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Abstract

The aim of this dissertation is to develop categorical foundations for studying
lambda calculi and their logics formed into logical systems. We show how
internal models for polymorphic lambda calculi arise in any 2-category with
a notion of discreteness. We generalise to a 2-categorical setting the famous
theorem of Peter Freyd saying that there are no sufficiently (co)complete
non-posetal categories. As a simple corollary, we obtain a variant of Freyd’s
theorem for categories internal to any tensored category. We introduce the
concept of an associated category, and relying on it, provide a representation
theorem relating our internal models with well-studied fibrational models
for polymorphism. Finally, we define Yoneda triangles as relativisations of
internal adjunctions, and use them to characterise universes that admit a
notion of convolution. We show that such universes induce semantics for
lambda calculi. We prove that a construction analogical to enriched Day
convolution works for categories internal to a locally cartesian closed category
with finite colimits.
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Introduction

There are mainly two distinct approaches to logic. One is the “model-
theoretic” approach. This approach deals with a set of formulae Sen and
a class of models Mod together with a binary relation = C Mod x Sen say-
ing which formulae are true in which models.

Example 0.1 (Model-theoretic propositional logic). Let ¥ p,,, be the propo-
sitional signature — that is, the signature consisting of two nullary symbols
T, L and three binary symbols N\,V,=. A propositional syntax Prop is the
free algebra over Y p,,, on a countable set of generators Var (the set of
variables). Denote by Bool the class of pairs (B,v: Var — |B|), where B
is a Boolean algebra over Xpy,,, |B| is its carrier, and v: Var — |B| is the
valuation of variables Var in the carrier of B. By freeness of Prop, every
valuation v € |B|Y*"  wuniquely extends to the homomorphism v* € BFrp.

We define the model-theoretic classical propositional logic as the relation
Ep C Bool x |Prop|

(B,v: Var — |B|) Ep ¢ iff v*(¢) = Tp

where T g s the interpretation of T in algebra B.

As usual, we say that a formula ¢ is valid if it is satisfied in every model,
that is, for every model B, and every valuation v € |B|Y%" the following holds:

(B,v) Fp ¢

If we replace Boolean algebras with Heyting algebras in the above definition,
we obtain the model-theoretic intuitionistic propositional logic:

=y C Heyting x | Prop|



Recalling that a 2-valued Boolean algebra 2 = {0 < 1} is complete for the
classical propositional logic! we may reach the following compact character-
isation.

Example 0.2 (Model-theoretic 2-valued logic). With the notation of Exam-
ple 0.1 we define the model-theoretic 2-valued propositional logic to be the
relation = C |2|V%" x | Prop|

v ¢ iff vF(¢) =T,

By completeness of 2-valued models, validity of formulas wrt. model-theoretic
propositional logic from Example 0.1 and wrt. the above logic coincide.

In the above example logical connectives were defined internally to the
logic — i.e. were defined inductively over the syntax to imitate operations
from a Boolean algebra. Another way is to define logical connectives exter-
nally to the logic. This idea may be found in the theory of specifications,
where it is used to give an abstract characterisation of logical connectives, or
to enrich logical systems with some “missing” connectives (Example 4.1.41
of [ST12]). For example we can extend the set | Prop| by formulae of the form
¢ and put:

vES iff viE
Connectives defined in such a way do not depend on the structure of the
Boolean algebra 2, but on the connectives from the “external” logic — i.e.
the meta-logic that defines the relation =. We shall call these connectives
“extensionally defined” as they rely on logical values of |=.

Another approach to logic is the “proof-theoretic” approach. This ap-
proach deals with deductive systems, or categories. Following Lambek and
Scott [LS86] we define a graph G to be a quadruple (Obj; Arr; src, trg: Arr — Obj),
and shall call elements of Obj objects (or formulae), elements of Arr ar-
rows (morphisms, proofs, or deductions) and write f: A — B € G for f €
Arr A sre(f) = AN trg(f) = B. Then a deductive system is a graph in
which with every object A there is associated an arrow id 4, and with every
pair of compatible arrows f: A — B, g: B — C' there is associated an arrow
go f: A— C — that is, a deductive system is a collection of proofs (deduc-
tions) between formulae together with at least one axiom —————— (identity),

A—A

! And the Heyting algebra consisting of the open subset of the real line is complete for
intuinitionistic logic.



g
A——=B B——>C
gof
A——C

satisfying the obvious coherence conditions — for every compatible arrows:

A-L-B, B-2-C, 0~ D thefollowingholds: ho(go f) = (hog)o f
and fOZdA:f:ZdBOf

and at least one rule

(cut). A category is a deductive system

Example 0.3 (Proof-theoretic propositional logic). The proof-theoretic clas-
sical propositional logic is the smallest (posetal) category having as objects
elements from the carrier of the syntactic algebra Prop (recall Example 0.1)
and arrows generated by the following rules:

——= (true)

‘Ti)—fm (A-intro)

J_——>'¢ (false)

% (N\-left-elim)

=YY (N-right-elim)

p—>x

% (V-intro)

—‘1’;7__):;/’ (V-left-elim) % (V-right-elim)
% (=-intro) % (=-elim)

GsT=sT—= (double negation)
We say that a formula ¢ is valid if there is a morphism T — ¢.

Observe that while the connectives in the above example were defined by
the generating rules of deductions, we could equivalently characterise the con-
nectives as categorical products, coproducts and exponents (i.e. in a posetal
category the above rules coincide with the rules defining products, coproducts

2A category is posetal if there is at most one morphism between any two objects.



and exponents), making them “external” to the logic. Furthermore, we shall
call these connectives “intensional” as they rely on categorical properties.

The above requires more elaboration. A standard way to define categor-
ical products, coproducts and exponents is via the Yoneda lemma:

X — {x} X — {x}
W (1—1“1116) W (O—rule)
hom(X,Y) x hom(X, Z) hom(Y, X) x hom(Z, X)
hom(X,Y x Z) (x-rule) hom(Y U Z, X) (Li-rule)
hom(X x Y, Z) _
hom(X, Z7) ((=)-rule)

where the double vertical bars should be read as the existences of natural
isomorphisms between Set-valued functors. Now, if a category is posetal,
then the “naturality condition” is always satisfied. Moreover, for sets A, B
with cardinality less-or-equal than one, the following holds: A is isomorphic
to B iff there are functions A — B and B — A. Therefore, in posetal
categories, the above rules for connectives can be split into pairs of rules
(introduction and elimination), and writing X — Y for hom(X,Y’), we can
obtain rules from Example 0.3.

The two approaches described in the above often come together — if a
logic is defined to be a deductive system, a key problem is to find a desirable
class of models over which the logic is sound (and, ideally, complete); con-
versely — if a logic is defined to be a satisfaction relation, a key problem is
to find a sound (and, ideally, complete) deductive system for the logic. By
linking these two approaches we obtain the concept of a logical system.

Example 0.4 (Logical consequence). Let |= C Mod x Sen be a model-
theoretic logic. The logical consequence relation |=ge, € Sen x Sen s de-
fined as follows:

¢ Esen ¥ iff Yrremoa M = ¢ implies M =1

This relation induces the structure of a category on Sen, which is compatible
with satisfaction in the sense:

M|:¢7 gb):Senw = M):@D
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Proof-theoretic propositional logic (Example 0.3) is the category induced by
logical consequence from model-theoretic propositional logic (Example 0.2).

Generally, if | C Mod x |Sen| is a model-theoretic logic, and Sen is a
posetal category build upon |Sen|, we shall say that proof-theoretic logic
Sen is sound over model-theoretic logic |= if the compatibility condition:

ME¢, ¢—=v = MEY
holds — i.e. if M | ¢ and there exists a morphism ¢ — 1, then M = .

Because we deal exclusively with sound systems, we define a logical system
to be a relation between a collection Mod and the collection of objects of a
posetal category Sen satisfying compatibility condition.

The aim of this dissertation is to develop purely categorical foundations
for studying lambda calculi and their logics formed into logical systems. In
Chapter 1 we provide a general 2-categorical setting for intensional calculi
and study its properties. This extends and gives a new perspective on the
fibrational models for polymorphic lambda calculi — we believe that our
2-categorical models are more natural and easier to understand. We state
and prove a suitable version of Peter Freyd’s incompleteness theorem. In
Chapter 2 we provide a general 2-categorical setting for extensional calculi
and show how intensional and extensional calculi can be related in logical
systems. The chapter focuses on transporting the notion of Day convolution
to a 2-categorical framework. We define the concept of Yoneda (bi)triangle,
and show how objects in a Yoneda bitriangle get extensional semantics “for
free”. This includes the usual semantics for propositional calculi, Kripke
semantics for intuitionistic calculi and ternary frame semantics for substruc-
tural calculi including Lambek’s lambda calculi, relevance and linear logics.
We show how in this setting one may use a model-theoretic logic to induce a
structure of proof-theoretic logic. Appendix A recalls some basic categorical
concepts and notions.
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Notational conventions

Throughout the dissertation we shall use the following notational conven-
tions. Categories whose names consist of a single character are denoted
by wide capital letters A, B, C; categories whose names consist of multiple
characters are usually denoted by bold letters starting from a capital letter
Set, Top, Cat. An exception from this rule is the (2-)category cat of small
categories. Likewise, we write cat(C) for the (2-)category of small categories
internal to a finitely complete category C. By Cat we mean the (2-)category
of locally small categories, and by Cat(C) we mean the (2-)category of cat-
egories enriched over a monoidal category C. Notice, that we do not have a
general notation for locally small internal categories, nor for small enriched
categories — the reason is that the natural notion for internal category is a
small internal category, whereas the natural notion for enriched category is
a locally small enriched category, and thus the other notions are rarely used.
Hence, if not stated otherwise, by “internal category” we will mean “small
internal category”, and by “enriched category” we will mean “locally small
enriched category”. We shall use the term “posetal category” for a degener-
ate category that has at most one morphism between any two objects. Every
“posetal category” can be thought of as a pre-ordered set in a natural way
(in fact, since pre-ordered sets and partially ordered sets are categorically
equivalent, if it will not lead to confusion, we shall not distinguish between
these two concepts and call them both: partially ordered sets, or “posets”).

Usually, objects in a category are denoted by capital letters from initial
and final segments of Latin alphabet A, B,C, X,Y, Z, functors by the other
Latin capital letters F, G, H, and usual morphisms by non-capital letters
f, g, h. The fact that a morphism f has domain A and codomain B is denoted

by f: A— B or in a more compact form by A . B. We indicate the
fact that a morphism f: A — B plays the role of “relation” by drawing a
vertical bar f: A -+ B. The external object of morphisms from A to B
is denoted by hom(A, B), with an optional subscript denoting the ambient
category. B# denotes the internal object of morphisms — i.e. the (linear)
exponential object from A to B. Note that the objects hom(A, B) and B4
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coincide in categories enriched over themselves (for more details see Appendix
A.3 and Definition A.33 there). Usually, the notion B# will be restricted
to cartesian exponents, and non-cartesian (linear) exponents from A to B
will be denoted by A — B. Small letters from Greek alphabet «, (3,7 are
generally used for 2-morphisms and, particularly, for natural transformations.
The A-th component of a natural transformation «: F' — G is written as
ays: F(A) — G(A), or if it does not lead to confusion, as a: F(A) — G(A)
— without any subscript. The identity morphism on an object A is denoted
by id4 or by the object A itself. We use the circle symbol o to denote
the usual categorical composition. Thus, if f: A— B and ¢g: B — C are
morphisms, then go f: A — C'is the composition of f with g. Furthermore,
if it will not lead to confusion, we sometimes omit the composition symbol
o writing gf: A — C for the composition of f with g. In case of (possibly
weak) 2-categories, the other composition (i.e. the internal composition) is
denoted by the solid disc e. In expressions involving both compositions, it
is assumed that the usual categorical composition o has higher priority than
the internal composition e. Therefore expressions like:

gopeaof

are always parsed as:
(gop)e(aof)

We shall use the term “weak 2-category” to mean a 2-category-like structure,
where the composition “o” does not have to satisfy associativity and unity
rules on-the-nose, but only up to canonical 2-morphisms [Lei04]. Throughout
the dissertation we shall only use general arguments about weak 2-categories
that are true in all reasonable models of weak 2-categories. If one is not
comfortable with such a notion, then one may read “weak 2-category” as
“bicategory”, and “weak 2-functor” as homomorphism of bicategories in the
sense of Jean Benabou [Bén67).

If not stated otherwise, all diagrams are commutative.



Chapter 1

Internal calculi

The well-known Lambek-Curry-Howard isomorphism [LS86] in its simplest
form establishes a link between cartesian closed categories, simply typed
lambda calculi and propositional intuitionistic logics:

Category | A-calculus | Logic
1 {o} T
AXx B Ax B ANB
BA A—B |A=1B
0 0 1
AUB AUB AV B

To a two-category theorist, a category is just an object in a very well-behaved
2-category Cat of (locally small) categories. A natural question then is
to ask what properties a 2-category has to posses to allow establishing the
above connection inside the 2-category; and more importantly — what can
be gained by such considerations?

An open and still very active area of research in category theory is to give
a reasonable characterisation of a 2-category that allows describing categori-
cal constructions inside the 2-category. Some constructions like adjunctions,
Kan extensions/liftings and fibrations/opfibrations [Joh93] are easily defin-
able in any 2-category. Others like pointwise Kan extensions/liftings require
existence of particular finite limits. Some others like internal limits/colimits
are much harder and require additional conditions or structures on the 2-
category [Woo82] [Woo85] [SW78] [Web07]. In the next chapter we propose
our approach to internal 2-categorical constructions through the concept of a
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Yoneda (bi)triangle. In this chapter we shall investigate internal 2-categorical
constructions through discreteness. The following definitions are standard.

Definition 1.1 (Adjunction). A morphism f: A — B is left adjoint to a
morphism g: B — A (equivalently, g is right adjoint to f) in a 2-category W,
if there exists a 2-morphismn: idy — g o f, called the unit of the adjunction,
and a 2-morphism €: f o g — idp, called the counit of the adjunction that
satisfy the triangle equalities:

(noid,) e (id,o€) = 1id,
(idfom)e(eoids) = idy

In such a case we write f - g.

Example 1.2 (Adjunction between categories). A functor F': A — B is left
adjoint to a functor G: B — A in the 2-category Cat of locally small cate-
gories, functors and natural transformations, iff F' is left adjoint to G in the
usual sense — iff there are bijections natural in A € A and B € B:

homg(F(A), B) ~ homy (A, G(B))

Example 1.3 (Adjunction between 2-categories). A 2-functor F: A — B
is (strictly) left adjoint to a 2-functor G: B — A in the 2-category 2Cat of
locally small 2-categories, 2-functors and 2-natural transformations, iff there
are natural in A € A and B € B isomorphisms of categories:

homg(F(A), B) ~ homa(A, G(B))

There is an obvious underlying functor U from 2-category of (locally
small) 2-categories 2Cat to 2-category of (locally small) categories Cat,
which forgets 2-morphisms. If W,V are 2-categories, then we call a functor
F: UW) — U(V) between their underlying categories, a 1-functor from W
to V. Likewise, an adjunction between underlying categories is called a 1-
adjunction.

U
Definition 1.4 (Discreteness). Let W _—=C be an adjunction between cat-
F

egories C and W with F left adjoint to U. This adjunction gives a notion of
discreteness on category W if the unit of the adjunction is an isomorphism.

11



Because the unit of an adjunction F' 4 U is an isomorphism if and only if
the left adjoint F' is fully faithful, we may identify C with the full image of
F and write Discp(W) for it, dropping the subscript if F' is known from the
context. The right adjoint to the inclusion will be usually denoted by |—|,
so that for an object A € C we have U(F(A)) = |A|, and the coreflection
|A] — A (the counit of the adjunction) will be denoted by e. Examples of
discreteness abound: Example 1.9, Example 1.5, Example 1.6.

Example 1.5 (Discrete graph). Let Graph be the category of undirected
graphs and graph homomorphisms. Its full subcategory Disc(Graph) consist-
ing of graphs without edges gives a notion of discreteness on Graph, with a
discretisation functor |—|: Graph — Disc(Graph) discarding all edges from
a graph. Clearly, there is a natural isomorphism hom (D, G) ~ hom(D, |G|),
where D is a discrete graph.

Example 1.6 (Discrete topological space). Let Top be the category of topo-
logical spaces and continuous functions. Its full subcategory Disc(Top) con-
sisting of topological spaces for which every set is open, gives a notion of
discreteness on Top, with a discretisation functor |—|: Top — Disc(Top)
“upgrading” a topology on a space to the finest topology (i.e. every set is
open) on the space — every function from a discrete space D to any space
W is automatically continuous, since inverse image of any set is open in D;
therefore, we have a natural isomorphism hom(D, W) ~ hom(D, |W1|).

Definition 1.4 is rather general and we may find many unintended ex-
amples of discreteness. One such example is presented in Section 1.3 as
Example 1.67. Here is another one.

Example 1.7 (Unintended discreteness of monoids). Let Mon be the cate-
gory of monoids and monoid homomorphisms, and Grp be its full subcategory
of groups. This subcategory gives an “unintended notion of discreteness” on
Mon. The right adjoint U: Mon — Grp to the inclusion maps monoids
to their groups of units. Indeed, a homomorphism h: G — M from a group
G to a monoid M, has to assign to each element v € G a unital element
h(z) € M — this is because by the property of a homomorphism, we have a
chain of equalities:

ev = h(eg) = h(v eg ™) = h(x) ey h(z ™)

and thus h(z) is unital. Therefore, homomorphisms h: G — M are tanta-
mount to homomorphisms h: G — U(M), where U(M) is the group of units
of monoid M.

12



In fact, if C gives a notion of discreteness on W, then any coreflective
subcategory of C does.

A special care has to be taken if W is a 2-category and C is a 1-category
— here a notion of discreteness is induced by a 1-adjunction F' - U between
underlying 1-categories with F' a 2-fully faithful functor; that is, there can
be no non-trivial 2-morphisms in the full subcategory on the image of F.

U
Definition 1.8 (Discreteness of a 2-category). Let W _—=C be a 1-adjunction
F

between a 1-category C and a 2-category W, where F' is a 2-fully faithful func-
tor which is left 1-adjoint to a 1-functor U. This adjunction gives a notion of
discreteness on category W if the unit of the adjunction is an isomorphism.

Example 1.9 (Discrete category). Let cat be the 2-category of small cate-
gories, functors and natural transformations. The category Set of sets and
functions is its full subcategory inducing a notion of discreteness on cat. The
discretisation functor |—|: cat — Set sends a category to its underlying set
of objects. The natural isomorphism:

hOchat (X, (C) ~ homSet (X7 ‘(CD

follows directly from the definition of a functor. The situation generalises to
any 2-category cat(C) of categories internal to a finitely complete category
C. Moreover, this situation also generalizes to any 2-category Cat(V') of
categories enriched in a cartesian closed category V with an initial object.

Although cat is a 2-category, we could not demand the inclusion Set — cat
to have right 2-adjoint — clearly because there are no non-trivial 2-morphisms
in a 1-category. In this example we could also characterise discrete categories
X as precisely these categories that satisfy the property: for every category
C and every parallel functors F, G: C — X there are no non-trivial (i.e. other
than identities) natural transformation F' — G. This suggests a very impor-
tant generic notion of discreteness, which we shall call “the canonical notion
of discreteness”.

Definition 1.10 (Canonical discreteness). Let W be a 2-category. Let us
write Disc(W) for the full subcategory of W consisting of these objects X,
for which the category hom(C, X) is discrete in the sense of Example 1.9
for every object C' € W. We shall say that W has the canonical notion of
discreteness if the inclusion Disc(W) — W has right 1-adjoint.
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Not every 2-category has the canonical notion of discreteness: consider
the full 2-subcategory of cat consisting of all small categories excluding in-
finite discrete categories. Clearly, the inclusion from the category Sety, of
finite sets and functions does not have a right adjoint.

Note 1.11. One may notice that the concept of discreteness as introduced in
Definition 1.8 is not 2-categorical. A possible solution to this “issue” is to
replace the concept of “discreteness” with the concept of “discreteness up to
equivalence” (a category which is equivalent to a discrete one is called “ele-
mentary”; therefore we could call the concept of “discreteness up to equiva-
lence” — “elementariness”). Nonetheless, for the purpose of this dissertation
it is sufficient and far easier to work with the strict notion of discreteness.
For the same reason, whenever it does not exclude interesting examples, we
prefer to define our concepts for strict 2-categories (as opposed to weak 2-
categories). In a few examples, this leads to a minor inconvenience: some-
times we have to replace a (weak) 2-category with a (weakly) 2-equivalent
(strict) 2-category with “good” notion of strict discreteness (for example: we
prefer to work with strict indexed categories instead of fibrations).

Throughout this chapter the concept of discreteness serves threefold pur-
pose: in the next section it allows us to capture a good notion of internal
cartesian closedness and a good notion of internal products, whereas in the
third section it allows us to introduce the concept of an associated category.

1.1 Internal lambda calculi

Let us recall that in any cartesian category W (i.e. category with finite prod-

ucts) every object A € W carries a unique comonoid structure 1 <L A2 AxA ,
where A = (id, id) is the diagonal morphism. In case W = Cat, we obtain

the usual notion of terminal (initial) object and binary products (coproducts)

in A € Cat by taking right (resp. left) adjoint to the comonoid structure on

A. It seems reasonable then, to internalise the notion of cartesian structure
inside any cartesian 2-category W in the following way.

Definition 1.12 (Internally (co)cartesian connectives). Let us assume that
a 2-category W has finite products. An object A € W has an internal termi-

nal value {8} 4 (initial value {}4) if the unique morphism A 1 has right
adjoint 1 {.—}>A A (resp. left adjoint 1 % A ), and it has internal products

14



X 4 (coproducts Uy ) if the diagonal A 24 Ax A has right adjoint A x A3 A
(resp. left adjoint A x A3 A ).

Example 1.13 (Internal connectives in fibration). Let Fib(B) be the 2-
category of fibrations, fibred functors and fibred natural transformation over
category B (see Definition A.20 from the Appendiz A.2). A fibrationp: E — B
has internal terminal object as an object of Fib(B) in the sense of Definition
1.12 iff each of its fibres has a terminal object that is preserved by rein-
dexing morphisms. Similarly, p: E — B has internal binary products/initial
object/binary coproducts iff each of its fibre has binary products/initial ob-
ject/binary coproducts stable under reindexing morphisms.

