (X)
(°ind(x)-1d7ind(x)) w [imaco)*
FindX) ~ ind(X) xipacg, Find(X) Find(X) X ginax) F Find(X)
(idind(X)xHomX)XoXl [exxFex
(ind (X) x V) Xy, Vx Vx XF (Vo) F (Vx)
M 1 "x
Vx

proves that (A.8) commutes.

Remark A.3.1. For the notion of natural transformation of functors of T-
multicategory, and of 7"-enriched functor, see Leinster 2002.

Given a functor F: X — Y of V-enriched categories, there is a 7"-enriched
F -functor & — % given by Fy: Xy — Y, and F;: ind(X) — V; induced by
Fi: XxX ->V;.

A.4. ENricHED GENERALIZED MULTICATEGORIES TO
INTERNAL ENRICHMENT

Let &: ind(X)* — ¥ be a ¥ -enriched ¥ -multicategory as in eq. (A.3).
Then there is a V-category X on X whose hom is Homy = (%),: X x X =
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ind(X); — V,, whose composition is

XxXxX=ind(X), Sind ) < tind ) ind (X),

(Mind(x)) 1 X Mind (X)) {

(Find(X)); s, (Find (X)),

ind (%) " tFind )
V°97ind(X)
(Find (X)) ’
! (1)1

(Vl)l

| (m2) 1

Vi

and whose identity idy is

(m i %in (%1) (72)
X =ind(X)y —2 (Find (X)) y %, (Find (X)), —5 (V1); —5 V.

Given a ¥ -enriched functor F: X — Y of ¥ -enriched categories, there is a
functor of V-categories given by F,: Xy — Y, and F;: X x X — V7 induced by
F12 llld(X) - Vl'

A.5. EQUIVALENCE

Finally, let’s show that the constructions defined in the previous sections are
mutually inverse (up to isomorphism), meaning that 7"-enriched id-multicategories
and V-enriched categories are equivalent notions.

Proposition A.5.1. Let X be a V-enriched category, % the ¥ -enriched id-
maulticategory associated to X, and X the V-enriched category associated to .
Then, X = X.

Proof. Observe that Homyx = Homyg. The composition

°Find(X)
_—

(Find(X)), ¢x¢ (Find (X)), (Find (X)), RN (V1)

is equal to

. . (-%1)1X(-%1)1 °Vy
(Find(X)) 1 ¢x¢ (Find (X)) ————— (V1) x (V1); — (V1);.
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Then, the composition o4 of Xis

ind(X){ ¢x¢ ind(X), ind(X) ¢x¢ ind(X);

V(771nd(X))1x(77ind(X))1 "(77ind(X))1X(77ind(X))1
(Find (X)) ¢x¢ (Find (X)), (Find(X)){ ¢x¢ (Find (X)),
V(%l)lx(%’l)l "(%’1)1><(%’1)1
(V1)1 x (V)4 = (V1)1 x (V1)
V°V1 "(77'2)1><(77'2)1
Vi), VixxVy
V(7fz)1 ~'°X(771®7T2)
vy Vi
which is oyx. O

Proposition A.5.2. Let & be a 7 -enriched id-multicategory, X the V-enriched

category associated to &, and % the ¥ -enriched id-multicategory associated
toX. Then, & = %.

Proof. Observe that %, = % . Then, it’s enough to check (%) 1= (%1) 1
(up to canonical isomorphism) on the generators of the free category ¥ ind (X),
that is, on

ind(X) g

ind (X) Xt

ind ) ind(X),
l (Mind(x)) 1 X Mind(x)) ¢

(Find (X)) ¢, (Find(X)),

ind(X) *tFina(x)

lc’f’iind(X)
(Find (X)),

but that means to check that ox is equal to the composition of the V-enriched

category associated to &, which has already been proven in the previous
proposition. [
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