Yoneda lemma for 2-categories! implies that for any (locally small) 2-category
W the assignment:

A€W — homy(—, A) € Cat™”
extends to a fully faithful 2-embedding;:
y: W — Cat™”

called “2-Yoneda functor”. Therefore, a morphism f is adjoint to g in W
iff the transformation hom(—, f) is adjoint to the transformation hom(—, g)
in Cat™”. Because 2-Yoneda functor also preserves finite products, it is
possible to coherently give an external characterisation of internal connec-
tives in W, even in case W does not have all finite products. Generally,
we shall say that an object A € W has a wvirtual property, if its repre-
sentable 2-functor hom(—, A): W — Cat has that property as an object
in Cat"”. Thus, an object A € W has a virtual internal terminal value
(initial value, products, coproducts) if hom(—, A): W — Cat has inter-
nal terminal value (resp. false value, products, coproducts) as an object in
Cat""”. The essence of virtual values is that although sometimes we may not
have an access to the defining morphisms, there is always a natural assign-
ment of parametrised values via universal properties. Recalling from [BW85]
(Chapter I, Sections 4 and 5) the notion of generalised elements, let us write
Tx,0x € A for morphisms X — A, and then, given s: A — B, s(1x) € B
for so7y. If an object A € W has an internal virtual terminal value, then
for every object X € W there is a natural way to form a constant element

Yoneda lemma for Cat-enriched categories, see Appendix A.3.
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1x € A sending everything from X to the virtual terminal value of A — it
is given by the functor ({®}nom(— 4y)x: 1 — hom(X, A) applied to the single
object of the terminal category 1. Similarly, given two generalised elements
Tx,0x € A there is a canonical generalised element 7x x ox € A, pro-
vided A has virtual internal products — it is given by the product functor
(Xhom(—,4))x : hom(X, A) x hom(X, A) — hom(X, A) applied to 7x and ox.

The definition of internal cartesian closedness is less obvious. One may
pursue an approach of Mark Weber [Web07] (Definition 8.1) and say that an
object A of a 2-category with finite products is internally cartesian closed

if for every global element 1 % A the morphism A Ax AZEA
has a right adjoint. Unfortunately, this definition is inadequate in various
contexts — including fibred and internal categories. For this reason we shall
call the above concept “naive cartesian closedness”. Let us first recall that
the concept of being cartesian closed is not stable under exponentiation.

idAXw

Example 1.14 (Stability of cartesian closedness under exponentiation). The
concept of cartesian closedness is not stable under exponentiation (this is
FEzercise 5 in Section 6 Chapter 4 of [ML78]). If A is a cartesian closed
category and X a category then, by Yoneda-like argument, A* is cartesian
closed iff the canonical limits defining exponents exist. In particular, if a
cartesian closed category A is complete and X is small then A* is cartesian
closed.

Therefore, to show an example of a cartesian closed category A and a
category X such that A* is not cartesian closed, one has to choose for A
a category that misses some classes of limits. Let FinSet be the category
of finite sets and functions. By Yoneda lemma FinSet is a free cocom-
pletion of the terminal category 1 under finite colimits. Thus, one should
expect that FinSet misses many infinite limits, and for some infinite cat-
egories X the functor category FinSet™ will not be cartesian closed. Let
X = P(N) be the category of subsets of natural numbers ordered by inclu-
sion. If F,G: P(N') — FinSet are two functors, then by Yoneda-like ar-
gument, their exponent G, if exists, can be evaluated at the empty set as:
GY({}) = homp, gx(F, G). Consider F = G that maps the empty set to
the empty set, singletons to the truth-set Q@ = {0,1}, and the other sets to
the singleton. Then | homp; g (F, F)| = Q%0 = ¢ is not finite, hence the
exponent ¥ does not exist.

One may obtain a similar example by considering the category FinSetNL,
where N\ is the poset N U {L}, with L < n for alln € N and no other
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(non-trivial) relations®.

Example 1.15 (Failure of naive cartesian closedness). A split indexed cat-
egory is cartesian closed iff its every fibre is cartesian closed and reindexing
morphisms preserve cartesian closed structure. Let A be a cartesian closed
category for which there exists a category X such that A* is not cartesian
closed (Example 1.14). The 2-Yoneda functor gives an indezxed category:

hom(—,A): Cat” — Cat

which (again by Yoneda lemma as explained in the above) is naively cartesian
closed as an object in Cat®®” . However, it is not a cartesian closed indexed
category — the fibre hom(X,A) = A* over X is not cartesian closed. The
problem with the naive definition is that choosing an element x1: 1 — hom(1, A)
by naturality of x, chooses constant morphisms in every fibre. Therefore,
naive cartesian closedness expresses existence of exponents of “constant ob-
jects”.

We shall generalise the idea of cartesian closedness provided by Bart
Jacobs® in Definition 3.9 in [Jac93] for fibrations and adopt it to arbitrary
cartesian 2-categories with a notion of discreteness®.

Definition 1.16 (Internally cartesian closed connectives). Let W be a carte-
sian 2-category with a notion of discreteness. An object A € W is internally
cartesian closed if it has internal products and the morphism:

(XAO(idXEA),ﬂ"AO

A x |A] A x |A]

has a right adjoint, where €4 is the counit of the adjunction that gives the
notion of discreteness on W.

The idea is that while the definition proposed by Mark Weber constructs
internal exponents at “each internal object” separately, our definition con-
structs internal exponents at “all internal objects” simultaneously. Putting

2This has been suggested by the reviewer of the dissertation J. van Oosten.

3We would get a proper generalisation if we substituted the notion of discreteness with
the notion of “grupoidalness”. Nonetheless, for the purpose of this dissertation it suffices
to work with much simpler, yet not 2-categorical, concept of discreteness.

4There is also a general notion of an internally closed object within x-autonomous
2-categories (Definition 10 in [DS97]), however it cannot be generalised to our setting
because cartesian 2-x-autonomous categories are necessarily posetal.
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it another way — constructively, there is a difference between “each” (sepa-
rately) and “all” (simultaneously) and the idea of being “internally closed”
is “having all internal exponents”.

Example 1.17 (Internally cartesian closed indexed category). A split in-
dexed category ®: C? — Cat is discrete in the sense of Definition 1.10 iff it
is discrete in the usual sense — i.e. each of its fibres is a discrete category.
Therefore ® is a cartesian closed indexed category iff it is internally cartesian
closed in the sense of Definition 1.16.

We would like to extend the calculus of parametrised elements to inter-
nally closed connectives, but Example 1.14 shows that it is impossible in the
full generality — if A, X € Cat are such that A is cartesian closed and A* is
not cartesian closed, then there is no way to form an exponent 7¢* for every
pair of parametrised elements 7x,0x € A. However, this is possible if X is

discrete. We shall postpone the proof of the following theorem until Section
1.3 (Theorem 1.70).

Theorem 1.18 (Parametrised simply typed lambda calculus). Let W be
a cartesian 2-category with a notion of discreteness, and assume that an
object A € W 1is internally cartesian closed. Then for every discrete object
X € Disc(W) the category homw (X, A) is cartesian closed. Moreover, if A
is internally cocartesian (i.e has an internal initial value and internal binary
coproducts), then homw (X, A) is cocartesian.

Therefore, an internally cartesian closed and cocartesian object A € W
for every discrete object X € Disc(W) gives an interpretation of the following
system of rules:
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TXiWX O'Xi>pX

—— (id) : (com)
TX —g(TX TXg—;pX
rx—1 (1-int) 057y (0-int)
px BTy pxLox . pxBTx % 0x .
o) (x-int) oy Y (x-eli)
pijXxO'X pPx — Tx pPx — 0OXx
f g f
TXPX OX—PX . Tx Uox—px 5
[£,9] (|_|-1Ilt) foury folox (l—l_e 1)
TXUUXJPX TX — pPx Ox — Px
Tx X Uxiwx . TXAPXUX .
e (A-int) —— (A-eli)
Ayiox [(=y) 5y FE)
Tx = = px TX XO0x — pPx

which by the Lambek-Curry-Howard isomorphism [LS86] gives rise to a
simply typed lambda calculus. Moreover, such systems parametrized by
X € Disc(W) give interpretation of polymorphism (Example 1.33).

More generally, given any morphism r: A x A — A, we shall say that
object A is internally left (resp. right) r-closed if the morphism:

Ax |A| A |A| (resp. |A] x A—TXEDTA) 414D has
a right adjoint. Following the terminology of Bourbaki we shall call an object
A together with a morphism r7: A x A — A a “magma”, and internally r-left
and r-right closed object a “(bi)closed magma”.

(ro(idxea),m ))

Example 1.19 (Monoidal closed structure). A monoidal structure (I, ®) on
a category C is left (resp. right) closed in the usual sense if it is internally
left (resp. right) ®-closed.

Example 1.20 (Lambek category). Let us recall that a Lambek category is a
category C together with a functor R: C x C — C such that for every object
A € C both R(A,—) and R(—, A) have right adjoints. A Lambek category is

precisely a category which is an internally left and right R-closed magma.

We can go a bit further and define r-closedness in a general monoidal
2-category.
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Definition 1.21 (Internally closed connectives within a monoidal 2-cate-
gory). Let W be a monoidal 2-category®, C a cartesian 1-category and F': C — W
an op-lax monoidal embedding (see [GPS95]) making C a 1-coreflective sub-
category of W by a I1-functor |—|: W — C.
An object A € W together with a morphism r: A® A — A is internally
left r-closed if:

id@OoF (A 4) rQid
_—

A®F(|A]) ASF(|A|)@F (|A|) 22 A0 AR F(|A]) 24 AR F (| A])

has a right adjoint, where €: F(|A|) — A is the counit of adjunction F - |—|,
0: F(|A| x |A]) = F(|A]) ® F(|A|) is the structure morphism from the defi-
nition of op-lax monoidal functor, and the natural isomorphisms expressing
associativity of the tensor product @ have been omitted for clarity. Similarly,
object A is right r-closed if the morphism:

90F(A|A‘)®Z’d 1d@r

F(|A])®A F(|A)SF(|A)@ALEC P A Ao A2 F(|A])® A

has right adjoint.

Example 1.22 (Internal closedness of enriched categories). Let (C, I, ®)
be a symmetric monoidal closed category. There is an underlying monoidal
2-functor U: Cat(C) — Cat that assigns to a C-enriched category X an or-
dinary category homeag(c) (I, X), where I is the unit C-enriched category. If
C has small coproducts, then the underlying functor has a monoidal left ad-
joint L: Cat — Cat(C), which takes an ordinary category A and yields a
C-enriched category consisting of the same objects as C and morphisms from
an object A to an object B defined in the following way:

homyu(A,B)= [ I
homy (A,B)

We shall write |—|: Cat(C) — Set for the composition of U with the usual
discretisation functor Cat — Set for ordinary categories, and we shall write
F: Set — Cat(C) forits left adjoint — i.e. the composition of L: Cat — Cat(C)
with the embedding of sets into ordinary categories. Observe, that to define
the above adjunction F - |—| we do not need to assume the existence of

5For simplicity we shall assume that the 2-category is strict. Note 1.11 points how to
generalise such notions to weak 2-categories.
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all small coproducts, but only one coproduct: the nullary coproduct (i.e. the
initial object 0).
We say that a C-enriched category A is enriched-discrete iff:

0 forX#Y

homy (X,Y) ~ { [ forX =y

with trivial units and compositions. Observe that enriched-discreteness does
not imply discreteness of the underlying category (take for V the category of
abelian groups Ab or the category Vect of vector spaces with the usual tensor
product). It implies, however, if the enrichment is defined in a cartesian
closed structure. On the other hand, enriched-discreteness behaves similarly
to the usual discreteness when it comes to parametrisation — if S, T: X — A
are two parallel enriched functors from an enriched-discrete category X, then
every transformation 7: S — T s automatically a natural transformation.
To see this, consider the diagram of enriched naturality [Kel82:

TX®S

I ® homx(X,Y) hom, (S(Y),T(Y)) ® homy (S(X), S(Y))
p N
homx (X,Y) homx (S(X),T(Y))

N e

homgx(X,Y)® I ciag homx (7'(X), T(Y)) ® homa (S(X),T(X))

where I, are coherence morphisms from the definition of a monoidal cate-
gory. By definition of enriched-discreteness, if X # Y then homyx(X,Y) is
initial, thus equalises every pair of morphisms; and if X =Y then homx(X,Y)
is the unit of the tensor, thus the above diagram reduces to the coherence laws
from a monoidal category V and of enriched functors S, T. An analogical ar-
gument shows that if tensor @ preserves the initial object O then for every
enriched functors S,T: K® X — A every transformation S — T that is nat-
ural in K is automatically natural in K @ X, provided X is discrete.

Let us now consider internal closedness of a C-enriched category A to-
gether with a C-enriched functor R: A ®@ A — A. The functor AQ F(|A]) —
A® F(|A]) from the definition of left R-closedness is given by:

(4, X) > (A, X, X) o (R(A, X), X)
By the definition of the tensor product for enriched categories:

homagr(a) ((R(A, X), X), (B,Y)) = homy (R(A, X), B) ® homp(a)(X,Y)
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Let us assume that for every X € F(|A|) the functor R(—,X) has right
adjoint X —o (=). We claim that (B,Y) — (Y —o B,Y) is right adjoint to
(A, X) — (R(A, X), X). The proof is as follows. If we use the definition of

the tensor product of categories:

homagr(ap((A, X), (Y — B,Y)) = homy(A4,Y — B) ® homp(ap(X,Y)
then it remains to show:
homy (R(A, X), B) ® homp(ap(X,Y) ~ homy (A,Y — B) ® homp(ap(X,Y)

Because F(|A|) is enriched-discrete we can argue by cases. If X #£Y, then
by discreteness hom(X,Y) = 0, and by preservation of initial object by the
tensor:

homy (R(A, X),B) ® 0~ 0 ~ homy(A4,Y — B)®0

On the other hand, for X =Y the situation reduces to the adjunction between
R(—,X) and X — (—). Hence, if A is left R-closed in the usual sense, it is
left R-closed in the sense of Definition 1.21. To see that the converse is true
as well, it suffices put Y = X in the above formula. A symmetric arqgument

shows that A is right R-closed iff for every X € F(|A|) the functor R(X, —)
has right adjoint.

In case W is a cartesian 2-category and r: A x A — A is the diagonal
morphism, by universal properties of products, Definition 1.16 coincides with
Definition 1.21.

Example 1.23 (Topological spaces). Although category of topological spaces
15 not cartesian closed, very many interesting topological spaces are expo-
nentiable. In fact for a topological space A there exists right adjoint to
— X A: Top — Top if and only if A is a core-compact space [Isb86], which
means that the underlying locale of its open sets is continuous. One then
may think that a restriction to the subcategory of topological spaces consist-
ing of core-compact spaces could work. However, this again is not the case,
because an exponent of two core-compact spaces need not be core-compacts.
This example shows that sometimes we need even more general notion of in-
ternal closedness of one object with respect to another object. Formally, we
shall say that given any morphisms j: B — A andr: A x A — A, an object

6An example of a subcategory of topological spaces that is cartesian closed is the
category of compactly generated topological spaces [Ste67] [ELS04].
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A is internally left (resp. right) r-closed with respect to “the inclusion” j if:

ro(idxjoep),m ro(joep xid),m
A x |B| UIEDTE) A B (resp. A x |B|——LDTE) 4By
has a right adjoint. According to this definition Top is cartesian closed with
respect to the subcategory of core-compact spaces.

The next example shows how the notion of internal closedness can vary
with the change of the notion of discreteness.

Example 1.24 (Cartesian closed functor). A functor F: A — B is said to
be cartesian closed if categories A and B are cartesian closed and F' preserves
exponents. This terminology can be justified by the observation that functors
thought of as Set!<" _internal categories are internally cartesian closed (as
internal categories) if both their domains and codomains are cartesian closed
and they preserve the cartesian closed structures.

In other words, being a cartesian closed functor means being internally
cartesian closed in the 2-category cat!®<'} with the canonical notion of dis-
creteness.

On the other hand, category Set provides a different notion of discreteness
on cati®= . The embedding J: Set — cat{®S!} sends a set X to the iden-
tity idx on the discrete category X, and the coreflector R: cat{®=!} — Set
assigns to a functor F: A — B the set of objects |A| of its domain A —
i.e. there is a chain of natural equivalences:

homget (X, |[dom(F')|) & homeat (X, dom(F')) ~ homg,sro<1y (id x, F)

According to this notion of discreteness, a functor F: A — B is internally
cartesian closed iff its domain A is cartesian closed and F maps exponents
from A to ezponents in B (which implies that B is exponentiable with objects
of the form F(X) for X € A, but it does not imply that B is exponentiable
with every object from B ). Indeed, by Definition 1.16, F: A — B is internally
cartesian closed if the product with the second coordinate:

F x id\dom(F)| — F x id|d0m(p)|

has right adjoint. This product morphism consists of a pair of product func-
tors like on the diagram:

<><Ao(id><€A),7T‘A\|>

A x |A] A x |A]
FX'!d\xM FX’!d‘M
: v
o(tdx Foey),m
B x |A| (xpo(idx Foey),m a)) B x |A|
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and by Beck-Chevalley, the product morphism has right adjoint if both A X
Al = A X |A| and B x |A| — B x |A| have right adjoints compatible with F.

One may wonder if Definition 1.16 can have even more exotic examples
than Example 1.24. Nonetheless, the main results of Section 1.3 — i.e. The-
orem 1.65 and Theorem 1.76 together with Theorem 1.70 — show that under
some mild conditions, we can treat objects from an arbitrary 2-category with
a notion of discreteness as internal categories and, moreover, in such a way
that these objects have internal connectives iff the associated internal cat-
egories have corresponding connectives in the usual sense. Therefore, one
should be sceptical about existence of such exotic examples.

Before we extend our lambda calculi by a notion of polymorphism, we
have to recall the notion of a comma object.

Definition 1.25 (Comma object). Let f: A — C and g: B — C be mor-
phisms in a 2-category W. A comma object from f to g is an object flg
together with projection morphisms m: flg = A, ©,: flg = B and a 2-
morphism mw: f omy — gom, satisfying uniwversal properties:

e for any object X together with morphismsa: X — A, b: X — B and a
2-morphism o: foa — gob there is a unique morphism h: X — flg

such that:
= mpoh
= myoh
o = moh
diagrammatically:
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e for any object X, any pair of parallel morphisms h,k: X — flg and
2-morphisms a: myoh — wpok, B: mygo h — m, 0 k satisfying: go S e
moh=moke foa, there is a unique 2-morphism \: h — k such that:

a = TFOoN

B = mgol

Example 1.26 (Comma category). A comma object in 2-category Cat from
a functor F: A — C to a functor G: B — C is the usual comma category
FlG defined as follows:

e objects consist of triples (A € A, f: F(A) — G(B),B € B)

e o morphism from an object (A€ A, f: F(A) — G(B),B €B) to an
object (A" € A, f': F(A") — G(B'), B’ € B) consists of a pair of mor-
phisms (h: A — A’ k: B — B') such that: f'o F(h) = G(k)o f

with the obvious projections.

In Section 1.3 we elaborate more on the highly related notion of inserter
— if a 2-category is sufficiently complete, then a comma object flg can be
obtained as the inserter on the product of domains of f and g (Corollary
1.50 Section 1.3). Conversely, an inserter of two parallel morphisms can be
obtained as an equaliser of their comma object.

Definition 1.27 (Parametrised (co)products). Let W be a 2-category. Con-
sider an object A € W, and a morphism s: X —Y € W. A parametrised
element Tx € A has a (co)product along s if the right (resp. left) Kan ex-
tension [[,7x (resp. [1,7x) of 7x along s exists. That is, there is a mor-
phism [[,7x:Y — A (resp. [l,7x ) and natural in h: Y — A bijections
hom(h, [[, 7x) =~ hom(hos,7x) (resp. hom([], 7x,h) ~ hom(rx,hos) ).

Moreover, we call the (co)product stable if the Kan extension is pointwise,
meaning that the Kan extension is stable under comma objects. That is, for
any diagram with a comma object square:

s — = X i A
] 7 ‘ 7
I Y

7
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the composition:

607r10(HTX)07r
S

exhibits ([ [, 7x) ot as the right Kan extension of Tx omy along m2; and dually,
for any diagram with a comma object square:

sli——=X = A

| o e
ML7x

I Y

%

the composition:

(HTx)OWOnoﬂ'l

exhibits (][, 7x) o4 as the left Kan extension of Tx o m along ms.

Example 1.28 (Internal (co)products). Let W be a finitely complete 2-
category with coproducts and A € W an object with internal (co)products.
Then for every object X € W and every pair of parametrised elements
Tx,0x € A the parametrised stable (co)product of cotuple [Tx,0x| along the
codiagonal V: X U X — X exists

Xux o g

X [Ivlrx,0x]
(Uylrx,ox])

and is equal to the internal (co)product Tx X s ox (resp. Tx Ua ox ). Indeed,
by definition of Kan extensions we are looking for adjoint to:

(=)

hom(X, A) eV, hom(X LI X, A) ~ hom(X, A) x hom(X, A)

However by the universal property of an adjunction this morphism is isomor-
phic to the diagonal functor:

hom (X, A) —2> hom(X, A) x hom(X, A)

which by the usual 2-Yoneda argument has right (resp. left) adjoint since
A2~ A x A does.
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Let us elaborate on the stability condition. Given a diagram like in Def-
inition 1.27, we extend it by taking generalised elements i; € Y,j; € X

together with a generalised arrow ¢ LI s(jr), and form a comma object:

Intuitively, the stability condition tells us that we may define the product
[1, 7x, which is a Y-indexed family, on each index i; € Y separately by
multiplying over generalised arrows i; —= s(js), that is:

{HTx}n: H {Tx}j
s ir—s(jr)

In case Y is canonically discrete, every line shrinks to a point, the comma
object turns into pullback, and the above formula simplifies to:

{HTX}Z'I - H {TX}jI
s ir=s(jr)

In the rest of the chapter we shall mostly restrict to (co)products parametrised
by discrete objects (restricting also the stability condition in Definition 1.27
to the subcategory of discrete objects), and call the (co)products polymor-
phic objects. Such polymorphism induces two additional rules for products:

i fi
{as(j)—ﬁj}jey {014 I1 TJ}
1€ X

(fi)i=s() of
{O'i — J H Tj} {Us(j) J_fi(J)Tj}

=s0) ) jex

(II-int) (TT-eli)
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and dual for coproducts. It is easiest to grasp the rules by the following
example.

Example 1.29 (Polymorphism in Cat). Let Cat be the 2-category of lo-
cally small categories. Consider two sets X,Y interpreted as categories in
Cat. A functor F: X xY — C may be thought of as an X,Y -indexed family
{7i;tiex jey of objects 1, ; € C, where T, ; = F(i,7). If C has Y -indexed prod-
ucts (in the usual sense), then with every such family, we may associate an X -
indexed family {[[;cy 7ijtiex. Furthermore, this family satisfies the follow-
ing universal property: for every X -indexed collection {o;}iex from C and ev-
ery X, Y -indexed collection {f; ;j: 0; — T }iex jey of morphism from C there
exists a unique collection of X -indexed morphisms {h;: o; — Hjey T Yiex
from C such that 77} oh; = f;j, where 7T;-2 Hjey Tij = Tij; 18 the j-th projec-
tion of i-th element of the family. When X is the singleton, the above reduces
to “internalisation” of an external (that is set-indexed) collection of objects
(types) {Tj}jey into a single product object (type) [];cy 7;-

In the above case, the product is taken along the cartesian projection
mx: X XY — X. More generally, we may form a product along any function
s: Z — X — it assigns to a Z-indezed collection {7;};cz of objects 7; € C
an X -indexed collection {[],_ ) 7j}tiex-

The example shows that polymorphism in Cat is really an “ad hoc poly-
morphism”. This is because every discrete category X is isomorphic to the
coproduct over terminal category ]_[|X| 1, and every morphism between dis-
crete categories is induced by a function between indexes of the coproducts.
Generally, we shall call such polymorphism “ad hoc” to stress the fact, that
we are able to freely choose every element of the collection by choosing a
generalised element on each of its components. It is better perhaps to think
of [T, A as tensor of A with a discrete category . Here, we shall recall the
notion of tensor in an arbitrary 2-category.

Definition 1.30 ((co)Tensor). Let W be a 2-category, A an object in W, and
A an ordinary small category. The tensor of A with \ exists, and is denoted
by A\ ® A, if there exists a 2-natural isomorphism of 2-functors:

homcag (A, homy (4, —)) =~ homw(A ® A, —)

Dually, the cotensor of A with X exists, and is denoted by X\ th A, if there
exists a 2-natural isomorphism of 2-functors:

homegag (A, homyy(—, A)) &~ homyy(—, A h A)
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If X\ is a set thought of as a discrete category, then the notion of tensor
with A coincides with the coproduct over A — clearly by the definition of
a coproduct hom([[, A, —) ~ hom(\, hom(A, —)) therefore A ® A ~ [, A.
The usual codiagonal morphism V: [[, A — A is the projection morphism
m: A® A — A obtained via the transposition of the functor A — hom(A, A)
sending everything from A to the identity on A. There is also a diago-
nal functor A: A — hom(A, A ® A) given by the transposition of the iden-
tity functor idyga: A® A — A ® A. Then every function between indexes
s: A — X induces a reindexing morphism s ® A: N ® A — A ® A, which is
the transposition of Aos: X — hom(A, A ® A). An ad hoc polymorphism
is a polymorphism along such reindexing morphisms.

Definition 1.31 (Ad hoc polymorphism). Let A, X € W be two objects in a
2-category, and assume that the tensors A®@ X and X' @ X with sets A and X
exist. An ad hoc N ® X -parametrised family 7: N ® X — A has an ad hoc
(co)product along a function s: X' — X if the parametrised (co)product of T
along the reindexing morphism s @ X: N @ X — AX® X exists. In case the
(co)product is taken over cartesian projection X x X' — X\ we write [],.,, 7
(resp. [1;cn 7i) for the ad hoc (co)product and call it “simple (co)product”.

The next example shows that in other 2-categories, other variants of poly-
morphisms are possible.

Example 1.32 (Polymorphism in cat(wSet)). Let wSet be the category
whose objects are sets X of pairs (x,n), where n is a natural number, and
whose morphisms f: X —Y are functions f: m[X]| — m[Y] such that there
exists a partial recursive function e with the property: if (x,n) € X then
(f(z),e(n)) € Y. One may think of w-sets as of sets enhanced by “proofs” of
the fact that elements belong to the set. Then a function between w-sets has
to computably translate the proofs. In the above notation m|—| is really a
functor wSet — Set forgetting the proofs. Furthermore, it has right adjoint
F: Set — wSet assigning to a set X the w-set {{x,n): v € X,n € N}, which
means “everything is a proof that an element belongs to the set for those
elements that belong to the set”, and making Set a reflective subcategory
of wSet. The category of w-sets has finite limits, therefore we may define
the 2-category cat(wSet) of categories internal to wSet. We start with a
definition of an ordinary category PER — its objects are partial equivalence
relations on the set of natural numbers, and its morphisms f: A — B from
a PER A to a PER B are functions f: NJA — N/B between quotients of
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the relations, for which there exist partial recursive functions e on natural
numbers satisfying f([a]a) = [e(a)|g. One may think of category PER as
realisation of Reynold’s system R [Rey83] [AP90]. A PER A corresponds to
a “type”. Two elements a,a’ are “the same” from the perspective of type A if
aAd', and an element a belongs to type A if A recognises it, that is, if aAa.
A function from a type A to a type B is thus a function between elements
that maps “the same” elements to “the same” elements. We shall see that
PER has also a natural w-set structure. First, let us observe that PER. is
cartesian closed — a product of two PER’s A and B is given by:

(A X B)y < mi(x)Ami(y) A ma(z) Bra(y)

where m,my: (N X N &~ N) — N are some chosen partial recursive projec-
tions, and the exponent is given by:

eBAr & VY, paAd = e(a)Br(d)

under some chosen partial recursive enumeration of partial recursive func-
tions. Therefore, PER may be thought of as a category enriched over itself.
Then, observe that PER is a reflective subcategory of wSet — the embedding
PER — wSet sends a PER A to the w-set of quotients:

{{[n]a,n): nAn}

and its left adjoint identifies elements along their proofs — it sends an w-set
X to the relation X :

nXm & ) o myex © =27’

where two elements belong to the same equivalence class of equivalence re-
lation = if they share a common proof: that is, = is generated by v = 2/,
such that (x,e) € X and (2',e) € X for some e. Observer that X is really
a partial equivalence relation: symmetry is obvious; for transitivity, assume
that both nXm and mXk hold and let us show that nXk holds as well. By

the definition of X, we know that there exist Pairs:

(z,n), (', m), (y,m), (y/, k)

such that:



Because x' and y share common m in their pairs, by the definition of =, we
have ' = y. Thus, by the fact that = is an equivalence relation: © = v/'.
Therefore, (x,n) together with (y k) form a proof that nXk.

The above means that PER may be thought of as a category enriched over
wSet. Finally, observe that we may glue hom-w-sets of such enriched cate-
gory into a single w-set PER; = {{(A, B, [n]ga),n): A, B are PER’s and nB“n},
making PER an wSet-internal category. Now, if X is an ordinary set,
then w-functors (i.e. wSet-internal functors) Tx,0x: X — PER are ordi-
nary families of PERs. However, an w-natural transformation (i.e. wSet-

internal natural transformation) ac: Tx — ox has to satisfy a uniformity con-

dition:

ﬂ a(z) #0

zeX
This means that a: Tx — ox is determined by a single partial recursive func-
tion e: N — N such that for all x € X we have atx(x)a’ = e(a)ox(x)e(a’).
Therefore, the parametrised product of ox is given by (,cy ox(x):

T

| &
el 1
Y

Neex ox(2) == 0x(z)

The projections (,ex 0x(7) ——= ox(z) are induced by the identity func-
tion. For every constant w-functor 7: X — PER, an w-natural transforma-
tion T — ox is induced by e satisfying Veexara' — e(a)ox(z)e(a’). The
last condition is equivalent to ata’ — e(a)([\,ex ox(x))e(a’). Therefore,
every w-natural transformation T — ox uniquely determines a morphism
T— ey 0x(x). One may find that such products resemble usual rules for
intersection types in lambda calculi:

Ti>O'X . PN Nyex ox () ‘
PN Neex Ox () (-int) Tiﬂ)’X (el

By similar considerations, we get that the parametrised coproduct of ox
is Uyex ox(x). An extension of Evample 1.28 shows that internal (finite)
(co)products may be obtained by using tensors X & 1 in parametrisation in-
stead of X. There is also an intermediate construction between X and X ® 1
that yields uniform quantifiers. We may reach this construction by parame-
terising a category via the internal natural number object N,, = {{n,n): n € N}
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in wSet. An N,-parametrised collection of objects from PER is any count-
able collection o(n)pen of PER’s. A product ], .y ox(n), which in this
context may be denoted by V,enox(n), consists of partial recursive func-
tions e which applied to the n-th index return an element of ox(n), that
is: e(Vnenox(n))r < Vaen e(n)ox(n)r(n). It should be noted that the last
construction reduces to the usual dependent product in the ordinary category
PER since the internal natural number object in PER s the same as the
internal number object in wSet.

Example 1.33 (Second-order Lambda Caluclus). Let us briefly recall the
system of second-order polymorphic lambda calculus. In second-order poly-
morphic lambda calculus there are terms, types and a kind ). FEvery term M
has a type o, which is denoted by M : o, and every type o has kind ), which
is denoted by o : Q). We will call a finite sequence o1 : Q, 09 : Q-+ 0, : €,
where o; are types, a kind environment. A well-formed type-sequent is of the
form:

o1:Q,090: Q-+ ,0,:QFT7:Q
There are eight basic rules for type construction:

Type Constructors

EFo:Q ZEFT:Q

=Zr:Q Fa:Q =Fo=1:Q
F{x}: Q FO:Q
ZFo:Q ZF7:Q ZFo:Q ZEFT7:Q
ZFoxT1:Q ZFo+71:Q
Zx:QFo,:Q =Zr: Qo Q
EF oz : 0 EF>0,:0
z:QQ z:Q2
Similarly, we will call a finite sequence My : o1, My : 09,-++ , M, : 0,,

where M; are terms and o; are types, a type environment. A well-formed
sequent is of the form:

o1:Q,00:Q, - o, My i, My o, Mg EN:p
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where semicolon ; separates kind environment from type environment.
The standard rules for terms include the identity rule:

=l,z:okFz:0

and introduction and elimination rules for connectives:

F o {x} (singleton) =0z 0F L: o (empty type)

=I'-M:o ZsSTEN:T
EE(M,N):oxT

=IEM:oxT (x-eli)
=l'ka,M:0 ZT'Fa,M: T e

(x-int)

=TEN:T
ZT'FeN:o+T1

=TEM:o
=T'F Mo+ 1

(+-int) (+-int)

=I'FM:o+7 = lx:oFR:y =0 y:7HS: vy
= 'k (continue M as xin R or asy in S): vy

(+-eli)

=lre:ob-M: T =I'F-M:o=7 Z;'FN:o

Zl'FXe:oM:o=T1 (A-int) =I'FMN:T (A-eli)

Eax: T M: o, TLeint) ErEM: JJo. EF7:Q TLecti)

=. . . -int z:Q -eli

\_,Fl_)\x.Q.M.gZUI =TE Mo,

Z=Fo0:Q Z'EM: 7, . ZFp:Q Zax: Gl y:o.-M:p ‘

= (M,o): > 1 (>_-int) =020 Y o, Flet (y,x)y =zin M: p (>_-eli)
z:Q z:0)

Notice that in [[-int rule environment I' may not depend on x, and similarly
in Y _-eli rule environment I' and type p may not depend on x. Moreover, the
usual conversions of lambda calculus apply:

(Ax: 7.M)N = M[N/x] (Ax: Q.M)T = M[r/x] (B-conversion)
Ar:T.(Mx)=M Ar: Q.(Mz) =M (n-conversion)
together with similar conversions for other connectives. There are very many
systems of the second-order lambda calculus. Its inventor, Jean-Yves Girard,

prefers to present a minimal set of rules (i.e. rules for X and [[) and then
use the following encoding for the rest [Gir86] [Girll]:
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eoxT=][[, qgr=0=2)=>2

cUr=[L.or=2)=> (=)=
0=]L.qx
Zx:QT:Hy:Q(Ha::QT#y)#y

(Girard omits the encoding of the singleton, but from the text one may infer
that if included, the encoding would probably have been: {x} =[[,. qz = z.)

Because we are more concerned in giving explicit interpretations for all
rules with explicit environments, we have presented the system in its full
form.

Let A be an internally cartesian closed object with internal (co)products in
a cartesian 2-category W with a notion of discreteness. Furthermore, assume
that A has stable parametrised (co)products along projections |A|" x |A| —
|A|", for every natural number n. We will give semantics for second-order
lambda calculus in object A. The interpretation of kind Q is |A|. Interpre-
tations of type sequents are given by morphisms |A|™ — |A|, where n is a
natural number. Notice that by coreflexivity of discrete objects, these mor-
phisms correspond to morphisms |A|" — A, which will give denotations for
types. The meaning of rules for type constructions is obvious. For example,
the identity rule:

=Zr: Qi kx: Q

where the type-environment = consists of n type variables, introduces the pro-

jection morphism |A|™ x ]A|£>\A[, the rule of function-space formation:

=Foc:Q ZEFT7:Q
Eho=171:0Q

introduces the internal exponentiation: given |A|" —"=A and |A|" —= A, by
internal cartesian closedness, there is a morphism |A|”L>A, and the rule
for products:
Zx:QFo,:Q
EF oz : 0
z:Q2
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introduces the parametric product along projection |A|" x |A| — |A|". Se-
mantics of sequents:

o1:Q,00: Q- o, My, My o, M N p

are given by 2-morphisms between parallel 1-morphisms |A|" — A: i.e. if
T1, Ty *+ Tk, p are morphisms |A|" — A, then semantics for a sequent of the
above form is given by a 2-morphism Ty X Ty X -+ X T, — p.

o (singleton) the element x of singleton {x} is the identity 2-morphism
on the internal terminal value

o (empty type) the element L of o: |A|™ — A is the unique 2-morphism
from T' x 0 to o, where 0 is the internal initial value

o (x-int/eli) elements are given by the usual categorical rules for products
o (+-int) elements are given by the usual categorical rules for coproducts

o (+-eli) elements are given by continuation-like semantics; given four 1-
morphisms: U'yo,7,p: |A]" — A and 2-morphisms M: ' - oU 7, R: T
and S: T' x 7 = p, we construct a 2-morphism:

(continue M asx in R orasyin S): ' — p

as follows: first, by universal properties of internal coproducts and ex-
ponents, we obtain a 2-morphism R S: T x (o UT) — p, and then we
precompose it with morphism (id, M): T' - T x (c UT)

o (\-int/eli) elements are given by the usual categorical rules for expo-
nents

o ([[-int)leto: |Al" x |A| — A be the interpretation of type o, I': |A|" —
be the interpretation of environment I', and M: T om — o the inter-
pretation of term M, where 7: |A|" x |A| — |A|™ is the cartesian pro-
jection; we obtain the interpretation of Ax : QQ.M as transposition of M
provided by right Kan extension of o along 7

o ([[-eli) let 1],. 2 |Al" = A be the interpretation of type H%;

: A" — A be the interpretation of environment T, 7: |A|" —) A be
the interpretation of type T, and M: 1" — o be the interpretation of
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term M ; by transposition of M, there is a 2-morphism M*: T' o — o,;
we obtain the interpretation of M1 as the precomposition of 2-morphism
M* with 1-morphism (id,T): |A|" — |A|"™ x |A]

o (> -int)let,: |A|" x |A| — A be the interpretation of type 1., o: |A|" — A
be the interpretation of type o, I': |A|"™ — A be the interpretation of en-
vironment ', and M : T' — 7, o (id, o) the interpretation of term M ; we
obtain the interpretation of term (M, o) as precomposition of term M
with n o (id, o), where n is the 2-morphism that defines the left Kan
extension of T, along cartesian projection m: |A|" x |A| — |A|"

o > -eli)letp: |A|™ — A be the interpretation of type p, o: |A]" x |A] — A
be the interpretation of type o, T': |A|™ — A be the interpretation of
environment I, and M: (I"o7) X 0, — p the interpretation of term
M, where m: |A|" x |A| — |A|" is the cartesian projection; we obtain
the interpretation of let (y,x) = zin M as transposition of M provided
by left Kan extension of (I'ow) X 0, along m; notice that the types agree,
since [[ (I'om) x 0,) = T' x [[ 0, in an internally cartesian closed
object

In case W is the category of internal categories with the canonical notion
of discreteness, the above semantics reduces to the usual interpretation of
connectives in internal PL-categories [See87].

If 7: X = C is an X-parametrised element of ', then one may try to
compute the parametrised product of 7 along itself:

X—"—C
| A
C

Definition 1.34 (Density (co)product). A density (co)product T,: C' — C
(resp. D,: C'— C) of a parametrised element 7: X — C' is the (co)product
of T: X — C along itself.

Example 1.35 (Logical consequence). Let Cat(2) be the 2-category of cat-
egories enriched in a 2-valued Boolean algebra 2 = {0 — 1}. A 2-enriched
category is tantamount to a partially ordered set (poset), and a 2-enriched
functor is essentially a monotonic function between posets [Kel82]. Let us
consider a relation:

= C Mod x Sen
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thought of as a satisfaction relation between a set of models Mod and a set
of sentences Sen. By transposition, relation |= yields the “theory” function
th: Mod — 25" where 25" is the poset of functions Sen — 2, or equivalently
the poset of subsets of Sen .

Since “power” posets 2°°" are internally complete in the 2-category Cat(2)
[Kel82], the stable density product of th: Mod — 25" exists:

Mod —— 25en
w7

QSen

Tin

and is given by the 2-enriched end [Str7}]:

Tn(D)(¥) = /M » th(M)(3))hom(T- (N ()

where ¢ € Sen is a sentence, and ' € 2%" is a set of sentences. We are
interested in values of Ty, on representable functors (i.e. single sentences)

homSen (_7 ¢) ;

Tin(homgen (=, 6))(¢)) = /M () (o )

[ manyene
MeMod

where the isomorphism follows from the Yoneda reduction. Observe that the
exponent th(M)(y)PM@) in a 2-enriched world may be expressed by the
implication “th(M)(¢) = th(M)(v)”, or just “M = ¢ = M =", where
every component of the implication is interpreted as a logical value in the
2-valued Boolean algebra. Furthermore, ends turn into universal quantifiers,
when we move to 2-enriched world. So, the end [y, . th(M)(y)"M@) s
equivalent to the meta formula yepoa (M | ¢ = M = 1)) 7, which is just
the definition of logical consequence:

QS ):SenQp Zﬁ vMEMod (M ):¢$M ):w)

The general case, where I" is not necessarily representable, is similar:

Ti(T) (W) iff Vaemod (VoerM = ¢) = M =)

Therefore, the density product of a satisfaction relation reassembles the se-
mantic consequence relation.

Q
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A density product morphism 7, = [ 7, if it exists, is always a part
of a monad structure. The unit n: ide — T is the unique 2-morphism to
the product induced by the identity «d,: 7 — 7; similarly the multiplication
w:T.oT. — T, is given as the unique 2-morphism to the product induced
by ¢ @ T}, o €, where €¢: T, o7 — 7 is the product’s 2-morphism. By dual-
ity, a coproduct morphism D, = [[_7, provided it exists, is always a part
of a comonad structure. In case of functors between ordinary categories
the density coproduct is known as density comonad, and density product is
sometimes called a “codensity monad”. The terminology comes from the fact
that a functor F': A — B between categories A and B is dense iff the identity
on B is the parametrised coproduct of F' with itself. In a sense the density
comonad on a functor exhibits the “defect” of the functor to be dense.

There are variety of examples of density comonad and codensity monad
that may be found in ordinary mathematics. Here, generalising the idea
from [Leil3], we use codensity monad to define internal ultraproducts.

Example 1.36 (Internal ultraproducts). First let us recall the concept of
a finitely presentable object (Chapter 5.1, Volume 2 of [Bor94]). Let C be
a locally small category with filtered colimits. An object A € C is finitely
presentable if:

hom¢(A, —): C — Set

preserves filtered colimits. For example, a set A € Set s finitely presentable
iff it is finite in the usual sense’. More generally, an algebra is finitely
presentable if it can be defined on a finite set of generators and satisfying
a finite set of relations (Chapter 3.8, Volume 2 of [Bor94)).

If we denote by Fin(C) the full subcategory of C that consists of finitely
presentable objects, then we say that C has ultrafilters if there is a density
product Ty: C — C of the inclusion J: Fin(C) — C. In this case we call T,
an ultrafilter monad. It is well-known (Section 8 of [Leil3]) that the functor

T;: Set — Set defined:
T;(X) = {F: F is an ultrafilter on X}
T/(AL B) = FeT(A)w {ByC B: fY[By) € F}

is a part of the codensity monad on the inclusion of finite sets FinSet ~ Fin(Set)
to sets Set with units na: A — T;(A):

na(a) = {4 C A: a € Ao}

"Here we assume that the Axiom of Choice holds in the metatheory.
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and multiplications pa: Ty(Ts(A)) = T;(A):
pa(FF) ={Ay C A: {FeT;(A): Ay € F} € FF}

Now, let W be a 2-category with a notion of discreteness. Furthermore, as-

sume that the category of discrete objects Disc(W) has ultrafilters Ty: Disc(W) — Disc(W).
Let A be an object of W. There is a diagram (where (—)* sends a category

to its opposite):

Disc(W)? o= Gat
“’ Gy (J(=),4)"
Fin(Disc(W))?

which under Grothendieck construction induces a functor:
/homW(J(—),A)*—J> /homw(—,A)*

Explicitly, functor J is given as the following pullback:

[ homyy (J(—), A)* J [ homyy(—, A)*

71-homVV(J(),A)*l ﬂ-homw(,A)*l

Fin(Disc(W)) ! Disc(W)

The codensity monad T5: [homw(—, A)* — [homw(—, A)* on J, provided
it exists, is the ultraproduct functor. It maps elements 7: X — A parametrised
by a discrete object X to elements T5(7): T;(X) — A parametrised by ultra-
filters T;(X) on X. It follows from [Leil3] that in case W = Cat and
A = Set the functor T5 is given by:

T5(1) = (H T)FeTJ(X)

where [[1 is the usual ultraproduct of family of sets T over ultrafilter F —
F
i.e. [[7 is the colimit of the product functor:
F

H 7(z): F? — Set

ze(-)
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where F°P is viewed as the category consisting of sets from ultrafilter F' or-

dered by reverse-inclusion. It is best to understand this construction in case

00,131 N — Set is the constant collection assigning to every natural num-

ber from N two-element set {0,1} (i.e. 0go13(n) = {0,1}), and F is the

Frechet filter® of cofinite subsets of natural numbers N (i.e. subsets whose

complements are finite), then the ultraproduct [[d;01y consists of the set of
F

all (countable) cofinite sequences over {0,1} (i.e. it is the quotient of the set
{0, 1YV of all sequences over {0,1}, by the equivalence relation: (a;)ien ~
(a;)ien iff {i € N:a; =b;} is cofinite).

More generally, T agrees with the usual notion of ultraproduct for A = Alg(%),
where Alg(X) is the category of algebras and algebra homomorphisms over a
signature 3.

1.2 Internal incompleteness theorem

The classical result of Freyd shows that categories that are both small and
complete are preorders. Let us recall the argument. If C is a small category,
then there exists a set of all morphisms of C with cardinality A. Let us
assume that there is a pair of distinct parallel morphisms f,g: A — B in C.
We may form a product of A-copies of B, provided C is sufficiently complete:

A
Sth X
HV B Tjex

A
Now, for each index j € A we may freely choose either a morphism f or
g to make a cone over B’s. There are {f, g}* of such cones. Because, by
the property of product [[, B, each cone uniquely determines a morphism
h: A — I, B, the cardinality of the set hom(A, ], B) is at least {f,g}".
This contradicts our claim that the set of all morphism has cardinality A,
since in ZFC there could be no injection 2* — .

The result relies on two fundamental properties of standard set theory.
One is non-uniformity of set-indexed collections; or arbitrary richness of set-

B

8Technically, Frechet filters are generally not ultrafilters, but the construction is essen-
tially the same. Notice, that it is difficult to give an explicit example of an ultrafilter,
for which the construction does not trivialise (because non-principal ultrafilters are non-
constructive).
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indexed collections — for any cardinal A and any set K, we may make a
free/independent /non-uniform choice of one of the elements of K for each
index j € A. Another is the property of being 2-valued. We say that a
set theory is 2-valued if the set 2 =1 U 1 forms the subset classifier. By the
classical diagonal argument one may show that in any topos with a subobject
classifier ) there could be no injection 24 — A. Therefore, the contradiction
in the Freyd’s argument follows from the fact that the subobject classifier in
ZFC has only two elements.

One may wonder if the above properties are crucial to the result of Freyd.
And the answer is — yes, but in two different ways. In late 80’s Martin Hy-
land showed that there exists a small (weakly) complete non-posetal category
internal to the effective topos [Pit87] [Hyl88]. The key argument in his work
is that the cones in the mentioned category have to satisfy a suitable smooth-
ness condition (recall Example 1.32) — there is no way to form an arbitrary
collection {f, g}* as in the above proof. On the other hand, the result of
Freyd carries to any cocomplete topos as we show below in Theorem 1.41
(also see: Corollary 1.45), in particular, to any Grothendieck topos — no
matter how “big”, or “complicated” the subobject classifier in the topos is.
In a sense, the second property is used on a higher meta-level than the first
one’, and we shall not investigate it in this dissertation.

Now, we try to reproduce the result of Freyd in any sufficiently cocomplete
2-category.

Lemma 1.37. Let W be a 2-category. Consider a pair of parallel morphisms
a,b: X — C, and a pair of distinct parallel 2-morphisms f,g: a — b in W.
Let us assume that for a set X the 2-coproduct [ [, X ezists, and that there is a
right Kan extension Rany(boV) ofboV: [[, X — C along V: [[, X — X,
where V 1is the coproduct codiagonal. Then the set hom(a, Rany(bo V)) has
cardinality at least 27

9The second property refers to the ambient category of the 2-category of internal cate-
gories. It is worth pointing out that contrary to some common beliefs the above argument
is purely constructive — even though it may not imply that the set hom(A, B) has cardi-
nality less than 2.
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Proof. Consider a diagram that satisfies the hypothesis of the lemma:

Liex
K\ /a\
X—v—=X C
LT, A

any (boV)

where ¢;c) are coproduct’s injections. We form two cocones — one by con-
stantly choosing a, and another by constantly choosing b for each index
i € A. By the universal property of coproduct [], X these cocones induce
unique morphisms aoV: [[, X — C and bo V: [[, X — C, respectively.
We may form a transformation of cones by independently choosing either a
2-morphism f:a — b or g: a — b for each index i € \. There are {f, g}
of such transformations, and by the universal property of 2-coproduct, each
transformation uniquely determines a 2-morphism aoV — bo V. Therefore,
hom(ao V,bo V) has cardinality at least 2*. The definition of the right Kan
extension Rany(bo V) says that there is a natural isomorphism:

hom(a, Rany(bo V)) ~ hom(ao V,bo V)

thus, by the above, hom(a, Rany (b o V)) has cardinality at least 2*, which
completes the proof. O

There is an obvious generalisation of the above lemma, which may be ob-
tained by replacing cardinal A with arbitrary category, and coproduct [ [, X
with tensor A ® X. Indeed, by the definition of tensor hom(a o 7,00 ) ~
hom(A(a), A(b)), where A(a), A(b): A = hom(X, C) are constant functors
assigning everything to a and b respectively, and 7 plays the role of the co-
diagonal V. Therefore hom(a, Ran,(bo 7)) ~ hom(A(a), A(b)). Choosing
discrete A puts no constraints on transformations A(a) — A(b) and leads to
the conclusion hom(A(a), A(b)) ~ hom(a, b)*

Before we state the 2-categorical incompleteness theorem, let us write
explicitly definition of a representable poset and of a 2-generating family.

Definition 1.38 (Representable poset). An object A from a 2-category W
is representably posetal if for every object X € W, the category hom(X, A)
1S a poset.
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Definition 1.39 (2-generating family). A class of objects G from a 2-category
W is called a 2-generating family if for every pair of 2-morphisms o, 3 be-
tween parallel 1-morphisms from an object A € W to an object B € W
the following holds: if for every 2-morphism T between parallel one mor-
phisms from an object X € G to object A the equality of compositions holds
aoT=[forT, then a = [3.

We shall also recall the notion of density (see Definition A.36 in Appendix
A.3) in the context of 2-categories.

Definition 1.40 (Density). A 2-functor F': C — D is dense if the 2-functor
A homp(F (=), A) is fully faithful.

Theorem 1.41 (Incompleteness theorem). Let W be a locally small 2-category
and G C W a 2-generating family. Furthermore, assume that objects from
G have tensors with sets. If an object C € W has all ad hoc simple products
parametrised by G, then C is representably posetal.

Proof. Let X be an object in G C W. Let us assume that there exists a pair
of distinct 2-morphisms f,g: a — b € hom(X, ), and choose a cardinal A
equal to the cardinality of the underlying set of morphisms of hom(X, C).
By Lemma 1.37, hom(a, [],., b) has cardinality at least 2*, which leads to
the contradiction 2* < X in ZFC. Therefore, hom(X, C) is a poset on each
X € @G, thus by the property of a 2-generating family, C' is representably
posetal. O

There is also a version of the incompleteness theorem directly using ad-
junctions to codiagonals (recall Example 1.28).

Corollary 1.42 (Special incompleteness theorem). Let A € W. If for every
set X the constant product [ | A exists, and the diagonal A: A — [[y A has
right adjoint, then A is representably posetal.

Example 1.43 (Freyd’s theorem). The classical Freyd’s theorem is obtained
from Theorem 1.41 by taking W = cat, and recalling that the terminal cat-
egory 1 is a 2-generator in cat. Alternatively, one may use the special in-
completeness theorem in the following way: in cat cotensors X M A = AX =
[1x A exist for any small category A and every set X; Corollary 1.42 says
that if for every X there is a right adjoint to the diagonal A: A — AX then
A is posetal.

43



We shall observe in the next section that for a 2-category of internal
categories, the above notion of being representably posetal coincides with
the usual notion of an internal poset (Corollary 1.55), and ad hoc products
parametrised by discrete objects correspond to the internal products in the
usual sense (Corollary 1.72).

Definition 1.44 (Internal poset). Let C be a category with finite limits. A C-
internal poset A is a C-internal category for which the domain and codomain
morphisms dom, cod: Ay — Ag are jointly mono, meaning that the morphism
(dom, cod): A1 — Ay X Ag is mono.

Therefore, we may write the following corollary.

Corollary 1.45. Let cat(C) be the 2-category of categories internal to a
finitely complete locally small category C that has tensors with sets. If a C-
internal category C' € cat(C) has simple ad hoc polymorphism then it is an
internal poset.

Proof. The category C is a 2-dense subcategory of cat(C) spanned on discrete
objects (i.e. the inclusion functor is dense), therefore the class of discrete
objects is a 2-generating family. O]

A direct consequence of Corollary 1.45 is that there are no small complete
non-posetal categories internal to a Grothendieck topos.

We can also get instantly from Theorem 1.41 the incompleteness theorem
for enriched categories.

Corollary 1.46. Let V be a monoidal category. If a small V-enriched cate-
gory is complete, then it is representably posetal.

Proof. The 2-category of small V-enriched categories has small coproducts
inherited from Set. O

Example 1.47 (wSet and Hyland’s effective topos). The incompleteness
theorem does not work in cat(wSet) nor in the categories internal to Hy-
land’s effective topos, because these categories do not have “sufficiently big”
coproducts (see for example [vO08] Section 3.2.2). Let us show that wSet
does not have even countable coproducts on the terminal object. To obtain a
contradiction, assume that a coproduct [, . 1 ewists. Consider the natural
number object in w-sets N, = {(n,n): n € N}. Every w-function k: 1 — N,
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15 uniquely determined by a natural number k € N, and by the universal prop-
erty of coproduct ][, .y 1, every family n — k, indexed by natural numbers
n € N uniquely determines an w-function h: ], .y 1 — N, with h(n) = k,.
Because proofs in N,, are disjoint, h is determined by a partial recursive func-
tion. This leads to a contradiction since not every function N — N is partial
Tecursive.

In fact, category PER internal to wSet is internally complete and co-
complete; particularly, for each morphism f: X — 'Y every functor:

PER’: PER" — PER"
has both left and right adjoint as sketched in Example 1.32.

Intuitively, Theorem 1.41 may be read as an instance of the well-known
mathematical dichotomy that says that either a system or its meta-system
has to be incomplete. However, one should be a bit suspicious about the
fact that the reasoning in Theorem 1.41, which is about general (possibly
constructive) systems, relies on the classical “cardinality argument”. To
understand better this phenomenon, one should recall that the completeness
of a category (or a higher category) depends on the meta-foundations — a
category can be complete from the perspective of some foundations, but may
miss (co)limits from the perspective of other foundations. For example, a
finitely complete and cocomplete locally cartesian closed category is always
(co)complete from its own perspective, but may still miss infinite (co)limits
(e.g. the category FinSet of finite sets from the perspective of the finite
world is complete and cocomplete).

Corollary 1.45 says that the underlying 2-category of a (large) C-internal
2-category cannot be sufficiently cocomplete if there are non-posetal in-
ternally (co)complete C-internal categories. This does not imply that the
C-internal 2-category itself cannot be cocomplete. The situation should not
be strange — after all, such phenomenon also occurs in lower dimensions:
wSet-internal category PER from Example 1.32 is complete and cocom-
plete as an wSet-internal category, but its underlying classical category is
not (because it is non-posetal).

A natural question is then: can there be an internally complete and co-
complete (large) C-internal 2-category, whose C internal categories may be
non-posetal and (co)complete? This question has the affirmative answer.
One may understand the (large) C-internal 2-category of C-internal cate-
gories as the (weak) functor cat(C): C? — 2Cat that assigns to an ob-
ject X € C a 2-category cat(C/X) and to a morphism f: X - Y in C
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the categorfication cat(f*): cat(C/Y) — cat(C/X) of the pullback func-
tor f*: C/Y — C/X. This definition is sound because the construction cat
from categories with pullbacks to internal categories is 2-functorial'®. The
classical 2-category cat(C) may then be seen as the fibre of cat(C) at the
global object — i.e. cat(C) = cat(C)(1). Now, assume that C is finitely
complete and cocomplete locally cartesian closed category. Its not hard to
see that each fibre of cat(C) is finitely weighted complete and cocomplete
and, moreover, the reindexing functors have both left and right adjoints that
satisfy Beck-Chevalley condition (since C is locally cartesian closed, every
f*: C/Y — C/X has both left and right adjoints satisfying Beck-Chevalley;
and since these conditions are equationally defined, they are preserved by 2-
functor cat). Therefore, PER is an example of a non-posetal complete and
cocomplete internal category living in a complete and cocomplete (large)
internal 2-category.

1.3 The associated category

This section is intended to provide a framework that allows us to better un-
derstand 2-categorical models for lambda calculi, and under some conditions
embed them into a very well-behaved 2-category — the 2-category of internal
categories. We start with an explicit description of a category associated to
an object from a 2-category with a notion of canonical discreteness, and then
move to a more abstract framework.

In the reminder of the section, we shall use extensively the notion of
“inserter”, which we recall below.

Definition 1.48 (Inserter). Let f,g: A — B be two parallel morphisms in
a 2-category W. The inserter of f and g is an object I in W together with
a morphism i: I — A and a 2-morphism 7w: f oi — g ot that is universal in
the following sense:

X
hz// \ ¥ foi%goi
¥ .
I : AQB for==goux
g

10Gee Section 1.3 for more details.
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for every diagram (x: X — A a: fox — gox) there exists a unique mor-
phism h,: X — I such that ioh, = x and woh, = «; and for every diagram
(': X - Ajd/: fox' = goa') and a 2-morphism v: x — z’ that is a mor-
phism of diagrams, i.e. (goy) e a = o e (f o), there erists a unique
2-morphism h: hy — hy such that i o hy = 7.

Let us rewrite the definition of an inserter in more explicit terms. A

f
functor F': { e —=e } — W corresponds to a diagram { A—ZB } in W. A
g

natural transformation in hom(W(—),hom(X, F(—))) chooses a morphism
x: X — A together with a 2-morphism «: f ox — g oz like on the picture:

X——=A B foxr=>goux

We call a pair (z: X — A,a: fox — gox) an “inserter cone over X”. A
morphism between parallel natural transformations W(—) — homw (X, F'(—))

is a modification. If (x: X — A,a: foxr — gox)and (2': X — A, o/: fox — goa')
are two inserter cones over X induced by natural transformations W (—) —

homw (X, F/(—)), then a modification between the natural transformations
corresponds to a single 2-morphism 7: x — 2’ in W such that (g o ) e

a = o e (f o~). Therefore, we may write Inserter(X; f,g) for the cat-

egory of inserter cones over X of the shape of F', which is isomorphic to

hom(W (—), homyw (X, F(—))). Then, the assignment X +— Inserter(X; f, g)

extends by composition to a functor:

Inserter(—; f,g): W — Cat
The inserter I of f, g is a 2-representation
homy(—,I): W — Cat

of Inserter(—; f,g). That is, the inserter is an object I together with a
morphism i: [ — A and a 2-morphism n: f oi — g o4 that is universal in
the following sense:

X

ha )/ X s foi=goi
¥ ,
1 : A/\B for==goux




for every diagram (x: X — A,«a: fox — gox) there exists a unique mor-
phism h,: X — I such that ioh, = x and moh, = «; and for every diagram
(': X - A,d/: fox’ = goa’) and a 2-morphism v: z — 2’ that is a mor-
phism of diagrams, ie. (goy) e a = o e (f o), there exists a unique
2-morphism h: h; — hy such that o hy = 7.

By the above characterisation, we instantly get the following corollary.

Corollary 1.49. In any 2-category a morphism i: I — A of an inserter
(I,i: I — A) is discrete — i.e. it is representably faithful and conservative,
which means that for every object X the functor hom(X, i) is faithful and
conservative.

As mentioned in the previous section, in the presence of finite conical
limits, comma objects are constructible from inserters and vice versa.

Corollary 1.50 (Comma objects from inserters and products). Let f: A — C
and g: B — C' be morphisms in a 2-category W with products and inserters.
Then the comma object flg exists and can be constructed as the inserter of
foma with gomwg, where my: A X B — A, mg: A X B — B are the product’s
projections:

Proof. We have to check that the universal properties of Definition 1.25 are
satisfied.

First, let us assume, that there is an object X together with morphisms
a: X > A, b: X - B and a 2-morphism o: foa — gob. We construct
morphism h: X — f|g as the universal morphism to the inserter correspond-
ing to a 2-morphism o: f om0 (a,b) - gomgo(a,b). The equations are
trivially satisfied.

Similarly, let us assume that h,k: X — flg are two parallel morphism
and a: mfoh —mpok, f:mgoh — m,0k are 2-morphisms satisfying: g o
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pemoh=moke foa. We construct 2-morphism \: h — k as the universal
2-morphism to the inserter corresponding to a 2-morphism («, 5). Also, the
equations are trivially satisfied by the universal property of the inserter. [

In fact, comma objects, inserters, tensors and conical limits are all special
cases of Cat-weighted limits.

Example 1.51 (Tensor as a finite weighted limit). Let W be a 2-category,
and \ a category. The cotensor A h A in the sense of Definition 1.30 is the
limit of the functor "A™: 1 — W, which chooses object A, weighted by the
functor "A7: 1 — Cat, which chooses category \. Indeed, by the definition
of the weighted limit, we have:

homyy (X, limry\~("A7)) & homgag (A, homyy (X, A)
Therefore, limry\-(TA7) ~ A A.

Example 1.52 (Conical limit as a finite weighted limit). The classical limit
(i.e. a conical limit) of a 2-functor F: D — W is the same as limit of F
weighted by the constant functor A(1): D — Cat. To see this, let us unwind
the definition of a weighted limit:

homg,y» (A(1)(=), homy (X, FI(-)))
homcat (1, lim homy (X, F(—)))
homgat (1, homy (X, lim F))
homw (X, lim F)

where the first isomorphism follows from the usual definition of classical limit
in Cat, the second follows from Yoneda lemma for 2-categories, and the third
from the cartesian closed structure of Cat.

If Disc(W) gives the canonical notion of discreteness on a finitely (weighted)
complete!! 2-category is W, then with every object A € W we may associate
a Disc(W)-internal category A. Given A € W we define the “object of ob-
jects” Ay as |A|. Then we shall define the “object of morphisms” A; as the

A finitely weighted complete 2-category is a 2-category where every functor from a
finite 2-category weighted by finite categories has a limit in the sense of Cat-enriched
categories (see Definition A.37 in Appendix A.3).
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inserter of the following diagram (notice that |A x A| ~ |A| x |A] since |—|
is right adjoint):

0|4
om,co N €
A o) 1A A A~ A
\_/
T4

together with the “choosing” 2-morphism: a: €4 o dom — €4 o cod. We have

to show that A, is discrete. However this is a straightforward consequence
of Corollary 1.49.

Corollary 1.53. An inserter (I,i: I — A) on a discrete object A is a dis-
crete object.

The internal identity n,: Ay — A, is given as the unique morphism to
the inserter induced by the identity 2-morphism on:

Ay
/
A [Aal
// 0| 4
»
dom,cod N
A et 4 A A~ A
- 7
4

To define the internal composition, let us first form the pullback:

Ay 2 A

P2 | dom

A ——A
1 cod 0

and take the composition py: Ay — A; to be the unique morphism to the
inserter induced by the 2-morphism:

Qaps @ api: €40 dom o p; — €4 0 cod O Py

of the diagram:

Ag
m // domop1,codops) .
k/ 14|
dom,cod N
Ao 1A A Al —2 A
- 7
™) a|
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Definition 1.54 (Canonically associated category). Let W be a finitely com-
plete 2-category with a canonical notion of discreteness. With the notation as
above, we define an associated category to an object A € W to be the Disc(W)-

: _dom_ A 1
internal category A = (Ag, Ay, Ay ——Z Ag , Ag—— A1, Ay ——=Ay).
cod

Similarly, every morphism f: A — B induces an internal functor F': A — B,
and every 2-morphism 7: f — g induces an internal natural transformation
7: F — G between internal functors induced by f and g. This gives a 2-
functor E: W — cat(Disc(W)). We shall see that Disc(W) is a 2-dense sub-
category of W iff E: W — cat(Disc(W)) is a fully faithful embedding. One
then instantly gets the following: the 2-functor E: cat(C) — cat(Disc(cat(C)))
is a 2-equivalence of 2-categories for any category C with pullbacks.

Corollary 1.55. A category A internal to a finitely complete category C is
representably posetal iff it is an internal poset.

Proof. Let X be an object in C. We shall think of X as a discrete C-
internal category. An internal functor f: X — A is tantamount to a single
morphism f: X — Ay in C. An internal natural transformation between
such functors f,g: X — A consists of a morphism 7: X — A; satisfying
(domoT,codoT)y = (f,g). Therefore (dom, cod) is mono precisely when
over any (f, g) there is at most one internal natural transformation. On the
other hand if (dom, cod) is mono, the condition (dom o 7, cod o T) = (fo, go)
ensures that hom(X, A) is posetal for any C-internal category X. O

There is also a construction in the other direction I: cat(Disc(W)) — W,
provided W has enough (weighted) colimits. But first, let us recall the defi-
nition of a family fibration from Chapter 7.3 of [Jac99].

Definition 1.56 (Externalisation of a category). For every category A in-
ternal to a finitely complete category C one may construct a split indexed
category (the externalisation of a category): fam(A): C? — Cat as follows:

o fam(A)(X) is the category whose objects are morphisms X — Aq in C,
whose morphisms from an object x: X — Ay to an object y: X — Ag
are morphisms f: X — Ay in C such that (dom, cod) o f = (z,y) and
with the identities and compositions inherited from A

o for a morphism f: X =Y the functor fam(A)(f) = (=) o f is the
post-composition with f.
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Abusing notation a bit, we shall also write fam(C): C? — Cat for the split
indexed category associated to the fundamental indexing over C via the fibred
Yoneda lemma (Appendiz A.2 Theorem A.23). In more detail, it is defined
as:

fam(C)(X) = psfn(home(—, X),C*/(-))

where C*/(f: X = Y): C/Y — C/X is the pullback functor along f: X — Y
(i.e. C*/(—) is a component-wise right-adjoint to the usual slice functor), and
psfn is the “hom” of pseudofunctors as defined in Appendiz A.2.

Let F': Disc(W) — W be the inclusion from the category of discrete ob-
jects. Consider a Disc(W)-internal category A together with its externalisa-
tion fam(A): Disc(W)? — Cat. The corresponding object I(A) € W, if it
exists, is the colimit of F' weighted by fam(A). Therefore, if W has enough
(weighted) colimits then there exists a 2-functor I: cat(Disc(W)) — W, which
is left adjoint to E: W — cat(Disc(W)).

Instead of directly proving the above facts, we generalise the construction
of an associated category to any notion of discreteness and prove more general
theorems. Let us first generalise the construction of family fibration from
Definition 1.56. Because, by Theorem A.22 from the Appendix, fibrations
are equivalent to indexed categories, we use these concepts interchangeably.

Definition 1.57 (Generalised family fibration). Let F': C — W be a functor
from a 1-category to a 2-category. Fvery object A € W induces a split indexed
category: hom(F(—), A): C? — Cat, which we shall call “family fibration”
and denote by famp(A).

Example 1.58 (Canonical family fibration). Let A be a C-internal cate-
gory. Its externalisation fam(A): C? — Cat coincides with the family fi-
bration in the sense of Definition 1.56: famyp(A): Disc(cat(C))”” — Cat
where Disc(cat(C)) =~ C and F': C — Cat(C) gives the canonical notion of
discreteness. More generally, if A is a category relative to a monoidal fibra-
tion [GR76] [Prz07] [Shul3], then its externalisation as defined in Chapter
1.5 of [Prz07] also coincides with the family fibration.

The assignment A — fam-(A) extends to a 2-functor: fam,: W — Cat™”
which will be called “the family functor”. We shall recall the definitions of
a generic object, locally small, and small indexed category [Bor94]| [Joh02]
[Jac99] [Pho92].
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Definition 1.59 (Generic object). A split indezed category ©: C? — Cat
has a generic object Q2 € C if its underlying discrete indexed category:

s represented by:
home(—, §2)

Definition 1.60 (Locall smallness). A split indexed category ©: C? — Cat
is locally small if for every object I € C and every pair of objects X, Y € O(I)
there exists an object hom(X,Y") € C together with a morphism p: hom(X,Y) — I,
and a vertical morphism x: ©(p)(X) — O(p)(Y) over hom(X,Y") such that
for any morphism q: J — I € C and any vertical morphism 5: ©(q)(X) — O(q)(Y)
over J there exists a unique morphism h: J — hom(X,Y) such that poh = q

and O(h)(x) = f.

Definition 1.61 (Smallness). A split indexed category is small if it has a
generic object and is locally small.

It is well-known that (split) small categories indexed over a category C
with finite limits are equivalent to C-internal categories (Proposition 7.3.8
in [Jac99]). We show that if C is a coreflective subcategory of a finitely
complete 2-category W, then C-indexed family fibrations of W are small,
thus have associated C-internal categories.

Theorem 1.62. For every A € W the indexed category famp(A) has a
generic object iff F': C — W has a (1-)right adjoint U: W — C.

Proof. The theorem is almost tautological. The definition of an adjunc-
tion says that for every A there is a natural isomorphism: hom(F(—), A) ~
hom(—, U(A)) between Set-valued functors, but this is exactly the definition
of a generic object 2 = U(A). O

U
Theorem 1.63. IfW has (weighted) finite limits and an adjunction W _—=C
F

makes C a coreflective subcategory of W, then for every object A € W family
fibration famp(A) is locally small.

Proof. Let I be an object in C, and z,y: F(I) — A two parallel morphisms.
Let us write 7: hom(z,y) — F(I) for the inserter of z,y, and a: xom — yom
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for the inserter’s 2-morphism. We shall show that such data mapped by
the functor U make famp(A) a locally small fibration. Formally, let p =
nytoU(m), and X = & 0 €pom(ry). Observe that y is really a 2-morphism
zo F(p) = yo F(p):

hom(z, y) F(I)

FU () F(

FU(hom(z, y)) 2L pup(r) 200

F(I)

The square commutes by naturality of the counit e, and commutativity
of the triangle on the right side follows from triangle equality of the ad-
junction. We have to show that for any ¢: J — I and any 2-morphism
B:xo F(q) — yo F(q) there exists a unique morphism h: J — U(hom(z,y))
such that poh = ¢ and xo F'(h) = 8. By the definition of inserter hom(x, y),

we get a morphism h: F(J) — hom(z,y) like on the diagram

F(J)

NG .

¥

hom(z,y) —— F(I) 3 A
v

rToT==yom
B
zoF(q)==yo F(q)

which via transposition gives a morphism h: J — U(hom(z,y)). The above
conditions follows directly from the coreflectivity of C and the definition of
the inserter. We have po h = 77]_1 oU(rm)o U(/f;) ony = 77]_1 oUF(q)ony =q,
and x o FI(h) = a0 €hom(ay) © F'(h) = « o h = f. For the uniqueness, let us
assume that h: J — U(hom(z,y)) is such that poh = ¢ and y o F(h) = S.
Since h and h uniquely determines each other, it suffices to show the following
Toh=to €hom(z,y) © F'(h) = F(p) o F(h) = F(q), and « oh=ao €hom(z,y) ©
F(h) = x o F(h) = 5. O

Corollary 1.64. IfW has finite (weighted) limits and the adjunction Wé C

F
makes C a coreflective subcategory of W, then every indexed category fam p(A)
15 small.
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Theorem 1.65 (Representation theorem). Let W be a finitely (weighted)
C

F
making C a coreflective subcategory of W. With every object A € W we
may associate, in a canonical way, a C-internal category. Moreover, this

assignment makes W a full (necessarily dense) 2-subcategory of cat(C) iff C
s a dense subcategory of W.

complete 2-category, and assume that there is an adjunction W

Proof. Density of C in W by definition is equivalent to the condition that
the 2-functor famp: W — Cat™ is fully faithful. It is then also essentially
injective on objects. Therefore, by Corollary 1.64, W is equivalent to a full
subcategory of C-internal categories. ]

Example 1.66 (Cat with canonical discreteness). The canonical externali-
sation of a category C gives the usual family fibration fam(C): Set” — Cat.
This fibration is small precisely when category C is small. The category as-
sociated to C is (equivalent to) the same category.

Example 1.67 (Cat with 0). The subcategory of Cat consisting of a single
empty category 0 gives a non-dense notion of discreteness on Cat. Since
C° =~ 1 for any category C, there is only one associated category to every
object in Cat.

Example 1.68 (Cat with 1). The subcategory of Cat consisting of a termi-
nal category 1 does not give a notion of discreteness on Cat, simply because
the terminal category functor 1 — Cat does not have right adjoint. Howewver,
the terminal category is a 2-generator in Cat. The family fibration does not
loose any information about objects in Cat, but every non-trivial fibration is
not small, therefore does not have the associated category.

We shall write E: W — cat(Disc(W)) for the functor from Theorem 1.65
representing an object from W as an internal category.

Lemma 1.69. Let W be a 2-category with a notion of discreteness. The
functor E: W — cat(Disc(W)) preserves limits and discrete objects.

Proof. It preserves limits by 2-Yoneda lemma, and discrete objects by the
definition of discreteness. [

Theorem 1.70. Let W be a finitely (weighted) complete 2-category with a
notion of discreteness. If an object A € W has internal connectives (in-
ternal terminal/initial value, internal (closed) products, coproducts) then its
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associated category E(A) has corresponding connectives in the usual sense.
Moreover, if discrete objects are dense, then the converse holds as well.

Proof. One direction follows from Lemma 1.69 and the fact that 2-functors
preserve adjunctions. The other direction follows from the same facts plus
Theorem 1.65 saying that W is a full subcategory of cat(Disc(W)) provided
Disc(W) is dense. O

Corollary 1.71. Theorem 1.18 from Section 1.1 holds.

The notion of an associated category allows us to better understand the
Beck-Chevalley condition for fibred (co)products [Jac99]. Let us recall that
a fibration represented as an indexed category ®: C? — Cat over a finitely
complete category C has (co)products if for each morphism s: X — Y in
C the functor ®(s) has right [], (vesp. left [],) adjoint. Furthermore, the
(co)products satisfy the Beck-Chevalley condition if for every pullback:

p—-"t.x

ML l/s

I—Y
the canonical natural transformation ® (7)o [, — [],, om (resp. [, om —
(i) o [[,) is an isomorphism.

Corollary 1.72. Let W be a 2-category with a notion of discreteness. An ob-
ject A € W has polymorphic (co)products iff its family fibration has (co)products
along all morphisms. Moreover if W has finite limits, then these (co)products
are stable iff in the family fibration (co)products satisfy the Beck-Chevalley
condition.

The above corollary together with Theorem 1.70 imply that our 2-categorical
models for polymorphism externalise to fibrational models [Jac99] [See87].
However, if discrete objects are not dense, we may not rely on the external
fibrational semantics. To see this, consider a monoidal-enriched category —
its externalisation gives the usual family fibration on the underlying category;
therefore fibrational semantics discard enrichment and collapse to semantics
in an ordinary category.

We can define very many categorical concepts relatively to W by means
of the same concepts internal to the associated categories. Here is one more
example.
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Example 1.73 (Associated internal two-sided fibrations). Let us recall from
[BCSWS83] that if M is a (possibly weak) 2-category, then a pair of monads
S: A— A, T: B— B internal to M induces an ordinary monad T o (=)o S
on the hom category homy (A, B) via composition. An S-T-module is an
object in the Eilenberg-Moore resolution for monad T o (=)o S (i.e. it is a
T o (—) o S-algebra). Moreover, if M has local coequalisers, then modules
can be composed in the natural way: i.e. if a: S — T is an S-T-module
and B: T — R is an T-R-module, then the coequaliser of ny o o o idg and
ids o B omgr acquires a structure of an S-R-module. These compositions are
then associative up to canonical isomorphisms and organize modules into a
(weak) 2-category Mod(M).

Let C be a category with pullbacks. Then, there exists a weak 2-category
Span(C) of spans in C with the same objects as in C, with 1-morphisms from
A to B consisting of pairs of arrows A < X — B in C with (weak) composi-

tions given by pullbacks, and with 2-morphisms AL X 5 B = A 2—6 Y A B
consisting of a single morphism f: X —Y from C such that (yjo f,~v; 0 f) =
(70,71). A C-internal category is a monad internal to Span(C). An A-B-
module between internal categories A, B gives the usual notion of internal
profunctor from category A to category B. In more detail, a C-internal pro-
functor from a C-internal category A to a C-internal category B is given by

a span A & R LB together with a morphism of spans B o Ro A % R in
Span(C) (all squares on the diagram are pullbacks):

RoA}O¢]E{<BoR
NG\,
ZON N N

which is compatible with identities and compositions in A and B.

A two-sided internal fibration from X € W to Y € W in the sense of
Street [Str80] may be defined as a profunctor from the category associated to
X to the category associated to 'Y, under the identity coreflection on W.

Lemma 1.74. Let W be a 2-category, and assume that there is an adjunction
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U
W _——=C making 1-category C a coreflective subcategory of W. The 2-
F

functor famp(—): W — Cat®” has left adjoint L: Cat®” — W expressed
as the coend:

L(H):/ T H(X) % F(X)

provided W is sufficiently cocomplete. Moreover, if W is finitely complete,
the above formula induces adjunction W < cat(C).

Proof. Let H: C? — Cat be an indexed category, and A an object in W.
There are natural 2-isomorphisms:

homy ([¥° H(X) x F(X), A)
Jxec homy (H(X) x F(X), A)
Jxec homeat (H (X)), homy (F(X), A))
homeat(H, hom(F(—), A))
homeas(H, famp(A))

where the first isomorphism exists because hom-functors turn colimits into
limits, the second is the definition of the tensor with a category, the third
is the definition of the object of natural transformation, and the last one is
the definition of the family variation. By Theorem 1.65 the above restricts
to the adjunction W < cat(C). O

Generally famp(—): W — Cat®” hardly has a left adjoint, because there
are no reasons to expect that such big coends exist for all H: C” — Cat.
One may expect, however, a more reasonable characterisation of the left
adjoint to the representation functor £: W — cat(C).

Consider a functor K: A — X between ordinary categories, and let us try
to describe it through mappings to category X from the discrete data associ-
ated with A. Functor K induces the mapping of objects Ky: Ag—Xyg—X,
and the mapping of morphisms K. The later can be described as the natural
transformation K;: Ky o dom — Ky o cod like on the following diagram:

dom
— T K
AO KI\U/ Al —2>X
~_ 7

cod
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Not every diagram of the above form induces a functor A — X, because a
functor has to preserve identities and compositions. To express these extra
conditions, one may first extend the diagram by additional functions:

p2 dom
/\ £
AQ H Al n AO 2 X
\_/ \_/
p1 cod

and impose some constraints. This idea leads to the concept of codescent
objects [Str10] [Lac02].

Example 1.75 (Codescent object). Let A be the skeletal full subcategory of
Cat consisting of finite ordinal numbers. We denote by k ={0<1<...<
k—1} the k-th ordinal number [ML78]. The (2-)truncated simplicial category
E s the (non-full) subcategory of A generated by the following diagram:

where of: k—k+1 for 0 < j <k is the unique injective function whose
image omits j, and !: 2 — 1 is the terminal function. Equivalently, one may
describe E as the free category generated by a graph like the above and subject
to the following equalities:

o 5200} = 8204
o 5200l = 8204
o 5200l = 62 04!
o 106l =id, =06

A truncated cosimplicial diagram in a 2-category W is a functor F: E°P — W.
A (strict) codescent object of a truncated cosimplicial diagram F: E? — W
1s an object C' € W together with a 2-natural isomorphism:

homw (C, —1) &~ homgyr (G(—2), homy (F(—2), —1))

where G: E — Cat is the natural embedding E — A — Cat.
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The above definition says that morphisms from codescent object C' to an
object X are in an isomorphic correspondence with morphisms of diagrams
G(—) — homw(F(—), X). Generally, internal categories are the most natural
examples of codescent objects — a C-internal category A is the codescent
object of its own truncated cosimplicial diagram [Str10] [Str04]:

p2 dom
/\ /\
AQ K Al 7 AO --f-s A
\_/ \_/
p1 cod

where Ay, Ay, Ay are the objects of: objects, morphisms, and composable
pairs of morphisms respectively, dom, cod, pi,p, are projections, p is the
internal composition and 7 assigns internal identities to objects, as defined
earlier in this section.

In fact, codescent objects are colimits weighted by the weight (finite)
E — Cat. Observe that for an object K € C thought of as a discrete internal
category, L(K) = fXGC homeat(c) (X, K) x F(X) = fXEC home (X, K) x
F(X) = F(K), where the first equality is the definition of L, the second
follows from discreteness of K and the third is the Yoneda reduction. Because
weighted colimits are preserved by left adjoint functors, L(A) has to be the
codescent object of the diagram:

F(p2) F(dom)
F(Ag) —F(— F(A) <Fn— F(Ag) — —~ = L(A)
- "
F(p1) F(cod)

Therefore if W has enough finite weighted colimits then the representation
functor has left adjoint.

Theorem 1.76 (Reflective representation). Let W be a 2-category, and as-

U
sume that there is an adjunction W _——=C making 1-category C a core-
F

flective subcategory of W. The representation 2-functor E: W — cat(C) has

the left adjoint iff W has codescent objects of truncated cosimplicial diagrams
formed in C.

Corollary 1.77. Let W be a finitely complete 2-category with a dense no-
tion of discreteness. Furthermore, assume that W has codescent objects of
discrete truncated cosimplicial diagrams. Then the representation 2-functor
E: W — cat(Disc(W)) makes W a dense reflective 2-subcategory of cat(Disc(W)).
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Chapter 2

Free semantics

A well-known Mac Lane’s slogan says “adjunctions arise everywhere”. One
may find adjunctions in variety of concepts from theoretical computer science:
definitions of Galois correspondence between syntax and semantics together
with Dedekind-MacNeille completion as the fixed-point of the adjunction,
power objects, function spaces (in the form of lambda abstraction), logical
connectives and quantifications, to classical mathematics: free structures,
definitions of tensor products, distributions, and many more. In some cases,
however, the definition of an adjunction is too restrictive. We have already
observed in Example 1.23 that a category may not be closed in itself, but
in a larger embedding category. Actually, the situation from the example
was quite simple, because objects from the subcategory were exponentiable
with respect to all objects in the embedding category. Here is a less trivial
example.

Example 2.1 (Partial recursive functions). Let us consider a category con-
sisting of two objects — the set of natural numbers N, together with partial
recursive functions, and a singleton 1, with all singleton maps 1 — N. This
category is not cartesian — a pairing cannot be partial recursive — was it,
one could decide the halting problem*. In more detail, let us assume that the
product N x N exists with projections m,m: N x N — N. Consider a partial
recursive function f and the constant function 0 that assigns every natural

'If the pairing is effective then it has to be ambiguous.
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number to zero:

N

7 e N
s \IV s
N=<—"—-NxN—=N

Because 0 is a total function, (f,0) has to be total as well. Consider natural
numbers n,m & dom(f) that do not belong to the domain of f. I claim that:

(£,0)(n) = (f,0)(m)

because, otherwise, one could swap these values obtaining another pairing
function, which would contradict its uniqueness. Since being partial recursive
is invariant under incrementation, without loss of generality we may assume
that f is not surjective. Let k & dom(f) be any natural number that does not
belong to the domain of f. There is a recursive function (where “halt” does
not belong to the image of f):

() = { halt —if (£,0)(x) = (f,0)(k)

f(z) otherwise

Observe that f(x) = ty(x) whenever x € dom(f). This leads to the contra-
diction, since not every partial recursive function f can be extended to a total
function.

On the other hand, this category is “cartesian” in the category of 113
functions in the sense of arithmetic hierarchy. Similarly, the category of 113
functions is not cartesian in itself. In fact, a simple diagonalisation argument

shows that none of X" II™ A™ is cartesian.

Such situations frequently occur when a construction over an object is of
a poorer quality than the original object. Here is our driving example

Example 2.2 (Russell paradox). In a ZFC set theory® there can be no set U
universal for all sets — i.e. there is no set U such that every set is isomorphic
to exactly one element of U. However, there exists a (necessarily proper’)
famaly of sets Uy C Uy C Uy C -+ that is collectively universal, which means
that for every set A there exists Uy, and exactly one X € Uy, with A~ X. An
example of such a family is the ascending chain of all cardinal numbers.

2The result generalises to any higher-order type theory [BF97].
3Otherwise, by the axiom of union we could form Ay = J, [JU, and A = P(Ap) would
not be classified by any U.
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Intuitively, we should think of universes as 2-dimensional analogue of the
internal truth-values object € in a topos — just like €2 classifies internal
logic of a category, a universal object tries to classify the external logic. The
attempt to classify the full external logic is, however, futile, as stated in the
above example. Therefore, we have to focus on a classification of some parts
of the external logic.

In this chapter we set forth categorical foundations for “2-powers”, which
shall generalise partial classifiers of external logics for objects in a 2-category.
We show how internal logical systems in any 2-category with 2-powers carry
free semantics on objects. We propose a notion of a Yoneda (bi)triangle
and use it to generalise to the 2-categorical setting the famous construction
of convolution introduced by Brian Day in his PhD dissertation [Day70] for
enriched categories. As a complementary result we prove the convolution
theorem for internal categories.

2.1 Categorical 2-powers

To better understand our definition of “2-powers”, let us first recall how one
may define ordinary powers. With every (well-powered) regular category* C
there is associated a 2-poset (i.e. poset-enriched category®) of its internal re-
lations Rel(C) together with a bijective-on-objects functor J: C — Rel(C).
Furthermore, the right adjoint of J, if it exists, P: C — Rel(C) induces the
natural isomorphism [Fe90]:

homgeic)(/(4), B)
hom¢(A, P(B))
If additionally C has a terminal object 1 then, recalling the definition of an
internal relation (Example 2.3.8 in [Jac99]), one gets:
sub(C)(A)
hOIIlRel((C) (J(A), 1)
hom¢ (A, P(1))

4A category is called regular (Chapter 2, Volume 2 of [Bor94], Chapter A1.3 of [Joh02],
Chapter 4, Section 4 of [Jac99], (Chapter 1.5 of [Fe90]) if it has finite limits, regular epimor-
phisms are stable under pullbacks, and every morphism factors as a regular epimorphism
followed by a monomorphism.

5Poset-enriched category, also called 2-poset, is a category enriched in the category of
posets.
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which makes C a topos with power functor P and the subobject classifier
2 = P(1) (see: Chapter 5 of [Jac99]). All of the above may be abstractly
characterised by starting with a regular fibration p: E — C on a finitely
complete category C, then constructing the category of p-internal relations
Rel(p) and a bijective-on-objects functor J: C — Rel(p) (see: Chapter 4
of [Jac99]). We shall recover the classical situation by taking for p the usual
subobject fibration. Now we would like to argue that the right notion of
the category of relations over C is encapsulated by any bijective-on-objects
functor J: C — D, where D is a 2-poset. Here are some intuitions. Let
us recall [JHO6] that any such bijective-on-objects functor corresponds to a
poset-enriched module monad (Pos is the category of partial ordered sets
and pointwise-ordered monotonic functions):

homp(J(—1), J(—2)): C? x C — Pos

with unit:
n: hOm(c(—l, —2) — homD<J(_l)a J(_2>>

given by the action of J, and multiplication:

BeC
0 / homp(.J(—1), J(B)) x homp(J(B), J(—s)) — homp(J(—1), J(—2))

induced by the composition from ID. This monad gives a “fibred span”
(i.e. a span where one leg is a fibration and the other is an opfibration)
C & [homp(J(—1),J(—2)) 2 C with a monoidal action induced by a gen-
eralised Grothendieck construction — the total category is defined as the
following coend:

X,YeC
/ homp (J(—1), J(—)) = / C/X x homp(J(X), J(Y)) x Y/C
where:

C/(-): C — Cat
(—)/C: C? — Cat

are the slice an coslice functors, and 7y, 75 are the obvious projections. If we
assume that C has a terminal object 1, then:

homp(J(1),J(—)): C — Pos
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by Grothendieck construction corresponds to an opfibration:

Thomp(J(1),J(—)) * /homD(J(l),J(—)) —C

and:
homp(J(—),J(1)): C®” — Pos

corresponds to a fibration:
Trome(o(ay: [ homn(J(=), (1) = €

In case D = Rel(p) these two functors are “essentially the same” and encode
the fibration p: E — C; one may check that our fibred span arises by pulling
back p: E — C along the Cartesian product functor x: C x C — C to obtain
a bifibration rel(p): Rel(p) — C x C and postcomposing it with two projec-
tions. For this reason, the functor J: C — I does not lose any information
about the regular logic associated to C. Second, we do believe that a more
natural setting for relations is a fibred span than a bifibration — this allows
us to distinguish between relations A -+ B from relations B - A and gen-
eralise the construction to higher categories. For example, as suggested by
Jean Benabou, the role of relations between categories should be played by
profunctors. For any complete and cocomplete symmetric monoidal closed
category C, we may define a 2-profunctor:

homp;st(cy : Cat(C)? x Cat(C) — Cat

sending C-enriched categories A, B to the category of C-enriched profunctors
A - B and C-enriched natural transformations. Because:

homDist((C) (AJ B) #’ homDist((C) (Ba A)
the 2-profunctor homp;g(c) is not induced by any (co)indexed 2-category.

Example 2.3 (Allegory). Another way to look at these concepts is through
the notion of an allegory [Fe90]. An allegory is a pair (A, (—)*: A — A°P),
where A is a poset-enriched category (2-poset), (—)*: A — A°P is an identity-
on-objects duality involution, and:

o for each A, B € A the poset hom(A, B) has binary conjunctions
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h

N\
e for each triple of morphisms A? B+ C the following holds:

(gof)Nh<go(gohNf)

Fvery allegory A induces a bijective on objects embedding J: C — A by form-
ing a subcategory C consisting of morphisms that have right adjoints. More-
over, if A is a tabular allegor®, then Rel(C) =~ A and C is (locally) regular
(2.148 in [Fe90]; moreover, the converse is true by 2.132 in the same book).

As mentioned earlier, a (locally small) category with finite limits has
power objects iff it is regular and the induced functor J: C — Rel(C) has
right adjoint. It is natural then to provide the following generalisation of a
power functor. If J: C — D is a bijective on objects functor, then we say
that P(B) € C is a J-power of B € D if there is a representation:

homp(J(—), B) =~ hom¢(—, P(B))

If a representation P(B) exists for every B € D, i.e. J has the right adjoint
P: D — C, we say that C has J-powers.

Example 2.4 (Topos). Let C be a (locally small) regular category, and
J: C — Rel(C) 1its inclusion functor into the category of relations. C is
a topos iff it has J-powers.

Example 2.5 (Quasitopos). Let C be a finitely complete and cocomplete
locally cartesian closed category, such that its fibration of reqular subobjects’
is reqular®, and J: C — RegRel(C) its inclusion functor into the category
of reqular relations. C is a quasitopos iff it has J-powers.

Example 2.6 (Regular fibration). More generally, let p: E — C be a regular
fibration on a finitely complete category C (Definition 4.2.1 in [Jac99]). If
J: C — Rel(p) has a right adjoint, then p: E — C has a generic object. The
converse is true provided that C is cartesian closed.

6An allegory is tabular if every morphism h admits a decomposition h = ¢g* o f such
that f*o fAg*og=1d.

TA regular subobject of A is a (equivalence class of) regular monomorphism with
codomain A. A regular monomorphism is a monomorphism that arises as an equaliser.

8See Chapter 4, Section 4 of [Jac99]
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Still, as exposed in the introduction to this chapter, such definition is too
strong to embrace many interesting examples. Here is another one. Let cat
be the 2-category of small categories, and dist the 2-category of profunc-
tors, with the usual bijective on objects embedding J: cat — dist defined
on functors:

J(F) = homgist(—1, F(—2))

Then cat does not have J-powers due to the size issues — profunctors A - B
correspond to functors A — Set®”. but the category Set®” usually is not
small, nor even equivalent to a small one. Unfortunately, these size issues
are fundamental — there is no sensible restriction on the sizes of objects and
morphism to make cat admit J-powers. However, some of the profunctors
are classified in such a way. These observations lead us to the concept of a
Yoneda triangle.

Definition 2.7 (Yoneda triangle). Let W be a 2-category. A Yoneda triangle
in W, written n: y>(f, g), consists of three morphismsy: A — A, f: A— B
and g: B — A together with a 2-morphism 1n: y — go f which exhibits g as
a pointwise left Kan extension of y along f, and exhibits f as an absolute
left Kan lifting® of y along g:

A Y A
AN
f=Lift,(y)
g=Lany(y)
B

The absoluteness of a Kan lifting means that the lifting is preserved by any
morphism k: K — A — i.e. the 2-morphism n o k ezhibits Lift (y) o k as

Lift,(y o k).

The idea of a Yoneda triangle is that, we have a morphism y: A — A
which plays the role of a “defective identity” and for a given morphism
f+ A— B we try to characterise its right adjoint up to the “defective iden-

tity” .

9The concept of a Kan lifting is the opposite of the concept of Kan extension — i.e. a
Kan lifting in W is a Kan extension in W°P.
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Example 2.8 (Adjunction as Yoneda triangle). A 1-morphism f: A — B
in a 2-category W has a right adjoint g: B — A with unit n: id — go f
precisely when n: id > (f, g) is a Yoneda triangle:

B

| Z°A i A

f=Lift,(id)

Since f = Lift,(id) is an absolute lifting, f o g is a lifting of g through g
with nog: g — go fog. By the universal property of the lifting, there is a
unique 2-morphism e: f o g — id such that go e eno g = id, which may be
defined as the counit of the adjunction. We have to show that also the other
triangle equality holds. Let us first postcompose the equation goecenog = id
with f to obtain goeo fenogo f=1id. Then postcompose it with n to get
goeo fenogo fen =mn. But this equation, under bijection provided by
Lift,(id), corresponds to the equation eo f e fon = id, which is the required
triangle equality.

On the other hand, let us assume that f s left adjoint to g with unit
n:id — go f and counite: fog— id. We shall see that for everyk: C' — A
the composite 1o k exhibits f o k as the left Kan lifting of k along g:

i A
h( £ | fok kay
B
We have to show that the assignments:
Fok—Sshis k2" ooh

and:

eohe fof3

ke gohs fok h
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are 1nverse of each other. Let us check the first composition:

cohefo(goaenok) = ecohefogoaefonok
= aecofokefonok

=

where the first and second equalities follow from the interchange law of a 2-
category, and the last one follows by the triangle equation. Similarly we may
check the second composition:

go(cohefof)enok = goeohegofofenok
= goeohenogohef
= B

The fact that g is a pointwise left extension of id along f follows from
a more general observation that a left Kan extension along a left adjoint
always exists and is pointwise (Proposition 20 in [Str74]). However, it is
illustrative to see how the bijections defining Kan extensions are constructed
in our particular case. Let us extend the diagram of adjunction f = g by
generalised elements ax € A, by € B:

B /B

ax
where h: X — flb is the unique morphism to the comma object induced by the
counit ey: f(g(bx)) — bx. Then, one part of the bijective correspondence is
given by assigning to B: g(bx) — ax an arrow f oy e go N O T T —> Gx O Ty,
and the other is given by composition with h.

Generally, a Yoneda-like triangle n: y > (f, g) where g is not assumed
to be the left Kan extension of y along f is called an adjunction relative
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to y [Ulm68]. Note however, that in such a case g need not be uniquely
determined by f.

The term “Yoneda triangle” has been chosen to suggest a very important
source of examples — namely, Yoneda structures as defined in [Web07] (Def-
inition 3.1 there). This source is explained in Example 2.11 and continued
in the discussion following the example.

To establish a more direct connection between Yoneda triangles and
Yoneda structures, let us introduce one more concept.

Example 2.9 (Strong internal density). Let W be a finitely complete 2-category.
Definition 1.34 from Chapter 1 internalises the concept of density (co)product
and, in particular, the concept of a dense morphism. That is, a morphism
y: A — A from W is dense if the identity on A is a pointwise left Kan ex-
tenston of y along itself. As mentioned there, this definition agrees with the
usual definition of density of a functor between ordinary categories, but in
general 2-categories, may be too weak.

One may use Yoneda triangles to give a stronger definition. Recall from
Ezample 2.14 that if a functorY : A — A is dense, then any functor F: A — B
that is an absolute left Kan lifting of Y : A — A along G: B — A makes au-
tomatically G a pointwise left Kan extension of Y along F. By internalising
the above property, we get the following definition of “strong internal den-
sity”. A morphism y: A — A from W is strongly dense if every triangle like
on the below diagram:

A Y A
Vi
f
g
B

where f is a y-relative right adjoint to g (i.e. f is an absolute left Kan lifting
of y along g) forms a Yoneda triangle. Because any morphism y: A — A is
always an absolute left Kan lifting of itself along the identity on A, the condi-
tion of “strong internal density” implies the ordinary condition of “internal
density”.

A similar idea lead M. Weber in [Web07] to the notion of “good Yoneda
structure”. A good Yoneda structure in a 2-category W consists of:

e a right ideal of morphisms in W, which are called “admissible mor-
phisms”
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e for cach admissible identity id: A — A in W, a morphism y: A — A,
which is thought of as internal Yoneda embedding of an object A into
“object of internal presheaves” A

These data have to satisfy some properties to make it possible to work with
“internal Yoneda embeddings” like with ordinary Yoneda embeddings for
categories. It turned out, that for many purposes it suffices to ensure that
“object of internal presheaves” are sufficiently (co)complete and that inter-
nal Yoneda embeddings satisfy the “strong density condition” as defined in
Example 2.9, but restricted to “admissible morphisms” only.

Just like in the previous chapter we provided an elementary description
of pointwise Kan extensions, we shall now give a similar characterisation
of absolute Kan liftings. Let us extend the diagram of a Yoneda triangle
n: y>(f, g), by taking generalised elements ax € A,bx € B and a generalised

arrow f(ax)——by:

X
ax ylax)
bx /k A Y A
Y4
f
g
B

The absoluteness of a left Kan lifting says that there is a bijective correspon-
dence:

flax) 5 by

w0k
ylax) ™ g(bx)
which clearly resembles the usual hom-definition of adjunction on generalised

elements. Moreover, using the formula for pointwise left Kan extension, we
may write:

gbx)= [ wlax)
flax)—bx
which in case of Cat may be interpreted as the colimit of y taken over comma
category flA,,. In particular, we have the following characterisation of
Yoneda triangles in Cat.
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Example 2.10 (Yoneda triangles in Cat). If we take W to be the 2-category
Cat of locally small categories, functors and natural transformations, then

the condition that G is a pointwise left Kan extension of Y: A — A along
F: A — B reduces to:

G(—):/ " homg(F(A), ) x Y/(4)

In case category A is not tensored over Set the above coend has to be inter-
preted as the colimit of Y weighted by:

homg (F(—1), —2)
The condition that F is an absolute left Kan lifting of Y along G reduces to:
homg (F(—1), —2) & homg(Y (—1), G(—2))

Furthermore, if Y s dense, then G is automatically a pointwise Kan
extension in a canonical way — from density we have:

AcA
G(=) ~ / hom (Y (4), G(—)) x Y(A)
and using the formula for an absolute lifting:
AeA
Gl—) ~ / hom(F(A), —) x Y (A)

This example needs more elaboration. In the literature, there exist two
essentially different notions of pointwise Kan extensions. The older, provided
by Eduardo Dubuc [Dub70] for enriched categories, defines pointwise Kan
extensions as appropriate enriched (co)ends:

Ranp(Y) = / Y (A)homs(=F(O))
AeA
AcA
Lanp(Y) = / homg(F(C),—) ®@ Y(A)
The newer, provided by Ross Street [Str74], works in the general context
of (sufficiently complete) 2-categories, and has been used in the dissertation

up to this point. As mentioned in [Str74] [Kel82] these definitions agree
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for categories enriched in Set, and for categories enriched in the 2-valued
Boolean algebra 2, but Street’s definition is stronger than Dubuc’s one for
general enriched categories (it is strictly stronger for categories enriched in
abelian groups Ab, and for categories enriched in Cat). Steve Lack [Lacl0]
blamed for this mismatch the definition of a category of C-enriched cate-
gories, which “can’t see” the extra structure of a C-enriched category on
functor categories hom(A, B). Although it is certainly true that the cat-
egory Cat(C) of C-enriched categories is more than a 2-category — after
all, it is a Cat(C)-enriched category with an underlying 2-category — the
reasoning is not correct. Technically, the reasoning cannot be right, because
treating a 2-category as a Cat(C)-enriched category and carrying to this set-
ting Street’s definition of pointwise Kan extension may only strengthen the
concept of a Kan extension, which is, actually, in its ordinary 2-categorical
form, stronger than Dubuc’s one. More importantly, also philosophically the
reasoning cannot be right — the enrichment of Cat(C) in Cat(C) is a self-
enrichment, which means that it is completely recoverable from its underlying
2-category; the idea behind Street’s pointwise Kan extensions was to define
the Kan extension at “every generalised 2-point” just to evade defining it on
“enriched objects”.

Example 2.11 (Yoneda triangle along Yoneda embedding). For any functor
F: A — B between locally small categories, there is a Yoneda triangle:

A Ya Set®”
Vi

omg (F(—2),—1)

B

which resembles the fact that every functor always has a “distributional”
right adjoint'®. The same is true for internal categories and for categories
enriched in a cocomplete symmetric monoidal closed category, and generally
(almost by definition) for any 2-category equipped with a Yoneda structure in
the sense of [SWTS].

The essence of the example is that because the Yoneda functor yg: B — Set®”
is a full and faithful embedding, functors F': A — B may be thought as of

OEvery functor has a right adjoint in the weak 2-category of profunctors.

73



profunctors
Yp © F = homB(—Q, F(_l))

Every profunctor arisen in this way has a right adjoint profunctor homg(F'(—2), —1)
in the (weak) 2-category of profunctors. The profunctor hompg(F(—32), —1)
actually has type B — Set®”, which is the only reason that may prevent F
from having the ordinary (functorial) right adjoint G: B — A. Formally, we

say that F' has a right adjoint, if there exists G such that:

ya © G ~ homg(F(—2), —1)
which means:
homy (—2,G(—1)) = homg(F(—2), —1)

Of course, a Yoneda 2-triangle is a Yoneda triangle in the (2-)category
of 2-categories, 2-functors, and 2-natural transformations. However, in the
light of our elaboration on “pointwiseness”, we shall weaken the definition of
pointwise Kan extension to the one suitable for enriched categories — as it
is much easier and convenient to work with.

Definition 2.12 (Yoneda bitriangle). A Yoneda bitriangle n: Y > (F,G)
consists of pseudofunctors Y : A — A, F: A - B, G: B — A between (weak)
2-categories A, A, B and a pseudonatural transformation n:Y — G o F that
induces natural equivalences between functors:

hom(Y (—2), G(—1)) ~ homg(F(—3), —1)
and between functors:
hom;(G(—1), —2) ~ hom(homg(F(—3), —1), homg (Y (—3), —2))

The last equivalence should be informally understood as the following
“equivalence” !:

G(—)z/ " homs(F(4), ) x ¥(A)

Observe that even in case Y: A — A is only weakly 2-dense, i.e. there is a
canonical equivalence:

hom(homg (Y (—1), —2), homg(Y(—1), —3)) ~ homg(—2, —3)

1Tt may be expressed as such an equivalence in case objects on the right hand side are
well-defined.
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if G satisfies the first condition, then it automatically satisfies the second as
well:

hom (homg(F(—3), —1), homz(Y (—3), —2))
hom(homy (Y (—3), G(—1)), homz(Y (—3), —2))
homg(G(—1), —2)

Q

Q

We shall be mostly interested in Yoneda bitriangles arisen from proarrow
equipment [Woo82] [Woo85], which we recall below. Let J: A — B be a
(weak) 2-functor from a (strict) 2-category A to a (weak) 2-category B. We
say that J equips A with proarrows if the following holds:

e J is bijective on objects

e J is locally fully faithful, which means that for every pair of objects
X,Y € A the induced functor homy(X,Y) — homg(J(X), J(Y)) is
fully faithful

e for every 1l-morphism f: X — Y in A the corresponding morphism
J(f): J(X) — J(Y) in B has a right adjoint

A proarrow equipment resembles the concept of an allegory in a 2-dimensional
context.

Definition 2.13 (2-powers). Let J: A — B be an equipment of A with proar-
rows, and Y : A = A a 2-functor making A a full 2-subcategory of A. Then
A has J-relative 2-powers if J andY can be completed to a Yoneda bitriangle
n:Y > (J,P) with P: B— A andn: Y — PoJ.

Example 2.14 (Categorical 2-powers). The archetypical situation is when
we take n: Y : cat — Cat > (J: cat — dist, P: dist — Cat), where cat is
the 2-category of small categories, Cat is the 2-category of locally small cat-
egories, and dist is the (weak) 2-category of profunctors between small cat-
egories. Then J: cat — dist, Y: cat — Cat are the usual embeddings
P: dist — Cat is the covariant 2-power pseudofunctor Set ™" defined on
profunctors via left Kan extensions, and ny: A — Set®” is the Yoneda em-
bedding of a small category A. There are isomorphisms of categories:

homagist (A, B) &~ homgag (A, Set®”)
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where A and B are small. Therefore, to show that P is a (weak) pointwise left
Kan extension it suffices to show that'Y is 2-dense. However, Y is obviously
2-dense, because the terminal category 1 is a 2-dense subcategory of Cat and
Y s fully faithful.

Here is a similar result for internal categories.

Theorem 2.15 (C-internal 2-powers). Let C be a finitely cocomplete locally
cartesian closed category. There is a Yoneda bitriangle:

n: fam: cat(C) — Cat®” & (J: cat(C) — dist(C), P: dist(C) — Cat®")

where cat(C) is the 2-category of C-internal categories, dist(C) is the (weak)
2-category of C-internal profunctors with J the usual embedding, and:

fam: cat(C) — Cat®”
is the canonical family functor (the externalisation functor). Pseudofunctor:
P: dist(C) — Cat®”
1S given by:
P(A) = fam(C)femA™
P(A~ B) = Lan,,(F)

where fam(C) is a split indezed category corresponding to the fundamental
(i.e. codomain) fibration (Chapter 1, Definition 1.56), and:

ya: fam(A) — fam((C)f“m(A)op

is the usual internal Yoneda embedding defined as the cartesian transposition

of:
hom(—y, —1): fam(A) x fam(A)” — fam(C)

Proof. By universal properties of Kan extensions, P is a pseudofunctor dist((C)—>CatCop.
There is an equivalence of categories'? (Section 4 of [BCSW83], Section 3
of [Str05]):

homdist((c) (A, B) ~ homcat(cop (fam(A) , fam(C)fam(B)OP)

12Tn fact this equivalence is almost a definition of the category dist(C).
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To show that P is a (pointwise) left Kan extension it suffices to show that
fam is 2-dense. However, fam on discrete internal categories is clearly 2-
dense by (weak) 2-Yoneda lemma, and discrete internal categories form a
full 2-subcategory of all categories. Therefore fam is 2-dense. ]

It requires much more work to obtain analogical result for enriched cate-
gories. The difficulty is of the same kind as we encountered earlier — discrete
objects in the category of enriched categories are generally not dense (more
— they rarely constitute a generating family) and there is no canonical can-
didate for any subcategory giving a dense notion of discreteness. First, let
us observe that every enriched category is a canonical limit over its full sub-
categories consisting of at most three objects.

Lemma 2.16 (On a 2-dense subcategory of Cat(C)). Let (I, ®,C) be a com-
plete and cocomplete symmetric monoidal closed category. The category of
small C-enriched categories is a 2-dense subcategory of all C-enriched cate-
gorTies.

Proof. We have to show that the following categories of natural transfor-
mations are isomorphic in a canonical way for all C-enriched categories

A, B € Cat(C):

homg,ycate)r (homeat(c) (=, A), homeai(c) (=, B)) =
homg,cas @ (homeac) (Y (=), A), homeaie) (Y (=), B))

where Y': Catg(C) — Cat(C) is the embedding of small categories Catg(C)
into all (locally small) categories Cat(C). To simplify the proof, let us ob-
serve that it suffices to show that the underlying sets of the above natural
transformation objects are naturally bijective (i.e. that Catg(C) is 1-dense
in Cat(C)). Because Cat(C) is cotensored over small categories, we have
natural in X € cat bijections:

hom g, careyor (hOMGat(c) (= A), homeay(c) (=, X M B)) ~
hom ggcanerr (homeat(c) (— A), homeayc)(—, B)Y) &
homcat (X, homcatcat(c)op (homCat(c) (—, A), homcat(c) (—7 B)))

and similarly — because Catg(C) is cotensored over small categories:
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hom g, catg©er (homeagc) (Y (=), A), homeag) (Y (=), X M B)) =
hom g, catg©r (homeagc) (Y (=), A), homeagc) (Y ( B)¥) ~
homCat<X7 homCatCatS<C)Op (homCat(C) (Y(_)7 A)a homCat((C) (Y<_>’ B)))

By the usual argument, categories:

_)’
_>’

/_\A
NSNS

hom ,cator (homeag(c)(—, A), homegat(c) (—, B))

and:
hom g, cats©or (homeagc) (Y (=), A), homeagc) (Y (—), B))

are isomorphic iff the sets:
homsgr (X, homg,scaic» (homeag(c)(—; A), homeat(c)(— B)))
and:
homggr (X, hom g, cats©or (homeagc) (Y (=), A), homearc) (Y (), B)))
are naturally bijective in X € cat. Therefore, if the canonical function:

hom g, catc)or (homeag(c)(—, A), homeagc) (—, X th B))

1
homcatCatS(C)UP (homCat(C) (Y(—), A), homCat(C) (Y(—), X rh B))

is a bijection, then the canonical functor:

homcatCat(c>0p (homCat((c) (—, A), homCat(C) (—7 B)) ~
1
homcatCatS(C)UP (homCat((C) (Y(—), A), homCat(@) (Y(—), B))

is an isomorphism.

Denote by Cats(C) the full 1-subcategory of Cat(C) consisting of cate-
gories having at most three objects, and by K: Cat3(C) — Cat(C) its em-
bedding. We show that Cat3(C) is a 1-dense subcategory of Cat(C), which
by fully-faithfulness of Y implies that Catg(C) is 1-dense subcategory of
Cat(C), and by the above that it is 2-dense.

The direction showing that the canonical morphism is injective is easy —
if a: homeagc)(—, A) = homeagc)(—, B) is a natural transformation, then
its restriction &: homeagc)(K(—), A) = homgat(c) (K (=), B) to a subcate-
gory is natural as well, and since Cat3(C) is clearly a generating subcategory,
then this assignment is injective. So let us focus on the other direction.

Observe that every C-enriched category A may be canonically represented
as a colimit over at most three-object categories:
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o for every triple of objects X,Y,Z € A, let Axy z be the full subcat-
egory of A on this triple with injection j}‘}’yvz: Axyz — A; similarly
define jﬁ({’}f’z: Axy — Axy z for the full subcategory Axy of Axy z on
every pair X,Y € Axy, z, and jig’yz Ax — Axy for the full one-object
subcategory on every object X € Axy

e for diagram D4 consisting of all such defined injections j))é’zfz Axy = Axy.z,
jig’y: Ax — Axy, the category A together with j§7Y’Z: Axyz — Ais
the colimit of D, — if B is another category with cocone T)’éy’ 4 Axyz — B
then the unique functor H: A — B is given on objects by H(X) =
(T§7Y7 7O ]ig;/Z o j§’y)(X ), and similarly on morphisms; the composi-
tions are preserved by H, because they are preserved pairwise by each
T)‘?’Y’ 4, and preservation of identities is obvious.

Let a: homcagc)(K(—), A) = homgat(c) (K (—), B) be a natural transforma-
tion. By naturality, the diagram D, is mapped by « to a cocone under B.
By universal property of colimits, this cocone induces a morphism c¢: A — B,
which by Yoneda lemma is tantamount to the natural transformation:

homeag(c)(—, ¢): homeag(c)(—, A) = homeagc)(—, B)

We have to show that homgcag(c)(—, ¢) on Cats(C) is equal to a, that is: for
any at most three-element category M and a functor f: M — A the com-
posite co f is equal to a(f). But this is easy. Let us assume that M has ex-
actly three objects X,Y, Z then f: M — Afactors as g: M — Agx) 5(v),5(2)
through injection j?(X),f(Y),f(Z): Apxy,fv).f(z) — A. By naturality of a we
h.ave: a(jaX)J(Y)’f(Z)) o nga(jﬁX)’f(Y),f(Z)) og) = a(f) ami by the qeﬁnl_
tion: o jtv) rovy z) = A F(x).f(v).p(z))- Therefore co f =a(f). A similar
argument exhibits equality between components of natural transformations
on less than three object categories. ]

Theorem 2.17 (C-enriched 2-powers). Let (I,®,C) be a complete and co-
complete symmetric monoidal closed category. There is a Yoneda bitriangle:

n:Y: Catg(C) — Cat(C)>(.J: Catg(C) — Dists(C), P: Distg(C) — Cat(C))

where Catg(C) is the 2-category of small C-enriched categories, Cat(C) is
the 2-category of all (i.e. locally small) C-enriched categories, Distg(C) is
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the (weak) 2-category of C-enriched profunctors between small categories, and
J,Y are the canonical embeddings. Pseudofunctor:

P: Distg(C) — Cat(C)
1S grven by:

P(4) = Cc
P(A“ B) = Lan,,(F)

where ys: A — CA” is the enriched Yoneda functor.

Proof. By definition of Distg(C) there is an equivalence of categories:
homDistS(C) (A, B) =~ homcat(c) (A, (C]Bap)

By Lemma 2.16 category Catg(C) is a 2-dense subcategory of Cat(C); there-
fore P is a pointwise left Kan extension of Y along G. O

It should be noted that the proarrow equipments in the above exam-
ples are canonically determined by the 2-categories of internal and enriched
categories respectively — in fact the categories of profunctors are equiv-
alent to the (weak) 2-categories of codiscrete cofibred spans (Theorem 14
in [BCSW83]) in these categories. One can seek a characterisation of a 2-
topos along this line, but we leave it for a careful reader, as it is mostly
irrelevant for our considerations.

2.2 Power semantics

If = C M x S is a binary relation between two sets: M, which is thought of
as a set of models, and S, which is thought of as a set of syntactic elements
(sentences), then we have “for free” Boolean semantics for propositional con-
nectives formed over set S:

MET iff true

ME L1 iff false

MEzxzAny ff MEz and MEy
MEzvy iff MEz and MEy
MEz=y iff MEx implies MEy
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More generally, in any topos with a subobject classifier 2, a relation = C
M x S corresponds to a morphism v: S — QM (recall Section 2.1). Since for
every object M the power object Q™ inherits an internal Heyting algebra
structure from 2, we may give the valuation semantics for propositional
connectives in S via the composition:

v(T) ~ T

v(l) ~ |

vizAy) =~ viz) Av(y)
vizVy) = v(z)Vr(y)
viz=vy) = viz)=rvy)

where x,y € S are generalised elements. The above should be read as follows

— given any generalised elements X —~= S there is a diagram:

A
X e a— 1}
~ Y 7

then the semantics of meta-formula “x A y” is:

No(vox Xvoy)

where QM x QM 25 OM ig the internal conjunction morphism in internal
Heyting algebra Q™ similarly for the other connectives.

Example 2.18 (Free propositional semantics). Let us start with a set Var
and the equality relation = C Var x Var. Since every set is isomorphic to
a coproduct on singletons, all generalised elements of a set are recoverable
from its global elements. Therefore, we may restrict our semantics to global
elements only. For every pair of elements x,y € Var the free semantics for
the meta-conjunction x Ay is v(z) Av(y) = v — (x = v) A (y = v), and
similarly for other connectives. Observe that this gives semantics for a pair
x,y € Var interpreted as conjunction x Ay, without saying what exactly x Ny
15. If one is not comfortable with such semantics then one may “materialize”
elements by forming an initial algebra like in Example 0.1. Formally, for a
given set Var let us define an endofunctor on Set:

F(X)= (X x X)U(X x X)U(X x X)U1U1
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and Prop,, as the initial algebra for F(X) U Var [JRI7]. Now, the free
semantics of = C Var x Var may be extended to the semantics for Propy,,
via the unique morphism from the initial algebra to the algebra:

[/\7\/7:>7T7J~1:] 2Va7‘

(2Ver x 2Very 2V x 2Vary Ly (Y x 2V 1 U1 U Var

Much more is true. Not only does the power object QM have all proposi-
tional connectives, in a sense, which we make precise in this section, QM has
all possible connectives.

Example 2.19 (Relational semantics in Set). Let r C M x M x M be a
ternary relation on a set M. Then there is a corresponding binary operation
®, on QM defined as follows:

f®, 9=t abéMf(a) A g(b) Ar(z,a,b)

Moreover, ®, has “exponentiations” on each of its coordinates. They are
given by the following formulae:

L
flog = darr Y F0) Ar(e,a,) = g(a)

f=org = Ao Y f(a) Ar(e,a.b) = ga)

We get the usual propositional connectives by considering relations associated
to the unique comonoid structure (!: M — 1,A: M — M x M) in a carte-
sian closed category Set — for ¢, M — 2:

(GAU)a) i 3, 6(@) AU A lr,a) = (a.)
i oz Aul)

and:

(0 =4)(a) iff ¥ ob)A(z,x) = (a,b) = ()

z,beM
iff  ola) = ¥(a)
iff (6= ¢)(a)
One may recognise in the above example the concept of ternary frame
semantics for substructural logics [Do$92]. The crucial point, however, is that

such defined semantics have 2-dimensional analogues. The next example was
the subject of Brian Day’s thesis [Day70].
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Example 2.20 (Day convolution). Let (C,®,I) be a complete and cocom-
plete symmetric monoidal closed category. Suppose M : A Q@ A - A is a C-
enriched profunctor. The convolution of M is a functor @y;: CA”" @ CA”" — CA™
defined by the coeand:

B,CeA
(F ®@um G)(—)z/ F(B)® G(C)® M(—,B,C)

If(A,M: AR A - A J: A? — C) is a C-promonoidal category (i.e. a weak
monoid in a (weak) 2-category of C-enriched profunctors (Chapter 2 of [Day70])).
The induced by convolution operation on CA” wyields a monoidal structure
(CA™ @, J) on CA™. First observe that J is the right unit of ®@p:

(Fow J)(—) = /B’CEA F(B)® J(C)® M(—, B,C)

~ / " F(B) ® homy(—. B)
~ F(-)

where fCEA J(C)® M(—, B,C) ~ homy(—, B) because J is the promonoidal
right unit of M. Similarly, J is the left unit of ®y;. If the promonoidal
structure on A is induced by a monoidal structure — i.e. if:

M(—,B,C) = homy(—, B® C)

then this structure is preserved by the Yoneda embedding — there is a natural
1somorphism:

hOIIlA(—,X) O hOl’IlA(—,Y) =~ M(—,X, Y)
Indeed, by definition

B,Ceh
homy (—, X )®prhomy (—,Y) = / homy (B, X)®homy (C,Y)@M(—, B,C)

which via Yoneda reduction is isomorphic to M(—, X,Y).

Brian Day showed more — every monoidal structure induced via convo-
lution is a (bi)closed monoidal structure. The left linear exponent is defined
by the end:

(F <k G) )= [ cayremia-o
A,CEA
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and the right linear exponent by the end:
(P =<l G)(-) = [ Gayrmman
A,BeA

We have to show that:
hom(H, F —o%, G) ~ hom(H ®, F, G)

Unwinding the right hand side, we get:

hom(H @y F,G) = hom(/BceA H(B)® F(C) & M(—, B,C),G)

Q

/ hom(H(B) ® F(C) @ M(—, B,C), )
B,CeA

Q

/ G(A)H(B)®F(C)®M(A,B,C)
A,B,CeA

/ (G(A)F(C)®M(A,B,C))H(B)
A,B,CeA

/ hom(H, G(A)F(C)®M(A’*’C))
A,CeA

Q

Q

~ hom(H, G(A)F(C)®M(Am0))
A,Cen

~ hom(H, F —%, G)

and similarly for the other variable.

We show that a similar phenomenon occurs for internal categories. In
[DS97] Brian Day and Ross Street defined a notion of convolution within a
monoidal (weak) 2-category (Proposition 4). For a reason that shall become
clear in a moment, we are willing to call it “virtual convolution”. Here are

the definitions (essentially taken form [GPS95] and [DS97]).

Definition 2.21 (Monoidal (weak) 2-category). A monoidal bicategory con-
sists of a bicategory W, a (weak) 2-functor @: W x W — W, an object I € W
and natural equivalences o, l,r:

a: ®O<®X2dw)—>®o(ldwx®)

l: ®O(I X Zdw) — idw
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r:idy — ® o (idw X I)
and isomorphic modifications:
(®o(id xa))e(ao(id x@xid))e(®o(axid)) ~ (ao(id xid x®))e(ao(@x id X id))
(®@o (id x 1)) e (ao (id x I x id)) e (2o (r x id)) ~ id
(lo®)e(ao (I xid xid)) =~ ®o (I x id)
(o (id x id x I)) e (ro®) ~ ®o (id x 1)
subject to the usual coherence laws as in [GPS95].

Definition 2.22 (Weak monoid). Let W be a monoidal (weak) 2-category.
A weak monoid (or a pseudomonoid) in W consists of the following data:

e an object B in W
e o I-morphism B B B in W

a I-morphism I = B in W

a 2-morphism po (u® idg) = po (idg ® p) in W

o a 2-morphism po (n®idg) ~ idg in W
e a 2-morphism po (idg ®n) — idg in W

subject to the usual coherence laws as in [DS97]. A weak symmetric monoid
is additionally equipped with a 2-morphism p: B @ B — B ® B satisfying the
usual laws for symmetry [DS97]. A weak (symmetric) comonoid in W con-
sists of the same data with the directions of 1-morphisms reversed. To sim-
plify notation, we shall sometimes write a weak (co)monoid as a triple:

(B,u: B® B— B,n: 1 — B)
leaving coherence 2-morphisms implicit.

Let
(Aj0: A A® Aje: A— )
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be a weak comonoid, and:
(B,u: B B— B,n: I — B)

be a weak monoid in a monoidal (weak) 2-category with tensor ® and unit
1, then:
(hom(A, B), *, 1)

is a monoidal category by:

fxg = po(f®g)od
1 = mnoeE

So the “virtual convolution” structure exists “virtually” — on hom-categories.
If a monoidal 2-category admits all right Kan liftings, then the induced
monoidal category (hom(/, B),*,i) for trivial comonoid on I is monoidal

(bi)closed by:
L .
[ —oh = Rift o 10ia)(h)

R .
J—oh= szt,uo(z’d@f)(h)

where Rift,, o tgiq)(h) is the right Kan lifting of h along p o (f ® id) and
Rift,o(iaep)(h) is the right Kan lifting of h along o (id @ f).

Taking for the monoidal 2-category the category of profunctors, we obtain
the well-known formula for convolution. However, in the general setting, such
induced structure is far weaker than one would wish to have — for example in
the category of profunctors enriched over a monoidal category C the induced
convolution instead of giving a monoidal structure on the category of enriched
presheaves:

ch”

merely gives a monoidal structure on the underlying (Set-enriched) cate-
gory!3:
hom(7, C5™)

The solution is to find a way to “materialize” the “virtual convolution”. Here
is a materialization for internal categories.

B There is a work-around for this issue in the context of enriched categories, as suggested
in the [DS97], but the general weakness of “virtual convolution” is obvious.
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Theorem 2.23 (Internal convolution). Let C be a locally cartesian closed
category with finite colimits. For every C-internal profunctor yp: A x A - A
there is a canonical (bi)closed magma (biclosed functor) on fam(C)em(A™,
Furthermore, if u: A x A -» A together withn: 1 - A is a weak (symmetric)
monoid, then the induced magma is weak (symmetric) monoidal.

Intuitively, the term “canonical” in the above theorem means that the
induced structure on fam(C)™@™A)* is obtained by the usual Yoneda-like
construction. A detailed discussion is included at the end of this chapter
in subsection Another Approach. We shall also present some ideas here.
As defined in Theorem 2.15, for every locally cartesian closed category with
finite colimits, there is a pseudofunctor:

P: dist(C) — Cat®”

which “embeds” C-internal profunctors into large C-internal categories. There-
fore, for any C-internal profunctor:

n:AxA-» A
there is a large C-internal functor:
P(u): P(Ax A) — P(A)

The canonical structure on P(A) = fam(C)@™A)*” can be obtained as the
composition of the above large internal functor P(u) with mediating map
P(A) x P(A) — P(A x A). This mediating map can be obtained fibrewise
by Yoneda-like argument — i.e.: recalling that P(A)(X) = homajse(c) (X, A),
by Yoneda for the diagonal internal functor Ay : X x X — X thought of as
profunctor, there is an ordinary functor:

homgist(c) (Ax,idaxa)

homagise(c) (X x X, A x A) — homugise(c) (X, A x A)
which composed with the tensor product Xgisg(cy on dist(C):

Xdist(C)

homdist((c) (X, A) X homdist((c)(X, A) homdist(c) (X X X, A x A)
yields the desired mediating map.
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Proof of Theorem 2.23. We shall present a proof for a promonoidal structure
on A. The case of (bi)closed magma is analogical.

Since C is locally cartesian closed, every existing colimit in C is stable
under pullbacks. In particular, coequalisers are stable under pullbacks, and
we may form the (weak) 2-category of C-internal profunctors with compo-
sitions defined in the usual tensor-like manner (Example 1.73 from Section
1.3, Section 3 of [BCSW83], Section 3 of [Str05]). Moreover, local cartesian
closedness allows us to “transpose” compositions (where coequalisers turn
into equalisers, and pullbacks turn into local exponents) which makes the
category of profunctors admit all right Kan liftings'4. We have to show that
given a promonoidal structure

(Aju: AXA-»An:1-» A
there is a corresponding monoidal (bi)closed structure on:
fam(c)fam(A)"P

i.e. each fibre of fam(C)*™4)™ is a monoidal closed category and reindexing
functors preserve these monoidal structures. For K € C interpreted as a
discrete C-internal category, there are isomorphisms:

fam(C)fam(A)op(K) ~ hom(hom(—,K)’fam((C)fam(A)op)

hom(]-,fam(@)hom(_vK)Xfam(A)OP)
= homg;se(c) (1, K x A)

Q

where the first isomorphism is the fibred Yoneda lemma, and the second is
induced by cartesian closedness of Cat®” and the fact that K = K for
discrete internal category K.

Since K has a trivial promonoidal structure:

(K,K x K % K,1 5 K)

we obtain a “product” promonoidal structure on K x A:

A* X

KxAxKxA % KxA
1 S Kk xA

14See [BCSWS83] (Section 4)
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Explaining the above notion in more details — observe that because C is
cartesian, every object K € C carries a unique comonoid structure:

K 8 KxK
K 5 1

which has a promonoidal right adjoint structure (A* !*) in the category of
internal profunctors. The product of the above two promonoidal structures
is given by the usual cartesian product of internal categories (note, it is not
a product in the category of internal profunctors) followed by the internal
product functor fam(C) x fam(C) Pt fam(C).

Then, by “virtual convolution” (Proposition 4 and Proposition 6 in [DS97])
there is a monoidal (bi)closed structure on homgist(cy (1, K X A) ~ homgist(c) (K, A).
Therefore each fibre fam(C)@™A”(K) is a monoidal (bi)closed category.

The preservation of monoidal structures by cartesian functors is almost tau-
tological — we have to show that the following diagram commutes:

K— 2 KxK—IY _AxA a A
| i -t i
h hxh ZdAXZdA ldA

| | | |
L Ar LxL—1% _AxA a A

The left square commutes because every morphism h: L — K is a homomor-
phism of unique comonoidal structures, and two other squares are identity
squares. Furthermore, closedness of convoluted structures is preserved, since
in a locally cartesian closed category, pullback functors preserve local expo-
nents. O

Let us work out the concept of internal Day convolution in case C = Set,
and see that it agrees with the usual formula for convolution.

Example 2.24 (Set-internal convolution). The split family fibration (or
more accurately, the indexed functor corresponding to the family fibration)
for a (locally) small category A:

fam(A): Set”” — Cat
15 defined as follows:
fam(A)(K € Set) AKX
fam(A)YK L 1) = AL %) 4K
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where K, L are sets and K L Lis a function between sets. One may think of
category AX as of the category of K -indexed tuples of objects and morphisms
from A. Given any monoidal structure on a small category

(A,@: AXA—=AT:1— A

. . . . op
the usual notion of convolution induces a monoidal structure on Set™™ :

B,CeA
(F,G) |—>F®G:/ F(B) x G(C) x hom(—, B® C)

The split fibration:
fam(Set)’ ™™ : Set”? — Cat
may be characterised as follows:

fam(Set) D" (K € Set) = Setd”*K
fam(Set) W7 (¢ Ly [y = getA”xL () goparxi

Since Set”" K ~ (SetA”")K we may think of SetA™ X as of K-indexed
tuples of functors A°? — Set. In fact:

fam(Set) ™D x~ fam(Set”)

It is natural then to extend the monoidal structure induced on Set*” point-
wise to (SetA™)K:

(F®G)(k):/ R (B) x GR)(C) x hom(—, B & ©)

where k € K. On the other hand, using the internal formula for convolution,
we get (up to a permutation of arguments):

fB,CeA,,BwGK F(B, 6) % G(C, ’}/) % hom(A(k), <ﬁ’fy>) X hom(—, B® C)

fB,CeA,[MEK F(B,B) x G(C,v) x hom(k, 8) x hom(k,~) x hom(—, B® C')

[P F(B, k) x G(C, k) x hom(—, B® C)

where the first equivalence is the definition of a diagonal A, and the second
one is by “Yoneda reduction” applied twice.
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Note that the local cartesian closedness of the ambient category C was
crucial for the proof. There is always the trivial (cartesian) monoidal struc-
ture on the terminal category 1 internal to C, but if C is not locally cartesian
closed than its fundamental fibration fam(C) ~ fam(C)! is not a cartesian
closed fibration.

There are various possibilities to define universes that induce free seman-
tics. Here is the weakest one.

Definition 2.25 (Power semantics universe). Let n: Y > (F,G) be a Yoneda
bitriangleY : A — A, F: A - B, G: B — A, where A is a monoidal 2-category
that admits a notion of discreteness, A is a monoidal 2-category with finite
coproducts that admits a notion of discreteness with op-lax monoidal free
functors (recall Definition 1.21), and B is a monoidal 2-category. Further-
more assume, that Y preserves discrete objects, Y and F' preserve magma
structures and G maps magmas from B to internally (bi)closed magmas in
A. We call the triangle n: Y >(F,G) a power semantics universe for magmas
if for every V€ Disc(A) the functor:

FpX)=»Y(V)UXeX)U(X|eX)u(|X|eX)
has an initial algebra Lambeky, .
If n: Y (F,G) is a power semantics universe, then for every magma
R: M®M — M and every =: V — M in B, the free semantics of V' by

R is defined to be the the unique “semantic” morphism Lambeky — P(M)
from the initial algebra Lambeky to the algebra:

Y (V)U(P(M)@P(M))L(| P(M)|@P(M))U(|P(M)|@ P(M))——"—"=" (M)

where ®g, 5 R % r is the internally (bi)closed magma on P(M) induced by
R. Similarly, we may introduce power semantics universe for (weak) monoids.
Moreover, in many cases (universes induced by categories enriched over a
complete and cocomplete symmetric monoidal category, and in universes
induced by categories internal to a finitely cocomplete locally cartesian closed
category) power objects P(M) are internally cocomplete, thus, in particular,
have internal coproducts. This observation makes it possible to extend the
above semantics by propositional disjunctions and “false” value.
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Example 2.26 (Kripke semantics). A Kripke structure is a triple

(S,<C S xS,IFCS x|Propy|), where < is a partial order on S, Prop,, is
the propositional syntax on a set of variables V', and |- is a “forcing” relation
satisfying:

e (compatibility on variables) if A €V and p,q € S such that p < q then
plFA=qlFA

(extensional true) pI- T always holds

(extensional false) p I- L never holds

(extensional and) p Ik ¢ A iff p Ik ¢ and p I- 1)

(extensional or) pl- ¢V Y iff pl- ¢ orplk

(extensional implication) p IF ¢ = 1 iff for all ¢ € S such that p < q
we have: q - ¢ implies q IF 1

The compatibility condition on variables implies compatibility condition on all
formulae, so every Kripke structure gives rise to logical system |-: (S, >)" x Prop,, — 2,
where (S, >) = (5, <) is a posetal category, and Prop,, is the category in-
duced by the logical consequence of I-.

Kripke structures may be rediscovered as power semantics for trivial comonoidal
structure in the power semantics universe of 2-enriched categories. A poset
< C S xS is exactly a 2-enriched category S. Moreover, S has the triv-
ial comonoidal structure A: S°P — S x S°P which induces a promonoidal
structure A*: S°P x S — S,

Given a “forcing” relation on variables -y, C S x V' that satisfies compat-
ibility condition (i.e. is a 2-enriched profunctor Iy : V - S ) there is the
semantics homomorphism Lambeky — 25 induced by initiality of Lambeky
and algebraic structure (IFy, ><,:L>,§>), where x = 2°" is the usual carte-
sian product. Observe that since A* is symmetric, both exponents X and

L are essentially the same, and we may drop one of them from our sig-
nature. Furthermore, because A* has also a unit, and 2-enriched presheaves
are cocomplete, one may extend the signature functor by additional operations
representing true/false objects and disjunctions:

Ly(X) = Y(V)UTU LU (X x X) U (|X] x X)
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The initial algebra for Ly is the discrete propositional category |Propy,| and
the Kripke semantics - C S X |Propy/| is obtained as the transposition of the
unique homomorphism to the algebra (IFy, 1,0, x, L, =).

Let us elaborate a bit more on the connectives. The explanation is similar
to FExample 1.35. The induced convolution structure on the category of 2-
enriched (co)presheaves 2° is cartesian. Products and coproducts may be
computed pointwise: i.e. if ¢, S — 2 are two such (co)presheaves, then:

e (0 AY)(p) = d(p) N(p)
e (pVY)(p) = d(p) V(p)

and exponents, by Yoneda lemma for 2-enriched categories, are given by 2-
enriched end:

(6= 4)(p) =/ p < aAdlg) = ¥(q)

qeS

which may be rewritten as a first-order formula:

(¢ = ¥)(p) = Ygesp<q () = Y(q)

Writing p I+ ¢ for ¢(p) we obtain the usual rules of Kripke structures by
induction over syntazx of Prop,.

In Example 1.35 from the previous chapter we have seen that the satisfac-
tion relation = C Mod x Sen induces semantics consequence relation =g, C
Sen x Sen via the density product. We have also seen, that density prod-
ucts are always equipped with a monad structure. In fact g, C Sen x Sen
thought of as a 2-enriched profunctor acquires the monad structure from the
density product. Because the 2-category of 2-enriched profunctors is suffi-
ciently cocomplete, this monad has a resolution as a Kleisli object Seng. In
more details, a Kleisli object in the 2-category of 2-enriched profunctors may
be described by generalised Grothendieck construction [Bén00] — objects in
Seng are the same as in Sen, whereas morphisms in Seny are defined by:

homSenK <¢7 ¢) = ¢ lZSen ¢

Identities and compositions are induced by monad’s unit and multiplication
respectively. Then by definition of density product the relation = C Mod x Sen
extends to the relation:

= C Mod x Senk
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In an essentially the same manner one may extend the forcing relation
I C S x |Propy| of the above Example 2.26 to the relation:

IF C S x Propy,

where Prop,, is the Kleisli resolution for the density product on the forcing
relation.
The next example generalises semantics in Kripke structures.

Example 2.27 (Ternary frame). A ternary frame [Do392] is a pair (X, R),
where X is a set, and R: X x X x X — 2 1s a ternary relation on X. Ternary
frames were proposed as generalisations of Kripke structures to model sub-
structural logics. Let X pamper be the signature consisting of three binary sym-

L R
bols ®, — and —o. The semantics for Lambek syntaz in ternary frame (X, R)
is a relation - C X X Lambek vy, satisfying:

o xlF oY iff EIXyH—(b/\zli—w/\R(x,y,z)
Y,2€
o ylk ¢ oo iff v 2o AR@y ) = ol

. zll—gb—Rogbiﬁx?Jve’XyIF¢AR(x,y,z):>x|F¢

Connectives are defined according to the nonassociative Lambek calculus in-
duced on 2% wia the convolution of R.

Another approach

There is another, more abstract, road to Day convolution for internal cate-
gories. Recall from Chapter 1 (Definition 1.57) that if F': C — W is a functor
from a 1-category C to a 2-category W, then the F-externalisation famy(A)
of an object A € W is defined to be the functor:

homwy(F(—),A): C? — Cat

For example, in Theorem 2.15, fam(A) is an F-externalisation of an object
(i.e. internal category) A € cat(C). However, the 2-power P(A) may be itself
defined as an “externalisation” — namely, the J o F' “externalisation” of A.
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By fibred Yoneda lemma P(A) ~ fam ;,p(A) iff there is a natural in X € C
isomorphism:

homcatcop (hom(c(—, X), P(A)) ~ homcatcop (hOHl(C (—, X), famJoF(A))

The left hand side by definition is isomorphic to homg;st(c)(J(F(X)), A), and
by Fibred Yoneda lemma, the right hand side is isomorphic to fam ;. »(A)(X),
which by definition equals homgis(c) (J(F(X)), A).

Therefore, the Yoneda bitriangle for internal powers may be redrawn as
follows:

(-)oFe»

catC” < °E”  opeat(©@ (T L dist(€)”
A
y:(C = Yeat(C) = 5 Ydist(C)
|
C cat(C) —L— dist(C)

where F': C — cat(C) is a strong (cartesian) monoidal functor, .J: cat(C) — dist(C)
is strong monoidal by the definition of tensor product on dist(C). We would

like to argue that both F'°? o (—) and J° o (—) are lax monoidal, because F'

and J are strong monoidal, and that the natural transformation:

Ji: homdist((C)(J(_l)a J(—2)) = hOmcat((C)(_la —2)

induced by the “arrows-part” of monoidal functor J: cat(C) — dist(C) is
monoidal. Then we could provide the following definitions.

Definition 2.28 (Monoidal Yoneda (bi)triangle). A Yoneda (bi)triangle n: y>
(f,g) is monoidal if f and g are lax monoidal morphisms between (weak)
monoidal objects, and n is a monoidal 2-morphism.

Definition 2.29 (Power universe). Let n: Y > (F,G) be a Yoneda bitriangle
Y:A—A F:A—=B,G:B— A, where A admits a notion of discreteness,
and A has finite coproducts and admits a notion of discreteness with op-lax
monoidal free functors. We call bitriangle n: Y > (F,G) the power universe,
if magmas mapped by G are (bi)closed, Y preserves discrete objects, and for

every V € Disc(A) the functor:
FFX)—»YV)U(XeX)U(X|eX)U(|X| e X)

has an initial algebra Lambeky, .
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The reason that we did not follow this approach is that we missed some
crucial notions and theorems for monoidal bicategories to justify the above
observations. For example, we did not succeed in finding an abstract argu-
ment that shows that the pseudofunctor J°P o (—) is really lax monoidal. We
leave this for further work.
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Chapter 3

Conclusions and further work

In the dissertation we showed that a natural categorical framework for lambda
calculi is encapsulated by a 2-category with a notion of discreteness. Then
we provided a natural power semantic for internal calculi defined in this
framework.

Our first contribution is in extending the definition of fibred/internal
connectives (Definition 1.12 and Definition 1.16) together with its general-
isation Definition 1.21, polymorphism (Definition 1.27, Definition 1.31 and
Definition 1.34) and internal ultraproducts (Example 1.36) to an arbitrary 2-
category with a notion of discreteness, and in showing that a naive approach
to internally closed connectives like in [Web07] does not work properly. To
justify that our proposed definitions give an appropriate extension, we pro-
vided a concept of an “associated category” (Definition 1.54 and Definition
1.57). This leads to our second contribution — we showed that with every
finitely complete 2-category W that admits a notion of discreteness, one may
associate a 2-functor realising W in a 2-category cat(Disc(W)) of categories
internal to the discrete objects of W, in such a way that internal connectives
and polymorphic objects are preserved (Corollary 1.64). This realisation
gives an equivalence of 2-categories if and only if discrete objects are dense
(Theorem 1.65), and has a left adjoint iff W has codescent objects of discrete
truncated cosimplicial diagrams (Theorem 1.76 and Corollary 1.77). This
sheds new light on the nature of fibred (co)products and their stability con-
dition (i.e. the Beck-Chevalley condition). Moreover, because in the world
of enriched categories discrete objects generally are not dense, we have to
use our 2-categorical definitions, since the usual fibrational definitions lose
information about categories. For the third contribution, we generalised the
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classical result of Freyd saying that the (co)completeness of a non-posetal cat-
egory has to be at a lower level on the set-theoretic hierarchy than the cate-
gory itself, which, intuitively, is just another incarnation of Russel’s paradox,
Cantor’s diagonal argument, Goedel’s incompleteness theorem, or the result
of Reynolds about non-existence of non-posetal set-theoretic models for para-
metric polymorphism [Rey84]. We showed that if a 2-category is sufficiently
rich, then its objects cannot have all internal products (therefore cannot be
internally complete), unless are posetal (Theorem 1.41). Using the concept
of an associated category, we obtained the Freyd’s theorem for categories
internal to any tensored category (Corollary 1.45). The fourth contribution
is in providing a notion of a generalised adjunction, which we call a Yoneda
triangle (Definition 2.7 and Definition 2.12), and showing that many natural
concepts in category theory may be characterised as (higher) Yoneda trian-
gles (Theorem 2.15 and Theorem 2.17). There comes our last contribution —
we showed that the natural setting for convolution is a Yoneda (bi)triangle,
and proved Day convolution theorem for internal categories (Theorem 2.23).
Such Yoneda (bi)triangles admitting convolutions provide a semantics uni-
verse (Definition 2.25), where objects get their semantics (almost) for free —
this includes the usual semantics for propositional calculi, Kripke semantics
for intuitionistic calculi and ternary frame semantics for substructural calculi
including Lambek’s lambda calculi, relevance and linear logics.

We are not fully satisfied with our Definition 2.25. In fact we think that a
more appropriate setting would be to consider monoidal Yoneda (bi)triangles
— 1.e. Yoneda (bi)triangles consisting of lax monoidal morphism and lax
monoidal 2-morphisms and give an abstract characterisation of the concept
of convolution along this line (see Section 2.2). We leave this for further
work.

Another interesting problem is to extend the convolution theorem from
monoidal enriched categories and internal categories to more general cate-
gories enriched over a bicategory [BCSW83|.
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Appendix A

Basic concepts and definitions

A.1 Internal categories

A comprehensive treatment of internal categories may be found in [Bor94],
[Jac99] and [Ehr63]. Additional information may be found in [Bet97], [Joh77]
and [Str10].

Definition A.1 (Internal category). Let B be a category with pullbacks. A
B-internal category consists of:

e an object Cy € B,
e an object Cy € B together with indexing morphisms dom, cod: Cy — Cy

e a morphism p: Cy — C4, where Cy is a pullback of dom with cod and
the following diagrams are commutative:

T T T
Cs L - Ch : Cs 2 Cy
- |
™2 dom cod :I dom
CI cod CO CO cod Cl dom CO

e a morphism n: Cy — Cy satisfying: dom on = cod on = id¢,

subject to the laws expressed by commutativity of the following diagrams:
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e multiplication

03 id X 02
uxid M
Cy Ch
where C3 is the pullback:
Cs C
_l

dom

02 cod o CO

o unit
T]de zd><7]
Co X¢, C ~—— (1 X¢, Co

A

Definition A.2 (Internal functor). Let

dom

A = (Ao A A= Ao, Ag—" Ap, Ag 4= AY)
cod
dom

B = <B07B17 Bl—B>B07IBOﬂ'B1,]BQ&B1>
codp

be two C-internal categories. A C-internal functor AL~ B consists of a
pair of morphisms (Fy: Ag — B, F1: Ay — By) in C subject to the following

laws:

e preservation of domains and codomains: Fy o domy = domg o Fy and
Fy o cody = codg o Fy

e preservation of unit: Fy ony = ng o Fy
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e preservation of multiplication: Fy o uy = pg o (Fy X Fy)

Definition A.3 (Internal natural transformation). Let F,G: A — B be two

parallel C-internal functors. A C-internal natural transformation F —*= G
consists of a single morphism a: Ay — By in C subject to the following laws:

e dompoa = Fy and codg o v = Gy
e g o (aodomy,Gy) = ug o (Fi,a 0o cody)

Corollary A.4. C-internal categories, functors and natural transformations
form a 2-category cat(C)

One definition of a C-internal profunctor (distributor) appears in Exam-
ple 1.73 of Chapter 1 Section 1.3. Here, assuming that C is a locally cartesian
closed category with finite colimits, we present two alternative definitions.

Definition A.5 (Internal profunctor (external definition)). A C-internal dis-
tributor W from a C-internal category X to a C-internal category Y, denoted
by ¥: X » Y, is a fibred functor fam(Y)? x fam(X) — fam(C), where:

fam: cat(B) — Cat®”

15 the usual externalisation functor defined in Chapter 1 Section 1.3 Defini-
tion 1.56. The composition of C-internal distributors is given by left Kan
extensions along internal Yoneda embeddings.

Definition A.6 (Internal profunctor (strict definition)). A C-internal dis-
tributor from a C-internal category X to a C-internal category Y is a fibred
functor fam(C)*™ — fam(C)¥™ that has a right adjoint in the 2-category of
of fibrations over C.

All (weak) 2-categories of profunctors induced by definitions given in Ex-
ample 1.78, Definition A.5 and Definition A.6 are (weakly) equivalent.

A.2 Fibrations

The concept of fibration is a categorical abstraction for “coherent collection
of objects”. A good introduction to fibrations may be found in [Pho92,
Jac99, Str99, Bor94, Joh02]. A general 2-categorical treatment of fibrations
was investigated by Ross Street in [Str80, Str87].
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Definition A.7 (Vertical morphism). Let p: C — B be a functor. A mor-
phismv: X — Y is p-vertical (or just vertical, if p is known from the context)
if:

p(v) = id
Definition A.8 (Fibre). Let p: C — B be a functor and J an object in B. A

fibre over J is a full subcategory C; of C consisting of all vertical morphism
over J.

Definition A.9 (Cartesian morphism). Let p: C — B be a functor. A mor-
phism f:Y — Z in C is cartesian, if for every morphism g: X — Z in C
and every decomposition p(g) = p(f) o k there is exactly one morphism h
such that p(h) =k and g = f o h:

Definition A.10 (Cartesian lifting). Let p: C — B be a functor. For an
object Zx € C and a morphism j: J — p(Zk) in B, we shall say that a
morphism lift j: Zj; — Zk is a cartesian (or final) lifting of j if it is cartesian
and it is over j — i.e. lift j is cartesian and p(lift j) = j:

C Zy- -
p
B J p(ZK>

Definition A.11 (Fibration). A functor p: C — B is a fibration if for every
object Zy € C and every morphism j: J — p(Zk) there is a cartesian lifting
of 5. In such a case we call C the total category of fibration p and B the base
category of fibration p.
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Definition A.12 (Opfibration). A functor p: C — B is an opfibration if
p°P . CP — B s a fibration.

Definition A.13 (Cloven fibration). A fibration p: C — B is cloven if it
is equipped with an assignment of a cartesian lifting lift j: 7*(Z;) — Zj to
every pair of object Z; € C and morphism j: I — J in B.

Theorem A.14 (Reindexing functor). Let p: C — B be a cloven fibration
and j: I — J a chosen morphism in the base category. The assignment Zj
J*(Z;) canonically extends to a functor between fibres j*: C; — Cy, which
shall be called “the reindexing functor through (or along) j”. Moreover, for
any j: I = J, k: J — K and l: K — L there exist natural isomorphisms:

° 77‘]: ich — (Zdj)*
o Mk j*ok* — (koj)*
satisfying monoidal-like laws:

e unit: . _
N3 o (nh o §*) = id;e = M4 e (55 o)

diagrammatically:

(idg)* o j* Sl J* N j* o (idy)*

e multiplication:

)\koj,l ° ()\],k o l*) — )\j,lok ° <]* o )\k,l)

diagrammatically:
ixo Nkl
j*Ok*Ol* JroA ]*O(ZO]C)*
)\j’kol* Aj,lok
(koj) ol (Lo ko j)"
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The above laws say that operation (—)* extends to a pesudofunctor (—)*: B? — Cat.

Definition A.15 (Split fibration). A cloven fibration p: C — B is split if
the natural isomorphisms given by Theorem A.1/ are identities.

Definition A.16 (Fibred functor). Let p: C - B and q: D — E be fibra-
tions. A fibred functor p—sq is a pair of functors (F: C — D, L: B — E)

such that qo F' = Lo p:
C D

B—LX - F

F

—_—

and F' preserves cartesian morphisms. Moreover, if p and q are split fibra-
tions, then we say that a fibred functor is split if it preserves chosen cartesian
morphisms.

Definition A.17 (Fibred natural transformation). Letp: C - B, ¢: D — E
be fibrations and (F: C - D,L: B - E), (G:C—-D,K: B — E) be a pair
of parallel fibred functors. A fibred natural transformation (F, L) — (G, K)
consists of a pair of natural transformations (t: F — G,0: L — K) such
that for any C' € C we have that 7¢ is cartesian in q over oyc):

Corollary A.18 (Fib). Fibrations, fibred functors and fibred natural trans-
formations form a 2-category Fib.

Corollary A.19 (Split). Split fibrations, split fibred functors and fibred nat-
ural transformations form a 2-category Split.

In the dissertation we will mostly work with fibrations over a chosen base
category.
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Definition A.20 (Fib(B)). Let B be a category. Fibrations over B together
with fibred functors (F, idg) and natural transformations form a 2-subcategory
Fib(B) of Fib.

Definition A.21 (Split(B)). Let B be a category. Split fibrations over B
together with split fibred functors (F,idg) and natural transformations form
a 2-subcategory Split(B) of Split.

Under the axiom of choice in the meta set theory, the 2-category Fib(B)
is 2-equivalent to the 2-category of cloven fibrations. Throughout the dis-
sertation, if not stated otherwise, we shall assume that every fibration is
equipped with cleavage.

Theorem A.22 (Fibrations as indexed categories). Fib(B) is 2-equivalent

to the 2-category psfn(B°P, Cat) of pseudofunctors B? — Cat (called “in-
dexed categories”), pseudonatural transformations and modifications (Ap-
pendiz A.3 Definition A.39), and Split(B) is 2-equivalent to the 2-category
hom(B°?, Cat) of functors B? — Cat (called “split indexed categories”),
natural transformations and modifications. These equivalences are given by
the Grothendieck construction and its inverse (Theorem A.14). If©: B°? — Cat
is a psuedofunctor then the Grothendieck construction over it will be denoted

by [© 8 B. The category [ © may be defined as the coend:

/ " (B/B) x ©(B)

where B/(—): B — Cat is the usual slice functor.

The following theorem is a special case of a Yoneda lemma for weak 2-
categories.

Theorem A.23 (Fibred Yoneda lemma). For any pseudofunctor ®: B°? — Cat
there 1s an equivalence:

psfn(homg(—, X), ®) =~ &(X)
which is natural in X € B. Moreover the assignment:
®: B? — Cat — (AX € B — psfn(homg(—, X), P))

induces a weak 2-equivalence between the 2-category psfn(B°?, Cat) of pseud-
ofunctors, pseudonatural transformations and modifications and the 2-category
Cat®" of functors, natural transformations and modifications.
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There is also a connection between fibrations and internal categories.

Theorem A.24 (Externalisation). Let B be a category with pullbacks. The
2-category cat(B) of B-internal categories is a full 2-subcategory of Cat®”.
The inclusion is given by the externalisation functor:

fam: cat(B) — Cat®”

Fibrations which are equivalent to externalised B-internal categories are called
small.

The term small from the above definition is justified by the observation:
cat®” ~ cat(Set®")

. op .
since Set®” may be seen as an enlargement of universe B.
The following diagram summarizes above observations:

Split(B) <"~ 27", Clov(B) ~—4° - Fib(B)
Grothendieck Grothendieck
cat(Set®?”) < catBP” 4 Yoneds, psfn(B°P, cat)
Yoneda fam
cat(B)

where Clov(B) is the 2-category of cloven fibrations over B.

A.3 Enriched categories

Most of the definitions and theorems presented in this section are from Max
Kelly’s monograph [Kel82].

Definition A.25 (Monoidal category). A monoidal category consists of a
category V, a functor ®: VXV —V and an object I € V, together with
natural isomorphism:

® Xy BC: (A@B)@C—)A@(B@C)
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° lAI I® A— A
e r s ARI — A
satisfying the following laws:

® associativity:

(aapc ®idp)oaapecep o (ida® apep) = QapceDp © YAzB.CD

diagrammatically:

(A®B)®C)®D—+(A®B)® (C®D)—+A® (B® (C®D))

la@id id®aT

(A (B (C))® D = AR (B C)® D)

o unit:

(ida®lpg)oaarp=ra®idp

diagrammatically:
(A C B A (I ()
A C

We say that a monoidal category is left (resp. right) closed if for every ob-
ject A € V the functor A® (—): V=V (resp. (=) ® A: V— V) has right

adjoint. A monoidal category which is both left and right closed is called a
(bi-)closed monoidal category.

A monoidal category is symmetric if it is equipped with a family of natural
in A, B € V isomorphisms 04 5: A® B — B ® A satisfying:

[} lA o 0A1 =TA
® 0pA0°0aB = tdagB

e (idp®oac)oapaco(0ap®idc)=apcao©0aBsc©dABC

Definition A.26 (Monoidal functor). Let (C, ®%, I) and (D, ®P, I®) be two

monoidal categories. A lax monoidal functor F': C — D is a triple (F, 0,¢),
where:

107



o Fisa functor C—=D,
e 0 is a natural transformation F (=) @ F(—) — F(— ®° -),
o & is a morphism I® — F(IC)
satisfy the following laws (for simplicity we shall write F' for F)
e associativity
(F(A) @ F(B)) ®” F(C) -2 F(A) @” (F(B) @° F(C))
Le@'d Lid@@
F(A®® B) &P F(C) F(A) &P F(B&CC)

J J

F(AC B) ot ) —“) . p(Aec (Bt ()

e right unit
D 7D 127 D C
FA) @ I°—=F(A) ®” F(I%)

o left unit
1P @ F(A)£24 P19 P F(A)

LZD Le

F(A) F(I® @€ A)

F(I%)
We say that a functor F' is op-lax monoidal if F°P is lax monoidal.

Definition A.27 (Strong functor). A laz monoidal functor F': C — D given
by (F,0,&) is strong if 6 and & are isomorphisms.

Definition A.28 (Strict monoidal functor). A lax monoidal functor F': C — D
given by (F,0,&) is strict if 6 and £ are identities.
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Definition A.29 (Monoidal natural transformation). Let (F,0,¢), (G,9,<)
be two parallel lax monoidal functors between monoidal categories (C, @C, I®)

and (D, %, I®). A monoidal natural transformation 7 from F to G is a
natural transformation 7: F' — G satisfying:

e preservation of multiplications

F(A) &P F(B) —22" _ G(A) @ G(B)

C C
F(A®" B) e G(A®" B)
e preservation of units
I]D)
RN
F(I%) ———— G(I°)

We shall restrict our attention to enrichment over cosmoi (V,®,I) —
that is — complete and cocomplete symmetric monoidal closed categories.

Definition A.30 (Enriched category). A V-enriched category C consists of:
e collection C
e collection C(x,Yy)zy: c, of objects from V
o collection (fiy,y.: C(y, 2)@C(z,y)—C(, 2))sy.2: ¢, of morphisms in'V
e collection (n,: I —C(z,x))s. c, of morphisms in V

subject to the following coherence conditions:

e associativity of multiplication:

Hz.yv © (,uy,z,v X idC(x,y)) = Hgzv © (édC(z,v) ® ﬂx,y,z) O O C(z,w),C(y,2),C(x,y)
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diagrammatically:

(C(z,0) © Cly, 2)) © C(z,y) - C(z,v) ® (C(y, 2) ® C(x,y))

M®idl lid@u

C(y,v) @ C(x,y) C(z,y) m C(z,v) ® C(z, 2)

o identity:

le@y) = Hayy© (My @ ide(ay))
TClay) = Haay O (1dc(ey) © )

diagrammatically:

C(y,y) ® C(z,y) ——= C(x,y) <—C(z,y) @ C(z, x)

wo| / \ Tzdm

I ®C(z,y) Clz,y) &1
According to the notational conventions, elements form Cqy will be usually
denoted by capital letters X,Y, Z, ... and objects C(X,Y") by homc(X,Y).

Definition A.31 (Enriched functor). A V-enriched functor from a V-enriched
category C to a V-enriched category D denoted by F: C — I consists of a
function Fy: Cqy — Dy and a collection of morphisms:

(F1)xy: home(X,Y) — homp(Fy(X), Fo(Y))
subject to the laws:
e preservation of multiplication: Fy o u© = uP o (F} ® Fy)
o preservation of identities: Fy on® = nP

Definition A.32 (Enriched natural transformation). A V-enriched natural
transformation from a V-enriched functor F' to a V-enriched functor G be-
tween V-enriched categories C and D consists of a collection of morphisms
(tx: I — homp(Fo(X),Go(X)))x:c, satisfying the V-naturality condition:
pPo(ry @ Fy)ol = uP o (Gy @ 7x) or, where | and r are left and right
units from the definition of the monoidal category.
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Definition A.33 (Self-enrichment). A monoidal closed category V can be
naturally seen as a V-enriched category (i.e. it is a self-enriched category).
This V-enriched structure is given as follows:

e objects of V-enriched category V are the same as the objects in ordinary
category V

e morphisms homy(X,Y) from X toY of V-enriched category V are the
linear exponents X — Y in'V, i.e. homy(X,Y) =X — Y

e identities and compositions are inherited from V

Definition A.34 (Enriched distributor). A V-enriched distributor ¥ from a
V-enriched category X to a V-enriched category Y, denoted by ¥: X - Y, s
a V-enriched functor Y? @ X — V, where V is viewed as a category enriched
over itself, and (—)° is the obvious duality involution.

Theorem A.35 (Enriched Yoneda lemma). For every (small) V-enriched
category C, there is a fully faithful V-enriched functor:

Yc - C— VCDP

given by:
yc(A) = home(—, A)

Definition A.36 (Enriched density). A V-enriched functor F: C — D is
(V-enriched) dense if the functor:

hOHl(F(—g), —1)2 D— VCOP
is fully faithful.

The classical concept of (conical) limit is insufficient in general theory
of enriched categories. To get an appropriate notion of completeness for
enriched categories, we have to study so called “weighted limits”.

Definition A.37 (Weighted limit). A V-enriched functor F': C — D has a
limit weighted by a V-enriched functor (copresheaf) G: C — V if there exists
an object limg(F) and a natural isomorphism:

hOIH]D)(—l, lZme(F)) ~ hOch(G(—2)7 homID)(_b F(_Q))
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In such a case we call limg(F) the limit of F' weighted by G. A V-enriched
category D is weighted complete (or just complete) if for every small V-
enriched category C and every functor F: C — I there exists a limit weighted
by any functor G: C — V.

The concept of weighted colimit is the categorical dual to the concept of

weighted limit — i.e. a weighted limait in W s called a weighted colimit in
W.

Definition A.38 (2-category). A 2-category is a category enriched in (Cat, X, 1).
We write 2Cat for the 2-category of 2-categories, 2-functors (i.e. Cat-enriched
functors) and 2-natural transformations (i.e. Cat-enriched natural transfor-
mations).

Because 2-category 2Cat is cartesian closed as a 2-category, it is further-
more enriched over itself, and therefore forms a 3-category (i.e. a category
enriched in a 2Cat). Three-morphisms in 2Cat are called modifications.

Definition A.39 (Modification). Let A, B be 2-categories, F,G: A — B par-
allel 2-functors from A to B, and 7,0: F' — G parallel 2-natural transforma-
tions from F to G. A modification £: T — o is a collection of 2-morphisms
Ea: TA — 04 indexed by objects A € A satisfying for every A,B € A, ev-
ery parallel 1-morphisms f,g: A — B and every 2-morphism o f — g the
following naturality condition:

o F(a) =G(a)ola

A.4 Cantor’s diagonal argument

The classical Cantor’s diagonal argument is purely constructive and as such
carries to any higher-order type theory, and more generally, to any elementary
topos!. Let C be an elementary topos with a subobject classifier €2, and let
us assume that there is an injection j: Q4 — A € C. We may form a
paradoxical subset of Q4:

P={z€ A Vyeqa(r €y) = (x#j(y)}

Notice however, that it heavily relies on impredicativity of the topos, so it does not
literally carry over to predicative type theories.
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Let us consider p = j(P). If p € P then according to the definition of P:

(pey) = @#iy) (%)

for all y € Q4, so particularly for y = P, we have:

(peP)—(p#j(P))

and by using (again) the assumption p € P, we can derive p # j(P). The
last formula, by the definition of p is equivalent to “false” 1. Therefore, we
have constructed a method of turning a statement p € P into absurd, that is
(p € P) — L. On the other hand, we may show that the formula (x) holds
for every y as follows. By the definition of p, it is equivalent to:

(pey) = (UP)#iy)
and by the definition of the implication, to:
U(P)=iy) = ((pey) = L)  (x)
Now, we may observe that formula:
(P=yApey)— L

holds because (p € P) — L as has been shown in the first part of the proof.
Therefore (*x) holds as the composition of the above formula with our extra
assumption saying that j is injective:

Finally, by comprehension, p € P. So:
(peP)A(peP)—1)

thus:
1

which means that truth T is equivalent to absurd L.
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